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ARTICLE INFO ABSTRACT

Keywords:
Titanosilicates

Porous silica-based nanospheres bearing titanium centres as single site were successfully synthesized employing
a time- and energy-efficient procedure. The influence of the post-synthesis treatment on the insertion of Ti was
investigated via DR UV-Vis and XPS spectroscopy and the titanium content was quantified through ICP-OES
analysis. The textural and structural properties of the different solids were evaluated via XRD, TEM and Nj
physisorption. The resulting materials were thereafter covalently functionalized with imidazolium chloride,
followed by characterization via 2°Si and !°C solid-state NMR, Ny physisorption and chemical combustion
analysis. The bi-functional catalysts were tested in the challenging conversion of CO5 with cyclohexene oxide to
the corresponding cyclic carbonate as well as with various other epoxides with excellent results. The insertion of
Ti as single site played a key role substantially improving the activity of the solids. The most active bi-functional
material was successfully recovered and reused through multiple cycle without loss of the catalytic activity.
Moreover, the cyclohexene epoxidation reaction was tested as well employing the mono-functionalized Ti-based
material. The catalytic mixture, composed by the mono-functional and bi-functional solids, was efficiently used
to convert the cyclohexene into cyclohexene oxide and subsequently the cyclohexene oxide into the corre-
sponding carbonate thus opening the prospect for a cascade reaction.

Carbon dioxide conversion
Epoxidation

Mesoporous particles
Imidazolium salt

extensively employed in the field of heterogeneous catalysis [10,11].
The broad range of application of these solids is related to the easy

1. Introduction

In 1998, Anastas and Warner proposed a conceptual breakthrough in
science establishing 12 principles toward a more sustainable chemistry
[1,2]. These green chemistry principles focus on the development of
novel strategies and synthetic pathways that employ non- or less toxic
chemicals as well as less energy intensive and more environmentally
friendly processes. In this context, catalysis is one of the key pillars of
sustainability. Hence, the design of active and selective catalysts that are
able to efficiently promote reactions and ensure a low environmental
factor is constantly drawing the attention of the scientific community [3,
4]. Heterogeneous catalysts are particularly attractive due to their
possible recover from the reaction medium and reuse in multiple cycles.
Many industrial processes such as ammonia synthesis [5] or the
Ziegler-Natta [6] polymerization, rely on the use of solid-state catalysts.
Micro- and mesoporous materials such as zeolites, as well as properly
functionalized MCM-41 [7,8], MCM-48 [7,8], SBA-15 [9] are
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tuneability of their catalytic properties via isomorphous substitution of
silicon with various metal cations, the possibility of impregnation pro-
cedures as well as the covalent functionalization of the surface together
with their elevate specific surface area, modulable porosity and high
robustness from chemical, physical and mechanical point of view. In
particular, an interesting feature of the mesoporous silica-based mate-
rials is the possibility to insert heteroatoms (i.e. different from silicon) as
single sites [10]. This can be performed via co-synthesis or
post-synthesis strategies. By co-synthesis approach, the heteroatom and
the silica precursors are mixed together in a one-step reaction [12-15].
Post-synthesis is generally a two-step procedure involving the synthesis
of the solid support followed by the grafting of the heteroatom on the
surface [16-19].

One of the most studied transition metal cations is represented by
titanium. The TS-1 is largely employed at industrial scale for the
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Scheme 1. General representation of several cations. From left to right: ammonium, phosphonium, imidazolium, pyridinium, 1,2,4-triazolium and 1,2,3-triazolium.

epoxidation of alkenes but it suffers from pore size limitation [20,21],
while Ti-MCM [22-24] and Ti-SBA [25-27] and Ti-TUD, have larger
pores that allow working with bulkier alkenes.

Due to their Lewis acid properties, Ti-based silicates are employed in
a plethora of reactions [28,29] including alkenes epoxidations [21-27,
30,311, epoxide isomerization to aldehyde [32], glycerol acetalization
[33] or sugar isomerization [34].

Lewis acids are often used in the conversion of carbon dioxide into
(cyclic)carbonates. They are mostly employed as co-catalysts for the
reaction between CO; and epoxides, in combination with various cata-
lysts as ammonium [35], phosphonium [36,37], imidazolium [38,39],
pyridinium [40,41] or triazolium [42,43] salts (Scheme 1) [44]. It is
generally accepted that epoxides can be activated via coordination of the
oxygen at three-membered ring with a Lewis acid site, thus facilitating
the ring opening via nucleophilic substitution (usually from the coun-
terion of the salt) and decreasing the energy consumption [45].

Various solids with Lewis acid character were already developed and
tested under heterogenous conditions often in the presence of tetrabu-
tylammonium bromide or iodide in homogeneous phase [46-50]. Few
researches describe the synthesis of a material containing both the Lewis
acid and the ammonium or imidazolium salts in heterogeneous phase.
One of the first report published by North and co-workers involves the
grafting, through an ammonium-based linker, of a bimetallic aluminium
(salen) complex [51-54]. Sadeghzadeh proposed the covalent anchoring
of the efficient imidazolium cation combined with the phosphotungstic
acid derivative HoPW1203 as clusters active through the coordination
of the epoxides [55]. Latest strategies use various metal-organic
frameworks (MOF) as Lewis acid source. Some authors reported the
synthesis of MOF using a modified terephthalic acid on which trime-
thylammonium iodide [56], tributylammonium bromide [57] or imi-
dazolium bromide [58,59] is anchored by post-functionalization. Other
authors used terephthalic acid modified by imidazolium salt as direct
organic building unit for the MOF synthesis [49,60]. Recently, Ding and
Jiang proposed an encapsulation of a poly-imidazolium salt inside the
MOF porous structure [61].

Similarly, we also reported the synthesis of a porous material with
Lewis acid inserted as single site in the silica architecture and post-
functionalized by an imidazolium salt [62]. More recently, we
described the synthesis of a tri-functional heterogeneous catalyst
bearing imidazolium salts decorated with alcohol functionalities
anchored on a porous support embedding Sn as single site to play the
role of Lewis acid centre [63].

Herein, we report a fast and energy saving approach for the synthesis
of porous titanosilicate nanospheres requiring only 1h reaction time
without additional hydrothermal treatment under static conditions. The
post-synthesis treatment for removal of the template was also evaluated.
The solids were decorated with imidazolium salts in order to generate a
bi-functional heterogeneous catalyst able to efficiently promote the
synthesis of cyclic carbonates via CO3 conversion. Titanium is expected
to be a better co-catalyst than the previously reported Sn- and Zn-based
solids due to its higher affinity for the oxygen. The solids were exten-
sively characterized via various techniques, including transmission
electron microscopy (TEM), X-ray diffraction (XRD), Na-physisorption,
X-ray photoelectron spectroscopy (XPS), UV-Vis diffuse reflectance (DR
UV-Vis), inductively coupled plasma optical emission spectroscopy
(ICP-OES), 2°Si- and !3C-CP MAS NMR. Their catalytic performances
were evaluated in the reaction between epoxides and CO to form the
corresponding cyclic carbonates. The materials revealed excellent

catalytic performances displaying high turnover numbers and turnover
frequencies even in the challenging synthesis of cyclohexene carbonate.
Moreover, the unfunctionalized material was also active in the conver-
sion of cyclohexene to cyclohexene oxide, thus proving the versatility of
the synthesis approach.

2. Experimental section
2.1. Materials and methods

Ammonium hydroxide (30 %), fuming hydrochloric acid and
acetonitrile were purchased from Carl Roth GmbH + Co. Cetylmethy-
lammonium bromide (CTAB), tetraethylorthosilicate (TEOS), tetraiso-
propylorthotitanate, N-methylimidazole, (3-chloropropyl)
trimethoxysilane, styrene oxide, cyclohexene oxide, epichlorohydrin
and tert-butyl hydroperoxide (70 % in water) and were purchased from
TCI NV Europe. Glycidol, 1,2-epoxybutane, cyclohexene and mesitylene
were purchased from Sigma-Aldrich. DMSO-d6 was purchased from
Eurisotop. All chemicals were used as received without further purifi-
cation. Milli-Q water was 18.2 MQ.cm.

29si and '3C NMR spectra were recorded at room temperature on a
Bruker Avance-500 spectrometer operating at 11.7 T (99.3 MHz for 29gi
and 125.7 MHz for 1C) using a 4 mm CP-MAS Bruker probe. The sample
were packed in a zirconia rotor and measured with spinning frequencies
of 8000 Hz. Cross polarization CP-MAS spectra were recorded usinga 5 s
relaxation delay and 5ms contact time for 2°Si and 2ms for 13C.
Quantitative 2°Si spectra were recorded using a 300 s relaxation delay, a
3 ps excitation pulse and a 52ms acquisition time. The processing
comprised exponential multiplication of the FID with a line broadening
factor of 30 Hz for 2°Si or 10 Hz for 1?’C, zerofilling, Fourier transform,
phase and baseline corrections. The chemical shift scale was calibrated
at room temperature with respect to a sample of solid 3-(trimethylsilyl)-
1-propanesulfonic acid sodium salt (DSS) (0.0 ppm).

Nitrogen adsorption-desorption analyses were carried out at liquid
nitrogen temperature with a volumetric adsorption analyser (Micro-
meritics ASAP2420). Prior to the analysis, the samples were pre-treated
in two steps (90 °C for 1 h and 150 °C for 8 h) under reduced pressure
(<10 mTorr). The Brunauer-Emmet-Teller (BET) method was applied in
the 0.05-0.30 relative pressure range to calculate the specific surface
area, while the pore size distributions were determined by BJH and DFT
method, using cylinder geometry, N5 — Cylindrical Pores — Oxide surface
model, 0.10 regularization and a version 2 deconvolution.

Transmission electron microscopy (TEM) images were obtained
using a Philips Tecnai 10 microscope operating at 80 kV. Samples were
prepared by dispersion of a small quantity of material in absolute
ethanol and deposited onto a copper grid.

The X-ray photoelectron spectroscopy (XPS) analyses were per-
formed on a ThermoFisher ESCALAB 250Xi instrument. This spectrom-
eter uses a monochromatic Al Ka X-ray source (1486.6eV) and a
hemispherical deflector analyser (SDA) working at constant pass energy
(CAE). This mode allows a constant energy resolution on the whole
spectrum. The intrinsic resolution of the spectrometer is 0.47 eV,
measured on the Ag 3ds,/» line. The experiments were performed using a
300 pm diameter X-ray spot. The charge neutralization of the sample
was achieved with a flood gun using low energy electrons and Ar™ ions.
The base pressure in the analyser chamber was 2.108 Pascal, and
during experiments an argon partial pressure of 3.10° Pascal was
maintained for the flood gun operation. Survey spectra were recorded



A. Comes et al.

Journal of CO2 Utilization 48 (2021) 101529

‘I“ntens.ity (a.l].)

Ti-Si0,-E

12345678910
Angle 2 theta (°)

Fig. 1. TEM pictures of Ti-SiO,-E (a) and Ti-SiO5-C (b) and the corresponding low-angle XRD (c).

with a 150 eV pass energy, and this energy was decreased to 25 eV for
high-resolution spectra.

Diffuse reflectance UV-vis spectra were recorded with a Varian Cary
5000 UV-Vis-NIR Spectrophotometer.

Inductively coupled plasma optical emission spectroscopy (ICP-OES)
employed to determine the chemical composition of the materials was
performed an Optima 8000 ICP-OES Spectrometer. Digestion was per-
formed weighting 10 mg of the solid and digesting it with aqua regia
(100 pL) and hydrofluoric acid (600 pL) in 10.0 ml milli-Q water. Ti
(1000 mg/L) standard solution, nitric, hydrochloric and hydrofluoric
acids Ultra-quality for calibration and digestion steps were purchased
from Carl Roth GmbH.

Chemical combustion analyses were performed on a Perkin-Elmer
2400 Serie 2 analyser.

'H NMR spectroscopy of liquid samples was performed on a JEOL
ECA operating at 9.4 T (400 MHz).

2.2. Synthesis of Ti-SiO; solids

Mesoporous silica-based materials were prepared adapting a previ-
ously reported dilute route [13,64]. Ammonium hydroxide (1.422 mL,
10.95 mmol) and CTAB (1.516 g, 4.16 mmol) were dissolved in 726 ml
of distilled water. When a clear solution was obtained, TEOS (6.936 g,
33.29 mmol) and tetraisopropylorthotitanate (132 pL, 0.45 mmol) were
mixed together and added dropwise in the aqueous solution. After 1 h
under vigorous stirring at room temperature, the solid was filtered and
washed 3 times alternatively with water and ethanol. The solid was
dried overnight at 65 °C. It was then submitted to calcination and/or
extraction respectively described here after. The calcination was per-
formed in a Nabertherm oven with heating and cooling rate of 120 °C/h
under air for 8 h at 550 °C. The extraction was performed dispersing the
solid (3 g) in ethanol (200 mL) and adding HCI (24 mL) under stirring
[65]. After 4h under agitation at 50 °C, the solution was filtered and
washed by ethanol until the pH of the filtrate was neutral. The recovered
solid was dried at 100 °C.

2.3. Synthesis of Ti-SiOy-imi [62]

The Ti-SiO5 solid was dried in oven at 100°C overnight before
functionalisation. In a round bottom flask, the silica matrix (1.5 g) was
suspended in 15 ml of dry toluene. Under agitation, N-methylimidazole
(24mmol) and (3-chloropropyl)trimethoxysilane (12mmol) were
added. The mixture was stirred at reflux temperature for 24 h. After
cooling, the material was washed with Soxhlet extractor using ethanol as
solvent.

2.4. Catalytic tests: conversion of epoxides and CO2

All catalytic tests were performed in a Cambridge Design Bullfrog
batch reactor. All catalysts were dried overnight at 100 °C prior to cat-
alytic test. In a typical test, the solid was weighted in a Teflon vial of

0.15L. The epoxide (24 mL) was added without solvent. Then, the
reactor was closed, purged with a gentle flow of Ny for 10 min, pres-
surized with CO, (25bar) and heated. The mixture was stirred at
500 rpm using PTFE-coated mechanical stirrer. At the end of the reac-
tion, the reactor was cooled down to room temperature, the pressure
released and the reactor opened. The reaction mixture was submitted to
centrifugation for 10 min at 4500 rpm and the supernatant was analysed
by 'H-NMR using DMSO-d6 as solvent.

2.5. Catalytic tests: epoxidation

All catalysts were dried overnight at 100 °C prior to catalytic test. In
a typical test, the solid was weighted in a 20 ml glass vial. The solvent
(4.5ml acetonitrile), the internal standard (50 pL mesitylene), the
alkene (4.5mmol cyclohexene) and the oxidant (4.5 mmol TBHP,,)
were added. The vial was closed with a silicon/PTFE screw cap and
heated at 70°C using dry heating block. The mixture was stirred at
500 rpm using cross-shaped PTFE-coated magnetic stirrer. The mixture
was analysed on a Trace 1300 gas chromatograph from Thermo Scien-
tific equipped with a Rt-Q-Bond column (15 m long, 0.25 mmID, 8 pmdf)
from Restek. The inlet was preheated at 250 °C. The oven sequence was
the following: 50 °C for 1 min, heating ramp of 50 °C/min up to 250 °C
and a plateau at 250 °C for 5min. The carrier gas was Ny flowing at
1 mL/min. The instrument was equipped with a flame ionization de-
tector (FID) powered by a mixture of Hp and dry air.

3. Results and discussion
3.1. Materials synthesis and characterization

The synthesis of mesoporous titanosilicate nanospheres was accom-
plished via an optimized diluted protocol adapting a previously reported
methodology [13,64]. The material was prepared using a co-synthesis
strategy involving the hydrolysis and condensation of titanium and sil-
icon alkoxides in basic medium and in the presence of cetyl-
trimethymammonium bromide (CTAB) as structure directing agent. It
should be mentioned that the optimized procedure implies a short
synthesis time (1h) and allows obtaining the porous solids without
additional hydrothermal treatments under static conditions hence
improving the sustainability of the whole procedure. After the synthesis,
in order to ensure the removal of the surfactant and thus make the pores
accessible, the solid was subjected to two different treatments: calcina-
tion or extraction in acidic ethanol [65,66]. These two methods were
selected to investigate the influence of the post-synthesis treatment on
the insertion of titanium as single site. The two materials were respec-
tively labelled as Ti-SiO2-C (where C stands for calcined) and Ti-SiO-E
(where E stands for extracted). The structural and textural properties of
both materials were initially investigated through transmission electron
microscopy (TEM) and X-Ray Diffraction (XRD). TEM analysis of the
samples (Fig. 1a and b) revealed that all the particles display an almost
spherical shape with very small size (compared to standard
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Fig. 2. Ny-physisorption isotherms (left) and BJH pore size distribution (right) of Ti-SiOs-E (a; ¢) and Ti-SiO,-C (b; d). Pore size distribution are presented using a

logarithmic scale.

Table 1
Textural and structural properties of the synthesised titanosilicates.

Entry  Material BET Surface Area Pore Size Ti inserted
(m*/g) (nm) ! (mg/g) !

1 Ti-SiO-C 1140 3.1 12.4

2 Ti-SiO2-E 1198 3.3 7.7

3 Ti-SiO-CE 1204 3.0 8.8

lal Determined by DFT method.
] Amount of Ti determined via ICP-OES and expressed in mg of Ti per gram
of material.

MCM-41-like solids) and a narrow particle size distribution centred at
30 nm.

To the best of our knowledge this precise control of the size below
100 nm was never reported previously. The regular arrangement of the
pores was assessed through low-angle XRD (Fig. 1c). Both samples
present a main contribution at c.a 20 = 2.1° which can be assigned to a
djo diffraction [12-14,67]. The broadness of the signal is not surprising
and can be related to the small size of the particles and the consequent
decrease of long-range order [14,64].

Nitrogen physisorption analysis (isotherms presented in Fig. 2) al-
lows confirming the mesoporosity and the elevate surface area of the
solids. Both Ti-SiO»-C and -E display a high specific surface area of 1140
m?/g and 1198 m?/g, respectively. A deep investigation of the pore size
distribution via both BJH (Fig. 2) and DFT methods (Figure S1) showed
the presence of a bimodal distribution. The first one, around
3.2+ 0.2nm as determined by DFT [68], is characteristic of materials
with small-mesopores like MCM-41. The second and broader one,
(centred at 13 nm) visible on the BJH pore size distribution, is the result
of the reduced size of the particles and a consequence of the
inter-granular space [13,14,64]. Chemical combustion analysis revealed
that both extraction in HCI/EtOH and calcination procedures are effi-
cient to ensure the complete removal of the templating agent. Ny
physisorption of the solid before calcination or extraction is presented in
Supplementary Material (Figure S2).

The results discussed so far showed no relevant differences in
textural and structural properties between the materials obtained via
extraction or calcination procedure.

The amount of titanium in the materials was measured by ICP-OES
analysis (Table 1, Entries 1-2) while its insertion as single site was
assessed through both DR UV-Vis and XPS spectroscopies (Fig. 3). ICP-
OES analysis of the samples (Table 1, entries 1-2) allowed evidencing a
first significant difference between the two solids. Ti-SiO»-C displays a
much higher titanium loading than the corresponding solid obtained via
extraction.

DR UV-Ais analysis of titanosilicates are profusely described in
literature. The different absorption bands are directly correlated to the
isomorphic substitution of silicon with titanium in the SiO; architecture
as well as to the formation of extra-framework domains. The bands
between 215 and 230 nm are usually attributed to Ti species in a (dis-
torted) tetrahedral environment, while a shift at higher wavelength
(around 270 nm) is ascribed to pentacoordinated surface species most
probably in interaction with water molecules. A further shift towards the
UV—A (290 nm) is associated to the formation of octahedral oligomeric
chains and the contribution above 300 nm is attributed to TiO; domains.
Ti-SiO2-E displays a band centred at 230 nm corresponding to the ex-
pected tetrahedral environment [23]. The larger peak observed for
Ti-Si02-C (ranging from 230 and 290 nm) suggests the presence of a
combination of different Ti-based species, most probably as tetra-,
penta- and hexa-coordinated sites [69]. From these results, it emerged
clearly that the calcination used to remove the template has a detri-
mental effect on the insertion of Ti as single site. This behaviour could be
ascribed to a migration (favoured by the high temperature) of the Ti
species on the external surface with the consequent formation of a
mixture of different extra-framework structures. It is possible that the
small size of the particle contributes to the efficiency of the migration. In
order to understand if the process could be at least partially reversible,
the Ti-Si0»-C solid was submitted to the same acid extraction applied to
Ti-Si02-E. The resulting materials which underwent both calcination
and extraction treatments was named Ti-SiO»-CE. The full character-
ization of the solid can be found in Supplementary Material (Figures S3).
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Fig. 3. DR UV-Vis (left) and XPS (right) of Ti-SiO»-E (a; d); Ti-SiO-C (b; ) and Ti-SiO-CE (c; f). Vertical guidelines in UV-Vis spectra are positionned at 230 nm and
300 nm. Vertical guidelines in XPS are centred on the peaks of Ti-SiO,-E to underscore the shift of Ti-SiO,-C and —CE.

The UV-Vis spectrum is shown in Fig. 3. As can be seen, the sample
Ti-Si0,-CE exhibits two more defined maxima (compared to Ti-SiO2-C)
at 230 nm and 300 nm. Moreover, the band at higher wavelength is less
pronounced suggesting a partial conversion of the pentahedral or iso-
lated octahedral species in tetrahedral sites [26,70-72]. However, this
modification of the UV-Vis pattern, could be also associated to a
leaching of oligomeric surface titanium oxide chains in the acidic solu-
tion. In order to support or exclude this hypothesis, ICP-OES analysis of
the Ti-SiO»-CE solid was performed as well. The ICP-OES data (Table 1,
Entry 3) showed a decrease in the amount of Ti corresponding to c.a. 25
% of the initial value (determined for Ti-SiO»2-C) thus indicating a
possible leaching in solution. These experiments were performed in
duplicate with highly reproducible results, thus proving the robustness
of the whole process of synthesis and templating agent removal.

The conclusions derived from the analysis of the DR UV-Vis spectra
were supported by XPS analysis (Fig. 3). The 2p core level XPS spectra
on Fig. 3 displays the typical doublets in the region between 455 and
470 eV (with a separation of 5.75 eV) which are assigned respectively to
Ti 2p3» and Ti 2p;,» components originating from the spin—orbit

Al

splitting effect contributions. It is known that TiO3 in octahedral coor-
dination displays a doublet in which the most intense contribution is
located at 458.5 eV (Figure S4). As can be clearly seen in the Fig. 3, the
Ti 2p3/5 contribution in Ti-SiO2-E displays an evident shift (1.5 eV dif-
ference) at higher binding energy. According to literature, this shift can
be attributed to a different chemical environment of Ti that is mainly
present in tetrahedral coordination [73-75]. The Ti 2ps,, binding en-
ergy of Ti-SiO2-C and Ti-SiO»-CE present intermediate values between
Ti-S$i0,-E and TiO indicating that a combination of different Ti species
is most probably present. These results are in agreement with the pre-
vious finding and allow confirming the detrimental effect of the calci-
nation process on the insertion of Ti as single site in the silica network.

From the previous characterization, Ti-SiO2-E emerges as the most
promising material for further functionalization. However, to go in
depth in our analysis, all the Ti-based silicates were decorated with
imidazolium moieties following a one-pot procedure previously
described by us [62]. The presence of the organic moieties as well as the
covalent nature of the functionalization were addressed respectively via
13C and 2°Si solid-state NMR. The two aromatic signals at 140 ppm and

B

J\,Mfi
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Fig. 4. 13C CP MAS NMR (left) and 2°Si CP MAS NMR (right) of Ti-SiO,-E-imi (a; d); Ti-SiO5-C-imi (b; €) and Ti-SiO5-CE-imi (c; f). The symbol # indicates some

contribution related to the residual ethanol employed during washing procedures.
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Fig. 5. Ny-physisorption isotherms of Ti-SiO,-E-imi (a); Ti-SiO2-C-imi (b) and Ti-SiO-CE-imi (c).

aromatic ring to the silica. 2°Si NMR spectra evidence the presence of
two signals at -75 ppm and -60 ppm, which can be assigned to —CHj-Si
(0Si)3 (T3) and —CH>-Si(0Si)o(OH) (Tz) contributions respectively
Entry ~ Material Amount of BET surface  Pore size (Fig. 4 right). These signals constitute the proof of the covalent nature of

Table 2
Textural and structural properties of the catalysts.

imidazolium (mmol/  area (n*/g) distribution (nm) the organic functionalization. The broad band in the region comprised
g between -115 and -90 ppm can be deconvoluted into three different
1 Ti5i0-C- 1.04 669 27 contributions at -112, -103 and -93 ppm corresponding respectively to Si
) IT“;_‘SiOZ_E_ 139 936 93 (0Si)4 (QY), Si(0S)30H (Q%) and Si(0Si)o(OH), (Q%) species. As ex-
imi pected, the materials submitted to the sole thermal treatment at 550 °C
3 Ti-Si0,- 1.43 263 2.3 exhibit a higher degree of condensation of the silica network and,
CE-imi therefore, display a more relevant population of (o}l species (See

12l Amount of imidazolium salt determined by chemical combustion analysis Figure S5 and Table S1).
considering the nitrogen percentage. The textural properties of the imidazolium functionalized materials
] Determined by DFT method. were determined using No-physisorption (Fig. 5). As expected, the sur-

face functionalization led to a decrease of the BET surface area. The
125 ppm in the 3C-CP-MAS-NMR spectra (Fig. 4 left) are assigned to the materials treated by extraction (Ti-SiO»-E-imi and Ti-SiO3-CE-imi)

imidazolium moiety [62,63]. The four additional contributions in the exhibited similar specific surface area (Table 2), while the solid obtained
aliphatic region can be attributed to the methyl group of the imidazo- via the sole calcination of the structure directing agent (Ti-SiO>-C-imi)
lium moiety and to the propyl chain of the linker connecting the revealed a higher specific surface area. This result could be explained
Table 3
Catalytic tests of CO, fixation over cyclohexene oxide (CHO) and styrene oxide (SO).

Entry Epoxide Catalyst Epoxide conversion (%) Cyclic carbonate selectivity (%) TON @ TOF [ TONy ') TOFy !

1 CHO Ti-Si0,-C-imi 39 > 95 178 7.4 1009 42

2 Ll CHO Ti-SiO2-CE-imi 41 > 95 134 5.6 2260 94

3l CHO Ti-Si0y-E-imi 63 > 95 217 9.0 4685 195

4le SO Ti-SiO,-E-imi 42 > 95 127 42 938 313

5 el SO S$i0,-C-imi 34 > 95 94 31 - -

6 SO Ti-SiO5-E - - - - - -

7 [ CHO XS-Sn-imi [62] 26 > 95 90 3.8 532 22

g el SO XS-Sn-imi [62] 32 > 95 96 32 826 275

g lel SO XS-Zn-imi [62] 32 > 95 98 33 1343 448

10 4 CHO Sn-A-imi(I)-Cl [63] 36 > 95 197 8.2 1341 56

11 ' SO Sn-A-imi(ID-Cl [63] 22 > 95 108 36 735 245

1210 SO (I-)Meim-UiO-66 [77] 46 71 63 2.6 n.d. & n.d. &

13 M SO ZnTCPPC(Br-)Etim-Ui0-66 [58] 53 n.d. '® 56 4.0 nd. '8 nd. '®

1410 SO F-IRMOF-3—4d [56] 84 n.d. '® 589 118 n.d. '8 n.d. &

15 1 SO bV-IMI-NT-2 [39] 22 > 95 103 34 - -

1l Turnover number (TON) calculated as moles of epoxide converted / moles of imidazolium sites. Amount of imidazolium salt quantified via chemical combustion
analysis for each catalyst and based on %N.

] TOF and TOFy; (turnover frequency) calculated respectively as TON and TONy; / reaction time.

tel TONy calculated as moles of epoxide converted / moles of metallic sites. Amount of Ti, Sn or Zn quantified via inductively coupled plasma optical emission
spectroscopy (ICP-OES) for each catalyst.

ldl Reaction conditions: Cyclohexene oxide CHO (24.0 mL; 237 mmol); mass of catalyst (500 mg); CO- initial pressure (25 bar); 150 °C; heating rate (1 °C/min); 24 h;
500 rpm.

te] Reaction conditions: Styrene oxide SO (24.0 mL; 210 mmol); mass of catalyst (500 mg); CO- initial pressure (25 bar); 125 °C; heating rate (1 °C/min); 3 h;
500 rpm.

' Temperature (120 °C); CO, (1 bar); 24 h; TON calculated considering 46 % of conversion and 71 % of selectivity over 10 mmol of styrene oxide and 50 mg
=0.052 mmol of catalyst. [77].

18] n.d. = not determined.

th] Temperature (140 °C); CO, (constant 1 bar); 14 h; TON calculated considering 52.8 % of yield and 0.95 mol % imidazolium. [58].

i Temperature (140 °C); CO, (20 bar); 5 h; TON calculated considering 84 % of conversion and a total selectivity over 0.2 mol of styrene oxide and 0.17 g of catalyst
with 21.3 wt% of iodine =0.285 mmol. [56].

Ul Temperature (150 °C); CO, (40 bar); 3 h. [39].
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Fig. 6. TON values (blue columns on the left) and TON values normalized by
the specific surface area (orange columns on the right) in the catalytic con-
version of CO, and cyclohexene oxide into the corresponding cyclic carbonate.

considering the higher amount of free Si—OH group at the surface of the
extracted solids (as evidenced from the quantitative 29%Si NMR in
Figure S5 and Table S1), which can be responsible for a more efficient
anchoring of the siloxanes groups and hence for a higher amount of
imidazolium species. This hypothesis was confirmed by the quantifica-
tion of the imidazolium moieties via combustion chemical analysis
(Table 2).

3.2. Catalytic conversion of CO2

All the prepared materials were tested as catalysts in the conversion
of carbon dioxide into cyclic carbonates, selecting the challenging re-
action between cyclohexene oxide (CHO) and CO5, as target process. Due
to different loading of Ti and imidazolium sites in each material and in
order to allow a meaningful comparison between the catalysts, both
conversion and turnover number (TON = moles converted / moles of
imidazolium) were reported in Table 3 and Fig. 6. Moreover, also
turnover numbers calculated considering the Ti loading (TON); = moles
converted / moles of titanium) were included in the table. As can be
clearly seen from the data reported in the Table 3, Ti-SiO»-E-imi
demonstrated better catalytic performance (Entries 1-3) both in terms of
conversion and TON and despite its lower specific surface area [76]. The
difference in activity is even more pronounced if the TON are normal-
ized through the BET surface area, as reported on the right part of Fig. 6.
This evidence highlights further the importance of the insertion of ti-
tanium as single site in the silica network.

Ti-Si02-E-imi revealed good activity also when tested over another
challenging epoxide as styrene oxide (SO) (Entry 4). It is important to
mention that the reaction was performed at a lower temperature
(compared to standard tests usually employing 150 °C) and at a short
reaction time (3h). A Ti-free material was tested under the same con-
dition (Entry 5) exhibiting a conversion of 34 % and a TON of 94. It
emphasizes once more the importance of the insertion of Ti in the
structure. A test with the Ti-SiO,-E is reported at Entry 6. No cyclic
carbonate was detected using the 'H-NMR and the monitoring of the
pressure (Figure S6) revealed no consumption of the CO2. These results
evidence the imidazolium chloride is the main catalyst while the Ti is its
co-catalyst. The activity of Ti-SiO2-E-imi was also compared with
literature data. For this purpose, it deserves to be mentioned that a direct
comparison with reference catalysts is often hindered by the different
reaction conditions in terms of pressure, temperature, reaction time,
nature of the nucleophile and presence of solvents, amongst others.
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Fig. 7. Recycling tests performed on Ti-SiO,-E-imi over styrene oxide.

Moreover, many authors report the use of Lewis acid heterogeneous
catalysts in presence of ammonium or imidazolium salts in homoge-
neous conditions. In Table 3, we compare our materials with other silica-
based catalysts previously reported by us (hence tested exactly under the
same reaction conditions) or some fully heterogeneous catalysts re-
ported in literature. Importantly Ti-SiO2-E-imi revealed improved cat-
alytic performances in terms of TON compared to previously reported
catalysts containing tin or zinc inserted as single sites in a mesoporous
silica structure as XS-Sn-imi [62] (compare entries 3 vs 7 and entries 4 vs
8) and XS-Zn-imi [62] (compare entries 4 vs 9). More significantly,
Ti-SiO2-E-imi is more active than the multifunctional solid Sn-A-imi
(ID-C1 [63] (compare entries 3—4 vs 10-11), which presents imidazo-
lium chloride catalytic sites together with both Lewis acids sites and
H-donor as co-catalysts. This demonstrates the important role of tita-
nium as Lewis acid co-catalysts.

Moreover, Ti-SiO»-E-imi displayed higher TON and TOF than a MOF
based system (Entry 12) functionalized with imidazolium moieties
(hence fully heterogeneous). It should be noted that the catalyst re-
ported in Entry 12 operates at slightly lower temperature (120 °C) and
pressure (1 bar) but it presents a different nucleophile (iodide compared
with chloride in our system). A similar strategy was employed by Liang
et al., who reported the use of a bi-functional catalyst bearing Zn as
Lewis acid and functionalized with imidazolium bromide (Entry 13).
This last example displayed lower activity than our material despite the
higher reaction temperature and the use of bromide as nucleophile [58].
The increased performance of the bifunctional MOF reported in Entry 14
can be attributed to the presence of the ammonium iodide as catalyti-
cally active specie together with the more elevate reaction temperature
(140 °C compared with 125 °C in our case). As expected, Ti-SiO-E solid
shows better carbonate yield than some other highly performing cata-
lysts presenting only imidazolium-based units and used in absence of
co-catalytically active species (Entry 15).

The reusability of the Ti-SiO»-E-imi catalyst was tested over several
cycles in the presence of styrene oxide. The reaction conditions were
selected in order to ensure a catalyst performance far enough from total
conversion [76]. After each cycle, the material was washed with toluene
and ethanol, dried and employed in a successive cycle without further
activation. As can be seen in Fig. 7, the activity of Ti-SiO2-E-imi was
preserved in consecutives runs, only a slight decrease was evidenced in
the initial cycles followed by a stabilization (starting from the 3™ run).
This initial decrease could be ascribed to the presence of minor amount
of cyclic carbonates strongly adsorbed on the catalyst surface (see
Figure S7).

The wide applicability of the Ti-SiO2-E-Imi catalyst was evidenced
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Table 4
Conversion of various epoxides using Ti-SiO»-E-imi.
Entry Substrate Temperature (°C) Time (h) Conv. (%) Sel. (%)
1 Styrene oxide 125 3 42 > 95
2 1,2-Epoxybutane 125 3 41 > 95
3 Epichlorohydrin 100 3 53 > 95
4 Glycidol 50 6 28 > 95
5 [al Glycidol 50 6 22 > 95

Reaction conditions: Substrate (24.0 mL); mass of catalyst (500 mg); CO- initial pressure (25 bar); heating rate (1 °C/min); 500 rpm.

[l Constant pressure (5 + 0.5 bar).
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Fig. 8. Catalytic results for the epoxidation of cyclohexene. Reaction condi-
tions: alkene (4.5 mmol), TBHP,q (4.5 mmol), catalyst (100 mg), acetonitrile as
solvent (4.5 mL), temperature 70 °C, reaction time 4 h.

by running the reaction in the presence of other epoxides (Table 4). An
additional test over the 1,2-epoxybutane (Entry 2) was performed at
125 °C. This experiment further supports the ability of the Ti centre to
activate the oxirane ring. As expected, lower temperatures can be used
in presence of more reactive epoxides like epichlorohydrin (Entry 3) or
glycidol (Entry 4). The use of glycidol allows decreasing the reaction
temperature down to 50 °C (Entry 4). The same experiment was repro-
duced using a constant pressure of 5 bars (Entry 5) demonstrating only a
minor influence of the CO;, pressure on the conversion. It should be
highlighted that the selectivity was always close to 100 % and no by-
product was observed from 'H NMR analysis of the reaction mixture.
The regular decrease of pressure in the reactor due to CO5 consumption
was monitored over the time (see Figure S8).

These results prove that Ti-SiO»-E-imi is an efficient and versatile
catalyst in the CO5 conversion, able to preserve its activity in multiple
cycles. Moreover, the Ti-SiO»2-E matrix can be synthetized in aqueous
medium with a short synthesis procedure not requiring thermal treat-
ments under static conditions and the release of the porosity can be
achieved via simple extraction. All these parameters contribute in
making the entire process highly sustainable.

3.3. Epoxidation reaction

Moreover, the proposed solid could present other additional ad-
vantages. It is known that Ti-silicates are amongst the most active cat-
alysts in epoxidation reactions [21-27]. In this reaction, the Ti centres
play the role of Lewis acids interacting with the peroxides. To prove that
the efficiency of the materials synthesized can be dual, preliminary tests
were performed selecting as target reaction the epoxidation of cyclo-
hexene into cyclohexene oxide using tert-butyl hydroperoxide (TBHP) as

oxidant (Fig. 8). The best catalytic performance was achieved employing
the Ti-SiO»-E catalyst. This result is ascribed to the almost complete
insertion of Ti in tetrahedral coordination. As expected, Ti-SiO2-C
showed poor activity and the main products obtained are side-products
(identified as cyclohex-2-en-1-one and cyclohex-2-en-1-0l) while
Ti-Si0,-CE exhibits intermediate conversion.

Ti-Si0,-E displayed good performances also when compared with
other reference catalysts already reported in literature. A hybrid meso-
porous titanosilicate (19 %Me-Ti-MCM-41) prepared by Lin et al. [69]
demonstrated similar conversion (38.5 %) and a higher selectivity (94.1
%) after 5h reaction, attributed to the more hydrophobic surface.
Recently, Wang and Balkus [78] published interesting results combining
a conversion of 22 % in 2h with excellent selectivity (94 %) using re-
action conditions close to the ones adopted by us. It should be noted that
our best solid catalyst displays a twice higher conversion. Wang et al.
[79] also published the synthesis of an extra-large-pore zeolites
Ti-SSZ-53 able to achieve competitive results with excellent selectivity
(94.6 %) but lower conversion (12.2 %) after 4 h. It should be mentioned
that the epoxidation reactions with Ti-SiO5-E were always performed in
presence of an aqueous solution of tert-butyl hydroperoxide (TBHP)
while the other reported examples employ non-aqueous TBHP solution
which can account for the higher selectivity [19,80,81].

3.4. Towards a cascade reaction

The above described results demonstrated the efficiency of Ti-SiO2-E
and Ti-SiO»-E-imi as catalysts in the epoxidation of cyclohexene to
cyclohexene oxide and the carbonatation of cyclohexene oxide,
respectively. Hence, to challenge even more our catalyst we decided to
test them in the two consecutive reactions. Table 5 summarizes a series
of preliminary tests performed as proof of principle. Entry 1 displays the
CHO yield achieved in the presence of 100 mg of Ti-SiOs-E. As expected,
a decrease of the amount of catalyst (Entry 2) caused a lowering of the
yield. This result was also accompanied by a decrease of the selectivity.
A catalytic essay in the presence of Ti-SiO»-E-imi revealed a drastic drop
of the catalytic performance (Entry 3). No epoxidation product was
observed even after 24 h reaction. The side products were identified as
cyclohex-2-en-1-one and cyclohex-2-en-1-ol. This result could be
ascribed to the hydrophilic nature of the imidazolium moieties, which
can decrease the possibility of interaction with the hydrophobic cyclic
alkene [82]. To circumvent this problem, a physical mixture of both
Ti-Si02-E and Ti-SiO»-E-imi (Entry 4) was employed. The idea is to have
a solid with two components in which one partner can act as catalyst for
the epoxidation while the second will convert the epoxide, as depicted in
Scheme 2. Interestingly, the yield in CHO was slightly higher [69,82,83]
thus proving that the presence of Ti-SiO2-E-imi has no detrimental ef-
fect on the epoxidation reaction. The same catalysts mixture constituted
by 50 wt% of Ti-SiO2-E and 50 wt% of Ti-SiO»-E-imi was successfully
used in the conversion of carbon dioxide (reaction 2; Entry 5) and a
result similar to the one obtained with the sole Ti-SiOy-E-imi (Entry 6)
proves that there is no detrimental effect in CO2 conversion by using the
mixture of both catalysts. The results obtained demonstrate that the
catalytic mixture can be used for both processes (reaction 1 and 2)
without decreasing the overall catalysts performances. Moreover, these
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Table 5
Cascade Reaction.
Reaction 1 Reaction 2
TBHP,q CO, (25 bar) o}
O (oo™ (Lo
CH3CN; 70°C; 1 h 150 °C; 24 h 0o
Entry Reaction Catalyst Conv. (%) Sel. (%) Yield (%)
1 1 Ti-SiO2-E (100 mg) 45 74 33
2 1 Ti-SiO2-E (50 mg) 30 47 14
3 1 Ti-SiO2-E-imi (50 mg) 17 - -
4 1 Ti-SiO2-E-imi (50 mg) + Ti-SiO5-E (50 mg) 33 79 26
5 2 Ti-Si0-E-imi (250 mg) + Ti-SiO,-E (250 mg) 34 > 95 32
6 2 Ti-SiO5-E-imi (250 mg) 33 > 95 31

Reaction 1: Cyclohexene (4.5 mmol); TBHP,q. 70 % (4.5 mmol); acetonitrile (4.5 mL); mesitylene as internal standard (50 pL); temperature (70 °C); 1 h.
Reaction 2: Cyclohexene oxide (24.0 mL; 237 mmol); CO, initial pressure (25 bar); 150 °C; heating rate (1 °C/min); 24 h; 500 rpm.
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Scheme 2. Representation of the two catalytic reaction.

tests highlight the importance of the spatial proximity of the catalyst
(imidazolium chloride) and the co-catalyst (Ti centre) in the formation
of cyclic carbonates.

4. Conclusion

Porous titanosilicate nanospheres were efficiently prepared via a
straightforward synthesis protocol requiring only 1h reaction and no
hydrothermal treatment under static conditions thus strongly decreasing
the energy consumption. The effect of the post-synthetic treatment on
the insertion of titanium was investigated, proving that the pores can be
freed from the template through an extraction in aqueous medium. The
solids were functionalized with imidazolium moieties and thoroughly
characterized via various techniques including transmission electron
microscopy, Ny physisorption, XPS, UV-vis, 13¢ and 2°Si solid state
NMR. The bifunctional particles were successfully employed as catalysts
in the conversion of carbon dioxide with various epoxides to form the
corresponding cyclic carbonates. The results obtained proved the added
value of a titanium containing support which plays the role of Lewis acid
enhancing the overall catalytic performance. The best solid displayed
better performances in terms of TON and TOF than other fully hetero-
geneous catalysts reported in literature. The catalytic performance

correlate coherently with all the set of characterization data. Moreover,
the catalyst was reused in multiple cycle without decrease of the catalyst
performance. The bifunctional nature of the best solid was challenged
testing the catalyst in the epoxidation reaction of cyclohexene. The same
catalytic mixture, composed by the titanosilicate nanospheres and bi-
functional solid, was used to convert the cyclohexene into cyclo-
hexene oxide and subsequently the cyclohexene oxide into the corre-
sponding carbonate. All these results prove the versatility of the
catalysts and confirm the key role played by the Ti centre inserted in
tetrahedral coordination.
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