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ABSTRACT: Tin-containing silicates are ubiquitous heterogeneous
catalysts for biomass conversion and fine chemicals synthesis, owing
to their strong and selective Lewis acidity. Traditionally, these mate-
rials are synthesized via multistep procedures such as dealumination
of zeolites followed by tin incorporation, which usually offer only lim-
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ited control over texture and poor metal dispersion. The nonhydrolytic | % 3
sol-gel (NHSG) method offers a streamlined alternative for synthesiz- |~ % % N
ing metal silicates with enhanced control over composition, porosity, % ¥

and active site dispersion. Here, we employed three NHSG routes, * % W
i.e., alkyl halide elimination, acetamide elimination, and their combina-
tion, to prepare porous tin silicates. Remarkably, the combined route
yielded catalysts with high specific surface areas (up to 900 m* g,
without requiring the use of any pore-generating agent), uniform tin dispersion, and high Lewis acidity. This correlated with compa-
rable activity in dihydroxyacetone (DHA) conversion to ethyl lactate and aminolysis of styrene oxide to reported literature.
Modification with trimethylsilyl groups was used to further tune the catalytic behavior by modulating surface polarity. While hydro-
phobization markedly improved apparent turnover frequencies—up to fivefold in styrene oxide aminolysis—excessive silylation was
detrimental to DHA conversion, underscoring the dual role of Si—OH and Si—OSiMe, groups in catalytic performance.
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1. INTRODUCTION

Among solid catalysts, amorphous tin silicates or crystalline tin
zeolites have emerged as versatile materials capable of driving
various transformations, including selective oxidation,' ™ dehy-
drogenation,” and isomerization of sugars."® Their catalytic
efficiency is largely dictated by the nature of their acid sites
derived from tin centers embedded in the silicate framework.
Understanding how synthetic strategy influences tin incorpora-
tion, acidity, and catalytic behavior is essential for the optimiza-
tion of their performance during catalytic reactions.'”"!

Tin silicates are known to feature some Bronsted
acidity.”>™'* These acid sites are usually weak and associated
with defects in the structure, i.e,, SIOH groups in close proxim-
ity to the tin sites. However, the presence of Bronsted acid sites
in tin silicates is rare, instead it is likely brought by other ele-
ments, like retaining Al"" during partial zeolite dealumination'®
or introduction of carbon bearing functional acid groups.'® The
genuine catalytic sites mainly arise from well-inserted
4-coordinated and thus coordinatively unsaturated tin atoms
acting as Lewis acid sites (LAS). They may be present as tetra-
hedrally coordinated, nonhydrolyzed SnO, units (“closed”
Lewis acid sites), in which Sn is fully incorporated into the sil-
icate framework. They can also appear as partially hydrolyzed

© 2026 The Authors. Published
by American Chemical Society

A4 ACS Publications

HOSnO, species (“open” Lewis acid sites) associated with local
framework defects generated through hydrolysis. In addition,
isolated HOSiO; silanol groups may coexist near Sn sites, con-
tributing to the defect environment.'”'® Small tin clusters or
extraframework species in the form of separated tin(IV) oxide
phases can be created, when tin is not well-incorporated in
the silicate network."”

Acid sites of different nature have different catalytic activity.
Small SnO, clusters can be catalytically active e.g. in Bayer-
Villiger-oxidation (BVO).*® However, the higher impact on cata-
Iytic activity in BVO is embodied by the LAS amount,*"**
more specifically catalytic activity was ascribed to partially
hydrolysed HOSnO,.** Similarly, open HOSnO; sites facilitate
the initial deprotonation during Meerwein—Ponndorf—Verley
(MPV) reactions.”* Furthermore, density functional theory
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(DFT) calculations revealed that tin silicates possessing open sites
enhance isomerization more efficiently than closed Sn(OSi),
sites.”® The reaction proceeds in a more energetically favorable
manner due to the stabilization of the transition state by hydrogen
bonding between an intermediate and Sn—OH. In contrast, Li
et al. argued that the higher the total Lewis acidity (both open
and closed acid sites), the higher the selectivity to alkyl lactate
produced from triose and the higher the alkyl lactate yield.'>

Besides acid sites, the catalytic activity can be significantly
influenced by the material’'s hydrophobic degree. In Sn-Beta zeo-
lites, the confinement of Lewis acidic Sn centers within micropo-
rous environments with varying defect densities and thus
hydrophobicity directly affects the distribution and stability of
reactive and inhibitory dimeric intermediates during ethanol
dehydration.”® Hydrophobic environments also regulate the
structure of confined hydrogen-bonding solvent networks, which
alters adsorption and transition state energetics during catalysis.
Consequently, it results in higher activity over hydrophobic Sn-
Beta zeolite during MPV reaction compared to the hydrophilic
analogue.”’ Similarly, hydrophobized Sn zeolites were also more
active in the BVO reaction.”® The hydrophobicity role in catalytic
activity was also elucidated in tin silicates decorated with methyl
groups during alkyl lactate production from triose.”* Post-
synthetic treatment of nano-Sn-Beta zeolites with fluoride result-
ing in low defect hydrophobic Sn zeolites led to a higher catalytic
activity in epoxide ring opening by alcohol.*

Arguably, (hybrid) tin silicates have the potential to facilitate
reactions that produce important chemicals and intermediates.
However, a proper tin insertion into the siliceous structure
may be challenging due to an immense difference between the
tin and silicon ionic radii (0.71 A for Sn*' and 041 A for
Si**) and low stability of tetrahedrally coordinated Sn atoms.
Synthetic strategies for tin silicates vary in the literature and
new approaches have been explored, including solid-gas reac-
tion,” solid state insertion®'/ exchange, electro-assisted syn-
thesis,>® hydrothermal sol-gel,34 aerosol-assisted sol-gel,35
thermal degradation of tin(IV) siloxane, and synthesis under
water-free conditions.>”>° Post-synthetic zeolite treatment
with SnCl, (solid-gas reaction) at 500 °C can embed up to
5.9 wt % Sn while releasing less than 3% of Si. Up to 5 wt %
Sn can be isomorphically substituted in B-zeolite via solid state
incorporation.®’ On the other hand, the electro-assisted method
allows a synthesis of tin rich Sn-Beta zeolites with 12 wt %.>

However, Sn-doped zeolites are usually microporous leading
to limited application in catalysis due to diffusional restriction.
Mesoporous tin silicates may offer an alternative, but the tin
insertion into the silicate matrices can be complicated. For
example, hydrothermal synthesis was shown to yield mesopo-
rous tin silicates composed of separated SnO, and SiO,
phases.>* Other mesoporous tin silicates prepared by precursors
self-assembly combined with hydrothermal sol-gel synthesis
resulted in moderately ordered materials.” Promisingly, an
aerosol-assisted sol-gel route led to a templated synthesis of
mesoporous tin silicates with well-inserted tin atoms offering an
alternative to hydrothermal synthesis. The water-free synthesis
between tetraethylorthosilicate (TEOS) and tin(IV) acetate in
anhydrous acetic acid also provided mesoporous (Si,Sn)O,
gels.”” Another anhydrous approach, so-called twin polymeriza-
tion, led to formation of SnO, particles embedded in SiO, poly-
mers.*” Similarly, NHSG polycondensation of silicon tetraacetate
and tetrakis(diethylamido)tin in molar ratio of 1:1 provided well-
dispersed SnO, nanoparticles in mesoporous silica.*®
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Over the last decades, the NHSG method has been explored for
the preparation of various (hybrid) mixed metal porous oxides.
Importantly, resulting materials have already been successfully
applied as heterogeneous catalysts in ethanol dehydration,* etha-
nol to butadiene transformation,*" volatile organic compound oxi-
dation,* epoxide ring opening,****** alkene epoxidation,* or
olefin metathesis.*® Their excellent catalytic activity results from
good textural properties and homogeneously distributed metal cen-
ters in a silicate structure. However, in the particular case of tin sil-
icates mentioned above,*® the tin sites could not be truly isolated in
silica, as the Si:Sn molar ratio applied in the synthesis was 1.

This work explores the tin silicate synthesis using various
nonhydrolytic condensation pathways, including alkyl halide
elimination, acetamide elimination, and their combination.
The first objective was to identify the most suitable type of
NHSG condensation for tin silicate synthesis with a special
focus on tin dispersion and porosity. Second, post-synthetic
grafting of NHSG-prepared tin silicates with hydrophobic tri-
methylsilyl groups was studied. Hence, the hydrophobization
impact on catalytic performance is evaluated in two reactions:
(i) epoxide ring opening that benefits from a hydrophobic envi-
ronment and (ii) ethyl lactate (EL) production via the reaction
of dihydroxyacetone (DHA) with ethanol that produces water
as a byproduct. This study provides insights into the relation-
ship between tin incorporation (and thus Lewis acidity), surface
properties (thus hydrophobicity), and catalytic activity in two
unrelated catalytic reactions.

2. EXPERIMENTAL SECTION

General experimental methods, characterization techniques, and
spectroscopic characterization data can be found in the Supporting
Information.

Catalyst Synthesis:

Synthesis of Inorganic Tin Silicate by Acetamide
Elimination. In the autoclave placed in a dry box, Si(OAc), (8.549 g,
32.35 mmol) was dissolved in dichloromethane (30 cm?), and silylated
Pluronic F127 (2995 g, silylation procedure described in the
Supporting Information) was added. After dissolving, Sn(NEt,),
(0.1819 g, 0.4467 mmol) dissolved in toluene (10 cm®) was subse-
quently added to the autoclave. The autoclave was sealed and kept in
an oven at 180 °C for 168 h, for gelation. Volatiles and byproducts
were distilled under vacuum at 90 °C overnight. The template and
residual organic groups were removed by calcination in flowing air at
500 °C (5 °C min~") for 5 h. The final white product was labeled as
SiSn-Ac, standing for tin silicate prepared by acetamide elimination.

Synthesis of Inorganic Tin Silicate by Alkyl Halide
Elimination. In the autoclave placed in a dry box, SiCl, (546 g 32.14 mmol)
dissolved in dichloromethane (40 cm?®) was mixed with diisopropyl
ether (6.665 g, 65.23 mmol) and SnCl, (0.11 g 0.422 mmol). The
sealed autoclave was placed in an oven at 110 °C for 168 h. After cool-
ing and opening the autoclave in the glove box, a sol was formed. Thus,
the autoclave was sealed again and kept in the oven for additional 72 h
at 145 °C. The formed gel was transferred into a Schlenk vessel in the
dry box and dried under vacuum at 90 °C overnight. Solvent and vola-
tile by products were removed and analyzed via gas chromatography
coupled with mass spectrometry (GC-MS). The final white product
was recovered by calcination in flowing air at 500 °C (5 °C min™")
for S h. It is referred to as SiSn-RCl, indicating tin silicate synthesized
by alkyl halide elimination.

Synthesis of Inorganic Tin Silicate by Alkyl Halide Elimination
Combined with Delayed Acetamide Elimination. In the autoclave
placed in a dry box, SiCl, (5.171 g, 30.44 mmol) was dissolved in dichlo-
romethane (20 cm®). Diisopropyl ether (5.453 g, $3.37 mmol) and
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SnCl, (0.014 g, 0.0537 mmol) were directly added to the solution. The
autoclave was sealed and placed in an oven at 145 °C for 20 h. After
cooling down, the autoclave was opened again in the dry box, a sol
was formed. Then, Si(OAc), (1.149 g, 4.35 mmol) dissolved in dichlo-
romethane (10 cm®), and Sn(NEt,), (0.1727 g, 0.42 mmol) dissolved
in toluene (10 cm®) were added into the reaction mixture in the auto-
clave. The sealed autoclave was kept in an oven at 180 °C for 148 h.
During that time, gelation occurred. Afterward, the gel was transferred
into a Schlenk vessel and dried under vacuum at 90 °C overnight. The
separated volatile liquid phase was analyzed via GC-MS. Calcination
was performed in flowing air at 500 °C (5 °C min~") for § h. The result-
ing white powder was marked as SiSn-RCl+Ac signifying synthesis via
alkyl halide elimination combined with delayed acetamide elimination.
The practical yield of calcined product approaches 100%.

A new batch of the sample SiSn-RCI+Ac was prepared by alkyl
halide elimination combined with a delayed acetamide elimination
route to ensure sufficient amount of tin silicate matrix for modification
(labeled as SiSn-parent in the following part). Precursors amounts, sol-
vent volumes, and SiSn-parent yield are detailed in the Supporting
Information. Characterization of SiSn-parent (N, porosimetry, XPS,
etc.) showed reproducible results with respect to SiSn-RCl+Ac
(Supporting Information).

Tin Silicate Modification

The SiSn-parent degassed overnight either at room temperature or
500 °C under vacuum (~107 Torr) was dispersed in dry toluene
(10 em®). An excess of trimethyl(methoxy)silane was added dropwise
to this mixture. Weights and quantities are summarized in Table 1.
The reaction mixture was stirred overnight at room temperature.
Afterward, volatiles were separated under dynamic vacuum and ana-
lyzed with GC-MS. The powder was dried under vacuum at 150 °C
overnight. The final powders (labeled as SiSn-4Me3Si and SiSn-
7Me3Si signifying the trimethylsilylation degree) were stored in the
dry box (yields in Table 1).

Ethyl Lactate Production: Catalytic Test in the Liquid Phase

A catalytic test was performed under a condenser in a two-necked flask.
The flask was filled with 1,3-dihydroxyacetone (0.54 g, 6 mmol in the form
of 1,3-dihydroxyacetone dimer), dodecane (68 pl) as internal standard,
and ethanol (11.76 g, 0.2552 mmol) acting as a reagent and a solvent.
The mixture was heated to 60 °C for 30 min to obtain a homogeneous
solution. Meanwhile, the solution was naturally cooled down, and the oil
bath was preheated to 90 °C. A tin silicate catalyst (50 mg) was added
to the cooled solution, and the flask was returned to the preheated oil bath
(90 °C). The tin silicate catalysts were either exposed to the ambient
atmosphere (labeled as wet) or dried in an oven overnight at 110 °C
(labeled as dry) prior to the catalytic reaction. Aliquots were withdrawn
from the reaction mixture via septum and diluted with ethanol. The solu-
tions were analyzed using a gas chromatograph (Scion Instruments 456-
GC) equipped with a Restek Stabilwax column (30 m length, 0.53 mm
ID, 0.25 pm df) and an flame ionization detector (FID) detector. The
components were calibrated with pure chemicals.

Aminolysis of Styrene Oxide by Aniline: Catalytic Test in
the Liquid Phase

Styrene oxide (SO) ring opening by aniline was carried out in a batch
reactor (i.e., a closed vial). The tin silicate catalysts were either exposed

to ambient atmosphere overnight, or dried under dynamic vacuum at
150 °C. First, the catalyst (20—25 mg) was dispersed in toluene (acting
both as a solvent and an internal standard). Second, aniline was
dropped to the suspension followed by SO addition. The molar ratio
of all components fig, 111, 1 ene Maniine:so Was set to 1:12,000:250:250.
The reaction mixture was stirred at 750 rpm at 40 °C in an oil bath.
Aliquots were taken after 10, 20, 30, and 60 min, dissolved in ben-
zene-d and analyzed by '"H NMR.

3. RESULTS AND DISCUSSION
3.1. Inorganic Tin Silicates

3.1.1. Synthesis and Characterization of Inorganic Tin
Silicates. In the first stage of this study, we elucidated the ideal
inorganic tin silicate catalyst for subsequent surface grafting
Amorphous tin silicates were synthesized via the NHSG method
using three different types of condensation reactions: alkyl halide
elimination, acetamide elimination, and alkyl halide elimination
combined with delayed acetamide elimination (Figure 1).

The alkyl halide elimination, ether route is known to provide
mesoporous materials*** exhibiting high content of interparticle
voids***¢ leading to large specific surface areas and pore volumes.
It has been widely used for metallosilicate preparation,*”**~>* but
its application to synthesize tin silicates (SiSn-RCl) has not been
reported so far. Herein, the tin silicate synthesis by alkyl halide
elimination with nominal ng;:ng, = 72 (eq 1) shows that tin(IV)
tetrachloride is apparently an inappropriate metal precursor as it
leads to a high microporosity content (Figure 2A) and practically
no tin incorporation in $iSn-RCl (no Sn detected with XPS and
Sn content below ICP-OES limit of detection after sample miner-
alization; Table S1). Consequently, no acid sites were observed in
SiSn-RCl by the infrared spectroscopy combined with pyridine
adsorption(IR-py) technique (Figure 2B). Thus, it has been
decided to abandon the alkyl halide elimination route.

72 SiCly + SnCl, + 146 ‘PrO Pr—72 SiO,-Sn0O, + 292 'PrCl
(1)

The acetamide elimination route has already been shown to
successfully provide tin silicates in molar ratio ng:ng, = 1:1 with
a homogeneous Sn-Si mixing.*® Here, the nominal ratio has been
elevated to 72 (SiSn-Ac, eq 2) to avoid tin oxide clusters forma-
tion and to obtain catalytically active materials. This approach pro-
vided well and virtually fully incorporated tin into the silicate
matrix (Table 2 and Table S1). Indeed, the tin dispersion is highly
homogeneous according to XPS and DR UV-vis (Figure 2C and
Figure S1). Briefly, the Sn 3d,,, and Sn 3d;, binding energies
have been observed at 495.6 and 487.2 eV via XPS (Table S2),
respectively, values typical for isolated tin sites in Sn-Beta zeo-
lite.">** Even though structure-directing Pluronic F127 was
added, porosity originating in interparticle voids®* rather than
mesoporous character materials****** with relatively uniform
pores®®* was obtained (Figure S2). The different hysteresis

Table 1. Synthesis Data for Post-Modified Tin Silicates Prepared by Alkyl Halide Elimination Combined with Delayed

Acetamide Elimination

SiSn-parent trimethyl(methoxy)silane
Sample SiSn-parent temperature pretreatment m (g) ng, (mmol) m (g) n (mmol) yield (g)
SiSn-4Me3Si 500 °C 1.5827 0.354 0.562 5.39 1.6902
SiSn-7Me3Si room temperature 1.796S 0.401 0.629 6.04 1.5483
8201
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Alkyl halide elimination

1. drying
SiCl 110°C 145°C 2. calcination .
SnClA 7 days sol 3 days gel 500 °C, air SiSn-RCI
propr | —| formation formation xerogel
Acetamide elimination
1. drying
Sn(NEL) 180°C 2 calcination
Si(OA(t:z) 4 7 days gel 500°C, air SiS n—AIc
S, formation | — —=—= xeroge

Pluronic F127

Alkyl halide elimination combined with delayed acetamide elimination

Figure 1. Synthesis scheme for inorganic tin silicates.

° 1. drying
SiCl e 1.Si(OAc), 2. calcination .
snCl. on sol Sn(NEL,), gel 500°C ar | SiSn-RCI+Ac
s | — : .
PrOPr formation 2711‘2;);0 formation xerogel

(Figure 2A) compared to that typically provided via acetamide
elimination can be caused by partial template decomposition at
higher temperature. Such a behavior has been already observed
for zirconosilicates prepared via templated NHSG synthesis.>
Nevertheless, specific surface area of 792 m* g~' and total pore
volume of 0.95 cm® g~" reached excellent values (Table 2 and
Table S3). This in turn led to a Lewis acidic material (confirmed
by IR-py (Figure 2B) and IR-CD,CNj Table 2 and Section 3.1.3
in the Supporting Information, Figures S3—S6, Tables S4—S6) in
agreement with other reports on tin silicates.”~%

72 SI(OAC)4 + Sn(NEt2)4—>72 SiOz-SnOZ
+ 4 AcNEt, + 142 AcOAc (2)

Finally, the alkyl halide elimination combined with delayed
acetamide elimination route is presented here for the first time
(SiSn-RCl+Ac, eq 3). This two-step synthetic procedure was
imagined for three main reasons: (i) To obtain advantageous
textural properties without a need to employ a porogen (typical
for alkyl halide elimination route),”' (i) to achieve a high
metal dispersion in silica (usually observed for acetamide elimina-
tion),>" and (iii) to ensure a high tin site accessibility in the surface
layer (noticed for NHSG-made aluminosilicates already when
applying a delayed metal precursor addition).’ This approach
appeared to be highly successful as per the following observations:
(i) full tin incorporation (ICP-OES, Table 2 and Table S1), (ii)
homogeneous Sn distribution as determined by XPS (Table S2),
STEM-EDS (Figure 2D), and DR UV—vis spectroscopy
(Figure S1), (iii) mesoporous character with higher specific surface
area, total pore volume, and average pore size diameter without any
need for a sacrificial template (Figure S2 and Table 2) compared to
other reported tin silicates (Table S3), and (iv) the highest LAS
number out of the studied materials according to both IR-py and
IR-CD;CN (Table 2). Acid sites according to IR-py also revealed
a different strength of acid sites. The combined elimination route
was able to create slightly stronger acid sites in tin silicates but
hardly as strong as acid sites in Sn-Beta zeolites.”® Notably, the effi-
ciency of incorporated Sn in creating acid sites was as high as 92%,
(Figure S3 and Table $4), i, almost every Sn atom in SiSn-RCI
+Ac was Lewis acidic, similar to zeolites®> or Sn-MCM-41."2
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Thanks to the two-steps synthesis, a siliceous network is preformed
prior to tin introduction during the first step, alkyl halide elimina-
tion with limited tin amount, while most of the tin is then homoge-
neously distributed in the surface layer via acetamide elimination in
the second step (Table S5).

9 Si(OAc), + 63 SiCly + 0.1 SnCly +0.9 Sn(NEt, ),
+ 110 'PrO Pr—72 $iO,-Sn0, + 220 'Pr™
+ 3.6 ACNEt2 + 32.4 AcCl (3)

As already mentioned, the acidity of tin silicates was investi-
gated by two different probes—trideuterated acetonitrile and pyr-
idine. On one hand, acetonitrile-d, is a suitable probe to
distinguish among open, closed, speculative Sn(OH),, and
SiOH sites via observation of absorption bands at wavenumbers
2316, 2308, 2275, 2287, and eventually 2265 cm™? (CD3CN in
gas phase), respectively.”” Alternatively, the band at 2287 cm™"
can be associated with the presence of extraframework polymeric
species (i.e., tin oxide clusters).%> These bands are usually overlap-
ping peaks (Figure S4), which are usually more distinct for zeo-
lites in comparison to amorphous materials studied herein.***’
Noteworthy, the exact distinction between open and closed Sn
sites remains controversial.>”®* In fact, the most recent study
combined IR-CD,CN and DFT calculations and the authors
argued that the narrow spectral window (~10 cm™") and coexis-
tence of structurally different positions in zeolites hinder straight-
forward assignments of open and closed sites. The system
complexity thus requires more nuanced characterization
methods.®*

These uncertainties are further intricate by the sensitivity of
open sites to the pretreatment conditions as vacuum and tem-
perature above 400 °C are likely to destabilize Sn—OH spe-
cies®> and thus most CD,CN absorption bands may arise
from closed sites in a distinct Sn environment after vacuum/
temperature treatment. The transformation of open to closed
sites at 400 °C was not observed in this study (Table S6,
Figures SS and S6A). However, tin silicates exhibited compara-
ble total acid site amount when evaluated by both acetonitrile
and pyridine adsorption (Figure S6B) indicating consistent
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Figure 2. (A) N, adsorption desorption isotherms, (B) IR spectra upon IR-py analysis, pyridine desorbed at 100 °C indicating pyridine chemisorp-

tion on Lewis acid sites (1454 cm

71,1491 cm™!, and 1614 cm™"), (C) high-resolution Sn 3d XPS of SiSn-Ac and SiSn-RCl+Ac displaying a doublet

with binding energies of 495.7 (Sn 3d3/2) and 487.3 eV (Sn 3d;,,) and 495.6 (Sn 3d3/2) and 487.2 eV (Sn 3d,) for SiSn-RCl4Ac and SiSn-Ac,

respectively, indicating the presence of “zeolite-like” Sn sites (495.8 and 487.5 eV)"

rather than extraframework tin (EFSn) species (486.0 and

494.5 ¢V),” and (D) STEM-EDS of SiSn-RCI+Ac indicating well-dispersed Sn sites in the silicate matrix.

Table 2. Elemental Composition, Textural Properties, and
Acid Site Concentration of Inorganic Tin Silicates

Sample SiSn-RCI SiSn-Ac SiSn-RCI+Ac
Csmicp.ors (mmol g™") <0.0067 0.133 0.291
SAggy (m* g™") 639 792 852
Vigea (em® g7") 035 0.95 13
“LAS, 4o (mmol g™*) 0 0.078 0269
"LAS et closea (mmol g ) 0.035 0.14

“LAS concentratlon after pyridine desorption at 100 °C determined by
IR-py. PLAS concentration after CD,CN desorption at room tempera-
ture determined by IR-CD,CN.
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trends regardless of the used probe.”” Since the overlapping
nature of acetonitrile bands is pronounced in the case of amor-
phous tin silicates (Figure S4), combined with general ambigu-
ity of peak assignment, IR-CD,CN is less reliable, and its
interpretation must be taken with caution. Instead, a more com-
plex approach, like computational studies, would be demanded
to specifically elucidate the LAS character.

Thus, we have decided to rely on Lewis acidity determined
by pyridine. The pyridine desorption at 100 °C (Figure S6C)
was chosen to evaluate turnover frequency, TOF, g o0 as
(i) no physisorbed pyridine was present, (ii) tin utilization
was the highest (cg, 1cp.ops Vs LAS ), and (iii) both catalytic
reactions were performed at low temperatures.
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3.1.2. Catalytic Activity of Inorganic Tin Silicates. Catalytic
performance was tested in two different reactions where hydro-
phobicity plays the role*® (see Sections 3.2.3 and 3.2.4). The
first one, DHA transformation to EL (Figure 3), is known to
be catalyzed by LAS, e.g, tin silicates with homogeneously dis-
tributed tin atoms. Side reactions are usually triggered by strong
Bronsted acid sites (Figure S7). Among the synthesized tin sili-
cates, those prepared by alkyl halide elimination combined with
delayed acetamide elimination provided the highest EL yield
(SiSn-RCl+Ac; 16% after 6 h) compared to tin silicate prepared
by acetamide elimination (SiSn-Ac; 6% after 6 h; Table 3 and
Figure S8). The EL yield over SiSn-RCI+Ac was also compara-
ble with that over mesoporous amorphous tin silicates prepared
elsewhere (Tables S7 and $8).3° The explanation can be found
in Lewis acidity as the LAS numbers were higher in the case of
SiSn-RCI+Ac compared to SiSn-Ac (Table 2 and Table S6).
Interestingly, an apparent turnover frequency (TOFEL,LAS,IOO)
showed a similar efficiency of catalytic sites in SiSn-Ac and
SiSn-RCI+Ac (Table 3 and Figure S8), further confirming that
catalysis was triggered by Lewis acidity as reported elsewhere.'?
The catalytic activity comparison of catalysts prepared in the lit-
erature is summarized in Table S8.

The second catalytic reaction, epoxide ring opening by aniline
(Figure 4), was performed over SiSn-Ac and SiSn-RCl+Ac.
Both SiSn-Ac and SiSn-RCI+Ac maintained selectivity between
95 and 98% to the Markovnikov product. However, SiSn-RCI
+Ac was more active compared to SiSn-Ac (Table 3 and
Figure S9A). This can be again explained by higher LAS numbers
in SiSn-RCI+Ac compared to SiSn-Ac. Similarly to EL produc-
tion, the apparent turnover frequency (TOFso,LAs,loo) was com-
parable for both samples (Table 3 and Figure S9B).

The results discussed above show that both SiSn-Ac and SiSn-
RCIH+Ac are active catalysts in EL synthesis and epoxide ring
aminolysis. Importantly, the catalytic activity of their acid sites
is similar. The dramatic difference between the samples is directly
related to the LAS numbers. Thanks to a high Sn surface concen-
tration, high Sn dispersion in a silicate matrix, and large open
porosity (V.. = 1.3 cm® g7'), the SiSn-RCl+Ac sample
achieved high acid site numbers and, accordingly, high activities
in both tested reactions. Therefore, SiSn-RCI+Ac has been cho-
sen for further studies on surface hydrophobization.

3.2. Surface Modification of Tin Silicate

Surface hydrophilicity/hydrophobicity often has a dramatic
impact on catalytic activity.””°*%® Both studied catalytic reac-
tions could be sensitive to hydrophilicity/hydrophobicity of
the catalyst surface: (i) water is formed when DHA is dehy-
drated during EL production®*>° and (ii) nonpolar bulky
organic molecules’””" participate in SO aminolysis. Therefore,
the surface of tin silicate prepared by alkyl halide elimination
coupled with delayed acetamide elimination was functionalized

with hydrophobic trimethylsilyl groups.

DHA o OH
EtOH

HO OH o
OEt
EL

Figure 3. Dihydroxyacetone transformation into ethyl lactate, detailed
reaction scheme is provided in the Supporting Information.
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Table 3. Catalytic Performance of Inorganic Tin Silicates

SiSn-RCI° SiSn-Ac
DHA transformation to EL

SiSn-RCl+Ac

Y, (%) 0 6 16
“TOFxt tas 100 (™) 17 13
epoxide ring opening by aniline

Ko (%) 23.5 325
“TOFg0,1a5,100 (") 225 175

“Ethyl lactate yield after 6 h. "Turnover frequency based on EL pro-
duced per acid site number determined by IR-py (py desorption tem-
perature 100 °C) (derived upon 6 hours of catalysis). “Styrene oxide
conversion after 60 min. “Turnover frequency based on styrene oxide
converted per acid site number determined by IR-py (derived upon
10 min of catalysis). “Inactive sample although specific surface area
reached 639 m” g~ but LAS were missing due to the unsuccessful
tin incorporation. The Si—OH groups on the surface themselves were
not able to convert DHA as weakly acidic silanol groups in the near Sn
environment play a decisive role in the catalytic DHA transformation.
Si—OH moieties and LAS based on well-inserted tin in silicate matrix
can synergistically complement each other."?

Trimethyl(methoxy)silane (Me,SiOMe) served as a source
of hydrophobic groups (Figure S) similar to a previous study
on aluminosilicates.°® Prior to chemical modification, pristine
tin silicate prepared by alkyl halide elimination combined with
delayed acetamide elimination (new batch with Si:Sn ratio
equal to 89 — SiSn-parent, the synthesis was performed in
the same way as SiSn-RCl+Ac in part 3.1, Table 2) was pre-
treated under dynamic vacuum either at room temperature or
at 500 °C. SiSn-parent pretreatment at two different tempera-
tures provided two modified samples with a varying number
of trimethylsilyl groups after reaction with trimethyl(methoxy)-
silane: SiSn-7Me3Si and SiSn-4Me3Si (pretreatment at room
temperature and SO0 °C, respectively; Figure S). Numbers 7
and 4 in the sample labels indicate the relative amount of tri-
methylsilyl groups with respect to all silicate components deter-
mined by 2°Si MAS NMR (vide infra).

During the trimethylsilyl groups grafting, methanol elimina-
tion (eq 4) was confirmed by GC-MS. No methanol dehydration
product was revealed (due to ambient temperature during the
reaction), and thus in situ water production was excluded.
However, 1,1,1,3,3,3-hexamethyldisiloxane was detected as a con-
sequence of a reaction between trimethyl(methoxy)silane and water
remaining in the pores and subsequent condensation (eq S and 6,
respectively).®® Finally, the excessive trimethyl(methoxy)silane
added into a pretreated tin silicate material was observed in vol-
atiles after reaction by GC-MS.

=SiOH + Me;3Si — OMe—=SiOSiMe; + MeOH 4)
MeOSiMe; + H,O—MeOH + Me;SiOH (s)
Me381OH + Me3SiOH—>Me3 SIOSlMe3 + Hzo (6)

Attenuated-total reflectance infrared spectroscopy (ATR-IR)
confirmed that silanol SiOH groups were replaced by Me,Si
groups. The absorption band at 960 cm™' representing the
deformation vibration of Si—O—H is present in SiSn-parent
but diminished in the case of modified samples (Figure 6A).
Instead, new symmetric and asymmetric rocking absorption

https://doi.org/10.1021/acscatal.6c00144
ACS Catal. 2026, 16, 8199-8217

920z I1snbny /g uo Jasn NIVANOT 3d INDIMTOHLYD AINN Aq Jpd it L 00-9202-S0/SEE60E79/66 | 8/6/9 1 4Pd-ajoie/soed0E /610 S0 SGNd WO} papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00144/suppl_file/cs6c00144_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00144/suppl_file/cs6c00144_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00144/suppl_file/cs6c00144_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00144/suppl_file/cs6c00144_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00144/suppl_file/cs6c00144_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00144/suppl_file/cs6c00144_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00144/suppl_file/cs6c00144_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00144/suppl_file/cs6c00144_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00144/suppl_file/cs6c00144_si_001.docx
http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c00144

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

30

1-phenyl-2-(phenylamino)ethanol

2-phenyl-2-(phenylamino)ethanol

oo 3"

Figure 4. Scheme of styrene oxide (SO) aminolysis catalyzed by acid metallosilicate catalysts (Sn,*® Ti,%” AL** and Zr*®) producing two major prod-
ucts. Either aniline (AN) attacks the more substituted carbon of SO ring and 2-phenyl-2-(phenylamino)ethanol is produced, or it attacks the other
one and forms 1-phenyl-2-(phenylamino)ethanol. The former product is usually yielded with higher selectivity.

OH OSiMe3
OH OSiMe3
SiSn-parent SiSn-7Me3Si
Me,SiOMe
OH . OH l OSiMe3
OH vacuum
1. Autoclave
Alkyl halide all:);lsh?gd; :Iri]mination OH OH osiMe,
combined ' |
with 2. Autoclave OH
acetamide acetamide elimination OH OH OSiMeB
liminati 180 °C, 148 h )
elimination | 5 pying OH  sooec Me,SiOMe
4. Calcination (air, 500 °C)
OH q q
vacuum
OH osive,  SiSn-4Me3Si

OH OSiMe3

Figure S. Modification of tin silicate samples prepared by NHSG condensation, particularly alkyl halide elimination combined with delayed acet-

amide elimination.

bands of SiCH, appeared (759 and 847 cm™") supporting a suc-
cessful OH modification.

The Fourier-transform infrared spectra (FTIR) of degassed
samples at 250 and 400 °C were recorded for closer evaluation
of O—H and C—H stretching vibration modes. The lattice
vibration overtones and combination bands between 2100 and
1750 cm™" did not change significantly (Figure S10) upon tri-
methylsilylation, so that a direct comparison is possible.
Observation of O—H and C—H vibrations of degassed samples
(Figure 6B) supports successful OH groups replacement by
SiMe, groups. The IR difference spectra of hybrid tin silicates
relative to SiSn-parent (Figure S11) indicate that the modifying
agent reacted with several types of SiOH groups. First, the
broad band attributed to hydrogen bonded SiOH"* (with max-
imum ~3590—3570 cm™") decreased upon modification” to a
similar extent for both SiSn-4Me3Si and SiSn-7Me3Si when
dried at both 250 and 400 °C. Second, the absorption band at
3735 cm™! was also affected with a more pronounced decrease
observed for the heavily trimethylsilylated sample.”” This band
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can be assigned to several species according to the literature:
geminal,74 terminal,”® or internal’®=’® SiOH groups. The
assignment to geminal moieties is preferred as it is corroborated
by results obtained by *Si MAS NMR where the Q* signal
diminished upon reaction with trimethyl(methoxy)silane (dis-
cussion below).

In contrast, isolated”* (terminal) SiOH groups at 3745 cm™
seem to be less reactive toward a silylating agent. Their intensity
remained unchanged for SiSn-7Me3Si dried at 400 °C and
slightly increased for SiSn-4Me3Si when dried at 250 and
400 °C. The latter phenomenon may result from disruption of
hydrogen bonded silanols by attachment of trimethylsilyl groups
and thus from the formation of new isolated silanols. Overall, sila-
nol content appears to decrease in the order SiSn-parent>SiSn-
4Me3Si>SiSn-7Me3Si. In the opposite direction the intensity of
symmetric and asymmetric C—H vibration (3000—2800 cm™")
increased as trimethylsilyl groups replaced OH groups.

The effects of trimethylsilylation were also studied by solid
state NMR. The *°Si MAS NMR spectrum of the parent tin

1
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Figure 6. ATR-IR spectra signalizing the presence of asymmetric vibration of Si—O—Si/Al with a typical shoulder for silica-based materials
(1150 cm™") related to TO-LO splitting®™* (A); FTIR spectra of OH and CH region of degassed samples at 250 °C under dynamic vacuum (B);
?9Si (solid lines) and *°Si CP (dotted line) MAS NMR spectra (C) of pristine tin silicate samples and modified by trimethyl(methoxy)silane.

silicate (Figure 6C) is dominated by a broad resonance at
approximately —110 ppm corresponding to Q* sites; however,
due to the low tin content, it was not possible to distinguish
between Si(OSi), and Si(OSi);(OSn) environments. Less
intense signals representing Q* (Si(OSi);OH) and Q?
(Si(OSi),(OH), sites were observed at approximately —100
and —90 ppm, respectively.***" To clarify these assignments,
9Si cross polarization (CP) MAS NMR was employed, where
Q® and Q’ signals become dominant and intensity is significantly
enhanced. This enhancement occurs because the signal intensity
for silicon atoms bonded to hydroxyl groups is boosted via mag-
netization transfer from nearby protons to the silicon nuclei.
Consequently, sites associated with silanol groups exhibit much
stronger relative intensities in the CP MAS spectrum compared
to the direct excitation in standard *°Si MAS NMR.

For the tin silicate materials modified with trimethylsilyl
groups, a significant decrease in the intensity of the Q” signals
was observed in the 2°Si MAS NMR spectra. Furthermore, a
new resonance appeared at 14 ppm, originating from the surface
modification by trimethylsilyl groups.®* The deconvolution of the
*%Si MAS NMR spectra to Q%, Q%, and Q* signals revealed that
the relative amounts of individual Q" species changed upon graft-
ing (Table S9). While Q* tetrahedra of SiSn-parent represented
7% of the total Q sites, trimethylsilylation converted them into
Q> (SiSn-4Me3Si) and Q* (SiSn-7Me3Si) tetrahedra.

The amount of trimethylsilyl groups attached to the surface
varied depending on the sample, specifically on the temperature-
vacuum pretreatment of pristine tin silicate prior to modification.
While SiSn-4Me3Si stemming from SiSn-parent dehydrated at
500 °C provided 4% of M' with respect to all tetrahedra,
SiSn-7Me3Si derived from SiSn-parent dehydrated at room tem-
perature contained 7% M' units (Table 4). Thus, temperature-

vacuum pretreatment of SiSn-parent enables the control of the
concentration of Me,Si groups on the tin silicate surface, similarly
to our earlier report on aluminosilicates hydrophobization.® High
resolution XPS analysis of the Si 2p region (Figure S12A) corrob-
orated *°Si MAS NMR spectra and showed a higher amount of
C,SiO species in SiSn-7Me3Si compared to SiSn-4Me3Si
(Table S10).* The differences in the amount of attached Me,Si
groups on the surface were also confirmed by thermal gravimetry
combined with differential scanning calorimetry (TG/DSC,
Figure S12B).

Besides the expected signal for trimethylsilyl groups at 2 ppm,
the '*C CP MAS NMR spectrum (Figure S12C) showed a weak
signal of methoxy groups (53 ppm).*> These may form through
coordination or hydrogen bonding between methanol and acid
sites, or via exchange reaction (eq 7) as reported elsewhere.5%%¢

=SiO — Si=+ Me;3Si — OMe—=SiO — SiMe; + =Si — OMe
(7)

3.2.1. Effect of Surface Modification on Textural
Properties and Hydrophobicity of the Surface. The
adsorption and desorption isotherms of SiSn-4Me3Si and
SiSn-7Me3Si closely resemble the isotherm of SiSn-parent
but show a uniform shift throughout the whole range of relative
pressures to lower adsorbed volumes (Figure 7A). Apparently,
micropores were occupied by trimethylsilyl groups, as corrobo-
rated by t-plot analysis. Micropore contribution dropped from
4.8% in SiSn-parent down to 2.9 and 0.7% for SiSn-4Me3Si
and SiSn-7Me3Si, respectively (Table S). Such a decrease of
microporosity upon trimethylsilylation was also observed in

Table 4. Influence of Dehydration Temperature of Matrix on the Percentual Integrated Peak Area of Trimethylsilyl Groups on
the Surface Determined According to **Si MAS NMR Spectra and Elemental Composition of synthesized tin silicates

determined by XPS and ICP-OES

sample dehydration temperature of SiSn-parent
SiSn-parent
SiSn-4Me3Si 500 °C

SiSn-7Me3Si room temperature

relative integrated area of Me,Si (%)
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ng;:ng, (ICP-OES/XPS) Csn1cp-ops (mmol g )

89/138 0.139
108/149 0.132
7 88/131 0.131
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Figure 7. Nitrogen isotherms (A), pore size distribution determined by calculation via the NLDFT equilibrium model considering silica adsorbent
and cylindrical pores (B) of pristine tin silicate and trimethylsilylated samples.

Al-zeolites.”® The pore size distribution also shows a notable
volume reduction in the micropore range, ie, <2 nm
(Figure 7B). Accordingly, the total pore volume and specific
surface area of tin silicates after Me,Si groups grafting dropped
with increasing Me,Si content (Table 5). A similar trend was
observed in NHSG-prepared aluminosilicates modified with tri-
methyl(methoxy)silane under the same conditions.*®

The hydrophobic properties were investigated by water
adsorption porosimetry (Figure 8A). As a result, the percentual
representation of adsorbed water after modification has not
changed. The hydrophilicity index at the relative pressure p/
po = 03%%% (X,,) remained similar-24, 28, and 23% for
SiSn-parent, SiSn-4Me3Si, and SiSn-7Me3Si, respectively.
These results are in striking contrast to recently reported data
on trimethylsilylated aluminosilicates prepared in a similar
way, where modified materials adsorbed significantly less water
than the parent inorganic aluminosilicate sample.®®

Water contact angle (WCA) was measured on SiSn-parent,
SiSn-4Me3Si, and SiSn-7Me3Si to further investigate the influ-
ence of trimethylsilyl groups on the surface polarity
(Figure 8B—D). A water drop carefully placed onto the SiSn-
parent pellet was difficult to catch as it quickly disappeared.
Thus, water contact angle was less than 10° indicating a highly
hydrophilic surface. On the other hand, the contact angles on
the interfaces of water and surface of SiSn-4Me3Si and SiSn-
7Me3Si were around 47 and 36°, respectively. Higher WCAs
indicate a more hydrophobic surface compared to SiSn-parent.
These materials are more hydrophobic in comparison to
methylsilyl-functionalized aluminosilicates prepared in one-
pot.®" The differences in results of water adsorption

porosimetry and WCA can be caused by significant differences
between the analytical methods and different pretreatment
before analysis.

3.2.2. Effect of Surface Modification on Tin Nature
and Acidity. The SiSn-parent sample exhibited highly homo-
geneous tin dispersion (see Section 3.1). According to UV—vis
spectroscopy (Figure S13A), the sample contained distorted tet-
rahedral or pentacoordinated Sn atoms, as well as a low amount
of small extraframework species, as derived from the presence
of absorption bands between 200 and 245 nm in the spectra.’
Tin speciation was further examined using XPS analysis. The
Sn 3d high resolution XPS spectra (Figure S13B) revealed a dou-
blet with binding energies of Sn 3d,,, and Sn 3d;,, at 495.7 eV
and 487.3 eV, respectively (Table S10). These values are very
close to binding energies observed in Sn-Beta zeolite confirming
an outstanding tin dispersion in the amorphous silica matrix.'>**
After surface modification, the Sn 3d binding energies remained
comparable to the SiSn-parent sample (Figure S13B and
Table S10) suggesting negligible change in tin speciation upon
reaction with trimethyl(methoxy)silane.

Tin silicate acidity was investigated by IR-py analysis
(Figure 9). Interaction of OH groups and tin sites with pyridine
in the SiSn-parent and modified SiSn-4Me3Si and SiSn-
7Me3Si revealed acid site nature, strength, and concentration.
First, at the desorption temperature of S0 °C, absorption bands
at 1445 cm™" (hydrogen bonded pyridine), 1454 cm™" (LAS),
1491 cm™! (Bronsted acid sites and LAS), 1577 cm™" (weak
Lewis bound pyridine”®®* or physisorbed pyridine®*),
1596 cm™' (hydrogen bonded pyridine), and 1614 cm™'
(Bronsted acid sites and LAS) (Figure S14, with detail in

Table S. Textural Properties of Tin Silicate Matrix SiSn-parent and Its Surface-Modified Hybrids SiSn-4Me3Si and SiSn-7Me3Si

sample SAggr (m® g_l) SAmicro (m® g_l) SAxt (m® g_l) Viota (em? g_l) D (nm) [
SiSn-parent 914 178 737 1.49 6.5 4.8
SiSn-4Me3Si 788 99 686 1.26 6.4 2.9
SiSn-7Me3Si 673 3 635 1.15 6.8 0.7

“Total pore volume at p/p, = 0.97. "Average pore width D = 4 X V,_,,/SAgpr.
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Figure 8. Water adsorption porosimetry (A, results expressed as percentual water vapor pore filling); water contact angle measurements for SiSn-parent
(B), SiSn-4Me3Si (C), and SiSn-7Me3Si (D). WCA average numbers based on five measurements and the best captured image for each sample.

Figure S15) were detected. Only Lewis acid bound pyridine was
observed after desorption at 100 °C (Figure 9 and Figure S14
right) and higher temperatures (see discussion on number
and strength of acid sites below).

Concomitantly with pyridine adsorption, absorption bands
between 3800 and 3000 cm ™' changed indicating the pyridine
interaction with OH groups (Figure S14). While the changes
in hydrogen bonded SiOH groups (3200—3600 cm™')
remained similar for both pristine and modified tin silicates,
the changes at higher wavenumbers (3800—3700 cm™') dif-
fered among the samples. Differential spectra (Figure S14 left)
showed a significant increase in the absorption band related to
hydrogen bonded SiOH groups after pyridine adsorption (with
maxima at 3680 and 3540 cm™" for SiSn-parent, 3520 cm™* for
SiSn-4Me3Si, and 3690 and 3510 cm ™! for SiSn-7Me3Si). This
interaction was expected as hydrogen bonded pyridine was
observed in the spectra after evacuation at S0 °C. Similar
behavior has already been reported for Al-zeolites.”* The bands
in the region 3200—3600 cm™' decreased with desorption
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temperature. Notably, the differences in hydrogen bonded
SiOH (region at 3200—3600 cm™') were still present even
when the absorption band related to hydrogen bonded pyridine
(1455 and 1596 cm™') diminished at 100 and 150 °C
(Figure S14 right). The absorption band (3200—3600 cm™")
decreased in intensity until the desorption temperature of
250 °C when pyridine was desorbed from all sites (including
Lewis acid sites; compare the region of 1700—1400 cm™" with
3600—3200 cm™}, Figure S14, left vs. right). Thus, we assume
that persistent hydrogen bonded OH groups during pyridine
adsorption and desorption must be related to hydroxyl groups
close to the tin sites. Weakly acidic silanol in the proximity of
the tin was also identified in Sn-MCM-41."* Importantly, the dif-
ferential spectra in the pyridine region (Figure S14, right) did not
clearly prove the presence of Bronsted acid sites at 1545 cm™.
Thus, we speculate that the broad band 3200—3600 cm™' is
related to the presence of O,SnOH and/or O,Sn(OH), species
(see discussion below). However, a clear distinction between
SiOH groups in close proximity to Sn sites, O,SnOH and/or
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Figure 9. IR spectra of SiSn-parent (A), SiSn-4Me3Si (B), SiSn-
7Me3Si (C) after pyridine adsorption desorbed at different tempera-
tures (100, 150, 200, and 250 °C).

0,Sn(OH), species is impossible: (i) The OH region in IR spec-
tra of amorphous tin silicates (both pristine and modified) is
composed of broad and overlapping bands without any sharp
and clear maxima and (ii) no absorption band of valence OH
vibration has been unambiguously assigned to SnOH species in
Sn-zeolites containing open acid sites to the best of our
knowledge.”'>%*

The 3800—3600 cm™' region, corresponding to various
SiOH species, also interacted with pyridine as indicated by the
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negative band in differential spectra (Figures S14 and S15).
Isolated silanols (3745 cm™) of SiSn-parent interacted with
pyridine (i.e., exhibited a negative intensity in differential spec-
tra) and were liberated at higher desorption temperatures. In
the case of surface-modified samples, pyridine adsorption
behaved slightly differently (Figure S14B,C) as silylation caused
hydrophobic changes in the pore environment. The absorption
band of isolated silanols increased in intensity probably due to
pyridine adsorption on hydrogen bonded silanols. This could
induce the disruption of hydrogen bonding between the silanol
groups and the formation of isolated silanol groups (as only a
limited number of OH groups were present in modified sam-
ples). OH groups exhibiting the absorption band at
3735 em™! (Figure S15) were occupied by pyridine adsorption
in modified samples as it exhibited a negative intensity in differ-
ential spectra (compare with SiSn-parent where isolated SIOH
groups were affected). This band (3735 cm™") can be assigned
to geminal SiOH groups.”* Interestingly, geminal groups have
already been reported to exhibit a stronger hydrogen bonding
than isolated silanols toward H,O as an adsorption probe.”*

In a nutshell, pyridine adsorption induced significant redistri-
bution/conversion of silanol species in the OH stretching
region. In the parent tin silicate, pyridine primarily interacted
with accessible silanols, converting isolated SiOH groups into
hydrogen bonded hydroxyl moieties. Silanol fraction at
3735 cm ™! remained unaffected, indicating limited accessibility.
After surface silylation, the silanol network (especially hydrogen
bonded SiOH groups) was partially disrupted and spatially iso-
lated, leading to the formation of additional isolated SiOH
groups upon probe adsorption. Importantly, the OH region
exhibited changes even when only Lewis acid sites were occu-
pied by pyridine indicating the presence of some type of bond-
ing between Lewis acid sites and OH groups.

Finally, all samples exhibited only pyridine bound to Lewis
acid sites after desorption at 100 °C and higher, as already sug-
gested. The LAS strength was lower in hybrid materials in com-
parison to SiSn-parent (Table S11). The LAS concentration of
SiSn-parent was 0.195 mmol g~ (Table 6). A substantial part
of acid sites was apparently either blocked by organic moieties
or converted to inactive species upon trimethylsilylation. The
more trimethylsilyl groups on the surface, the lower the acid site
concentration: 0.072 mmol g~ and 0.041 mmol g ' for less
and more modified tin silicates, respectively. The specific sur-
face area decreased after modification (Table S), still the acid
site concentration per SAggy (Table S11) drops down. Thus,
specific surface area loss is therefore not the only reason for
the lower acid site numbers in SiSn-4Me3Si and SiSn-
7Me3Si in comparison to SiSn-parent. Steric hindrance of
active sites by bulky trimethylsilyl groups (apparently significant
as illustrated by the decrease of SA ;,., Figure 7 and Table §,
and discussion thereby) can contribute to a decrease of acid site

Table 6. Acidity of Tin Silicates Determined by IR
Spectroscopy Combined with Pyridine Adsorption

Lewis acid sites (mmol g~ )

Csn,ICP-OES,
sample (mmol g=1) 100°C  1S0°C  200°C 250 °C
SiSn-parent 0.139 0.195 0.117 0.044 0.0207
SiSn-4Me3Si 0.132 0.072 0.034 0.012 0.005
SiSn-7Me3Si 0.131 0.041 0.020 0.010 0
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numbers. Last but not least, some tin sites could have been deac-
tivated via coordination of trimethyl(methoxy)silane or methanol
(silylation precursor and product, respectively). Methoxy
groups were observed in modified materials via *C MAS NMR
and IR spectroscopy (Figure S12C and Figure 9B,C below).

Further insight was gained into the acidity and surface Si—OH
groups (Figure S16) by probing the samples with acetonitrile-d,
(Figure 10). CD4CN interacted with various species spanning
from 2350 to 2250 cm ™" whose individual components were fur-
ther deconvoluted. An example of deconvolution, taking all spe-
cies (open sites, closed sites, speculative Sn(OH),, SiOH, gas
phase CD;CN) into account, is provided in Figure S17. The
3800—3200 cm ™" region evolved owing to interactions of OH
groups with CD,CN (Figures S18AB and S19AB, and
S20A,B). Several trends consistent with IR-py analysis can be
identified. First, hydrogen bonded SiOH groups gave rise to a
positive broad band in the range of 3600—3200 cm™' upon
CD,CN adsorption. Their intensity gradually dropped with
desorption time. In parallel, the most pronounced decrease in
the CD,CN range with desorption time was observed for the
absorption band at 2275 cm™" corresponding to silanol groups
(Figures S18C,D and S19C,D, and S20C,D). This phenomenon
is consistent with previous observations reported for Sn-Beta zeo-
lite.>” Second, notable changes in the OH stretching region per-
sisted even after substantial CD,CN desorption from SiOH
groups (2275 cm™") suggesting an additional CD,CN interaction
with tin-related species (e.g. O;SnOH, O,Sn(OH),) and SiOH
located in close proximity to tin sites.

Furthermore, an evident increase in isolated SiOH groups
(~3745 cm™") was observed for both parent and modified sam-
ples upon CD,CN adsorption. Similarly to IR-py analysis, this
effect likely arises from the disruption of hydrogen bonding
between silanols by CD,CN adsorption, leading to the forma-
tion of isolated groups. Like modified samples after pyridine
adsorption, the absorption band at 3735 cm™" was also involved
in interaction with CD,CN as indicated by its negative inten-
sity. As suggested above and elsewhere,”* this band might be
tentatively assigned to geminal groups.

Importantly, the concentration of silanol groups according to
the band at 2275 cm™" decreased for the samples after modifi-
cation (Figure 10 and Table S12). It further supports the
already discussed results on the successful =Si—OH group con-
version to =Si—OSiMe, moieties (XPS, IR, and MAS NMR
spectroscopy; see above).

The total acid sites numbers based on Sn assessed via aceto-
nitrile-d; adsorption decreased upon trimethylsilylation
(Table S12) which agrees with IR-py analysis (Figure S21).
The numbers of putative Sn(OH), species were very low in
all samples. Both open and closed acid site numbers decreased
after surface modification. As already discussed, the decrease of
both open and closed acid sites (i.e., LAS) upon trimethylsilyla-
tion might originate in (i) surface area decrease, (ii) micropore
blockage, (iii) steric hindrance of bulky trimethylsilyl groups,
and (iv) coordination of trimethyl(methoxy)silane and/or
methanol on tin sites. The open to closed acid sites ratio varied
around unity without any clear trend upon trimethylsilylation

0204 4
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Figure 10. Concentration of open, closed, Sn(OH),, and SiOH species in (hybrid) tin silicates with different temperature pretreatments determined

by IR-CD,CN.
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(Table S12). Therefore, trimethyl(methoxy)silane appears to
block the acid sites nonselectively.

3.2.3. Ethyl Lactate Production over Surface Modified
Tin Silicate Catalysts. Pretreated (hybrid) tin silicate cata-
lysts (dried in an oven at 110 °C overnight) were tested in lig-
uid ethanol under reflux for EL production from DHA. The
fully inorganic tin silicate (SiSn-parent) reached the DHA con-
version of 57% after 6 h, which was very similar to the modified
samples SiSn-4Me3Si and SiSn-7Me3Si (Figure 11A). The
selectivity to EL over modified catalysts, however, was
improved with modified catalysts in comparison to SiSn-parent
(Figure 11C) similar to results reported by Li et al. (Table S13,
XS-Sn-MCM-41-A vs. silylated XS-Sn-MCM-41-A).'* Thus, EL
yield was enhanced over modified samples.

Strikingly, the catalytic activity of SiSn-parent (dried in an
oven at 110 °C overnight) did not reach the DHA conversion
reported in the first part of the study (vide supra, analogic sam-
ple SiSn-RCl+Ac, exposed to air overnight). Therefore, we tried
to test the SiSn-parent under similar conditions, i.e., exposed to
air overnight. It resulted in obtaining reproducible results; DHA

conversion reached 73% and 79% over SiSn-parent and SiSn-
RCI+Ag, respectively. Therefore, modified catalysts were tested
again after exposure to air and, interestingly, provided different
results (Figure 11A, C vs. 11B,D). The DHA conversion and
selectivity to EL over SiSn-7Me3Si remained very close to the
dry samples, but it improved for SiSn-4Me3Si and, to a higher
extent, for SiSn-parent. Thus, the DHA conversion and the
selectivity towards EL over air exposed (wet) samples decreased
more significantly as a higher number of trimethylsilyl groups
was attached to the surface. In the first part of the study, the
DHA conversion and EL selectivity correlated well with the
LAS numbers. It was evidenced by a similar TOFg; ; A 00
observed for SiSn-Ac and SiSn-RCI+Ac (see Section 3.1.2 in
the main text and 3.1.4 and 3.1.5 in Supporting Information).
This possible explanation of different catalytic activities of
SiSn-parent, SiSn-4Me3Si, and SiSn-7Me3Si (i.e., the scaling
of catalytic activity with acid site numbers), however, fails in
the case of modified samples studied herein (Figure 12). The
turnover frequency in both dry and wet catalysts shows a signif-
icant improvement upon trimethylsilylation: Apparent turnover
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Figure 11. Dihydroxyacetone conversion (A, B) and selectivity to ethyl lactate (C, D) over pretreated (A, C) and nontreated (B, D) tin silicate

catalysts.
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Figure 12. Turnover frequency in ethyl lactate production for air-exposed (A) and temperature pretreated (B) tin silicates after 6 h of reaction, TOF
based on Lewis acid site numbers estimated by pyridine adsorption combined with IR spectroscopy (pyridine desorption at 100 °C).

frequency (TOFEL LAs.100) Of wet SiSn-parent reached 14
molg; mol, ;4. ' h ™', while TOFyg 1 45,100 increased ca. two
times for both wet modified samples (Flgure 12A). An even
clearer trend was observed for pretreated (dry) samples
(Figure 12B): the higher the trimethylsilylation degree, the
higher the TOFg; | x5 100-

As the catalytic activity in modified tin silicates did not follow
the Lewis acid site numbers, it was hypothesized that it might
rely on the changing open/closed acid site ratio upon heating
and upon trimethylsilylation. Open acid sites have been con-
verted to closed acid sites in Sn-Beta zeolite at 400 °C accord-
ing to ''”Sn MAS NMR.?® The process was reversible — closed
acid sites were transformed back to open sites upon exposure to
air for several months.”> CD,CN adsorption did not show a
similar trend in amorphous tin silicates prepared herein by
NHSG (Figure 10 and Table S12). The open/closed acid site
ratio varies without any clear trend upon heating and upon tri-
methylsilylation. Thus, the results in hand do not allow to con-
firm any hypothesis on the role of open and closed acid sites in
EL production although the last step of isomerization was cal-
culated to be more favorable via open sites.”> An absence of
any special role of open and closed acid sites (potentially present
but not observed under given conditions) can be further sup-
ported by plotting the TOFs over open, closed, and both open
and closed acid sites (Figure $22). Importantly, the pattern is sim-
ilar across all evaluations: The trimethylsilylated samples exhibit a
higher TOF than the parent sample (Figure 12 and Figure $22).
Thus, open and closed acid sites (IR-CD;CN) can be assigned
to LAS (IR-py; Figure 12 and Figure S22).

Finally, the difference between wet and dry samples in their
catalytic performance might be attributed to the number of
available silanol groups. The acetonitrile-d; adsorption com-
bined with IR spectroscopy showed that the more Me,Si groups
on the surface, the less Si—OH retained in the samples.
Moreover, it also showed that higher pretreatment tempera-
tures before acetonitrile-d; adsorption provided the SiSn-
parent sample with significantly lower Si—OH numbers
(Figure S16). A higher availability of silanol groups in wet
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SiSn-parent leads to higher catalytic activity. On the contrary,
the silanol content only slightly fluctuates in SiSn-7Me3Si after
evacuation at different temperatures. Thus, dry and wet SiSn-
7Me3Si exhibit comparable catalytic activity (DHA conversion
reached 59% and 58% after 6 h, respectively). As a result, both
DHA conversion and EL selectivity follow the order SiSn-par-
ent > SiSn-4Me3Si > SiSn-7Me3Si in wet samples due to a
different number of Si—OH moieties. Importantly, silanol
groups in close proximity to tin atoms (weak Bronsted acid
sites) have already been identified as a key factor of highly active
catalysts in EL production as they can catalyze the initial step
consisting of DHA dehydration but can also promote formation
of side products (hemiacetal and acetal).'>

It appears that, on one hand, trimethylsilylation improves
the TOF of tin silicate catalysts. This pronounced activity amplifi-
cation can be caused by repulsion between hydrophobic trimethyl-
silyl groups (as determined by WCA) attached to the surface and
water resulting from the first step of EL production—DHA
dehydration. A positive effect of hydrophobicity on catalytic per-
formance has already been reported for SO aminolysis over alu-
minosilicates®, olefin epoxidation over titanosilicates,”"**°” or
acetophenone hydrogenation over Ni-MCM-41.”® On the other
hand, the trimethylsilylation effectively converts the silanol
groups and their contribution to the catalytic activity diminishes.
Therefore, a high content of LAS, but a balanced ratio of tri-
methylsilyl (or methylsilyl*) and silanol groups are necessary
to achieve high DHA conversions and EL selectivity.

3.2.4. Styrene Oxide Aminolysis over Surface
Modified Tin Silicate Catalysts. SO aminolysis was performed
over dry and wet SiSn-parent, SiSn-4Me3Si, and SiSn-7Me3Si
catalysts. The selectivity to 2-phenyl-2-(phenylamino)ethanol
(product 1) evaluated at iso-conversion remained similar after
trimethylsilyl group attachment for both dry and air exposed
samples (Table S14). However, the catalytic activity exhibited
the opposite behavior in comparison to EL production: Dry
catalysts were ca. twice more active than air exposed materials
(Figure 13). SiSn-4Me3Si exhibited the highest catalytic
activity in both dry and wet conditions. For example, SO
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Figure 13. Styrene oxide conversion over temperature pretreated (A) and air-exposed (B) catalysts.

conversion reached almost 50% after 60 min over dry SiSn-
4Me3Si. Comparable conversion was obtained over mesoporous
Sn02-Si02 catalysts with significantly higher tin loadings
prepared by nonhydrolytic sol-gel at ambient pressure
(Table S15).3®

An apparent turnover frequency, ie, SO converted per acid
site per hour (based on acid site numbers evaluated by pyridine
adsorption combined with IR spectroscopy, TOFgq | s 100) Sig-
nificantly varied (Figure 14). Pristine tin silicate SiSn-parent
reached a TOFgq | 55 100 Of 175 h™'. When a tin silicate was cov-
ered by hydrophoblc trimethylsilyl groups (as determined by
WCA), the TOFgq | 56 100 markedly increased by ca. 4 times for
SiSn-4Me3Si (770 h™') and S times for SiSn-7Me3Si
(872 h™'). Similar remarkable improvement has been observed
for trimethylsilylated aluminosilicates in styrene oxide

1000

Bl sisn-parent_dry
{ Il SiSn-4Me3Si_dry
B Sisn-7Me3Si_dry

800 ~

600 ~

400 +

TOF 50 148,100 (h™

200 ~

0-

Figure 14. Turnover frequency for temperature pretreated tin silicate
and modified samples during aminolysis of styrene oxide (TOF
expressed as mol of converted styrene oxide per mol of Lewis acid sites
per hour).
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aminolysis (from 135 h™" to 705 h™" for parent and highly tri-
methylsilylated sample, respectively). Kinetic studies performed
on aluminosilicates showed that the apparent activation energy
increased upon surface modification. The decisive role in cata-
Iytic activity improvement was, however, played by the fre-
quency factor that increased by several orders of magnitude
upon trimethylsilylation.®® Noteworthy, the TOF numbers for
aluminosilicates and tin silicates reported herein could not be
compared directly. The tin silicates were more active although
their performance was studied in a higher dilution
(Table $15).%6

The surface modification of tin silicates with trimethyl
(methoxy)silane is thus unambiguously beneficial for styrene
oxide aminolysis. Hydrophobic trimethylsilyl groups on the sur-
face together with the dry conditions facilitate the conversion of
nonpolar styrene oxide and aniline. Exposure to moisture is not
desired. This result is in a striking contrast to DHA to EL con-
version over the same catalysts.

4. CONCLUSIONS

Tin silicates synthesis has been explored by a nonhydrolytic sol-
gel method using three condensation reactions — alkyl halide
elimination, acetamide elimination, and alkyl halide elimination
combined with delayed acetamide eliminations. The latter route
provided porous materials without use of any pore generating
agent with high Sn surface concentration and highly homoge-
neous Sn dispersion in silica. These materials show high activity
in the conversion of dihydroxyacetone to ethyl lactate and in
the styrene oxide aminolysis reaction. The catalytic activity
appears to strongly correlate with Lewis acid site numbers.

Much deeper insight into catalytic performance was gained
thanks to the conversion of SiOH groups to SiOSiMe; moieties
via surface modification. This treatment introduced hydropho-
bic groups on the surface and led to a decrease of acid site num-
bers. However, their nature (i.e, Lewis acidity, open/closed
acid site ratio) has virtually not changed.

Upon trimethylsilyl groups grafting, the turnover frequency
increased twice in the DHA to EL reaction and up to S times
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in styrene oxide aminolysis. On the one hand, the introduction
of hydrophobic trimethylsilyl groups had an unambiguously
beneficial impact on the activity in SO conversion. On the other
hand, the role of SiOH groups in DHA conversion has been
identified. Thus, a balanced SiOH to SiOSiMe; groups ratio
with a high content of Lewis tin acid sites needs to be found
to achieve high DHA conversions and EL selectivity.

This work encourages a broader application of NHSG-
prepared tin silicates and highlights surface modification as a
powerful strategy for unlocking their full catalytic potential
and for getting a deeper understanding of the role of surface
groups in heterogeneous catalysis.
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