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Abstract

Two types of Lewis acid sites are shown to exist in Sn-beta zeolite: partially hydrolysed framework tin centers (–Si–O–)3Sn–OH (sites A)
and fully framework coordinated tin atoms Sn(–Si–O–)4 (sites B). ONIOM and DFT calculations for adsorbed acetonitrile, which is a p
molecule for Lewis acid sites, show that acetonitrile coordinates more strongly to partially hydrolysed framework Sn (sites A) in
zeolite than to nonhydrolysed framework Sn (sites B). The corresponding IR bands associated with theν(C≡N) stretching vibration were
also calculated. Adsorption–desorption experiments of deuterated acetonitrile on Sn-beta give two IR bands at 2316 and 2308 cm−1 with IR
shifts of 43 and 51 cm−1 with respect to gas-phase acetonitrile. These values are in excellent agreement with theoretical calculations
it possible then to associate the Lewis sites related to 2316 and 2308 cm−1 with partially hydrolysed and nonhydrolysed framework Sn si
respectively. Catalytic results confirm that partially hydrolysed Sn (sites A) is much more active than fully framework-integrated Sn
for Baeyer–Villiger oxidation of cyclic ketones. Finally, the ratio between these two types of sites could be influenced by posts
treatments.
 2005 Elsevier Inc. All rights reserved.
Keywords: Sn-beta; DFT calculations; IR spectroscopy; Lewis acidity; Acetonitrile adsorption; Baeyer–Villiger; Deep and shallow bed calcinations

clic
xide
p-
n

s
to

he
nyl
w b

The
re-

-
trix
t in
cent
ing

nd
en-
ital
1. Introduction

Sn-beta zeolites are active catalysts for oxidation of cy
ketones and aromatic aldehydes with hydrogen pero
[1–4], Meerwein–Ponndorf–Verley (MPV) reductions, O
penauer oxidations[5,6], and the Carbonyl–Ene cyclisatio
of citronellal to isopulegol[7]. The principal activation ha
been attributed to a coordination of the carbonyl group
the Lewis acidic tin centre involving a polarisation of t
carbonyl group and entailing a more electrophilic carbo
carbon atom. As a consequence, this carbon atom can no
attacked by weak nucleophiles like hydrogen peroxide[1–4]
or “hydride species”[5,6] or by a simple double bond[7],
* Corresponding author.
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yielding the esters, lactones, and alcohols, respectively.
first theoretical studies on tin-catalysed Baeyer–Villiger
actions of ketones were done with a small Sn(OH)4 cluster
to simulate the active site[8]. A more recent theoretical sim
ulation of the tin centre incorporated into a siliceous ma
(zeolite beta) combined with a kinetic study revealed tha
addition to the Sn Lewis-acid site, the basic oxygen adja
to the tin centre also plays an important role by adsorb
H2O2 in the Baeyer–Villiger oxidation[9].

During the interaction between the carbonyl group a
the Sn site, the electron density transferred to the tin c
tre is localised in the lowest unoccupied molecular orb
(LUMO) that is a combination of the fourσ ∗

Sn–O anti-
bonding orbitals. As a consequence, the Sn–Oframeworkbond

lengths should increase. Since the rigidity of the zeolite
structure makes this difficult, a relaxation of the framework
by the hydrolysis of a Sn–O–Si bridge should facilitate the

http://www.elsevier.com/locate/jcat
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reaction by generating a (–Si–O–)3Sn–OH site. Such a hy
drolysis is not uncommon in other zeolites[10,11] contain-
ing framework metal sites and could also very well occu
Sn-beta. If this is the case, one could expect partially hyd
ysed Sn sites (sites A) to be more active than nonhydroly
framework Sn (sites B). In the case of Ti-zeolites, for exa
ple, it has been shown that Ti(OSi)3OH centers are prese
in TS-1 [12] and that they are more reactive for prop
lene epoxidation than fully coordinated Ti sites[13]. Fur-
thermore, the relative concentrations of both types of s
in Sn-beta should depend on catalyst postsynthesis t
ment.

The present work first shows by theoretical calculations
the adsorption of a probe molecule for Lewis acid si
such as deuterated acetonitrile, is favoured on partially
drolysed framework Sn (site A) with respect to site
Acetonitrile has been selected since it is very sensitiv
different coordination spheres of the metal centre and it
be monitored easily by IR spectroscopy. Indeed, it will
seen that the theoretical calculations are confirmed by
spectroscopic results of deuterated acetonitrile adsorpt
desorption on Sn-beta zeolite, which shows the presenc
two Lewis (Sn) sites that retain acetonitrile with differe
strengths and whose relative adsorption frequencies c
spond with those calculated theoretically for sites A and
Finally, catalyst treatment under different reaction con
tions dramatically changes the ratio of these two type
Lewis acid sites, and the catalytic activity for the Baey
Villiger oxidation directly correlates with the concentrati
of sites A.

2. Experimental

2.1. Computational details

The nine crystallographic positions existing in beta z
lite can be classified into three groups according to their c
nectivity: T1 and T2 are associated with one four-membe
ring; T3, T4, T5, and T6 occupy a vertex of two fou
membered rings; and T7, T8, and T9 are associated wit
four-membered rings. Since the geometry of the T posit
belonging to the same group are quite similar, only one c
tallographic position representative of each group has b
considered in the theoretical study: T1, T5, and T9.
For each one of the three T positions considered, a cluster
containing the T atom and four coordination spheres around
it was cut out from the periodic structure of pure silica beta
alysis 234 (2005) 111–118
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zeolite[14], and the dangling bonds that connected the c
ter to the rest of the solid were saturated with H atom
1.49 Å from the Si atoms and oriented towards the p
tions occupied in the crystal by the oxygen atoms in the n
coordination sphere. The Si atom in the T position of e
cluster was replaced by Sn, and one CH3CN molecule was
adsorbed on it. We simulated the hydrolysis of a Sn–O
bridge by deleting one Si atom from the model and sa
rating with H atoms the corresponding dangling bonds.
different Sn–O–Si bridges were hydrolysed for each T
sition considered, but only the results for the most sta
system are reported. For the sake of comparison, the
ordination of acetonitrile to an isolated silanol defect s
(CH3CN–Si4O4H10) was also included in the study and w
simulated with a smaller model. The resulting models
Sn-beta are depicted inFig. 1, and the model for the silano
group is shown inFig. 2.

In a first series of calculations (named ONIOM), t
geometries of all of the zeolite–CH3CN complexes consid
ered in this study and of the zeolite models without
adsorbate were optimised by means of the ONIOM sch
[15,16] as implemented in the Gaussian 03 computer p
gram[17]. The ONIOM approach subdivides thereal system
into several parts or layers, each of which is described
different level of theory. The most important one is cal
the model system and is described at the highest leve
theory, whereas subsequent layers are computed at pro
sively lower and computationally cheaper levels of theo
In the ONIOM approach, the total energy of a system su
vided into two layers is approximated as

EONIOM = E(high,model) + E(low, real)

− E(low,model).

In the present work, the model system includes the Sn a
the four O atoms in the first coordination sphere, the
or H atoms bound to them, and the acetonitrile molec
The coordinates of these atoms were completely optim
with the density functional B3PW91 method[18,19](DFT),
a LANL2DZ effective core potential basis set for Sn[20],
and the standard 6-31G(d,p) basis set[21] for N, C, O, Si,
and H atoms. The rest of the system was treated at the s
empirical MNDO level, and only the coordinates of Si a
O atoms were optimised.

In order to improve the calculated frequency shifts t
should be compared with experimental data, in a sec
series of calculations (named DFT), the geometries of
zeolite–CH3CN complexes B-T1, B-T5, and B-T9 and
the most stable system with a Sn–OH defect in each T
sition (A-T1, A-T5, and A-T9) were re-optimised, with a
of the atoms treated at the B3PW91 (DFT) theoretical le
The smaller (CH3CN–Si4O4H10) model used to simulate th
interaction of acetonitrile with an isolated silanol defect s

was also optimised at the higher theoretical level (DFT). Fre-
quencies were calculated for both series at the ONIOM level
of theory and scaled by 0.9573 as recommended by Scott and
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Fig. 1. Structures of the Sn-bet

Radom[22]. Orbital energies and occupancies and ato
charges were calculated with natural bond orbital (NB
methods[23].

2.2. Sample preparation

Two catalyst precursors with different amounts of S
namely 1SnB with 1 wt% and 2SnB with 2 wt%, we
prepared by hydrothermal synthesis with a procedure
scribed in the literature[2,24]. These materials were act

◦
vated by calcinations in air at 580C for 3 h in an oven.
The samples were highly crystalline, and no peaks of SnO2

were found in the XRD diffractogram or by Raman spec-
els used in the computational study.

troscopy, indicating that if some of the Sn were in t
form of SnO2, the amount should be very small. Nitrog
adsorption experiments on the calcined beta samples
an isotherm very similar to that of pure silica beta, w
a micropore volume of 0.20–0.21 cm3 g−1 and BET sur-
face areas of 450–475 m2 g−1. The amount of tin in the
samples was determined by atomic adsorption spectros
(AAS).

In an alternative activation procedure, we calcined
sample with 2 wt% SnO2 by a water-saturated air stream in

a tubular quartz reactor while heating it from room tempera-
ture to 580◦C at 2◦C/min. Then the temperature was kept at
580◦C for 3 h. We controlled the water concentration in the
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Fig. 2. Structure of acetonitrile adsorbed on a silanol group.

gas stream by passing the air flow through a thermostabi
saturator (e.g., 30◦C) with water or, alternatively, through
water trap. When wet air was used for calcination, the
flow was changed to dry air during the final cooling per
at temperature of 110◦C. Samples involving high catalyti
activity were obtained when the air was passed through
saturator at 30◦C (vapour pressure 4.25 kPa) at a flow rate
20 ml for 150 mg of zeolite sample or at 130 ml for 500 m
The flow rate has to be increased with the amount of b
catalyst calcined.

For comparative reasons samples prepared by impre
tion of a pure-silica beta zeolite with SnCl4·5H2O (SnO2B,
2 wt% SnO2) and by chemical vapour deposition of SnC4
(CVDSnB, 3.93 wt% SnO2) were studied. In both cases th
samples were calcined at 580◦C for 3 h in a furnace.

2.3. IR experiments

FTIR spectra were recorded with a BioRad FTS-4
FTIR spectrophotometer and a conventional quartz infra
cell connected to a vacuum dosing system. The cata
powder was pressed into self-supporting wafers (5
and activated at 250◦C in vacuum for 1 h, before the ad
sorption experiments. Adsorption of deuterated acetoni
(4–200 mbar) was performed at room temperature wi
calibrated volume (1.55 cm3), followed by time-controlled
evacuation at the same temperature. In all cases, F
spectra of the unloaded catalyst sample were recorde
reference spectra. IR bands at 2004 and 1880 cm−1 on
the reference sample were used for normalisation of
spectra. Deconvolution of the IR spectra was done w
the ORIGIN software program[25]. For deconvolution

Gaussian-type curves were considered in which the widths
of the peaks have been fixed while the peak position was left
free.
alysis 234 (2005) 111–118
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2.4. Catalytic activity

The Baeyer–Villiger oxidation of adamantanone with h
drogen peroxide was chosen as a test reaction. Five hun
milligrams of adamantanone was mixed with 500 mg of 3
aqueous hydrogen peroxide and 3.0 g of dioxane. A 50
sample of the catalyst was added and the reaction mix
was heated to 90◦C for 7 h. The progress of the reactio
was monitored by gas chromatography (HP-5 column, 15
0.32 mm, 0.5 µm with an adequate temperature progr
A blank experiment showed that conversion in the abse
of catalyst can be neglected.

3. Results and discussion

3.1. Theoretical simulation of acetonitrile adsorption

Deuterated acetonitrile has been found to be a suit
molecule for differentiating among Lewis acid sites of diffe
ent strengths[26–29]. Thus, we have carried out theoretic
calculations for the adsorption of acetonitrile on two pot
tial zeolite-beta Sn sites: site A and site B. We disregar
SnO2 as a potential active site for this study, since refere
samples of SnO2 on silica beta prepared by impregnation d
not give any catalytic activity and did not give any IR ba
due to acetonitrile adsorbed on Lewis acid sites. Furt
more, Sn sites in Sn-beta should correspond to Sn assoc
with framework positions, because it has been demonstr
by EXAFS and microelectron spectroscopy that these are
most abundant species[30].

For the study of the Sn sites in beta zeolite, three re
sentative models that locate Sn in framework positions
T5, and T9 have been considered. The ONIOM results s
marised inTable 1indicate that adsorption of acetonitrile
energetically disfavoured for fully coordinated Sn (sites
Sn in T1 and is only slightly exothermic in T5 and T9. Ho
ever, hydrolysis of one of the Sn–O–Si bridges (sites
facilitates the process, and adsorption energies on site A
between−8 and−9 kcal/mol. The optimised geometry o
the complexes and the calculated�ν(C≡N) stretching vi-
bration frequency shifts also indicate a stronger interac
of acetonitrile with site A (Table 1). Thus, the Sn–N dis
tances obtained for site A are between 0.1 and 0.3 Å sh
than those calculated for site B, and the�ν(C≡N) frequency
shifts are between 10 and 23 cm−1 larger. The reason for thi
is that Sn in beta zeolite is a Lewis acid that accepts elec
density from the acetonitrile molecule. NBO analysis in
cates that the primary donor-acceptor interaction betw
acetonitrile and the Sn Lewis center is a donation from th
lone pair in acetonitrile to a combination of the fourσSn–O*

antibonding orbitals, which is the LUMO (lowest unocc
pied molecular orbital) of the catalyst. The change in

occupancies of these orbitals caused by interaction of ace-
tonitrile with the tin center are given inTable 1. It can be
seen that the electron density transfer from the N lone pair
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Table 1
ONIOM calculated acetonitrile adsorption energies, Sn–N distances,�ν(C≡N) stretching vibration frequency shifts, average variation in the Sn–Oframework
distances, net atomic charge on acetonitrile and changes in the occupancy of the acetonitrile N lone pair and the catalystσ (Sn–O)* orbitals caused by
acetonitrile adsorption

Eads
(kcal/mol)

rSn–N
(Å)

�ν(C≡N)
(cm−1)

(�rSn–Oframework)av
(Å)

�q CH3CNa

(e)
�occ. N lone paira

(e)
�occ.σ (Sn–O)* a

(e)

A-T1 −8.2 2.41 43.1 0.023 0.101 −0.099 0.107
A-T5 −9.2 2.38 51.1 0.021 0.104 −0.101 0.103
A-T9 −9.2 2.38 52.5 0.021 0.107 −0.104 0.101
B-T1 3.0 2.54 32.6 −0.009 0.079 −0.079 0.079
B-T5 −2.3 2.54 36.7 0.016 0.079 −0.078 0.074
three

the
A.

rge
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ined
B-T9 −0.3 2.64 29.6 0.009

a Results from NBO analysis.

Table 2
Experimental and calculated shifts in the acetonitrileν(C≡N) stretching
vibration frequency. The theoretical values listed are an average of the
values calculated for the three representative sites (T1, T5 and T9)

Experimental
(cm−1)

ONIOM
(cm−1)

DFT
(cm−1)

Silanol 12 16 16
Site A 51 49a 53
Site B 43 33a 43

a Calculated from the values listed inTable 1.

to the catalyst LUMO is on the order of 0.07–0.08e in
case of site B and larger than 0.1e in the case of site
These values coincide exactly with the net positive cha
on the acetonitrile molecule and correlate well with both
�ν(C≡N) vibration frequency shifts and the lengthening
the Sn–Oframework bonds. This is so because the interact
between the active site and the Lewis base implies a len
ening of the four Sn–Oframeworkdistances, and this geometr
change is considerably easier if one of the Sn–O–Si brid
of the active sites is hydrolysed.

The interaction of acetonitrile with the OH group of a S
O–H bridge has been calculated in one case, on site A-T9
could be expected, the adsorption energy (−6.1 kcal/mol)
is similar to that obtained for adsorption on a silanol gro
(−6.5 kcal/mol) and lower than that obtained for adso
tion on the tin atom (−9.2 kcal/mol). The N–H distance is
1.927 Å and the lengthening of the CN bond is−0.003 Å,
considerably smaller than that caused by adsorption of
tonitrile on the Sn atom (−0.007 Å). In correlation with
these results, the shift in theν(C≡N) vibration frequency of
acetonitrile when it interacts with OH in the Sn–O–H gro
is 17 cm−1, similar to that obtained for adsorption on silan
groups.

For a better comparison with experimental data,
geometries of the six adsorption complexes depicted
Fig. 1 were completely reoptimised at the highest theor
cal level (DFT), and the�ν(C≡N) frequency shifts for thes

new structures were calculated. InTable 2, an average of the
three values calculated for each type of site is given together
with the IR measurements.
0.066 −0.066 0.067

Fig. 3. IR spectra at increasing acetonitrile coverage on (a) 1SnB
(b) 2SnB_c samples.

3.2. IR experimental results

When deuterated acetonitrile was adsorbed on calc
Sn-beta, several bands in the 2260–2340 cm−1 IR region

associated withν(C≡N) stretching vibration can be ob-
served. A weak band also appears at 2116 cm−1 that is
due to δs(CD3) vibration. In Fig. 3 the IR spectra in the
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Fig. 4. Decrease of the intensity of the 2316 and 2308 cm−1 IR bands with
time of desorption.

ν(C≡N) stretching vibration IR region are shown for tw
Sn-beta samples (1SnB and 2SnB_c). Four bands at 2
2308, 2276, and 2268 cm−1 are observed, and no shift
the band maxima occurs when acetonitrile coverage is
creased. Bands at 2316 and 2308 cm−1 are associated wit
acetonitrile coordinated with Lewis acid sites[27,29], and
IR bands at 2276 and 2268 cm−1 are due to acetonitrile
coordinated to silanol groups and physisorbed acetoni
respectively. It should be noticed again that highly disper
SnO2 on pure silica beta, deposited by either CVD or by i
pregnation, does not show the 2316 and 2308 cm−1 IR bands
when adsorbing acetonitrile.

The fact that there are two bands already indicates
two different types of Lewis acids sites must exist, a
the higher relative shift of the band allows us to conclu
that one of them interacts more strongly with acetonit
(2316 cm−1 IR band) than the other (2308 cm−1 IR band).
This was confirmed by the kinetics of acetonitrile deso
tion at 25◦C and 10−4 Torr, followed by IR spectroscopy
Indeed, results inFig. 4 clearly show a much faster desor
tion of acetonitrile on sites responsible for the 2308 cm−1

−1
band than for the 2316 cm band.

a 4.2% of water.
b No gas flow was applied to the sample during calcination.
alysis 234 (2005) 111–118

,

we could associate the framework sites interacting m
strongly with acetonitrile, which give a shift in the IR ba
of 51 cm−1, with site A that involves partially hydrolyse
framework Sn (Table 2). On the other hand, the Sn sites
teracting less strongly with acetonitrile, and giving a shif
the IR band of 43 cm−1 should correspond to site B. It ca
be seen inTable 2that ONIOM calculations already give th
right tendency for the�ν(C≡N) shifts, but that the highe
level DFT calculations exactly match the�ν(C≡N) shifts
observed experimentally. This excellent agreement stro
supports the presence of sites A and B in Sn-beta
lite.

The ν(OH) stretching vibration frequencies for the S
OH and Sn–OH groups and the shift caused by interac
with acetonitrile were also calculated at the ONIOM lev
The two values for the free catalyst are similar, 3765
3737 cm−1, respectively. The shift in theν(OH) frequency
caused by the adsorption of acetonitrile on the silanol gr
is large,−238 cm−1, and could be observed in the expe
mental IR spectrum. The shift calculated for the adsorp
of acetonitrile on the tin center is only−30 cm−1. Because
of the low concentration of Sn–O–H sites and the sm
shift in the ν(OH) frequency, the Sn–O–H band could n
be assigned unambiguously in the experimental IR s
trum.

3.3. Catalytic reactivity and maximisation of the number of
active sites

Having in mind their related structures, it should be p
sible to change the relative population of sites A and B
postsynthesis treatments. Indeed, by calcination with a
an either dry or wet atmosphere, or by calcination in
ther a deep or a shallow bed[31], it should be possible to
produce different levels of partially hydrolysed framewo
Sn sites.

In Table 3we present a series of Sn-beta zeolites, w
different Sn contents and subjected to different postsynth
treatments. In the same table theν(C≡N) IR band intensity

−1 −1
associated with site A (2316 cm) and site B (2308 cm )
us if
e to
With the IR results in hand, if we now establish a par-
allelism between the spectroscopy and theoretical results,

upon adsorption of deuterated acetonitrile are given. Th
one plots the initial rate for the oxidation of adamantanon

Table 3
Calcination conditions of Sn Beta catalysts, and intensity of the 2316 and 2308 cm−1 IR bands

Sample Sn
(wt%)

Calcination IR bands

2316 cm−1 2308 cm−1

1SnB 1 Furnance, 580◦C 0.0177 0.0751
2SnB 2 Furnance, 580◦C 0.0237 0.114
2SnB_a 2 Reactor, wet aira, 580◦C, 500 mg, 280 ml/min 0.0125 0.104
2SnB_b 2 Reactor, dry air, 580◦C, 500 mg, 1000 ml/min 0.00664 0.107
2SnB_c 2 Reactor, dry air, 580◦C, 150 mg, 20 ml/min 0.000877 0.127
2SnB_d 2 Reactor, staticb, 580◦C, 600 mg 0 0.0522
2SnB_e 2 Reactor, staticb, 600◦C, 300 mg 0.0177 0.0751



of Ca

the

the

e
ar
nd

een
nd
B,

-

se

orp-

tes
s of

dif-
Cat-
Sn
te-
in
of

or
m-
of
ip.

23.
eth,

21

th.

m.

m.

io,
37.
no,

ano,
s. 2

126

oc.

eber,

959.
bb,
in,

ne,
on,
wa,

e,
M. Boronat et al. / Journal

Fig. 5. Initial rate of the adamantanone oxidation versus intensity of
2316 cm−1 IR band.

Fig. 6. Initial rate of the adamantanone oxidation versus intensity of
2308 cm−1 IR band.

the corresponding lactone (Eq.(1)) versus the intensity of th
two IR bands fromTable 3, it is possible to see that a line
correlation is only observed with the intensity of the IR ba
at 2316 cm−1, which corresponds with site A (Fig. 5) and not
for the IR band at 2308 cm−1 (Fig. 6).

(1)

4. Conclusions

Two types of framework Sn sites in beta zeolite have b
considered in the present work: partially hydrolysed a
nonhydrolysed framework Sn, referred to as sites A and
respectively.

Theoretical ONIOM and full DFT calculations for ad

sorbed acetonitrile (Lewis acid sites probe molecule) indi-
cate that site A coordinates acetonitrile more strongly than
site B. The DFT calculations predict two IR bands with shifts
talysis 234 (2005) 111–118 117

in theν(C≡N) stretching vibration with respect to gas-pha
acetonitrile of 43 and 53 cm−1.

Experimental results for deuterated acetonitrile ads
tion give two IR bands at 2316 and 2308 cm−1 for ν(C≡N),
which represent IR shifts of 43 and 51 cm−1, in excellent
agreement with the theoretical simulations. This indica
that it is possible to measure the relative concentration
sites A and B by deuterated acetonitrile adsorption.

By different postsynthesis treatments, catalysts with
ferent concentrations of sites A and B were prepared.
alytic results show that partially hydrolysed framework
sites (A) are much more active than fully framework in
grated Sn (B) for Baeyer–Villiger oxidation of ketones,
perfect agreement with the better coordination abilities
these species.
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