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A B S T R A C T

The straightforward synthesis of a nanostructured hybrid material in which an iron phthalocyanine/imidazolium 
bromide co-polymer is formed and simultaneously covalently attached to the surface of multi-walled carbon 
nanotubes (MWCNT) is reported. FePC@MWCNTs, has been characterized using different techniques such as 
TGA, solid state 13C NMR, XPS, CHN, Raman, TEM, and physisorption. RAMAN analyses confirmed the successful 
covalent functionalization of the nanotubes and TEM revealed that the MWCNT were covered by the copolymer, 
enhancing the stability of the nanostructured hybrid material which contains 0.22 mmol/g mmol of iron 
phthalocyanine, as shown by combining XPS and CHN. FePC@MWCNTs was successfully employed as hetero
geneous catalyst for two different processes: the CO₂ cycloaddition with epoxides to synthesize cyclic carbonates, 
in which FePC@MWCNTs acts as bifunctional catalyst synergistically combining Lewis acid (Fe atoms) and 
nucleophilic (Br⁻ anions) components without addition of additives (e.g. TBAB, TBAI, BMIM, etc.); and in the 
synthesis of arylamines through the reduction of nitro groups, which was efficiently accomplished by using 
microwave heating. The hybrid material demonstrated in both cases excellent catalytic activity, outperforming 
all the existing phthalocyanine-based systems and resulting recyclable in consecutive catalytic runs. In the CO₂/ 
epoxide cycloaddition and the nitro-reduction reactions, no metal leaching was observed, further confirming the 
robustness of this material. What makes FePC@MWCNTs particularly noteworthy, beyond its versatility and 
robustness, is its simplicity and cost-effectiveness: the material is synthesized from low-cost and readily available 
precursors through straightforward and atom-economical methods, making it a sustainable choice and also a 
highly practical and cheap solution for catalysis, underscoring its potential as a valuable catalyst, and offering a 
sustainable alternative in an industry that often relies on more expensive and less efficient solutions. The 
robustness of the reported nanostructured hybrid opens the way to expanding their application in other fields 
such as photo-, electrocatalysis or batteries, among others.

1. Introduction

Metallo-phthalocyanines (MPCs) are a class of highly conjugated 
macrocyclic compounds structurally related to porphyrins, composed of 
four isoindole units linked via aza bridges to form a planar 18-π electron 
aromatic system, typically coordinated to a central metal ion. Their 
structure imparts remarkable thermal and chemical stability, as well as 

characteristic redox and photophysical properties [1]. The nature of the 
metal centre allows finely tuning the physicochemical features of the 
MPC since it plays a crucial role in processes like electron transfer, light 
absorption, undergoing reversible redox cycles, and eventually substrate 
activation for specific chemical reactions. These characteristics, along 
with the inherent robustness and stability of MPCs, make this class of 
molecules highly attractive as catalysts for a broad range of applications 
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[2]. Among them, electrochemical and photochemical applications are 
the most widespread [3,4]: indeed, the use of MPCs in processes such as 
CO₂ reduction [5], water splitting [6], and hydrogen production [7], 
whether electrochemically or photochemically driven, has been well 
established and continues to be the focus of extensive investigation. By 
contrast, the application of MPCs in thermally induced catalysis remains 
relatively uncommon. This is likely due to their prominent 
photo-electronic properties, which naturally lend themselves to the 
types of applications previously mentioned. Nevertheless, the excep
tional stability and robustness of these molecular systems also make 
them well-suited for catalytic processes driven by elevated tempera
tures, an area that, despite its potential, remains underexplored in the 
current literature. However, regardless of the type of application, the use 
of MPCs as molecular catalyst might bring to several challenges, 
including their tendence to aggregate in solution, a low solubility in 
common solvents, and deactivation under harsh conditions. To address 
these limitations, a practical strategy involves immobilizing MPCs onto 
a support material (covalently or non- covalently), resulting in hetero
geneous systems where the MPCs are more uniformly dispersed and 
structurally stabilized. Systems where MPCs are covalently immobilized 
onto the support offer several advantages over non-covalently bonded 
counterparts, including enhanced stability and robustness, greater 
resistance to thermal and mechanical stress, and a reduced risk of 
leaching. Various types of supports can be used for the covalent 
attachment of MPCs, including silica or titania [8,9], metal-organic 
frameworks (MOFs) [10], and, more rarely, carbon nanoforms such as 
single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 
nanotubes (MWCNTs) [11]. The latter support exhibit outstanding 
properties, including high chemical and thermal stability, large surface 
area, exceptional tensile strength, and notable electrical conductivity 
[12,13]. A common challenge in functionalizing these types of nano
materials with MPCs lies in the limited amount that can be covalently 
anchored to the surface. Recently, we reported a simple yet effective 
method for covalently attaching high amounts of MPCs and ionic 
liquid-like (IL) linkers onto the surface of MWCNTs (MPC@MWCNTs) 
[14]. The presence of the MWCNTs enhanced the catalytic performance 
of the resulting materials compared to unsupported analogue [15].

In this work, the straightforward synthesis of a material based on 
iron-phthalocyanine decorated with imidazole moieties (FePC-Im4) and 
imidazolium bromide salts (Bis-Vinyl-Imi-Br) covalently anchored to 
MWCNTs (FePC@MWCNTs) has been developed. After extensive 
characterization using several analytical and spectroscopic techniques, 
its catalytic versatility and efficiency has been evaluated by testing it in 
two different chemical processes: the synthesis of cyclic carbonates via 
the cycloaddition of CO₂ to epoxides, and the synthesis of arylamines via 
the reduction of nitro groups. Recent studies have shown that the syn
thesis of cyclic carbonates via epoxide cycloaddition in the presence of 
CO2 is greatly enhanced when catalyzed by a synergistic combination of 
a Lewis acid, which coordinates the epoxide ring to facilitate its opening, 
and a nucleophile, which carries out this opening [16]. For this reason, 
during last years, we have developed, and tested various materials 
where both the Lewis acid (metal cation centres such as Al, Mg, Zn, and 
Cu complexed in porphyrins or phthalocyanines) and the nucleophilic 
component (halide anions in imidazolium salts) are covalently linked in 
a single polymeric structure, creating diverse types of heterogeneous 
bifunctional materials, supported on MWCNTs [14–18].

The reduction of nitro groups to amines, on the other hand, is a well- 
known process [19] that has undergone numerous improvements over 
time. These advancements have focused on optimizing the hydrogen 
source, selecting suitable metal catalysts, and fine-tuning key reaction 
parameters such as pressure and temperature, resulting in more efficient 
and selective methodologies [20,21]. Currently, noble metal catalysts 
are predominantly used at both industrial and laboratory scales, with 
industrial processes typically operating at elevated temperatures up to 
470 ◦C [22]. However, growing environmental and economic concerns 
have recently driven interest in more sustainable and cost-effective 

approaches, including the use of non-noble metal catalysts [22] and 
milder reaction conditions. In this regard, herein our approach 
employing an earth-abundant, non-toxic, and inexpensive metal such as 
the Fe contained in FePC@MWCNTs, in combination with innovative 
and energy-efficient techniques like microwave-assisted synthesis, rep
resents a promising example of such sustainable strategies. Thus, the 
strength of this work lies in the design, synthesis, and characterization of 
a unique material capable of effectively catalyzing a variety of useful 
chemical processes of different natures.

2. Experimental section

Detailed procedures for the synthesis of precursors and materials, 
along with a description of the characterization techniques employed, 
are provided in the Supporting Information.

2.1. CO2 conversion: catalytic experiments and recycling tests procedures

The catalytic ability of FePC@MWCNTs in promoting the valoriza
tion of CO2 into cyclic carbonates was tested using a Cambridge Design 
Bullfrog batch reactor, featuring precise control over temperature, me
chanical stirring, and internal pressure. Prior to each reaction, the 
catalyst was subjected to overnight drying in a vacuum oven at 60 ◦C to 
remove any adsorbed moisture. For each experiment, the selected 
epoxide was introduced into a PTFE vial, followed by the addition of the 
pre-dried catalyst under solvent-free conditions. The vial was then 
secured in the reactor, and the mixture was stirred at 500 rpm. To ensure 
an inert atmosphere, the system was purged with nitrogen for 10 min 
before pressurizing with CO₂ to 25 bar. The reaction mixture was then 
heated to the target temperature at a controlled ramp of 5 ◦C/min and 
maintained at that temperature throughout the reaction to optimize 
conversion. Once the reaction was complete, the reactor was cooled to 
room temperature and depressurized. The catalyst was separated from 
the product mixture via filtration through a 0.45 µm Millipore mem
brane. The resulting filtrate was analyzed by ¹H NMR in (CD₃)₂SO to 
determine product composition. Recyclability of the catalyst was 
assessed by repeating the same reaction conditions over multiple cycles. 
After each run, the catalyst was recovered by filtration using a 0.45 µm 
membrane and then subjected to thorough washing: three times with 
50 mL portions of toluene, three times with 50 mL portions of ethanol, 
and once with diethyl ether. The washed catalyst was dried overnight at 
60 ◦C in a vacuum oven before reusing, while carefully maintaining the 
same catalyst-to-epoxide molar ratio for all successive cycles to ensure 
reproducibility. Inductively Coupled Plasma - Optical Emission Spec
trometry (ICP-OES) analysis has been carried out on the crude reaction 
mixtures of the recycling tests, showing that negligible Fe-leaching took 
place (0.13–0.26 ppm range per cycle).

2.2. NO2 reduction: catalytic experiments and recycling tests procedures

The catalytic ability of FePC@MWCNTs in promoting the reduction 
of nitro-groups (-NO₂) to amino groups (-NH₂) was tested by dissolving 
0.5 mmol of the nitro-substrate together with two equivalents of hy
drazine hydrate (N₂H₄⋅H₂O) in 0.5 mL of ethylene glycol. To this solu
tion, 5 mg of the catalyst was added, and the mixture was homogenized 
through sonication for 3 min. The reaction vessel was then sealed and 
heated to 100 ◦C for 30 min using a CEM DISCOVER mono-mode mi
crowave system set at 80 W. Reaction progress was periodically moni
tored using thin-layer chromatography (TLC) with variable ratios of 
ethyl acetate and hexane as the eluent. Upon completion, the reaction 
mixture was transferred to a separation funnel with the addition of 
20 mL of water and 20 mL of dichloromethane, ensuring that all mate
rial, including the catalyst, was fully recovered from the vessel. The 
organic phase was collected, and the aqueous layer was extracted twice 
more with 20 mL portions of dichloromethane. The combined organic 
extracts were dried over anhydrous MgSO₄, filtered, and purified by 
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flash column chromatography (using ethyl acetate:hexane in variable 
ratios) to afford the desired product. For catalyst recycling experiments, 
1 mmol of 4-nitrobenzonitrile was employed under identical reaction 
conditions. TLC (ethyl acetate:hexane = 1:2) was used to confirm 
product formation. During separation, the catalyst remained in the 
aqueous phase, which was transferred into a 45 mL Falcon tube and 
supplemented with 20 mL of acetone. The tube was centrifuged to 
collect the catalyst as a solid pellet, which was then washed sequentially 
with 40 mL of methanol and acetone. The recovered catalyst was dried 
at 60 ◦C for 1 h and reused in subsequent reaction cycles, maintaining 
consistent catalyst-to-substrate ratios to ensure reproducibility. The 
combined organic layers were dried over MgSO₄, filtered, and subjected 
to flash column chromatography (ethyl acetate:hexane = 1:4) to isolate 
the purified product.

3. Results and discussion

The synthesis of the iron phthalocyanine with four peripheral 
imidazole moieties (FePc-Im4) was carried out following synthetic 
depicted in Scheme 1: firstly 4-nitrophthalonitrile has been converted 
into 4-(1H-imidazol-1-yl)phthalonitrile, which was in turn used as 
building block to form FePC-Im4 –a mixture of four regioisomers– 
through a templated synthesis where FeCl2 acts as a templating agent. 
Mass spectrometry confirmed the successful synthesis of FePC-Im4 
(Figure S1), while UV-Vis Spectroscopy revealed the characteristic 
spectrum of metal phthalocyanines (Figure S2): the Soret band (B band, 
300–400 nm), attributed to π–π* electronic transitions within the con
jugated phthalocyanine structure, is clearly observable. In addition, the 
Q band (600–750 nm), a hallmark of metalated phthalocyanines, is 
prominently present and split into two distinct peaks since all the iso
mers of FePC-Im4 are asymmetric [23]. Hence, FePC-Im4 underwent a 
nucleophilic substitution with 4-benzylvinyl bromide to quaternize the 
imidazole moieties and give the corresponding FePC-(Imi-Styryl)4Br4. 
This quaternization into imidazolium bromide has been confirmed and 
quantified via Fourier transform-infrared (FT-IR) spectroscopy and X-ray 
photoelectron spectroscopy (XPS). Comparing the IR spectra of FeP
C-Im4 and FePC-(Imi-Styryl)4Br4 reveals key differences (Figure S3): 

despite overnight drying at 60◦C, the spectrum of FePC-(Imi-Styr
yl)4Br4 shows an intense band at 3200–3600 cm⁻¹ , indicating O-H 
stretching from adsorbed water. This is ascribed to the highly hygro
scopic nature of the newly formed imidazolium salt groups in the 
molecule. Another band in this spectrum is ranging from 2700 to 
3100 cm⁻¹ , and it is attributed to the stretching vibrations of C–H bonds 
from both the aromatic and aliphatic carbon atoms in the newly incor
porated styryl groups [24–28]. Additionally, the stretching vibration 
bands of the C––C and C––N bonds within the aromatic core of the 
phthalocyanine appear between 1480 and 1640 cm⁻¹ , overlapping with 
the bands associated with the stretching vibrations of the vinyl C––CH₂ 
double bond present in FePC-(Imi-Styryl)4Br4 [24–28]. XPS analysis 
(Figure S4) confirmed the presence of bromine, revealing a strong peak 
around 68 eV, deconvoluted into the characteristic Br 3d₃/₂ and Br 3d₅/₂ 
signals. This analysis also enabled the estimation of the quaternization 
degree of the imidazole fractions: the high-resolution XPS spectrum of 
the N1s region for FePC-(Imi-Styryl)₄₄Br₄₄ (Figure S4) displays two 
distinct contributions at 398 eV and 402 eV. The former corresponds to 
nitrogen within the phthalocyanine core, while the latter originates 
from nitrogen in the imidazole rings [15]. The area under the curve (A. 
U.C.) of these signals allows quantifying a 1:1 ratio circa, thus con
firming the successful complete quaternization of all four imidazole 
groups into imidazolium bromide fractions. Once characterized, FeP
C-(Imi-Styryl)₄₄Br₄₄ was then co-polymerized in dry DMF with Bis-Vi
nyl-Imi-Br in the presence of MWCNTs using an atom-economical 
radical polymerization process initiated by AIBN to produce 
FePC@MWCNTs in a high mass yield of 82 % (Scheme 1). The role of 
MWNCTs is triple: 1) acting as a templating agent in order to obtain a 
nanostructured material; 2) enhancing the surface area of the 
cross-linked polymer resulting in a major number of accessible catalytic 
sites; 3) producing a more robust material.

The same synthetic approach described here above has been used for 
the preparation of the unsupported catalyst FePC-SIBI-Br, that is 
without using MWCNTs during the polymerization process [15]. 
FePC-SIBI-Br has been synthesized with the only aim to make some 
Raman investigations that will be further discussed.

Scheme 1. Chemical pathway for the preparation of FePC@MWCNTs.
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3.1. Characterization of FePC@MWCNTs

Thermogravimetric analysis (TGA) was performed under both air 
and nitrogen flow for FePC@MWCNTs (Fig. 1): despite the two graphs 
showed different degradation profiles, due to the presence or lack of 
oxygen during the thermal analysis, however, regardless of the gas flow 
used, the material exhibited remarkable thermal stability during the 
heating ramp, with the first signs of degradation appearing only above 
300◦C in both cases.

Solid-state cross-polarization magic angle spinning 13C NMR spec
troscopy (ss CP-MAS-13C NMR), employing a total suppression of spin
ning sidebands (TOSS) pulse sequence, was performed on 
FePc@MWCNTs (Figure S5). The resulting spectrum exhibited a low 
signal-to-noise ratio and notably broad signals, primarily due to the 
ferromagnetic nature of the iron centers in the phthalocyanine moieties. 
These ferromagnetic centers significantly enhance nuclear relaxation, 
particularly the spin–spin relaxation time (T₂), thereby compromising 
spectral resolution and complicating the analysis. Despite these limita
tions, two distinct groups of signals have been discerned. The first, 
appearing in the 120–150 ppm range, corresponds to the aromatic car
bon atoms of the phthalocyanine, imidazolium, and phenyl ring systems. 
The second group, located between 25–60 ppm, is attributed to aliphatic 
carbon atoms of the material. Overall, this is a set of signals quite 
consistent with those we have observed in similar materials [14].

The XPS survey spectrum of FePC@MWCNTs (Fig. 2) confirmed the 
presence of all expected elements. The high-resolution Fe 2p spectrum 

displayed the characteristic Fe 2p₁/₂ and Fe 2p₃/₂ doublet together with 
its satellite peaks at 724 eV and 710.4 eV, respectively, indicating that 
the metal is in the Fe²⁺ oxidation state (the same peaks were also found 
for the precursor FePC-(Imi-Styryl)4Br4, see Figure S4) [29]. Similarly 
to FePC-(Imi-Styryl)4Br4, the high-resolution XPS spectrum of the N1s 
region (Fig. 4) revealed two distinct nitrogen contributions, corre
sponding to the different nitrogen types in this material: the nitrogen 
signal from phthalocyanine cores appeared at 398.5 eV, with an A.U.C. 
of 25 %, while the imidazolium-related nitrogen signal was found at 
401.5 eV, accounting for 75 % A.U.C. The ratio Nimi/NPC= 3 (nitrogen 
atoms in imidazolium rings/nitrogen atoms in phthalocyanine rings), 
calculated from these XPS outcomes, is fully consistent with the molar 
amounts of FePC-(Imi-Styryl)4Br4 and Bis-Vinyl-Imi-Br used for the 
preparation of the material (Scheme 1). These XPS results have been 
combined with those of CHN elemental analysis to calculate the metal 
loading of FePC@MWCNTs (Table S1), which resulted equal to 
0.22 mmol/g.

The covalent functionalization of the co-polymer on MWCNTs sur
face was also confirmed by Raman spectroscopy. Fig. 3 shows two sets of 
Raman data. Fig. 3a-f, on the left, shows the Raman spectra of the 
different materials and precursors, namely FePC@MWCNTs (Fig. 3a), 
the unsupported co-polymer FePC-SIBI-Br (Fig. 3b-c), FePC-(Imi- 
Styryl)4Br4 (Fig. 3d), FePC-Im4 (Fig. 3e) and Bis-Vinyl-Imi-Br 
(Fig. 3f). Fig. 3g-j, on the right, shows the Raman spectra of the targeted 
catalyst FePC@MWCNTs as a function of the laser power energy 
(1.4–14 mW range) as well as the spectra of the pristine MWCNTs 
(Fig. 3k). The spectra of Fig. 3a-f revealed that the distinctive peaks of 
the monomeric components were observable both in the spectrum of the 
supported material FePC@MWCNTs acquired at 1.4 mW (Fig. 3a) and 
in the spectrum of the non-supported material FePC-SIBI-Br acquired at 
o.45 mW (Fig. 3c), albeit with slight broadening of the signals, as a 
result of the amorphous character of polymers (for more details 
regarding the vibration bands see Table S2). Notably, the absence of the 
intense vinyl stretching vibrations bands at 1650 cm⁻¹ found in Bis- 
Vinyl-Imi-Br (Fig. 3f), and the further appearance of new peaks at 
1600–1620 cm⁻¹ in the polymerized materials indicate the success of the 
radical polymerization, where the vinyl bonds have randomly formed 
new C–C covalent bonds both among themselves and with the surface 
Csp2 atoms of the MWCNTs.

In addition to the validation of the covalent functionalization of the 
co-polymer on the MWCNTs, another important result revealed by the 
Raman analysis has been obtained with investigating the effects of the 
laser energy on the Raman responses of supported and unsupported 
materials. Indeed, the laser energy required to record the spectrum of 
the unsupported copolymer FePC-SIBI-Br should not have exceeded 
0.45 mW (Fig. 3b), otherwise the sample would have burned, producing 
a Raman spectrum with broad and poorly defined contributions 
(Fig. 3c). Instead, in the case of FePC@MWCNTs, it was possible to 
increase the laser energy up to 1.4 mW (Fig. 3g) without noticing dif
ferences in the spectral features (compare Fig. 3a and Fig. 3g), which is a 
proof that there has been no degradation. To investigate whether the 
presence of nanotubes was in charge of the increased resistance of the 
material to the higher-energy stimuli, both accumulation and single- 
point Raman measurements were carried out on FePC@MWCNTs and 
FePC-SIBI-Br. In the accumulation mode, multiple Raman spectra were 
subsequently recorded on the same point of the sample with gradually 
increasing the laser power, while in the single-point mode, a fresh spot 
of the sample was used to acquire a new spectrum directly with the 
desired laser power. In the accumulation mode, the Raman spectra 
showed progressive changes in the spectral features, indicating that the 
sample was beginning to degrade- an effect known as accumulation 
damage-. It was found that FePC-SIBI-Br showed accumulation effects 
starting from 0.45 mW. In single-point mode, the sample was damaged 
when the laser power exceeded the range of 0.45–0.54 mW. Interest
ingly, FePC@MWCNTs began to show accumulation damages only once 
the range was set to between 0.9–1.4 mW. In single-point mode, the 

Fig. 1. Thermogravimetric analyses (TGA, plain lines) and differential ther
mogravimetric analyses (DTG, dotted lines) graphs obtained for 
FePC@MWCNTs in air flow and N2 flow.
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sample only degraded when the laser power exceeded 1.4 mW. This 
behavior undoubtedly demonstrated that the supported 
FePC@MWCNTs owns a higher resistance to the laser power than the 
unsupported FePC-SIBI-Br. This notable result, together with the ones of 
TGA analysis previously discussed (Fig. 1), underscores the exceptional 
stability and thermal resistance of FePc@MWCNTs. To obtain further 
insight into the resistance of FePc@MWCNTs to the laser power, the 

second dataset presents the Raman spectra of FePC@MWCNTs 
(Figs. 3g-3j) at increasing laser energies, which are compared with the 
spectrum of pristine MWCNTs acquired at 14 mW (Fig. 3k). As soon as 
the energy increased from 1.4 mW to 1.8 mW(Figs. 3g-3h), co-polymer- 
related peaks disappeared, leaving only the characteristic D and G bands 
of MWCNTs (Fig. 3k). The D band is known to come from defects in the 
nanotube lattice, and it is usually associate to the presence of Csp3 

Fig. 2. XPS survey and high resolution of the C1s, N1s, Br3d and Fe2p regions spectra of FePC@MWCNTs.

Fig. 3. On the left Raman spectra at 532 nm of (a) FePC@MWCNTs acquired at 0.45 mW, (b-c) FePC-SIBI-Br acquired at 1.4 mW and 0.45 mW, respectively; (d) 
FePC-(Imi-Styryl)4Br4 acquired at 0.45 mW; (e) FePC-Im4 acquired at 0.45 mW; (f) Bis-Vinyl-Imi-Br acquired at 11 mW. On the right Raman spectra at 532 nm of 
(g-j) FePC@MWCNTs acquired at 1.4 mW, 1.8 mW, 2.9 mW and 14 mW, respectively; (k) pristine MWCNTs acquired at 14 mW.
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atoms, while the G band reflects carbon symmetric vibrational modes 
along the nanotube surface, and it is associated to the Csp2 network 
[30]. The ratio of D to G peak intensities (ID/IG) serves as a key indicator 
of surface disorder, as covalent functionalization of the MWCNTs surface 
for instance [30]. The ID/IG ratio of 1.15 for the FePC@MWCNTs ac
quired at 2.9 mW and 14 mW (Figs. 3i-3j) compared to ID0/IG0 ratio of 1 
for pristine MWCNTs (Fig. 3k) indicated a higher content of defects on 
the nanotube surface in the former, as expected following the covalent 
functionalization arising from the polymerization on the nanotube sur
face (Scheme 1). The Raman spectra outlined that the laser power 
degraded the copolymer layer wrapped around the surface of the 
MWCNTs, ultimately exposing the now defect-richer surface.

Transmission Electronic Microscopy (TEM) allowed to acquire 
insight on the morphology of FePC@MWCNTs in comparison with 
pristine MWCNTs (Fig. 4): the final hybrid material appears as nano
sturctured assembly, where the FePC-(Imi-Styryl)₄₄Br₄₄ and Bis-Vinyl- 
Imi-Br based co-polymer uniformly coats the nanotube surface, leaving 
only few exposed nanotube tips. Once again, despite the random nature 
of the copolymerization process between two monomers endowed with 
multiple polymerizable double bonds, the electron-rich nanotubes act as 
a template for the growth of the highly crosslinked electron poor imi
dazolium network likely through π− π interactions, as previously 
observed by us in other poly-imidazolium systems [14,17,31–35]. 
Finally, N₂ physisorption measurement was employed to evaluate the 
specific surface area (S.S.A.) of FePC@MWCNTs which resulted of c.a. 
70 m²/g, notably lower than that of pristine MWCNTs (240 m²/g). This 
reduction was expected, as the polymerization process extensively 
engaged the nanotube surface during material synthesis.

3.2. Cycloaddition of epoxides and CO2 catalyzed by FePC@MWCNTs

FePC@MWCNTs was tested as bifunctional catalyst for the conver
sion of epichlorohydrin into the corresponding cyclic carbonate 4- 
(chloromethyl)-1,3-dioxolan-2-one via cycloaddition with CO2 without 
the need of adding any additive. The catalyst resulted extremely active 
in just 0.01 mol% (based on Fe), achieving high conversion and being 
recyclable at least four times, with only a slight decrease in efficiency 
during the final cycle (Fig. 5). In our earlier studies on these bifunctional 
materials [14–18], we have already highlighted the significant role 
played by the synergistic interaction between a Lewis acid and a 
nucleophile in enhancing the cycloaddition of CO2 and epoxides to form 
cyclic carbonates (Figure S6): in this process, the epoxide first co
ordinates to the metal cation (Lewis acid), which boosts its reactivity 
toward nucleophilic attack by the bromide ion (nucleophile, 
Figure S6a). This leads to the formation of a first alkoxide intermediate, 
which subsequently reacts with CO2 to generate a second anionic in
termediate (Figure S6b). Finally, the closure of this latter gives rise to 
the formation of the cyclic carbonate, accompanied by the release of the 
bromide ion (Figure S6c). Notably, a blank experiment conducted using 
only MWCNTs (160 mg) as the catalyst (reaction conditions: epichlo
rohydrin, 306 mmol, 100 ◦C, 3 h; CO₂ 25 bar, 500 rpm) showed no 
detectable conversion. XPS spectroscopy and CHN elemental analysis, 
carried out on FePC@MWCNTs after the fourth catalytic cycle with 
epichlorohydrin (Figure S11a and Table S1), were combined to estimate 
a Fe loading of 0.19 mmolFe/g, which is very close to the initial value of 
0.22 mmol/g estimated for the fresh material. This finding is in strict 
agreement with our previous studies [14] and is confirmed by ICP-OES 
since minimal Fe leaching during recycling has been found 
(0–13–0.26 ppm per cycle). Interestingly, the thermogram of the used 
catalyst displays the same shape of the fresh one with the same degra
dation processes (Figure S11b), once again highlighting the robustness 
of the material.

To further assess the catalytic efficiency of FePC@MWCNTs in the 
synthesis of cyclic carbonates, the catalyst was tested with four different 
epoxides (Table 1). In comparison to other metal-phthalocyanine-based 
bicomponent catalytic or bifunctional systems (see Table S4) [14,15, 

Fig. 4. TEM micrographs of (a) pristine MWCNTs, and (b,c) FePC@MWCNTs.

Fig. 5. Conversion and selectivity value of the synthesis of 4-(chloromethyl)- 
1,3-dioxolan-2-one via cycloaddition of epichlorohydrin and CO2 catalyzed by 
FePC@MWCNTs in four catalytic cycles where the catalyst has been recycled 
each time. Conversions have been calculated via ¹H NMR analysis (Fig. S7-S10). 
TON values have been calculated as moles of product obtained/ mole of active 
sites (Fe or Br-), while TOF have been calculated as TON/ reaction 
time (Table S3).
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36–41], FePC@MWCNTs resulted the most active one, both in terms of 
TON and TOF, even with respect to those examples in which 
metal-phthalocyanine were used in homogeneous catalysis [36,37]. 
FePC@MWCNTs proved indeed to be particularly effective in convert
ing significant amounts of glycidol in a short time, with a loading as low 

as 0.003 mol%, thus achieving remarkable TON and TOF values of 16, 
360 and 5,450 h− 1, respectively (Table 1, entry 1). FePC@MWCNTs 
was efficient in reaching high conversions also when epoxides con
taining halogens, such as epichlorohydrin and epibromohydrin, were 
employed (Table 1, entries 2 and 3). Finally, also styrene oxide gave 
very good results with the use of just 0.005 mol% of catalyst (Table 1, 
entry 4). Interestingly, the catalytic performance displayed by 
FePC@MWCNTs are among the best reported for heterogeneous 
bifunctional systems [42–46].

It is worth to note that, although the reaction conditions used here 
(80–125 ◦C, 25 bar of CO2) may appear as not mild, it must be consid
ered that large quantities of epoxide are used (>200 mmol, >20 mL). On 
the contrary, using just one equivalent of CO2 at atmospheric pressure 
would require a reactor of almost 5 L at room temperature. Reducing the 
size and/or the volume of all the process plant components represents 
one of the goals of the process intensification [47] and, in this regard, 
high CO2 pressures make possible to considerably abate the reactor 
volume. Finally, as a practical example, the industrial production of 
propylene carbonate can be carried out within a reactor operating at 
20 bar and 180 ◦C in the presence of a homogeneous catalyst [48], in a 
similar way to those here reported, meaning that only modest changes 
would be required to adapt the cyclic carbonate preparation described 
here on a large scale.

3.3. Reduction of nitro-groups to amine catalyzed by FePC@MWCNTs

FePC@MWCNTs has been employed as catalyst to promote the 
synthesis of amines via the reduction of nitro-groups. The mechanism of 
this nitro-reduction process is not yet fully understood; however, several 
hypotheses have been proposed, supported by studies with extensive 

Table 1 
Conversion of different epoxydic substrates into their corresponding cyclic carbonate catalysed by FePC@MWCNTs.

a) Selectivity towards the corresponding cyclic carbonate; b) values calculated towards the amount of Fe in the catalyst, to see TON and TOF values towards the 
nucleophile Br- see Table S3. Conversion values have been estimated via 1H NMR (Figure S12-S15); c) 24 mL of epoxide (360 mmol), 50 mg cat. (11 µmol of Fe), CO2 
25 bar; d) 24 mL of epoxide (306 mmol), 160 mg cat. (35 µmol of Fe), CO2 25 bar; note that this entry corresponds to the third catalytic cycle test of the previous 
dataset e) 20 mL of epoxide (233 mmol), 100 mg cat. (22 µmol of Fe), CO2 25 bar; f) 24 mL of epoxide (210 mmol), 50 mg cat. (11 µmol of Fe), pCO2 25 bar.

Fig. 6. Isolated yield and selectivity values for the synthesis of 4-aminobenzo
nitrile via nitro-reduction of 4-nitrobenzonitrile catalyzed by FePC@MWCNTs 
in four different catalytic cycles where the catalyst has been recycled each time. 
Isolated yields have been estimated basing on the amount of product recovered 
after the flash column purification, assuring the purity of the sample via ¹H 
NMR analysis (Fig. S22-S25). TON values have been calculated as moles of 
product obtained/ mole of active sites (Fe), while TOF have been calculated as 
TON/ reaction time (Table S5).
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instrumental backing (Figure S16) [49]. After several trials and at
tempts, hydrazine monohydrate has been used as reducing agent of 
choice, ethylene glycol as solvent, 4-nitrobenzonitrile as benchmark 
substrate for recycling tests, at an operative temperature of 100◦C. The 
heating mode has been also carefully evaluated. In particular, the use of 
microwaves compared to a traditional heating plate has proven to be 
highly advantageous: indeed, using a standard heating plate at 100◦C, 
with 0.1 molFe% of catalyst and a reaction time of 3 h gave rise to a total 
conversion of 4-nitrobenzonitrile into the targeted product of approxi
mately 77 % (Figure S17), which could be increased to 90 % 
(Figure S18) using an extended reaction time of 24 h, while keeping all 
other conditions constant. Instead, microwave heating drastically 
enhanced the process efficiency, especially in terms of reaction time, 
with achieving a total and selective conversion of 80 % sin only 0.5 h 
(Figure S19). This condition not only improved the reaction perfor
mance but also enhanced the sustainability of the catalytic process 
thanks to the significant reduction in energy consumption. A blank test 
without catalyst was performed under the above reaction conditions: 
this latter produced only 10 % of isolated yield, with also traces of other 
compounds, which were difficult to separate from the main product 
though clearly visible in the 1H NMR spectrum (Figure S20). It was also 

observed that extending the reaction time to 1 h (still without using a 
catalyst) using microwaves not only did not improve the yield, but also it 
led to the formation of numerous stable intermediates and other 
by-products, making useless trying to isolate the targeted one 
(Figure S21). This result further confirmed that the catalyst played an 
essential role in achieving good yields in the process. The tests here 
above highlighted that FePC@MWCNTs succeeded in acting as catalyst 
to promote the reduction of 4-nitrobenzonitrile to 4-aminobenzonitrile 
at the given conditions (Fig. 6), demonstrating to be recyclable for at 
least four cycles.

In order to evaluate more thoroughly the effectiveness of 
FePC@MWCNTs in promoting nitro-reduction to amines, additional 
tests were conducted using different nitro-derivatives (Table 2). Under 
the operating conditions used, FePC@MWCNTs proved to be a highly 
versatile catalyst, leading to the production of very high isolated yields 
of the corresponding amine for almost all the substrates tested. It is 
difficult to compare the results obtained from FePC@MWCNTs in the 
nitro-reduction with those obtained from other reported systems. This 
difficulty mainly arises from the fact that at least one or more parame
ters or conditions, such as the substrate, the reducing agent, the solvent, 
the metal used as catalyst, and the support for the metal, differ from our 

Table 2 
Screening tests of the nitro-reduction process operated by FePC@MWCNTs as catalyst for different kinds of nitro-substrate.

Isolated yields have been estimated based on the amount of product recovered after the flash column purification, assuring the purity of the sample via ¹H NMR analysis 
(Figure S26-S33). a) TON = (mol of product)/(mol of metal in the catalyst used to obtain that product); b) TOF= TON/ reaction time; c) isolated as hydrazone species.
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system. Hence, we decided to compare our results with those from other 
studies in which metal-phthalocyanines have been used for nitro- 
reductions (see Table S5) [49–52]: given its low loading, although 
FePC@MWCNTs did not always achieve better yields than the other 
catalytic systems in exam, when considering the TON and TOF values, 
however it clearly stands out as the most active and competitive catalyst 
among the evaluated homogeneous catalytic systems, both for perfor
mance and versatility. The robustness and catalytic activity of 
FePC@MWCNTs outperforms several other different catalytic systems 
employing hydrazine hydrate as reductant [53–56].

4. Conclusions

The present study reports the synthesis of a nanostructured hybrid 
nanomaterial comprising an iron phthalocyanine tetraimidazolium 
bromide and an organic linker containing imidazolium bromides, which 
are co-polymerized onto the surface of multi-walled carbon nanotubes. 
Here the electron-rich MWCNTs act as a template for the controlled 
growth of the crosslinked electron poor imidazolium network through 
π− π interactions. The targeted material FePC@MWCNTs underwent a 
deep characterization based on different analytical tools, such as XPS, 
TEM, FT-IR, Raman, CHN, N2 physisorption, and TGA. In particular, 
Raman analyses provided valuable insights into the covalent function
alization of the copolymer on the nanotube surface, as well as into how 
the presence of MWCNTs reinforced the stability of FePC@MWCNTs 
compared to the non-supported counterpart FePC-SIBI-Br. After its 
comprehensive characterization, FePC@MWCNTs was successfully 
tested in promoting the synthesis of cyclic carbonates through the 
cycloaddition of epoxides and CO₂ without the need of additives, 
proving to be particularly active and recyclable in the case of epichlo
rohydrin and glycerol, especially when compared to other systems used 
for the same purpose (Fig. 5, Table 1, Table S3). Seeking further ap
plications for this material, we demonstrated that FePC@MWCNTs also 
acts as a highly efficient, robust, and recyclable catalyst in the synthesis 
of amines via the reduction of nitro groups. In this context, the appli
cation of microwaves has proven to remarkably boost this process if 
compared to a traditional heating system. Notably, based on its TON and 
TOF values, FePC@MWCNTs outperforms many metal-phthalocyanine- 
based catalysts reported in the literature (Fig. 6, Table 2, Table S4). In 
addition, the robustness of this material was demonstrated by ICP ana
lyses performed on the reaction mixtures collected after each catalytic 
recycling run, which revealed only trace amounts of Fe (0.13–0.26 ppm 
per cycle). Consistently, CHN and XPS analyses (Table S1, Figure S11) 
showed that the elemental composition of FePC@MWCNTs did not 
undergo significant changes, leading to the estimation of a metal content 
of 0.19 mmolFe/gmaterial, which is very close to the initial value of 
0.22 mmolFe/gmaterial. Overall, these findings confirm the high stability 
of the catalyst and the negligible extent of Fe leaching throughout the 
recycling experiments. In conclusion, this study gives a highly prom
ising, versatile, and sustainable work perspective, because in a land
scape that produces many catalysts for the same process, on the contrary 
here it has been demonstrated that the same catalyst can be exploited for 
multiple processes. The robustness and versatility of the reported 
bifunctional nanostructured hybrid, in combination with its ease of 
preparation and the low costs if its precursors, open the way to 
expanding the fields of application for this class of materials, which can 
also be used in photo- and electrocatalysis, batteries, etc. Research in 
these fields is currently underway and will be reported in due course.
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