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Abstract: The increased awareness of the catastrophic consequences caused by the accumulation of
greenhouse gases into the atmosphere has generated a large mobilization aimed at CO, mitigation. Herein, in
the spirit of the transformation of a waste as CO; into value added products, we propose an efficient
preparation of two different hybrid systems based on aluminum chloride tetrastyrylporphyrin (TSP-AI-CI)
and 1,4-butanediyl-3,3'-bis-1-vinylimidazolium dibromide copolymerized in the presence (MWCNT-TSP-
AlCl-imi) and in absence (TSP-AICl-imi) of multi-walled carbon nanotubes (MWCNTSs) for the CO»
utilization in the synthesis of cyclic carbonates. The so-prepared materials have been thoroughly
characterized by means of several spectroscopic and analytical techniques. The MWCNT-TSP-AICI-imi
heterogenous catalyst enabled the highly efficient chemical transformation of CO, and epoxides into cyclic
carbonates with high turnover number (TON) and frequency (TOF) values at low temperature down to 30 °C
in solvent-free conditions. MWCNT-TSP-AICI-imi proved to be a very stable and reusable heterogeneous
catalyst in consecutive cycles without the need of any reactivation procedure and no leaching phenomena.
Furthermore, the optimal morphology of MWCNT-TSP-AICI-imi, with the crosslinked polymer uniformly
distributed onto MWCNTSs backbone, resulted in a more active catalyst with a TON double than the
unsupported one. The enhanced activity of MWCNT-TSP-AICI-imi can be ascribed to its higher surface area
that permits fully accessible catalytic sites. Interestingly, MWCNT-TSP-AICI-imi also showed a catalytic
activity comparable to a reference homogeneous catalytic system, proving that synergism occurred between

the metal centers and the nucleophilic sites due to their close proximity.

Introduction

The intensive use of fossil fuels is the main cause of the large emissions of carbon dioxide into the
atmosphere. Nevertheless, if on the one hand CO,, with its huge contribution to the greenhouse effect, is

1



10

15

20

25

30

35

responsible for the drastic climate change we are witnessing nowadays, on the other hand it is also a low-
priced, abundant, and sustainable C; resource for the chemical industry.[1-4] It is therefore not surprising
that the transformation of a waste as CO; into useful products represents a topic of current interest that meets
the requirements both from the environmental and industrial viewpoint. Among the wide range of CO»-
derived high-value added chemicals, the cycloaddition of carbon dioxide with epoxides for the synthesis of
cyclic carbonates, which find applications as chemical intermediates, polar aprotic solvents, or battery
electrolytes, have aroused a great research interest.[5-7] However, due to the highly stable and inert nature of
CO., the synthesis of cyclic carbonates starting from epoxides has required the development of efficient
catalytic systems, both homogeneous and heterogeneous, able to promote the chemical conversion of carbon
dioxide under ever milder reaction conditions.[8-12] Undoubtedly, although homogeneous catalysts offer
remarkable advantages, such as high activity and selectivity, they suffer from certain drawbacks mainly
related to their difficult recycling/reuse and laborious purification processes of cyclic carbonates from the
reaction medium, which may represent highly time- and energy-consuming procedures. The solution to those
issues lies in the preparation of heterogeneous catalytic systems that can certainly make the recycling process
and their reuse much easier. Heterogeneous metal-based catalysts are a class of materials extensively
exploited in the chemical transformation of CO; into cyclic carbonates. The presence of the metal center is
responsible for the activation of the epoxide enabling the conversion of CO, under milder reaction
conditions. By taking the last approach, the appeal of the overall catalytic process is considerably increased
becoming highly sustainable. It deserves to be mentioned that the conversion of CO; into cyclic carbonates
fulfils various principles of green chemistry such as the transformation of a waste and a renewable source in
high values-added chemicals, 100% atom economy, the possibility to perform the process under solvent-free
conditions and with the help of a heterogeneous catalyst. This has prompted the scientific community to
develop different metal-based catalysts active in the synthesis of cyclic carbonates and including metal
oxides,[13-17] metal-organic frameworks (MOFs),[18-23] zeolites,[24-30] as well as porous organic
polymers (POPs)[11, 19, 31] and covalent organic frameworks (COFs)[32] with accessible metal sites,
among others. Most of the metal-based catalytic systems require the presence of additional nucleophilic co-
catalytic species, such as tetrabutylammonium bromide (TBAB), which can help in the ring-opening of the
epoxides, though used, in some cases, in very large amount with respect to metal catalyst, leading to
incorrect TOF values.[33] In such a way, both the electrophilic/Lewis acid and the nucleophilic/Lewis base
centers can simultaneously cooperate contributing to improve the catalytic efficiency. However, if on the one
hand the use of a nucleophilic additive can enhances the performance towards the conversion of CO,, on the
other hand the presence of an external component could cause a detrimental effect in terms of complexity of
the reaction mixture and difficulty of the purification process of cyclic carbonates.[22] Therefore, a possible
solution to this issue could be offered by the preparation of a heterogeneous bifunctional catalyst containing
both the metal center and the nucleophilic species. In this context, a rational design of the heterogeneous
catalyst at the molecular scale is of paramount importance. For this purpose, metalloporphyrin complexes

represent ideal molecular scaffolds since the porphyrin core can be properly functionalized in order to
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improve the activity of the final catalyst. The high versatility of these complexes, together with that of
another highly exploited class of complex, namely Salen-based metal complexes, is witnessed by their
widespread use in the cycloaddition of CO, with epoxides. Various complexes based on many metals, such
as Zn, Al, Mg, Ni, Cr, and Co have been incorporated in the structure of different heterogeneous catalysts
used for this aim. In particular, these metal-based catalysts can be classified into two types, namely those
requiring the addition of an external nucleophilic co-catalytic species[34-46] and those belonging to the
bifunctional type.[47-69] Therefore, in the light of above and on the basis of our experience with
imidazolium salts-based catalysts for the conversion of CO; into cyclic carbonates,[70-77] we designed the
preparation of a bifunctional and efficient heterogeneous catalyst for CO, fixation into epoxides. The
approach for the obtaining of the target catalytic material consisted in the preparation of a porous structure
synthesized from the radical copolymerization of a tetrastyrylporphyrin aluminum chloride (TSP-AICI)
monomer with a bis-vinylimidazolium (bis-imi) salt bearing bromide anion as counter ion. In such a way, a
fixed local concentration of active sites corresponding to an Al/Br™ ratio of 1/8 and a fine control over their
relative position to maximize the cooperation/synergism between the electrophilic and nucleophilic sites has
been reached. Another crucial factor is to ensure easy access of the reagents to active sites. The highly cross-
linked nature of the hybrid prepared generates a material with a low surface area, and this could drastically
reduce the diffusion rate of the reactants towards the active sites eventually causing a lowering of the
catalytic activity. Therefore, a support material onto which the polymeric network can be uniformly
distributed and can at the same time make all the catalytic sites fully accessible and impart robustness to the
entire catalytic system is highly desired. In our previous works, we have shown how different carbon
nanoforms (CNFs) can direct the growth of polymers, which eventually formed a uniform coating around the
carbonaceous skeletons.[72, 73, 78-80] In addition, the functionalization of CNFs by means of radical
polymerization represents a very efficient strategy in terms of both the intrinsically inherent near 100% atom
economy of reaction mechanism of the polymerization process, and the limited production of waste due to
the excellent yields and high functionalization degree of the so-obtained CNFs (low E-factor). Therefore,
herein we have chosen multi-walled carbon nanotubes (MWCNTS) as ideal support material onto which to
build the polymeric network of TSP-AICI and bis-imi. All the materials prepared and their precursors have
been fully characterized by means of different techniques, and the heterogeneous bifunctional Al/Br™ catalyst
supported onto MWCNTs has been tested in the synthesis of cyclic carbonates starting from CO; and several

epoxides with excellent results.

Materials and methods

Styrene oxide, epichlorohydrin and cyclohexene oxide were purchased from TCI. Glycidol, limonene oxide,
1,4-butanediol diglycidyl ether and 2,2'-Azobis(2-methylpropionitrile) (AIBN) were purchased from Sigma-
Aldrich. These chemicals were used without further purification. Transmission electron microscopy (TEM)
images were obtained using a Philips Tecnai 10 microscope operating at 80 kV. The samples were prepared

by dispersion of a small quantity of the material in absolute ethanol and deposited into a copper grid. X-ray
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photoelectron spectroscopy (XPS) analysis were carried out in a ThermoFisher ESCALAB 250Xi
instrument. Inductively coupled plasma optical emission spectroscopy (ICP-OES) were performed in an
Optima 8000 ICP-OES Spectrometer. Nitrogen adsorption analysis were carried out in a Micromeritics
Tristar 3000 and ASAP 2000. The material was pre-treated at 150 °C for 16 h under reduced pressure. The
Brunauer-Emmett-Teller (BET) method as applied in the 0.05-0.30 p/py range to calculate the specific
surface area. Thermogravimetric analysis was performed under nitrogen flow from 25 to 900 °C with a
heating rate of 10 °C/min in a Mettler Toledo TGA STAR system. Chemical combustion analysis was
performed on a Perkin-Elmer 2400 Serie 2 analyzer. 'H and '>°C NMR spectra were recorded on a Bruker 300
MHz spectrometer. Solid state *C and ?Si NMR spectra were recorded at room temperature on a Bruker
Avance-500 spectrometer operating at 11.7 T using a 4.0 mm probe and spinning frequencies of 8§ and 10

kHz.
Synthetic procedures

Synthesis of bisvinylimidazolium salt (bis-imi). In a 10 mL round bottom flask, a solution of 1,4-
dibromobutane (950 pL, 7.88 mmol) and 1-vinylimidazole (1.5 mL, 16.24 mmol) in methanol (2 mL) was
stirred in the dark and under Ar atmosphere at 65 °C for 13 h. The solution was transferred in a 100 mL
round bottom flask and the volume was reduced under vacuum before adding Et;O (70 mL). After sonication
and vigorous stirring, a white precipitate was obtained and the supernatant was removed by simple
decantation. Afterwards, methanol (2 mL) was added and gently warmed to solubilize the solid obtaining a
yellowish viscous oil, which again after the addition of diethyl ether and sonication gave rise to a white
precipitate. Diethyl ether was then removed and the whole procedure of solubilization in methanol and
precipitation with diethyl ether was repeated twice. The obtained white solid was dried under vacuum at 40

°C. bis-imi was obtained as a white solid (3.128 g; 98%).

Synthesis of 4-vinylbenzaldehyde (2). 4-Vinylbenzaldehyde was synthesized according to a reported
procedure.[81] In a 100 mL two-neck round-bottom flask, under Ar atmosphere, Mg (550 mg, 22.63 mmol),
a catalytic amount of I and dry THF (28 mL) were transferred. The mixture was allowed to stir at 30 °C for
30 minutes before the dropwise addition of 4-bromostyrene 1 (2 mL, 14.53 mmol). The temperature was
gradually increased up to 67 °C and the reaction mixture was reacted at this temperature for 2 h. Dry DMF
(3.4 mL) was added at 0°C and stirred at room temperature overnight. The reaction mixture was quenched
with a saturated NH4Cl solution (15 mL), filtered to remove any insoluble residue, and extracted with ethyl
acetate. The combined organic phases were dried over MgSQy, filtered, concentrated under vacuum (at room
temperature to avoid the polymerization of 4-vinylbenzaldehyde), and purified by column chromatography
on silica gel (hexane/ethyl acetate (v/v): 30/1). The 4-vinylbenzaldehyde was obtained as yellowish oil
(1.496 g; 78%). "H NMR (300 MHz, CDCI3, §): 7.86 (d, J = 8.2 Hz, 2H), 7.57 (d, J = 8.2 Hz, 2H), 6.79 (dd,
J=17.6,10.9 Hz, 1H), 5.93 (d, J = 17.6 Hz, 1H), 5.46 (d, ] = 10.9 Hz, 1H) ppm.
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Synthesis of tetrastyrylporphyrin (TSP). Tetrastyrylporphyrin (TSP) was synthesized according to a
reported procedure.[39] In a 250 mL two-neck round-bottom flask propionic acid (104 mL) was heated to
140 °C in air before adding fresh distilled pyrrole (795 pL, 11.34 mmol) and 4-vinylbenzaldehyde (1.496 g,
11.32 mmol). After 5 h the reaction mixture was allowed to reach room temperature and then the two-neck
round-bottom flask was placed in an ice bath before filtering and washing with methanol and ethyl acetate.
After drying, the tetrastyrylporphyrin was obtained as purple crystals (600 mg, 29%). '"H NMR (300 MHz,
CDCls, 0): 8.90 (s, 8H), 8.19 (d, J = 7.9 Hz, 8H), 7.81 (d, J = 8.0 Hz, 8H), 7.07 (dd, J = 17.6, 10.9 Hz, 4H),
6.08 (d, J = 17.6 Hz, 4H), 5.51 (d, J = 10.9 Hz, 4H), -2.73 (s, 2H) ppm. *C NMR (75 MHz, CDCl;, §):
141.69, 136.94, 136.71, 134.83, 124.61, 119.90, 114.67 ppm. FT-IR (film): 3328, 2920, 2853, 1827, 1627,
1602, 1557, 1504, 1471, 1401, 1349, 1219, 1185, 1154, 1112, 1017, 987, 966, 911, 854, 803, 727 cm.
UV-vis: (CHCl3) Amax (g) = 420 (379950), 517 (14900), 553 (9375), 591 (4825), 647 (4700) nm.

Synthesis of tetrastyrylporphyrin aluminum chloride (TSP-AICI). In a 50 mL two-neck round-bottom
flask, under Ar atmosphere, tetrastyrylporphyrin (570 mg, 0.79 mmol), and dry DCM (11.4 mL) were
charged. The mixture was cooled to 0 °C by means of an ice bath and then a solution of diethylaluminum
chloride (25 wt% solution in toluene, 490 uL, 0.90 mmol) was slowly added. Then the reaction mixture was
allowed to reach the room temperature and stirred for 6 h before transferring it in a centrifuge tube and
adding methanol. Four centrifugations with methanol were carried out and the combined supernatants were
evaporated under vacuum. The residue was taken up with DCM and all the insoluble residues were removed
by filtration. The filtrate was concentrated under vacuum and TSP-AICI was obtained as purple powder (293
mg, 47%). '"H NMR (300 MHz, CDCl;, §): 8.41 (s, 8H), 7.49 (s, 16H), 6.98 (dd, J = 17.6, 11.0 Hz, 4H), 5.99
(d, J=17.7 Hz, 4H), 5.49 (d, J = 10.9 Hz, 4H) ppm. *C NMR (75 MHz, CDCls, §): 146.72, 140.77, 136.70,
136.62, 134.32, 131.12, 124.38, 119.33, 114.62 ppm. FT-IR (film): 2922, 2853, 1627, 1496, 1402, 1351,
1293, 1236, 1209, 1012, 911, 801, 726 cm™. UV—vis: (CHCl3) Amax (&) = 422 (138250), 517 (2075), 552
(4675), 595 (1900), 646 (525) nm.

Preparation of MWCNT-TSP-AICl-imi. In a 25 mL two-neck round-bottom flask, MWCNTs (97 mg),
TSP-AICI (146 mg, 0.19 mmol), bis-vinylimidazolium salt bis-imi (303 mg, 0.75 mmol), and absolute
ethanol (9.7 mL) were transferred and sonicated for 20 minutes. Then, under Ar atmosphere, AIBN (51 mg,
0.31 mmol) was added and Ar was bubbled in the reaction mixture while stirring for 30 minutes at room
temperature. The temperature was gradually increased up to 78 °C and the reaction mixture was allowed to
react at this temperature for 15 h. The dark viscous residue obtained was transferred in a centrifuge tube
adding a mixture of methanol/Et,O (v/v) 2/1. The residue was subjected to centrifugation, three times using
the methanol/Et,O (v/v) 2/1 mixture, one time with a methanol/Et,O (v/v) 1/1 mixture, and three additional
times with pure Et,O. The residue was recovered and dried under vacuum at 40 °C. TSP-AICI-imi-
MWCNT was obtained as a dark powder (463 mg). FT-IR (KBr pellet): 3417, 3123,3085, 2920, 2850, 1627,
1552, 1454, 1157, 1011, 807, 738, 653 cm™. CHN analysis (%): C 59.7; H 4.9; N 8.6.
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Preparation of TSP-AICl-imi. In a 25 mL two-neck round-bottom flask, under Ar atmosphere, TSP-AICI
(250 mg, 0.32 mmol), bis-vinylimidazolium salt bis-imi (518 mg, 1.28 mmol), AIBN (21 mg, 0.13 mmol),
and absolute ethanol (5.0 mL) were transferred. Then, Ar was bubbled in the reaction mixture while stirring
for 20 minutes at room temperature. The temperature was gradually increased up to 78 °C and the reaction
mixture was allowed to react at this temperature for 15 h. The solvent was removed und er vacuum and the
residue was washed by soxhlet extraction with methanol overnight. After oven-drying at 60 °C, TSP-AICI-
imi was obtained as dark powder (576 mg). FT-IR (KBr pellet): 3403, 3132, 3085, 2933, 2868, 1627, 1553,
1501, 1451, 1351, 1208, 1157, 1011, 859, 805, 748 cm™'. CHN analysis (%): C 50.5; H 5.6; N 10.5.

Synthesis of tetraphenylporphyrin (TPP). Tetraphenylporphyrin (TPP) was synthesized according to a
reported procedure.[44] In a 250 mL two-neck round-bottom flask propionic acid (90 mL) was heated to 140
°C in air before adding fresh distilled pyrrole (650 uL, 9.27 mmol) and 4-vinylbenzaldehyde (950 uL, 9.25
mmol). After 5 h the reaction mixture was allowed to reach room temperature and then the two-neck round-
bottom flask was placed in an ice bath before filtering and washing with methanol and ethyl acetate. After
drying, the tetraphenylporphyrin was obtained as purple crystals (299 mg, 21%). Spectroscopic data are in

accordance with those reported in literature.[44]

Synthesis of tetraphenylporphyrin aluminum chloride (TPP-AICI) complex. Tetraphenylporphyrin
aluminum chloride (TPP-AICI) complex was synthesized according to a reported procedure.[44] in a 50 mL
two-neck round-bottom flask, under Ar atmosphere, tetraphenylporphyrin (90 mg, 0.15 mmol), and dry
DCM (2.1 mL) were charged. The mixture was cooled to 0 °C by means of an ice bath and then a solution of
diethylaluminum chloride (25 wt% solution in toluene, 90 pL, 0.16 mmol) was slowly added. Then the
reaction mixture was allowed to reach the room temperature and stirred for 6 h before transferring it in a
centrifuge tube and adding methanol. Four centrifugations with methanol were carried out and the combined
supernatants were evaporated under vacuum. The residue was further purified by a short column
chromatography on silica gel (DCM/methanol (v/v): 10/1). The TPP-AICI was obtained as purple powder

(48 mg, 47%). Spectroscopic data are in accordance with those reported in literature.[44]
Catalytic experiments

Catalytic experiments were performed in a Cambridge Design Bullfrog batch reactor with temperature
control and mechanical stirring. In this reactor, also pressure can be monitored. Before each experiment, the
material was dried overnight in a vacuum oven at 60 °C. In each test, the catalyst was added to 24 mL of
epoxide in a Teflon vial under solvent free conditions. After closing the reactor, the mixture was stirred at
500 rpm. The system was then purged for 10 min with N, before the addition of 25 bar of CO,. After this, the
system was heated to the required temperature with a rate of 5 °C/min. The reaction mixture was kept to the
required temperature during the reaction time. When needed a refill of CO, was performed during the
experiment to preserve the amount of reactant required for the reaction. In any case the pressure of CO;

added overpasses the initial pressure reached at the temperature of the experiment. After this time, the
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reactor was cooled down to room temperature and then it was depressurized. The catalyst was separated from
the reaction mixture via centrifugation during 30 min at 4500 rpm and the supernatant was analyzed by 'H

NMR in (CDs3),SO.
Recycling test

Recycling test were carried out in the reaction of styrene oxide with CO,. At the end of the reaction, the
material was recovered by centrifugation and washed several times with 45 mL of toluene, ethanol and one
time with diethyl ether. Moreover, each time the catalyst was previously sonicated with the washing solvent.
Then, before the next cycle, the catalyst was dried overnight in a vacuum oven at 60 °C. After drying, the
catalyst was reused in the same reaction maintaining the ratio between moles of catalyst and moles of

epoxides.
Leaching test

Leaching test was performed in the reaction of styrene oxide with CO,. Once the reaction time passed, the
reactor was cooled down to room temperature and then it was depressurized. As usually, the catalyst was
separated from the reaction mixture via centrifugation during 30 min at 4500 rpm and the supernatant was
analyzed by '"H NMR in (CDs),SO. Then, the remaining supernatant (without catalyst) was introduced again
into the reactor. As in a normal reaction, the system was then purged for 10 min with N, before the addition
of 25 bar of CO; and the increase of the temperature with a rate of 5 °C/min. The reaction mixture was kept
to the selected temperature for the required time. During the reaction time, no decrease of the CO; pressure

was observed and no further conversion was detected by "H NMR analysis.

Results and discussion

The formylation of the Grignard reagent arising from 4-bromostyrene 1 gave rise to 4-vinylbenzaldehyde 2
that was reacted with pyrrole in propionic acid to obtain tetrastyrylporphyrin (TSP). The following reaction
of TSP with Et;AICI led to the formation of tetrastyrylporphyrin aluminum chloride (TSP-AICI) complex.
TSP-AICI was afterwards copolymerized with the bis-vinylimidazolium salt bis-imi to produce the

copolymer TSP-
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Scheme 1 Synthetic procedure for the preparation of TSP-AICl-imi and MWCNT-TSP-AICI-imi.

AlCl-imi, or MWCNT-TSP-AICI-imi when MWCNTs were used as support material (Scheme 1). TSP and
TSP-AICI were firstly analyzed by means of FT-IR spectroscopy (Figure 1). The spectrum of TSP (Figure
1, black line) shows the typical bands associated with the free base porphyrin derivatives[82-84] including
the weak band centered at 3328 cm™ ascribed to the N-H stretching, two bands at 1602 and 1557 cm™ due to
the pyrrole rings stretching vibrations, a band of medium intensity at 1471 cm™ generated by the C-N-C
bending, two bands at 987 and 966 cm™ due to the asymmetric breathing motions of the pyrrole rings, and a
strong absorption band at 803 cm™ attributed to the N—-H out-of-plane bending vibration mode. The
disappearance of these absorptions in the TSP-AICI spectrum and the presence of a new strong absorption
centered at 1012 cm™ due to the porphyrin ring vibration in the metal complex (Figure 1, red line) confirmed

the aluminum insertion into the porphyrin ring.
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Fig. 1 FT-IR spectra of TSP (black line), TSP-AICI (red line), bis-imi (green line), and MWCNT-TSP-
AICl-imi (KBr pellet; blue line).

UV-Vis spectrum of the free-base TSP (Figure 2, dashed black line) exhibits a series of bands in the 370-
450 nm and 480-680 nm regions due to n-n* transitions. The absorption at 420 nm is associated with the
Soret band (S¢—S:), whereas the Q-bands (So—S:) are shown in the magnification of Figure 2 at 517, 553,
591, and 647 nm.[85] The complexation of the metal center resulted in a slightly red-shifted Soret band of
TSP-AICI at 422 nm (Figure 2, red line). However, as previously reported for similar Al(IIl)porphyrin
derivatives,[41] the UV-Vis spectrum of TSP-AICI was still characterized by the presence of four Q-bands

but with different relative intensities (Figure 2).
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Fig. 2 UV-Vis spectra of TSP (dashed black line), and TSP-AICI (red line) in CHCls.

In addition, further evidence of the successful insertion of Al center into tetrastyrylporphyrin was provided
by NMR spectroscopy (Figures S1-S4). In particular, the comparison of TSP and TSP-AICI 'H NMR
spectra shows the disappearance of the pyrrolic protons resonating at -2.73 ppm after the complexation step
(Figure S1 and S3).

As stated before, the copolymerization of TSP-AICI with bis-imi gave TSP-AICl-imi, whereas MWCNT-
TSP-AICl-imi was obtained when the copolymerization was carried out in the presence of MWCNTSs as
support. Both materials TSP-AICI-imi and MWCNT-TSP-AICl-imi were fully characterized by means of
different techniques.

Once again, FT-IR spectroscopy has proved to be a useful tool for providing the first evidence of the
successful copolymerization process, and the comparison of MWCNT-TSP-AICl-imi spectrum (Figure 1,
blue line), with those of TSP-AICl-imi (red line) and bis-imi (green line) confirmed the presence of the Al
porphyrin complex and bis-vinylimidazolium salt in the material MWCNT-TSP-AICl-imi. The strong
absorption at 1012 cm™, which is typical of TSP-AICI, and the medium intensity absorptions at 1551, 1454,
and 1157 cm™, associated with the imidazolium ring stretching vibration modes,[78, 86] can be detected in
the FT-IR spectrum of MWCNT-TSP-AICI-imi (Figure 1, compare blue line with red and green lines). The
high hygroscopicity of the copolymerized imidazolium-based salt causes the presence of the very strong and
broad absorption band at 3415 cm™ due to the O-H stretch, and the medium absorption at 1628 cm’
generated by the H-O—H bending of the adsorbed water. The FT-IR spectrum of TSP-AICI-imi (Figure S5)
showed no remarkable difference from that of MWCNT-TSP-AICI-imi.

Materials MWCNT-TSP-AICI-imi and TSP-AICl-imi were further characterized by means of '*C cross-
polarization magic angle spinning (*C CPMAS) NMR spectroscopy (Figure 3). Both spectra show the
signals attributed to the resonance of the carbon atoms of the porphyrin core along with those of the
imidazolium moieties in the 115-150 ppm region, whereas the signals ascribed to the aliphatic carbon atoms

resonate in the upfield part of the spectra (20-60 ppm). Further proof of the good outcome of the

10
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polymerization was provided by the absence of any signal in the 100-115 ppm region where carbon atoms of

vinyl group resonate.
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Fig. 3 C CP-MAS NMR of TSP-AICl-imi (orange line) and MWCNT-TSP-AICl-imi (blue line).

Asterisks indicate spinning side bands.

X-ray photoelectron spectroscopy (XPS) analysis was used to analyze the outer surface of materials
MWCNT-TSP-AICI-imi and TSP-AICI-imi (Figure 4 and S6). The survey spectrum of MWCNT-TSP-
AICl-imi (Figure 4a) confirm the presence of Al and Br arising from the TSP-AICI and bis-imi monomers,
respectively. The high-resolution XPS spectra of the N1s region of MWCNT-TSP-AICl-imi (Figure 4b)
can be deconvoluted into two peaks at 399.1 and 401.3 eV with atomic percentages of 34.4% and 65.6%
corresponding to the nitrogen atoms of the porphyrin ring coordinated with aluminum (Al-N)[44] and the
nitrogen atoms of the imidazolium rings,[87] respectively. The atomic percentages of the two different
nitrogen atoms in TSP-AICI-imi correspond to 18.0% and 82.0% for AI-N and imidazolium-N, respectively
(Figure S6).

Thermogravimetric analysis of MWCNT-TSP-AICl-imi and TSP-AICI-imi under nitrogen atmosphere was
used to assess the good thermal stability of the materials. With the exception of the initial weight loss
between room temperature and 100 °C due to the adsorbed moisture, the materials proved to be very stable
up to 250 °C (Figure 5), at which temperature they start to degrade with a first weight loss centered at about
320 °C for both materials, and a second degradation peak centered at 438 and 462 °C for MWCNT-TSP-
AICl-imi and TSP-AICl-imi, respectively. Conversely, TGA under nitrogen of pristine MWCNT showed
only a 3% weight loss at 700 °C (Figure 5, black line).

The Al content of MWCNT-TSP-AICI-imi (0.251 mmol/g) and TSP-AICl-imi (0.444 mmol/g) was

determined by means of inductively coupled plasma atomic emission spectroscopy (ICP-OES) analysis.
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Fig. 4 a) XPS survey spectrum of MWCNT-TSP-AICI-imi and b) high-resolution N1s region.

Transmission electron microscopy (TEM) was used to investigate the morphology of TSP-AICl-imi and
MWCNT-TSP-AICI-imi (Figure 6). TEM micrographs (Figure 6a-c) show that TSP-AICl-imi forms a
series of compact and large aggregates. In contrast, in the case of MWCNT-TSP-AICI-imi (Figure 6e, f),
MWCNTs offer a framework for the formation of individual nanoobject. Therefore, the comparison between
the TEM images of the two different systems highlights how MWCNTs behaves as suitable support material
since they result uniformly wrapped by the copolymeric coverage along their whole surface. This is of
particular importance for the properties of MWCNT-TSP-AICI-imi, especially in term of surface area and
accessibility of the reagents to active sites.

The first evidences highlighted by the TEM images analysis were corroborated by the nitrogen
adsorption/desorption measurements carried out on pristine MWCNTSs, TSP-AICI-imi, and MWCNT-TSP-
AlCl-imi. Specific surface area (SSA), estimated using the Brunauer-Emmett-Teller (BET) equation,[88]
showed that TSP-AICI-imi possess a very low SSA (<1 m?g). On the contrary, the immobilization of the
copolymeric matrix onto MWCNTSs to obtain MWCNT-TSP-AICI-imi, allowed to reach a higher SSA of
216 m?*/g (Figure S7), being 238 m*/g the SSA of pristine MWCNTs (Figure S8).
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Fig. 5 TGA (solid lines) under N, flow and DTG (dotted lines) of pristine MWCNT (black line), TSP-AICI-
imi (orange lines) and MWCNT-TSP-AICI-imi (blue lines).

Once characterized, both TSP-AICl-imi and MWCNT-TSP-AICI-imi materials were tested in the
conversion of carbon dioxide into cyclic carbonates using styrene oxide as target epoxide under solvent free
conditions and without the addition of any co-catalytic species. The comparison of their catalytic activities
was studied using an equal mass amount of both materials as illustrated in Scheme 2. Conversions of 49%

and 55% into the corresponding cyclic carbonate were obtained using TSP-AICI-imi and MWCNT-TSP-

AICl-imi, respectively.

S5 XI y 7. L 5o

Fig. 6 TEM micrographs of a-c) TSP-AICl-imi, d) pristine MWCNTs, and e, f) MWCNT-TSP-AICl-imi.

However, due to the different content of active species in the two materials, a more accurate comparison of
the performances of TSP-AICIl-imi and MWCNT-TSP-AICl-imi catalytic systems was carried out taking
into account the turnover number (TON; defined as moles of epoxide converted/moles of active sites) and

turnover frequency (TOF; TON/reaction time in hours) values. The results, reported in Scheme 2, showed
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that MWCNT-TSP-AICI-imi possesses higher catalytic activity than TSP-AICl-imi in the conversion of
styrene oxide. TONaj and TOF 4| values (7649, and 2550 h™') of MWCNT-TSP-AICI-imi are about twice as
high as those of TSP-AICl-imi (3868 and 1289 h™). These findings further emphasize the importance of the
use of MWCNTs as support material for the performance improvement of the catalytic material. The optimal
morphology of MWCNT-TSP-AICI-imi, which possess a high surface area and fully accessible catalytic
sites, can be ascribed as the reason of its higher activity. Conversely, the unsupported copolymer TSP-AICI-
imi revealed to be a less active catalyst due to its low surface area that hinders the access of the reactants to

the catalytic centers.

TSP-AICI-imi
60 mg / 0.0266 mmol Al o
° : 4
co 125°C,3h o
+ 2 0]
25 bar Heterogeneous|
v
N .

MWCNT-TSP-AICI-imi i%f\" ng‘gs'm
60 mg/0.0151 mmol Al Al

55% Conversion
TPP-AICIbmimBr TON 7649

(1:8 molar ratio) / 0.0151 mmol Al 58% Conversion

27% Conversion

0.1208 mmol
Scheme 2 Comparison of the activity between the heterogenous catalysts TSP-AICl-imi and MWCNT-
TSP-AICl-imi, and the homogenous system TPP-AICI/bmimBr and bmimBr in the reaction of styrene
oxide with CO,. Reaction conditions: styrene oxide (217 mmol), catalyst (0.0266 or 0.0151 mmol Al), 25 bar
CO», 125°C, 3 h, 500 rpm.

Two additional experiments in which tetraphenylporphyrin aluminum chloride complex TPP-AICI with the
addition of 1-butyl-3-methylimidazolium bromide (bmimBr) as source of Br™ (Al/Br” molar ratio 1:8) or only
bmimBr were used as homogeneous catalytic systems were carried out (Scheme 2). The aluminum loading
used for the reaction in homogenous conditions was the same employed in the case of MWCNT-TSP-AICI-
imi, namely 0.0151 mmol. Interestingly, MWCNT-TSP-AICl-imi showed an activity comparable to that of
TPP-AICI/bmimBr homogeneous system with conversion values of 55% and 58%, respectively. On the
contrary, the reaction catalyzed by the Lewis base species alone (bmimBr) reached a much lower conversion
of 27%. For the sake of completeness, a blank test with just MWCNTSs have been also carried out showing
no conversion of the epoxide. The outstanding performance of MWCNT-TSP-AICI-imi could be ascribed to
the fine control achieved over the relative position of the two different catalytic sites (aluminium and
bromide ions) which is missing in the case of the homogeneous TPP-AICI/bmimBr mixture, that represent a
more disordered system. The structure of the supported polymeric network formed by the linkage between
the porphyrin core and the bis-vinylimidazolium salt ensures the close proximity between the metal centers
and the bromide ions, which are able to cooperate and exert a synergistic effect during the catalytic cycle for
the formation of the cyclic carbonate, as depicted in Scheme 3. In the step A, the oxygen atom of the epoxide
interacts with the Lewis acidic aluminum site of the porphyrin core with the formation of a coordination

complex, which is attacked by the nucleophile (Br") on the less-hindered side of epoxide to afford the Al-
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coordinated bromo alkoxide (step B). Subsequently, the insertion of CO; into the Al-O bond gave rise to a
metal coordinated carbonate (step C), which undergoes to an intramolecular SN» cyclization with the release
of a bromide ion, which regenerate the catalyst, and the concomitant formation of the cyclic carbonate (step
D). Therefore, MWCNT-TSP-AICI-imi has proved to be a promising catalyst both from the point of view of
its morphology, which ensure a high accessibility to the reactants, and of its molecular structure, which lead

to an increase of the catalytic activity thank to the cooperation/synergism between the electrophilic and

nucleophilic sites.

)
o oJ(o
R)\/

Scheme 3. Representation of the synergy between the Lewis acid and the bromide ion in the prepared

bifunctional catalysts for the synthesis of cyclic carbonates.

The recyclability of both heterogeneous catalysts in the styrene oxide conversion was studied. Five
consecutive runs were carried out and after each cycle the materials were easily recovered by centrifugation
and washed with toluene, ethanol, and diethyl ether without any additional activation treatment. The results,
showed in Figure 7 and Figure S9, highlighted that both catalysts revealed to be robust and able to be used
for multiple cycles without any decrease of their catalytic activity.
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Fig.7 Recycling test of MWCNT-TSP-AICI-Imi. Reaction conditions: styrene oxide (217 mmol), 60 mg
MWCNT-TSP-AICI-Imi (0.0151 mmol Al), 25 bar CO, 3 h, 500 rpm.

Interestingly, the high-resolution XPS spectrum of the N1s region of the used MWCNT-TSP-AICI-imi after
the recycling tests showed that the catalyst was not affected by any notable alteration since the atomic
percentages of the two different nitrogen atoms remained almost unchanged with respect to the fresh
MWCNT-TSP-AICI-imi (Figures 4b and S10).

More in-depth studies to exclude the presence in solution of catalytically active species at the end of the
reaction were undertaken. The more active MWCNT-TSP-AICI-imi catalyst was subjected to a leaching test
in the reaction of CO;, with styrene oxide. At the end of the reaction, the material was removed by
centrifugation and the liquid phase was again reacted in the same reaction conditions. The graph of the
variation of CO; pressure during the reaction time (Figure S11) showed that an almost constant pressure of
carbon dioxide was maintained during the reaction. This finding was also confirmed by '"H NMR analysis of
the reaction mixture that showed only a 1.5% increase in the conversion of the styrene oxide into styrene

carbonate confirming the absence of leached species in solution.

Table 1 Cyclic carbonates synthesis catalyzed by MWCNT-TSP-AICl-imi.
(o]
R/g + CO, MWCNT-TSP-AICI-imi OKO
R
Entry Substrate t (h) T (°C) C‘";Z/e;f“’“ TONs®  TOF (b))
(1]
1 0 3 125 55 7,649 2,550
2 (3/u 20 84 23,426 1,171
3° 210 mmol 18 150 >95 26,773 1,487
4 o 50 18 3,648 1,216
5 gég/ﬁ 3 80 83 16,820 5,607
6 mme 100 >95 20,265 6,755
7¢ 30 31 6,282 2,094
gde ho 2 3 30 26 5,269 1,756
9f 306 o 379 50 62 15,562 5,187
10 mmol 5 50 83 20,832 4,166
1’ 10 50 91 22,840 2,284
O
12 r° § 20 125 >95 16,483 824
OJJ ’
131 mmol
(0]
13¢ @ 24 150 71" 3,352 140
237 mmol

Reaction conditions: CO, (25 bar), catalyst 60 mg (0.0151 mmol Al), 500 rpm. * Determined by '"H NMR
(see Figures S12-20). ® TON and TOF values calculated on the basis of the Al content obtained from ICP
analysis. © Catalyst 30 mg (0.0075 mmol Al). ¢ 306 mmol of glycidol were used. © CO, constant pressure 10
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bar. ¥ 379 mmol of glycidol were used. & Catalyst 200 mg (0.0502 mmol Al). " Selectivity toward cyclic
carbonates 74% (cis/trans ratio 65:35) ' Catalyst 240 mg (0.0602 mmol Al).

Once verified both the recyclability and the absence of any leaching, the substrate scope of MWCNT-TSP-
AlCl-imi catalyst was further explored using, in addition to styrene oxide, a series of epoxides including
epichlorohydrin, glycidol, and 1,4-butanediol diglycidyl ether (Table 1, entries 1-12). Some of the catalytic
tests were repeated thus confirming the good reproducibility of the experiments and indicating that the error
associated to the catalytic data can be estimated in the range of + 2%. As shown in Scheme 2 styrene oxide
was transformed into the corresponding cyclic carbonate with a conversion of 55% when MWCNT-TSP-
AICl-imi (0.0151 mmol Al) was employed at 125 °C and with a reaction time of 3 h (Entry 1). However, the
reduction of the catalytic loading by half (0.0075 mmol Al) and the extension of the reaction time up to 20 h
resulted in the increase of the conversion of styrene oxide up to 84 % with a TON value of 23,426 (Entry 2).
In addition, full conversion (>95%) was reached in 18 h by increasing the reaction temperature up to 150 °C
affording a TON value of 26,773 (Entry 3). The reactivity of epichlorohydrin was explored at three different
temperatures, namely 50, 80, and 100 °C (Entries 4-6), applying a reaction time of 3 h and a catalytic
loading of 0.0151 mmol Al. The conversion values ranged from 18% at 50 °C to >95% when the temperature
was increased up to 100 °C. Moderate conversion values of the more reactive glycidol was obtained at 30 °C
in 3 h, with only small differences when an initial CO, pressure of 25 bar or a constant pressure of 10 bar
was applied (Entries 7 and 8). Conversely, the increase of the temperature up to 50 °C with the same
reaction time gave rise to 62% conversion of glycidol (Entry 9). A longer reaction time (5 h) allowed to
obtain a higher conversion of 83% into the corresponding cyclic carbonate (Entry 10). However, a longer
reaction time (10 h) produced only a little increase of the conversion up to 91% (Entry 11), indicating that
the kinetic of this reaction strongly decreased with the increasing conversion. 1,4-butanediol diglycidyl ether
was successfully converted into the corresponding cyclic carbonate at 125 °C after 20 h (Entry 12). The
outstanding results obtained encouraged us to test MWCNT-TSP-AICI-imi with the less reactive
cyclohexene oxide. Cyclohexene oxide displayed a 71% conversion when the reaction was carried out at 150
°C for 24 h (Entry 13). However, the cis-cyclohexene carbonate was not the only product obtained and
poly(cyclohexene carbonate) and trans-cyclohexene carbonate, the latter formed by back-biting reaction that
can occur at the end of the growing polymer chain,[89, 90] were also detected. '"H NMR spectrum of the
reaction mixture (Figure S20) allowed to calculate the selectivity toward the cyclic carbonates products by
integrating the signals attributed to the methylene groups of the different products. Under the selected
reaction conditions, a quasi linear dependence from the pressure of CO, was observed. An example of this
behavior in the presence of epichlorohydrin is reported in Figure S21.

Finally, the remarkable catalytic activity of MWCNT-TSP-AICI-imi is among the highest achieved by
heterogeneous bifunctional (Lewis acid/X") catalysts in the cyclic carbonate synthesis.[47-69] In particular,
Table 2 compares the activity of previously reported heterogeneous bifunctional porphyrin-based catalytic

systems with MWCNT-TSP-AICI-imi, which proved to be highly competitive with other systems.
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Table 2 Selected data for the reaction between epichlorohydrin and CO; in the presence of porphyrin-M-

based heterogeneous bi-functional catalytic systems.

Entry Catalyst Yield | TOF pP? P/h Conditions Ref.
(%) | () (h™)

1 MWCNT-TSP-AICK-imi | >99 | 6755 | 696 | 232 |3h,100°C,2.5MPa | Misvork

2 Al-iPOP-2 >99 | 167 89 15 6 h, 40 °C, 1.0 MPa 53]

3 BIO-1c¢ 91 910 11 11 1h,120°C, 1.7 MPa | ¢

4 ZnTPy-BIM4/CNTs-3 | 98 528 10 |4 2.5h,120°C, 1.5 MPa | ¥
(1842)°

5 SYSU-Zn@IL2 >99 |52 34 |3 12h,80°C, 1.0 MPa | ¥

6 Zn-CIF2-C,H, 98 136 30 7 4h,120°C,2.5MPa | 1%

7 Mg-por/pho@POP 67 13400 | 293 |293 | 1h,140°C,3.0 MPa |

8 ZnTPP/QA-azo-PiP, >99 |33 29 2 12h,80°C, 1.0 MPa | 1

9 ZnPor-CP 93 73 38 |2 16 h, 100 °C, 1.0 MPa | [*]

10 CoTPP-PiP(Br) >99 | 42 64 |5 12h,80°C, 1.0 MPa | [

11 [Zn(I)NMeTPyP]** >99 | 35 27 1 24 h,90°C, 0.8 MPa | 17

[I'Ts«@PCN-224

12 PP-Br-Zn-0.09 94 528 23 12 2h, 100 °C, 1.5 MPa | [°®]
(4080)°

13 SBA-Zn-TPy'PBrpur | >99 | 286 25 7 3.5h, 120 °C, 1.5 MPa | [¢”]
(685)

* Productivity: calculated as Zearbonate/Eeatalys. © TOF was calculated with the conversion below 35% and S/C =
7100. ¢ TOF was calculated with the conversion below 35%. ¢ TOF was calculated with the conversion below
35% and S/C = 2000.

Conclusions

Aluminum chloride tetrastyrylporphyrin (TSP-Al-Cl) and 1,4-butanediyl-3,3'-bis-1-vinylimidazolium
dibromide have been subjected to AIBN-mediated radical polymerization in the presence (MWCNT-TSP-
AlICl-imi) and in absence (TSP-AICl-imi) of multi-walled carbon nanotubes (MWCNTSs). The
corresponding crosslinked materials have been thoroughly characterized by means of several spectroscopic
and analytic techniques such as TGA, ICP-OES, FT-IR, XPS, TEM, solid state NMR, porosimetry. The
hybrid materials have been employed as heterogeneous catalysts in the cycloaddition reaction of CO; to
epoxides to afford the corresponding cyclic carbonates under solvent-free conditions, resulting MWCNT-
TSP-AICIl-imi the most active with TON and TOF double than those obtained with the unsupported one. The
enhanced activity of the nanocarbon-based catalyst can be ascribed to its higher surface area that permits
fully accessible catalytic sites, in comparison with the very low SSA of TSP-AICl-imi (<1 m?/g). Moreover,
the heterogencous MWCNT-TSP-AICI-imi system displays a catalytic activity very similar to that of a
reference homogeneous catalytic mixture comprised of aluminium tetraphenylporphyrin and bmimBr. This
outstanding performance could be ascribed to the fine control achieved over the relative position of the
catalytic sites given that the direct covalent linking between the porphyrin core and the bis-vinylimidazolium

salt ensures the close proximity between the metal centers and the bromide ions, which are able to cooperate
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and exert a synergistic effect during the catalytic cycle. The hybrid catalyst showed an excellent catalytic
activity, among the highest ever reported for a bifunctional material, with a set of different epoxides, with
TON and TOF values of up to 28,900 and 8,366, respectively. MWCNT-TSP-AICl-imi was easily
recoverable and recyclable for at least five cycles with unchanged activity, and no leaching phenomena have
been observed during the performed tests. This promising material pave the way toward the setting up of a
family of robust and recyclable catalysts to be used both in batch and in flow systems. Most performing
materials could be prepared by changing both the kind of metalloporphyrin as well as the anion of the poly-

ionic liquid network. Such work will be reported in due course.
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