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Cuprous iodide implanted in hot-water-soluble-
starch coating of ferrite nanoparticles: efficient
catalysts for on-water click synthesis of
1,2,3-triazolest

Seyyed Mohammad Rezapour Mousavi® and Kurosh Rad-Moghadam () *@b

Conglomerates of Cul nanoparticles combined with ferrous ferrite (FF) and cobalt ferrite (CF) nanoparticles
were obtained using hot-water-soluble starch (HWSS) as a green adhesive possessing a strong complexing
affinity for both the ferrites and Cul nanoparticles. Our findings indicate that the size of the Cul
nanoparticles is closely related to the size of the ferrite nanoparticles, suggesting that the Cul nanoparticles
grafted from the HWSS coating of the ferrite nanoparticles. The TEM image, size histograms derived from
FE-SEM images and XRD patterns of the resulting composites revealed that the growth of Cul
nanoparticles led to formation of conglomerates and not encapsulation of the ferrite nanoparticles. More
interestingly, HWSS impacts oppositely on coercivities of the ferrites. The catalytic efficacy of the resulting
nano-composites, Cul@HWSS@CF and Cul@HWSS@FF, in the one-pot synthesis of 1,2,3-triazoles through
the click reaction of alkyl halides, sodium azide, and phenylacetylene “on water” is described. The use of
a biocompatible nano-catalyst, easy catalyst recycling and high yields of the triazoles within short reaction
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Introduction

Nanotechnology has been the primary driving force behind the
recent advancements in green chemistry across different
branches including catalysis, biomedicine, environmental
protection and energy storage. The growing interest in the
preparation of nanostructured materials stems from their
economic and environmental impacts as well as the wide range
of distinctive properties that these materials possess.”> Among
the many fabricated nanomaterials those with magnetic charac-
teristics have found more applications due to their ease of
separation from mixtures. Ferrites have been by far the magnetic
components most widely used for production of magnetic nano-
composites.? They are typically hybrids of Fe,O; and one or more
other metal oxides such as FeO, MnO, NiO, CoO etc. Ferrous
ferrite (FF) with the formula Fe;0, and cobalt ferrite (CF) with
formula CoFe,0, are two of the earliest known magnetic mate-
rials, which have been frequently used for preparation of
magnetic nano-composites.*® Of these two magnetic materials,
ferrous ferrite (FF), commonly known as magnetite, has signifi-
cantly attracted more interest because of its easy availability and

“Department of Organic Chemistry, University of Guilan, University Campus 2, Rasht,
Iran

*Faculty of Chemistry, University of Guilan, Rasht 4193833697, Iran. E-mail: radmm@
guilan.ac.ir

available. See DOLI:

+ Electronic  supplementary  information

https://doi.org/10.1039/d4na00883a

(EST)

© 2025 The Author(s). Published by the Royal Society of Chemistry

times are the significant advantages of the synthetic method presented here.

superparamagnetic properties at the nano-scale. Super-
paramagnets exhibit no net magnetization in the absence of an
external magnetic field, allowing them to be uniformly dispersed
in a suspension phase. When exposed to an external magnetic
field, superparamagnets acquire a significant magnetic charac-
teristic and are attracted by a permanent magnet, facilitating
their separation from mixtures. They owe this excellent magnetic
property to their minimal coercivity and slight magnetic rema-
nence.” Furthermore, FF is a readily available material that can be
functionalized on its surface for use in various applications.?® It
has been used widely as a nano-template for fabrication of many
core-shell nano-magnetic catalysts by coating.” However, despite
these prominent advantages, FF nanoparticles (NPs) are suscep-
tible to aerial oxidation at the surface. Upon oxidation, the stoi-
chiometry of FF at the surface is altered by enrichment of Fe**
atoms." Unfortunately, the spin exchange between the inner core
and the outermost oxidized layer of FF NP results in an increase
in its coercivity and magnetic remanence." On the other hand,
CF is a valuable material owing to its prominent properties such
as good saturation magnetization, high coercivity at room
temperature, excellent chemical stability and mechanical hard-
ness.” Like other materials, ferrites exhibit a notable surface
energy at the nano-scale, which leads to a tendency to aggregate
or adsorb materials on their surface. For preventing NPs from
these unwanted interactions, they are usually coated with
appropriate protecting materials, which not only shield them
from aerial oxidation but also impart specific functionalities such
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as catalysis ability or serve as linkers for loading active materials
on them.*® However, many of these coatings are not cost-effective
or form excessively thick shells that significantly reduce the mass
magnetization of the nano-composite.’* Recently, we demon-
strated that the robust interaction between hot-water-soluble
starch (HWSS) and FF results in deaggregation, coating with
thin HWSS films, and a reduction in coercivity of its NPs.** Other
researchers shared their findings on the adhesion tendency of
cuprous iodide NPs to starch.'® Applying these experimental
findings, our goal was to use HWSS as a binding agent to produce
a bio-derived nano-composite consisting of cuprous iodide and
ferrite NPs. It is known that, through the reaction with HWSS, the
stoichiometry of the oxidized FF NPs at surface is corrected, as
some excess Fe®" cations on surface of the NPs are reduced to
Fe** cations.' This reaction leads to restoration of the inherent
magnetic properties of FF. A part of the coordination bonds
between the metal atoms (M) at surface of ferrite NPs and the
hydroxyl groups of HWSS seems to be converted into C-O-M
covalent bonds, leading to efficient encapsulation of the ferrite
NPs by HWSS. The HWSS coating can also serve as a matrix for
implantation of other reactive NPs.'* The hydroxyl groups of
HWSS on the surface of the NPs are highly reactive for anchoring
metal atoms because they are unable to form crystalline regions
there by intermolecular hydrogen bonding. Here, we explain that
HWSS plays as a powerful biomaterial for adhesion of Cul to
surface of FF and CF NPs. The magnetic properties of the as-
obtained nano-composites and their catalytic activities in the
synthesis of triazoles is also described. Among the various
methods for synthesizing triazoles, the copper-catalyzed
production of 1,4-disubstituted 1,2,3-triazoles via cycloaddition
of azide derivatives with terminal alkynes has garnered signifi-
cant attention from medicinal and organic chemists."” Tri-
azoles are an important class of compounds found in fungicides,
herbicides, and dyes**?* and they exhibit intriguing biological
properties such as anti-allergic,” anti-tumor,* anti-infective,*
anti-phlogistic,® anti-HIV,* and anti-bacterial®** activities. Typi-
cally, this route to synthesis of triazoles requires a cuprous salt as
the actual catalyst to drive the transformation regioselectively.*
However, copper salts are known to be quite toxic, and separating
them from the reaction mixture is challenging. To effectively
tackle these challenges, it is important to immobilize Cul NPs by
HWSS on ferrites. Only a thin layer of HWSS serves as a powerful
adhesive for conglomeration of the ferrites and Cul NPs. It
restores the intrinsic coercivity of the aerially oxidized FF,
improves the ferromagnetic behaviour of CF, prevents the
leaching of Cul from the magnetic composites and has less mass
and thus less impact on the mass magnetization of the
composites. The composites showed efficient catalytic activities
in the synthesis of 1,2,3-triazoles and can be readily retrieved by
magnetic separation method.

Experimental
General

All the chemicals used in this investigation were purchased
from Sigma-Aldrich and Merck companies and used without
further purification. The products are known compounds and
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were characterized by comparison of their spectral data and
physical properties with those of authentic samples. All the
melting points (Mp) are uncorrected and were determined
using a Buchi B-545 apparatus. FT-IR spectra were measured on
a Shimadzu FT-IR 8300 spectrophotometer in KBr wafers. TGA
(thermogravimetric analysis) and DTG (derivative thermogravi-
metric) curves were obtained under Ar (Argon) atmosphere on
a STA 1500 thermal analyser by varying the temperature from
25 °C up to 600 °C with a heating rate of 20 °C min~". Powder X-
ray diffraction (XRD) was carried out on a Panalytical X'Pert Pro
X-ray diffractometer using Cu-Ke. radiation (A = 0.154 A).
Magnetic properties of the samples were investigated using
a BHV-55 vibrating sample magnetometer at room temperature.
Analysis of the elemental composition of the samples was
carried out on an energy dispersive X-ray (EDX) analyser (Kevex,
Delta Class I). The particle morphology checks by transmission
electron microscopy (TEM) was performed on a Zeiss-EM10C
microscope at acceleration voltage of 100 kV. Inductive
coupled plasma (ICP) analysis was conducted with an Agilent
(5110 ICP-OES10) instrument.

Typical procedure for the preparation of HWSS@CF

HWSS was prepared according to a previously reported method
with some modifications.’>* In brief, corn starch (0.5 g) was
wetted with ethanol 95% (1 mL) and then mixed with double-
distilled water (50 mL). The resulting slurry was heated at 50 °
C for 30 min under constant stirring. Subsequently, it was
centrifuged at 3000 rpm for 5 min to separate the hot-water-
insoluble ingredient of starch (HWIS) from the HWSS solu-
tion. At the end, HWSS was obtained by concentrating the
separated solution under reduced pressure by using a rotary
evaporator, operating at 50 °C, and freeze-drying the resulting
syrup at —30 °C for 24 hours.

For preparation of HWSS@CF NPs, a solution of HWSS (0.1
g) in double-distilled water (30 mL) was added to an aqueous
solution (50 mL) of FeCl; (1.35 g) and CoCl,-6H,0 (0.6 g). The
mixture was stirred vigorously at room temperature for 2 h and
then NaOH solution (3 mol 17") was added with sonication at
the same temperature until the pH of the resulting mixture
reached to ~11. Afterward, an additional portion of HWSS (0.1
g) was added and the solution stirred for 4 h at 90 °C under N,
gas. At the end, the flask of the suspension was cooled to room
temperature, placed on a permanent magnet and the superna-
tant solution was decanted after about 20 min. The NPs of
HWSS@CF, magnetically collected in the flask, were washed
several times in situ with distilled water and then dried in an
oven at 50 °C for 12 h.

Preparation of Cul@ HWSS@CF

HWSS@CF (0.5 g) was added to a flask (50 mL) containing an
aqueous solution (30 mL) of CuCl,-2H,0 (0.25 g) and KI (0.47
2). The resulting mixture was allowed to stir at 40 °C for 24 h.
Finally, the solid NPs were isolated by placing the flask on
a permanent magnet for 15 min, decanting the supernatant
solution, washing the NPs thoroughly with distilled water and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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drying them at 50 °C for 12 h. The Cu content of this composite
was measured to be 3.76% by ICP analysis.

Typical procedure for the preparation of HWSS@FF

The magnetic Fe;0, NPs were prepared by co-precipitation of
Fe™ and Fe™ hydroxides. For this purpose, FeCl,-4H,0 (2 g) and
FeCl;-6H,0 (5.2 g) were dissolved in deoxygenated distilled
water (25 mL) followed by addition of concentrated hydro-
chloric acid (0.85 mL, 12 M). The resulting solution was drop-
ped into a NaOH solution (250 mL, 1.5 M) at 80 °C under
vigorous stirring and N, protection. The obtained magnetic NPs
were separated from the resulting suspension by placing the
glass vessel onto a permanent magnet (0.7 tesla), decanting the
supernatant solution after a rest-time of 20 min and rinsing the
NPs with deionized water three times (totally 200 mL). Finally,
the NPs were dried at 50 °C. The as-prepared Fe;O, (1 g) was
added to a solution of HWSS (0.2 g) in distilled water (30 mL)
and the suspension was stirred at 90 °C for 4 hours. The glass
vessel of the suspension was cooled to room temperature,
placed on a permanent magnet (0.7 tesla) and decanted to
separate the supernatant solution. The NPs of HWSS@FF were
rinsed with distilled water three times (totally 200 mL) and then
dried at 50 °C.

Preparation of Cul@HWSS@FF

HWSS@FF NPs (0.5 g) were added to an aqueous solution (30
mL) of CuCl,-2H,0 (0.25 g) and KI (0.47 g) in a flask (50 mL).
The mixture was allowed to stir at 40 °C for 24 h. Finally, the
resulting solid NPs were isolated by placing the flask on
a permanent magnet, decanting the supernatant solution,
washing the solid thoroughly with distilled water and drying it
at 50 °C overnight. The Cu content of this composite was
measured to be 3.17% by ICP analysis.

General procedure for synthesis of 1,2,3-triazoles under
catalysis of CuI@ HWSS@CF or CuI@ HWSS@FF

To a flask containing an aralkyl halide (1.1 mmol), NaN; (1.1
mmol) and phenylacetylene (1 mmol) was added either
a suspension of CuI@ HWSS@CF or Cul@ HWSS@FF (0.01 g)
NPs in H,O (10 mL). The reaction mixture was stirred at 100 °C,
and the progress of the reaction was monitored by TLC until
total conversion of the starting materials occurred. After the
reaction was completed, the flask was allowed to cool to room
temperature, its solid content was washed with distilled water
(10 mL), and then dried at 50 °C. The product was extracted
from the solid by ethyl acetate (3 x 10 mL). For separation of the
nano-catalyst from the extraction solution, the flask was placed
on a permanent magnet (0.7 tesla) and the supernatant extrac-
tion solution was collected by decantation. The solid nano-
catalyst, remained in the flask, was dried at 50 °C before use
in the next run of the same reaction. The combined ethyl acetate
extract was dried with anhydrous MgSO, and then the solvent
was removed by rotary evaporation. The crude product
remained after evaporation of the solvent was recrystallized
from ethanol.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

As depicted in Scheme 1, CuI@HWSS@MFe,04 NPs, where M is
Co>" or Fe?*, were prepared in two steps. The first step entails
the wet synthesis of MFe, O, NPs through the co-precipitation of
Fe™ and M" oxides in a basic aqueous solution, followed by the
coating with HWSS to yield HWSS@MFe,0, NPs. The second
step in delivering the desired nano-composite involves adding
the as-prepared HWSS@MFe, O, NPs to an aqueous solution of
KI and CuCl,. This procedure gives a maximum loading of Cul
onto HWSS@MFe,0, NPs. Based on EDX analysis, the Cu
loading is not as effective by other alternative procedures. For
example, the loading is reduced when CuCl,\HWSS@MFe,0,
NPs, already obtained by immersing HWSS@MFe,O, NPs in an
aqueous CuCl, solution, were added to a KI solution and the
resulting suspension was stirred at 40 °C.

Fig. 1 compares the XRD patterns of CF and Cul@HWSS@CF
NPs. Two strong peaks are seen in the XRD pattern of CF NPs at
20 = 35.79° and 62.86° along with three moderate peaks at 26 =
30.37°, 43.36° and 57.27°, which can be readily assigned to
Bragg-reflections from the (311), (440), (220), (400) and (511)
Miller planes in its crystalline structure, respectively. The
positions of these peaks are in pretty agreement with the spinel
cubic structure of CF.*” All these characteristic peaks are also
seen in the XRD pattern of Cul@HWSS@CF NPs, indicating
that the crystal structure of CF has been substantially preserved
in the nano-composite. The slight changes in intensity and
width of these peaks, as compared to those of pristine CF, can
be ascribed to coating with HWSS and dilution by Cul NPs. In
addition, the XRD pattern of Cul@ HWSS®@CF displays diffrac-
tion peaks at 26 = 25.75°, 42.46°, 50.19°, 61.43°, 67.63°, 69.73°
and 77.33°, which can be indexed to diffractions from (111),
(220), (311), (400), (331), (420) and (422) Miller planes of facial
cubic cells of marshite Cul (y-phase Cul) (JCPDS no. 06-0246).
No additional peaks even due to HWSS component can be
detected in the XRD-pattern of Cul@ HWSS®@CF, suggesting
that HWSS is present as thin films in the composite and has not
adopted a crystalline structure in it. The estimated average size
of the NPs was calculated using the Scherrer equation “d = kA/
B(cos )", where k is a constant value of 0.98 specifically chosen
for the spherical particles, A refers to the wavelength of the X-ray
beam, § stands for the full width at half maximum (FWHM) of

'

& 2
NaOH N, HWSS
90 °C
HWSS
Cul—Q~0Q
[o]
o5 40°C,24h

S O KI, H,0, CuCl,

Scheme 1 Schematic preparation procedure of Cul@HWSS@FF and
Cul@HWSS@CF NPs.
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Fig. 1 The XRD-patterns of CF, Cul@HWSS@CF and HWSS.

the most intensive peak of CF component, and ¢ denotes the
Bragg's reflection angle. Solving the equation individually for
CF and Cul@HWSS@CF NPs yielded the values of 27.33 nm and
24.70 nm, respectively. It should be noted that these values
indicate the crystalline domains of CF in the NPs. Given that the
same CF sample was wused for the production of
Cul@HWSS@CF NPs, a decrease in the crystalline domain of
the CF component is likely attributed to a structural alteration
occurring at the surface of its NPs during the coating process
with HWSS. Presumably, the structural change occurs due to
the reduction of Fe*" atoms to Fe>" atoms within a certain depth
on surface of CF NPs by HWSS and the strong coordination of
the metal atoms with the hydroxyl groups of HWSS. The size of
Cul NPs in Cul@HWSS@CF was estimated to be approximately
46 nm through the Scherrer calculation based on the (111) peak
observed for Cul in the XRD pattern.

Using the slat of Fe>" instead of Co®" as the divalent metal
ion in production of the ferrite yielded the nano-composite
Cul@HWSS@FF. The XRD pattern of this nano-composite dis-
played peaks at 26 values of 30.5°, 35.75°, 43.4°, 53.75°, 57.3°,
63.10° and 74.6°. These peaks are attributed to diffractions from
the (220), (311), (400), (422), (511), (440) and (622) Miller planes
of crystalline FF with a cubic inverse spinel structure, respec-
tively, according to ICDD card number 19-0629 (Fig. 2). Addi-
tional peaks observed in this XRD pattern at 26 values of 25.65°,
42.3°, 50.1°, 61.45°, 67.55° and 77.35° are associated with
diffractions from (111), (220), (311), (400), (331) and (422) Miller
planes of y-Cul face-centred cubic crystal. Application of the
Scherrer calculation to the peaks of this XRD pattern resulted in
determination of the sizes 15.5 nm and 27.9 nm for FF and Cul
NPs in this nano-composite, respectively. From these findings,
it can be inferred that the size of Cul NPs decreased from 46 nm
(in CuI@HWSS@CF) to 27.9 nm (in Cul@HWSS@CF) due to
areduction in the size of the ferrite NP from 27.3 nm to 15.5 nm.
This observation can be reasonably explained as the Cul NPs
should be formed by growing on the HWSS coating of ferrite
NPs. A larger size ferrite NP provides a higher quantity of Cul
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Fig. 2 The XRD pattern of Cul@HWSS@FF.

seeding on its surface, leading to the growth of larger Cul NPs
from these seeds.

It is worthy to note that no additional diffraction peaks
corresponding to metallic Cu, cupric oxide (CuO), or cuprous
oxide (Cu,O) were observed in the XRD patterns, suggesting the
high phase purity of the prepared sample.

The morphology and size of NPs in the synthesized nano-
composites were examined using FE-SEM imaging. As shown
in Fig. 3, the NPs in Cul@HWSS@CF exhibit a predominantly
spherical shape and their size dispersion histogram indicates
a bimodal distribution, peaking at 24 and 42 nm. The histogram
clearly demonstrates the presence of two distinct types of NPs in
the nano-composite, each exhibiting a normal size distribution.
There is an agreement between the average sizes of the two
types of NPs and the average sizes estimated by the Scherrer's
equation, suggesting that these are indeed Cul and CF NPs.

The transmission electron microscopy (TEM) image of
Cul@HWSS@CF rules out the hypothesis of core-shell
morphology for this nano-composite. It rather displays
distinctly separated aggregates of roughly spherical NPs of sizes
around or more less than 50 nm (Fig. 4).

A similar morphology was observed for Cul@ HWSS@FF
nano-composite. As shown in Fig. 5, this nano-composite is
composed of irregular conglomerates formed by adhesion of
almost spherical NPs. The size-dispersion histogram of these
NPs also reveals a bimodal distribution with peaks observed at
the average sizes of 16 nm and 26 nm. These average sizes
closely align with those calculated using the Sherrer's equation
for FF and Cul NPs based on the XRD pattern of
Cul@HWSS@FF (15.5 nm and 27.9 nm, respectively). Conse-
quently, the presence of the two overlapping normal distribu-
tions in the histogram can be confidently attributed to the
distinct size-dispersion of FF and Cul NPs within the composite.
It is evident from the histograms of the two composites that the
size of Cul NPs is influenced by the size of the ferrite NP. While
the ferrites act as supports for the growth of Cul NPs, the
resulting composites are actually conglomerates and lack
a core-shell morphology.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 FE-SEM image (top) and size-distribution histogram (bottom) of
Cul@HWSS@CF NPs.

Fig. 4 TEM image of Cul@HWSS@CF.

A dynamic light scattering (DLS) experiment displayed an
average size of about 100 nm for the particles of
Cul@HWSS@FF, showcasing that even the light NPs in this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 FE-SEMimage (top) and size-distribution histogram (bottom) of
Cul@HWSS@FF NPs.

composite are indeed conglomerates of at least 4 NPs (Fig. 6).
Furthermore, this observation highlights the robust adhesive
properties of HWSS in cementing these conglomerates, as evi-
denced by the fact that the NPs within the conglomerates
remain attached in bundles even after vigorous sonication in
water during sample preparation for DLS analysis. Notably, the
DLS analysis demonstrated a narrow size-distribution histo-
gram for the CuI@ HWSS@FF nano-conglomerates (Fig. 6).
The magnetic behaviour of CF, HWSS@CF and
Cul@HWSS@CF was studied by using a vibrating sample
magnetometer (VSM) at room temperature. As illustrated in
Fig. 7, the samples displayed hysteresis loops with considerable
values of coercivity (M.) and magnetic remanence (M;) consis-
tent with their dominant ferromagnetic characteristics. The
maximum magnetic susceptibility (M,.x) was observed for CF
(viz. 33 emu g~ ') and it decreases in value in the order of CF >
HWSS@CF > Cul@HWSS@CF as the mass of nonmagnetic
components increases. Close inspection of the VSM curves
reveals that the coercivity and the magnetic remanence of CF is
altered by coating with HWSS and conglomeration with Cul
NPs. To verify these effects, the VSM curves were normalized by

Nanoscale Adv., 2025, 7, 1901-1913 | 1905
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Fig. 6 Dynamic light scattering (DLS) analysis of Cul@HWSS@FF
nano-conglomerates.

plotting the relative magnetizations My/My,,x versus the applied
field (Oe), where My stands for the mass magnetization of the
sample at a given applied field. It is evident that the normalized
curves are not superimposable due to their different coercivity
and magnetic remanence values in the order of HWSS@CF >
Cul@HWSS@CF > CF. It is well-known that the stability of Co**
in the divalent state and Fe®" in the trivalent state is suitably
high, reducing the likelihood of their aerial oxidation. Of these
metals, however, Fe*" is susceptible of reduction by HWSS into
Fe** atom. Likely, this conversion is mediated by coordination
of the metal atoms on the surface of NP with the hydroxyl
groups of HWSS, leading to formation of a yolk-shell of a Fe**-
containing mixed metal oxide encompassing the CF. Indeed,
any alteration of concentration and distribution of cations in
the structure of CF affects its magnetic properties.”*” Spin
exchange between the inner CF and the yolk-shell leads to an
increase of coercivity. Nevertheless, the coercivity is decreased
to a median value when the HWSS@CF NPs are used for
production of CuI@HWSS@CF conglomerates. This change is
due to reoxidation of some Fe*" cations in the yolk-shell to Fe**
cations and Cul NPs behave as the -catalyst of this
transformation.®

Although Cul@HWSS®@CF has a lower saturation magneti-
zation value than CF, it can be easily separated from suspen-
sions by using a permanent magnet.

HWSS also impacts the magnetic properties of FF, but in
a manner distinct from that observed for CF. As anticipated, the
mass magnetization per gram of the sample is maximum for
pristine FF NPs and it diminishes when the NPs are combined
with the diamagnetic materials HWSS and Cul (Fig. 8). To
ascertain the impact of composition with HWSS and Cul on
magnetic property of FF, the VSM curves of FF, HWSS@FF and
Cul@HWSS@FF were normalized based on their saturation
magnetization maxima. Upon comparing these normalized
curves, it was evident that the samples exhibit different coer-
civities, with the lowest value attributed to HWSS@FF and the
median value observed for the CLI@HWSS@FF sample. Fresh
FF NPs are prone to aerial oxidation at surface resulting in being
covered with a yolk-like shell enriched of Fe®* atoms. Spin
exchange between this shell and the intact inner mass of FF NP
leads to an increase in its coercivity. Refluxing FF with HWSS
leads to the reduction of some Fe®" atoms present in the
outermost yolk shell of its NPs to Fe** atoms. Through this
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Fig. 7 (a) VSM curves and (b) the normalized VSM curves of

Cul@HWSS@CF, HWSS@CF, and CF.

stoichiometry correction, the coercivity is increased to approx-
imate the intrinsic value of the intact FF NPs.

It is well-known that for FF NPs smaller than approximately
46 nm, coercivity decreases as the size of the NPs decreases.*
Hence, it is likely that the crystallinity of the FF NPs at the
surface is compromised during the (reduction and complexa-
tion) reaction with HWSS, entailing with a reduction of the
crystalline domain within the FF core in an HWSS@FF NP. The
slightly greater coercivity of CuUI@ HWSS@FF compared to that
of HWSS@FF suggests that the stoichiometry of FF NPs at
surface is altered during production of Cul@HWSS@FF.
Through this production, some Fe** cations on surface of FF
NPs are reoxidized to Fe®* cations under aerial oxidation and
Cul catalysis. Yet, the coercivity of CUI@HWSS@FF is signifi-
cantly lower than that of the FF NPs from which it was
produced. Interestingly, the coercivities of HWSS@FF and
Cul@HWSS@FF remain preserved for a long period of time at
room temperature, suggesting that the FF core in these
composites is effectively shielded from aerial oxidation through
complexation with HWSS.

The elemental constituents of the nano-composite
Cu@HWSS@CF were determined through energy-dispersive X-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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=56 Oe, z =50 Oe and x = 72 Oe for the samples, respectively.

ray (EDX) analysis, and the resulting spectrum is depicted in
Fig. S, (see the ESI).t This spectrum reveals the presence of C, O,
Fe, Co, Cu, and I elements in the structure of the nano-
composite. From this analysis, it was determined that the
amount of Cl, attributed to the presence of unreduced CuCl, in
the composite, was as low as 0.18 weight percent. Similarly, the
EDX spectrum of Cul@ HWSS@FF displayed peaks character-
istic to the presence of all its elements (C, O, Fe, Cu, and I). The
percentage of chloride remains from the salts used in the
production of this composite is insignificant and undetectable
(Fig. S,1).

Thermogravimetric analysis (TGA) and differential thermal
gravimetric analysis (DTG) of CuI@HWSS@CF delivered the
curves depicted in Fig. 9. According to the TGA curve, the
sample undergoes a total weight loss of 18% in two steps within
the temperature range of 56-430 °C. The first step begins at the
onset point of 56 °C and continues until the offset point of 192 °©
C, during which the sample experiences a weight loss of 4.6%. A
significant portion of this mass loss is likely due to the evapo-
ration of water sorbed by the sample (both physically and
chemically) along with the release of water molecules through

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 TGA and DTA curves of Cul@HWSS@CF.

the condensation of the hydroxyl groups of CF and HWSS upon
heating. Subsequent to this step, the TGA curve consistently
descends to signify the second zone of mass loss, leading to an
approximate 13.5% weight loss up to the offset point of 430 °C.
This step of mass loss can be attributed to the complete frag-
mentation of HWSS, providing an estimate of its quantity
(13.5%) in the composite. No significant mass loss is observed
after the second zone in the TGA curve of the sample at
temperatures exceeding 430 °C. According to this TGA curve,
Cul@HWSS@CF maintains its chemical integrity up to 192 °C.

The TGA curve of CUI@HWSS@FF exhibited a total mass loss
of approximately 23% within 25-600 °C (Fig. 10). The initial
mass loss of 3.2% in this composite up to 155 °C is likely
attributed to the evaporation of physically adsorbed water on its
surface and the release of water molecules resulting from the
condensation of the components HWSS and FF NPs. During
this condensation process, some coordination bonds between
the hydroxyl groups of HWSS and the surface iron atoms of FF
NPs are transformed into covalent bonds. As the temperature
rises, the TGA curve sharply declines to denote the initiation of
the main degradation step of the composite at 176 °C. Within
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Fig. 10 TGA and DSC curves of Cul@HWSS@FF.
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Fig. 11 Comparison of the TGA curves of Cul@HWSS@FF and
Cul@HWSS@CF and their activation energies in the water release and
the main degradation steps (the bold traces).

the temperature range of this degradation step (176-437 °C),
approximately 17.8% mass loss is observed. Following this
main degradation step, the TGA curve gradually descends due
to the gradual evaporation of the Cul NPs. From these findings,
it can be deduced that the integrity of CUI@HWSS@FF remains
intact up to 176 °C. Two out of the three endothermic peaks,
observed in the DSC curve of the composite up to 437 °C, occur
within the temperature range of the predegradation step (40—
155 °C), suggesting that the water molecules evaporated from
the composite had two distinct sorption energies. These two
initial endothermic peaks are followed by a broad and shallow
endothermic trace that spans almost the entire temperature
range of the main degradation step of the composite.

There are significant differences between the TGA curves of
Cul@HWSS@FF and Cul@HWSS®@CF. As Fig. 11 shows, the
main degradation step for Cul@HWSS@FF entails with
a greater percent of mass loss, indicating that the weight-
percent of HWSS in this composite is higher than in
Cul@HWSS®@CF. This finding can be attributed to higher
coating by HWSS due to smaller sizes of FF NPs and the facile
complexation of HWSS and FF. For better comparison of these
curves, the activation energies of water evaporation step (E, )
and the main degradation step (E,,) of the two composites were
calculated by using a modified Coast-Redfern equation.

ART? E,

BE. RT

where A, R, § and T are the pre-exponential factor, general gas
constant, heating rate (20 °C min~') and temperature in kelvin,
respectively. The conversion value was calculated using the
formula « = (w, — wy)/(w, — wg); where w,, w, and wy are the
initial weight, the weight in a given time and the weight after
almost complete degradation of the sample. Evidently, the
activation energies for the main degradation step of both
composites (E, ) are nearly equal, confirming that this is the
HWSS degradation step and the type of ferrite has no significant

In[-In(1 — a)] = In
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Fig. 12 FT-IR spectra of Cul@HWSS@CF and Cul@HWSS@FF.

effect on its activation energy and kinetic. However, the acti-
vation energy for water evaporation step is different for the two
composites. Presumably the ending temperatures of this step
belong to the release of water molecules due to complexation
between HWSS and the ferrite. Therefore, the complexation
reaction for the iron-rich FF seems to have a lower activation
energy than for CF.

Valuable insights into the texture of the two composites were
obtained by considering their FT-IR spectra. Both composites
exhibited strong O-H stretching bands, attributed to the
hydroxyl groups from the HWSS and those present on the
surface of the ferrite NPs. In the case of CuT@ HWSS@CEF, this
band is broad and notably drifts to lower wavenumbers, sug-
gesting that a significant number of the hydroxyl groups on
surface of CF have not been replaced through condensation
with the hydroxyl groups of HWSS (Fig. 12). As a result, many of
the HWSS hydroxyl groups exhibit a lower bond order and
stretching wavenumber due to their coordination with metal
atoms on the surface of the NPs. This seems to be also the fact
making the O-H bending band of Cul@HWSS@CF at
1626 cm ™ " slightly broader than the band of CLI@ HWSS@FF at
1634 cm ™. HWSS displays a skeletal vibration band at 438 cm ™"
and a band closely relating to the C-C and C-O stretching
modes of the backbone of its macromolecules at 1155 cm ™.
These and the other bands of HWSS at 1081, 1022, and
929 cm ™! due to the C-O-H and CH, bending vibrations are
very sensitive to the conformations of its polysaccharide mole-
cules (see Fig. S31). As is evident from the FT-IR spectra (Fig. 12),
all these so-called “conformational bands” undergo significant
changes in both wavenumber and intensity upon complexation
of HWSS with the ferrite NPs. Following this complexation
reaction, the skeletal band of HWSS at 438 cm ™' gains a notable
intensity and shifts to 424 cm™' and 444 cm ™' in the FT-IR
spectra of CLI@ HWSS@CF and Cul@HWSS@FF, respectively.
This skeletal band is imperceptible for HWSS and virtually
absent in the IR spectra of FF, CF and Cul (see Fig. S; in ESIT).
Therefore, it is characteristic of the formation of HWSS@FF and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of the reaction conditions for synthesis of the model product®

7 Catal
+ NaN; + atalyst N =
Solvent/ A NN
1 2 3 4

Entry”  Catalyst Charged (mol% Cu)  Solvent (4 mL)  Temp. (°C)  Time (min)  Yield” (%) TON°  TOF®(min )
1 None — H,0 100 60 Trace — —
2 HWSS@FF 10 mg (0) H,0 100 60 37 — —
3 HWSS@CF 10 mg (0) H,0 100 60 32 — —
4 CuCl,@HWSS@FF 10 mg (0.18) H,0 100 20 81 7232 723
5 CuCl,@HWSS@CF 10 mg (0.15) H,O0 100 20 77 7857 786
6 Cul@HWSS@FF 10 mg (0.5) H,O0 25 20 Trace — —
7 Cul@HWSS@CF 10 mg (0.59) H,0 25 20 Trace — —
8 Cul@HWSS@FF 10 mg (0.5) H,0 90 10 93 2934 293
9 Cul@HWSS@CF 10 mg (0.59) H,0 90 10 88 2347 235
10 Cul@HWSS@FF 10 mg (0.5) H,0 100 10 9 2065 296
11 Cul@HWSS@CF 10 mg (0.59) H,0 100 10 90 2394 239
12 Cul@HWSS@FF 7 mg (0.35) H,0 100 10 82 3695 370
13 Cul@HWSS@CF 7 mg (0.41) H,0 100 10 78 2964 296
14 Cul@HWSS@FF 10 mg (0.5) H,0 110 10 94 2965 296
15 Cul@HWSS@CF 10 mg (0.59) H,0 110 10 91 2420 242
16 Cul@HWSS@FF 10 mg (0.5) None 100 20 45 1420 71
17 Cul@HWSS@CF 10 mg (0.59) None 100 20 43 1356 68
18 Cul@HWSS@FF 10 mg (0.5) Ethanol Reflux 30 82 2587 86
19 Cul@HWSS@FF 10 mg (0.5) CH;CN Reflux 30 27 852 28
20 Cul@HWSS@FF 10 mg (0.5) CHCl, Reflux 30 13 410 14
21 Cul@HWSS@FF 10 mg (0.5) DMF? 100 10 90 2839 284

“ Reaction conditions: 3-chlorobenzylchloride (1 1 mmol), sodium azide (1.1 mmol), and phenylacetylene (1 mmol). ? Yields of isolated products.

Results are the average of duplicate experiments.

¢ The bold entry shows the optimal conditions. ¢

Dimethylformamide. ¢ Turn-over numbers (TON)

and turn-over frequencies (TOF) are per gram of Cu content (measured by ICP).

HWSS@CF complexes. It is important to note the relative
intensity of the HWSS conformational bands at 924 cm ™' and
1020 cm ™" for the two composites, as this indicates the differing
order of HWSS in these two cases.*® As another fact supporting
the distinct morphology of the HWSS layer in the two
composites, the broad band spanning from 1200 ecm ' to
1440 cm™ ' in the FT-IR spectrum of CuI@ HWSS@FF, due to
CH, deformation, C-H bending, CH, twisting, and C-O-H
bending vibrations, separates into two specific bands with
peaks at 1224 cm ™" and 1401 cm " in the FT-IR spectrum of
Cul@HWSS®@CF. Two vibrational bands were observed for the
Fe-O stretching in Cul@HWSS@FF. This observation is
explained as either Fe** or Fe** atoms occupy the tetrahedral
sites within the spinel structure of FF NPs. Consequently, two
bands corresponding to the Fe-O stretching vibrations in
Cul@HWSS@FF were identified at 632 cm ™' and 571 cm ™. For
the case of Cul@HWSS@CF, however, only one metal-O
vibration band was detected at 593 cm ™.

After characterization, the nano-composites
Cul@HWSS@CF and Cul@HWSS@FF were examined as
possible catalysts in the synthesis of 1,4-disubstituted 1,2,3-
triazoles via the three-component reaction of aralkyl halides
with sodium azide and phenylacetylene. To establish the
optimum conditions, 3-chlorobenzylchloride 1, sodium azide 2
and phenylacetylene 3 were chosen as the model reactants

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Table 1) and the effects of varying catalyst amounts, different
solvents, and temperature conditions were systematically
studied. As can be seen from Table 1, the best result in terms of
yield and reaction time was obtained in distilled water using
Cu@HWSS@FF as the catalyst at 100 °C (entry 10). In the
absence of any catalyst the desired product is not formed
sensibly even within a period of 60 min at 100 °C in distilled
water (entry 1). It is also notable that HWSS@FF and HWSS@CF
give low yields of the model product in the optimal conditions.
This suggests that these NPs have minute contributions to the
catalytic performance of the composites (entries 2, 3). Running
the model reaction in solvent-free conditions even in the pres-
ence of either CLI@HWSS@FF or Cul@ HWSS@CEF led to low
yields of the product (entries 16, 17). Other experiments
revealed the crucial role of solvent in the trial reaction and the
supremacy of distilled water (entries 18-21). Among the
solvents tested for the model reaction, those of greater polarity
and boiling points close to the optimum temperature gave
higher yields of the product (entries 18, 21).

After optimization of the reaction conditions, we set out to
explore the substrate scope of the reaction by examining
a variety of aralkyl halides 1a-j in the reaction with sodium
azide 2 and phenylacetylene 3 to produce a library of 1,4-
disubstituted-1,2,3-triazoles. It is worth nothing that in all of
the tests, the desired products were obtained in fairly high

Nanoscale Adv., 2025, 7, 1901-1913 | 1909
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Table 2 The products synthesized under Cul@HWSS@FF catalysis®

View Article Online

Paper

% N
Y X .+ NaN ~ Cul@HWSS@FF J’/\l
AF st H,0/ 100 °C A NS
2 R N=
R' 1ad 2 3 4aj NN
Mp (°C)
Entry R! X Product Time (min) Yield” (%) Found Reported (ref.)
1 H Cl 4a 10 94 123-125 126-128 (ref. 41)
2 4-Br Br b 18 93 148-151 151-152 (ref. 35b)
3 4-Me Cl 4c 10 92 100-102 90-92 (ref. 42)
4 3-F Cl 4d 15 92 102-104 102-105 (ref. 42)
5 4-F Cl 4e 12 91 124-126 125-127 (ref. 43)
6 2-Cl Cl 4f 19 90 75-78 77-80 (ref. 42)
7 3-Cl cl ag 10 94 107-108 106-108 (ref. 41)
8 4-Cl Cl 4h 8 93 139-141 140-142 (ref. 41)
9 2,3-Cl, Cl 4i 18 88 108-112 113-117 (ref. 42)
10 3,4-Cl, Cl 4j 20 89 136-138 137-141 (ref. 42)

“ Reaction condition: sodium azide (1.1 mmol), phenylacetylene (1 mmol), aralyl halide (1.1 mmol), CUI@ HWSS@FF (10 mg), distilled water (4 mL)

at 100 °C. ” Isolated yields.

yields within short reaction times that clearly shows the feasi-
bility of this method (Table 2).

Although we have not experimentally verified the mecha-
nism of catalysis, a plausible pathway for the synthesis of 1,4-
disubstituted-1,2,3-triazoles catalyzed by Cul@HWSS@FF is
proposed in Scheme 2. This mechanism aligns with those
previously suggested for catalysis by other catalysts.***¢ The
process likely begins with the coordination of CLI@ HWSS@FF
with the m-electrons of the terminal alkyne, resulting in the
formation of a m-complex. This complex subsequently trans-
forms into the o-complex A through the liberation of an HI
molecule. Coordination of the intermediate o-complex A via its
T-electrons with the catalyst leads to the formation of the mixed
complex B. This key intermediate appears to be sufficiently

R'-=——H
Cul@HWSS@FF R'-==—Cu--HWSS@FF
Cul@HWSS@FF
5 Cul@HWSS@FF
D Cu--HWSS@FF R'-=—Cu--HWSS@FF
Cul@HWSS@FF . R2-X
: R RZ-Ng<— +
R2

- + N NaN;

/ v
IN_N\ / <EI \
c N o "\\,C,Zu-HWSS@FF \ -\

Cul@HWSS@FF
R1 Cu-HWSS@FF RI—=

Cu--HWSS@FF

Scheme 2 A plausible mechanism for formation of 1,4-disubstituted-
1,2,3-triazoles under catalysis of Cul@HWSS@FF.

1910 | Nanoscale Adv.,, 2025, 7, 1901-1913

active to undergo a facile 1,3-dipolar cycloaddition reaction with
the aralkylazide generated in situ from aralkyl halide and
sodium azide. It is likely that the cycloaddition reaction
proceeds through the initial ligation of the 7-complexed copper
cation in the intermediate B with the azide. This leads to
formation of the metallacycle C and follows by the nucleophilic
attack of an iodide ion onto one of its identical copper cations,
resulting in the release of CuI@ HWSS@FF and delivery of the
intermediate D. Finally, the copper triazolide D captures
a proton from medium, leading to the formation of product 4
and release of another CUI@ HWSS@FF.

The recyclability and reusability of the catalyst was evaluated
for the model reaction of 3-chlorobenzylchloride 1, sodium

A1OO—
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= ]
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Fig. 13 Recyclability tests for the catalyst (Cul@HWSS@FF) in the
synthesis of 4g within 10 min.
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Table 3 Comparative catalytic efficiency of Cul@HWSS@FF
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Product 4j Product 4a

Entry Catalyst Conditions Time (min) Yield (%) Time (min) Yield (%) Ref.
1 Cu(un)-CMC-Fe;0,¢ t-BuOH : H,O/sodium ascorbate/70 °C 240 87 — — 45
2 PVC-EDA-Cu(u)? H,0/sodium ascorbate/70 °C 155 85 — — 46
3 Cu-Cu,O@RGO’ H,0/25 °C 135 89 — — 18
4 GO-CO-NH-1A-Cu(1)? EtOH : H,0, r.t. 9 88 — — 47
5 GO/Fe;0,-CuBr® H,0/MW?¢/80 °C — — 10 98 48
6 Copper apatite H,0/100 °C — — 90 98 41
7 Fe;0,@LDH@cysteine-Cu(i)’  Choline azide/75 °C — — 20 96 44b
8 MNP@PDMA-Cu® H,0/50 °C/Na (ascorbate) — — 150 90 49
9 Cu/ACP/Am/Fe304@SiOZh EtOH/80 °C — — 20 91 50
10 Cul@HWSS@FF H,0/100 °C 10 94 10 94 This study

“ Carboxymethylcellulose. ? Poly vinyl chloride/Ethylene diamine. © Reduced graphene oxide. ¢ Graphene oxide carbonyl amide, isatoic anhydride/
sonication. ¢ Graphene oxide/microwave irradiation. / Layered double hydroxide. ¢ Magnetite NPs encapsulated in poly(N-(dimethylaminoethyl)

acrylamide). ” Acetyl pyridine/3-aminopropyltriethoxysilane.

azide 2 and phenylacetylene 3. After completion of the reaction,
the solid catalyst was separated simply from the reaction
medium with the aid of a permanent magnet (0.7 tesla), washed
with chloroform and ethanol, and dried at 50 °C before being
reused in the next cycle of the same model reaction. As shown in
Fig. 13, the catalyst significantly could be recovered and reused
for four successive runs without any substantial loss in catalytic
activity.

The applicability and efficiency of Cul@HWSS@FF as
a catalyst for synthesizing the model product 4g were compared
with other reported catalysts, as shown in Table 3. The table
clearly demonstrates that CLI@ HWSS@FF serves as an effective
alternative to several efficient catalysts (entries 5-7). It provides
a higher yield than some of the reported catalysts (entries 1-4)
and operates more quickly than others (entries 1-3, 6, 8).
Additionally, it is more cost-effective than certain catalytic
protocols (entries 7-9) and does not require special techniques,
such as sonication (entry 9) or microwave irradiation (entry 5).

Conclusions

Hot-water-soluble starch (HWSS) is prone to form stable
complexes with both cobalt ferrite (CF) and ferrous ferrite (FF)
NPs. The results of the XRD experiments, TEM imaging, and
size histograms based on FE-SEM images of the as-prepared
nano-composites suggest that Cul crystals graft from the
HWSS coating of CF and FF NPs. Nevertheless, the nano-
composites do not have a core-shell structure but are
conglomerates of Cul NPs combined with CF or FF NPs. The
VSM analysis displayed that HWSS impacts oppositely on
coercivities of CF and FF NPs. As the result, HWSS@FF acquires
a decreased coercivity than FF NP, but the coercivity of
HWSS®@CEF is significantly greater than the CF NPs it was
prepared from. These observations were interpreted as refluxing
the NPs in aqueous HWSS solution entails with reduction of
some Fe** cations in a depth on surface of the CF and FF NPs to
Fe”" cations. This reduction reaction leads to a stoichiometric
correction on surface of FF, which is normally oxidized by air. In

© 2025 The Author(s). Published by the Royal Society of Chemistry

the case of CF NPs, the reduction reaction results in formation
of a Fe*'-enriched yolk-shell on surface, which establishes
a super spin-exchange with the inner zone of the NP. The
increased coercivity makes HWSS@CF more suitable than
pristine CF for application in fabrication of magnetic storage
devices. On the other hand, the decreased coercivity of
HWSS@FF makes it a more suitable nano-support than FF itself
for better dispersion and separation of supported catalysts.
HWSS also has a tendency to complex with Cul NPs and this led
to formation of CulI@HWSS@FF and Cul@HWSS@CF nano-
composites. Both of these nano-composites, with supremacy
of CUI@HWSS@FF, efficiently catalyse the one-pot synthesis of
1,2,3-triazoles through the reaction of aralkyl halides, sodium
azide, and phenylacetylene on water.
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