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Abstract: Single-unit-cell Sn-MFI, with the detectable Sn
uniformly distributed and exclusively located at framework
sites, is reported for the first time. The direct, single-step,
synthesis is based on repetitive branching caused by rotational
intergrowths of single-unit-cell lamellae. The self-pillared,
meso- and microporous zeolite is an active and selective
catalyst for sugar isomerization. High yields for the conversion
of glucose into fructose and lactose to lactulose are demon-
strated.

Catalysts with hierarchical porosity consisting of single-or
near-single-unit-cell zeolite domains offer, for certain reac-
tions, improved catalytic performance (e.g., higher reaction
rate and selectivity, and/or slower deactivation kinetics)
compared to that of conventional zeolites.[1, 2] For example,
Choi et al. demonstrated improved resistance to catalyst
deactivation,[3] while Zhang et al. established elimination of
diffusion limitations for single-unit-cell, aluminosilicate
MFI.[4]

Near-single-or single-unit-cell zeolites can be prepared by
pillaring[5] or exfoliation[6] of layered zeolites like MCM-
22(P)[7] and multilamellar MFI.[3] They can also be made by
direct one-step syntheses using dual templating from surfac-
tant aggregates[8] or functionalized linear polymers.[9] An
alternative, one-step, synthesis approach is based on sequen-
tial rotational intergrowth,[4, 10–12] which under conditions
favoring highly anisotropic growth rates, can give zeolite
particles consisting of single-unit-cell intergrown zeolite
layers.[4] This approach does not require pillaring and/or use
of long-chain surfactant or polymeric templating agents and,
consequently, it is attractive for its simplicity and low cost.
Based on repetitive branching caused by such orthogonal
rotational intergrowths of single-unit-cell (2 nm thick along
the b-axis) MFI lamellae, a predominantly MFI, self-pillared

zeolite called SPP (self-pillared pentasil) was prepared in all-
silica and aluminosilicate forms, and its adsorption, diffusion
and Brønsted acid catalytic performance have been inves-
tigated.[4, 13–15] The SPP materials were found to be distinct
from those of conventional and nanosized MFI.

Herein, we report the one-step synthesis of Sn-containing,
self-pillared pentasil (Sn-SPP). We establish by NMR, UV/
Vis spectroscopy, and electron microscopy that, for Si/Sn
� 200, Sn is present only as framework Sn. We also
demonstrate higher yields in mono- and disaccharide isomer-
izations in comparison to those achieved by conventional
micro- and mesoporous materials. Other hierarchical Sn-MFI
have MFI domains larger than 1 unit cell[16–18] and, to our
knowledge, this is the first time that single-unit-cell Sn-MFI is
reported.

Sn-SPP was prepared in a one-step hydrothermal syn-
thesis using tetraethyl orthosilicate (TEOS) as the silica
source, tin(IV) chloride pentahydrate or 119tin(II) chloride as
the tin source, and commercially available tetrabutylphos-
phonium hydroxide (TBPOH) as the structure-directing
agent (SDA). Three different Sn-SPP materials were pre-
pared with Si/Sn ratios of 75, 186, and 223, and are denoted as
Sn-SPP(75), Sn-SPP(186), and 119Sn-SPP(223), respectively
(see Supporting Information for details).

Sn-SPP(186) exhibited similar X-ray diffraction (XRD)
pattern and Ar-adsorption isotherm with those of Si-SPP (all-
silica SPP; Figure 1a,b), which have been discussed and
analyzed before.[4, 13] TEM images of Sn-SPP(186) show that
its particle size is about 100 nm and composed of lamellae
with a layer thickness of 2 nm (corresponds to one-unit-cell
along the b-axis (Figure 1c, d)). This morphology is identical
to that of typical Si-SPP that has been reported elsewhere,
and attributed to rotational intergrowth of single-unit-cell
MFI lamellae.[13]

Spatially resolved energy dispersive X-ray (EDX) analysis
in scanning transmission electron microscopy (STEM) mode
revealed that, with 10–20 nm electron probe steps and
coarser, 80–160 nm, averaging, Sn is uniformly distributed,
in the SPP particles (Figure 2 a–c and Figure S1 in the
Supporting Information). High angle annular dark field
(HAADF) STEM imaging was used for examination of Sn
distribution with higher resolution. In this method, the image
intensity depends on the atomic number (Z) of the elements
present in the sample, and can easily reach sub-nm resolution.
Sn-SPP(75) shows aggregation of Sn atoms into circular
clusters of about 5 nm in size (Figure 2d and Figure S2a and
c) suggesting the presence of extra framework SnO2 particles.
It should be noted that these clusters are too small to be
identified in STEM-EDX maps at the current probe steps.
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Finer resolution STEM-EDX mapping to resolve clusters was
unreliable owing to extensive beam damage. Sn-SPP(186) and
Sn-SPP(223) show no such clustering of Sn atoms (Figure 2e,f,
and Figure S2b,S2d). The microscopy data when taken in
total, indicate that increasing the Si/Sn atomic ratio to around
200 reduces Sn clustering to undetectable levels when
measured by TEM.

The results from microscopy are in agreement with NMR
data, which indicate tetrahedrally coordinated Sn within the
zeolite framework upon dehydration (Figure 3a). Specifically,
the 119Sn MAS NMR spectrum of the hydrated sample gives
a broad signal at ¢700 ppm (Figure 3a, trace 1), which is
assigned to framework octahedral Sn sites coordinated to four
framework oxygen and two water molecules.[20, 21] After
dehydration, a new signal appears at d =¢440 ppm (Fig-
ure 3a, trace 2) which is attributed to tetrahedrally coordi-

nated framework Sn[20,21] while the d =

¢700 ppm signal for six-coordinate Sn dis-
appears. This behavior and its interpretation
are consistent with those of framework Sn
in Sn-BEA[20,21] and there was no signal at
d =¢604 ppm, excluding the presence of
detectable SnO2. UV/Vis spectra of Sn-
SPP(186) and 119Sn-SPP(223) also con-
firmed that Sn is within the SPP framework
(Figure S3). It can therefore be concluded
that all detectable Sn (by TEM, NMR and
UV/Vis spectroscopy) in Sn-SPP with Si/Sn
� 200 is exclusively located at framework
sites.

FT-IR spectroscopy was performed to
study the acid properties of Sn-SPP(186)
with deuterated acetonitrile as the probe
(Figure 3b). Two bands at 2273 and
2311 cm¢1 are observed, which correspond
to the C¢N stretching vibration of the
adsorbed deuterated acetonitrile.[22] The
band at 2273 cm¢1 arises from the deuter-
ated acetonitrile adsorption on silanol
groups and the band at 2311 cm¢1 domi-
nates at lower deuterated acetonitrile cov-
erage, which can be assigned to the stronger
deuterated acetonitrile adsorption on Lewis
acid sites.

Sn-SPP was tested as a catalyst for the conversion of
glucose (GLU) into fructose (FRU) and compared to several
other catalytic materials. The reaction sequence reported in
Ref. [23] was followed. According to this scheme (Figure 4a),
GLU is first treated in ethanol to give a mixture of FRU
(GLU isomerization product) and ethyl fructoside (FRU
ketalization product with ethanol). Upon addition of H2O,

Figure 1. a) XRD patterns and b) Ar adsorption–desorption isotherms
(Inset: pore size distribution obtained using NLDFT[19]) of Si-SPP and
Sn-SPP(186); c),d) TEM images of Sn-SPP(186). Si-SPP is all-silica SPP
and Sn-SPP(186) has aSi/Sn atom ratio of 186 as determined by ICP.

Figure 2. a)–c) EDX-STEM elemental maps along with corresponding HAADF-STEM images
from aggregates of around 100 nm individual SPP particles with Si/Sn atomic ratio=75,
186, and 223, respectively. In elemental maps 8 Ö 8 binning is applied to improve signal to
noise ratio. Scale bar is 2 mm; d)–f) High-magnification HAADF-STEM images for a single
SPP particle with Si/Sn=75, 186, and 223, respectively. Bright circular aggregates indicated
by arrows in (d) are Sn clusters. Scale bar is 40 nm.

Figure 3. a) 119Sn MAS NMR spectra of 1) hydrated, 2) dehydrated
119Sn-SPP(223); b) IR spectra of deuterated acetonitrile adsorbed on
Sn-SPP(186). The arrow indicates desorbing sequence of deuterated
acetonitrile in vacuo.
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hydrolysis of the fructoside yields FRU. In this approach, it is
possible to obtain high yield of FRU if the catalyst can exhibit
Lewis and Brønsted acidity to catalyze isomerization, ketal-
ization, and hydrolysis, while allowing sufficient accessibility
of the bulky molecules involved to the active sites. It was
hypothesized that Sn-SPP should exhibit both Lewis and
Brønsted acidity due to framework Sn and surface hydroxy
groups, respectively. Indeed, it was found that Sn-SPP(186)
was active and selective catalyst for this reaction, achieving
approximately 65% FRU yield at about 85% GLU con-
version (Figure 4a and Table S2). Similar performance was
obtained not only, as expected, for 119Sn-SPP(223) but also for
Sn-SPP(75) indicating the presence of framework Sn in Sn-
SPP(75) in addition to the SnO2 clusters detected by TEM.

The 65% yield achieved using ethanol as the solvent and
reactant for the ketalization is higher than that reported using
USY and Al-BEA in methanol and ethanol.[23] Moreover, the
corresponding FRU yields for other typical micro- and
mesoporous Sn-containing catalysts, that is, Sn-BEA-
(125)[24–27] and Sn-MCM-41(80),[24] respectively, were lower
as more by-products were detected by HPLC at similar GLU
conversions. It appears that the combination of Lewis and
Brønsted acidity coupled with facile active-site accessibility
are unique characteristics of Sn-SPP.

Sn-SPP is expected to be useful for the conversion of
larger substrates. This notion is supported by the results of
lactose (LAC) conversion into lactulose (LACTU) shown in
Figure 4b and Table S3. The 31% LAC conversion and 97%
LACTU selectivity achieved over Sn-SPP(186) in methanol
establishes superior performance compared to that of Sn-
BEA(125) and Sn-MCM-41(80) as well as earlier reports with
micro- and mesoporous catalysts.[18, 28]

It was demonstrated that single-unit-cell self-pillared
zeolite with framework Sn can be prepared and it has
promising catalytic properties. Further investigations regard-
ing the coupling of Lewis and Brønsted acidity and compar-
isons with other porous catalysts to address the catalytic
properties of Sn-SPP will be pursued in future work.
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