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ABSTRACT:

The present work reports on a large selection of porous siliceous materials functionalised by
quaternary ammonium salts (QAS) with various pores structures, possible doping with Zn**,
and different ammonium salt substituents as well as halide counter-ions. After
characterization by TGA, N, physisorption, XRD, XPS and 13C NMR, the latter were tested as
catalysts for the cycloaddition of CO, onto styrene oxide to produce styrene carbonate.
Control experiments performed with the naked silica supports and soluble QAS
demonstrated the synergistic action of the silanol groups on the supports and the quaternary
ammonium salts. Most importantly it was also shown that covalent grafting confirmed the
trend, without reducing the catalytic activity in comparison with conditions where soluble
QAS were used. However, the possibility to recycle the entire catalytic system is an obvious
benefit of heterogenized QAS. Quite clearly, our work highlighted the higher catalytic
efficiency of the most hindered quaternary ammonium salt (butyl groups) combined with
bromide ions. The resulting catalysts were tested under three types of conditions: in
dichloromethane at 3 mol% at 100°C under 10 bar of CO,, in benzonitrile at 0.8 mol% at 80°C
under 10 bar of CO, and in the absence of solvent at 0.2 mol% at 100°C under 20 bar of CO,.
Much better TOF values, of the order of 40 to 50 h™*, were obtained in the latter two cases.
Finally, the advantages and disadvantages of these last two catalytic systems are discussed,

particularly with regard to the development of a more sustainable chemistry.
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INTRODUCTION: Since the industrial revolution and the emergence of the steam engine,
mankind has been constantly meeting a growing need for energy. This energy requires the
combustion of fossil fuels, which are abundant on Earth and are considered to be the main
source of CO, emissions into the atmosphere.! This greenhouse gas has always been present
and is at the center of many exchanges between the earth's surface, the ocean and the
atmosphere via its carbon cycle. However, this balance is disturbed, and a surplus of CO,
equivalent to 1400 billion tons has since been emitted into the atmosphere between 1850
and 2014.2 The concentration of CO, in the atmosphere has thus reached an all-time high of
416 ppm in 2020, compared to 280 ppm before the industrial revolution.?

The reduction of anthropogenic CO, emissions is thus an urgent matter and three
main strategies are now at work to contain its increasing concentration. The first would be to
significantly reduce our energy needs. A second strategy, based on the Carbon Capture and
Sequestration (CCS), for example by chemical absorption of CO, with amines, is attracting
growing interest.* The chemical adsorption of CO, with amines represents the most mature
capture solution to date.> Monoethanolamine remains the most currently studied compound
for this. Thus obtained CO, can for instance be buried in geological faults or used as an
abundant renewable and non-toxic C1 carbon resource for the synthesis of high value-added
products.® The last possibility is referred to as Carbon Capture and Utilization (CCU). It would
allow to mitigate CO, emissions, but also to slow down the depletion of fossil resources.
Although the implementation of CCU remains difficult and time-consuming compared to the
CCS strategy, considerable efforts were made in the last two decades. Two main routes have
emerged.” The one involving the (electro)chemical reduction of CO,, by converting it to
formic acid, carbon monoxide, methane, ethylene or ethanol, is undoubtedly the most
studied.?

However, the use of CO,, without modifying the oxidation number of the carbon, also
allows access to compounds of very high added value, for example, cyclic carbonates which
can be easily obtained by the reaction of CO, with epoxides (cycloaddition).9 It is noteworthy
that coupling this reaction with epoxidation in a single pot allows the direct use of alkenes

instead of epoxides.'® In more than 90% of published studies, CO, cycloaddition is catalyzed



by quaternary ammonium (QAS) or imidazolium halides with a mechanism involving a Lewis
base (LB, the halide) and a Lewis acid (LA, the ammonium or imidazolium cation, which may
be coupled to other co-catalysts such as metal complexes).*!

Very often, soluble QAS are used and, generally, the involvement of electrophilic co-
catalysts, among which Zn** complexes and/or strategies based on the improvement of the
nucleophilicity of the Lewis base give rise to more efficient catalytic processes. Recently, it
has also been proved that zinc cations can decrease the undesired formation of
polycarbonates.12

The present manuscript focuses on the use of supported QAS catalysts to improve
recyclability and facilitate their separation from the reaction medium, thereby minimizing
contamination of the final reaction products. Commercially available anionic polymeric resins
bearing quaternary ammoniums salts can be used, but they suffer from low textural
parameters and their sensitivity to organic solvents (shrinkage or swelling effects).
Furthermore, the comparison of the catalytic efficiency of grafted catalysts onto polymeric
resins and silica supports are generally in favor of the latter.”® We therefore turned to the
development of organic/inorganic hybrid materials based on SBA-15 or KIT-6 silicas which
have both excellent textural properties and incomparable thermal and solvent resistance.
Here, we report our work on mesoporous silicas functionalization using covalent binding of
various QAS bearing different alkyl groups and counter-ions. The latter were introduced by
the reaction of silica with the corresponding pre-formed silylated QAS precursors. In
addition, the prior introduction of Zn?** cations as Lewis acids into the structure of the
respective supports was carried out in an attempt to improve the catalytic properties of the
resulting materials. Finally, the catalytic activity of all hybrid materials was investigated and
compared to that of the corresponding (non-silylated) soluble QAS in the cycloaddition

reaction of CO,. In this context, styrene oxide was chosen here as a benchmark molecule.

EXPERIMENTAL. Solvents and reagents were purchased from commercial sources and used
as received except CH3CN which was purified by classical procedures when mentioned in the
text. 3-(trimethoxysilyl)propyl-N,N,N-trimethylammonium chloride and 3-
(trimethoxysilyl)propyl-N,N,N-tributylammonium bromide (both 50 % in methanol) were

obtained from Alfa Aesar, TCl or ABCR and used as received. Fumed silica Aerosil R812 (280



m?/g) and precipitated silica Zeosil 175 MP (175 m?/g) were purchased from Evonik and

Solvay respectively. Materials and methods are described in the supplementary information.

1. Silylated-QAS synthesis procedure

As mentioned before, except for commercial 3-(trimethoxysilyl)propyl-N,N,N-
trimethylammonium  chloride and  3-(trimethoxysilyl)propyl-N,N,N-tributylammonium
bromide, the all other QAS (i.e. 3-(trimethoxysilyl)propyl-N,N-dimethyl-N’-ethyl ammonium
bromide, 3-(trimethoxysilyl)propyl-N-methyl-N’,N’-dimethyl ammonium bromide, 3-
(trimethoxysilyl)propyl-N,N,N-trimethyl-ammonium  bromide,  3-(trimethoxysilyl)propyl-
N,N,N-tripropyl-ammonium bromide and 3-(trimethoxysilyl)propyl-N,N,N-tri-""
butylammonium iodide) were synthesized.

For the bromide salts, the typical procedure was as follows: 3-bromopropyl
trimethoxysilane (BPTMS, 4 mmol) was diluted in 1 mL of dry acetonitrile under N,
atmosphere. Then, one equivalent of the corresponding amine was introduced dropwise
under magnetic stirring. The reaction mixture, was stirred under reflux (82 °C) under N,
atmosphere during 17 h leading to the quantitative formation of the expected silylated-QAS.
After CH3CN evaporation from the obtained yellow solution, the purity of the target
compound was checked by *H NMR. The spectroscopic characterization of these compounds
was in accordance with the data obtained from the literature.'*

The N,N,N-tri-"butylammonium iodide ((MeO);Si(CH,)sNBusl) was prepared using a
slightly modified protocol by mixing tributyl amine ("BusN, 38.5 mmol) and (3-
iodopropyl)trimethoxysilane (IPTMS, 25.7 mmol) in dry acetonitrile and stirring the mixture
at reflux (82°C) for 17h under N, atmosphere. Then the crude mixture was washed with
toluene (2x10 mL) and the product dried under vacuum (25.4 mmol, 99%). 'H NMR (CDCl3,
400MHz): 6 = 3.59 (s, 9H), 3.40-3.36 (m, 2H), 3.36-3.32 (m, 6H), 1.85-1.78 (m, 2H), 1.74-1.66
(m, 6H) 1.51-1.42 (m, 6H), 1.02 (t, J=7.34 Hz, 9H), 0.75 (t, J=7.44 Hz, 2H) ppm.

2. Synthesis of the mesoporous silicas

2.1 Synthesis of SBA-15 and KIT-6. SBA-15 silica with a hexagonal P6mm phase was
prepared according the literature,® by acidic hydrolysis of tetraethyl orthosilicate (TEOS) in

the presence of Pluronic® P123 (see figure 1) followed by a 24h hydrothermal treatment at



130°C. After filtration and drying, calcination was carried out in air by increasing temperature

by 1°C/min from room temperature to 550 °C and maintaining this temperature for 6h.

In a similar way, KIT-6 mesoporous silica with a cubic /a3d phase was obtained by
adding "BuOH (see figure 1).*® First, Pluronic® P-123 (8 g) was dissolved in a mixture of water
(289 mL) and HCl 37% (12.7 mL) at 35 °C. Then, "BuOH (9.9 mL) was introduced. After
stirring for 1h at 35°C, TEOS (18.4 mL, 83.0 mmol) was added and the mixture stirred for 24h
at 35 °C. After that, the mixture was heated at 100°C for 24h under static conditions and
then the silica was filtered. Silica was washed with water until obtaining a neutral pH and
dried in an oven at 120°C for 2h. Calcination was carried out in air by increasing temperature

by 1°C.min™* from room temperature to 550°C and maintaining this temperature for 6h.

a)
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H (0] OH 40°C,20h
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Figure 1. Schematic representation illustrating the preparation of SBA-15 (a) and KIT-6 (b) silica supports.

2.2 Synthesis of Zn/SBA-15 and Zn/KIT6. In parallel, Zn-doped mesoporous silicas
were synthesized by adding Zn(NOs), in the synthesis gel. Following a reported work, Zn/SBA-
15 was obtained by drying the suspension recovered after the hydrothermal treatment of
the synthesis gel containing 0.12 mol of Zn per mol of TEOS."” Hence, Pluronic® P-123 (8 g)
was dissolved in a mixture of water (260 mL) and HCI 37% (40 mL) at 40°C. Once Pluronic® P-
123 was dissolved, Zn(NQOs),.6H,0 (2.91 g, 9.79 mmol) was added. After stirring for 0.5h,
TEOS (18.1 mL, 81.6 mmol) was introduced and the mixture stirred for 24h at 40°C. After
that, the mixture was heated at 100°C for 24h under static conditions and evaporated at 80°C

for 18 h under stirring.

Following that, a new material Zn/KIT-6, could be prepared by merging the synthetic
paths of KIT-6 and Zn/SBA-15, i.e. by adding n-BuOH to Zn/SBA-15 synthesis. Pluronic® P-123
(8 g) was dissolved in a mixture of water (289 mL) and HCl 37% (12.7 mL) at 35°C. Once



Pluronic® P-123 was dissolved, Zn(NO3),.6H,0 (2.93 g 9.86 mmol) and "BuOH (9.9 mL) were
added. After stirring for 1h at 35°C, TEOS (18.4 mL, 82.1 mmol) was added and the mixture
stirred for 24h at 35°C. After that, the mixture was heated at 100°C for 24h under static

conditions and evaporated at 80 °C for 18h under stirring.

Calcination in both cases was carried out in air by increasing temperature by 1°C/min
from room temperature to 550°C and maintaining this temperature for 6h. Zn loadings for
Zn/SBA-15 and Zn/KIT-6 obtained by ICP-AES (Inductively Coupled Plasma Atomic Emission

Spectroscopy) were 9.7 wt.% and 9.6 wt.%, respectively (expected value: 11%).

3. Procedure for silylated-QAS grafting onto silica supports [max. 2 mmol.g™']: The
procedure was adapted from the literature, with slight differences depending on the

supports.*®

3.1 Silylated-QAS grafting onto SBA-15. SBA-15 was vacuum dried at 120°C for 3 h.
After cooling to room temperature, 10 mL of anhydrous toluene were added per gram of SBA-
15 placed under N, atmosphere in a two-necked vessel connected to a condenser. The
resulting suspension was immerged in an ultrasonic bath for 15 min. Then, under stirring, 2
mmol of QAS (per gram of SBA-15) were added dropwise. The suspension was stirred at
room temperature for 2h and then, heated in refluxing toluene for 24h. The white solid was
recovered by filtration on glass frit (porosity 4), washed with acetone and CH,Cl, using a
Soxhlet. The obtained material was dried overnight at 50°C and vacuum dried for 5h.

3.2 Silylated-QAS grafting onto other supports. Blank experiments were also carried
out with commercially available silicas such as fumed silica Aerosil R812 (Aerosil 300 treated
with hexamethyldisilazane, a trimethylsilylating agent converting -OH groups into -OSiMe3
(280 m?.g™)) and precipitated silica Zeosil 175 MP (175 m?.g™), purchased from Evonik and
Solvay, respectively. Firstly, the silica support was hydrolyzed in boiling water for 2h. After
filtration, silica was dried at 135°C for 16h, then dispersed in toluene (1.00 g of support for
100 mL of toluene). The required amount of (MeO)3Si(CH,)sNR3X in 50% methanol (targeting
2mmol per gram of support) was added and the mixture was stirred 8h at room temperature
and 16h at reflux (111°C). After filtering (glass frit porosity 4), silica was washed with toluene

(3x30 mL) and dichloromethane (3x30 mL), then dried under vacuum for 5h.

4. Catalytic cycloaddition of CO, on styrene oxide:



4.1 Preliminary catalytic tests with inorganic supports and soluble QAS. In a typical
reaction, 0.06 mmol (3 mol.%) of halide ammonium salt (QAS), styrene oxide (0.230 mL, 2
mmol) and mesitylene (0.14 mL, 1 mmol), used as internal standard, were placed into a 40
mL stainless steel reactor. Dichloromethane was added before closing and pressurizing the
reactor with CO, (P, = 10 bars) then the reactor was heated to the desired temperature
during 6h. Later, the reactor was cooled down to room temperature in an ice bath before
depressurizing. The final reaction mixture was filtered and the organic fraction was analyzed
by *H NMR (300 pL of sample using filter membranes were diluted in 700 uL of CDCl5). In
some tests, SBA-15, KIT-6, Zn/SBA-15 and Zn/KIT6 were also introduced.

4.2 Catalytic tests using {R:N*X'}@SBA-15 with optimized conditions. Styrene oxide
(0.670 mL, 5.6 mmol), 20 mL of benzonitrile, {RsN*X }@materials (corresponding to c.a. 0.045
mmol of QAS, 0.8 mol.%) and 8.0 mmol of p-xylene (1 mL), used as internal standard, were
introduced in a 40 mL Teflon vessel. The resulting suspension was stirred for 5 min at room
temperature and then pressurized in a stainless-steel autoclave with 10 bar of CO, before
heating to 80 or 120°C for 3 or 23 h with a temperature increase of 2.5 °C.min™. The
autoclave was then cooled down at room temperature using an ice bath and the reaction
medium analyzed by GC-FID, after filtration.

4.3 Catalytic tests under solvent-free conditions. In a typical reaction, {RsN'X
}@materials (corresponding to 0.06 mmol of halide, 0.2 mol.%) and styrene oxide (3.5 mL, 31
mmol) were directly placed into the autoclave, which was closed and pressurized with 20 bar
of CO, (corresponding to 32 mmol of CO,) then heated at 100°C for 6h. When the
experiment was completed, mesitylene (0.28 mL, 2 mmol) was added as internal standard.
The organic layer of the crude mixture was extracted with 5 mL of CH,Cl, and then filtered.
Samples were analyzed by NMR (200 pL diluted in 800 uL of CDCls). Then, the powder
recovered by filtration was washed with CH,Cl, (8x10 mL) in order to analyze the lixiviation of

QAS by TGA.

4.4, Catalyst recycling tests. Reuse tests were carried out using the same procedure
as for a standard catalytic test under solvent-free conditions (see paragraph 4.3). Thus,
{BusN*Br'}@SBA-15 (95.9 mg, corresponding to 0.06 mmol of halide, 0.2 mol.% ) and styrene
oxide (3.5 mL, 31 mmol) were placed in the autoclave. The autoclave was then pressurized

with 20 bar of CO, and heated to 100 °C. After 6 h, the reactor was cooled down in an ice



bath, depressurized and mesitylene (0.28 mL g, 2 mmol), dissolved in 5 mL of CH,Cl,, was
added as standard for NMR analysis. The catalyst was then filtered and washed with CH,Cl,.
After drying the recovered powder under vacuum, a new run was carried out by adding a
new amount of styrene oxide calculated based on the catalyst mass remaining after recovery
in order to keep constant the SO/catalyst molar ratio throughout the series of recycling

experiments.

RESULTS AND DISCUSSION
5. Synthesis and characterization of the materials

5.1 General strategy. Silica supported organic functions are generally introduced
either i) in the synthesis gel, with the silica precursors (“co-condensation pathway”) or ji) by
post-functionalization of the pre-formed inorganic support (“post-synthesis pathway”). In all
cases, quaternary ammonium halides bearing trialkoxysilylane groups are necessary. In the
present work, SBA-15 and KIT-6 were prepared upstream and reacted, in a second step, with
the organosilane precursors with QAS terminations (“post-synthesis pathway”). The scope of
commercially available quaternary ammonium salts bearing trialkoxysilylane groups is
however limited. Conventional QAS synthesis procedures used in organic chemistry are
generally based on the reaction of halogenoalkyl derivatives with tertiary amines. Such
syntheses can be performed either before grafting the silylated QAS molecule (ex-situ
grafting strategy, see Scheme 1) or, in two steps, by initial grafting of a halogeno-alkyl
derivative onto the support, then reaction of this pre-anchored grafted molecule with the
targeted tertiary amine (in-situ grafting strategy, see Scheme 1). These two synthetic
methods were largely illustrated in the literature, whether with silica or other types of
supports. However, the performances of such materials in which organic cations are
covalently grafted were hardly evaluated as catalysts for the CO, cycloaddition on epoxides.*’
To date, only one example using QAS-functionalized silica support as catalyst for this reaction
was described in the literature, to our knowledge.? In the present work, an ex-situ strategy
was preferred since it displays several advantages. Indeed, such procedure allows to
characterize the silylated quaternary ammonium halide precursors before grafting, in
homogeneous phase, and to purify them, if necessary, using molecular chemistry techniques.
Secondly, it also ensured uniform surface functionalization by only allowing grafting of the

target molecule. In the other method, non-post-functionalized sites may remain on the



surface of the materials. Third, the choice of halide containing QAS, rather than other salts
classically used for the cycloaddition reaction, was finally justified by the great flexibility in
their synthesis. It was thus possible to finely modulate, substituent by substituent, the steric

hindrance around the nitrogen atom of the ammonium and its Lewis acid character.

Br

(MeO)3Si NS Br OH OH OH F

Ex-situ pathway

SBA-15

N
PN Ri” "Rs N ®/ Rs
(MeO);Si Br (Me0)sSi N
dry CH3CN, D, 17h | R,
In-situ pathway R1
Rl,2 = Me, R3 = Et
Ry, =EtR3=Me
Ryp3 =Et
Ryi23 ="Bu

Scheme 1: Preparation of QAS-functionalized SBA-15.

5.2 Synthesis and characterization of the molecular silylated QAS precursors.
The synthesis of the non-commercial silylated quaternary ammonium was carried out by the
reaction of (3-bromopropyl)trimethoxysilane (BPTMS) or of (3-iodopropyl)trimethoxysilane
(IPTMS) with the corresponding tertiary amine. Among the different solvents (MeCN,
toluene, THF) and reaction temperatures tested, refluxing dry MeCN (see experimental
conditions) led to the best results for the synthesis of the triethylammonium derivative
[(MeO)3SiCH,CH,CH,NEts]'Br which was used as model compound for optimizing the
synthesis conditions. However, reaction of NEt; with 3-chloropropyl trimethoxysilane
(CPTMS) did not lead to a significant yield in the corresponding ammonium, due to the
poorer leaving group ability of chloride compared to bromide. The compounds bearing
{Me,EtN'Br}, {Et,MeN'Br}, {EtsN'Br}, {"BusN'Br} or {"BusN'l} terminations were thus
prepared using BPTMS and/or IPTMS with almost complete yields (from 92 to 99 % based on
'H NMR analysis) within 17 h. The compound bearing a {PrsN*Br’} group (see Table S1 for
details) was also prepared but in a rather low yield (42%). In this last case, it was not possible
to separate properly the ammonium from unreacted amine or BPTMS, and it was not used

for further grafting on silica.



Characterization of the mesoporous supports. The four porous supports (SBA-15,
Zn/SBA-15, KIT-6 and Zn/KIT-6) were first characterized by powder X-Ray Diffraction (XRD,
see supplementary materials, figures S1 and S2). The aim of this technique was not only to
confirm the pore arrangement but also to observe whether Zn atoms were dispersed or, on
the contrary, forming zinc oxide aggregates in the Zn-doped materials. Both SBA-15 and
Zn/SBA-15 mesoporous materials provided similar XRD patterns at low angle (Figure S1.a).
Therefore, they are characterized by the same pore arrangement, displaying characteristic
(100), (110), and (200) diffraction peaks typical of a lamellar 2D p6 mm hexagonal structure.
The same analysis was carried out for KIT-6 and Zn/KIT-6, affording similar results. At low
angle (Figure S2.a), the two materials provided similar patterns indicating the same pore
organization corresponding to a cubic 3D la3d pore network. In addition, the lack of zinc
oxide patterns in standard XRD for Zn/SBA-15 and Zn/KIT-6 (Figures S1.b and S2.b) revealed
that Zn atoms were totally dispersed. N, sorption isotherms were also carried out in order to
obtain more information about the surface and the porosity of the SBA-15, Zn/SBA-15, KIT-6
and Zn/KIT-6 solids. Isotherms were rather similar (see figure S3) and corresponded to type
IV, according to IUPAC classification.”! Moreover, the hysteresis of H1 type obtained with the
four materials pointed out the presence of a range of uniform mesopores. All the materials

have in common a narrow pore size distribution centered around 6-7 nm (see Table 1).

Table 1. Textural characteristics of SBA-15, Zn/SBA-15, KIT-6 and Zn/KIT-6

sample Zn N SzBET-1 PortengI. Average Pore
(mmol.g™) (m°.g") (cm™.g") diameter (nm)
SBA-15 - 900 1.12 6.2
Zn/SBA-15 1.48 567 0.86 6.1
KIT-6 - 860 1.12 6.5
Zn/KIT-6 1.47 678 0.94 7.1

5.3 Grafting of silylated-QAS and characterization of the resulting materials. The
silylated QAS were then grafted on SBA-15, Zn/SBA-15, Kit-6 and Zn/Kit-6, as well as
commercial Zeosil used for comparison targeting the corresponding {RsN"X}@support
materials. The optimized experimental procedure involved i) prior activation of the supports

by drying in vacuum at high temperature and ii) grafting in refluxing toluene for a long

10



period. All the corresponding materials were characterized by XRD, Thermogravimetric
analyses (TGA), X-ray fluorescence (XRF) and study of their textural properties.

Grafting of the [(Me0);SiCH,CH,CH,NR;]"X™ precursors onto SBA-15. The QAS
content of the {RsN"X }@SBA-15 materials was estimated using TGA and XRF measurements
(see supplementary information for the calculation method, figure S4). In the case of XRF, 3
calibration curves for Zn were performed by supporting zinc halides (ZnCl,, ZnBr, and Znl,)
on silica (see supplementary information for details). All data are summarized in Table 2. QAS
loading (expected 2 mmol.g'1 of support) was roughly found to be inversely proportional to
chain length and the size of the halide, i.e. from ca. 2 mmol.g"1 for {Mes;N*CI'J@SBA-15 to
0.68 mmol.g'1 {BusN'I'}@SBA-15. It seems that the surface concentration of -NMes'-
terminated QAS was significantly higher than with the other synthons.

Grafting of the Si-QASs onto SBA-15 did not affect the hexagonal pore structure of the
support as indicated by the systematic presence of the XRD peaks corresponding to the
(100), (110) and (200) reticular planes characteristic of SBA-15 (see Figure S5, top right). An
overall decrease of the specific surface (Sgr) as well as of the pore volume and average pore
diameter was observed after grafting. For sake of illustration, the final values of S were in
the range of 262 m%.g™ for {MesN*CI}@SBA-15, which has the highest QAS loading, to 433
m2.g™, in the case of {Me,EtN'Br’}-SBA-15 (Table 2). These tendencies were expected and
obviously compatible with the incorporation of silylated organic groups inside the pores of

the SBA-15 support.”?

Table 2. Textural characteristics and QAS loadings of the {R;N"X }@SBA-15 materials

S Average Pore Organic function loading
Sample (sz:-l) diameter Molarconc.  wt.%X wt.%X
(nm) (mmol.g’)*  (TGA)  (XRF)
SBA-15 900 6.2 N/A

{Me;N*CI'}@SBA-15 262 5.7 2.03 7.2 8.9
{Me,EtN’Br }@SBA-15 433 5.3 1.26 10.1 9.8
{Et,MeN'Br }@SBA-15 320 5.6 1.17 9.4 9.7
{Et;N'Br'}@SBA-15 415 5.3 1.22 9.7 6.8
{Bu;N'Br'}@SBA-15 381 5.6 0.74 5.9 5.3
{Bu;N‘I'}@SBA-15 355 5-6 0.68 8.6 9.9

* Estimated from TGA measurements.
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X-ray photoelectron spectroscopy (XPS) analysis was also performed on three {RsN*X’
}@SBA-15 materials. In all cases, the bromine signal (Figure 2, top) could be deconvoluted in
the Br 3ds/, (69.2 eV) and Br 3ds/, (68.1 eV) components ascribed to Br".?* For nitrogen, the
main peak observed at 400.8 eV (N 1s) was that expected for a quaternary ammonium, but a
much smaller one at 398.0 eV was also visible, revealing the presence of 2 types of nitrogen.
Given that the {RsN"X} precursors were not purified before the grafting step, the additional
N peak in the three XPS spectra was attributed to the presence of a small amount of non-
reacted tertiary amine. Nevertheless, the XPS molar ratio between ammonium-type nitrogen

atom and bromide was found close to 1 (from 0.9 to 0.97).
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Figure 2: XPS analysis of bromine and nitrogen elements of three {R;N*X }@SBA-15 materials.

To assess the covalent grafting of ammonium halides, the solids were analyzed by *H-
295j CP-MAS (Cross polarization - Magic Angle Spinning) NMR technique. Such analysis is not
guantitative since silicon atoms far from protons do not benefit from magnetization transfer
and are therefore not detected. However, the evolution of surface species upon grafting
(decrease of the signal corresponding to silanol groups) is a good indication of the grafting
and can be used as a semi-quantitative estimation of the amount of grafted moieties. For
illustrative purposes, the *H-2>Si CP-MAS spectra of {BusN'Br}@SBA-15 and neat rehydrated
silica SBA-15 are shown Figure 3. As expected, silica provided three peaks between -80 and -

120 ppm corresponding respectively to Q4 (Si(0Si)s), Qs (HO-Si-(0Si)3) and Q; (HO),-Si-(0Si),)
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species. In the spectrum of {BusN'Br}@SBA-15, peaks corresponding to siloxane (R-Si-
(OSi)«(OH),) species were observed around -60 ppm, apart from those ones related to
silicates (Q4, Qs and Q). The grafting of QAS functions was also evidenced by the decrease of
Q, and Q3 with respect to Q.

)
o 0% O OH 0" OH
sl h ht

b0 o S0 oY $0”" “oH
Q4 Q3 Q2

Qs
|
Qs
Qi
l'\Q*
OSiR q Q¢
I—Jﬁ

Figure 3. 'H-*’Si CP-MAS NMR spectra of neat SBA-15 (in blue) and {BusN'Br }@SBA-15 (in red).

Comparative grafting of [(MeO);SiCH,CH,CH,NBus3]'Br/I" on different supports.
With soluble QAS, it has often been reported that factors increasing the nucleophilicity of
halides, including steric hindrance induced by the nitrogen atom alkyl substituents, have a
positive effect on the catalytic performance in cycloadditions. Consequently, the silylated
QAS precursors with the butyl groups (i.e. [(MeO)3SiCH,CH,CH,NBus]'Br/I") were chosen in
order to systematically study the effect of the support on the catalytic efficiency of QAS after
immobilization. Both QAS were thus covalently grafted onto all supports prepared during the
course of this study and onto a commercial Zeosil, used as a reference. The targeted amount
of grafted QAS was 2 mmol.g'l. The textural characteristics and QAS loadings of the {BusN*X
}@support materials are displayed in Table 3. Since QAS grafting is strongly dependent on
the number of silanols available, Zeosil provided the lowest halide loadings per gram of
support due to its significantly smaller surface area (see Table 1). Except Zeosil, all other
materials displayed equivalent specific surfaces, in the range of 310 to 381 m’g™.
Furthermore, for similar supports, the general trend observed was that, for the same
supports, the bromide concentration was slightly higher overall than the iodide content.
Similar Zn loadings were also obtained with the two materials containing iodides, {BusN*I"

}@Zn/SBA-15 and {BusN'I'}@Zn/KIT-6 (respectively 1.28 and 1.39 mmol.g™) which is a little
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lower than 1.47 and 1.48 for the corresponding supports (Table 1). However, for Zn/SBA-15
and Zn/KIT-6, intriguing behavior was observed since low Zn** contents were observed,
especially for {BusN'Br}@zn/SBA-15 (0.11 mmol.g"). It seemed that bromide favored
lixiviation of the Zn** from the SBA-15 silica support. However, this was not to the detriment
of the QAS content within the material, which remained in the average range of those
observed in other materials Nevertheless, no appreciable Zn leaching was observed for
Zn/SBA-15 when using ammonium iodide.

Table 3. Textural characteristics and QAS loadings of the {BusN'X }@support materials

Sample SZBETI Avdeiraang‘(:tZorre Elen;ental loading (mmol.g;)
(m'-g7) (nm) (XF;‘F) X (TGA) (XRF)

{Bu;N*Br'}@Zzeosil 148 20-60 - 0.33 0.28
{BusN'I'}@Zeosil 136 10-50 - 0.31 0.28
{Bu;N'Br'}@SBA-15 381 5-6 - 0.74 0.70
{BusN'I'}@SBA-15 355 5-6 - 0.67 0.78
{BusN'Br'}@zn/SBA-15 355 5-6 0.11 0.83 0.94
{Bu;sN'I'}@Zn/SBA-15 366 5-6 1.39 0.67 0.63
{Bu;N*Br'}@KIT-6 380 4-6 - 0.91 1.06
{BusN'I'}@KIT-6 348 4-6 - 0.80 0.96
{Bu;N'Br'}@zn/KIT-6 362 5-7 0.92 0.74 1.06
{BusN'I'}@zn/KIT-6 316 5-6 1.28 0.61 0.69

As a conclusion of this part, XRD, TGA, XPS analyses and N, physisorption
measurements on the different materials grafted with silylated QAS precursors showed that
there is no degradation of the silica support. The concomitant reduction of the specific
surface area, of the average pore diameter and of the pore volume are good indicators
showing that the grafting took place homogeneously within the pores of all materials as
expected. Furthermore, all QAS-functionalized silicas provided similar results for halide
loading per square meter of surface area, between 1.5 and 2.9 umol.m'z, highlighting that

the main factor was the specific surface area and not the intrinsic structure of silica.

6. Catalytic performances towards CO, cycloaddition onto styrene oxide
6.1. Comparison of {BusN’X }@materials with soluble Bus;N*X in the presence of the
naked supports. Soluble QAS considered individually have demonstrated fairly good catalytic

activity for the cycloaddition of CO,, even at industrial scale, but at rather high temperatures
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and pressures. These reaction conditions can be lowered by coupling to these QAS co-
catalysts acting as Lewis acids, i.e. capable of activating the opening of the oxirane ring.
Among these, molecules capable of forming H bonds have been used extensively. Hydroxyl
groups, such as silanols on the surface of silica, can also contribute in this way. Indeed, the
beneficial effect of adding silica or Zn-doped silicata, without ammonium grafts, on the
performance of soluble QAS for the cycloaddition of CO, to epoxides was documented
several times in the literature.?* The aim of the present preliminary tests was to verify that
this effect could be generalized to different types of materials, including those incorporating
Zn**, also acting as a potential additional Lewis acid. Here, unfunctionalized mesoporous
silicas (SBA-15, Zn/SBA-15, KIT-6 and Zn/KIT-6) were tested in the cycloaddition of CO, to
styrene oxide (SO), in the presence of three tetrabutylammonium halides (NBusX, X= Cl, Br
and 1) used as Lewis bases (LB) (Table 4). The amount of Zn-doped silica (Zn/SBA-15 and
Zn/KIT-6) was calculated in order to add 1 mol% of Zn and it was decided that the same mass
would be added in the case of neat silicas (SBA-15 and KIT-6). Concerning Lewis bases, a
catalyst loading of 3 mol% was used in each experiment, in accordance with previous works
done by some of us.” To better emphasize the possible effects of the presence of the added
solids, all the catalytic tests were performed at 100°C for 6 h under 10 bar of CO, and using
CH,CIl, as solvent. It has to be also noted that styrene carbonate (SC) selectivity found in each

experiment was higher than 93%.

Table 4. Influence of added silicas or Zn-doped silicas onto NBu,X
catalysed CO, cycloaddition
SO Conv. SC Yield

Entry Silica LB (NBu,X)

(%) (%)
1 - Cl 9 9
2 - Br 7 7
3 - | 6 6
4 cl 50 47
5 SBA-15 Br 52 50
6 | 49 46
7 Cl 58 54
8 Zn/SBA-15 Br 55 52
9 | 55 54
10 Cl 37 37
11 KIT-6 Br 38 37
12 | 36 35
13 Cl 45 45
14 Zn/KIT-6 Br 42 40
15 I 54 52
16 Aerosil R812 Br 25 25
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Reaction conditions: CH,Cl, (5 mL), SO (2 mmol), LB= 3 mol% vs. SO (0.06
mmol), 100°C, Pco,: 10 bar, mgj, = 13.4 mg, 6 h.

Tetrabutylammonium halides alone were tested first under the chosen conditions,
affording yields below 10% (Entries 1-3, Table 4). Interestingly, a dramatic increase of the SC
yield was systematically observed upon the addition of the different silicas or Zn-doped
silicas (Entries 4-15, Table 4). This is particularly important as no trace of styrene carbonate
formation could be detected with these materials alone. It is noteworthy, that, for each solid,
the SC yields did not depend strongly on the type of halides used. Besides, the activity of the
catalytic systems involving the materials with a 2D pore arrangement, i.e. SBA-15 and
Zn/SBA-15 (Entries 4-9, Table 4), turned out to be higher than that of their respective
analogous with a 3D pore arrangement, KIT-6 and Zn/KIT-6 (Entries 10-15, Table 4).
Furthermore, it seems that the presence of Zn in the structure slightly enhanced the
conversions and yields (Zn/SBA-15 > SBA-15; Zn/KIT-6 > KIT-6). All put together, it happened
that the highest yields (54-52%, Entries 7-9, Table 4) was provided by combining mesoporous
silica Zn/SBA-15 with any tetrabutylammonium halide (Cl, Br or I). Finally, to provide a
definitive proof of the importance of the presence of silanol groups acting as Lewis acids, a
commercially available hydrophobic silica, namely Aerosil R812, was tested along with
NBu4Br. As expected, partial trimethylsilylation of its silanols led indeed to significantly lower
values of the SO conversion (25%) and SC yield (25%) (Entry 16, Table 4) than those obtained
with previous silicas.

The catalytic performances of the bromide and iodide-based {BusN*X}@materials
were also evaluated in the same experimental conditions (See Table 5). Again, all catalysts
provided significantly higher SO conversions (33-50%) and SC yields (33-49%) compared to
the corresponding soluble tetrabutylammonium halides, which gave 7% (with Br’) and 6%
(with I') SC yield respectively (Entries 2 and 3, Table 4). In details, SBA-15 and Zn/SBA-15
silica, with 2D symmetrical pores arrangement (Entries 3-6, Table 5), provided slightly higher
results in terms of conversions and yields than the other ones (Zeosil, Entries 1-2 or KIT-6 and

Zn/KIT-6 Entries 7-10, Table 5).

Table 5. Catalytic performances of {BusN"X }@materials in CO, cycloaddition in CH,Cl,

Entr silica SO Conv. SC Yield
y (%) (%)
1 {BusN*Br’}@Zeosil 35 35
2 {BusN'I'}@Zzeosil 42 42
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3 {BusN'Br'}@SBA-15 50 49
4 {BusN'I'}@SBA-15 44 43
5 {BusN'Br}@zn/SBA-15 38 37
6 {Bu3sN'I'}@Zn/SBA-15 43 42
7 {BusN*Br}@KIT-6 41 41
8 {BusN'I}@KIT-6 38 38
9 {BusN"Br'}@zn/KIT-6 33 33
10 {BusN'I'}@Zn/KIT-6 41 38

Conditions: CH,Cl, (5 mL), SO (2 mmol), LB= 3 mol% vs. SO (0.06 mmol), 100°C, Pco,: 10 bar, Msjic,
Reaction =13.4mg, 6 h

On the other side, it is difficult to assess the influence of the nature of the associated
counterion (Br vs I') or the presence of Zn®" ions in the materials, as the results obtained are
relatively close to each other. However, from the comparison of the data in the tables 4 and
5, it seems that grafting of QAS onto Zn-doped silicas is detrimental to the co-catalytic effect
of Zn**. Finally, although the effect of covalent grafting of QAS did not appear so obvious
under these experimental conditions at first glance, it helps to obtain heterogeneous
catalytic systems, justifying further work. Here, it should be noted that the highest catalytic
activity (SO conversion: 50%, SC yield: 49%) was obtained after grafting {BusN'Br’}
ammonium onto SBA-15. Regarding these encouraging results, efforts were done in
optimizing the experimental conditions in order to increase SC vyield all by using milder

conditions.

6.2. Optimization of the experimental conditions for a greener process. A systematic
study of the experimental conditions was undertaken in order to optimize the CO,
cycloaddition onto styrene oxide. The criteria applied aimed to meet as much as possible
green chemistry requirements by:

- increasing the ratio between the catalyst and the SO substrate;

- avoiding the use of halogenated solvents and working in free-solvent conditions or
at least replacing them by more sustainable solvents, such as nitriles.?®

- reducing the reaction temperature and/or the reaction time.

- studying the parameters likely to improve the efficiency of the catalyst.

In fine, two sets of reaction parameters were therefore retained in this study (see paragraphs
6.2.1 and 6.2.2 beside) because they met, at least in part, these different criteria, while

making it possible to improve the performance of the catalysts studied.
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6.2.1. Effect on the chain length of the grafted QAS. As detailed before, the
intrinsic nature of the support and of the halide associated to the grafted QAS had moderate
effect on the yield of the catalytic reaction, using the previous set of reaction parameters. In
this part, we have focused our attention on the impact of the steric hindrance on the
nitrogen atom of grafted QAS. Based on the best results obtained so far (entry 3, Table 5), we
focused our attention on materials prepared with the SBA-15 support, i.e. {RsN'Br'}@SBA-15
solids with {Me,EtN*Br}, {MeEt,N*Br}, {EtsN*Br’} and {BusN'Br’} groups. The catalytic tests
were carried out at Pco, = 10 bar, in a greener solvent, benzonitrile, with a higher SO:{RsN*X’}
molar ratio of 120 (0.8 mol%) at 120°C or even 80°C. Table 6 shows the results obtained after
3 h and 23 h of reaction. All the {RsN*Br}@SBA-15 materials tested afforded complete
conversion of styrene oxide into styrene carbonate within 23 h at 120°C (Table 6, entries 3, 5,
7 and 9), unlike soluble BusNBr alone (Table 6, entry 11). Although the yield of SC observed
was already high after 3 h of reaction for all four catalysts (from 63 to 97%), it should be
noted that the highest conversion values were obtained for ammonium with increased steric
hindrance. Even if none of those catalysts allowed the completion of the reaction at 80°C,
the same trend was actually observed whether after 3 h of reaction (from 16% with
{Me,EtN*Br'}@SBA-15 to 31% conversion with {BusN*Br'}@SBA-15) or after 23 h (62 to 87%,
Table 6, entries 4, 6, 8 and 10).

Of all the solids tested, {MesN*CI'}@SBA-15 (entry 2, Table 6) is the only one that did
not allow the complete conversion of styrene oxide at 120°C, even at longer time (only 40%
after 23 h). Compared to all the materials investigated, {MesN*CI'J@SBA-15 differs by the
nature of the halide and the lowest steric hindrance of R substituents. Here, we believe that
the low activity of {Me3sN*CI'J@SBA-15 is mainly related to the formation of a stronger ion
pair compared the other {R3N*Br'}@SBA-15 materials tested. Despite the higher SO:{R3sN*X’}
molar ratio used, improved activities of the {RsN*Br'}@materials in benzonitrile compared to
dichloromethane, could result from the use of a more dissociating solvent (¢ = 25.9 vs. 8.9 for
CH,Cl,) allowing the formation of loose anion/cation pairs. To explain the results, it is
noteworthy that the solvation of bromide (and a fortiori of iodide) in benzonitrile is favored
at the expense of harder chloride anions because of the potential formation of halide-nt

interactions®’ involving the phenyl group of benzonitrile.

Table 6: Catalytic performances of {BusN'X }@materials in CO, cycloaddition in benzonitrile
Entry Catalysts T(°C) SC Yield SC Yield
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after 3 h (%) after 23 h (%)
1 SBA-15 120 0 0
2 {MesN*CI'}@SBA-15 120 8 40
3 {Me,EtN'Br'}@SBA-15 120 63 99
4 {Me,EtN*Br'}@SBA-15 80 16 62
5 {MeEt,N'Br}@SBA-15 120 75 99
6 {MeEt,N"Br'}@SBA-15 80 21 89
7 {Et;N"Br }@SBA-15 120 87 98
8 {Et;N"Br }@SBA-15 80 24 76
9 {BusN'Br}@SBA-15 120 97 99
10 {Bu;N'Br'}@SBA-15 80 31 87
11 BusN'Br’ 120 62 84
12 BusN'Br 80 12 49

Benzonitrile (20 mL), Pco, = 10 bar, p-xylene (8 mmol, internal standard), {RsN°X }@SBA-15 (corresponding to 0.045 mmol off
QAS) and styrene oxide (0.665 mL, 5.6 mmol), leading to a SO:{ RsN"X} ratio of 120.

6.2.2. CO, cycloaddition onto SO in solvent-free conditions. The last set of
experimental conditions tested did not involve any solvent. At first sight, this should avoid
the use of potentially polluting organic solvents. However, it should be kept in mind that the
catalyst separation step generally still requires solvents to allow filtration and/or extraction
of the reaction products. From our point of view, the main advantage of such procedure is
that it allowed to work with a higher substrate concentration. As a result, a much higher
initial substrate/catalyst ratio was used. In the present study, this ratio was fixed at ca. 520
instead of 120 (SO: 31 mmol and X: 0.06 mmol, corresponding to ca. 0.2 mol% of catalyst).
However, regarding the extended amount of SO used in this experiment, the quantity of CO,
available needed to be also adapted, for a same volume of reactor. Under solvent-free
conditions, the initial pressure of CO, was therefore fixed at 20 bar (corresponding to 32
mmol of CO,;) instead of 10 and the reaction time set at 6 h. It is noteworthy that in these
conditions, the ratio CO,:SO was thus slightly higher than 1. The results are presented in
Table 7.

Table 7: Catalytic performances of {BusN'X}@materials and Bu,N'Br in CO,
cycloaddition in solvent-free conditions

Entr Catalvsts SO Conv. SC Yield
Y v (%) (%)
1 Bu,N'Br 37 35
2 Bu,N'I" 44 43
3 {BusN'Br}@zeosil 81 80
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4 {BusN'I'}@Zeosil 88 87
5 {BusN*Br'}@SBA-15 84 83
6 {BusN'I}@SBA-15 80 80
7 {BusN'Br'}@zn/SBA-15 75 74
8 {BusN'I'}@2zn/SBA-15 87 87
9 {BusN'Br}@KIT-6 62 62
10 {BusN'I}@KIT-6 75 73
11 {BusN*Br'}@zn/KIT-6 60 57
12 {BusN'1}@2Zn/KIT-6 84 84

SO (31 mmol), LB=0.194 mol% vs. SO (0.06 mmol), 100°C, 20 bar CO;, 6 h.

All the tested catalysts gave better results in neat styrene oxide (table 7), than in
CH,Cl, at 100°C (Tables 4 and 5). As already mentioned for the tests in dichloromethane, also
carried out for 6 h at 100°C (Table 5), the {BusN*X}@support catalysts (X = Br, 1) (Table 7,
entries 3-12) were more efficient compared to the soluble QAS (Table 7, entries 1-2).
Moreover, very good catalytic activity was observed for all materials (Table 7, entries 3-12).
In each case, the SO conversion (from 60 to 88%) as well as SC yield values (from 57 to 87%)
obtained were systematically higher than those in CH,Cl, (see Table 5). It is noteworthy that
the effects of the nature of the halogen anion (bromide vs. iodide) and of the presence of
Zn?* jons in the materials were similar in solvent and solvent-free conditions. A slightly
improved SC yield was observed for the SBA-15 and KIT-6 materials containing zinc cations
(Table 7, entries 6 vs.8 and entries 10 vs.12) and in general the iodide containing materials
are more efficient than their bromide analogs, except for {BusNBr}@SBA-15 (Table 7, entry
5). Even if the latter material gave superior results in CH,Cl, or benzonitrile, this was not
observed in solvent-free conditions, where the iodide containing zinc {BusNI}@Zn/SBA-15

gave the best SC yield (Table 7, entry 8).

6.3 Recycling ability of {BusN'Br}@SBA-15. Recycling tests of the catalysts were
performed in solvent-free conditions, choosing {BusN'Br'}@SBA-15 as a model. The latter
was evaluated over five runs (Figure 4), recovering the catalyst from the reaction mixture and
washing it before next run, as detailed in the experimental section (paragraph 4.4). The
amount of styrene oxide re-engaged was calculated for each run, in order to keep the same
ratio of bromide vs. styrene oxide, assuming that the catalyst would preserve the same

halogen loading.
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Figure 4. Recycling experiment using {BusN'Br }@SBA-15 over five runs in solvent-free conditions.

Reaction conditions: SO (31 mmol),{BusN*Br }@SBA-15 (0.2 mol% vs SO, 0.06 mmol), 100°C, 20 bar CO,, 6 h.

It turned out that the catalytic activity decreased progressively after each cycle,
leading to lower SO conversion and lower cyclic carbonate selectivity, in particular for the
latter run. This observation could be related to the lixiviation of the QAS bromide or to the
progressive exchange of bromides by other anions in the reaction conditions. The catalyst
recovered from the fifth run was analyzed by thermogravimetric analysis (TGA) and solid-
state *C NMR spectroscopy in order to get some information to understand this loss of
catalytic activity.

TG analysis of the {BusN'Br'}@SBA-15 catalyst after five runs was carried out and its
results compared to those obtained with the fresh catalyst i) as it was engaged in the first run
and ii) after being subjected to intensive washing (8 x 10 mL CH,Cl,) mimicking the successive
treatments one the used catalyst. As shown in Figure 5a, the fresh and intensively washed
catalysts provided similar TGA curves, pointing out that intensive washing did not cause any
significant lixiviation. Nevertheless, the curve corresponding to the recycled catalyst was
different from that measured with the starting material. Therefore, it can be stated that the
catalyst underwent some evolution during the five successive runs, which is reflected on the
curve by the absence of a clearly defined plateau, unlike what was observed for the fresh
sample or after intensive washing. There is clearly a loss of homogeneity in the organic part.
Furthermore, these results suggest that there was an overall loss of mass slightly greater
than that observed for the fresh sample. The comparison of the derivative functions of the

TGA curves were also instructive as shown in Figure 5b. As expected, the fresh and washed
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catalysts were characterized by similar derivative curves. On the contrary, the derivative
curve plotted for the five times recycled catalyst was more complex, since emphasizing more

components, especially in the range of 150 to 450°C.
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Figure 5: TGA curves (a) and their derivatives (b) for the fresh, recycled after five runs and intensively washed
{BusN'Br }@SBA-15.

The fresh catalyst and the material recovered after 5 runs were analyzed by solid-
state >*C NMR (Figure 6), in order to try to identify the nature of the organic molecules
participating to the catalyst deactivation. For the fresh materials, the main peaks 1 to 4 were
attributed to butyl chains of the ammonium, while the two less intense peaks (6 and 7) were
assigned to the carbon atoms connected to the silicon atom. Even if all these peaks could be
observed on the spectrum of the recycled catalyst, intense additional signals were also
present, especially between 70 and 150 ppm. These additional peaks were attributed to the
presence of poly(styrene oxide) (or PSO) resulting from the ring-opening polymerization of
styrene oxide.?® Therefore, it is likely that PSO could impregnate the surface of the silica,
poisoning the catalyst and limiting the catalytic performances of the QAS grafted at the
surface of the silica. If we look closely at the ATG results, it appears that the mass loss
observed between 200 and 700°C is fairly close in the initial material and the recycled
material. If we compare this with the 3¢C solid state NMR results, it appears that, since the
NMR shows the adsorption of polymers in large quantities on the support, mechanically the
guantity of ammonium grafts still present on the support must therefore be much lower on
the recycled catalyst. In summary, if we analyze NMR and TGA data in parallel, it appears

that:
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- the mass loss observed between 200 and 700°C in TGA was fairly close in the initial and the
recycled materials. However, the TG profiles vs. temperature of both samples are significantly

different.

- 13C solid state NMR results showed the adsorption of polymers in large quantities on the

support.

The conclusion of these two studies is that, mechanically, the quantity of ammonium grafts
still present on the support must therefore be lower on the recycled catalyst. According to
these results, we can assume that some leaching of the catalyst occured, even if the
subsequent NMR studies also show that this phenomenon is compounded by the formation

of poly(styrene oxide).
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Figure 6. Solid-state >C NMR spectra of fresh {BusN'Br }@SBA-15 catalyst (red)
and after five runs (green).
CONCLUSION. In this work, materials bearing ammonium halides moieties were synthesized
by covalently grafting silylated QAS onto several silica supports with different pore
arrangements (SBA-15, KIT-6) as well as using commercial Zeosil or Aerosil R812. Zn**-doped
support analogs (Zn/SBA-15 and Zn/KIT-6) were also prepared in order to determine the
effect of the introduction of an external Lewis acid. In this regard, silylated QAS with different
size chains (from trimethyl to tributylammonium derivatives) and different associated halides
(Cl, Br and 1) were used, leading to the preparation of a wide series of catalysts. The

performances of all materials, including the unfunctionalized supports, were evaluated in the
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CO, cycloaddition into styrene oxide (SO) to form cyclic styrene carbonate (SC), using three
sets of conditions. Different parameters were thus studied in the course of this work allowing

to draw some general conclusions.

e Addition of a silica support in the presence of a soluble QAS systematically provided a
benefit in terms of both SO conversion and SC yield, whatever the pore structure of the
support. It seems that the most important parameter is the number of Si-OH functions
brought by the support, these last playing the role of additional Lewis acid co-catalysts. This
was also confirmed by the use of a partially methylated silica support which significantly
lowered the catalytic performances of the corresponding materials.

e Covalent grafting of quaternary ammonium halides did not reduce their catalytic
activity compared with conditions where soluble QAS such as NBusX (X = Cl, Br, I) are
associated with the naked supports. The main added benefit of their immobilization is
therefore in terms of catalyst separation.

e Addition of Zn** ions in the framework of the silica had no tremendous effect on the
catalytic activity, the Lewis acid role of zinc cations being negligible compared to the one of
the Si-OH groups.

e As expected, the carbon chain lengths of the QAS are key parameters to improve the
catalytic activity of the materials: QAS hindered by longer chains led to higher catalytic
activity increasing both SO conversion and SC yield.

e Solvents with high permittivity such as benzonitrile only allowed to emphasize
differences between the halides borne by the supported QAS. In that case, it could be shown
that the order of efficiency is as follows: Cl < Br = |.

e Solvent-free conditions were tested successfully, affording up to 80% yield of styrene
carbonate within 6 h at 100°C with ca. 0.2 mol% of catalyst. However recyclability has to be
improved, since lixiviation of the catalyst was observed. Indeed, {BusN'Br}@SBA-15) taken
as an example, exhibited a loss of SC yield of about 65% after five runs. Unfortunately,
solvent-free conditions seem also to favor side polymerization of the epoxide forming
poly(styrene oxide) as suggested by solid-state 3C NMR. Here the use of a lower pressure,
while keeping stoichiometric conditions, could be envisaged by working with an equipment

delivering CO, on demand.
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e With {BusN'Br}@SBA-15, the catalytic test performed in benzonitrile at 0.8 mol% of
QAS at 80°C for 3 h under 10 bar of CO, displayed a TOF of c.a. 40 h™, that run at 0.2 mol% of
QAS without solvent at 100°C for 6 h under 20 bar of CO, a TOF of c.a. 54 h'l, while that
performed in dichloromethane at 3 mol% of QAS at 100°C for 6 h under 10 bar of CO, gave a
TOF value of c.a. 3 h™.
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