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ARTICLE INFO ABSTRACT

Keywords: A new straightforward and green approach for the covalent functionalization of multi-walled carbon nanotubes
Deep Eutectic Solvents (MWCNTs) was developed. This carbon nanostructure was efficiently derivatized by polymerizing proper deep
Polymerization

eutectic monomers (DEM), a subclass of deep eutectic solvents (DES), based on a series of mono- and bis-vinyl
imidazolium salts endowed with different functional groups (-OH, -NH,, -NH3Br") in the side chain or in the
spacer. Herein, DEM systems played a triple role as convenient dispersion media for MWCNTs, efficient reactive
systems, and also as structure-directing agents for the radical-initiated polymerization process onto the surface of
MWCNTs. In addition, the new methodology allowed obtaining highly functionalized hybrid materials, as shown
by thermogravimetric analyses, in short reaction times (<1h). Transmission electron microscopy (TEM) revealed
that the polymeric network orderly develops along the surface of the nanotubes, which act as templating agent
for both mono- and bis-vinyl imidazolium salts, despite the random nature of the polymerization process for the
latter species. This new functionalization strategy of MWCNTs stands out for its environmentally friendly and
time-saving nature leading to the formation of materials with significant potential for applications in a plethora
of research fields. As a proof of their possible application, we tested these new hybrid materials as recoverable
and recyclable catalysts for the conversion of CO; into cyclic carbonates under solvent-free conditions, showing
good catalytic performances, even in the absence of additional co-catalysts.

Carbon Nanotubes
Ionic Liquids
CO, conversion

1. Introduction

In the field of nanomaterials science and nanotechnology, multi-
walled carbon nanotubes (MWCNTSs) are gaining increasing impor-
tance due to their adaptability to meet specific requirements for various
applications [1-4]. The remarkable electronic, mechanical, and thermal
properties exhibited by this allotropic form of carbon make them highly
desirable materials in a wide range of application fields, including en-
ergy conversion and storage, electronics, catalysis, optoelectronics,
sensing, drug delivery systems, biomedicine, and the formation of high-
performance materials such as films and fibers [5-12].

Despite their outstanding properties, carbon nanotubes usually
exhibit poor dispersibility in common solvents. Indeed, pristine CNTs
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typically aggregate in bundles due to van der Waals and n-n stacking
interactions between the tube walls. This results in the formation of
highly entangled 3D networks that make it difficult to achieve stable and
fine dispersions in both aqueous and organic media, limiting their
potential.

To enhance the dispersibility of CNTs and broaden their potential
applications, a key strategy involves chemical modifications of their
structures [13,14]. Chemical surface functionalization has the dual
purpose of preventing nanotubes aggregation and promoting the syn-
thesis of innovative materials in which the intrinsic properties of CNTs
are combined with those of the functionalization units, resulting in
hybrid systems with vast potential for various applications. One way to
obtain the chemical modification of CNTs is represented by the use of
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corrosive acids, oxidizing agents, and/or other hazardous chemicals
often leading to the permanent deep damage of the sidewalls of carbon
nanotubes [14-16].

An alternative method is represented by non-covalent interactions of
CNTs with suitable dispersing agents. In this context, in 2003, Fukush-
ima et al. discovered that when mixed with imidazolium-based ionic
liquids (ILs), pristine carbon nanotubes gave rise to physical gel, the so-
called bucky gels [17,18]. The mere combination of ILs with carbon
nanotubes resulted in the dispersion and separation of the entangled
nanotubes. The excellent processability of pristine CNTs within these
gels was attributed to a sort of shielding effect that ILs, with their high
dielectric constants, exert onto the strong n—7 stacking interaction
among CNTs [19].

ILs can be deemed inherently superior to conventional organic sol-
vents for dispersing CNTs owing to their characteristics, such as reduced
flammability, minimal or absent volatility, exceptional thermal stability,
and notable ionic conductivity. Moreover, the unique interactions be-
tween ILs and nanocarbons confer distinctive properties to these nano-
composites, improving their dispersibility in various environments and
expanding their field of use [18,20,21].

ILs have also been used for the covalent modification of the surface of
carbon nanoforms (CNFs) such as single- and multi-walled carbon
nanotubes and carbon nanohorns. In particular, different bis-vinyl imi-
dazolium salts have been exploited to achieve CNFs-functionalization
with highly cross-linked polymer networks, through a radical poly-
merization process. More in depth, a good degree of functionalization
variability was explored by changing the identity of the spacer and/or
the anion [22-25] or by co-polymerizing bis-vinyl imidazolium salts
with different vinyl building block species [26,27].

Another viable alternative for achieving optimal results in nanotube
dispersion involves the use of a class of solvents that shares some of the
advantageous characteristics of ILs, the deep eutectic solvents (DESs).
[28-31] These eutectic mixtures have gained significant interest over
the last twenty years as a new category of environment friendly solvents
[32]. Their minimal toxicity, biodegradability, ease of synthesis, and
low cost makes them desirable in the large-scale synthesis of novel
functional materials. This heightened attention follows a study by
Abbott et al., [33,34] who observed an unusually pronounced reduction
in melting point of the eutectic mixture of specific hydrogen bond do-
nors (HBDs) and acceptors (HBAs) with respect to the parent com-
pounds. In addition, they can be tailored to meet specific features by
selecting appropriate components and adjusting their molar ratio,
making them versatile and promising in a wide range of applications
[35]. However, the role of DESs is not only limited to that of a green
reaction medium for CNTs dispersion, and in this context, interesting
examples are reported by Gutiérrez and co-workers, who have success-
fully used DESs, containing CNTs in suspension, for the dissolution of
polymerizable monomer/s (furfuryl alcohol or resorcinol-formaldehyde
pair) for nanocomposite preparation [36-39]. However, DESs can ex-
press greater potential, in fact, if one component of the DES is involved
in the functionalization of the carbon nanostructure, then DES can act as
both dispersion medium of CNTs and reactant [40].

Specifically, this particular class of deep eutectic solvents, charac-
terized by the inclusion of polymerizable units within either HBD or
HBA components has been pioneered and defined as deep eutectic
monomers (DEMs) by Mota-Morales et al., who applied the so-called
frontal polymerization in DESs by employing combinations of “classic
monomers” such as acrylic acid or methacrylic acid with choline chlo-
ride [41]. These DEMs were characterized by the inclusion of a poly-
merizable acrylate group within the hydrogen bond donor unit.
Furthermore, they explored the frontal polymerization using DEMs
consisting of various ammonium salts and hydrogen bond donors con-
taining acrylic acids and acrylamides [42]. DEMs can represent a very
intriguing solution to reduce the dependence on classical volatile
organic solvents in the production of polymers. The high flexibility in
the DEMs formation by changing both the nature and the molar ratio of
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the constituent species close to the eutectic point to meet specific re-
quirements allow to expand the conditions in which polymerization
takes place.

In the light of the above, the advantageous features of DEMs pave the
way for the optimization of a convenient methodology for covalent
anchoring of the polymerizable component of DEM onto the CNTs sur-
face with the production of novel functional materials. However, during
the polymerization process, the depletion of the polymerizable compo-
nent of the DEM, causes the change of the starting HBD/HBA molar ratio
inducing the eutectic rupture and a phase segregation by means of a
spinodal decomposition and the formation of a polymer-depleted solid
phase, mainly consisting of the inert component of the DEM [43,44].
The formation of this solid phase could have significant consequences on
the morphology of the resulting material.

However, although some alkyl imidazolium salts as HBA have been
used to obtain a classic DES system, [45-51] conversely, to date no
imidazolium salts with mono- or bis-vinyl moieties used as polymer-
izable HBA have been employed in the formation of DEMs. Therefore,
herein, a new synthetic method employing deep eutectic monomers as
environmentally friendly reaction media and reactive agents for the
functionalization of MWCNTs is reported. In particular, the radical
polymerization of mono- or bis-vinyl imidazolium salts, used for the first
time as HBA components of DEMs systems, in the presence of CNTs
structures was investigated. Interestingly, the CNTs outer walls acted as
template for the growth of highly compact polymeric imidazolium
networks for both mono- and bis-vinyl imidazolium salts, despite the
random nature of the polymerization process. The resulting materials
were employed as heterogeneous and recyclable catalysts for the con-
version of CO2 and epoxides to generate cyclic carbonates.

2. Experimental section
2.1. Materials and methods

Chemicals and solvents were purchased from commercial suppliers
and used without further purification. Thermogravimetric analysis
(TGA) was performed in a Mettler Toledo TGA STAR system with a
heating rate of 10 °C/min, either under oxygen flow from 100 to 1000 °C
or under nitrogen flow from 25 to 900 °C. Differential scanning calo-
rimetry (DSC) measurements were carried out with a TA Instruments
mod. 2920 differential scanning calorimeter (TA Instrument Inc., New
Castle, DE, USA) equipped with a TA Instruments refrigerated cooling
system. Samples (~4 mg) were weighed in aluminium TA Tzero her-
metic pans, which were subsequently sealed with aluminium lids. The
analyses were performed with heating and cooling rates of 10 °C min ™~}
under a Ny atmosphere of 60 mL min~'. Raman spectra were acquired
using Horiba LabRam HR Evolution equipment with a 532 nm laser line,
using a spectral resolution of about 7 cm ™! and a laser intensity that does
not interfere with the signal. Transmission electron microscopy (TEM)
images were recorded using a Philips Tecnai 10 microscope operating at
80-100 kV. Nitrogen adsorption—desorption analyses were carried out at
77 K in a Micromeritics ASAP 2420 volumetric adsorption analyzer.
Before the analysis the sample was pre-treated at 150 °C for 8 h under
reduced pressure (0.1 mbar). The Brunauer-Emmett-Teller (BET)
method was applied in the 0.05-0.30p/po range to calculate the specific
surface area, whereas the pore size distributions were estimated from
the adsorption isotherm using the BJH method. 'H NMR spectra were
recorded on a Bruker 400 MHz spectrometer. Solid state 13C NMR
spectra were recorded at room temperature on a JEOL ECZ-R spec-
trometer operating at 11.7 T using a 3.2 mm AUTOMAS probe and
spinning frequencies of 10 kHz. FT-IR measurements were performed in
absorbance mode using a Perkin Elmer two DEP.
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2.2. Synthetic procedures

2.2.1. Synthesis of 1-hydroxyethyl-3-vinyl imidazolium bromide (1a)

Compound 1a was synthesized according to a previously reported
procedure [52]. In a 50 mL two-neck round-bottom flask, 1-vinylimida-
zole (34.61 mmol, 3.2 mL), 2-bromoethanol (34.83 mmol, 2.6 mL), and
17.5 mL of ethanol were added. The mixture was stirred at 80 °C under
an argon atmosphere for 48 h. After cooling down to room temperature,
the solvent was removed under reduced pressure and the viscous residue
was washed several times with diethyl ether until all the starting
unreacted reagents were removed. Once dried at 40 °C under vacuum, a
highly viscous yellow compound was obtained (6.6 g; 86 %). 'H NMR
(400 MHz, DMSO-D6, 8): 9.50 (s, 1H), 8.22 (s, 1H), 7.89 (s, 1H), 7.34
(dd, J=15.7, 8.8 Hz, 1H), 5.98 (dd, J = 15.6, 2.3 Hz, 1H), 5.42 (dd, J =
8.7, 2.3 Hz, 1H), 4.39 - 4.17 (m, 2H), 3.91 - 3.66 (m, 2H); 3¢ NMR
(101 MHz, DMSO-D6, §8): 136.21, 129.36, 124.19, 119.33, 109.08,
59.61, 52.58.

2.2.2. Synthesis of 3-ammoniopropyl-1-vinyl imidazolium bromide (1b)

The synthesis of compound 1b was carried out according to a pre-
viously reported procedure with minor changes [53]. A solution of 3-
bromopropylamine hydrobromide (15.9 mmol, 3.55 g) and 1-vinylimi-
dazole (15.9 mmol, 1,47 mL) in acetonitrile (7.95 mL) was heated at
75 °C, under stirring, for 24 h. After cooling down to room temperature,
the solvent was removed under reduced pressure and the solid residue
was washed several times with diethyl ether. The obtained white solid
was dried under vacuum at 40 °C (4.72 g; 95 %). 'H NMR (400 MHz,
DMSO-D6, 8): 9.63 (s, 1H), 8.26 (s, 1H), 7.99 (s, 2H), 7.34 (dd, J = 15.6,
8.8 Hz, 1H), 5.99 (dd, J = 15.6, 2.0 Hz, 1H), 5.43 (dd, J = 8.7, 2.0 Hz,
1H), 4.35 (t, J = 6.8 Hz, 1H), 2.86 (d, J = 6.1 Hz, 2H), 2.27 - 1.78 (m,
2H). '3C NMR (101 MHz, DMSO-D6, 8): 136.25,129.51,123.75,119.81,
109.29, 46.93, 36.27, 27.82.

2.2.3. Synthesis of bis(vinyl)imidazolium bromide (1c)

The synthesis of compound 1c was carried out according to a pre-
viously reported procedure [27]. A solution of 1-vinylimidazole (1.5 mL,
16 mmol) and 1,4-dibromobutane (950 pL, 7.88 mmol) in methanol (2
mL) was heated overnight at 65 °C, under stirring, in Ar atmosphere, and
in the dark. After cooling down to room temperature, the solvent was
removed under reduced pressure and the solid residue was washed
several times with diethyl ether, until all the starting unreacted reagents
were removed. The obtained white solid was dried under vacuum at
60 °C (3.1 g; 98 %). 'H NMR (400 MHz, CD30D, &): 9.41 (s, 1H), 8.01 (t,
J=1.8Hz,1H), 7.81 (d,J = 1.8 Hz, 1H), 7.26 (dd, J = 15.6, 8.7 Hz, 1H),
5.93 (dd, J =15.6, 2.7 Hz, 1H), 5.44 (dd, J = 8.7, 2.7 Hz, 1H), 4.35 (t, J
= 6.7 Hz, 2H), 2.02 (dd, J = 6.6, 3.4 Hz, 2H).!3C NMR (101 MHz, DMSO-
D6, 8): 136.00, 129.42, 123.78, 119.69, 109.21, 48.91, 26.24.

2.2.4. Synthesis of 1,3-bis(3-vinylimidazolium)propan-2-ol bromide (1d)

The synthesis of compound 1d was carried out according to a pre-
viously reported procedure [22]. A solution of 1,3-dibromopropan-2-ol
(5 mmol, 1.09 g) and 1-vinylimidazole (16 mmol, 1.44 mL) in15 mL of
acetonitrile was heated at 80 °C for 5 days, under stirring, in Ar atmo-
sphere, and in the dark. After cooling down to room temperature, the
solvent was removed under reduced pressure and the solid residue was
washed several times with diethyl ether, until all the starting unreacted
reagents were removed. The obtained white solid was dried under
vacuum at 60 °C (1.967 g, 97 %). 'H NMR (400 MHz, DMSO-D6, §): 9.75
(s, 1H), 8.45 (s, 1H), 8.13 (s, 1H), 7.56 (dd, J = 15.7, 8.8 Hz, 1H), 6.19
(dd, J = 15.6, 2.4 Hz, 1H), 5.62 (dd, J = 8.8, 2.4 Hz, 1H), 4.69 (dd, J =
13.7, 3.0 Hz, 1H), 4.38 (dd, J = 13.7, 8.1 Hz, 1H), 3.66 — 3.44 (m,
1H).!3C NMR (101 MHz, DMSO-D6, §): 136.56, 129.35, 124.47, 119.46,
109.38, 67.84, 52.67.
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2.2.5. Synthesis of 1,3-bis(1-vinyl-imidazolium)(2,2-bis(hydroxymethyl)
propane bromide (1e)

The synthesis of compound le was obtained through the reaction
between 2,2-bisbromethyl-1,3-propanediol (3.74 mmol, 1 g) and 1-
vinylimidazole (11.22 mmol, 1.02 mL) in DMF (1 mL). The mixture
was heated at 120 °C for 120 h, under stirring, in Ar atmosphere, and in
the dark. After 24 h, 1 mL of DMF was added to the mixture, and another
2 mL of DMF after further 48 h. After cooling down to room temperature,
the solvent was removed under reduced pressure and the solid residue
was washed several times with diethyl ether. Afterwards, the precipitate
was transferred into a centrifuge tube and cold methanol (6 mL) was
added. The tube was kept at —20 °C for 10 min before centrifugation (3
min, 3000 rpm). The operation was repeated twice with methanol and
once with diethyl ether. The obtained brown solid was dried under
vacuum at 60 °C (1.23 g; 73.2 %). 'H NMR (400 MHz, DMSO-D6, d):
9.51 (s, 1H), 8.31 (s, 1H), 7.84 (s, 1H), 7.38 (dd, J = 15.5, 8.7 Hz, 1H),
6.03 (dd, J = 15.6, 2.3 Hz, 1H), 5.46 (dd, J = 8.8, 2.2 Hz, 1H), 4.34 (s,
1H), 3.22 (s, 2H). 13¢ NMR (101 MHz, DMSO-D6, 3): 136.75, 128.82,
124.78, 118.70, 108.82, 58.49, 49.18, 45.38.

2.2.6. General procedure for the synthesis of DEM systems (2a-e)

In a 5 mL glass vial, mono or bis-vinyl imidazolium salt 1a-e (HBA)
and urea or dimethylurea (HBD) were added in 1:2 or 1:4 ratio with
respect to bromide ions. The two solid components were allowed to mix
at 80 °C for 2 h, under stirring (500 rpm). HBA species 1a-c always gave
rise to homogeneous liquids when mixed in all investigated ratios with
HBD species, namely urea or dimethylurea in the 1:2 and 1:4 ratios. In
the case of HBA species 1d-e, a homogeneous liquid was only formed
using a 1:4 ratio with dimethylurea as HBD.

2.2.7. General procedure for the synthesis of hybrid materials (3a-e)

Once the DEM formed, MWCNTs were added and the mixture was
heated at 80 °C for 30 min. AIBN was added under Ar atmosphere and
the reaction mixture was allowed to react at 80 °C for 40 min. The ob-
tained dark residue was transferred into a centrifuge tube and methanol
was added. The residue was subjected to centrifugation and the super-
natant was removed. The solid was further washed three times with
methanol and once with diethyl ether. The washings were combined and
dried under vacuum to recover the corresponding HBD. The residue was
recovered and dried under vacuum at 40 °C.

2.2.8. Synthesis of hybrid material 3a

In a 5 mL glass vial, imidazolium salt 1a (2 mmol, 438.1 mg) and
urea (8 mmol, 485.3 mg) were added in 1:4 ratio with respect to bro-
mide ions. The two solid components were allowed to mix at 80 °C for 2
h, under stirring (500 rpm). Once the DEM formed, MWCNTs (50 mg)
were added and the mixture was heated at 80 °C for 30 min. AIBN (5 mol
%, 18 mg) was added under Ar atmosphere and the reaction mixture was
allowed to react at 80 °C for 40 min. The obtained dark residue was
transferred into a centrifuge tube and methanol was added. The residue
was subjected to centrifugation and the supernatant was removed. The
solid was further washed with DMSO, methanol, and diethyl ether. The
residue was recovered and dried under vacuum at 40 °C (450 mg; 92 %).

2.2.9. Synthesis of hybrid material 3b

In a 5 mL glass vial, imidazolium salt 1b (1 mmol, 313 mg) and urea
(4 mmol, 240 mg) were added in 1:2 ratio with respect to bromide ions.
The two solid components were allowed to mix at 80 °C for 2 h, under
stirring (500 rpm). Once the DEM formed, MWCNTs (25 mg) were added
and the mixture was heated at 80 °C for 30 min. AIBN (5 mol%, 9 mg)
was added under Ar atmosphere and the reaction mixture was allowed
to react at 80 °C for 40 min. The obtained dark residue was transferred
into a centrifuge tube and methanol was added. The residue was sub-
jected to centrifugation and the supernatant was removed. The solid was
further washed with DMSO, methanol, and diethyl ether. The residue
was recovered and dried under vacuum at 40 °C (198 mg; 59 %).
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2.2.10. Synthesis of hybrid material 3b’

Hybrid material 3b’ was prepared through the deprotonation of
hybrid 3b. Solid 3b was washed with a saturated solution of sodium
bicarbonate (3x40 mL), methanol (2x40 mL), and with diethyl ether
(1x40 mL). The obtained black solid was dried under vacuum (100 mg).

2.2.11. Synthesis of hybrid material 3c

In a 5 mL glass vial, imidazolium salt 1c (1 mmol, 404 mg) and
dimethylurea (8 mmol, 720 mg) were added in 1:4 ratio with respect to
bromide ions. The two solid components were allowed to mix at 80 °C
for 2 h, under stirring (500 rpm). Once the DEM formed, MWCNTs (50
mg) were added and the mixture was heated at 80 °C for 30 min. AIBN
(2.5 mol%, 9 mg) was added under Ar atmosphere and the reaction
mixture was allowed to react at 80 °C for 40 min. The obtained dark
residue was transferred into a centrifuge tube and methanol was added.
The residue was subjected to centrifugation and the supernatant was
removed. The solid was further washed with methanol, and diethyl
ether. The washings were combined and dried under vacuum to recover
the corresponding HBD. The residue was recovered and dried under
vacuum at 40 °C (435 mg; 95 %).

2.2.12. Synthesis of hybrid material 3d

In a 5 mL glass vial, imidazolium salt 1d (0.5 mmol, 203 mg) and
dimethylurea (4 mmol, 360 mg) were added in 1:4 ratio with respect to
bromide ions. The two solid components were allowed to mix at 80 °C
for 2 h, under stirring (500 rpm). Once the DEM formed, MWCNTs (25
mg) were added and the mixture was heated at 80 °C for 30 min. AIBN
(5 mol%, 9 mg) was added under Ar atmosphere and the reaction
mixture was allowed to react at 80 °C for 40 min. The obtained dark
residue was transferred into a centrifuge tube by adding methanol. The
residue was subjected to centrifugation and the supernatant was
removed. The solid was further washed with methanol, and diethyl
ether. The washings were combined and dried under vacuum to recover
the corresponding HBD. The residue was recovered and dried under
vacuum at 40 °C (182 mg; 83 %).

2.2.13. Synthesis of hybrid material 3e

In a 5 mL glass vial, imidazolium salt 1e (0.5 mmol, 225 mg) and
dimethylurea (4 mmol, 360 mg) were added in 1:4 ratio with respect to
bromide ions. The two solid components were allowed to mix at 80 °C
for 2 h, under stirring (500 rpm). Once the DEM formed, MWCNTs (25
mg) were added and the mixture was heated at 80 °C for 30 min. AIBN
(5 mol%, 9 mg) was added under Ar atmosphere and the reaction
mixture was allowed to react at 80 °C for 40 min. The obtained dark
residue was transferred into a centrifuge tube and methanol was added.
The residue was subjected to centrifugation and the supernatant was
removed. The solid was further washed with methanol, and diethyl
ether. The washings were combined and dried under vacuum to recover
the corresponding HBD. The residue was recovered and dried under
vacuum at 40 °C (233 mg; 93 %).

2.2.14. Conventional polymerization of MWCNTs using solvent as
dispersion medium

In a two-neck round-bottom flask, a suspension of MWCNTs (50 mg)
and imidazolium salt 1c (1 mmol, 404 mg) in absolute ethanol (5 ml)
was sonicated for 20 min. Afterwards, AIBN (2.5 mol%, 9 mg) was added
and argon was bubbled in the reaction mixture for 20 min. The mixture
was then heated at 80 °C. After 20 h the solid was washed with methanol
and diethyl ether and recovered by centrifugation. The residue was
recovered and dried under vacuum at 40 °C (425 mg; 94 %).

2.2.15. Synthesis of Poly 1a

In a 5 mL glass vial, imidazolium salt 1a (1.5 mmol, 328.5 mg) and
urea (6 mmol, 360.0 mg) were added in 1:4 ratio with respect to bro-
mide ions. The two solid components were allowed to mix at 80 °C for 2
h, under stirring (500 rpm). AIBN (5 mol%, 12 mg) was added under Ar
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atmosphere and the reaction mixture was allowed to react at 80 °C for
40 min. The obtained white residue was transferred into a centrifuge
tube and methanol was added. The residue was subjected to centrifu-
gation and the supernatant was removed. The solid was further washed
with methanol, and diethyl ether. The residue was recovered and dried
under vacuum at 40 °C (304 mg; 92 %). For '3C-CPMAS-TOSS NMR see
Fig. S15.

2.2.16. Catalytic experiments

Catalytic experiments were carried out in a Cambridge Design Bull-
frog batch reactor with temperature control and mechanical stirring.
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
epichlorohydrin 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 Ny before the addition of 25 bar of COa.
After this, the system was heated at 150 °C with a rate of 5 °C/min. The
reaction mixture was stirred at 150 °C for 3 h. The reactor was cooled
down to room temperature and then it was depressurized. The separa-
tion of the catalyst from the reaction mixture was easily performed by
centrifugation (15 min at 4500 rpm). The supernatant was analyzed by
'H NMR.

2.2.17. Recycling test

The recyclability tests were carried out in the reaction between
epichlorohydrin and CO». At the end of the reaction, the material 3a was
recovered by centrifugation and washed several times with toluene,
ethanol and once with diethyl ether. Before every centrifugation, the
catalyst was sonicated in the washing solvent up to get a good disper-
sion. After drying at 60 °C under vacuum, the catalyst was reused in the
same reaction maintaining the ratio between moles of catalyst and moles
of epoxides.

3. Results and discussion

The preparation of novel DEM systems containing polymerizable
HBA species, namely mono- and bis-vinyl imidazolium salts, was con-
ducted by selecting urea and dimethylurea (DMU) as hydrogen bond
donors. Two different HBA/HBD ratios of 1:2 and 1:4 with respect to
bromide ions were chosen. In the proposed methodology, the pivotal
component of the eutectic mixture is the hydrogen bond acceptor, as it is
the active agent directly involved in the polymerization reaction. In
order to achieve structural variability of the final hybrid material,
different mono- and bis-vinyl imidazolium bromide monomers la-e,
endowed with hydroxyl or amine groups, included in the spacer or side
chain, were synthetized (vide infra Scheme 1). The eutectic mixtures
were generated after two hours at 80 °C from the two solid components
(Fig. S1).

Differential Scanning Calorimetry (DSC) was performed to investi-
gate the thermal behaviour of the prepared DEM systems (Fig. 1a-b).
Each sample was analyzed with a heating and cooling temperature ramp
of 10 °C min~'. DSC analysis confirms the successful formation of the
DEM systems (solid lines) since their melting temperatures were lower
than both the parent imidazolium salts (dashed lines la-e) and the
hydrogen bond donors (urea and DMU, red lines). Except for DEM 2a,
which is liquid at room temperature and shows no crystallization peak
until —40 °C, and DEM 2b that displays only a melting peak, DEMs 2c-e
showed a reproducible behaviour for three cycles, with the presence of
melting and crystallization peaks (not shown in Fig. 1). Moreover, bis-
vinyl imidazolium salt 1e (dashed yellow line) exhibits no melting
peak in the range of temperature examined (up to 120 °C).

Once established that DEMs were formed, they were exploited as
efficient and reactive dispersing media for carbon nanotubes. In such a
way, a series of novel hybrid materials based on MWCNT/poly-
imidazolium salts 3a-e were prepared through a convenient and
straightforward methodology. The radical polymerization initiated by
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the thermal decomposition of 2,2-azobis(isobutyronitrile) (AIBN) at
80 °C within the different DEM media 2a-e, based on mono- or bis-vinyl
imidazolium salts 1a-e, in the presence of MWCNTs, resulted in highly
functionalized hybrid materials in just 40 min (Scheme 1). Once AIBN is
added, the reaction mixture quickly polymerizes by forming a solid
mixture in which the DEM no longer exists. This strategy represents a
versatile approach to get easy access to functionalized carbon nanotubes
with different functional groups, which can be in turn post-modified.
Thermogravimetric analysis under a nitrogen flow was employed to
analyze the thermal profiles of the resulting hybrids MWCNT/poly-
imidazolium salts 3a-e (Fig. 2a-b). All the materials proved to be very
stable up to 270 °C, a temperature beyond which they start to decom-
pose, except for material 3b’, endowed of amino-groups in the side
chains, which starts to degrade at a lower temperature of ca. 160 °C, and
shows a marked decomposition process above 200 °C. The good thermal
stability of the final hybrids is promising for their possible use under
heating regimes. Thermogravimetric profile of pristine MWCNTs (p-
MWCNTs, black line) showed very low weight loss (1 wt%) up to 700 °C.
The functionalization loadings of materials 3a-e were then estimated by
evaluating their weight losses at 700 °C. The following values were
obtained: 3a 3.6, 3b 2.3, 3b’ 2.9, 3¢ 4.2, 3d 3.6, and 3e 3.1 mmol/g of
imidazolium units. The estimation of specific surface areas (SSA) was
carried out using the Brunauer-Emmett-Teller (BET) method [54,55].
The resulting SSA values were relatively low, falling within the range of
less than 15 m?/g (Table S1), in agreement with those previously ob-

tained for analogous CNFs/polyimidazolium salts hybrids
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Fig. 2. TGA under N flow and derivative thermogravimetric (DTG) curves
(dotted lines) of a) p-MWCNT (black line), 3a (grey line), 3b (blue line) and 3b’
(red line), and b) p-MWCNT (black line), 3c (green line), 3d (violet line) and 3e
(red line). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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[23,24,56,57].

Solid state '3C-cross-polarization magic angle spinning - total sup-
pression of sideband NMR (3C-CPMAS-TOSS NMR) spectra of hybrid
materials 3a-e were collected and reported in Fig. 3. In the spectra, the
signals of the aromatic carbon atoms of imidazolium moieties can be
observed in the region between 115-150 ppm, while the signals asso-
ciated with aliphatic carbon atoms are in the upfield region of the
spectrum, ranging from 20 to 70 ppm. Additionally, the successful
outcome of the polymerization process was confirmed by the absence of
any signals in the 100-115 ppm region, where carbon atoms of the vinyl
group typically resonate.

The evidence of the good outcome of the polymerization process was
also confirmed by Fourier-transform infrared (FT-IR) spectroscopy,
comparing the spectra of the imidazolium salts precursors with the
spectra of the corresponding final hybrid materials (Fig. S2). FT-IR
spectra of monomers la-e (Fig. S2, red lines) show the typical bands
associated with the C = C stretching of vinyl group of the imidazolium
functionalities centred at 1620-1690 cm ™! and two bands at 920-960
em™! corresponding to the C-H bending.

As expected, these peaks disappear in the spectra of the hybrid ma-
terials 3a-e (black lines), confirming the successful polymerization.
Furthermore, the highly hygroscopic nature of the polymerized imida-
zolium salt results in the presence of a wide absorption peak between
3200-3500 cm ™, attributable to the stretching of O-H bonds, and a
moderate absorption at 1550 cm ™! arising from the bending of H-O-H
bonds of the adsorbed water.

All the prepared hybrid materials were subjected to Raman spec-
troscopic analysis (Fig. S3), which made it possible to assess the covalent
functionalization of carbon nanotubes through the change in the in-
tensity ratio of the D band to the G band (Ip/Ig) compared to Ipo/Igo
ratio in the pristine CNTs. In particular, in the material 3a, an increased
normalized Ip/Ig ratio from the Ipo/Igo ratio of 1.16 was found, proving
the attachment onto the CNTs surface. Raman spectra of materials 3b,
3b’, and 3c revealed no remarkable differences from Raman spectrum of
p-MWCNTs. In order to interpret these results, it is necessary to take into
account both the nature of the support material, being MWCNTs, and the
functionalization process involved, namely radical polymerization.
Indeed, despite the high degree of functionalization of the obtained
materials, minimal disruption of the n-system of the outermost nanotube
layer and thus minimal changes in the corresponding Raman spectra are
obtained. Unfortunately, materials 3d and 3e gave rise to intense fluo-
rescence emissions, upon excitation with all the laser wavelengths used
(532, 633, and 785 nm), which hindered the acquisition of the Raman
spectra.

Transmission electron microscopy (TEM) was used to investigate the
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I
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Fig. 3. '3C-CPMAS-TOSS NMR solid state of hybrid materials 3a-e.
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morphology of the prepared hybrid materials. The micrographs of these
hybrids (Fig. 4b-g) were compared with those of p-MWCNTs (Fig. 4a).
Despite the random nature of the polymerization process, CNTs exert a
templating effect on the polymeric network, which grows around the
carbonaceous skeleton, as already observed by us, in the case of bis-vinyl
imidazolium salts, when CNTs were used as support materials
[22,23,26,27,56,57]. It is worth to note that in all cases, regardless of
the nature of the monomer (mono- or bis-vinyl imidazolium salt), the
polymerization led to the formation of an unusually compact MWCNTs-
coating. As said above, the immobilization of the polymerizable HBA
component of the DEM system onto the CNTs surface causes the modi-
fication of the HBD/HBA molar ratio resulting in a eutectic rupture and
phase segregation by means of a spinodal-like decomposition induced by
the polymerization process and the formation of a polymer-depleted
solid phase, mainly consisting of the inert HBD component of the DEM
[40,43,44]. This phenomenon could play a role on the morphology of
the obtained materials, since DEM system could act as additional
structure directing agent on the growth of the polymeric matrix.

The polymerization in DEM media formed from mono-vinyl mono-
mers as HBA species led to the formation of well-dispersed and indi-
vidualized nano-objects having mean diameters larger than that of p-
MWCNTs (Fig. 4b-d). The size distribution histograms of p-MWCNTs
and materials 3a, 3b, and 3b’, shown in Fig. 4h, highlight this increase
in average size since p-MWCNTs have a mean diameter of 14 + 7 nm (n
= 150 counts), whereas materials 3a, 3b, and 3b’ show bigger diameters
of 33 &+ 8 (n = 155 counts), 35 + 8 (n = 160 counts), and 42 £ 10 (n =
55 counts), respectively. Once again, the use of bis-vinyl monomers as
polymerizable HBA species resulted in the covering of CNTs skeleton,
although the possibility of cross-linking led to the formation of
numerous aggregates that significantly lowered the number of individ-
ualized nano-objects hampering and making statistically not significant
the construction of a size distribution curve. However, no objects with a
diameter bigger than 50 nm have been identified. Regarding this last
observation, it is noteworthy to compare material 3¢ (4.2 mmol/g)
obtained by DEM-mediated functionalization with the same material
previously obtained by us with the conventional method dissolving the
bis-vinyl imidazolium salt 1c in ethanol (4.5 mmol/g).[23] Despite the
two synthetic strategies gave rise to materials with similar functionali-
zation degrees, significant differences in means diameters were ob-
tained. Specifically, the conventional methodology resulted in a thicker
polymeric coating of ca. 150 nm against a more compact layer of 50 nm
in the case of DEM-mediated functionalization (Fig. 5). This outcome

W7
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I
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Fig. 5. Transmission electron microscopy images of: (a and c) hybrid material
obtained in diluted solvent conditions (2.6 mg/mL of MWCNTs in ethanol)?®
and (b and d) hybrid material 3c.

can be explained by considering the different nature of the two reaction
media, namely ethanol and the DEM system, in which polymerization
takes place. Indeed, the concentration of the monomer 1c is lower in
ethanol with respect to that in DEM system 2c¢ (1¢/DMU). Therefore,
when ethanol was used as solvent, the low monomer concentration
could cause a lower number of anchored vinyl moieties on the surface of
MWCNT which, consequently, polymerize in a less compact manner
giving a material with a large radius around the MWCNT; conversely the
higher monomer concentration in the DEM 2c¢, along with the eutectic
rupture and phase segregation, could result in a greater number of
anchored vinyl moieties that leads to a higher compact structure with a
much lower radius (ca. 50 nm). In the light of the above, in addition to
act as a dispersing medium for CNTs and reactant for the CNTs-
templated polymerization process, DEM plays a third role since it can

3b] [ 7 7
[3b] o y 3b
¢

Pp-CNTs 3a

14nm 33nm

5 20 35 50 65 80 5 20 35 50 65 80
3b 30"
35nm

Distribution (%)

42nm
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Size (nm)

Fig. 4. Transmission electron microscopy images of: (a) p-MWCNTs; (b) 3a, in the inset the polymer coating is marked in blue and the nanotube in red; (c) 3b; (d)
3b’; (e) 3c;(f) 3d; () 3e and (h) size distribution histograms of p-MWCNTs, 3a, 3b and 3b’. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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actively affect the morphology of the obtained material.

The sustainability of the whole can be further increased through the
possible recovery and reuse of the inert HBD component at the end of the
reaction. When mixed with fresh 1c, recovered DMU reformed the
corresponding DEM system.

Furthermore, when we carried out the conventional polymerization
of the bis-vinyl imidazolium salt 1c, a dispersion of 2.6 mg mL™! of
MWCNTs in ethanol was used [23]. In this case, a homogeneous material
with a good degree of functionalization was obtained. Herein, we have
been interested in investigating whether it was possible to reduce the
amount of organic solvent using a concentration of 10 mg mL7! of
MWCNTs, namely the higher achievable suitable to ensure both a good
dispersion of the nanotubes and the solubilization of the bis-vinyl imi-
dazolium salt 1c. Such conditions led to the obtainment of a physical
mixture of CNTs supported and homopolymerized poly-imidazolium salt
(Fig. 6) indicating that higher dilutions are needed to avoid the het-
erogeneity of the material.

This evidence further corroborates the green aspects of DEM-
mediated functionalization of MWCNTs since it allows reducing the
amounts of organic solvents used. Furthermore, regarding the func-
tionalization with mono-vinyl salts, although a few examples have been
reported, [58-61] when ethanol was used as dispersing medium, no
polymerization was initiated under all the conditions tested by us. This
emphasizes another advantage of DEM-mediated polymerization, which
enables the preparation of new materials that would otherwise not be
accessible.

Once characterized, all the hybrid materials 3a-e were applied as
heterogeneous catalysts in the reaction between CO3 and epichlorohy-
drin into the corresponding cyclic carbonate. The catalytic performance
of the hybrids was evaluated in terms of conversion, turnover number
(TON, defined as moles of epoxide converted/moles of supported imi-
dazolium bromide), turnover frequency (TOF = TON/time (h)) and
recyclability. In order to study the effect of the different linear and cross-
linked polymer supported onto MWCNTs, six catalytic tests were carried
out in the reaction between carbon dioxide and epichlorohydrin under
solvent-free conditions, at 150 °C, and without using any co-catalytic
species (Table 1, entries 1-6).

From this preliminary investigation, 3a resulted the more active
material. This behaviour can be ascribed to the different structures of the
hybrids. The better catalytic activity of 3a could be explained by the
linear morphology of the polymer supported on the MWCNTs, leading to
a higher accessibility of the imidazolium units to the substrates. To
corroborate this hypothesis, we performed two additional catalytic

Fig. 6. Appearance of (a) hybrid material 3c and (b) the same hybrid material
prepared using a concentration of 10 mg/mL of MWCNTs in ethanol. Trans-
mission electron microscopy images of: (c) material 3c and (d) material ob-
tained in concentrated solvent conditions (10 mg/mL of MWCNTs in ethanol).
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Table 1
Conversion of epichlorohydrin and CO, into the cyclic carbonate.”
(o) [o)
Catalyst //(
+ COp ——  » (0] o
150 °C, 3h
I (25 bar) , cl
Entry Catalyst Conversion(%)” TON* TOF*
1 3a 70 1020 340
2 3b 56 640 210
3 3b’ 57 970 320
4 3c 70 850 280
5 3d 47 650 210
6 3e 25 430 145
7 Poly 1a 45 660 220
8 p-MWCNTs traces - -

@ Reaction conditions: epichlorohydrin (306 mmol), catalyst 60 mg (3a 0.21
mmol Br7; 3b 0.27 mmol Br~; 3b’ 0.18 mmol Br7; 3¢ 0.25 mmol Br7; 3d 0.22
mmol Br7; 3e 0.18 mmol Br), 25 bar CO,, 150 °C, 3 h, 500 rpm.

b Determined by 'H NMR (Fig. $16-23).

¢ TON and TOF values calculated based on the bromide content in the hybrid
materials.

experiments with homopolymerized 1a (Poly 1a, Scheme 1) and p-
MWCNTs (Table 1, entries 7-8). The results showed that Poly 1a pos-
sesses a lower catalytic activity compared to the hybrid supported 3a,
whereas p-MWCNTs allowed to obtain only traces of the product.
Moreover, the TON and TOF values (1020 and 340 h™Hof hybrid 3a are
almost twice as high as the values of Poly 1a (660 and 220 h_l). These
findings underline the importance of combining polymer with MWCNTs,
as an inert support, to produce hybrid materials that show a significant
improvement in catalytic performance.

The hybrid material 3a was chosen for further investigation. Again,
the reaction between CO2 and epichlorohydrin was selected as bench-
mark reaction to study the recyclability of the hybrid material. Three
consecutive cycles were performed without significant loss in catalytic
activity (Fig. S4). After each cycle, the material was recovered through
centrifugations. Subsequently, it was washed with toluene, ethanol, and
diethyl ether, requiring no further activation treatments. Once recov-
ered, the recycled hybrid material 3a was characterized by means of
TEM (Fig. S24) and showed only minor differences with respect to the
fresh material. In particular, the average diameter of the used and that of
the fresh catalyst resulted in good agreement, namely 31 + 12 nm (n =
96 counts) vs 33 + 8 nm, respectively.

Finally, the catalytic activity of material 3a was compared with
others reported heterogeneous catalytic systems containing Lewis base
species (Table S2). In general, 3a proved to have a better performance
with respect to the catalysts taken into account for the conversion of CO,
into cyclic carbonates.

4. Conclusion

In conclusion, we reported a novel synthetic strategy based on the
triple role of DEMs able to act as convenient dispersion media for
MWCNTs, efficient reactive systems, and also as structure-directing
agents for the polymerization process. This methodology was exploi-
ted for the functionalization of MWCNTSs by means of the radical poly-
merization of mono- or bis-vinyl imidazolium salts endowed with
different functional groups (-OH, -NH,, -NH3Br") used as HBA species
of the eutectic mixtures. The new hybrid materials were fully charac-
terized by means of TGA, '3C-CPMAS TOSS NMR, FT-IR, SSA, Raman,
and TEM analyses. This latter technique revealed the effective coverage
of the CNTs structure by the polymeric matrix. Whereas CNTs acted as
template for the growth of the polymeric network, the DEM systems
played a complementary role on the morphology of the hybrid materials,
which were characterized by the presence of a compact polymeric
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matrix around the CNTs structure. The hybrids were successfully applied
as heterogeneous catalysts for the conversion of carbon dioxide and
epichlorohydrin into the corresponding cyclic carbonate and the best
performing material was further investigated to carry out recycling
studies for three consecutive runs. Interestingly, the best hybrid material
displayed a catalytic activity almost double in terms of TON and TOF
with respect to the corresponding unsupported poly ionic liquid. This
promising and eco-friendly strategy paves the way for the obtainment of
different functional materials in which both the identity of DEM and that
of support material, namely carbon nanoform or properly functionalized
metal oxide (SiO,, TiO,, Al;O3, etc.), can be varied. In addition, the use
of these hybrids both for the immobilization of metal nanoparticles and
for the generation of N-doped carbon nanotubes is currently underway.
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