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Abstract:
In this study, we report the development of a novel and efficient MXene-based heterogeneous catalyst,
PMO@MXene, for the green synthesis of 5-amino-3-(aryl)-1-phenyl-1H-pyrazole-4-carbonitrile derivatives.
By integrating periodic mesoporous organosilica (PMO) into multilayered MXene, a hybrid nanocomposite
was achieved that benefits from the high surface area and electrical conductivity of MXene along with the well-
defined mesoporosity of PMO. This unique synergy enabled highly efficient catalytic performance under mild,
eco-friendly conditions, requiring only a small amount of catalyst and allowing for easy recovery and reuse
with minimal loss of activity. The pyrazole derivatives, known for their potential pharmaceutical relevance,
were obtained in excellent yields and characterized using standard spectroscopic techniques. Importantly, this
work highlights the potential of the PMO@MXene as a sustainable and recyclable heterogeneous catalyst
platform for the synthesis of biologically significant heterocyclic compounds.
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1. Introduction

Catalysis plays an essential role in modern chemical in-
dustries and environmental applications, particularly in the
development of green and sustainable processes. In recent
years, increasing attention has been directed toward design-
ing heterogeneous catalysts with high activity and recycla-
bility to address both synthetic efficiency and environmental
concerns [1–3]. Supported catalysts in heterogeneous catal-
ysis commonly employ materials such as ordered meso-
porous silica (e.g., SBA-15, MCM-41) due to their high
surface area and well-defined pore structures, facilitating
efficient dispersion of active species [4]. The combina-
tion of PMO with MXene, a two-dimensional transition

metal carbide/nitride with excellent electrical conductivity
and surface area, produces a hybrid support with synergis-
tic properties. In this study, PMO@MXene was selected
to leverage these advantages, offering efficient catalysis
under mild and green conditions, excellent recyclability,
and enhanced durability compared to conventional supports
[5–8]. Periodic mesoporous organosilicas (PMOs) further
improve catalyst stability and functional group incorpora-
tion through organic-inorganic hybrid frameworks [9–11].
Porous materials are among the most effective supports
for producing heterogeneous catalysts. A notable member
of this family is PMO materials, a novel class of ordered
mesoporous organosilicas that was first introduced in 1999
[12, 13]. These compounds can be synthesized through the
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hydrolysis and condensation of organo-bridged alkoxysi-
lanes ((R′O)3Si-R-Si(OR′)3), where R′ is methyl or ethyl
and R is an organic functional group, around a soft tem-
plate [14, 15]. In this class of materials, the organosilica
bridge embedded within the pore walls offers several advan-
tages over pure ordered silica materials such as MCM-41 or
SBA-15. These benefits include enhanced mechanical and
hydrothermal stability, reduced pore blocking, increased
hydrophobicity, and improved stability in water [16, 17].
Moreover, the uniform pore size, large pore volume, high
surface area, and remarkable thermal and mechanical stabil-
ity of PMOs make them highly desirable for a wide range
of applications. These distinctive properties cause PMOs to
be excellent candidates for essential fields such as ion ex-
change, separation, drug delivery, battery technology, fuel
cells, sensors, catalysts, and chromatography [18].
MXenes are a diverse family of layered 2D nanomaterials
derived from transition metal carbides, nitrides, or carboni-
trides. They exhibit a variety of aspect ratios and consist of
only a few atomic layers in thickness [19–21]. MXenes ex-
hibit high electrical conductivity, exceptional solvent com-
patibility and stability, strong hydrophilicity, remarkable
electrochemical properties, impressive mechanical strength,
and surface area, 2D surface reactivity [22]. MXenes pos-
sess a versatile chemistry due to the selection of M and
X elements, as well as surface terminating groups. These
groups are crucial as a reactive layer on the MXene surface,
facilitating the attachment of drugs and enzymes and en-
hancing their activity [23]. The general formula for MXenes
is Mn+1XnTx, where M represents an early transition metal,
such as Ti, X denotes carbon and/or nitrogen, and T corre-
sponds to surface functional groups, including OH, F, or O.
The variable x indicates the number of functional groups,
while n is an integer ranging from 1 to 4 [24]. Many of
the MXenes discovered have been synthesized through the
selective etching of MAX phase materials [25, 26], where A
can be elements such as Al, Si, P, S, Ga, etc. [27]. However,
selective etching has only been successfully demonstrated
for the removal of Al or Si from the MAX structure to
produce MXenes [28, 29]. Until now, MXenes have been
widely used as photoelectrocatalysts and electrochemical
catalysts, but they have not been utilized as co-catalysts
in multicomponent reactions. A distinguishing feature of
our work is our novel use of MXene as a co-catalyst for
the first time in these types of reactions. Multi-component
reactions (MCRs) offer significant advantages over con-
ventional multi-step reactions. They involve the one-pot
condensation of three or more reactants, often in aqueous
media, leading to high product yields with minimal or no
by-products [30]. Pyrazole is a crucial heterocyclic scaffold
in medicinal chemistry and organic synthesis [31]. While
naturally occurring pyrazole-containing compounds are rel-
atively rare, recent trends highlight the growing significance
of the pyrazole ring in drug development pipelines [32, 33].
Pyrazole is a five-membered aromatic heterocycle contain-
ing two adjacent nitrogen atoms [34, 35]. The N-1 atom
exhibits properties similar to the NH group in pyrrole, func-
tioning as a hydrogen bond donor, while the N-2 atom
resembles the nitrogen in pyridine, acting as a hydrogen

bond acceptor (Figs. 1, 2) [33]. Several protocols have
been developed for the synthesis of pyrazole derivatives,
utilizing traditional thermal methods [36, 37], microwave or
ultrasonic irradiation [38], or room-temperature reactions
[39], often involving volatile organic solvents. Also, a wide
range of both heterogeneous and homogeneous catalysts
have been explored in pyrazole synthesis, including metal
catalysts, metal complexes with various ligands, organocat-
alysts, and other catalytic systems [40, 41]. Among the
diverse derivatives of these compounds, the synthesis of 5-
amino-3-(aryl)-1H-pyrazole-4-carbonitrile derivatives faces
several challenges, including the use of toxic solvents, ex-
pensive catalysts, and complex work-up procedures. The
distinctive properties of these derivatives, coupled with the
existing difficulties in their synthesis, have motivated us to
explore innovative and efficient methods. Building on our
commitment to synthesizing organic heterocycles through
the principles of green chemistry and utilizing nanocatalysts
[42–44], we have developed a novel approach that leverages
the catalytic potential of the heterogeneous PMO@MXene
nanocomposite. This method aims to overcome current chal-
lenges and enhance the overall efficiency of the mentioned
synthetic process.

Figure 1. The structure of pyrazole.

2. Experimental

2.1 Materials and characterization techniques
All substrates used in this study, including ethanol,
tetraethyl orthosilicate (TEOS, Merck), Pluronic P123
(average Mn ∼ 14,600, Merck), bis[3-(trimethoxysilyl)
propyl] amine (BTPA, Merck), hydrochloric acid (HCl 37%,
Merck), lithium fluoride (LiF- 99.99 Suprapur, Merck),
Maxphase (Ti3CAl2-purity of ≥ 98%, 200 meshes pur-
chased from Ningbo Beijiaer New Material Co., Ltd.), 3-
aminopropyl triethoxysilane (99% Merck), and various alde-
hydes, were purchased from were purchased from commer-
cial sources. Pure distilled water and 96% ethanol were
used as solvents. Thin-layer chromatography (TLC) ex-
periments were conducted using a UV lamp emitting at
a wavelength of 254 nm. Product identification was per-
formed using a Shimadzu FTIR 8400S spectrometer with
potassium bromide (KBr) disks. Additionally, 1HNMR
spectra were recorded on a Bruker Avance 500 spectrom-
eter in DMSO-d6 at ambient temperature. Melting points
were determined using a 9100 Electrothermal apparatus,
and values are reported without corrections. The yields
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Figure 2. Commercial drugs containing pyrazole ring.

provided are based on the purified products obtained after
the purification process.

2.2 MXene (Ti3C2) fabrication process
First, LiF (0.30 g) was stirred in HCl (37%, 7.50 mL) for
30 minutes. Then, the MAXphase (Ti3AlC2) (0.25 g) was
gradually added to the mixture. The resulting solution was
placed in a water bath at 34 °C for 72 hours. The product
was collected by centrifugation, washed multiple times with
HCl, ethanol, and water, and then dried in a vacuum oven
(4 h, 0.19 g) (Fig. 3) [45].

2.3 Synthesis of amino-functionalized MXene
To start, 2.50 g of BTPA was added to a mixture of 1.0
g of deionized water (DW) and 9.0 g of EtOH, and the
solution was stirred vigorously for 20 minutes. Following
this, 0.10 g of pre-weighed MXene powder was immersed
in the prepared solution. The mixture was then transferred

to a single-neck round-bottom flask and refluxed at 80 °C
for 24 hours with continuous stirring. After the reaction
was completed, the resulting product was centrifuged using
ethanol and deionized water to remove any leftover modifier.
Finally, the product was dried in an oven at 75 °C for 24
hours to yield the amino-functionalized MXene (0.185 g).

2.4 Development of periodic mesoporous organosilica
(PMO)

A mixture of 0.50 g of P123, 3.50 mL of ethanol, and 1.10
g of deionized water (DW) was mixed and stirred at 20 °C.
Afterward, 1.69 mL of TEOS was added to the mixture and
stirred continuously for 1 hour at 20 °C. Then, 0.70 mL
of BTPA was introduced into the mixture in a dropwise
manner, and the mixture was stirred for an additional hour.
Lastly, the product was washed three times with water and
dried at 60 °C for 24 hours.

Figure 3. Schematic of the fabrication process of MXene.
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2.5 Surfactant removal of PMO
To remove the surfactant, 0.250 g of the as-synthesized
PMO was stirred in 37.5 mL of EtOH, followed by the
addition of 0.850 mL of 36% HCl. This mixture was heated
to 60 °C and maintained at that temperature for 24 h. After
that, the solid product was collected by filtration, washed
with EtOH, and subsequently dried in an oven at 60 °C
for 24 h. The surfactant-free PMO was obtained after this
process.

2.6 Fabrication of the PMO@MXene nanocomposite
The preparation of the PMO@MXene nanocomposite em-
ploys a physical synthesis method. In this procedure, 0.010
g of amino-functionalized MXene and 0.0030 g of PMO
were mixed in 1.10 g of DW and 3.50 mL of EtOH. This
mixture was stirred for 24 hours at 60 °C. Afterward, the
separated solid residue was washed multiple times with wa-
ter and ethanol, followed by drying at 75 °C for 24 hours
(0.013 g) (Fig. 4).

2.7 General procedure for the synthesis of 5-amino-3-
(aryl)-1-phenyl-1H-pyrazole-4-carbonitriles in the
presence of the PMO@MXene nanocomposite

In a 5.0 mL reaction flask, a mixture of aldehyde (1a-l, 1.0
mmol), phenyl hydrazine (2, 1.0 mmol), malononitrile (3,
1.0 mmol), and the catalyst (5.0 mg) were combined in H2O
(2.0 mL) and heated under reflux for the required duration.
The reaction progress was monitored using thin-layer chro-
matography (TLC, n-hexane: ethyl acetate (1:3)). Upon
completion, the resulting solid, consisting of the desired
product and the catalyst, was collected by filtration. The sep-
aration of the PMO@MXene nanocomposite from the target
pyrazole derivatives was achieved by taking advantage of
the solubility of pyrazole in ethyl acetate (EtOAc). Finally,
highly pure pyrazole derivatives were obtained through crys-
tallization from EtOAc.

3. Results and discussion
Various techniques were used to analyze their size, shape,
composition, surface properties, and other key attributes. To
confirm the structure and surface features of the synthesized

PMO, MXene, and PMO@MXene nanoparticles, multiple
analytical methods were utilized. Fourier transform infrared
spectroscopy (FT-IR) was used to identify functional groups
through vibrational modes, while field-emission scanning
electron microscopy (FESEM) provided detailed imaging
to examine size and morphology. Energy-dispersive X-ray
spectroscopy (EDS) was used to determine the elemental
composition, and X-ray powder diffraction (XRD) assessed
the crystallinity and structural arrangement. High-resolution
transmission electron microscopy (HRTEM) was used to
imaging the mode of specialized transmission electron mi-
croscopes that allows for direct imaging of the atomic struc-
ture of samples.

3.1 FT-IR of PMO, MXene, and the PMO@MXene
nanocomposite

The FT-IR spectrum of the synthesized PMO nanoparti-
cles exhibits distinct characteristic peaks across the spectral
range of 400− 4000 cm−1. In this spectrum, the peak at
1470 cm−1 corresponds to the bending vibrations of the
Si–O–Si bonds, while the peak at 1794 cm−1 is associated
with the asymmetric stretching vibrations of Si–O–Si. The
absorption at 940 cm−1 is attributed to the Si–OH stretch-
ing vibrations or Si–O–Si symmetric stretching vibrations.
The peak at 1360 cm−1 is linked to the CH3 vibrations or
Si–CH3 stretching vibrations, whereas the peak at 1472
cm−1 corresponds to the CH2 bending vibrations. Addi-
tionally, the peaks at 2820 cm−1 and 2943 cm−1 are related
to the symmetric stretching vibrations of CH2, and CH3,
respectively. The broad peak at 3431 cm−1 is attributed to
the O–H or N–H stretching vibrations.
The FT-IR spectrum of MXene provides crucial insights
into its functional groups. In this spectrum, a broad absorp-
tion band around 3400 cm−1 corresponds to the stretching
vibrations of the hydroxyl groups on the MXene surface,
suggesting partial oxidation or surface modification. The
peak near 1600 cm−1 is associated with the stretching vi-
brations of the metal–carbon (M–C) bonds, confirming the
presence of a transition metal (such as Al) and carbon in
the MXene structure. Furthermore, the peak around 1100
cm−1 corresponds to the Ti–O bending vibrations, indicat-

Figure 4. Schematic of the PMO@MXene nanocomposite.
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ing partial oxidation of the MXene surface and the presence
of metal–oxygen (M–O) functional groups.
The FT-IR spectrum of the PMO@MXene nanocompos-
ite reveals several significant absorption bands, shedding
light on its chemical structure and functional groups. For
this reagent, a strong absorption band in the range of
1000−1200 cm−1 corresponds to the symmetric and asym-
metric stretching vibrations of the Si–O–Si bonds, charac-
teristic of silica frameworks in PMOs, confirming their in-
corporation into the composite. The peaks in the 500−800
cm−1 range indicate the bending vibrations related to the
MXene functional groups, including M–O, M–C, or Ti–O
bonds, depending on the MXene composition. The broad
absorption band between 3000− 3500 cm−1 is attributed
to the O–H stretching vibrations, originating from the hy-
droxyl groups on the surface or adsorbed water molecules,
underscoring the composite’s hydrophilic nature. Addi-
tionally, the peak at 1600 cm−1 corresponds to the C=C
stretching vibrations, indicating the presence of organic
moieties, or it results from the H–O–H bending vibrations
of the adsorbed water molecules (Fig. 5).

3.2 FESEM of PMO, MXene, and the PMO@MXene
nanocomposite

Figures 6 (a) and 6 (a) present the SEM images of MX-
ene, showcasing its distinctive accordion-like structure. The
SEM images of the gels prepared with P123 are illustrated
in Figs. 6 (c) and 6 (d). The SEM micrograph of the PMO
gel reveals a mesoporous, cabbage-like structure. As de-
picted in the Figs. 6 (e) and 6 (f), the layers of MXene
are separated, with the metal component removed through
washing. PMO particles, which have created a physical
composite with the MXene, are positioned both between
and on the layers of MXene. Nanoartography, a method to
make SEM images resembling the real world, is used for
Scheme S2 and Fig. 6 (c).

3.3 Mapping elemental analysis of the PMO@MXene
nanocomposite and EDS of PMO, MXene, and the
PMO@MXene nanocomposite

The elemental mapping analysis of the PMO@MXene cat-
alyst (Fig. 3) confirms the presence and homogeneous dis-
tribution of carbon (C), oxygen (O), silicon (Si), aluminum
(Al), and titanium (Ti) throughout the nanocomposite. The
uniformity of the elemental dispersion suggests the suc-
cessful incorporation of PMO onto the MXene sheets. In
particular, the signals from silicon and oxygen indicate the
presence of the mesoporous silica framework, while those
from titanium and aluminum originate from the MXene lay-
ers. Additionally, the energy-dispersive X-ray spectroscopy
(EDS) analysis (Fig. 4) further supports these findings by
clearly identifying the expected elements in each compo-
nent: C, O, and Si for PMO; C, Ti, and Al for pristine
MXene; and a combination of C, Ti, O, and Si for the
PMO@MXene hybrid. These results collectively confirm
the successful synthesis and integration of both components
into a unified nanostructured material.

3.4 XRD of the PMO, MXene, and the PMO@MXene
nanocomposite

The X-ray diffraction (XRD) patterns demonstrate the ef-
fects of the processes, such as etching and exfoliation, on
the crystalline structure of PMO. XRD analysis of PMO re-
veals a single broad peak in the low-angle diffraction range
(1° − 5°) at approximately 2θ = 1.11°, corresponding to
a well-ordered mesoporous structure. This confirms the
presence of long-range mesostructural order due to the pe-
riodic arrangement of silica walls. Additionally, a broad
peak in the 15 − 30° range is characteristic of amorphous
silica (SiO2). Since PMO materials are predominantly amor-
phous, consisting of silica frameworks with organic bridges,
distinct crystalline reflections are absent.
The combination of sharp MXene peaks with broad sec-

Figure 5. FT-IR of PMO, MXene, and the PMO@MXene nanocomposite.
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Figure 6. FESEM images of (a, b) MXene; (c, d) PMO, and (e, f) the PMO@MXene nanomposite.

Figure 7. EDS elemental mapping analysis of the PMO@MXene nanocomposite.

2008-9244[https://doi.org/10.57647/jnsc.2025.1505.19]

https://doi.org/10.57647/jnsc.2025.1505.19


Hanifi et al. JNSC15 (2025) -152519 7/21

Figure 8. EDS of PMO, MXene, and the PMO@MXene nanocomposite.

ondary phase peaks provides clear evidence of the success-
ful integration of PMO and MXene within the prepared
composite. A sharp peak at 2θ = 6.5° corresponds to the
(002) reflection of the MAX phase, indicating an interlayer
spacing of approximately 13.6 Å between the MXene lay-
ers. The high intensity of this peak suggests a significant
proportion of well-ordered crystalline MXene within the
composite. Broad peaks in the 2θ = 20−30° range are as-
sociated with the secondary phases, such as TiC and Al2O3.

The positions of these peaks align with the (111), (200),
and (220) reflections of the TiC phase, as well as the (012),
(104), and (110) reflections of the Al2O3 phase. Further-
more, the broad nature of these peaks suggests that the
secondary phases are likely nanocrystalline or disordered.
Additionally, broad peaks in the 2θ = 40−60° range con-
firm the presence of nanostructured components, indicating
the integration of the mesoporous silica framework within
the MXene structure (Fig. 9).

Figure 9. X-ray diffraction patterns of PMO, MXene, and the PMO@MXene nanocomposite.
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Also employing Scherer’s equation for particle size calcu-
lation at 2θ = 38.66° and a full width at half maximum
(FWHM) of 0.313 shows a determined particle size of 5.1
nm.

3.5 HRTEM, SEAD, and TEM of the PMO@MXene
heterogeneous nanocomposite

As illustrated in Fig. 10, the obtained Miller index (1 0
0) located around the central spot and positioned lower in
the labeling order, along with (1 0 1) and (4 0 2) for PMO
(reference code: 00-033-1161), and the Miller indices (1 0
0), (1 0 4), (1 0 8), and (1 1 6) for MXene (reference code:
96-722-1325) from the SAED analysis, together with the
d-spacing values of 3.41 Å and 2.71 Å determined through
HRTEM analysis for the Miller indices (1 0 1) of PMO
and (1 0 0) of MXene, respectively, indicate the successful
synthesis of PMO@MXene.
The TEM images (Figs. 10 (c) and 10 (d)) demonstrate
the successful immobilization of porous PMO domains
on the layered MXene substrate. The uniform distribu-
tion and distinct contrast between the PMO particles and

the MXene sheets confirm the formation of a well-defined
PMO@MXene heterostructure, which is expected to en-
hance the catalytic performance due to the synergistic ef-
fects of high surface area and conductivity.

3.6 Systematic exploration of optimal conditions for the
synthesis of 5-amino-3-(aryl)-1-phenyl-1H-pyrazole-
4-carbonitrile (pyrazole) derivatives

Once the target reagent was identified, it was employed in
the synthesis of 5-amino-3-(aryl)-1-phenyl-1H-pyrazole-4-
carbonitrile derivatives to evaluate its catalytic performance.
Table 1 details the optimization of the synthesis of a 5-
amino-3-(aryl)-1-phenyl-1H-pyrazole-4-carbonitrile deriva-
tive through a three-component reaction involving phenyl-
hydrazine, 2-bromobenzaldehyde, and malononitrile, each
at a concentration of 1.0 mmol. The study systematically
explored various parameters, including temperature, solvent
type, catalyst type, amount, and reaction time. The primary
focus was on the use of PMO@MXene as a catalyst, assess-
ing its effectiveness at both room temperature and elevated
temperatures (80 °C) across different solvents, including

Figure 10. (a) HRTEM analysis, (b) SAED, and (c and d) TEM analysis of the PMO@MXene nanocomposite.
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Table 1. Optimization study for the synthesis of 5-amino-3-(aryl)-1-phenyl-1H-pyrazole-4-carbonitrile under the effect of the PMO@MXene
nanocomposite.a.

Entry Catalyst loading (mg) Solvent (mL) Temperature (°C) Time (min.) Yieldb(%)

1 - - r.t 65 -

2 - H2O (2.0) r.t 60 21

3 PMO H2O (2.0) r.t 55 36

4 MXene H2O (2.0) r.t 50 41

5 PMO@MXene (2.0) H2O (2.0) r.t 45 75

6 PMO@MXene (5.0) H2O (2.0) r.t 15 94

7 PMO@MXene (5.0) EtOH (2.0) r.t 50 32

8 PMO@MXene (5.0) EtOAc (2.0) r.t 60 28

9 PMO@MXene (5.0) CH2Cl2 (2.0) r.t 40 30

10 PMO@MXene (5.0) H2O/EtOH (2.0) r.t 45 41

11 PMO@MXene (5.0) - 80 45 48

12 PMO@MXene (5.0) - 80 30 68

13 PMO@MXene (7.50) - 80 20 85

14 PMO@MXene (5.0) - 80 20 31

15 - - 80 25 -
a Reaction condition: aldehyde (1, 1.0 mmol), phenyl hydrazine (2, 1.0 mmol), malononitrile (3. 1.0 mmol), and 2.0 mL of H2O as a solvent.

b The yield refers to the isolated pure product 4.

water, ethanol, ethyl acetate, and dichloromethane, and also
under solvent-free conditions. The results were evaluated
based on the product yield, which was determined after pu-
rification via recrystallization in ethyl acetate or chloroform.
The optimal conditions for the synthesis of the requested
product were achieved using 5.0 mg of the PMO@MXene
nanocatalyst in water at room temperature, resulting in a
remarkable 94% yield in just 15 minutes (Table 1, entry
6). Solvent-free conditions at 80 °C in the presence of 7.50
mg of the catalyst also yielded favorable results, achiev-
ing an 85% yield within 20 minutes (Table 1, entry 13).
In contrast, reactions conducted without a catalyst or in
alternative solvents such as ethanol (32%), ethyl acetate
(28%), and dichloromethane (30%) showed significantly
lower effectiveness, underscoring the critical role of the
catalyst-solvent combination. Notably, when water was
used as a solvent without a catalyst, a moderate yield of
21% was recorded (Table 1, entry 2), which improved to
75% with the addition of 2.0 mg of the catalyst (Table 1,
entry 5), illustrating the catalyst’s positive influence even in
minimal amounts.
This optimization study emphasizes the efficiency of
employing 5.0 mg of the PMO@MXene heterogeneous

nanocomposite as a catalyst at room temperature, fa-
cilitating a rapid and high-yield (94%) synthesis of
5-aminopyrazole-4-carbonitriles under environmentally
friendly conditions. The significant role of water as a green
solvent, along with the potential of solvent-free conditions,
aligns with sustainable chemistry principles. The system-
atic investigation of the reaction parameters offers a valu-
able framework for developing efficient synthetic strategies
for 5-amino-3-(aryl)-1-phenyl-1H-pyrazole-4-carbonitrile
derivatives, which hold significance in pharmaceutical and
materials science.
Subsequently, various aromatic aldehydes were employed
under the optimized conditions, resulting in the successful
formation of the anticipated products with good to excellent
yields and in highly favorable reaction times (Table 2).

3.7 Proposed mechanism for the synthesis of 5-amino-
3-(aryl)-1-phenyl-1H-pyrazole-4-carbonitriles (4a-l)
catalyzed by the PMO@MXene nanocomposite

This reaction is a multicomponent reaction (MCR) in which
malononitrile, an aromatic amine (phenyl hydrazine), and
an aldehyde combine to form a fused heterocyclic system.
In the first step, the aldehyde is activated by the catalyst, and
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Table 2. Synthesis of 5-amino-3-(aryl)-1-phenyl-1H-pyrazole-4-carbonitriles (4a-l) using various aldehydes in the presence of PMO@MXene.

Entry Aldehyde (a-l) Product (a-l) Time (min.) Yielda (%) M.P. (°C) M.P. (°C) [Ref.]

1 15 87 154-156 154-156 [46]

2 20 85 162-165 159-161 [47]

3 20 90 126-128 127-129 [48]

4 15 94 Semi-solid Semi solid [47]

5 15 91 126-128 126-128 [46]

6 25 86 163-166 164-165 [47]

7 25 89 159-162 161-162 [47]

Reaction conditions: Aromatic aldehyde (1a–l, 1.0 mmol), phenyl hydrazine (2, 1.0 mmol), malononiteile (3, 1.0 mmol), catalyst (5.0 mg), and DW (2.0
mL) under reflux conditions. aThe yields refer to the isolated pure products.
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Continued of Table 2.

Entry Aldehyde (a-l) Product (a-l) Time (min.) Yielda (%) M.P. (°C) M.P. (°C) [Ref.]

8 20 93 109-110 107-108 [47]

9 15 91 154-157 156-158 [48]

10 25 86 207-210 208-210 [47]

11 20 89 116-118 117-118 [47]

12 25 90 200-220 New sample

Reaction conditions: Aromatic aldehyde (1a–l, 1.0 mmol), phenyl hydrazine (2, 1.0 mmol), malononiteile (3, 1.0 mmol), catalyst (5.0 mg), and DW (2.0
mL) under reflux conditions. aThe yields refer to the isolated pure products.

malononitrile, acting as a nucleophile, attacks it to generate
a reactive intermediate. Next, malononitrile adds to this
intermediate, leading to the formation of a new C–N bond.
Subsequently, several proton transfers and rearrangements
take place within the structure, giving rise to a more stabi-
lized conjugated intermediate. In the following step, the ni-
trogen atom of the malononitrile attacks one of the activated
carbons bonded to cyano groups, resulting in cyclization and
the formation of a new ring. This ring closure ultimately
produces a heterocyclic scaffold. In the final stage, fur-
ther proton shifts restore aromaticity and enhance stability,
yielding the final product as an indole or pyridine derivative
substituted with cyano and aromatic groups. Thus, through
a one-pot multicomponent reaction, the desired heterocyclic
compound is efficiently synthesized (scheme 1).

3.8 Investigation of the recyclability and reusability of
the PMO@MXene nanocatalyst

The recyclability of the PMO@MXene nanocomposite was
evaluated to assess its potential for repeated use. For this
purpose, the catalyst was separated from the reaction mix-
ture using a filter paper and subsequently washed with ethyl
acetate and ethanol to eliminate any impurities. After be-
ing dried at 70 °C for 2 hours, the catalyst was reused in
the same model reaction. As shown in Fig. 11, the recy-
cled PMO@MXene catalyst demonstrated high conversion
rates across multiple runs of the model reaction, indicat-
ing its effective catalytic activity. After six iterations us-
ing the recycled catalyst, an average yield of 92.6% was
achieved. These results underscore the stability and recycla-
bility of the PMO@MXene nanocomposite as a suitable het-
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Scheme 1. The proposed mechanism for the synthesis of 5-amino-3-(aryl)-1-phenyl-1H-pyrazole-4-carbonitrile derivatives in the presence of the
PMO@MXene catalyst.

erogeneous catalyst for the three-component reaction of 5-
amino-3-(aryl)-1-phenyl-1H-pyrazole-4-carbonitrile (pyra-
zole) derivatives. The maintained high conversion efficiency
of the recycled catalyst demonstrates its reusability without
significant loss in activity. As shown in Fig. 12, the FT-IR
spectra of the nanocomposite indicate that no significant
change is observed in the structure of the PMO@MXene
nanocatalyst after 6 runs. Overall, these findings highlight
the promising potential of the PMO@MXene nanoparti-
cles as a stable and efficient heterogeneous promoter under
optimal reaction conditions.

Figure 11. The recyclability and reusability of the PMO@MXene
nanocomposite in the model reaction.

3.9 Comparison of the efficiency of the recently re-
ported protocols with our selected method in the
synthesis of 5-amino-3-(aryl)-1-phenyl-1H-pyrazole-
4-carbonitrile

As shown in Table 3, the performance of PMO@MXene
was compared with several recently reported catalysts in
terms of reaction time, yield, catalyst loading, and reaction
conditions.
Notably, the PMO@MXene heterogeneous catalyst (entry
6) demonstrated a high yield (94%) comparable to the best-

Figure 12. FT-IR spectrum of the pristine and recycled PMO@MXene
nanocomposite after 6 runs.
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Table 3. Comparison of the model reaction for the synthesis of 5-amino-3-(aryl)-1H-pyrazole-4-carbonitrile in the presence of PMO@MXene in terms of
yield and time with some of the recent protocols.

Entry Catalyst, loading Reaction condition Time (min.) Yield (%) Ref.

1 Fe3O4@SiO2@Si(OEt)(CH2)3@melamine@TC, 0.050 g 65 °C/solvent free 7 78 [49]

2 Fe3O4@CQD@Si(OEt)(CH2)3NH@CC@Ad@Cu(OAc)2, 0.050 g 65 °C/solvent-free 7 62 [50]

3 1,4-Diazabicyclo [2.2.2]octane (DABCO), 0.10 mmol r.t/H2O:EtOH (1;1) 10 97 [51]

4 CoFe2O4@SiO2@CPTES@Melamine, 10.0 mg r.t/ H2O 20 94 [52]

5 [4CSPy]ZnCl3, 10.0 mol% 80 °C/solvent-free 30 95 [53]

6 PMO@MXene 5.0 mg (2.7 wt%) r.t/H2O 15 94 This work

performing methods (e.g., entries 3, 4, and 5), under milder
and greener conditions, namely, at room temperature in
water and using a significantly lower amount of catalyst
(5.0 mg). In contrast, many other protocols require higher
temperatures, solvent-free conditions, or higher catalyst
loadings.
This comparison clearly illustrates the efficiency and sus-
tainability advantages of the PMO@MXene as a green het-
erogeneous nanocatalyst.

4. Conclusion
In this research, for the first time, a new nanocomposite
based on MXene formulated as PMO@MXene was
prepared and identified. In continuation, the catalytic
ability of this reagent was investigated in the synthesis of
pharmacologically active 5-amino-3-(aryl)-1H-pyrazole-4-
carbonitriles. The catalytic performance of PMO@MXene
was found to be significantly influenced by solvent
choice and temperature. The desired 5-amino-3-(aryl)-
1H-pyrazole-4-carbonitrile derivatives were efficiently
synthesized in water, a green solvent, via a one-pot,
three-component reaction strategy. This method offers
several key advantages, including high to excellent yields
(85−94%), low catalyst loading, and short reaction times.
Furthermore, it eliminates the need for toxic organic
solvents, simplifies product purification, facilitates an
easy work-up process, and allows for the recyclability and
reusability of the PMO@MXene heterogeneous catalyst.
This environmentally friendly approach highlights the
catalyst’s potential for promoting more sustainable and
efficient green chemistry practices.
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Supplementary
Experimental details
Materials and methods
All substrates used in this study, including ethanol,
tetraethyl orthosilicate (TEOS- Meck), Pluronic P123
(average Mn ∼ 14,600- Merck), bis[3-(trimethoxysilyl)
propyl] amine (BTPA- Merck), hydrochloric acid (HCl 37%-
Merck), lithium fluoride (LiF- 99.99 Suprapur- Merck),
Maxphase (Ti3CAl2- purity of ≥ 98%, 200 meshes pur-
chased from Ningbo Beijiaer New Material Co., Ltd.), 3-
aminopropyl triethoxysilane (99% Merck), and various alde-
hydes, were purchased from Sigma, Aldrich, and Merck
Chemical Companies. Pure distilled water and 96% ethanol
were used as solvents.

Characterization
Thin-layer chromatography (TLC) experiments were con-
ducted using a UV lamp emitting at a wavelength of 254
nm. Product identification was performed using a Shimadzu
FTIR 8400S spectrometer with potassium bromide (KBr)
disks. Additionally, 1HNMR spectra were recorded on a
Bruker Avance 500 spectrometer in DMSO-d6 at ambient
temperature. Melting points were determined using a 9100
Electrothermal apparatus, and values are reported without
corrections. The yields provided are based on the purified
products obtained after the purification process.
The electron impact mass spectrum of the compound
C17H14N4O2 (molecular weight 306 g/mol) displays a well-
defined fragmentation pattern that is consistent with the
proposed molecular structure. The protonated molecular
ion is observed at m/z 312.0 ([M+H]+), confirming the

molecular weight. Additional high-mass fragments appear
at m/z 287.4 and 265.4, which can be attributed to sequen-
tial losses of water ([M − H2O]+) and the cyano group ([M
− CN]+), respectively. These peaks highlight the lability
of the hydroxyl substituent and the nitrile moiety under ion-
ization conditions.
The most intense signal in the spectrum, corresponding to
the base peak, is detected at m/z 133.1. This fragment repre-
sents a highly stable cation formed through cleavage at the
triazole core, reflecting the intrinsic stability of heteroaro-
matic cations generated from this substructure. Comple-
mentary aromatic fragments are found in the m/z 149−178
range, consistent with oxygenated benzyl species derived
from the indole-like aromatic portion of the molecule. The
peaks at m/z 83.2, 105.3, and 119.1 are characteristic of
smaller aromatic cations originating from the phenyl sub-
stituent.
Together, these fragmentation pathways suggest that the
compound undergoes stepwise dissociation, initiated by the
loss of small substituents (–OH, –CN, –CH3) and followed
by bond cleavage between the triazole nucleus and adjacent
aromatic groups. The resulting fragments are stabilized
either through resonance delocalization across the aromatic
rings or by heteroatom participation in charge distribution.
The predominance of the m/z 133.1 ion emphasizes the
structural role of the triazole moiety in governing fragmen-
tation stability.
Overall, the spectrum provides strong support for the pro-
posed molecular framework of C17H14N4O2, with the key
diagnostic peaks (m/z 312.0, 287.4, 265.4, 178.2, and 133.1)
serving as reliable markers for structural elucidation and
confirmation in analytical studies.
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Supplementary Figure 1. General scheme of the PMO@MXene nanocatalyst synthesis and its use in the synthesis of 5-amino-3-(aryl)-1-phenyl-1-H-
pyrazole-4-carbonitrile (pyrazole) derivatives (Graphical abstract)

Supplementary Scheme 1. Schematic of the synthesis of the MXene and amino-functionalized MXene.

Supplementary Scheme 2. FESEM image of MXene, like a fish, designed by the Nanoart method.
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Supplementary Figure 2. H1NMR of 5-Amino-(3-hydroxy-4-methoxyphenyl)-1-phenyl-1H-pyrazole-4-carbonitrile.

Supplementary Figure 3. H1NMR of 5-Amino-3-(2-hydroxyphenyl)-1-phenyl-1H-pyrazole-4-carbonitrile.
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Supplementary Figure 4. H1NMR of 5-Amino-1-phenyl-3-(p-tolyl)-1H-pyrazole-4-carbonitrile.

Supplementary Figure 5. H1NMR of 5-Amino-3-(2-chlorophenyl)-1-phenyl-1H-pyrazole-4-carbonitrile.
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Supplementary Figure 6. H1NMR of 5-Amino-3-(4-bromophenyl)-1-phenyl-1H-pyrazole-4-carbonitrile.

Supplementary Figure 7. 13CNMR of 5-Amino-(3-hydroxy-4-methoxyphenyl)-1-phenyl-1H-pyrazole-4-carbonitrile.
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Supplementary Figure 8. MASS spectroscopy of 5-Amino-(3-hydroxy-4-methoxyphenyl)-1-phenyl-1H-pyrazole-4-carbonitrile..

Supplementary Figure 9. Elemental analysis of 5-Amino-(3-hydroxy-4-methoxyphenyl)-1-phenyl-1H-pyrazole-4-carbonitrile.
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