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Abstract: Functionalized aluminosilicate materials were studied as catalysts for the conversion of
different cyclic carbonates to the corresponding epoxides by the addition of CO;. Aluminum was
incorporated in the mesostructured SBA-15 silica network. Thereafter, functionalization with imida-
zolium chloride or magnesium oxide was performed on the Al_SBA-15 supports. The isomorphic
substitution of Si with Al and the resulting acidity of the supports were investigated via 2 Al magic
angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy and NHj adsorption mi-
crocalorimetry. The Al content and the amount of MgO were quantified via inductively coupled
plasma optical emission spectroscopy (ICP-OES) analysis. The anchoring of the imidazolium salt was
assessed by 2Si and 1*C MAS NMR spectroscopy and quantified by combustion chemical analysis.
Textural and structural properties of supports and catalysts were studied by Nj physisorption and
X-ray diffraction (XRD). The functionalized systems were then tested as catalysts for the conversion
of CO, and epoxides to cyclic carbonates in a batch reactor at 100 or 125 °C, with an initial CO,
pressure (at room temperature) of 25 bar. Whereas the activity of the MgO/xAl_SBA-15 systems
was moderate for the conversion of glycidol to the corresponding cyclic carbonate, the Al_SBA-15-
supported imidazolium chloride catalysts gave excellent results over different epoxides (conversion
of glycidol, epichlorohydrin, and styrene oxide up to 89%, 78%, and 18%, respectively). Reusability
tests were also performed. Even when some deactivation from one run to the other was observed,
a comparison with the literature showed the Al-containing imidazolium systems to be promising
catalysts. The fully heterogeneous nature of the present catalysts, where the inorganic support on
which the imidazolium species are immobilized also contains the Lewis acid sites, gives them a
further advantage with respect to most of the catalytic systems reported in the literature so far.

Keywords: cyclic carbonates synthesis; CO, conversion; supported catalysts; Al_SBA-15; imida-
zolium chloride

1. Introduction

The synthesis of cyclic carbonates through the reaction of CO, with epoxides represents
a significant opportunity to transform waste into valuable chemicals while avoiding the
use of phosgene (Scheme 1). This reaction is at the basis of industrial production, through
which about 100 kt of cyclic carbonates are obtained per year; such value is also expected
to increase, as the market of chemicals produced from cyclic carbonates (solvents, paint
strippers, lithium batteries, biodegradable packaging, etc.) is constantly expanding [1-3].

The industrial process is carried out using mainly nucleophile catalysts, which favor
the opening of the epoxy ring and, subsequently, the insertion of carbon dioxide. The
classic industrial catalysts are mainly ammonium or phosphonium salts, which require
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high temperatures and pressures. In addition, they are generally difficult to recover. For
these reasons, the future challenge should be focused on finding active solid materials
able to promote CO, conversion in milder conditions with easily recoverable and reusable
catalysts [1,4].
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Scheme 1. CO; conversion into cyclic carbonates.

Both homogeneous and heterogeneous catalysts have been studied for the cycload-
dition of CO; to epoxides. Numerous homogeneous systems, such as phosphines [5,6],
organic bases [7,8], organometallic complexes [9-11], and ionic liquids (ILs) [12-17], have
been proposed. However, though showing a high catalytic activity, they suffer from sev-
eral disadvantages, related to their degradation, separation processes, and, consequently,
reusability. In this regard, solid catalysts have to be considered preferable, even though
large efforts have to be conducted in order to increase their activity [1,18].

Different classes of ionic liquids, based on quaternary ammonium [12], phosphonium
or pyridinium [19], or imidazolium [20] salts, have shown remarkable catalytic performance
for the CO; conversion to organic carbonates. The reaction mechanism at the basis of the
catalytic activity of such ILs is depicted in Scheme 2 [21]. In the first step (1), the opening of
the epoxy ring (a) occurs as a consequence of the nucleophilic attack by the anion species
A~ , with the resulting intermediate (b) being stabilized by the interaction with the cationic
moiety. Next, the insertion of CO; (2) leads to the formation of the (c) species, from which
the formation of the five-membered cyclic carbonate occurs as a result of the elimination
mechanism, thus restoring the catalytic ionic couple (C* A7) (3). From this mechanism
the prominent role of the anionic species clearly emerges, which has to be good both as a
nucleophile and as leaving group (this is why halides are generally selected to obtain high
performances). In addition, the role of the cationic moieties appears also important, being
responsible for the stabilization of the (c) and (b) intermediates. In this regard, the presence
of suitable Lewis acid species has been indicated as beneficial, due to the coordination of
the oxygen at the three-membered ring, which can favor the nucleophilic attack and then
the ring opening of the epoxide [22,23].
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Scheme 2. Reaction mechanism for CO; cycloaddition to epoxide with ionic liquids (C* A™).
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Since the reusability of the ILs represents the main drawback, their immobilization on
suitable solid materials has attracted increasing interest [2,18,21,24]. Different catalysts have
been prepared by anchoring imidazolium-based salts on polymer matrices [25-28], with
very interesting results obtained by using biopolymers, such as chitosan, which appears
as a very promising support thanks to the presence of several hydroxyl groups able to
stabilize the (b) and (c) intermediates shown in Scheme 2 [29,30]. The use of 3-n-butyl-
1-propyl-imidazolium grafted on SiO; has been reported by Xiao et al. in [31], where
the influence of different metal salts acting as co-catalysts was also studied. The results
indicated that high propylene carbonate yields are obtained by using ZnCl,. However, a
decrease in activity was observed for recycling tests, as a consequence of the occurrence of
leaching phenomena. High catalytic performances have been obtained by Dai et al. [32]
on SBA-15 and Al_SBA-15 functionalized with 3-(2-hydroxyl-ethyl)-1-propylimidazolium
bromide, though the occurrence of leaching was also observed to some extent up to three
recycling tests.

In extension, nitrogen-based organic molecules (e.g., alkyl amines, adenine, gua-
nine) supported on different siliceous materials, such as MCM-41 and SBA-15, have been
found to be highly active for converting CO, into cyclic carbonates. Very good results
were obtained by using Al_SBA-15 and Ti_SBA-15, since the introduction of AI** or Ti**
enhances the acidic properties of the catalyst, promoting the epoxides adsorption and acti-
vation [7,33-35]. Good results have also been displayed by catalysts prepared by anchoring
Cr(salen) complexes on amino-functionalized SiO;, ITQ-2, and MCM-41 [36-38], with the
need for solvents or co-catalysts and their poor reusability being the main drawbacks.

Metal oxides with basic properties, such as MgO, represent an interesting option
for fully inorganic systems for catalyzing CO, cycloaddition to epoxides, since they are
relatively cheap and simple to prepare. Promising results have been obtained by using MgO
in the presence of dimethylformamide (DMF), which plays the twofold role of solvent and
active species in the reaction mechanism [39]. Yamaguchi et al. [40] have shown that, in the
presence of DMF, Mg-Al mixed oxides prepared by using hydrotalcites as precursors also
provide interesting performances due to the cooperation of acid and base sites in the epoxy
ring opening. Such a synergistic effect has also been confirmed by other studies carried out
on Mg-Zn-Al mixed oxides as well as on zeolites modified with alkali metal oxides, in the
presence of suitable amounts of water [41,42]. Despite the large number of studies carried
out in order to find solid materials able to promote the production of cyclic carbonates,
heterogeneous catalysts are significantly less active than homogeneous alternatives. In
this regard, the immobilization of organic bases and organometallic complexes on suitable
supports can be considered a good strategy to obtain high activity while solving problems
related to the separation and reusability of the homogeneous catalysts. However, only a
minor part of the literature deals with completely heterogeneous catalysts, in which both
the inorganic Lewis acid sites and the immobilized imidazolium species are simultaneously
present. Among these, only a few report on the use of Al_SBA-15 as a support [32,43],
although a study on the effect of the aluminum content on the catalytic performance is
completely missing. Moreover, to the best of the present authors’ knowledge, no studies
mentioning the use of Al_SBA-15 in combination with MgO have been reported.

Here, the synthesis of two Al_SBA-15 systems, i.e., mesostructured aluminosilicates
with acidic properties, is reported. These materials were thereafter functionalized by either
imidazolium chloride (immobilized ionic liquid) or magnesium oxide (basic metal oxide)
as depicted in Scheme 3. The initial supports and the final catalysts were characterized
by different techniques such as inductively coupled plasma optical emission spectroscopy
(ICP-OES), combustion chemical analysis, X-ray diffraction (XRD), N, physisorption, 2 Al,
296i, and !3C magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy,
and NHj adsorption calorimetry. The activity of all catalysts, as well as the influence of
the aluminum content, was scoped via the conversion of different epoxides. In addition,
recycling tests were performed on selected samples to evaluate the materials’ reusability in
multiple catalytic cycles.
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Scheme 3. Synthesis of xAl_SBA-15 (x = 1 or 5) supports and their functionalization by either
imidazolium chloride (Imi/xAl_SBA-15) or MgO (MgO/xAl_SBA-15).

2. Results and Discussion
2.1. Materials Characterization

The initial synthesis of the two xAl_SBA-15 (x = 1 or 5) systems was performed, where
x represents the theoretical Al content expressed in mol%. Prior to the functionalization
of the aluminosilicates with imidazolium or MgO, the two supports 1Al_SBA-15 and
5Al_SBA-15 were fully characterized, notably by ICP-OES, N, physisorption, low-angle
XRD, Al NMR and NHj3 adsorption microcalorimetry.

The aluminum content determined by ICP-OES (Table 1) was similar to the nominal
value for 1Al_SBA-15, whereas a more significant difference between the experimental and
the nominal value was observed for the sample containing the higher aluminum content.

Table 1. Compositional and textural properties of supports and catalysts.

Sample Al/(Al + ?i) Alframewozrk Imidazolium C;)ntent MgO Contelnt SBZET Vo
(mol%) (mol%) (mmol/g) (mmol/g) (m~/g) (cm3/g)

1Al_SBA-15 1.13 17 - - 554 0.96
5Al_SBA-15 4.02 25 - - 409 0.94
MgO/1Al_SBA-15 1.11 - - 4.05 235 0.60
MgO/5A1_SBA-15 3.94 - - 4.14 240 0.61
Imi/1Al _SBA-15 - - 0.55 - 349 0.81
Imi/5Al_SBA-15 - - 0.75 - 282 0.70

! Determined by ICP-OES analysis. 2 Determined by 2/ Al MAS NMR. 3 Determined by combustion chemical
analysis considering the nitrogen percentage.

The insertion of Al in the silica architecture was evaluated via 2’ Al NMR spectroscopy.
From the spectra reported in Figure 1, it emerged that only a limited portion of the alu-
minum present in the supports was incorporated as a single site in the silica framework.
Indeed, both 2 Al NMR spectra are characterized by broad bands resulting from the partial
overlapping of different contributions. In both spectra, at least two signals centered at
about 53 and 0 ppm are clearly visible. According to the literature, the signal at 53 ppm can
be ascribed to the tetrahedrally coordinated framework Al atoms, while the contribution at
0 ppm can be associated with octahedrally coordinated extra-framework Al species [44,45].
Although not clearly visible, an additional contribution at about 30 ppm can be glimpsed,
which, according to some studies carried out on dealuminated zeolites, can be reasonably
associated with the presence of additional surface five-coordinated Al species [46,47]. There-
fore, the percentage of framework aluminum reported in Table 1 was calculated by fitting
the NMR profiles with three contributions and taking into account only the contribution
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at 53 ppm. Although for 5Al_SBA-15 the total amount of aluminum incorporated in the
material is lower than the theoretical value, the percentage of framework aluminum is
higher than for the other support.

200 150 100 50 O —50 100 150 ~200
Chemical Shift (ppm)
Figure 1. 27 Al MAS NMR spectra of 1Al_SBA-15 (a) and 5A1_SBA-15 (b).

The insertion of Al in the silica structure is known to generate a combination of Bren-
sted and Lewis acidity. The acidic properties of the xAl_SBA-15 supports were studied
by means of NHj3 adsorption microcalorimetric measurements. In Figure 2, the differ-
ential heat of adsorption (Qg;s) is reported as a function of the ammonia uptake for all
the prepared supports. The results for an Al-free SBA-15 sample have also been reported
for comparison. The xAl_SBA-15 samples show acidic properties significantly more pro-
nounced than SBA-15, in terms of both the number and strength of the sites. Whereas the
pure silica SBA-15 curve always lies below 70 k] /mol, the xAl_SBA-15 samples show very
high (>150 kJ/mol) initial Qg;¢s values which then decrease as the NH3 uptake increases,
thus indicating a high heterogeneity of the adsorbing sites, until reaching a rather constant
value (50-58 k] /mol). Indeed, such a set (260-290 pmol/g) of homogeneous weak acid sites
appears to be practically the same present in SBA-15. In agreement with previous studies
on pure silica samples, in order to disregard the non-specific and /or physical adsorption
occurring on SBA-15, the total concentration of acid sites can be obtained by neglecting the
fraction of ammonia uptake corresponding to differential heats below 70 kJ/mol [48,49].
As expected, the acid site concentration increases with the Al content, resulting to be ca.
110 and 235 pmol/g for 1Al_SBA-15 and 5Al_SBA-15, respectively.

The N, adsorption/desorption isotherms of the supports are reported in Figure 3. The
isotherms can be classified as type IVa, with an H1 hysteresis loop at high relative pressures,
typical for mesoporous materials [50]. The pore size distribution (PSD) curves (Figure S1),
obtained by applying the BJH method to the desorption branch of the isotherms, appeared
quite narrow and centered at around 7 nm. The specific BET surface area (Sggr) and the
specific pore volume (V) obtained from the N; adsorption data are reported in Table 1.

Although high, the Sggr and V,, values of the xAl_SBA-15 supports are definitely
lower than those typically obtained for pure silica SBA-15 materials (usually in the ranges
800-1100 m? /g and 1.20-1.90 cm? /g, respectively) [51-54]. The detrimental effect of the
aluminum content on the surface area was already observed for similar samples [48] and
can be ascribed to the presence of aluminum extraframework species.
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Figure 2. Differential heat of adsorption as a function of NH3 uptake at 80 °C for 1Al_SBA-15 and
5A1_SBA-15. For comparison, data for pure silica SBA-15 are also reported.
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Figure 3. N, adsorption (full symbols) and desorption (open symbols) isotherms for the xAl_SBA-15
supports and the Imi/xAl_SBA-15 and MgO/xAl_SBA-15 catalysts.

In Figure 4, the low-angle X-ray diffraction patterns of the xAl_SBA-15 supports are
reported. As expected, the samples show three well-resolved peaks which can be indexed as
the (100), (110), and (200) reflections associated with a hexagonal symmetric pore structure.

=)
=]
=
At

(100)

0.8

(b) (b)
(a) (a)
1.2 16 2.0 2.4 0.8 1.2 16 2.0 2.4
2 theta (°) 2 theta (°)

Figure 4. Low-angle X-ray diffraction patterns of xAl SBA-15 (a), Imi/xAl_SBA-15 (b), and
MgO/xAl_SBA-15 (c). Left: x = 1; right: x = 5.
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Both solids were employed as supports for subsequent functionalization. On the one
hand, the silica surface was decorated with imidazolium chloride via the method using a
one-pot grafting with 3-(chloropropyl)-trimethoxysilane and N-methylimidazole [55,56].
The resulting solids were denominated as Imi/xAl_SBA-15. On the other hand, both
xAl_SBA-15 were impregnated with magnesium nitrate using a two-solvent method [57,58].
The materials were then calcined at 450 °C to generate MgO in the porous structure. The
resulting materials were denominated as MgO/xAl_SBA-15. The experimental details for
both procedures are reported in Section 3.

The imidazolium content in the Imi/xAl_SBA-15 catalysts was evaluated from the
nitrogen content obtained by the combustion chemical analysis. The Al, Si, and Mg content
in the MgO/xAl_SBA-15 catalysts was determined through ICP-OES. The results of these
analyses are reported in Table 1. The amount of imidazolium retained by the two supports
results to be affected by the Al content. Most likely, the increase in the number of acid sites
with aluminum content, as revealed by adsorption microcalorimetry, in turn, enhances the
tendency of the support to interact with the imidazolium function.

Solid-state NMR spectroscopy was employed to assess the correct anchoring of imida-
zolium species to the silica surface. In Figure 5 (left), the 2°Si cross-polarization magic-angle
spinning (CP-MAS) NMR spectra of the Imi/xAl_SBA-15 catalysts are reported. In both
spectra, two groups of signals ascribed to Q and T species can be distinguished. The
presence of signals at —75, —60, and —50 ppm which can be assigned to -CH,-Si(OSi)3 (T®),
-CH,-Si(OSi),(OH) (T?), and -CH,-Si(OH),(OSi) (T') contributions, respectively, constitute
the proof of the covalent anchoring of the organic functionalities. The signals in the region
between —125 and —85 ppm can be deconvoluted into three different contributions cen-
tered at ca. —115, —105, and —95 ppm. corresponding to Si(OSi)4 (Q%), Si(0Si);0H (Q3),
and Si(OSi),(OH), (Q?) species.

f I \ "“| (a)
rsiioponiientmoni v Nt timgaraotr gt iimgianind’ ¥ Sauamiannt™ WV i
. | ‘

| (b)
(b) A (LI
ST A% L bt i W ity 1 sk

50 0 -50 -100 -150 -200 -250 250 200 150 100 50 O  -50
Chemical shift (ppm) Chemical shift (ppm)

Figure 5. 2%Si (left) and '3C (right) CP-MAS NMR spectra of Imi/1Al_SBA-15 (a) and Imi/5Al_SBA-
15 (b).

The '3C CP-MAS NMR spectra of the two materials reported in Figure 5 (right)
demonstrate the presence of the imidazolium salt. The two characteristic peaks around
125 ppm can be assigned to the aromatic carbon from the imidazolium ring while the
peaks at 10, 20, and 45 ppm are, respectively, assigned to Si-CH,-CH;,-CHj,-N from the
propyl chain. The peak at 30 ppm can be attributed to the N-methyl group [55,56,59]. The
absence of any other peak (particularly CH,-Cl) indicates the complete conversion of the
chloropropylsilane to N-methylimidazolium.

At variance with what was observed for the imidazolium function, the amount of
MgO incorporated in the two materials (Table 1) was not affected by the different aluminum
content in the supports.

The wide-angle XRD was employed to evaluate the incorporation of MgO in the pores.
No diffraction peaks (Figure S2) were detected, suggesting the presence of only nanosized
crystals. The very large signal centered at 2 theta = 23° is typical of the amorphous
SiO; structure.
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All materials were submitted to N, physisorption analysis (Figure 3) and low-angle
XRD (Figure 4) to evaluate the textural and structural modification compared to the initial
supports. Both specific surface area and pore volume values of all the catalysts were lower
than those of the corresponding supports (Table 1), as a consequence of the functionalization
procedure. The analysis of the X-ray diffraction pattern highlights that this decrease does
not affect the regular arrangement of the pores.

Considering all the favorable textural and structural properties of the solids together
with the corresponding imidazolium or MgO functionalization, the materials were em-
ployed as catalysts for the conversion of CO, and epoxides to cyclic carbonates. Glycidol
was initially selected as the reactant. According to what was reported on Mg-Al mixed oxide
catalysts by Yamaguchi et al. [40], the presence of only xAl_SBA-15 would not lead to any
conversion. Their experiment using a physical mixture of Al;O3 and MgO clearly demon-
strated the importance of the proximity of Mg and Al sites to have a cooperative action.

2.2. Catalytic Results
2.2.1. CO, Addition to Glycidol

The catalytic tests performed in the presence of MgO/xAl_SBA-15 catalysts displayed
a moderate activity for glycidol conversion which increases with the enhanced Al content
(Table 2; Entries 1 and 2). The epoxide conversion was more efficient when the correspond-
ing imidazolium-containing materials were employed (Entry 1 vs. 3 and Entry 2 vs. 4). This
first series of catalytic experiments highlighted the superior activity of the imidazolium-
based catalysts, thus indicating that the presence of a nucleophile (as catalytically active
species) drastically overpasses the effect of possible acid /base synergy at the catalyst sur-
face. It deserves to be mentioned that the substoichiometric amount of CO, fed in the reactor
probably affected the glycidol conversion, in particular for the Imi/xAl_SBA-15 catalysts.
The decrease in pressure directly correlated to the CO, consumption reported in Figure 6
demonstrates that a total (or nearly total) consumption of CO; can be claimed, which is not
the case for MgO/5AI_SBA-15 nor MgO/1Al_SBA-15 with, respectively, 22 bar and 27 bar
of pressure remaining—at 100 °C—after 3 h of reaction. The evolution of the pressure is
also directly correlated to the conversion. It is important to underline the positive influence
of the higher amount of Al. For MgO/xAl_SBA-15 catalysts (Entry 1 vs. 2), which have
very similar MgO content (cf. Table 1), such effects can be reasonably ascribed to aluminum
acting as a co-catalyst for the ring-opening of the epoxy-ring. For Imi/xAl_SBA-15 catalysts
(Entry 3 vs. 4) the slightly higher epoxide conversion and the total CO, consumption con-
firm that the sample containing the highest Al amount is more active; however, such higher
catalytic activity is probably associated mainly with its significantly higher imidazolium
content (cf. Table 1).

Table 2. Catalytic results for glycidol conversion to the corresponding cyclic carbonate.

0O
cat. OJ(O

o)
+ CO _ =
Ho A= 2 400°Cc HO

3h
Entry Catalyst X (%) 1! S (%) 1
1 MgO/1Al_SBA-15 23 >95
2 MgO/5A1_SBA-15 32 >95
3 Imi/1Al _SBA-15 86 >95
4 Imi/5Al_SBA-15 89 >95

Reaction conditions: glycidol, 24.0 mL, 362 mmol; catalyst, 500 mg; initial CO, pressure (at room temperature),
25 bar; heating rate, 1 °C/min; reaction temperature, 100 °C; reaction time, 3 h; stirring speed, 500 rpm. 1x:
epoxide conversion, S: cyclic carbonate selectivity; determined by 1H NMR of the reaction mixture.
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Figure 6. Pressure profile during the glycidol conversion to the corresponding cyclic carbonate for
Imi/1Al_SBA-15 (a) and Imi/5Al_SBA-15 (b). They, respectively, refer to Entries 3 and 4 in Table 2.

2.2.2. CO, Addition to Epichlorohydrin

In order to better understand the differences between the two imidazolium-based
catalysts, additional experiments with a lower amount of catalyst and a more challenging
substrate (epichlorohydrin) were performed. The previous observation of a superior activity
of the imidazolium-based catalysts was further confirmed by the lack of epichlorohydrin
conversion in the presence of the MgO-based systems, even with 500 mg of the more
active catalyst of the series (MgO/5Al_SBA-15). On the contrary, the Imi/xAl_SBA-15
catalysts resulted to be active in converting epichlorohydrin (Table 3). On these two systems,
recycling experiments were also performed. The catalysts recovered after the first run were
less active than the fresh ones (Entry 1b vs. 1a and Entry 2b vs. 2a) and for Imi/1Al_SBA-15
a similar decrease in epichlorohydrin conversion was also observed from the second to
the third run (Entry 1c vs. 1b). However, both catalysts achieved stabilization after two
(Imi/5Al_SBA-15, Entry 2c vs. 2b) or three (Imi/1Al_SBA-15, Entry 1d vs. 1c) runs. Such
an initial decrease in conversion from one run to the other is probably due to leaching
phenomena, as also indicated by comparing the imidazolium content calculated from the
chemical analysis on the fresh systems (cf. Table 1) and on the samples recovered after their
last catalytic run (Imi/1Al_SBA-15, Entry 1d: 0.41 mmol/g; Imi/5Al_SBA-15, Entry 2c:
0.55 mmol/g). Comparing the conversion values achieved after stabilization (Entries 1c-d
and 2b-c), Imi/5Al_SBA-15 is still more active than Imi/1Al _SBA-15. Interestingly, when
TON (and TOF) values are calculated, virtually the same results are obtained for the two
systems, indicating that the higher conversion obtained with the sample with the higher Al
content is most likely due to the higher imidazolium content (cf. above).

Both materials can be compared with a previously reported system bearing Sn as
a co-catalyst (Entry 3). For comparable conversion, selectivity, and BET surface area
(282 vs. 234 m?/g), the Imi/5A1_SBA-15 material reported here showed TON (and TOF)
4.5 times higher.

Additional experiments were performed using the most active Imi/5Al_SBA-15
on epichlorohydrin at lower temperatures (Entries 4a—c). A less important—but not
negligible—decrease in conversion was observed also at 100 °C, in agreement with a
lower loss of imidazolium function during the catalytic runs (Entry 4c: 0.62 mmol/g).

Although at 100 °C Imi/5Al_SBA-15 showed a lower conversion than the previ-
ously mentioned Sn-containing catalyst (Entry 5), when TON and TOF are considered,
it still results to be more active. When compared to the results obtained at 100 °C with
a bromide-containing catalyst (Entry 6), Imi/5Al SBA-15 definitely presents better per-
formance. On the other hand, the performance of an iodide-containing material (Entry 7)
is significantly better in terms of epoxide conversion and TON; however, when TOF is
considered—therefore, taking into account different reaction times—Imi/5Al_SBA-15 ap-
pears even superior.

A straightforward comparison with other catalysts from the literature is often difficult
owing to the different reaction conditions employed in terms of pressure, temperature,
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use of solvent, the addition of homogenous catalyst/co-catalyst, etc. Despite this intrinsic
difficulty, in Table 3 the present catalysts are also compared with some fully heterogeneous
solids from the literature. In Entries 8 and 9 results obtained at 140 °C with two metal-
organic frameworks (MOFs) modified with imidazolium bromide or iodide are reported,
whereas data reported in Entry 10 refer to results obtained under mild conditions on an
imidazolium-containing Al-porphyrin-based ionic porous organic polymer (Al-iPOP) cata-
lyst. In Entry 11 data on the performance of a catalyst obtained anchoring an imidazolium
organic salt on Ti-SBA-15 are reported. Since reaction conditions are quite different in
terms of several parameters (temperature, pressure, imidazolium content, catalyst amount,
reaction time, etc.), a direct comparison with the present catalysts cannot be performed.
However, although MOFs (Entries 8 and 9) contained more nucleophilic anions and were
tested at a significantly higher temperature, the TON values were much lower than those
obtained at 125 °C for both the present (chloride-containing) Imi/xAl_SBA-15 catalysts.
On the other hand, the comparable TOF values obtained with the present Imi/5Al_SBA-15
catalyst at 100 °C and with the Al-iPOP system (Entry 10) at 40 °C can be related to the
completely different nature of the aluminum species which are inorganic or in the form of
an Al-porphyrin group, respectively. The values of TON and TOF calculated for the Ti-SBA-
15-supported system (Entry 11) at 110 °C, i.e., at a somewhat intermediate temperature
between those selected for the present experiments, are higher than the values obtained at
100 °C with Imi/5Al_SBA-15, but significantly lower than those determined on both the
present catalysts at 125 °C.

Table 3. Catalytic results for epichlorohydrin conversion to the corresponding cyclic carbonate.

0O
cat. OJ<O

0]
Cl \/Q +CO, —
3h Cl
Entry Catalyst Anion Meat (M) T (°C) Run! X(%)2  S(%)? TON3  TOF*
la Imi/1Al_SBA-15 Cl- 300 125 1st 63 >95
1b Imi/1AI_SBA-15 Cl- 300 125 2nd 51 >95
1c Imi/1AIl_SBA-15 Cl- 300 125 3rd 42 >95
1d Imi/1AI_SBA-15 Cl- 300 125 4th 43 >95 1073 358
2a Imi/5Al_SBA-15 Cl- 300 125 1st 78 >95
2b Imi/5Al_SBA-15 Cl- 300 125 2nd 57 >95
2¢ Imi/5Al_SBA-15 Cl- 300 125 3rd 57 >95 1061 354
3 XS-Sn-imi [55] Cl- 500 125 1st 53 >95 233 78
4a Imi/5AI_SBA-15 Cl- 300 100 1st 24 >95
4b Imi/5Al_SBA-15 Cl- 300 100 2nd 20 >95
4c Imi/5A1_SBA-15 Cl- 300 100 3rd 18 >95 297 99
5 XS-Sn-imi [55] Cl- 500 100 1st 40 >95 185 62
6 bV-Imi-NT-2 [60] Br- 100 100 1st 9 >95 115 38
7 Imldazo};gé‘sc[éﬁs'hnked - 40 100 1st 49 >99 1371 86
8 ZnTCPPC (Br-)Etim-UiO-66 [62] Br~ 43 140 1st 87 n.d. 91 6.5
9 F-IRMOF-3-4d [63] I~ 300 140 1st 80 n.d. 561 374
10 AL-iPOP-2 [64] Br~ 35 40 1st >99 >99 566 94
11 Ti-SBA-15@ILCICH,COO CICH,COO~ 300 110 1st 100 99 450 150

(0.5) [43]

Reaction conditions: epichlorohydrin, 24.0 mL, 307 mmol; initial CO, pressure (at room temperature), 25 bar;
heating rate, 1 °C/min; reaction time, 3 h; stirring speed, 500 rpm. ! 1st run: fresh catalyst; 2nd run: first recycling;
3rd run: second recycling; 4th run: third recycling; when there was a loss of mass during recycling operations, the
amount of epoxide was adapted to keep catalyst/epoxide ratio constant. 2 X: epoxide conversion, S: cyclic carbonate
selectivity; determined by 'H NMR of the reaction mixture. 3 Calculated as moles of epoxides converted /moles
of imidazolium sites; amount of imidazolium per mass of catalyst, determined by combustion chemical analysis
considering the N percentage: Entry 1d, 0.41 mmol/g; Entry 2c, 0.55 mmol/g; Entry 4c, 0.62 mmol/g. 4 Calculated
as TON/reaction time. Entry 7: reaction time, 16 h. Entry 8: constant CO, pressure, 1 bar; reaction time, 14 h; TON
calculated considering 86.9% yield and 0.95 mol % imidazolium content. Entry 9: CO, pressure, 20 bar; reaction
time, 1.5 h; TON calculated considering 80% conversion and 100% selectivity with 0.2 mol epichlorohydrin and 170
mg catalyst with 0.285 mmol imidazolium (21.3 wt% of iodine). Entry 10: CO, pressure, 10 bar; reaction time, 6 h;
TON calculated considering 99% yield and 0.00525 mmol imidazolium. Entry 11: CO, pressure, 5 bar; reaction
time, 3 h; TON calculated considering 99% yield and 0.220 mmol imidazolium.
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2.2.3. CO, Addition to Styrene Oxide

The more active of the present catalysts (Imi/5A]1_SBA-15) was tested with the further
less reactive styrene oxide at 125 °C. The results, reported in Table 4 (Entries 1a-b), show
that the material was immediately recyclable. In fact, the chemical analysis of the catalyst
recovered after two runs revealed an imidazolium content of 0.74 mmol/g, i.e., virtually the
same obtained on the fresh sample (cf. Table 1). Probably the extent of leaching phenomena
depends on the nature of the epoxide reactant, being quite important with epichlorohydrin
but practically absent with styrene oxide. This is consistent with previous results and
certifies the robustness of the recycling method employed [55,59].

Table 4. Catalytic results for styrene oxide conversion to the corresponding cyclic carbonate.

o 0]
cat. O//<
+COy —— 0
125 °C
3h
Entry Catalyst Anion Mcat (Mg) T (°C) Run! X (%) 2 S(%)%> TON?3 TOF*4
la Imi/5A1_SBA-15 Cl™ 300 125 1st 18 >95
1b Imi/5A1_SBA-15 Cl~ 300 125 2nd 17 >95 162 54
2 XS-Sn-imi [55] Cl~ 500 125 1st 32 >95 96 32
3 Ti-SiO,-E-imi [56] Cl™ 500 125 1st 42 >95 127 42
4 Sn-A-imi(IT)-Cl [59] Cl— 500 125 Ist 22 >95 108 36
5 Z“Tgfg_iéﬁré';]f“m' Br— 43 140 1st 53 n.d. 56 40
6 F-IRMOF-3-4d [63] I~ 170 140 Ist 84 n.d. 589 118
7 SiO,-p-xylene-I [65] I 100 125 1st 37 >99 88 29
8 (I)Meim-UiO-66 [66] I 50 120 1st 46 71 63 26

Reaction conditions: styrene oxide, 24.0 mL, 211 mmol; catalyst, 300 mg; initial CO, pressure (at room temperature),
25 bar; heating rate, 1 °C/min; reaction time, 3 h; stirring speed, 500 rpm. 1 1st run: fresh catalyst; 2nd run: first
recycling; when there was a loss of mass during recycling operations, the amount of epoxide was adapted to
keep catalyst/epoxide ratio constant. 2 X: epoxide conversion, S: cyclic carbonate selectivity; determined by 'H
NMR of the reaction mixture. 3 Calculated as moles of epoxides converted /moles of imidazolium sites; amount of
imidazolium per mass of catalyst, determined by combustion chemical analysis considering the N percentage:
Entry 1b, 0.74 mmol/g. 4 Calculated as TON/reaction time. Entry 5: constant CO; pressure, 1 bar; reaction
time, 14 h; TON calculated considering 52.8% yield and 0.95 mol % imidazolium content. Entry 6: CO, pressure,
20 bar; reaction time, 5 h; TON calculated considering 84% conversion and 100% selectivity with 200 mmol
styrene oxide and 0.285 mmol imidazolium (21.3 wt% of iodine). Entry 7: styrene oxide, 46.7 mmol; mesitylene,
4.67 mmol; CO, pressure, 80 bar; reaction time, 3 h. Entry 8: TON calculated considering 10 mmol styrene oxide
and 0.052 mmol imidazolium.

The present aluminum-containing sample showed higher TON and TOF values when
compared to previously reported Sn- or Ti-based materials (Entries 2—4), studied in the
same laboratory in the same conditions. However, the difference is less pronounced than
that observed when epichlorohydrin was used (cf. Table 3).

Entries 5 and 6 in Table 4 refer to results reported for the styrene oxide conversion
at 140 °C on the two already mentioned MOFs. TON and TOF values obtained with
Imi/5Al_SBA-15 were significantly higher than those reported for the bromide-containing
sample (Entry 5) also with this epoxide. On the contrary, the iodide-containing MOF
(Entry 6) was characterized by higher TON and TOF values; however, such a difference
could be related to the higher temperature and the more nucleophilic character of the
anion. Actually, when other iodide-containing systems were used at the same (or very
closed) temperature as the present catalyst (Entries 7 and 8), TON and TOF values were
significantly lower.

From the comparison of the performance of the present Imi/xAl_SBA-15 systems
with the results already reported in the literature (either by the present authors or by other
researchers), the present aluminum-containing systems appear superior to—or at least
competitive with—most of the catalysts already studied for the conversion of different
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epoxides to the corresponding cyclic carbonates. They are, therefore, promising materials
and worthy of further investigation. In particular, it could be interesting to evaluate their
performance in the conversion of the even more challenging disubstituted epoxides, such
as cyclohexene oxide.

3. Materials and Methods

Pluronic P123 triblock copolymer (EO»0PO7EOyy), tetraethylorthosilicate (TEOS, 98%),
AI(NO3)3-9H,0 (>98%), toluene (anhydrous, 99.8%), 3-(chloropropyl)-trimethoxysilane
(>97%), 1-methylimidazole (>99%), methanol (anhydrous, 99.8%), n-hexane (anhydrous,
95%), Mg(NO3);-6Hy0 (99%), and glycidol (96%) were purchased from Sigma-Aldrich.
HCI (37%) was provided by Merck. Styrene oxide and epichlorohydrin were provided
by TCL.

Two aluminosilicate supports were prepared by incorporation of aluminum in the
mesostructured silica SBA-15, by a modified two-step “pH-adjusting” method [67], using
aluminum nitrate as the aluminum source. In a typical synthesis, 4 g of Pluronic P123 and
126 mL of a 2 M HCl aqueous solution were stirred at 40 °C until complete dissolution
of the surfactant. Next, 8.5 g of TEOS was added dropwise and the solution was kept
under magnetic stirring at 40 °C for 4 h. The amount of Al(NO3)3-9H;0 required to
obtain the desired Si/ Al molar ratio was then added, followed by magnetic stirring for
20 h at 40 °C. The mixture was transferred into a 250 mL Teflon-lined stainless-steel
autoclave and submitted to a first hydrothermal treatment at 100 °C overnight. Next,
the resulting suspension was cooled to room temperature and then the pH value of the
mother liquor was adjusted to 7.5 with ammonia solution under stirring. The mixture
was then submitted to a second hydrothermal treatment in an autoclave at 100 °C for 48 h.
Finally, the solid was separated by filtration, washed with distilled water, dried at 60 °C
overnight, and calcined at 550 °C for 5 h (heating rate, 4 °C min™'). The aluminosilicate
supports were indicated as xAl_SBA-15, where x represents the approximate nominal Al
mol% content (x = [na1/(ns; + na1)] x 100).

Two imidazolium-containing catalysts (Imi/xAl_SBA-15) were then obtained by func-
tionalization of the aluminosilicate supports previously synthesized [55,56]. A one-pot pro-
cedure, consisting of reacting the xAl_SBA-15 supports with a mixture of 3-(chloropropyl)-
trimethoxysilane and 1-methylimidazole, was employed. In a typical synthesis, 1.5 g of
support (previously dried at 100 °C overnight) was dispersed in 20 mL of toluene. Then,
2.21 mL of 3-(chloropropyl)-trimethoxysilane (12 mmol) and 2 mL of 1-methylimidazole
(24 mmol) were added, and the suspension was kept under reflux for 24 h. Next, the solid
was filtered and washed with hot methanol (50 °C). The recovered material was then dried
at 60 °C overnight and kept under reflux with methanol for 48 h to remove the imidazolium
species not anchored on the surface of the support. Finally, the catalyst was filtered and
dried at 100 °C overnight.

Two MgO-containing catalysts (MgO/xAl_SBA-15) were also prepared, by the two-
solvent impregnation method on the same two xAl_SBA-15 supports [57,58]. For a nominal
MgO content of 15 wt%, 1.2 g of support was suspended in 48 mL of n-hexane, used as a
hydrophobic solvent, and the suspension was kept under stirring for 15 min at 400 rpm.
Next, a solution prepared by dissolving ca. 7.4 mmol of Mg(NO3),-6H,0 in a volume of
distilled water equal to the pore volume of the xAl_SBA-15 support, was added dropwise.
The resulting dispersion was, therefore, vigorously stirred for 2 h at room temperature;
then the recovered solid was dried overnight at 40 °C and finally calcined at 450 °C for 4 h.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) analyses were
performed with a 5110 ICP-OES spectrometer (Agilent Technologies) to determine the Al,
Si, and Mg content in the supports and in the MgO-containing catalysts. Before analysis,
the sample (ca. 0.015 g), pretreated at 500 °C for 12 h, was mixed with lithium tetraborate
(Li;B4O7/sample ratio of 14-15 w/w), placed in a platinum crucible, and fused at 1000 °C
in a furnace for 30 min. After cooling the melt, the resultant fusion bead was dissolved at
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80 °C for about 30 min with 20 mL of HNOj (0.8 M) and then diluted to a known volume
by MilliQ water.

Combustion chemical analyses were performed on a Perkin-Elmer 2400 Series II ana-
lyzer. The standard was acetanilide. This instrument was mainly used for the determination
of the imidazolium content through the nitrogen amount in the material.

X-ray diffraction (XRD) analyses were performed using an X3000 diffractometer
(Seifert), with a 6-6 Bragg-Brentano geometry, Cu-Ko wavelength, and a graphite monochro-
mator before the scintillation detector. The pore mesostructure of supports and catalysts
was investigated by low-angle (LA) X-ray diffraction analysis in the 26 range 0.8-2.4°. Struc-
tural characteristics of the MgO/xAl_SBA-15 catalysts were investigated in the wide-angle
(WA) 26 range 20-70°.

Textural analyses were carried out with an ASAP 2020 system (Micromeritics), by
determining the nitrogen adsorption-desorption isotherms at —196 °C. Before analysis, the
sample was heated overnight under a vacuum up to 250 °C (heating rate, 1 °C min~!). The
specific surface area was calculated by the BET equation. The pore size distribution was
determined by applying the BJH method to the isotherm desorption branch.

Solid-state NMR spectroscopy was used for characterizing supports and Imi-containing
catalysts. 2 Al direct excitation magic-angle spinning (MAS) NMR spectra of the xAl_SBA-
15 supports were recorded at room temperature by using a Varian VNMRS 400 spec-
trometer operating at 9.4 T (104.2 MHz for %’ Al) equipped with a 4 mm CP-MAS Var-
ian/Chemagnetics probe. The sample was packed in a 4 mm zirconia rotor and spun at a
spinning frequency of 12000 Hz. Measurements were performed by using a 1 s relaxation
delay. The processing comprised zero-filling, Fourier transform, phase and baseline correc-
tions. The chemical shift scale was calibrated at RT with respect to a solid sample of AlCl3
hexahydrate (J = 0.0 ppm). Quantitative information on the ?’ Al atom environment was
obtained by fitting the signals with Gaussian functions, using the software package Origin
9 from OriginLab Corporation (Northampton, MA, USA).

2Si and '3C NMR spectra were recorded on a Bruker Avance-500 spectrometer oper-
ating at 11.7T (99.3 MHz for 2Si and 125.7 MHz for 13C) using a 4 mm CP-MAS Bruker
probe. The sample was packed in a zirconia rotor and measured with spinning frequencies
of 8000 Hz. Cross-polarization CP-MAS spectra were recorded using a 5 s relaxation delay
and 5 ms contact time for 2’Si and 2 ms for *C. The processing comprised exponential
multiplication of the FID with a line broadening factor of 30 Hz for 2Si or 10 Hz for 13C,
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) purchased from Sigma-Aldrich (St. Louis,
MO, USA).

The acidic surface properties of the supports were investigated by adsorption mi-
crocalorimetry, using ammonia as the probe gas. A Tian-Calvet heat-flow microcalorimeter
(Setaram) equipped with a volumetric vacuum line was used for microcalorimetric mea-
surements. Each sample (0.1 g, 40-80 mesh) was pretreated at 250 °C for 12 h under vacuum
(5 x 107° mbar). Adsorption was carried out at 80 °C by admitting successive doses of
the probe gas and recording the thermal effect. The equilibrium pressure relative to each
adsorbed amount was measured by means of a differential pressure gauge (Datametrics)
and the thermal effect was recorded. The run was stopped at a final equilibrium pressure
of about 1.3 mbar. The adsorption temperature was maintained at 80 °C, in order to limit
physisorption. The adsorption isotherm (relating the amount of probe gas adsorbed with
the corresponding equilibrium pressure) and the calorimetric isotherm (relating the integral
heat of adsorption with the corresponding equilibrium pressure) were obtained from each
adsorption run. Combining the two sets of data, a plot of the differential heat of adsorption
as a function of the adsorbed amount was drawn, which gives information on the influence
of the surface coverage on the energetics of the adsorption.

All catalytic tests were performed in a Cambridge Design Bullfrog batch reactor. All
catalysts were dried overnight at 100 °C prior to the catalytic test. In a typical test, the solid
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was weighted in a Teflon vial. The epoxide (24.0 mL) was added without solvent. Then,
the reactor was closed, purged with a gentle flow of N, for 10 min and pressurized with
CO; (25 bar) at room temperature. The mixture was stirred at 500 rpm using a PTFE-coated
mechanical stirrer and heated to the desired reaction temperature with a controlled ramp.
During the test, both temperature and pressure were monitored and recorded. At the end of
the reaction, the reactor was cooled down to room temperature, the pressure was released
and the reactor opened. The reaction mixture was submitted to centrifugation for 10 min at
4500 rpm and the supernatant was analyzed by 'H-NMR using DMSO-d6 as solvent. The
experimental error, obtained by repeating some tests, was found to be always within 5%.

The catalysts were submitted to washing prior to reuse. After removal of the epox-
ide/carbonate mixture by centrifugation, the catalyst was dispersed in toluene, submitted
to sonication for 15 min and centrifuged. The supernatant was removed. The operation
was repeated with ethanol as solvent.

4. Conclusions

Two mesostructured aluminosilicates with a nominal Al content of 1 and 5 mol%
were synthesized. The aluminum loading was quantified by ICP-OES analysis and its
incorporation in the silica framework was evaluated by 2 Al MAS NMR. The acidity of the
material was evaluated via NHj3 adsorption microcalorimetry.

Thereafter, two strategies of post-functionalization were employed. The first strategy
led to a fully inorganic material decorated with MgO nanoparticles. The second procedure
allowed obtaining an organic-inorganic hybrid solid functionalized with imidazolium
chloride. The efficiency of both syntheses was proved by ICP-OES, combustion chemical
analysis, 2Si and 1*C MAS NMR spectroscopy.

All the materials were used as catalysts for the conversion of glycidol to the corre-
sponding cyclic carbonate. MgO-containing catalysts showed moderate activity compared
to the imidazolium chloride-based systems. This result is attributed to the good nucle-
ophilic features of the chloride anion compared to the MgO which can be considered a
Lewis base. The most active imidazolium-containing materials were tested over epichloro-
hydrin and styrene oxide as substrates. In all cases, the system with the higher Al loading
showed the best activities, out-competing (in terms of TON) most of the catalysts already
reported in the literature.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules27248883/s1, Figure S1: Pore size distribution for the
xAl_SBA-15 supports and the Imi/xAl_SBA-15 and MgO/xAl_SBA-15 catalysts; Figure S2: Wide-
angle XRD patterns of MgO/1Al_SBA-15 (a) and MgO/5A1_SBA-15 (b).
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