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Structural and spectroscopic techniques were used to probe the nature of the solid-acid sites, at the molecular level, using

119

a combination of XRD, DR UV-Vis, solid state MAS NMR (~Sn, YAl and 31P) and XAFS. The nature and strength of the
solid-acid sites were experimentaly probed by FT-IR spectroscopy using CDsCN as a probe molecule. To elucidate further

the local-structure, the structural characteristics of the Sn sites were probed using DFT calculations, with a view to

rationalising the experimental findings. These detailed structural and spectroscopic studies revealed the presence of

multiple Sn environments, with the monometallic SnAIPO-5 catalyst displaying a greater number of tetrahedral Sn(IV)

active centres. These framework Sn(IV) centres generated stong Lewis acid sites, when compared with their bimetallic Co-

Sn analogue, thereby affording attractive possibilities for modulating catalytic reactivity.

Introduction

Tetrahedral (Ty4) sites in microporous solids are widely reported
as catalytic active centres in selective oxidation and acid-
catalysed transformations,l_4 of which Ti in TS—1,5 Fe in ZSM-5°
and Co in AIPO-5" are significant examples. Controlling the
nature of these active sites allows one to tune the Lewis® and
Brgnsted acidity,9 and regulate redox™® centres for oxidation
catalysis. The addition of a second heteroatom allows for
further optimisation of these properties, as well as influencing
the coordination geometry of the initial heteroatom.”™

The incorporation of Sn into zeolitic'' and non-zeolitic™*
significant attention for its
promising performance in Baeyer-Villiger oxidations.* The

architectures has received

activity of these systems was correlated with the presence of

Sn in T4 sites, with well isolated Lewis acidic centres, which can
11-13

be used for a wide range of catalytic reactions. The
synthetic findings were supported by a large number of
119

characterization techniques, including DR UV-Vis, “7"Sn MAS
NMR and in situ IR spectroscopy.“’14 Although such materials
could be expected to show significant catalytic functionality,
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the incorporation of Sn into AIPO-5 frameworks in Ty sites is,
however, very limited and poorly understood.

This work focuses on the isomorphous substitution of P(V)
with Sn (V) within AIPO-5 using a modified hydrothermal
preparation method.* Cobalt (C02+/Co3+) ions can be
simultaneously introduced into the AIPO-5 architecture®* by
the substitution of (AI3+) sites. Recently, a combined DFT and
EXAFS study demonstrated the potential of effecting catalytic
synergy in Co-Ti bimetallic nanoporous frameworks.*®
However, the prospects of introducing a relatively heavier
element like Sn, alongside a redox transition-metal such as Co,
could pave the way for probing bifunctional catalytic
transformations. Nevertheless, the structural and
spectroscopic features of such a system needs to be probed in
meticulous detail, for the potential exploitation of such
bimetallic framework architectures in catalysis and other
energy-based applications.

Experimental
Materials

SnCl,. 5H,0 (298%), was used as Sn source; H3PO, (85 wt% in
H,0), as P source; Co(CH;COO0),. 4H,0 (298%), as Co source;
Al(OH);. xH,0, as Al source and N,N-dicyclohexylmethyl amine
(297%), as the SDA. All chemical reagents are sigma-Aldrich
grade and were used as received.

Catalyst preparation

The syntheses of the isomorphously substituted 3 mol% Sn and
6 mol% CoSn (1:1) into AIPO-5 framework are based on
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modified synthetic procedures described elsewhere.* Typically,
2.8 g of Al(OH);. xH,0 was added to a homogeneous solution
of 6.2 g of H3PO, (85 wt% in H,0) in 6.88 ml of water which
resulted in the formation of a viscous white gel. Then, a
further 6.88 ml of H,O was added to the reaction mixture and
allowed to stir for 10 min. An agueous homogeneous solution
of SnCl,. 5H,0 (0.38 g in 6.88 ml of H,0 and sonicated for 5
min) was added to the above solution (in the case of 6 mol%
CoSnAIPO-5, solutions containing 3 mol% of Co and 3 mol% of
Sn were prepared individually by the same way and added
simultaneously to the reaction mixture). The solution was then
kept under constant vigorous stirring for 30 min in order to get
a homogeneous gel. Subsequently, 5.61 g of SDA (N,N-
dicyclohexylmethyl amine) was added dropwise to the
reaction mixture within 10-15 min followed by the addition of
the remaining amount of water to maintain the reaction
mixture with the following gel composition; 1Al : 1.5P : 0.03Sn
: 0.80SDA : 60H,0 (in the case of 6 mol% CoSnAIPO-5, the gel
composition was; 1Al : 1.5P : 0.03Co : 0.03Sn : 0.80SDA :
60H,0). The mixture was then kept under vigorous stirring for
further 30 min. Finally, the gel was transferred and sealed into
Teflon-lined stainless-steel autoclave, which was then heated
to 180 °C under autogenously pressure for 2 h. The solid
product was collected by filtration, washed with approx. 1000
ml of deionized water and dried overnight at 100 °C. The dried
samples are denoted as 3%Sn-D and 6%CoSn-D. Finally, and to
remove the SDA, the samples were calcined in a flow of
compressed air for 12 h at 700 °C (5 °C/min). The calcined
samples are denoted as 3%Sn-700C and 6%CoSn-700C. We
note that calcination at 550 °C, which is commonly used for
removing the SDA from AIPO-5 based materials, was given a
first trial. However, this temperature was not enough to
remove completely the SDA and a grey/oily solid powder was
obtained (see Fig. S1 in ESI file). So, based on the TGA analysis
(see Fig. S2 and S3 in ESI file) the samples were calcined at 700
°C. A detailed gel composition, synthesis conditions and
elemental analysis are summarized in Table 1.

Characterization

The X-ray diffraction patterns were collected between 5-40° of
20 at a step size of 0.02° on a MiniFlex 300/600, Rigako
diffractometer using Cu K, radiation, A=1.54056 A. '?Sn, 3P
and Al MAS NMR spectra were measured on Bruker Avance
Il HD or Varian VNMRS spectrometer (400.177 MHz 195
frequency, 161.99 MHz 31p frequency and 104.19 MHz 3p
frequency). Sn(CHs),, H3PO, (85 wt%) and AI(NOs); (1M ag.

solution) were used as external references for 119Sn, 3p and
ZTp spectra, respectively (see ESI file for detailed experimental
conditions). DR UV/Vis spectra were collected using a UV-Vis
2600 spectrometer with an integrated sphere in the range of
200-800 nm. The baseline was corrected by using blank BaSO,
discs before the measurement. Measurements were
performed on the calcined and reduced samples (see ESI file).
FT-IR spectra were collected with an Agilent Cary 680
spectrometer by taking 64 scans in 4000-650 em™ with a
resolution of 4 cm™ using a liquid nitrogen cooled MCT
detector. Self-supporting wafers, 15 (+2) mg of sample, were
pressed using a 13 mm Die (1.33 cmz) and sealed in a Harrick
transmission cell fitted with CaF, windows. Prior to the
measurements, the sample was first heated to 150 °C and held
for 2 h in a flow of helium gas to remove the adsorbed water.
The sample was then cooled down to room temperature (RT)
in the same flow before the exposure to CD3;CN. Several
injections of CD3CN (1 pl/injection) were performed at RT until
saturation was obtained. The sample was then heated in 25 °C
steps; spectra were recorded after 10 minutes at each
temperature. All spectra were normalised to 10 mg of sample
wafer.

Sn K edge XAFS spectra were recorded at the B18 beamline
at the Diamond Light Source, Didcot, UK. Measurements were
performed using a QEXAFS set-up with a fast-scanning Si (311)
double crystal monochromator. The time resolution of the
spectra was 2 min/spectrum (k.. = 14, step size 0.5 eV); on
average three scans were acquired to improve the signal to
noise level of the data for transmission measurements. All
samples were prepared as undiluted pellets (hydrated or
dehydrated samples), with the amount of sample optimised to
yield a suitable edge step and measured in transmission mode
using ion chamber detectors. All XAFS spectra were acquired
concurrently with the appropriate foil placed between I, and
Ires. The data processing was performed using IFEFFIT package
(Athena).17 For the dehydration process, the pelletized
samples were heated under vacuum at 550 °C at 5 °C/min
ramp for 2 h, then cooled down to RT, transferred to a glove
box for sampling in an air sensitive sample holder with kapton
windows prior to the XAFS measurement.

The DFT calculations were performed using the DMol?
code. A double numerical plus polarization (DNP) basis set was
employed, which is equivalent to 6-31G(d,p) Gaussian basis
sets. A PW91 gradient corrected exchange-correlation
functional was used. The structures were optimized till the
energy, forces and displacements were below 1 x 10° Ha, 2 x

Table 1 Gel composition and preparation conditions for the hydrothermal preparation of 3%Sn and 6%CoSn AIPO-5 materials.

Conc. (mmol g'l)h

Catalyst Gel composition pH* Conditions
Sn Co
AIPO-5 Al:P:SDA:H0 5.5 - -
1:1.5:0.80:60 i
Synthesis at 180 °C for 2 h.
3%Sn Al:P:Sn:SDA:H,0 5.6 i K N 0.22 -
Drying overnight at 100 °C.
1:1.5:0.03:0.80:60 e o o . X
6%CoSn Al:P:Sn:Co:SDAH,0 5.9 Calcination for 12 h at 700 °C (5 °C/min) in compressed air. 0.20 0.24

1:1.5:0.03:0.03:0.81:60

® pH was measured after the final stirring and before transferring the gel into PTFE liner for crystallization.

® conc. was measured by elemental analysis using MP-AES technique.

2| J. Name., 2012, 00, 1-3
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103 Ha/A and 5 x 103 A, respectively. In addition to this, a
default fine atomic orbital cutoff (4.8 A) was also adopted. The
Sn substituted AIPO-5 structure was modelled using an AIPO-5
framework with 144 atoms, to which periodic boundary
conditions were applied. To compensate the charge due to the
substitution of Sn in a P site of AIPO-5 we protonated an
oxygen atom next to the Sn atom. To mimic hydrated
experimental samples, calculations with two water molecules
in the vicinity of Sn atom were also performed. For
comparative purposes calculations were also performed in
presence of three and twelve water molecules. Further
experiments suggested the presence of SnO, inside the
framework, which was modelled by placing an SnO, molecule
near to a Sn atom in the AIPO-5 frameworks. The Sn-O
distances as obtained from these calculations were then
compared with those from the EXAFS data.

Results and discussion
XRD

Fig. 1 (A and B) shows the XRD patterns derived from the as-
synthesised and calcined samples, respectively. In addition, the
diffraction pattern for the undoped AIPO-5 is also presented
for comparison. All samples reveal the AIPO-5 structure
reported in the literature™® without any phase impurity. The
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Fig. 1 XRD patterns of A) as-synthesised and B) calcined for a) undoped AIPO-5, b) 3%Sn
and c) 6%CoSn substituted materials.
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incorporation of the metal dopants into the AIPO-5 framework
does not cause any phase changes and the AIPO-5 framework
is maintained. The unit cell parameters are summarised in
Table S1 (see ESI file). We see a small expansion in the “a”
direction compared to the undoped phase of AIPO-5,
indicating that heteroatom incorporation was achieved. The
decrease in peak intensity at 19-25° 2-theta, can be attributed
to the formation of SnO, clusters and to the presence of Al in
higher coordination environments. Surface areas (Sger, mz.g"l)
were obtained to compare the bimetallic and monometallic
catalysts (see Table S2 in the ESI file). These results are similar
to those obtained for AIPO-5 based materials and confirm their
microporous nature. Our XANES results (see later) reveal the
presence of SnO, nanoclusters (possibly within the
micropores), in addition to tetrahedral Sn sites, which could
well explain the reasons for observed decrease in surface area.
DR UV/Vis

The speciation of the metals has been investigated using
diffuse reflectance (DR) UV/Vis (Fig. 2A and B). We focus on
two regions of spectrum. The Charge Transfer (CT) region from
200-500 nm and the d-d transitions from 500-800 nm. The
3%Sn-700C sample displays an absorption band with a
maximum at ~ 223 nm (Fig. 2A, curve a) which can be ascribed
to Sn(lV) species in Ty sites.! However, the broad feature of
this band down to 300 nm suggests the presence of another
Sn(lV) environment in this sample, probably SnO,
nanoclusters.” On reduction, this band can be resolved into
two components with a maximum at 217 and 244 nm (Fig. 2B,
curve a) which confirms the coexistence of multiple Sn(1V)
environments. The two absorption bands observed for the
6%CoSn-700C sample with a maximum at ~ 334 and 417 nm

A 25
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0+ T T T d
B 500 600 700 800
Wavelength / nm
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<
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Fig. 2 DR UV-Vis spectra of A) calcined and B) reduced (in a H; flow for 2 h at 400 °C,
see ESI file) samples of 3%Sn-700C (curve a, black lines) and 6%CoSn-700C (curve b, red
lines) samples. Inset graph shows the range of 300-700 nm of wavelength.
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(Fig. 2A, curve b) are due to the LMCT transitions of T4 Co(lll)
sites,2 while the triplet bands located at ~ 535, 580 and 632 nm
(Fig. 2A, curve b) can be assigned to the d-d transitions of
Co(ll) ions in a T4 coordination. The intensity of the latter
bands increased after reduction (Fig. 2B, curve b) suggesting
the initial coexistence of Co(ll) and Co(lll) sites.?° Thus, the DR
UV/Vis analysis identifies the predominance of multiple Sn(1V)
environments (as T4 sites and SnO, nanoclusters) in these
samples. In addition, it confirms the successful incorporation
of both Sn and Co ions into the AIPO-5 framework.

195, MAS NMR

1%Sh MAS-NMR has been used extensively for probing the

nature of Sn species in zeolites,ui23 and these interpretations
can be rationally extended for probing analogous species in
AIPO-5. In Fig. 3A, three Sn environments are present in the
3%Sn-700C sample (Fig. 3A, curve a) with clear chemical shifts
at -608, -670 and -728 ppm. The first one (at -608 ppm) is
assigned to SnO, clusters and is in agreement with previous
reports for SnO, species,21 with the magnitude of this peak
being dependent on the degree of SnO, oligomerization.

b 1195n

A
: b | ;
-100 -300 -500 700 900 -1100 -1300 -1500

Chemical shift (ppm)

B
7
a
b
80 60 40 20 0 -20 -40 -60
Chemical shift / ppm
C
31P
25 0
25 0 25 50 75

Chemical shift / ppm
Fig. 3 A) "°sn, B) Al and C) *'P MAS NMR spectra for a) 3%Sn-700C and b) 6%CoSn-
700C samples.
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However, the other two chemical shifts (at -670 and -728 ppm)
are ascribed to hydrated, Sn(lV) species in T4 sites (closed
and/or open sites).“’zz'23 There are, however, somewhat
broader features in 6%CoSn-700C sample (Fig. 3A, curve b)
suggesting also the presence of multiple Sn environments in
this sample. In addition, a clear peak emerges at a lower
chemical shift with a maximum around -810 ppm, which could
be a result of the paramagnetic effect of Co species. As with
the DR UV-Vis analysis, the 9% MAS NMR spectra show an
evidence for multiple Sn species, with the strongest evidence
for framework Sn sites present for the 3%Sn-700C sample.

Al MAS NMR

Fig. 3B (curves a and b) displays the Z7Al MAS NMR spectra of
3%Sn-700C and 6%CoSn-700C catalysts, respectively. Both
samples are dominated by a peak at ca. 36 ppm, which is
typical for YAl chemical shift, relating to tetrahedrally
coordinated Al in AIPO-5 based materials.?* However, the
position of this peak is slightly shifted to a higher chemical shift
for 6%CoSn-700C sample, which could be as a result of the
successful substitution of Al(lll) sites by Co species in this
sample. Additionally, in the 3%Sn-700C sample, small peaks
were observed at 14 and -13 ppm. Two different
interpretations have been reported for these bands. Akolekar
et al?® attributed these bands (14 and -13 ppm) to the
presence of non-reacted (extra-framework) Al species in 5-
and 6-coordination, respectively. In contrast, Zhao et al”
reported these signals (14 and -13 ppm) to
(framework) T4 Al sites surrounded with one- or two-water

reacted

molecules, respectively. Interestingly, no evidence for these
extra bands was found for 6%CoSn-700C sample and it is
plausible that some of these Al(lll) sites undergo type 1
substitution (during synthesis) to generate tetrahedral cobalt
species in the bimetallic catalyst.

'p MAS NMR

3p MAS NMR analysis has been widely used to probe the
isomorphous incorporation of heteroatom atoms in AIPO-5
based frameworks.?*?’ Fig. 3C (curves a and b) shows the 3p
MAS NMR spectra for 3%Sn-700C and 6%CoSn-700C samples,
respectively. The spectra are dominated by an
-30 ppm, P(4Al),
characteristic of tetrahedral phosphorus linked to four —OAl

intense
resonance at denoted as which is
groups in AIPOs materials.”® However, a 3%Sn-700C sample
exhibited a low-intensity wide band as a down-field shoulder
of the P(4Al) signal, which could be related to the presence of
an extra phase. The extension of this low-intensity wide band
down to -10 ppm suggesting that non-reacted P species are
also present in this sample. There is, however, no evidence for
the presence of any non-reacted P species and/or extra Sn
phases in 6%CoSn-700C sample.

Sn K edge XAFS analysis
XANES spectra

Identification of Sn within the framework sites was provided
by X-ray Absorption Fine Structure, XAFS, (Fig. 4) analysis. The

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 A) Sn K-edge XANES spectra of hydrated (solid lines) and dehydrated (dotted
lines) for a) 3%Sn-700C (black) and b) 6%CoSn-700C (red) samples and B) zooming in of
graph A) to show the differences in the main edge intensity between hydrated and
dehydrated samples.

X-ray Absorption Near Edge Structure (XANES) is sensitive to
both oxidation state and coordination geometry. The XANES
spectra of all catalysts were measured under hydrated and
dehydrated conditions to assess the amount of Sn within the
framework. The spectra for all catalysts have an edge position
(29184 eV), which is consistent with that reported for SnO,,
which confirms that the Sn sites are present as Sn(1V) after the
calcination process, with no evidence for the presence of any
Sn(ll) species. Fig. 4A shows the normalised Sn K-edge XANES
spectra for the hydrated and dehydrated catalysts. A reduction
in XANES intensity after dehydration is expected as the
environment moves from O, to T4 and the oxygen coordination
is reduced. Recently, a similar approach was employed to
identify the incorporation of Sn within zeolite beta.”® Based on
the difference in main edge intensity of XANES spectra before
and after dehydration, it was found that the order of
dehydration and by extension the population of framework Sn
sites is in the following order: 3%Sn-700C > 6%CoSn-700C (Fig.
4B). However, it should be noted that the difference is much
less than would be expected if all Sn sites were incorporated
within the framework, which suggests the presence of
multiple Sn sites.

EXAFS

To understand better the local environment of the Sn
heteroatom, EXAFS analysis of the 3%Sn-700C sample, in
hydrated and dehydrated forms was performed. Fig.5
represents the Sn K-edge derived k3—weighed EXAFS data for
hydrated and dehydrated 3%Sn-700C sample in A) k space and
B) R space, respectively. The experimental data could be fitted
with oxygen at two different distances (1.97-1.98 and 2.06-
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Fig. 5 Sn K-edge derived ka-weighed EXAFS data for hydrated and dehydrated 3%Sn-
700C sample in A) k space and B) R space.

2.09 A) and with one tin distance at 3.24-3.25 A. In addition, a
second tin atom could be fitted at a distance of 3.42 A in the
hydrated form of the sample. The fitted parameters are
presented in Table 2. Although the XANES analysis confirms
the presence of multiple Sn species with fractions of
framework Sn sites, the parameters generated from the EXAFS
fittings are consistent with the DFT calculations reported
below on SnAIPO5 material with/without water molecules.

Geometry by DFT

Density functional theory (DFT) calculations have been widely
used in combination with EXAFS to reveal the structure of
active sites of similar systems.16 An AFl model was used for all
the DFT calculations as shown in Fig. 6. First, we measured
various Sn—0 bond lengths in Sn substituted AIPO-5 structures.

Table 2 EXAFS fitting parameters for hydrated and dehydrated 3% Sn AIPOS sample at Sn K edge.

3%Sn-700C Scattering path N o (A% AE, (eV) r (A) R-factor
sn-01 2(1) 0.002 (2) 59 (6) 1.97 (2) 0.003
Sn-02 4(1) 0.002 (1) 2.06 (1)

Hydrated

sn-sn1 11(3) 0.005 (2) 3.25(2)
Sn-sn2 0.6 (5) 0.007 (7) 3.42 (6)
sn-01 2.7(7) 0.002 (1) 6.4 (8) 1.98 (1) 0.005

Dehydrated Sn-02 2.8(7) 0.002 (1) 2.09 (1)
Sn-Sn 0.9(2) 0.005 (2) 3.24(2)

Fitting parameters: So’ = 0.93 as deduced by SnO, standard; Fit range 2.5<k<13, 1<R<3.5. Values in parenthesis are the experimental error value.

This journal is © The Royal Society of Chemistry 20xx
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(b) Brensted acid site

ec0ece

Fig. 6 Configurations modelled using DFT calculations: (a) AFI framework ; (b))
Brgnsted acid site without additional water molecules; (c) Brgnsted acid site with two
water molecules; (d) Brgnsted acid site with two water molecules and SnO, molecule

The calculations also showed Sn-O bond distances of 1.951 A
(Sn — 0) and 2.117 A (Sn—0y), where Sn—0y is for the Sn—O

Table 3 Position, area and concentration of strong Lewis (SL), weak
Lewis (WL) and Bregnsted (B) acid sites.

Catalyst Wavenumber (cm™) Acidic site
3%Sn-700C 2323 Strong Lewis acid site
2308 Weak Lewis acid site
2285 Brgnsted acid site
6%CoSn-700C 2308 Weak Lewis acid site of Co
2285 Brgnsted acid site

bond length for Sn and the O atom next to the Brgnsted acid
site, for the unhydrated system and 1.994 A (Sn — 0) and 2.080
A (Sn-0y) for the hydrated systems. On the inclusion of an
SnO, molecule to evaluate Sn—Sn distance in the hydrated
system we found that this difference in bond lengths between
Sn—O and Sn-04 became negligible. The Sn—Sn distance
between Sn in the framework and Sn of SnO, was found to be
3.472 A, which is also close to the Sn—Sn experimental value of
3.420 A. We further investigated the Sn—Sn distance in SnAIPO-
5 without water molecules (2.948 A), in presence of two (3.472
A), three (3.627 A) and twelve water molecules (3.691 A) to
check how the intermolecular Sn—Sn distance is influenced in
their presence. These results showed that the Sn—Sn distance
monotonically increases with the number of water molecules
but is close to the experimental findings in presence of two
water molecules i.e., in an Oh environment. On closely
monitoring the Sn—O distances it was evident that with the
inclusion of water and SnO, molecule there was contraction
and expansion in the zeolite framework near the Sn atom. In
addition to the above Sn—O distances for the Sn and O atoms
next to each other, we also calculated the Sn—O distances
between the framework Sn and O of the water molecules.

6 | J. Name., 2012, 00, 1-3
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Fig. 7 FT-IR spectra of adsorbed CD3CN species over A) 3%Sn-700C and B) 6%CoSn-700C

catalysts taken at RT, 50, 75, 100, 125 and 150 °C. Spectra have been offset vertically
for clarity.

These were found to be in the range of 2.285 — 3.822 A. The
large Sn—0,,,0 distance of 3.822 A is due to inter molecular
interaction between SnO, and the water molecule, which
tends to move away from framework Sn to form H-bond with
other nearby O atoms of the zeolite framework.

IR experimental results

The nature of acidic Sn sites (Lewis & Brgnsted) in 3%Sn-700C
and 6%CoSn-700C samples were probed by monitoring the
changes in the v(C=N) bands of adsorbed ds;-acetonitrile
(CDsCN) in the range of 2240-2360 cm™.2° CDsCN has been
chosen as a probe molecule due to its ability to cover all acidic
sites in porous materials.>* The IR spectra for the 3%Sn-700C
and the 6%CoSn-700C samples exposed to CD;CN (Fig. 7 A and
B) both show an intense band at 2283-2285 cm™ which can be
assigned to the interaction of the C=N group with Brgnsted
acid sites. The most striking difference observed for the
adsorption of CD3;CN on the 6%CoSn-700C sample is the
intense band observed at 2308 cm™. This band has previously
been assigned to a weak Lewis acid site of Co substituted
AIPO’s. 2t All assignments are summarised in Table 3.The
desorption characteristics of the two samples are similar. The
CD;CN on the Brgnsted acid sites desorbs on heating to 150°C
whilst the CD3CN adsorbed on the Lewis acid sites is still
present.

This journal is © The Royal Society of Chemistry 20xx
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The additional weak bands observed on the 3%Sn-700C sample
at 2323 and 2308 cm™ could be due to strong and weak Lewis
acid sites of Sn.>>** These bands have previously been assigned
to ‘hydrolysed’ and ‘non hydrolysed framework’ Sn sites which
have been observed at 2316 and 2308 cm™ respectively.32 The
presence of these strong and weak Lewis Sn sites on the Co
sample cannot be discounted as these weak bands could easily
be hidden by the intense band at 2308 em™.

Summary and conclusions

In summary, this study shows the simultaneous incorporation
of Sn and Co ions into AIPO-5 framework. In the case of the
monometallic system, a greater proportion of Sn(lV) species
were incorporated into T4 sites, as evidenced by the XANES
and °Sn MAS-NMR analyses. FTIR spectroscopy further
revealed that these tetrahedral Sn centres were the loci for
the generation of strong Lewis acid sites (Table 3). The
simultaneous isomorphous substitution of Co ions, alongside
Sn(IV) centres, modified the acidity of the bimetallic catalyst,
resulting in particular in an absence of strong Lewis acid
centres. The ability to modulate and control the generation of
Lewis and Brgnsted acid sites in heterogeneous systems offers
potential scope for the rational design of solid catalysts that
can be tailored towards a particular catalytic transformation.
Our preliminary findings indicate that these catalysts have
promising potential in the C-H activation of toluene (to
benzaldehyde) and in the oxidation of benzylic alcohols. We
believe that the strong Lewis acid sites are implicated in the
catalytic oxidation, as observed previously with Sn-Beta
zeolites.™
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