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Multiwalled carbon nanotubes (MWCNTSs) were easily and efficiently functionalised with highly cross-linked
polyamines. The radical polymerisation of two bis-vinylimidazolium salts in the presence of pristine
MWCNTSs and azobisisobutyronitrile (AIBN) as a radical initiator led to the formation of materials with
a high functionalisation degree. The subsequent treatment with sodium borohydride gave rise to the
reduction of imidazolium moieties with the concomitant formation of secondary and tertiary amino
groups. The obtained materials were characterised by thermogravimetric analysis (TGA), elemental
analysis, solid state ™C-NMR, Fourier-transform infrared spectroscopy (FT-IR), transmission electron

microscopy (TEM), potentiometric titration, and temperature programmed desorption of carbon dioxide
Received 14ih April 2020 (CO,-TPD). One of th d materials was tested as a het base catalyst in C~C bond
Accepted 14th July 2020 2 . One of the prepared materials was tested as a heterogeneous base catalyst in on
forming reactions such as the Knoevenagel condensation and Henry reaction. Furthermore, two

DOI: 10.1039/d0na00291g examples concerning a sequential one-pot approach involving two consecutive reactions, namely
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Introduction

The outstanding electrical and mechanical features of carbon
nanotubes (CNTs) are well known and explain why CNT-based
materials have aroused significant interest for use in plenty of
applications such as energy storage,'” electronics,*® catal-
ysis,”® structural reinforcement,>'"* and nanomedicine,"”**
among others. However, pristine CNTs suffer from some
inherent drawbacks mainly related to limited dispersibility that
reduce their processability. Therefore, it is not surprising that
many research efforts have been made aimed at efficiently
functionalising CNTs both to improve their handling and to
impart other specific features. It is possible to find a large
number of examples concerning the noncovalent and covalent
functionalisation of CNTs."*** Among these routes, the one
directed towards the covalent modification of CNTs can ensure
both a good extent of functionalisation and an improved
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Knoevenagel and Michael reactions, were reported.

dispersibility in different media. Therefore, focusing on the
covalent modification approaches, two methods were devel-
oped, namely the oxidation of CNTs followed by their amidation
or esterification and the direct addition reactions at the CNTs’
sidewalls.'®*>*

The first functionalisation method of CNTs consists of their
initial oxidation. Depending on the strength of the oxidative/
acid treatment of pristine CNTs, nanotube fragmentation
along with their decoration with various oxygenated func-
tional groups (carboxyl, carbonyl, hydroxyl, etc.) can be
obtained. However, shortening of the pristine CNTs can be
minimized by adopting milder conditions, such as the use of
refluxing nitric acid, preserving their electronic and mechan-
ical properties. The second step involves the post-
functionalisation of the primary oxygenated functional
groups added onto the surface of CNTs by means of standard
amidation and esterification reactions.

On the other hand, the direct functionalisation of CNTs
allows us to exploit the m-conjugated carbon framework of
nanotubes avoiding any pre-treatment of the pristine CNTs.
In the first case, the post-functionalisation with amide and
ester groups depends only on the amount of the primary
oxygenated functional groups inserted onto the CNTs.
Conversely, the direct functionalisation methods require
high reactivity of the species involved. This means that the
functionalisation could be initiated mainly in the highly
reactive areas of CNTs (the most curved regions or those close
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to defects formed during their synthesis) from where it can
continue further.

It is well known that any functionalisation method of CNTs
will become more and more interesting and convenient if it
refers more to some fundamental principles. As a matter of fact,
an ideal and highly appealing functionalisation process should
be simple, efficient, less time-consuming and easily scalable.
Only in this way, the demand for great amounts of highly
functionalised CNTs, which could be crucial for some specific
applications, can be met. In this scenario, due to the high
radical accepting capacity of CNTs which makes them good
radical scavengers*2® and anti-oxidants, a very useful
technique able to give rise to high functionalisation degrees
could be the free-radical modification of CNTs. This modifica-
tion approach results in less damage of pristine nanotubes’
sidewalls and in CNT debundling, as a result of their func-
tionalisation and better dispersion/solubility and process-
ability. Moreover, free-radical modification allows for the direct
functionalisation of pristine CNTs avoiding any pre-treatment,
as evidenced by several examples in which free-radical modifi-
cation of the CNT surface led to the full coverage of the carbo-
naceous skeleton, in most cases.****

Among the different covalent modification approaches, those
aimed at introducing amino groups on the surface of CNTs have
raised growing interest. CNTs have been modified by means of
grafting of amino group based polymers or small organic mole-
cules, as shown by the large number of examples concerning the
covalent modification of CNTs with hyperbranched*** or cross-
linked polymers, polyamidoamine = (PAMAM) den-
drimers,** and polyamines,>>® among others.*****”* The
application fields of amino-modified CNTs are numerous, as
a matter of fact, some examples concerning the possible use of
amino-functionalised CNTs involve, and are not limited to, their
application as reinforcing agents in epoxy composites,**** solid
base catalysts for organic transformations,”** CO, adsor-
bents,*”* supports for metal nanoparticle immobilization,*”>7%
metal scavengers,”*****® and gene or drug delivery
systems.***>*>7¢8! Ensuring a suitable amino group content of
CNTs certainly represents a key point regardless of the purpose of
use of the prepared material. Therefore, the development of an
easily feasible synthetic method to obtain highly amino-
functionalised CNT materials represents an important goal.

We have recently reported a simple functionalisation
method of multi-walled carbon nanotubes (MWCNTSs) in
which the nanotubes acted as a sort of templating agent for
the polymerisation of a highly cross-linked imidazolium
network, resulting in a cylindrical coating around the nano-
tube skeleton.?” This straightforward approach, which con-
sisted of one-step radical polymerisation of a bis-
vinylimidazolium salt in the presence of nanotubes,
allowed obtaining the direct and efficient functionalisation
of pristine MWCNTSs with a large amount of polyimidazolium
salt, since the final content of polymerised network onto
nanotubes was higher than 90 wt%.

In another study we showed that it was possible to easily
obtain cross-linked polyamines, containing secondary and
tertiary amines, by means of the reduction of the corresponding
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cross-linked imidazolium-based material with sodium borohy-
dride.®® Given the extremely high versatility of amino-
functionalised carbon-based materials, and in the context of
the current interest aroused by the production of heterogeneous
base catalysts, which can find application in the catalysis of
some relevant C-C bond forming reactions such as Knoevenagel
condensation and Henry reaction,**® herein we propose a new
method for obtaining highly loaded cross-linked polyamine-
MWCNT materials through the reduction of the corresponding
easily accessible cross-linked polyimidazolium salt-MWCNT
hybrids. More in detail, one of the prepared materials was not
only tested as a heterogeneous base catalyst in the above-
mentioned Knoevenagel and Henry reactions, but its use in
two examples concerning a sequential one-pot approach
involving two consecutive reactions, namely Knoevenagel and
Michael reactions, is also reported.

Experimental
Materials and methods

Chemicals and solvents were purchased from commercial
suppliers and used as received without further purification.
Thermogravimetric analysis (TGA) was performed under
nitrogen flow from 100 to 1000 °C with a heating rate of
10 °C min~' with a Mettler Toledo TGA/DSC STAR System.
The temperature was increased starting from rt up to 100 °C,
and then this temperature was maintained for 30 minutes to
remove adsorbed water before reaching 1000 °C. The CHN
combustion elemental analysis was performed on a Perkin
Elmer 2400 Series II analyser. ">*C CP-MAS NMR spectra were
acquired on a Bruker Advance II 400 spectrometer operating
at 100.63 MHz for '°C nuclides and 400.15 MHz for 'H
nuclides equipped with a 4 mm (H-X) double channel CP-
MAS probe. The samples were placed in a 4 mm zirconia
rotor closed with Kel-F caps. The spectra were measured at
a MAS speed of 8 kHz, with 2 ms contact time, 3 s delay time
and an excitation pulse of 4.7 us on the 'H nucleus, and 1024
scans were performed. The Hartmann-Hahn-condition was
optimized using an adamantane standard sample, which was
also used as an external chemical shift reference. FT-IR
spectra (KBr disk) were recorded on an Agilent Technolo-
gies Cary 630 FT-IR spectrometer. Transmission electron
microscopy (TEM) images were recorded on a Philips TECNAI
10 microscope at 80 kV. The potentiometric reverse acid-base
titration was performed by the addition of known volumes
(2.5-40 pL steps) of a standard 1 M NaOH solution (1 mL) to
an aqueous suspension (14 mL of distilled water and 1 mL of
methanol) of the reduced material (ca. 25 mg) treated with an
excess of 0.1 M HCI (5 mL; 3¢ = 0.5 mmol). The obtained
suspension was stirred overnight at room temperature and
bubbled with argon for 20 minutes prior to the start of the
titration. The aqueous NaOH solution was added using
a Chemetron microliter syringe while measuring the pH
value with a Crison micro pH 2001 system. Temperature-
programmed desorption (CO,-TPD) was carried out using
a Micromeritics Autochem 2950HP apparatus equipped with
a thermal conductivity detector (TCD) and an IR analyser

This journal is © The Royal Society of Chemistry 2020
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(ABB Uras 14). The sample (200 mg) was put in a quartz U
shaped reactor with an inner diameter of 12 mm, electrically
heated in a furnace. The adsorption of CO, was performed at
30 °C under pure CO, (50 mL min ") for 1 h, and then He (50
mL min~") was used to remove the physically adsorbed CO,
by purging for 1 h at room temperature. Finally, the
temperature-programmed desorption procedure was carried
out under He flow (50 mL min~") from 30 °C to 150 °C
(heating rate of 4 °C min '), holding at 150 °C for 30 min. 'H
NMR spectra of the products of all the catalytic tests were
recorded on a Bruker 300 MHz spectrometer.

Synthesis of bis-vinylimidazolium salts 1a and 1b

Bis-vinylimidazolium salts 1a and 1b were synthesized
following a reported procedure with minor changes.®”

Synthesis of compound 1a. A solution of 1,4-dibromobutane
(0.75 mL, 6.22 mmol) and 1-vinylimidazole (1.20 mL, 12.99
mmol) in chloroform (5.5 mL) was stirred at 50 °C for 20 h. A
white precipitate was obtained and chloroform was removed by
simple decantation. Afterwards, methanol was added and
gently warmed to solubilize the solid obtaining a yellowish
viscous oil, which after the addition of diethyl ether and soni-
cation 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-
vinylimidazolium salt 1a was obtained as a white solid
(2.332 g; 93%).

Synthesis of compound 1b. A solution of 1,4-dibromo-p-
xylene (1.5 g, 5.57 mmol) and 1-vinylimidazole (1.10 mL, 11.91
mmol) in toluene (5.5 mL) was stirred at 90 °C for 20 h. For the
purification of 1b the same procedure reported for 1a was fol-
lowed. Compound 1b was obtained as a white solid (2.263 g;
90%).

Preparation of materials Imi-But-MWCNT and Imi-Xyl-
MWCNT

In a two-neck round bottom flask, 1.67 mmol of bis-
vinylimidazolium salt (674 mg for 1a; 754 mg for 1b), 40 mg
of MWCNTs and 15 mL of absolute ethanol were mixed. The
suspension was sonicated for 25 min to achieve a fine disper-
sion of the nanotubes. Under the protection of an argon
atmosphere, AIBN (29 mg, 0.17 mmol) was added. After
bubbling the reaction mixture with argon for 15 min, it was
refluxed at 80 °C under stirring for 24 h. The reaction mixture
was allowed to reach room temperature and 20 mL of methanol
were added to the flask. The dark suspension was transferred
into a centrifuge tube and sonicated for several minutes before
centrifugation at 5000 rpm for 5 min. The clear supernatant was
removed, and the dark residue was washed twice with methanol
and once with diethyl ether by sonication and centrifugation.
The product was dried under vacuum overnight at 40 °C in
a glass oven. Imi-But-MWCNT was obtained as a dark grey solid
(549 mg), CHN elemental analysis (%): C, 43.77; H, 5.13; N,
10.97. Imi-Xyl-MWCNT was obtained as a dark grey solid (713
mg), CHN elemental analysis (%): C, 47.21; H, 4.71; N, 10.20.

This journal is © The Royal Society of Chemistry 2020
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Preparation of materials NH-But-MWCNT and NH-Xyl-
MWCNT

In a round bottom flask, 500 mg of Imi-But-MWCNT or 560 mg
of Imi-Xyl-MWCNT and 18 mL of absolute ethanol were added.
The mixture was sonicated for 20 min before adding 990 mg and
1025 mg of NaBH, for Imi-But-MWCNT and Imi-Xyl-MWCNT,
respectively. The reaction mixture was refluxed at 80 °C under
an argon atmosphere for 22 h. The reaction mixture was allowed
to reach room temperature and 20 mL of methanol were added.
The dark suspension was transferred into a centrifuge tube,
sonicated for several minutes before centrifugation at 5000 rpm
for 10 min and the supernatant was removed. Two different
procedures were adopted for the following washings of the two
materials. In the case of NH-But-MWCNT, it was suspended and
sonicated in water before vacuum filtration using a Durapore®
PVDF membrane filter (VVLP, hydrophilic PVDF, 0.1 pm pore
size). The residue was thoroughly washed with water and dried
overnight under vacuum at 40 °C in a glass oven. Material NH-
But-MWCNT was obtained as a black powder (299 mg); CHN
elemental analysis (%): C, 62.18; H, 8.69; N, 15.52. For NH-Xyl-
MWCNT the further washings were carried out by sonication
and subsequent centrifugation twice with water, once with
methanol and once with diethyl ether before drying the residue
overnight under vacuum at 40 °C in a glass oven. Material NH-
Xyl-MWCNT was obtained as a black powder (358 mg); CHN
elemental analysis (%): C, 67.51; H, 7.65; N, 14.47.

General procedure for the Knoevenagel condensation

In a glass vial with a screw cap, 1 mmol of aldehyde, 1 mmol of
ethyl cyanoacetate, 1.58 mg of NH-But-MWCNT, and 150 pL of
ethanol were added. The mixture was stirred at 30 °C for the
specified time before dilution by addition of DCM and filtration
for catalyst removal. The filtrate was evaporated under vacuum
at 40 °C and the residue was weighed and analysed by "H NMR
spectroscopy.

General recycling procedure for the Knoevenagel
condensation

In a glass vial with a screw cap, 2 mmol of aldehyde, 2 mmol
of ethyl cyanoacetate, 3.16 mg of NH-But-MWCNT (2 mol%),
and 300 pL of ethanol were added and stirred at 30 °C for the
specified time. The reaction mixture was diluted by the
addition of CHCI3/Et,O 4:1 (v/v), sonicated for several
minutes, and centrifuged at 5000 rpm for 5 min. The super-
natant was recovered and the washing procedure was
repeated twice with CHCI3/Et,0 4 :1 (v/v) and finally with
Et,0. The recovered catalyst was dried at 50 °C and then
reused. The collected supernatants were evaporated under
vacuum at 40 °C and the residue was weighed and analysed by
"H NMR spectroscopy. The catalytic tests at 1 mol% loading
were carried out on a scale of 1.0 mmol. For the reactivation
of the catalyst, reused NH-But-MWCNT was treated with 200
uL of formic acid and the obtained suspension was stirred at
room temperature for 2 h. The mixture was diluted with Et,0O,
sonicated for several minutes, and centrifuged at 5000 rpm

Nanoscale Adv., 2020, 2, 4199-4211 | 4201
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for 5 min. The supernatant was removed and the whole
washing procedure was repeated once with Et,O. Then
a solution of 50 vol% NEt; in THF was added and the
resulting suspension was stirred at room temperature for 1 h,
centrifuged at 5000 rpm for 5 min, and the supernatant was
removed. The washing procedure described above was
repeated twice with THF and once with Et,0. The catalyst was
dried at 50 °C and then reused.

General procedure for the sequential one-pot Knoevenagel-
Michael reaction

In a glass vial with a screw cap, 2.5 mmol of aldehyde, 2.5 mmol
of ethyl cyanoacetate, 3.94 mg of NH-But-MWCNT (2 mol%),
and 375 pL of ethanol were added. The mixture was stirred at
room temperature for the specified time. Then, 25 mmol of
nitromethane were added and the reaction mixture was stirred
at room temperature for the specified time. The mixture was
diluted by the addition of DCM and filtered for catalyst removal.
The filtrate was evaporated under vacuum at 40 °C and the
residue was weighed and analysed by "H NMR spectroscopy.

General procedure for the Henry reaction

In a glass vial with a screw cap, 0.254 mmol of aldehyde,
2.54 mmol of nitromethane, 1 mg of NH-But-CNT (5 mol%), and
345 uL of ethanol were added. The mixture was stirred at room
temperature for 24 h before dilution by the addition of DCM
and filtration for catalyst removal. The filtrate was evaporated
under vacuum at 40 °C and the residue was weighed and ana-
lysed by "H NMR spectroscopy.
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Results and discussion

Two bis-vinylimidazolium salts (1a,b) were used for the direct
functionalisation of pristine MWCNTSs by means of free-radical
polymerisation initiated by azobisisobutyronitrile (AIBN), as
reported in Scheme 1. The as-prepared materials Imi-But-
MWCNT and Imi-XyllMWCNT were reduced with sodium
borohydride in refluxing ethanol leading to the opening of the
imidazolium rings and the subsequent formation of secondary
and tertiary amino groups. Following this synthetic strategy, it
was possible to obtain the corresponding highly cross-linked
polyamine materials NH-But-MWCNT and NH-Xyl-MWCNT
(Scheme 1).

Materials NH-But-MWCNT and NH-Xyl-MWCNT were sub-
jected to thermogravimetric analysis (TGA) to study both their
thermal stability and the functionalisation degree of MWCNTSs
(Fig. 1). TGA was performed under a nitrogen atmosphere and
no decomposition of MWCNTs up to 750 °C was observed;
therefore, all the functionalisation degrees were calculated at
700 °C, at which temperature all the organic coatings around
the nanotubes are expected to be totally decomposed. By
comparing the thermogravimetric and derivative thermogravi-
metric (DTG) curves of Imi-But-MWCNT and NH-But-MWCNT
(Fig. 1a), three remarks could be made. (i) Imi-But-MWCNT
showed a higher thermal stability than the corresponding
reduced material NH-But-MWCNT, since the degradation
process of the two materials started at about 275 °C and 200 °C,
respectively. The higher degradation temperature of Imi-But-
MWCNT could be explained by the higher stability of the imi-
dazolium moieties with respect to the secondary and tertiary
amines present in material NH-But-MWCNT. (ii) The DTG

— R=CHy R'=H;orR=H,R'=CHy = R
= butyl; NH-But-MWCNT
= xylyl; NH-Xyl-MWCNT

Scheme 1 Preparation of materials NH-But-MWCNT and NH-Xyl-MWCNT.
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Fig.1 TGA (solid lines) and DTG (dotted lines) of (a) Imi-But-MWCNT
and NH-But-MWCNT and (b) Imi-Xyl-MWCNT and NH-Xyl-MWCNT.
All the samples were thermostated at 100 °C for 30 minutes (see the
Experimental section). The weights at 100 °C were not normalized to
100% to show the different moisture contents of the materials.

curves (dotted lines in Fig. 1a) clearly showed the different
degradation profiles of materials Imi-But-MWCNT and NH-But-
MWCNT. It was possible to identify two degradation peaks for
each material centred at 342 °C and 454 °C in the case of Imi-
But-MWCNT, and at 277 °C and 435 °C for NH-But-MWCNT. (iii)
The larger residual weight of NH-But-MWCNT (amino group
content: 12.69 mmol g~*) at 700 °C was ascribed to the weight
loss of the polymeric coating (ca. 37 wt% of the initial weight of
1a polymerised onto MWCNTS) due to the loss of two bromide
anions and addition of ten hydrogen atoms per monomer unit
after the reduction process of Imi-But-MWCNT (nitrogen
content: 8.04 mmol g~ ') with sodium borohydride.

In the case of materials Imi-Xyl-MWCNT and NH-Xyl-
MWCNT, the analysis of thermogravimetric curves (Fig. 1b)
confirmed the first two statements made for Imi-But-MWCNT
and NH-But-MWCNT. As a matter of fact, TGA revealed that Imi-
Xyl-MWCNT was stable up to 250 °C, unlike NH-But-MWCNT,
which started to degrade at 225 °C. Moreover, as seen above,
DTG curves (dotted lines in Fig. 1b) showed different profiles
with two peaks centred at 333 °C and 454 °C for Imi-Xyl-
MWCNT, and at 282 °C and 431 °C in the case of NH-Xyl-
MWCNT. Despite the good outcome of the reduction reaction of
Imi-Xyl-MWCNT, confirmed by solid state NMR and FT-IR
analysis (see below), residual weights of Imi-Xyl-MWCNT and

This journal is © The Royal Society of Chemistry 2020
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NH-Xyl-MWCNT at 700 °C were similar. Once again, a weight
loss of the polymeric coating (ca. 33 wt% of the initial weight of
1b polymerised onto MWCNTS) after the reduction of Imi-Xyl-
MWCNT with sodium borohydride could be expected. The
elemental analysis data of materials Imi-Xyl-MWCNT and NH-
Xyl MWCNT (see the Experimental section) could provide
a possible explanation for the absence of weight decrease
(higher residual weight of NH-Xyl-MWCNT). As a matter of fact,
elemental analysis data were in good agreement with the TGA
results of NH-Xyl- MWCNT indicating an amino group content
of 10.20 mmol g '. In contrast, the TGA data seemed to
underestimate the real functionalisation degree of Imi-Xyl-
MWCNT determined by elemental analysis (nitrogen content:
7.28 mmol g~ ). The reason for such a discrepancy in the case of
Imi-Xyl-MWCNT could probably be the incomplete decompo-
sition of the organic coating at 700 °C, whereas, after the
reduction process, the organic coating of NH-Xyl-MWCNT was
totally decomposed at the same temperature.

The C cross-polarization magic angle spinning (**C CP-
MAS) NMR spectra of all materials before (Imi-But-MWCNT
and Imi-Xyl-MWCNT) and after (NH-But-MWCNT and NH-Xyl-
MWCNT) the reduction with sodium borohydride were recor-
ded (Fig. 2). In the solid-state NMR spectrum of Imi-But-
MWOCNT (Fig. 2a), two regions can be identified. In the first part
of the spectrum (110-150 ppm region), the resonance of
carbons belonging to the imidazolium units can be observed,
whereas the carbons of the butyl chain fall in the second region
around 50 ppm. The reduction process caused the almost
complete disappearance of the signals attributed to the

a)

NH-But-MWCNT

Imi-But-MWCNT

200 180 160 140 120 100 80 60 40 20 0
ppm

b)

NH-Xyl-MWCN

Imi-Xyl-MWCNT

200 180 160 140 120 100 80 60 40 20 0
ppm

Fig. 2 ®C CP-MAS NMR of (a) Imi-But-MWCNT and NH-But-
MWCNT and (b) Imi-Xyl-MWCNT and NH-Xyl-MWCNT.
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imidazolium moieties (Fig. 2a). In the case of the solid-state
NMR spectra of Imi-XylMWCNT and NH-Xyl-MWCNT
(Fig. 2b), the same statements made above for materials with
the butyl linker can be made. In this case, the signals in the 110~
150 ppm region of NH-Xyl-MWCNT can be ascribed to the
presence of the xylyl linker. However, it was possible to observe
a marked intensity decrease of these signals, against a raised
signal intensity in the region around 50 ppm due to the increase
of the aliphatic contribution after the reduction and ring
opening of the imidazolium moieties (Fig. 2b).

FT-IR spectroscopy (Fig. 3) confirmed the results of solid-
state NMR experiments and provided further proof of the
successful reduction of Imi-Xyl-MWCNT. In the IR spectrum of
Imi-But-MWCNT (black line in Fig. 3a) the stretching of
aromatic C-H of imidazolium moieties generated two clearly
visible bands at 3132 and 3077 cm ™ . Stretching of the aliphatic
C-H was also present as shoulders below 3000 cm ™ *. The broad
peak of medium intensity at 1629 cm™"' is ascribed to the
H-O-H bending of residual water. Imidazolium ring stretching
vibration modes were detected with medium and strong
absorptions at 1551, 1454, and 1159 cm '.* The small
absorption bands at 840, 754, and 649 cm™ " were ascribed to the
ring bending modes of the imidazolium ring.*** The IR

a) — Imi-But-MWCNT
—— NH-But-MWCNT

C-N

Transmittance (a.u.)

CH_ stretching
bending

Trrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr-rri1
3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

b) — Imi-Xyl-MWCNT
— NH-Xyl-MWCNT

C-N
CH, stretching
bending

Transmittance (a.u.)

T T T T T T T T T T T T T T T T 1
3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm'1)

Fig. 3 FT-IR spectra (KBr) of (a) Imi-But-MWCNT and NH-But-
MWCNT and (b) Imi-Xyl-MWCNT and NH-Xyl-MWCNT. Starred bands
correspond to imidazolium vibration modes (for attribution see ref. 88
and 89).
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spectrum of Imi-Xyl-MWCNT (black line in Fig. 3b) resembles
that of Imi-But-MWCNT with minor changes. The substitution
of the butyl linker with the xylyl linker was reflected in the
presence of a typical small and sharp band at 1019 cm ™" due to
the in-plane bending vibrations of aromatic C-H, and a notably
decreased intensity of the band around 3000 cm ™' due to the
aliphatic C-H stretching modes.

The reduction process for obtaining materials NH-But-
MWCNT and NH-Xyl-MWCNT led to the disappearance of all
the signals ascribed to the imidazolium rings and the
appearance of other absorption bands due to the increased
contribution of the aliphatic moiety (red lines in Fig. 3). In the
IR spectra of both reduced materials, increased signal inten-
sity ascribed to the aliphatic C-H stretching vibration modes
(3000-2800 cm ™~ ' region) was detected. It is worth highlighting
the appearance of signals centred at 1460 and 1364 cm
(clearly visible in Fig. 3b, red line) assigned to CH; bending
vibration modes. In the region 1160-1120 cm ™ it was possible

Fig. 4 Transmission electron microscopy (TEM) images of (a) Imi-Xyl-
MWCNT and (b) NH-Xyl-MWCNT.

This journal is © The Royal Society of Chemistry 2020
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Fig.5 Potentiometric titration of (a) NH-But-MWCNT and (b) NH-Xyl-
MWCNT.

to observe the presence of weak signals due to the stretching
vibration of C-N of the secondary and tertiary amines.
However, in the NH-Xyl-lMWCNT IR spectrum (red line,
Fig. 3b), these signals were partially overlapped with those
ascribed to the in-plane bending of aromatic C-H (1123 and
1019 cm™ '), whereas the out-of-plane bending band of
aromatic C-H was detected at 808 cm ™.

The morphology of the prepared materials was investigated
by means of transmission electron microscopy (TEM). TEM
micrographs of Imi-XyllMWCNT and NH-Xyl-MWCNT are
shown in Fig. 4 (TEM images of Imi-But-MWCNT and NH-But-
MWCNT are displayed in Fig. S1}). As previously reported by
us,® when imidazolium salt 1a was used to functionalise
MWCNTs affording a highly organised structure in which

View Article Online
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carbon nanotubes were coaxially wrapped by a polymer coating,
Imi-Xyl-MWCNT also showed a similar morphology in which
MWCNTs acted as a scaffold for the polymerisation of the
highly cross-linked imidazolium network that perfectly covered
the whole surface of nanotubes creating a cylindrical coating
(Fig. 4a). TEM images of NH-XyllMWCNT are displayed in
Fig. 4b. The comparison of these micrographs with those of Imi-
Xyl-MWCNT allows us to make some conclusions. As a matter of
fact, if on the one hand TEM images of NH-Xyl-MWCNT showed
that reduction of material Imi-Xyl-MWCNT involved no
remarkable changes in the morphology of the material, on the
other hand they provided proof that the reduction process
causes no relevant alteration of the polymeric network around
the nanotubes.

Taking into account the highly cross-linked nature of mate-
rials NH-But-MWCNT and NH-Xyl-MWCNT, it is reasonable to
hypothesize that the amine groups present in the materials
might not equally perform their function because some of them
could be hardly accessible. This is an aspect of general impor-
tance, and a reliable estimation of the active amino groups
represents a powerful tool to assess the real amino group
contents of the studied materials. A simple way to quantitatively
assess the number of accessible amino groups is the evaluation
of their proton acceptor ability estimated by an acid-base
potentiometric titration. More in detail, the aqueous suspen-
sions of reduced materials in the presence of an excess of
a strong acid (HCI) were titrated with a standard 1 M NaOH
solution. According to a reported procedure,’* the system is
modelled as a mixture of independent monoprotic weak bases;
then the experimental titration curves (Fig. 5) are subjected to
a regression analysis using the relevant mathematical expres-
sion (eqn (1)) obtained analytically:

nuc1 + 4 - + o (5 ]
. o rlow]-m ]Z<VOX M)

i1
Vo Cnaon + [H] — [OH]

(1)

where v; is the added volume of the titrant solution, V, the
initial volume of the suspension, nyc the moles of HCl, Cnaon
the concentration of NaOH solution, and A a correction
parameter inserted to take into account the possible presence of
strong acids or bases in trace amounts coming from the workup
process. Eqn (1) can be trivially transformed in such a way to
have pH as the sole independent variable by taking [H'] =
107P" and [OH™] = 107 PXv/107PH,

In our case, data analysis led to the conclusion that a sum of
two independent weak bases is the best compromise to suitably

Table 1 Calculated parameters obtained by the regression analysis of the experimental titration curves of NH-But-MWCNT and NH-Xyl-

MWCNT

Amino group content
Material A (mmol) ng,/g (mmol g~ ng,/g (mmol g~") PKgn,* PKgn, (mmol g™)
NH-But-MWCNT —0.018 £ 0.002 1.6 £ 0.2 3.2+£0.2 5.78 = 0.29 8.28 + 0.11 4.8 £ 0.4
NH-Xyl-MWCNT —0.017 £ 0.001 2.2 +£0.1 3.2+0.1 4.98 £+ 0.08 7.24 + 0.05 5.4 £ 0.2

This journal is © The Royal Society of Chemistry 2020
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model the behaviour of our systems. The relevant fitting
parameters are collected in Table 1.

It is very important to note that the reported pKpy+ values
represent only apparent values related to the two independent
weak bases assumed for the analytical derivation of eqn (1).
However, some remarks can be made after an important
premise. In the case of the materials studied and polyamines in
general,®»® protonation of each amino group is influenced
(lowering its basicity) by the presence of other previously
protonated (charged) amino groups directly linked on the
backbone. Furthermore, the highly cross-linked nature of
materials NH-But-MWCNT and NH-Xyl-MWCNT will tend to
increase the charge density after the protonation of amino
groups, further reducing the basicity of non-protonated ones
because of the charge repulsion. Now, if one would try to
rationalise the pKgy+ values obtained, they could represent
a measure of the protonation affinity of amino groups located at
the external surface (pKgy,') and in the inner regions (pKpy, 1) of
the polymer coating. A similar behaviour has been studied for
inner and outer shells in poly(propylene imine) dendrimers.**

The comparison of the amino group contents reported in
Table 1 with those obtained by TGA showed that only 38% and
53% of the total amount of amino groups present in the cross-
linked polymers were revealed by potentiometric titration for
NH-But-MWCNT and NH-Xyl-MWCNT, respectively. This
finding is consistent with the behaviour reported for some
nanosponge materials,”® which was explained with the presence
in the materials of highly hydrophobic regions hardly accessible
to the aqueous medium. It is worth noting that both materials
showed similar results concerning the amino group content on
their external surface, whereas material NH-Xyl-MWCNT
exhibited a higher content of amino groups in its inner surface
than NH-But-MWCNT (Table 1). The largest differences could
be noticed by analysing the pKgy+ values, since material NH-Xyl-
MWCNT showed fewer basic amino groups. All these results
could be explained by taking into account the different nature of
the linker in the two materials. In fact, in the case of material
NH-Xyl-MWCNT, if on the one hand the xylyl linker could
provide higher rigidity to the polymeric network improving the
spacing between protonated amino groups and reducing the
charge density, on the other hand, it causes the basicity
reduction of amino groups as evidenced by the lower pKgy*
values.

Temperature-programmed desorption of carbon dioxide
(CO,-TPD) was used to determine the basic site distribution.
Deconvolution of the CO,-TPD profile of NH-But-MWCNT
reported in Fig. 6 indicates the presence of basic sites having
different nature as demonstrated by the desorption of CO, at
different temperature. This behaviour could be related both to
the presence of tertiary/secondary amines and exposed and
bulky layers as in the case of polyethylenimine on SBA-15.°° In
addition, CO,-TPD carried out on Imi-But-MWCNT showed no
CO,, desorption, indicating the completely different nature of
the unreduced and reduced materials.

Among C-C bond forming reactions, Knoevenagel conden-
sation, Michael addition, and Henry reaction play a pivotal role
in the synthesis of pharmaceuticals or fine chemicals.””*® The
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Fig. 6 CO,-TPD of NH-But-MWCNT.

possibility to catalyse these types of reactions by the use of
heterogeneous base catalysts prompted us to investigate the
catalytic activity of the prepared materials in such chemical
transformations.

Materials NH-But-MWCNT and NH-Xyl-MWCNT were
initially tested as heterogeneous base catalysts in the Knoeve-
nagel condensation. The reaction between 4-bromobenzalde-
hyde and ethyl cyanoacetate was chosen as a model reaction to
test the catalytic activity of both materials. Preliminary results,
when carrying out the reaction in ethanol at 30 °C for 1 h and
using a catalytic loading of 1 mol%, showed moderate conver-
sions into the desired product with no significant differences
between the two catalysts (Table 2, entries 1a and 2a). The
increase of the catalytic loading up to 2 mol% allowed reaching
higher conversions (Table 2, entries 1b and 2b).

In the light of the higher catalytic activity, material NH-But-
MWCNT was chosen to carry out other catalytic tests by reacting
different aldehydes with ethyl cyanoacetate using a 2 mol%
catalytic loading (Table 2, entries 3-11). In general, aromatic
aldehydes with electron-withdrawing substituents (Table 2,
entries 3-8) gave rise to excellent conversions in short times,
with the exception of 2-bromobenzaldehyde which required
more time (Table 2, entry 3). Both a heteroaromatic aldehyde
and aromatic aldehydes with electron-donating groups were
tested (Table 2, entries 9-11). Good conversions were achieved
even though it was necessary to increase the reaction time in the
case of  2-thiophenecarboxaldehyde and  4-methox-
ybenzaldehyde (Table 2, entries 9 and 11).

The reaction between 4-nitrobenzaldehyde and ethyl cya-
noacetate, performed in ethanol at 30 °C for 1 h with a catalyst
loading of 2 mol%, was chosen to assess the recyclability of
material NH-But-MWCNT (Fig. 7). NH-But-MWCNT was easily
recovered by centrifugation and allowed a complete conversion
of 4-nitrobenzaldehyde into the desired product with no loss of
catalytic activity for three consecutive cycles. After the third
cycle, the recovered catalyst was split into two portions. One
portion was used to carry out the same reaction with a lower
catalyst loading of 1 mol%, whereas the second portion was
employed for the catalysis of the Knoevenagel condensation
between 4-bromobenzaldheyde and ethyl cyanoacetate using

This journal is © The Royal Society of Chemistry 2020
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Table 2 Knoevenagel condensations between aromatic aldehydes and ethyl cyanoacetate®

o
U+ ne"Scooet

CN

Catalyst
> R\%\
R EtOH, 30 °C COOEt

Catal. loading

Entry Catalyst R (mol%) t (h) Conv.” (%)
1a NH-But-MWCNT B"@‘5 1 1 38
1b 2 1 97
2a NH-Xyl- MWCNT 1 1 44
2b 2 1 80
Br
3 NH-But-MWCNT @3 2 18 97
Br,
4 NH-But-MWCNT @5 2 2 >99
5 NH-But-MWCNT " C ; 2 1 98
NO,
6 NH-But-MWCNT @3 2 2 96
O,N
7 NH-But-MWCNT Os 2 0.5 >99
- - >
8 NH-But-MWCNT o C ; 2 0.5 99
9 NH-But-MWCNT [ 2 6 89
OCH,
10 NH-But-MWCNT Hsco@g 2 2 88
11 NH-But-MWCNT oo C ; 2 18 89

% Reaction conditions: 1.27 mmol of 4-bromobenzaldehyde, 1.27 mmol of ethyl cyanoacetate, NH-But-MWCNT or NH-Xyl-MWCNT (1 mol% or
2 mol%), 190 pL of ethanol, 30 °C, 1 h (for entries 1a-2b); 1 mmol of aldehyde, 1 mmol of ethyl cyanoacetate, 1.58 mg of NH-But-MWCNT
(2 mol%), 150 uL of ethanol, 30 °C (for entries 3-11). ? Determined by 'H NMR.

the same catalyst loading of 1 mol%. The results, reported in
Fig. 7, showed that a complete conversion was achieved in the
first case, despite the lower amount of catalyst employed. On the
other hand, the use of NH-But-MWCNT at 1 mol% for the
conversion of 4-bromobenzaldehyde into the corresponding
Knoevenagel adduct gave rise to a conversion value of 21%,
lower than the one obtained with the fresh catalyst (compare
Fig. 7 and Table 2, entry 1a). An acid treatment of the recovered
catalyst NH-But-MWCNT followed by a subsequent basic
washing was performed in order to verify if the catalytic activity
could be restored. The results revealed that there was a partial
recovery of the starting activity achieving a conversion value of
30% (Fig. 7), leading us to hypothesise a plausible catalyst
deactivation mechanism that involves the unreacted ethyl cya-
noacetate.”® The active basic sites could react by an acid-base
reaction with ethyl cyanoacetate, which could eventually block
the amino groups by an electrostatic interaction. In this
scenario, the use of less reactive substrates, such as 4-bromo-
benzaldehyde, whose reactivity toward the nucleophilic addi-
tion to the carbonyl moiety could be strongly affected by the
possible formation of the iminium intermediate,'® resulted in
a decreased catalytic activity of the recycled catalyst (compare
the 4th cycle in Fig. 7 and Table 2, entry 1a). However, the acid

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Recycling experiments of the Knoevenagel reaction.
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Table 3 Sequential one-pot Knoevenagel/Michael reaction

COOEt NO, COOEt
Z>CN CN
CHO  COOEt NH-But-MWCNT CH;,NO,
+ .
o /©/ <CN EtOH, rt EtOH, rt
R R
¢ (h) t(h)
Entry R step I step II Total conv.” (%)
1° 4-Br 2 20° >99
24 4-NO, 1 1.5 >99

“ Determined by 'H NMR. ? Reaction conditions: 1 mmol of 4-bromo-
benzaldehyde, 1 mmol of ethyl cyanoacetate, 10 mmol of CH;NO,,
1.58 mg of NH-But-MWCNT (2 mol%), 150 pL of ethanol, rt.
° Reaction time not optimized. ¢ Reaction conditions: 2.5 mmol of 4-
bromobenzaldehyde, 2.5 mmol of ethyl cyanoacetate, 25 mmol of
CH;NO,, 3.94 mg of NH-But-MWCNT (2 mol%), 375 pL of ethanol, rt.

and basic washings of the spent catalyst seemed to be sufficient
to regenerate the basic active sites, which became available for
the next cycle restoring part of the initial catalytic activity. On
the other hand, when more reactive 4-nitrobenzaldehyde was
used, no decrease of catalytic activity was revealed.

Material NH-But-MWCNT was also employed as the catalyst
of a sequential one-pot process, namely the consecutive Knoe-
venagel and Michael reactions. The preliminary results are
reported in Table 3 and further investigations are being
undertaken by our research group. Both 4-bromo- and 4-nitro-
benzaldehyde were first subjected to the Knoevenagel reaction
with ethyl cyanoacetate giving rise to the complete conversion
into the corresponding intermediates. The subsequent addition
of nitromethane to the same reaction vessel without any change
in the reaction conditions led to the complete conversions into
the Michael adducts. Material NH-But-MWCNT was tested in
another base catalysed C-C bond forming reaction, namely the
Henry reaction. The reaction between 4-bromobenzaldehyde

Table 4 Screening of the reaction conditions for the Henry reaction®

View Article Online
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and nitromethane was chosen to find the optimal reaction
conditions (Table 4). The first attempts were addressed towards
the use of solvent-free conditions (Table 4, entries 1-2b). The
use of NH-But-MWCNT, with a loading of 2.5 mol% at 50 °C and
a reaction time of 18 h, gave rise to moderate conversion of the
starting reagents and good selectivity towards the desired
product (Table 4, entry 1). Increasing the loading up to 5 mol%
allowed similar results to be reached with slightly improved
conversion in only 6 h (Table 4, entry 2a). However, a greater
reaction time of 24 h, if on the one hand improved the
conversion value up to 88%, on the other hand led to a reduc-
tion of selectivity (Table 4, entry 2b). Modification of the reac-
tion conditions, both decreasing the amount of nitromethane (5
equiv.) and using ethanol as the solvent without affecting the
other parameters, led to no improvement in conversion and
selectivity (Table 4, entry 3). The use of 10 equiv. of nitro-
methane and raising the temperature to 80 °C allowed the same

Table 5 Henry reactions between aromatic aldehydes and
nitromethane®
- CHO NH-But-MWCNT i NO
O/ + CHNO, —————> A 2
R EtOH, rt I//
R
Entry R t (h) Conv. [selectivity]” (%)
1 3-Br 24 76 [97]
2 2-Br 24 41 [99]
3 4-NO, 24 98 [99]
4 3-NO, 24 97 [98]
5 2-NO, 24 80 [99]
6 4-CN 24 87 [96]
7 4-OMe 24 <5
8 2,4-OMe 24 32 [64]

“ Reaction conditions: 0.245 mmol of aldehyde, 10 equiv. of CH3NO,,
1 mg of NH-But-MWCNT (5 mol%), 345 uL of ethanol, rt.
b Determined by 'H NMR.

OH

CHO NH-But-MWCNT NO.
Br Br

Catal. loading

Entry (mol%) T (°C) Equiv. CH;NO, Solvent t (h) Conv. [selectivity]” (%)
1 2.5 50 37 — 18 66 [91]
2a 5 50 37 — 6 76 [94]
2b 5 50 37 — 24 88 [87]
3 5 50 5 EtOH 24 78 [89]
4a 5 80 10 EtOH 7 80 [84]
b 5 80 10 EtOH 24 85 [40]
5 5 Rt 10 EtOH 24 87 [97]
b

“ Reaction conditions: 0.245 mmol of 4-bromobenzaldehyde, CH;NO,, NH-But-MWCNT, (345 pL of ethanol for entries 3-5).

NMR.
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results to be reached in less time (Table 4, entry 4a), but the
further progress of the reaction up to 24 h caused a marked
decrease of the selectivity (Table 4, entry 4b). The decrease in
selectivity was ascribed to the detrimental effect of the
temperature which could favour the dehydration of the Henry
adduct that undergoes subsequent Michael addition of
a second equivalent of nitromethane. Therefore, the same
reaction conditions used in the case of entry 4b, decreasing the
temperature down to room temperature, were adopted with the
aim of minimizing the formation of the by-product (Table 4,
entry 5). Good conversion and excellent selectivity were ach-
ieved and these optimized conditions were chosen to explore
the substrate scope of material NH-But-MWCNT by reacting
different aldehydes with nitromethane (Table 5).

Selectivity towards the desired products was excellent with
all the substituted aromatic aldehydes with electron-
withdrawing groups (Table 5, entries 1-6). Conversions were
higher than 76% with the exception of the reaction involving 2-
bromobenzaldehyde which was converted at 41% (Table 5, entry
2). The reaction with electron-rich aldehydes led to poor
conversion in the case of 4-methoxybenzaldehyde (Table 5,
entry 7) and low conversion and selectivity when 2,4-dime-
thoxybenaldehyde was reacted with nitromethane (Table 5,
entry 8).

Conclusions

In summary, two materials based on MWCNTs functionalised
with highly cross-linked polyamines were prepared by means of
radical polymerisation of two bis-vinylimidazolium salts onto
the carbonaceous support followed by their reduction with
sodium borohydride and thoroughly characterized by means of
spectroscopic and analytic techniques. The reduction step was
confirmed by different characterisation techniques, and a high
degree of amino-functionalisation was achieved. Furthermore,
potentiometric titration was used to estimate the amount of
accessible basic sites. The herein presented synthetic route
represents an efficient and easy way to get access to secondary
and tertiary amine-functionalised materials avoiding any pre-
treatment of pristine MWCNTs. The high amino group
content makes the prepared materials intriguing for a wide
range of applications. Herein, some C-C bond forming reac-
tions such as Knoevenagel condensation, Michael addition, and
Henry reaction were chosen to assess their function as hetero-
geneous base catalysts.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors gratefully acknowledge the University of Palermo
and the Italian Ministry of Education, University and Research
(MIUR) for financial support through PRIN 2017 (project no.
2017WS8KNZW). Prof. Carmela Aprile and Mr Anthony Morena
from University of Namur are warmly acknowledged for their

This journal is © The Royal Society of Chemistry 2020

View Article Online

Nanoscale Advances

help with TEM image acquisition, whereas we would like to
thank Dr Alberto Spinella from ATeN Center - University of
Palermo for the solid-state "*C NMR experiments.

References

1 L. Dai, D. W. Chang, ]J.-B. Baeck and W. Lu, Small, 2012, 8,
1130-1166.

2 P. Simon and Y. Gogotsi, Nat. Mater., 2008, 7, 845-854.

3 Q. Zhang, J.-Q. Huang, W.-Z. Qian, Y.-Y. Zhang and F. Wei,
Small, 2013, 9, 1237-1265.

4 P. Avouris, Z. Chen and V. Perebeinos, Nat. Nanotechnol.,
2007, 2, 605-615.

5 D. Jariwala, V. K. Sangwan, L. J. Lauhon, T. J. Marks and
M. C. Hersam, Chem. Soc. Rev., 2013, 42, 2824-2860.

6 X. Zhang, W. Lu, G. Zhou and Q. Li, Adv. Mater., 2020, 32,
1902028.

7 X. Liu and L. Dai, Nat. Rev. Mater., 2016, 1, 16064.

8 A. Schaetz, M. Zeltner and W. J. Stark, ACS Catal., 2012, 2,
1267-1284.

9 D. S. Su, G. Wen, S. Wu, F. Peng and R. Schlogl, Angew.
Chem., Int. Ed., 2017, 56, 936-964.

10 Z. Spitalsky, D. Tasis, K. Papagelis and C. Galiotis, Prog.
Polym. Sci., 2010, 35, 357-401.

11 N. G. Sahoo, S. Rana, J. W. Cho, L. Li and S. H. Chan, Prog.
Polym. Sci., 2010, 35, 837-867.

12 A. Bianco, K. Kostarelos, C. D. Partidos and M. Prato, Chem.
Commun., 2005, 571-577.

13 L. Lacerda, A. Bianco, M. Prato and K. Kostarelos, Adv. Drug
Delivery Rev., 2006, 58, 1460-1470.

14 A. Bianco, K. Kostarelos and M. Prato, Curr. Opin. Chem.
Biol., 2005, 9, 674-679.

15 M. Foldvari and M. Bagonluri, Nanomedicine, 2008, 4, 183—
200.

16 D. Tasis, N. Tagmatarchis, A. Bianco and M. Prato, Chem.
Rev., 2006, 106, 1105-1136.

17 Z. Abousalman-Rezvani, P. Eskandari, H. Roghani-
Mamagqani and M. Salami-Kalajahi, Adv. Colloid Interface
Sci., 2020, 278, 102126.

18 D. A. Britz and A. N. Khlobystov, Chem. Soc. Rev., 2006, 35,
637-659.

19 K. Balasubramanian and M. Burghard, Small, 2005, 1, 180-
192.

20 P. Singh, S. Campidelli, S. Giordani, D. Bonifazi, A. Bianco
and M. Prato, Chem. Soc. Rev., 2009, 38, 2214-2230.

21 S. T. R. Naqvi, T. Rasheed, D. Hussain, M. Najam ul Haq,
S. Majeed, S. shafi, N. Ahmed and R. Nawaz, J. Mol. Lig.,
2020, 297, 111919

22 1. Fenoglio, M. Tomatis, D. Lison, J. Muller, A. Fonseca,
J. B. Nagy and B. Fubini, Free Radical Biol. Med., 2006, 40,
1227-1233.

23 A. Galano, J. Phys. Chem. C, 2008, 112, 8922-8927.

24 A. Galano, J. Phys. Chem. C, 2009, 113, 18487-18491.

25 A. Martinez and A. Galano, J. Phys. Chem. C, 2010, 114,
8184-8191.

26 A. Martinez, M. Francisco-Marquez and A. Galano, J. Phys.
Chem. C, 2010, 114, 14734-14739

Nanoscale Adv., 2020, 2, 4199-4211 | 4209


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0na00291g

Open Access Article. Published on 14 July 2020. Downloaded on 4/29/2026 11:15:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

27 R. M. Lucente-Schultz, V. C. Moore, A. D. Leonard,
B. K. Price, D. V. Kosynkin, M. Lu, R. Partha, J. L. Conyers
and J. M. Tour, J. Am. Chem. Soc., 2009, 131, 3934-3941.

28 P. C. P. Watts, P. K. Fearon, W. K. Hsu, N. C. Billingham,
H. W. Kroto and D. R. M. Walton, J. Mater. Chem., 2003,
13, 491-495.

29 Y. Guan, R. Yang, Y. Huang, C. Yu, X. Li, D. Wei and X. Xu,
Polym. Degrad. Stab., 2018, 156, 161-169.

30 M. R. Saeb, F. Najafi, E. Bakhshandeh, H. A. Khonakdar,
M. Mostafaiyan, F. Simon, C. Scheffler and E. Maider,
Chem. Eng. J., 2015, 259, 117-125.

31 A. Maleki, U. Hamesadeghi, H. Daraei, B. Hayati, F. Najafi,
G. McKay and R. Rezaee, Chem. Eng. J., 2017, 313, 826-835.

32 X. Wu and P. Liu, J. Exp. Nanosci., 2010, 5, 383-389.

33 S.-H. Liao, C.-Y. Yen, C.-H. Hung, C.-C. Weng, M.-C. Tsali,
Y.-F. Lin, C.-C. M. Ma, C. Pan and A. Su, J. Mater. Chem.,
2008, 18, 3993-4002.

34 D. Sun, Z. Zhou, G.-X. Chen and Q. Li, ACS Appl. Mater.
Interfaces, 2014, 6, 18635-18643.

35 D. Donescu, M. C. Corobea, C. Petcu, C. I. Spataru,
M. Ghiurea, R. Somoghi, R. Gabor, J. M. Thomassin,
M. Alexandre and C. Jerome, J. Appl. Polym. Sci., 2014,
41148.

36 D. Sun, Q. Li and G.-X. Chen, Mater. Lett., 2014, 120, 90-93.

37 Y. Ren, Z. Zhou, G. Yin, G.-X. Chen and Q. Li, Mater. Lett.,
2016, 166, 133-136.

38 H. Tang, G.-X. Chen and Q. Li, Mater. Lett., 2016, 184, 143—
147.

39 Y. Sy, Y. Ren, G.-X. Chen and Q. Li, Polymer, 2016, 100, 179-
187.

40 X. Wang, K. Zheng, X. Feng, C. Xu and W. Song, Sens.
Actuators, B, 2015, 219, 361-369.

41 Z. Syrgiannis, V. La Parola, C. Hadad, M. Lucio, E. Vazquez,
F. Giacalone and M. Prato, Angew. Chem., Int. Ed., 2013, 52,
6480-6483.

42 Z. Syrgiannis, A. Bonasera, E. Tenori, V. La Parola,
C. Hadad, M. Gruttadauria, F. Giacalone and M. Prato,
Nanoscale, 2015, 7, 6007-6013.

43 V. K. Abdelkader Fernandez, M. Melguizo, C. Garcia
Gallarin, M. D. Lopez de la Torre, M. D. Gutiérrez Valero,
A. Martinez Alonso, M. Domingo Garcia, F. ]J. Lopez
Garzon and M. Pérez Mendoza, Catal. Sci. Technol., 2017,
7, 3361-3374.

44 J.Zhang, Y. Zheng, P. Yu, S. Mo and R. Wang, Polymer, 2009,
50, 2953-2957.

45 L. Hu, Z. Yang, Y. Wang, Y. Li, D. Fan, D. Wu, Q. Wei and
B. Du, Sci. Rep., 2017, 7, 3611.

46 Y. Zhang, A. A. Broekhuis, M. C. A. Stuart, T. Fernandez
Landaluce, D. Fausti, P. Rudolf and F. Picchioni,
Macromolecules, 2008, 41, 6141-6146.

47 M. A. Albakri, M. M. Abdelnaby, T. A. Saleh and O. C. S. Al
Hamouz, Chem. Eng. J., 2018, 333, 76-84.

48 0. C. S. Al Hamouz, I. O. Adelabu and T. A. Saleh, J. Environ.
Manage., 2017, 192, 163-170.

49 G. Zhao, Y. Li, J. Wang and H. Zhu, Appl. Microbiol.
Biotechnol., 2011, 91, 591-601.

4210 | Nanoscale Adv,, 2020, 2, 4199-421

View Article Online

Paper

50 M. Liu, B. Chen, Y. Xue, J. Huang, L. Zhang, S. Huang, Q. Li
and Z. Zhang, Bioconjugate Chem., 2011, 22, 2237-2243.

51 S. Campidelli, C. Sooambar, E. Lozano Diz, C. Ehli,
D. M. Guldi and M. Prato, J. Am. Chem. Soc., 2006, 128,
12544-12552.

52 K. Yang, W. Qin, H. Tang, L. Tan, Q. Xie, M. Ma, Y. Zhang
and S. Yao, J. Biomed. Mater. Res., Part A, 2011, 99A, 231-
239.

53 F. Giacalone, V. Campisciano, C. Calabrese, V. La Parola,
Z. Syrgiannis, M. Prato and M. Gruttadauria, ACS Nano,
2016, 10, 4627-4636.

54 W. Li, C. Gao, H. Qian, J. Ren and D. Yan, J. Mater. Chem.,
2006, 16, 1852-1859.

55 P. Singh, C. Samori, F. M. Toma, C. Bussy, A. Nunes,
K. T. Al-Jamal, C. Ménard-Moyon, M. Prato, K. Kostarelos
and A. Bianco, J. Mater. Chem., 2011, 21, 4850-4860.

56 1. O. Adelabu, T. A. Saleh, T. F. Garrison and O. C. S. Al
Hamouz, J. Mol. Lig., 2020, 297, 111827.

57 T. Ramanathan, F. T. Fisher, R. S. Ruoff and L. C. Brinson,
Chem. Mater., 2005, 17, 1290-1295.

58 X. Zhang, Q. Huang, M. Liu, J. Tian, G. Zeng, Z. Li, K. Wang,
Q. Zhang, Q. Wan, F. Deng and Y. Wei, Appl. Surf. Sci., 2015,
343, 19-27.

59 L. Wang, J. Shi, H. Zhang, H. Li, Y. Gao, Z. Wang, H. Wang,
L. Li, C. Zhang, C. Chen, Z. Zhang and Y. Zhang,
Biomaterials, 2013, 34, 262-274.

60 K. Yang, M. Gu, Y. Guo, X. Pan and G. Mu, Carbon, 2009, 47,
1723-1737.

61 ]. Zhu, H. Peng, F. Rodriguez-Macias, J. L. Margrave,
V. N. Khabashesku, A. M. Imam, K. Lozano and
E. V. Barrera, Adv. Funct. Mater., 2004, 14, 643-648.

62 A. Alam, C. Wan and T. McNally, Eur. Polym. J., 2017, 87,
422-448.

63 A. Villa, J.-P. Tessonnier, O. Majoulet, D. S. Su and
R. Schlogl, Chem. Commun., 2009, 4405-4407.

64 A. Villa, J.-P. Tessonnier, O. Majoulet, D. S. Su and
R. Schlogl, ChemSusChem, 2010, 3, 241-245.

65 S. H. Shuit, K. F. Yee, K. T. Lee, B. Subhash and S. H. Tan,
RSC Adv., 2013, 3, 9070-9094.

66 E. P. Dillon, C. A. Crouse and A. R. Barron, ACS Nano, 2008,
2, 156-164.

67 R. Baghery, S. Riahi, M. Abbasi and M. Mohammadi-
Khanaposhtani, J. Mol. Lig., 2019, 293, 111431.

68 Z. Zhou, S. K. Balijepalli, A. H. T. Nguyen-Sorenson,
C. M. Anderson, J. L. Park and K. J. Stowers, Energy Fuels,
2018, 32, 11701-11709.

69 C. Fusco, M. Casiello, L. Catucci, R. Comparelli, P. Cotugno,
A. Falcicchio, F. Fracassi, V. Margiotta, A. Moliterni,
F. Petronella, L. D'Accolti and A. Nacci, Materials, 2018,
11, 307.

70 H. Hu, T. Zhang, S. Yuan and S. Tang, Adsorption, 2017, 23,
73-85.

71 B. Yang, H. Hu, Q. Yu, X. Zhang, Z. Li and L. Lei, RSC Adv.,
2014, 4, 56224-56234.

72 K. R. Reddy, B. C. Sin, K. S. Ryu, ]J.-C. Kim, H. Chung and
Y. Lee, Synth. Met., 2009, 159, 595-603.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0na00291g

Open Access Article. Published on 14 July 2020. Downloaded on 4/29/2026 11:15:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

73 M. R. Nabid, Y. Bide and S. J. Tabatabaei Rezaei, Appl.
Catal., A, 2011, 406, 124-132.

74 E. Murugan and G. Vimala, J. Colloid Interface Sci., 2011,
357, 354-365.

75 B. Kaboudin, F. Saghatchi and F. Kazemi, J. Organomet.
Chem., 2019, 882, 64-69.

76 A. H. Nia, H. Eshghi, K. Abnous and M. Ramezani, Eur. J.
Pharm. Sci., 2017, 100, 176-186.

77 C. Bussy, A. Bianco, M. Prato and K. Kostarelos, Nanoscale
Horiz., 2017, 2, 284-296.

78 S. Taghavi, A. HashemNia, F. Mosaffa, S. Askarian,
K. Abnous and M. Ramezani, Colloids Surf., B, 2016, 140,
28-39.

79 C. Spinato, D. Giust, I. A. Vacchi, C. Ménard-Moyon,
K. Kostarelos and A. Bianco, J. Mater. Chem. B, 2016, 4,
431-441.

80 G. Bardi, A. Nunes, L. Gherardini, K. Bates, K. T. Al-Jamal,
C. Gaillard, M. Prato, A. Bianco, T. Pizzorusso and
K. Kostarelos, PLoS One, 2013, 8, €80964.

81 Y.-P. Huang, 1. J. Lin, C.-C. Chen, Y.-C. Hsu, C.-C. Chang
and M.-]. Lee, Nanoscale Res. Lett., 2013, 8, 267.

82 V. Campisciano, C. Calabrese, L. F. Liotta, V. La Parola,
A. Spinella, C. Aprile, M. Gruttadauria and F. Giacalone,
Appl. Organomet. Chem., 2019, 33, e4848.

83 V. Campisciano, A. M. P. Salvo, L. F. Liotta, A. Spinella,
F. Giacalone and M. Gruttadauria, Eur. J. Org. Chem.,
2018, 1352-1358.

84 W. Kong, F. Liu and Y. Liu, Green Chem., 2020, 22, 903-912.

85 Y. Sun, C. Cao, P. Huang, S. Yang and W. Song, RSC Adv.,
2015, 5, 86082-86087.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Nanoscale Advances

86 D. S. Doke, J. H. Advani, D. R. Naikwadi, M. B. Gawande,
P. Walke, S. B. Umbarkar and A. V. Biradar, ACS
Sustainable Chem. Eng., 2019, 7, 3018-3026.

87 P. Agrigento, S. M. Al-Amsyar, B. Sorée, M. Taherimehr,
M. Gruttadauria, C. Aprile and P. P. Pescarmona, Catal.
Sci. Technol., 2014, 4, 1598-1607.

88 J. Kiefer, J. Fries and A. Leipertz, Appl. Spectrosc., 2007, 61,
1306-1311.

89 S. Tait and R. A. Osteryoung, Inorg. Chem., 1984, 23, 4352-
4360.

90 P. Lo Meo, F. D'Anna, M. Gruttadauria, S. Riela and R. Noto,
Carbohydr. Res., 2012, 347, 32-39.

91 M. Russo, M. L. Saladino, D. Chillura Martino, P. Lo Meo
and R. Noto, RSC Adv., 2016, 6, 49941-49953.

92 J. Suh, H. J. Paik and B. K. Hwang, Bioorg. Chem., 1994, 22,
318-327.

93 A. Bencini, A. Bianchi, E. Garcia-Espana, M. Micheloni and
J. A. Ramirez, Coord. Chem. Rev., 1999, 188, 97-156.

94 G. J. M. Koper, M. H. P. van Genderen, C. Elissen-Roman,
M. W. P. L. Baars, E. W. Meijer and M. Borkovec, J. Am.
Chem. Soc., 1997, 119, 6512-6521.

95 A. Di Vincenzo, M. Russo, S. Cataldo, D. Milea,
A. Pettignano and P. Lo Meo, ChemistrySelect, 2019, 4,
6155-6161.

96 X. Wang and C. Song, Catal. Today, 2012, 194, 44-52.

97 Y. Miao, M. Rahimi, E. M. Geertsema and G. J. Poelarends,
Curr. Opin. Chem. Biol., 2015, 25, 115-123.

98 Y. Ono, J. Catal., 2003, 216, 406-415.

99 H. Seto, K. Imai, Y. Hoshino and Y. Miura, Polym. J., 2016,
48, 897-904.

100 B. List, Angew. Chem., Int. Ed., 2010, 49, 1730-1734.

Nanoscale Adv., 2020, 2, 4199-4211 | 4211


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0na00291g

	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...

	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...
	Straightforward preparation of highly loaded MWCNTtnqh_x2013polyamine hybrids and their application in catalysisElectronic supplementary information (...


