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Introduction

Green catalyst of cobalt ferrite magnetic
nanoparticles using petai peel extract for the
synthesis of thiazolidinedione-based chalcone 4H-
thiopyran as an antioxidantt

Aida Nadia, © 2 Antonius Herry Cahyana, & *2 Dicky Annas, & *°
Mohammad Jihad Madiabu @ © and Bayu Ardiansah @2

CoFe,O4 magnetic nanoparticles were successfully synthesized using the green synthesis method with
petai peel extract (PPE) as the capping and reducing agent. These nanoparticles were characterized
using various techniques, including XRD, VSM, FTIR spectroscopy, UV-DRS, FESEM, EDX, TEM, HR-TEM,
and SAED. The synthesized nanoparticles possess cubic morphology with an average size of 37.67 nm.
CoFe,O4 magnetic nanoparticles were used as a catalyst for the synthesis of organic compounds,
namely, chalcones. The synthesized organic compounds were characterized using FTIR, UV-Vis, LC-
HRMS, and melting point test. The best result for chalcone synthesis was 62.26% using CoFe,O4
magnetic nanoparticles (5 mol%) in ethanol at reflux condition for 2 h. The nanocatalyst could be used
for 5 cycles without any significant loss of yields. The synthesized organic compounds were further
examined for their antioxidant activity. The 4H-thiopyran 2-acetyl pyridine variant (product 2) exhibited
the highest antioxidant activity with an 1Cso value of 90.80 pg mL™% This was supported by the bond
dissociation enthalpy (BDE) values of the C-H groups of benzolglthiochromene and pyridine, which
were 74.0 kcal mol™ and 105.1 kcal mol™, respectively. The objective of this study is to develop
a method for synthesizing organic compounds using green catalysts in order to reduce the adverse
environmental impact. Furthermore, this research also aims to investigate the antioxidant potential of the
thiazolidinedione-based chalcone 4H-thiopyran compounds in order to overcome oxidative stress.

through magnetization by an external magnet.* Magnetic
nanoparticles can be classified into four categories: alloys (Au/

Magnetic nanoparticles (MNPs) are of great interest to
researchers due to their unique properties, such as high mag-
netisation values and uniform physical and chemical proper-
ties, as well as their small size (less than 100 nm).* MNPs are
abundant and easy to synthesize, and their magnetic moment
and anisotropy constant can be controlled by their size.
Magnetic nanoparticles have a wide range of applications in
various fields such as energy, environmental science, agricul-
ture, biomedicine, biosensing, catalysis, cancer research, drug
delivery, bioimaging, and bioseparation.®*

Magnetic nanoparticles are considered attractive catalysts
because they can be separated from the reaction medium
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Fe, Fe/Co), oxides (y-Fe,O3, Fe;0,4, NiO), metal nanoparticles
(Fe—-Co), and ferrites (CoFe,0,, NiFe,0,, MnFe,0,, ZnFe,0,).”
Ferrite nanostructures are a type of magnetic material that have
received significant attention due to their exceptional electrical
and magnetic properties.® Spinel-type ferrite nanomaterials
have gained significant importance due to their unique and
useful properties in various fields.”

The face-centered cubic structure formula for spinel ferrite is
MFe,0,, where M represents divalent metal ions such as Zn, Ni,
Mn, or Co.? Cobalt ferrite (CoFe,O,) is particularly noteworthy
among all spinel ferrites due to its exceptional physical prop-
erties.” Cobalt ferrite is a spinel ferrite with unique magnetic
properties, such as high coercivity, mechanical hardness, and
chemical stability.'***

Magnetic nanoparticles can be synthesized through physical
(top-down), chemical (bottom-up), and biological (bottom-up)
methods.”” Chemically synthesized ferrite nanoparticles can
have toxic effects on the environment while physical synthesis
methods can result in non-uniform particle sizes and voids. To
address these challenges, biological methods provide

© 2024 The Author(s). Published by the Royal Society of Chemistry
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environmentally acceptable alternatives.” Biological methods
utilize green chemistry philosophies,* which employ chemical
principles to reduce or eliminate the use of toxic reagents.'
Green synthesis is widely regarded as the optimal technique for
preparing nanoparticles due to its numerous advantages,
including simplicity, scalability for large-scale synthesis,
affordability, short production time, the ability to produce
highly stable nanoparticles, and generation of non-toxic
byproducts.’®"” For instance, previous studies have reported
on the green synthesis of cobalt ferrite magnetic nanoparticles
using extracts of pulp, grape peel, and honey-mediated
synthesis of cobalt-zinc ferrite nanoparticles.*®

This research utilized the peel of petai (Parkia speciosa) due
to its potential benefits, despite being often discarded and
underutilized.'® Parkia speciosa Hassk is a tropical leguminous
tree in the Leguminosae family, commonly found in Southeast
Asia.”® The peels of petai extracts (PPE) contain a variety of
phytochemicals, such as phenolic compounds, flavonoids,
saponins, alkaloids, steroids, triterpenoids, and tannin
compounds.”*>* These active compounds act as potent
reducing, stabilizing, and chelating agents. They provide
prevent agglomeration, stability, and aid in controlling the
shape and size of the nanoparticles.>**

Spinel ferrites are commonly used as reusable heteroge-
neous catalysts in various organic reactions.”® Studies have
shown that spinel ferrites, such as ZnFe,O, synthesized by the
sol-gel method with glycine chelator, can be used as nano-
catalysts in the synthesis of solvent-free chalcone compounds
under microwave irradiation. The yields were reported to be as
high as 95% at 5 mol% catalyst.>® Mostaghni (2020) synthesized
multisubstituted imidazoles using CoFe,O, as a catalyst with
the co-precipitation method and achieved a yield of 99%.%
Senapati and Phukan (2011) synthesized cobalt ferrite spinel
magnetic nanoparticles using a combined technique of sono-
chemistry and co-precipitation.** The average size of the nano-
particles was in the range of 40-50 nm. The catalyst was utilized
in the aldol condensation reaction in ethanol on aldehydes and
ketones to produce chalcone compounds with yields ranging
from 60% to 76%.

Heterocyclic compounds play an important role in biological
and medicinal chemistry as versatile building blocks of organic
molecules.** According to Kumar et al. (2022), thiazolidine-
diones (TZD) are heterocyclic compounds that have been shown
to be important in a variety of biological activities, including
those of antioxidant, antimicrobial, and antihyperglycemic
agents.* Antioxidants (AO) are pharmaceuticals that provide
resistance against oxidative stress by limiting the production of
peroxides that harm cellular and subcellular membranes and
preventing the development of free-radical reactions. Nowa-
days, one of the most important tasks for scientists is to find
new, effective AO to treat a variety of diseases.**

To create novel antioxidant compounds, one can synthesize
derivatives of TZD compounds, such as the chalcone
compound. The synthesis of various chalcone derivatives is
obtained by the reaction of aromatic aldehydes with ketones via
the Claisen-Schmidt condensation reaction supported by solid
base or Lewis acid catalysts,**** and they are reported to have
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effective antioxidant activity.*® The chalcone compound can be
converted into its derivative, thiochalcone.*” Thiochalcone can
be cyclized through the thia-Diels-Alder reaction to form
heterocycles, which have various medical applications.*®

This study aims to expand on previous research utilizing
environment-friendly methods and natural materials. The
research will investigate the synthesis, characterization, and
evaluation of CoFe,O, magnetic nanoparticles, which was
synthesized using the green synthesis method and applied as
a nanocatalyst for thiazolidinedione-based chalcone 4H-thio-
pyran. The synthesized organic compounds were further tested
as antioxidants. Various techniques were used to characterize
the CoFe,O, magnetic nanoparticles, including FTIR, XRD,
VSM, UV-DRS, FESEM, EDX, TEM, SAED, and HR-TEM imaging.
The organic compounds underwent characterization using
FTIR, UV-Vis, and LC-HRMS techniques as well as a melting
point test. The antioxidant activity of organic compounds was
evaluated by the DPPH method, also considering the BDE value
of each H-bonding atom. The use of CoFe,0, as an eco-friendly
catalyst ensures both a good yield of the product and excep-
tional long-term durability, which allows for its repeated use
during the process of synthesis.

Experimental
Materials

The materials used in the study were obtained from petai peel
(Parkia speciosa Hassk) sourced from household waste in Tan-
gerang district, Banten province, Indonesia. Analytical grade
chemicals, such as iron(m) nitrate nonahydrate (Fe(NO;)s-
‘9H,0) (purity: 99.99%), cobalt(n) nitrate hexahydrate
(Co(NO3),-6H,0) (purity:  99.99%), 2,4-thiazolidinediones
(C3H3NO,S; CAS 2295-31-0; purity: 99%), terephthalaldehyde
(C6H4(CHO),; CAS 623-27-8; purity: 99%), glacial acetic acid
(CH;3CO,H; CAS 64-19-7; purity: 99.9%), sodium acetate (CH;-
COONa; CAS 127-09-3; purity: 99%), acetophenone (CH3;COCs-
Hs; CAS 98-86-2; purity: 98%), 2-acetyl pyridine (C,H,;NO; CAS
1122-62-9; purity: 99%), 1,4-naphthoquinone (C;oHgO,; CAS
130-15-4; purity: 98%), Lawesson's reagent [C14H1402PZS4; CAS
19172-47-5; purity: 99%), nitrogen gas (N,; CAS 7727-37-9;
purity: 99.99%), and DPPH (1,1-diphenyl-2-picrylhydrazyl)
(C18H12N506; CAS 1898-66-4; purity: 95%), were purchased
from Sigma-Aldrich. The solvents used were distilled water, n-
hexane (CH;(CH,),CH;; CAS 110-54-3; purity: 95%), ethyl
acetate (CH;COOC,H;5; CAS 141-78-6; purity: 99.8%), ethanol
(CH;3;CH,OH; CAS 64-17-5; purity: 99%), tetrahydrofuran (THF)
(C4HgO; CAS 109-99-9; purity: 99.5%), and methanol (CH;0H;
CAS 67-56-1; purity: 99.9%).

Preparation of petai peel extract (PPE)

The extract of petai peel was obtained by cutting it into small
pieces, drying it under indirect sunlight for 5 days and crushing
it into a dry powder. Then, 40 grams of petai peel powder was
dissolved in 500 mL of pure water. The mixture was stirred and
heated at 50 °C for 2 hours. Finally, the resulting extract was

RSC Adv, 2024, 14, 24384-24397 | 24385
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cooled at room temperature, filtered, and the filtrate was stored
in a cooler for further use.?*3%°

Green synthesis of CoFe,0, magnetic nanoparticles

CoFe,0, magnetic nanoparticles were synthesized using the
green synthetic method. Co(NO3),-6H,0 (1.746 grams, 0.006
mol) was reacted with Fe(NO3);-9H,0 (5.125 grams, 0.012 mol)
in the presence of 50 mL of petai (Parkia speciosa) peel extract
solution. The mixture was stirred using a magnetic stirrer for 1
hour at room temperature while it was tightly covered with
aluminum foil. Subsequently, it was then left in a dark room at
room temperature for 18 hours and then oven-dried at 100 °C
for 24 hours to remove the water content. The product was
synthesized by calcination in a furnace at 700 °C for 2 hours.
Finally, the product was cooled, weighed, and stored for further

use'40—42

Characterization of CoFe,0, magnetic nanoparticles and
organic compounds

CoFe,0, magnetic nanoparticles were characterized using
various techniques, including XRD, VSM, FTIR, UV-DRS,
FESEM, EDX, and TEM. The Fourier transform infrared (FTIR)
spectra of selected samples were obtained using KBr disks and
recorded in the range from 4000 cm ™' to 400 cm™'. The FTIR
spectrophotometer used for infrared spectrum analysis was
a Prestige-21 Shimadzu. The crystal phase structure and crys-
tallite size of the catalysts were analyzed using X-ray diffraction
(XRD) Smartlab Rigaku with Cu-Ke. radiation (1 = 1.541862 A).
The scanning angle ranged from 10° to 120° with a step of 0.01°.

The magnetic properties at room temperature can be deter-
mined using a vibrating sample magnetometer (VSM). The
catalyst's band gap energy was determined using a Shimadzu
UV-2450 ultraviolet visible-diffuse reflectance spectrophotom-
eter (UV-DRS). The surface morphology of the catalyst was
analyzed using field emission scanning electron microscopy
(FESEM) on a JEOL JIB-4610F Multi-Beam System. Additionally,
the elemental composition was determined using energy
dispersive X-ray (EDX) spectroscopy. The average particle size
and surface morphology of the catalyst were analyzed using
transmission electron microscopy (TEM) with a Talos F200X.
High-resolution transmission electron microscopy (HR-TEM)
images and selected area electron diffraction (SAED) patterns
were used to examine the crystalline structure, shape, and size
of the synthesized CoFe,O, magnetic nanoparticles using
a Talos F200X.

The synthesized organic compounds were characterized
using FTIR, UV-Vis, LC-HRMS, and melting point test. A
Prestige-21 Shimadzu was used as the FTIR spectrophotometer
for infrared spectrum analysis. Absorbance spectra were
measured using a Shimadzu UV-2450 ultraviolet-visible (UV-Vis)
spectrophotometer. The Indonesia National Police Forensic
Laboratory Centre obtained high-resolution mass spectra
(HRMS) using a Xevo G2-XS QTof (Waters, USA) in the detection
mode with ESI-TOF. The melting point was tested using an
Electrothermal Melting Point Apparatus 1A9100.
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Evaluation of thiazolidinedione-based chalcone 4H-thiopyran

An overview of the reaction scheme for the formation of
thiazolidinedione-based chalcone 4H-thiopyran compounds is
presented in Fig. 1.

Synthesis of intermediate 1

The synthesis of the compound (Z)-4-((2,4-dioxothiazolidine-5-
ylidene)methyl)benzaldehyde refers to research presented by
Kredy et al. (2020).** The synthesis was carried out by reacting
2,4-thiazolidinedione (468 mg, 4 mmol) with tereph-
thalaldehyde (536 mg, 4 mmol) in 20 mL of glacial acetic acid
solvent. Sodium acetate (328 mg, 4 mmol) was then added, and
the mixture was stirred for 15 minutes before being refluxed for
7 hours at (110-120)°C.

Target intermediate 1. (Z)-4-((2,4-Dioxothiazolidine-5-ylidene)
methyl)benzaldehyde (C,,H,NOsS). Bright yellow powder. Yields
(%): 92.25. (252.7-253.9)°C. IR (cm'): 3128 (N-H), 3027 (C-H
sp?), 2778 (C-H aldehyde), 1749 (C=0), 1703 (C=C), 1602 (C=C
aromatic), 1302 (C-N), and 673 (C-S). UV-Vis (nm): 334.

Synthesis of intermediate 2 and 2

The synthesis of chalcone compounds from acetophenone and
thiazolidinedione (TZD) derivatives refers to research presented
by Borade et al. (2020); Narwanti & Aisyah (2022).>*** The
synthesized intermediate 1 (1165 mg, 5 mmol) was reacted with
acetophenone (0.58 mL, 5 mmol), CoFe,O, magnetic nano-
particle catalyst was added with various variations of solvent,
reaction time, and catalyst amounts (mol%), and the mixture
was homogenized using a magnetic stirrer. The condition for
the product with the highest yield was used as the optimal
condition for this reaction, which was used for the reaction of
other derivatives. The reaction optimization for the synthesis of
chalcone-derived compounds is shown in Table 2.

Target intermediate 2. (Z)-5-(4-((E)-3-Oxo-3-phenylprop-1-en-
1-yl)benzylidene)thiazolidine-2,4-dione (C;oH;3NO5S). Greenish-
yellow powder. Yields (%): 62.24. (256.7-258.2) °C. IR (cm ™)
3130 (N-H), 3025 (C-H sp?), 1751 (C=0), 1700 (C=C), 1606 (C=
C aromatic), 1302 (C-N), and 673 (C-S). UV-Vis (nm): 347.

The synthesis of chalcone compounds from 2-acetyl pyridine
and thiazolidine (TZD) derivatives refers to research presented
by Borade et al. (2020).° The synthesis of intermediate 1
(1165 mg, 5 mmol) was done with 2-acetyl pyridine (0.56 mL, 5
mmol) added with CoFe,0, magnetic nanoparticle catalyst
under the condition of the highest yields, and the mixture was
homogenised using a magnetic stirrer for 2 hours.

Target intermediate 2'. (Z)-5-(4-((E)-3-Oxo-3-(pyridine-2-yl)
prop-1-en-1-yl)benzylidene)thiazolidine-2,4-dione
(C1gH12N»03S). Yellowish-green powder. Yields (%): 60.64.
(257.2-258.8) °C. IR (cm ™ "): 3130 (N-H), 3028 (C-H sp®), 1750
(C=0), 1706 (C=C), 1605 (C=C aromatic), 1562 (C=N), 1300
(C-N), and 672 (C-S). UV-Vis (nm): 343.

Synthesis of intermediate 3 and 3’

The synthesis of chalcone derivatives through a thionation
reaction using Lawesson's reagent will produce thiochalcone

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Reaction scheme of thiazolidinedione-based chalcone 4H-thiopyran, (1) intermediate 1, (2) intermediate 2 or 2/, (3) intermediate 3 or 3/,

(4) product 1 or 2.

compounds referred to in the method used by Durowoju
(2018).** The chalcone derivative of 0.005 mol was added with
0.005 mol (2.02 g) Lawesson's reagent and dissolved in 30 mL
anhydrous THF in a round bottom flask and stirred under
nitrogen while refluxing at 60 °C. The solution was allowed to be
stirred for 2 hours.

Target intermediate 3. (Z)-5-(4-((E)-3-Phenyl-3-thioxoprop-1-
en-1-yl)benzylidene)thiazolidine-2,4-dione (C10H13NO,S,).
Thick yellowish-green liquid. Yields (%): 53.38. IR (cm ™ "): 3135
(N-H), 3028 (C-H sp?), 1752 (C=0), 1699 (C=C), 1604 (C=C
aromatic), 1188 (C-N), 998 (C=S), and 576 (C-S). UV-Vis (nm):
220.

Target (2)-5-(4-((E)-3-(Pyridine-2-yl)-3-
thioxoprop-1-en-1-yl)benzylidene)thiazolidine-2,4-dione
(C18H12N50,S,). Thick greenish-yellow liquid. Yields (%): 57.31.
IR (ecm ): 3127 (N-H), 3026 (C-H sp?), 1753 (C=0), 1702 (C=
C), 1601 (C=C aromatic), 1507 (C=N), 1176 (C-N), 999 (C=S),
and 557 (C-S). UV-Vis (nm): 225.

intermediate 3'.

Synthesis of product 1 and 2

The synthesis of 4H-thiopyran-derived compounds via the thia-
Diels-Alder reaction done referring to the method used by
Mloston et al. (2018).>® Firstly, 0.005 mol of the synthesised
thiochalcone-derived compound was reacted with 0.005 mol of
1,4-naphthoquinone dissolved in 15 mL of anhydrous THF in
a round bottom flask. After that, the mixture was refluxed at 60 °©
C for 2 hours.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Target product 1. (Z)-5-(4-(5,10-Dioxo-2-phenyl-4a,5,10,10a-
tetrahydro-4H-benzo[g]thiochromen-4-yl)benzylidene)
thiazolidine-2,4-dione (C,oH;9NO,S,). Brownish-white powder.
Yields (%): 50.24. (268.8-271.1)°C. IR (cm *): 3129 (N-H), 3008
(C-H sp?), 2845 (C-H sp’), 1753 (C=0), 1700 (C=C), 1606 (C=
C aromatic), 1184 (C-N), and 555 (C-S). UV-Vis (nm): 331. LC
(minute): 17.255. HRMS (ESI-TOF) caled for C,0H;oNO,S, [M +
H]+: 510.0834, found 510.0879.

Target product 2. (2)-5-(4-(5,10-Dioxo-2-(pyridine-2-yl)-
4a,5,10,10a-tetrahydro-4H-benzo|g]thiochromen-4-yl)
benzylidene)thiazolidine-2,4-dione (CysH;3N,0,S,). Brownish-
white powder. Yields (%): 48.96. IR (cm "): 3129 (N-H), 3001
(C-H sp?), 2841 (C-H sp?), 1752 (C=0), 1700 (C=C), 1600 (C=
C aromatic), 1505 (C=N), 1180 (C-N), and 554 (C-S). UV-Vis
(nm): 332. LC (minute): 16.397. HRMS (ESI-TOF) caled for
CaoH1oNO,S, [M + H]': 511.0786, found 511.0721.

Recyclability tests of catalyst

The catalyst was extracted from the mixture using an external
magnet and subsequently rinsed multiple times with ethyl
acetate. The catalyst was subsequently isolated, filtered, dried
using evaporation, and reused for five cycles.

Antioxidant activity test

DPPH method. The DPPH method was referred to in the
method used by Cahyana et al. in 2020. To test the antioxidant
activity, 10 mg of DPPH powder was dissolved in a 25 mL

RSC Adv, 2024, 14, 24384-24397 | 24387
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volumetric flask with ethanol to create a DPPH stock solution. A
control solution was then prepared by diluting the DPPH stock
solution in ethanol at 0.1 mM. The solution was incubated for
thirty minutes in a dark room before the absorbance at 517 nm
was measured. The sample solution was prepared in ethanol at
concentrations of 1000, 500, 250, 125, and 50 pg mL™'. The
stock solution was then mixed with the sample solution and
ethanol in a ratio of 3:1:1, resulting in a homogeneous
mixture. The mixture was incubated in a dark room for 30
minutes, followed by the evaluation of the absorbance using
a UV-Vis spectrophotometer at 517 nm. The percentage of
inhibition (%) was calculated using the provided equation.*

absorbance of control — absorbance of sample
absorbance of control

% Inhibition =

x 100%
(1)

The regression equation derived from extrapolating the
extract concentrations (X-axis) against the percentage of radical
scavenging activities (Y-axis) was utilized to determine the 50%
inhibitory concentration (ICs,).*” Table 1 categorizes the inten-
sity of antioxidant activity based on the ICs, values.*®

BDE (bond dissociation enthalpy) parameter

In this study, we used a machine-learning derived, fast, accurate
bond dissociation enthalpy tool (ALFABET) to predict homolytic
BDEs with sub-second computational cost and close to chem-
ical accuracy. The tool replicates the results of much more
expensive DFT calculations and is used to predict the dominant
radicals. ALFABET successfully predicted the bond dissociation
energies (BDEs) for all the bonds in the molecule in less than 1
millisecond per molecule.*

ALFABET is a machine learning tool that accurately calcu-
lates the bond dissociation enthalpy. It uses a 2D graph repre-
sentation of molecules, encoding atoms and bonds as nodes
and edges. The tool achieved an MAE of 0.58 kcal mol™* (vs. an
MO06-2X/def2-TZVPP oracle) for BDEs of organic molecules with
H, O, C, and N atoms using a message-passing graph-
convolutional neural network (GNN). It has found utility in
multiple applications. The use of rapid and accurate predictions
of bond dissociation energies (BDEs) has facilitated the appli-
cation of machine learning (ML) to various domains of chem-
istry, such as biological metabolism and combustion chemistry.
This package provides a command-line interface to access web-
based model predictions at https://bde.ml.nrel.gov. For most

Table1 Category of in vitro antioxidant activity strength against DPPH

Intensity of ICs, Value (ug mL ™)

Very active <50
Strong 50-100
Moderate 101-250
Weak 250-500
Inactive >500

24388 | RSC Adv, 2024, 14, 24384-24397
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compounds, mean absolute errors (MAE) are typically less
than 1 kcal mol™'. The neighbors link can display the
reference DFT-calculated bond dissociation energies (BDEs)
used for training of any predicted bond.>

Results and discussion
Phytochemical test of petai peel extract (PPE)

The PPE showed significant positive phytochemical results
(Fig. 2). These results were confirmed by color changes or the
presence of foam. The extracts contained secondary metabolites
such as alkaloids, saponins, polyphenols, and tannins.

On metal surfaces, the current compounds exhibit steric
hindrance effects and hydrophobic properties. The surface
hydrophobicity of the material is primarily influenced by the
following factors: materials with low surface energy exhibit
a hydrophobic character and repel water.** Furthermore, the
surface roughness can enhance the hydrophobic properties.>
During the synthesis process, metal particle agglomeration can
be avoided, and particle growth can be regulated with the use of
steric exclusion.”® The active compounds in plant extracts can
function as capping and reducing agents to generate nano-
particles with a small size.>*

FTIR spectroscopy of nanoparticles

Fig. 3 illustrates the FTIR vibration bands of petai peel extract
and CoFe,O, magnetic nanoparticles. The identification of
functional groups in Fig. 3(a) is based on the wavenumber range
adapted from Parajuli et al. (2022).* Fig. 3(a) illustrates the
functional groups of the FTIR spectra, which have been iden-
tified as constituents of secondary metabolites, including
alkaloids, saponins, flavonoids, tannins, and polyphenols.
Fig. 3(b) illustrates a shift in the wavenumber from the petai
peel extract to CoFe,O, magnetic nanoparticles, with some of
the petai peel extract peaks disappearing in the nanoparticles.

The presence of -OH stretching suggests the existence of
adsorbed ligands on the nanoparticle surface through non-
covalent forces, electrostatic interactions, hydrogen bonds,
and hydrophobic interactions. The interaction between the -OH
functional group and the metal implies metal reduction due to
the presence of electron pairs conjugated to the -OH functional
group. The functional groups that remain also act as capping
agents, preventing agglomeration and resulting in stronger

(@

(b) (© (@

Fig. 2 Phytochemical test of petai peel extract, (a) alkaloids (+), (b)
saponins (+), (c) polyphenols (+), (d) tannins (+).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of (a) petai peel extract (PPE), (b) magnetic
nanoparticles of CoFe,Oy.

particle stability and homogeneity of particle size for the
CoFe,0, magnetic nanoparticles. These findings suggest that
the synthesis of CoFe,O, magnetic nanoparticles using petai
peel extract was successful.>***>¢

The FTIR spectrum of ferrite indicates the presence of
a single-phase spinel structure with tetrahedral and octahedral
sites. This is shown by the wavenumber in the range of 400-
600 cm~'. Specifically, the wavenumber at 600 cm™ " corre-
sponds to the vibrations of metal-oxygen bonds in the tetra-
hedral (Fe**-0*") site, while the absorption band at 418 cm™"
corresponds to the vibrations of metal-oxygen bonds in the
octahedral (Co**-0”") site, as shown in Fig. 3(b).*

XRD pattern of nanoparticles

The XRD analysis results for CoFe,O, magnetic nanoparticles
are presented in Fig. 4. The CoFe,O, magnetic nanoparticles
exhibit peaks at 26 (15-70)° with specific 26 of 18.35°, 30.19°,
35.58°, 37.04°, 43.26°, 53.74°, 57.25°, and 62.81°. These angles
correspond to the Akl values of (111), (220), (311), (222), (400),

CoFey04

311)

Intensity (a.u.)

——ICDD 96-153-3164]

|| ]

15 20 25 30 35 40 45 50 55 60 65 70

]

2 Theta (degree)

Fig. 4 XRD patterns for CoFe,O4 magnetic nanoparticles and refer-
ence of ICDD card 96-153-3164.
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(422), (511), and (440), respectively, which match with ICDD
card no. 96-153-3164.

The analysis confirms the formation of a single-phase cubic
spinel structure of CoFe,0, ferrite with the Fd3m space group.*
The crystallite size of MNPs can be calculated using the Debye-
Scherrer equation as follows.

K2
B Buwicos 0

(2)

in this equation, D represents the size of the crystallite diam-
eter, k is a constant equal to 0.9, A is the wavelength of the X-ray
source (0.1541862 nm), B is the full width at half maximum
(in radians), and @ is the Bragg diffraction angle (in radians)
corresponding to the lattice plane.®

The calculated average crystallite size of CoFe,0, is 8.94 nm,
confirming the nanocrystalline nature of the prepared CoFe,0,
magnetic nanoparticles. This result is consistent with Kumar
et al. (2022), which reported an average crystallite size of less
than 10 nm.*

VSM analysis of nanoparticles

The magnetic properties of CoFe,O, nanoparticles were studied
using the pulsed field hysteresis loop tracing method at room
temperature. The M-H plot for CoFe,O, magnetic nanoparticles
is shown in Fig. 5. Based on the hysteresis curve, the saturation
magnetization (M;) value is 41 emu g, the remanence (M,)
value is 8 emu g, and the coercivity (H.) value is 693 Oe.
Materials with a coercivity greater than 10 kA m ™" (126.6637 Oe)
are classified as hard magnets. Therefore, the CoFe,O,
magnetic nanoparticles are also classified as hard magnets due
to their coercivity value of 693 Oe, which is greater than 10 kA
mfl.sz

According to the data on M-H loops, the squareness ratio
value (SQR) is 0.2, the magnetic moment (n) is 1.7 pb, and the
anisotropy constant (K) is 2.96 x 10*. These values were calcu-
lated using the equation as follows.®***

M,

SQR = -

(3)

40 JSuturation Magnetization (Vs) = 41 emuly
Remanance (Mr) = 8 emu/g Ms
Coercivity (He) = 693 Oe

I~
<
1

™

rHc

-20 4

Magnetic Moment (emu/g)
=3

40 -

—20000 0
Magnetic Field (Oe)

20000
Fig. 5

M—-H loops of CoFe,O4 magnetic nanoparticles.
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UV-DRS data of nanoparticles

The energy band gap reveals the optical and electrical properties
of a nanoparticle. Fig. 6 shows the results of the energy band
gap in the CoFe,0, magnetic nanoparticles. The results indicate
that the CoFe,0, magnetic nanoparticles are semiconductors as
they possess a value of 1.27 eV. This statement is consistent with
the results of Benlembarek et al. (2022), which suggests that the
semiconductor band gap is 1.27 eV.*

FESEM image of nanoparticles

Fig. 7 shows the surface morphology of a CoFe,O, magnetic
nanoparticle at 500 00x magnification, confirming its cubic
shape. This is further supported by Sivagurunathan & Gibin's
(2016) report on the surface morphology of nano-sized cobalt
ferrite particles using the co-precipitation method, which
showed a cubic structure under FESEM.®® According to Fig. 7,
the FESEM images reveal the appearance of agglomerated areas
due to magnetic dipole-dipole interactions®”*® as well as the
natural interaction between the magnetic nanoparticles and the
thermal process.®**°

EDX analysis of nanoparticles

The energy dispersive X-ray (EDX) spectroscopy analysis
confirms the presence of cobalt (Co), oxygen (O), and iron (Fe)
elements in the samples, as shown in Fig. 8. The weight percent
values of Co, Fe, and O elements are 30.1%, 43.8%, and 26.2%,
respectively. Based on the atomic percent (at%) results, the
composition of the nanoparticle is Co, Fe, and O. This analysis
indicates that the structure of magnetic nanoparticles contains
17.4% cobalt, 26.7% iron, and 55.8% oxygen atoms. The atomic
ratio of Co:Fe:0 is 2.4:3.8:7.9, which closely matches the

100 <

80 o

o
S
M

(F(R)hv)*

40 o

20

hv (eV)

Fig. 6 The energy band gap of CoFe,O4 magnetic nanoparticles.
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Fig. 7 FESEM image of CoFe,O4 magnetic nanoparticles.

actual ratio of 1: 2 : 4. Based on this data, it is expected that the
resulting compound is CoFe,0y,.

TEM, HR-TEM, and SAED images of nanoparticles

The TEM images in Fig. 9(a) reveal that the cobalt ferrite
magnetic nanoparticles have a cubic morphology” with an
average size distribution of 37.67 nm is presented in Fig. 9(b),
consistent with the particle size range of 2-50 nm reported by
Thakur et al. (2022) and the 20-40 nm range reported by Jaya-
lakshmi & Jeyanthi (2018).”%7> Meanwhile, the HR-TEM results
shown in Fig. 9(c) have a d-spacing value of 0.253 nm, which
corresponds to the (311) plane according to ICDD card data 96-
153-3164. The SAED pattern's bright circles indicate the poly-
crystalline nature of CoFe,O,4, which closely matches the crys-
tallographic planes (111), (220), (311), (222), (400), (422), (511),
and (440). These planes have interplanar distances of 4.99, 3.06,
2.58, 2.15, 1.97, 1.81, 1.66, and 1.53 A, respectively (Fig. 9(d)).

Evaluation of the synthesis of organic compounds

Fig. S1(a)} presents the FTIR spectrum results for the synthesis
of intermediate 1. Based on the acquired wavenumber data,
specifically the identification of C-H sp* aldehyde and C=C
aromatic bonds at 2778 em™' and 1602 cm™*, respectively, it
may be deduced that the synthesized molecule has been effec-
tively synthesized. Fig. S1(b)t displays the UV-Vis characteriza-
tion results for compound intermediate 1 and its reactants. The
product intermediate 1 clearly demonstrates a noticeable peak
in absorption, which is distinct from the absorption levels
observed in its two precursors.

Fig. S8t illustrates the Knoevenagel condensation reaction,
which is employed in the synthesis of intermediate 1. This
plausible mechanism highlights the essential steps of enolate
formation, nucleophilic attack leading to the formation of an
alkoxide intermediate, protonation to form a B-hydroxy thiazo-
lidinedione intermediate, and dehydration to yield the desired
Knoevenagel condensation product, which features a conju-
gated double bond in the thiazolidinedione moiety.”

The FTIR spectra data for the synthesis of intermediate 2 is
displayed in Fig. S2(a).f By analyzing the wavenumber data,
specifically the identification of C-H sp”® alkenes from o,f-
unsaturated bonds at 3025 cm™ ", it may be inferred that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) TEM image, (b) particle size distribution curve, (c) HR-TEM image, and (d) SAED pattern of CoFe,O, magnetic nanoparticles.

synthesized molecule has been successfully synthesized.
Fig. S2(b)t displays the UV-Vis characterization results for
intermediate 2 and its reactants. Intermediate 2 product
exhibits a distinct peak at 347 nm, which differs from the
absorption rates reported in its two reactants.

Fig. S3(a)T displays the FTIR spectra data for the synthesis of
intermediate 2'. By analyzing the wavenumber data, it can be
seen that the formation of chalcone compounds is indicated by

© 2024 The Author(s). Published by the Royal Society of Chemistry

the identification of C-H sp® alkenes from a,B-unsaturated
bonds at 3028 cm ™. Furthermore, the presence of C=N groups
at 1562 cm™ ' indicates the presence of bound pyridine
compounds. Fig. S3(b)} presents the UV-Vis characterization
results for intermediate 2’ and its reactants. Intermediate 2’
product exhibits a distinct absorption peak at 343 nm, which
differs from the absorption levels reported for the two reactants.

RSC Adv, 2024, 14, 24384-24397 | 24391
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Fig. S91 illustrates the plausible mechanism of intermediate
2 and 2’ synthesis via Claisen-Schmidt condensation, facilitated
by a Lewis acid. The Lewis acid CoFe,O, coordinates with the
carbonyl oxygen of the aldehyde, facilitating the nucleophilic
attack by the enol form of acetophenone. The mechanism
begins with the tautomerization of acetophenone to its enol
form, which then nucleophilically attacks the activated alde-
hyde, resulting in the formation of an alkoxide intermediate.
This subsequently undergoes dehydration to yield the chalcone
product.”

Fig. S4(a)f presents the FTIR spectra data pertaining to the
synthesis of intermediate 3. Upon evaluating the wavenumber
data, it is evident that the compound was formed, as shown in
the presence of C=S at 998 cm™". Fig. S4(b)t presents the UV-
Vis characterization data for intermediate 3 and its reactants.
Intermediate 3 product has a prominent absorption peak at
220 nm, which is unique from the absorption values observed
for both reactants.

Fig. S5(a)t displays the FTIR spectra data for the synthesis of
intermediate 3'. By analyzing the wavenumber data, it can be
seen that the formation of the thiochalcone compound is
indicated by the identification of C=S at 999 cm . Further-
more, the presence of the C=N group at 1507 cm ™' indicates
the presence of the bound pyridine compound. Fig. S2(b)f
presents the UV-Vis characterization results for intermediate 3’/
and its reactants. The product intermediate 3’ exhibits a distinct
absorption peak at 225 nm, which differs from the absorption
levels reported for the two reactants.

Fig. S10t illustrates the plausible mechanism reaction for
synthesizing intermediates 3 and 3'. This reaction involves the
thermal decomposition of Lawesson's reagent, which produces
two reactive dithiophosphine ylides. These ylides then undergo
a series of reactions, including the formation of thioketone
intermediates, the replacement of oxygen atoms with sulfur,
and the formation of intermediates. Finally, the intermediate
eliminates the phosphorus-containing by-product, yielding
thiochalcone as the final product.”™

Fig. S6(a)t depicts the FTIR spectra data for the synthesis of
product 1. Upon the analysis of the wavenumber data, it can be
observed that the presence of a C-H sp® peak at 2845 cm ™"
indicates that cyclization has occurred, resulting in the forma-
tion of a 4H-thiopyran compound. Fig. S6 (b)} displays the UV-
Vis characterization results for product 1 and its reactants.
Product 1 exhibits a distinct absorption peak at a wavelength of
331 nm, which differs from the absorption levels reported for
the two reactants. In addition, Fig. S6(c)t demonstrates the
presence of an LC chromatogram peak at a retention time of
17.255 minutes. The corresponding mass spectrum shows an m/
zvalue of 510.0879, which is present in the area with the highest
abundance, accounting for 48.05% of the whole area. Theoret-
ically, the product compound 1 (Cy0H,,NO,S,) has a [M + H]"
value of 510.0834. Given that the m/z value recorded in the
HRMS spectrum is in close proximity to the theoretical value, it
can be posited that product compound 1 was indeed formed.

Fig. S7(a)T displays the FTIR spectra data for the synthesis of
product 2. By analyzing the wavenumber data, it can be seen
that cyclization has occurred to form a 4H-thiopyran
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compound, as indicated by the identification of C-H sp® at
2841 cm™'. Additionally, the presence of a C=N group at
1505 cm ™' indicates the presence of a bound pyridine
compound. Fig. S7(b)} displays the UV-Vis characterization
results for product 2 and its reactants. Product 2 exhibits
a distinct absorption peak at a wavelength of 332 nm, which
differs from the absorption levels observed for both reactants.
Fig. S7(c)t illustrates the presence of an LC chromatogram peak
at a retention time of 16.397 minutes with an m/z value in the
mass spectrum of 511.0721, which is observed in the largest
abundance region (% area) of 46.05%. Theoretically, the
product compound 2 (C,3H;6N,0,4S,) has an [M + H]" value of
511.0786. Given that the m/z value recorded in the mass spec-
trum is in close proximity to the theoretical value, it can be
posited that product compound 2 was formed.

Fig. S117 shows that the plausible mechanism of the thia-
Diels-Alder reaction, which results in the formation of product
1 and 2, involves the cyclic movement of electron pairs. This
process entails the breaking of three 7w bonds and the formation
of two ¢ bonds and one 7 bond (specifically, the 7 electrons of
the conjugated diene system in thiochalcone interaction with
the 7 electrons of the 1,4-naphthoquinone, leading to a [4 + 2]
cycloaddition reaction).”

The catalytic performance of green catalyst CoFe,O, for the
synthesis of chalcone

The catalytic performance of CoFe,O, magnetic nanoparticles
using PPE was evaluated in the synthesis of chalcone. Several
parameters were adjusted to optimize the yield, including the
type of solvent, reaction time, and catalyst amount of CoFe,O,,
as outlined in Table 2. The optimum conditions for the reaction
were obtained applying ethanol as the solvent, 2 hours reaction
time, and 5 mol% of catalyst amounts, resulting in a yield of
62.26%. Ethanol solvent is the most appropriate choice
compared to other solvent variations because it offers effective
solvation, moderate polarity (allowing interaction with both
polar and non-polar groups), and a lower reflux temperature
than water, ensuring superior thermal stability.””> Under the
same conditions, the yield achieved with the catalyst was nearly
two times greater than that obtained without it, which yielded
only 36.5%.

The evaluation of the stability, repeatability, and ease of
catalyst recovery from a reaction of a heterogeneous catalyst is
contingent upon its frequency of reuse. The cobalt ferrite
catalyst has been reused through the synthesis of the chalcone
compound under optimal conditions, involving 5 mol% of
catalyst at reflux condition for two hours with ethanol as the
solvent. After each run of reactions, the catalyst was washed
using ethyl acetate, extracted, and filtered. Finally, it was
dried by evaporation. The product yield over five consecutive
reaction runs is displayed in Fig. 10, which shows that cobalt
ferrite maintained its high catalytic activity. The yield
decrease was insignificant, demonstrating the stability of the
catalyst. This is supported by the XRD results shown in
Fig. 11, which demonstrate the structural stability after the
reuse of CoFe,O, magnetic nanoparticles for 5 cycles. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Optimization of the reaction conditions for cobalt ferrite catalyst in chalcone synthesis with variation in solvent type, reaction time, and

catalyst amounts

Entry Solvent type Reaction time (h) Catalyst amounts of CoFe,0, (mol%) Yields (%)
1 Solvent-free 2 5 45.56
2 Water 2 5 58.20
3 Ethanol : water (1:1) 2 5 59.40
4 Ethanol 1 5 47.95
5 Ethanol 2 5 62.26
6 Ethanol 4 5 55.58
7 Ethanol 6 5 57.01
8 Ethanol 8 5 43.17
9 Ethanol 2 — 36.50
10 Ethanol 2 2.5 58.44
11 Ethanol 2 7.5 51.29
12 Ethanol 2 10 58.68

70 The antioxidant activity of organic compounds

62.26 Table 3 shows the antioxidant activity data obtained from the

60 5430 DPPH method and the BDE parameter. The sample's donation

ol 50.33 49.14 of antioxidant proton reduced the violet appearance of DPPH,

- 7 producing 1,1-diphenyl-2-picrylhydrazine with a yellow

K a0 ' appearance.” The results showed that all compounds had

5 antioxidant ability but at different inhibition percentages, as

® 30 shown in Table 3. The regression equation determined from the

~ 0 curves was used to calculate the ICs, value that represents the

204 sample concentration needed to reduce DPPH by 50%. The ICs,

7 /// value of each compound is shown in Table 3. The order of

10+ antioxidant activities progressed as follows: product 2 > product

1 > intermediate 2’ > intermediate 2 > reactant, as suggested by

. 1 2 3 4 5 the ICs, values in the order of reactant > intermediate 2 >

Number of Cycles

Fig. 10 The reusability of the cobalt ferrite catalyst for the model
reaction.
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Fig. 11 XRD patterns for CoFe,O4 reusability, CoFe,O, magnetic
nanoparticles, and reference of ICDD card 96-153-3164.

decrease in the yield observed during the reaction may be due
to the minimal loss of cobalt ferrite during the washing and
separation steps.

© 2024 The Author(s). Published by the Royal Society of Chemistry

intermediate 2’ > product 1 > product 2. Based on the ICs,
values, product 2 was categorized as a strong antioxidant, while
product 1, intermediate 2/, and intermediate 2 showed
moderate antioxidant activity, and the reactant showed weak
antioxidant activity.

Based on the results of the DPPH test, it can be concluded
that all organic compounds in Table 3 exhibit antioxidant
activity due to the presence of secondary N-H groups, which act
as proton or hydrogen (H) donors. However, both product 1 and
product 2 demonstrate superior antioxidant activity compared
to the intermediate compounds and their reactants. The final
product compound has a carbon atom located between the
sulfur atom and the carbonyl group of the 1,4-naphthoquinone
compound, also known as the benzo[g|chromene group. This
positioning causes an induction effect, attracting the electron
density on the carbon atom towards the carbonyl group and
sulfur atom. As a result, the hydrogen atom on the carbon atom
is easily broken by the oxidation reaction with DPPH.*®
According to Smith (2011), product 2 is superior to product 1
due to the presence of pyridine groups, which have a stronger
electron donor activation strength than phenyl groups.”™

The DPPH method was used to measure the antioxidant
activity, and the results were supported by the BDE value
(enthalpy of bond dissociation), which is another parameter for
measuring the antioxidant activity, as shown in Table 3. Trung
et al. (2022) define BDE as the change in the enthalpy resulting

RSC Adv, 2024, 14, 24384-24397 | 24393
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Table 3 Antioxidant activity (ICsg and BDE) of organic compounds

Entry Name of compound ICs0 (ng mL™) BDE (kcal mol )

1 Thiazolidine-2,4-dione (reactant) 339.57

121.2

(2)-5-(4-((E)-3-Ox0-3-phenylprop-1-en-1-yl)benzylidene)

. s . . . 186.04
thiazolidine-2,4-dione (intermediate 2)

(2)-5-(4-((E)-3-Ox0-3-(pyridine-2-yl)prop-1-en-1-yl)

. . A . X ; 148.19
benzylidene)thiazolidine-2,4-dione (intermediate 2') 8

(2)-5-(4-(5,10-Dioxo-2-phenyl-44,5,10,10a-tetrahydro-
4 4H-benzo[g]thiochromen-4-yl)benzylidene) 107.30
thiazolidine-2,4-dione (product 1)

(2)-5-(4-(5,10-Dioxo-2-(pyridine-2-yl)-4a,5,10,10a-
5 tetrahydro-4H-benzo[g]thiochromen-4-yl)benzylidene) 90.80
thiazolidine-2,4-dione (product 2)

Table 4 Antioxidant activity (ICsq and BDE) of vitamin C and E

Entry Name of compound ICso (g mL™Y) BDE (kcal mol ™)

5-((S)-1,2-Dihydroxyethyl)-3,4-

dihydroxyfuran-2(5H)-one (vitamin C) 201

(R)-2,5,7,8-Tetramethyl-2-((4R,8R)-4,8,12-

trimethyltridecyl)chroman-6-ol (vitamin E) 3.45

from the homolytic cleavage of a particular bond.” This char- (2019) also reported that BDE is a crucial parameter for evalu-
acteristic is important for assessing the reactivity of ating the ability of molecules to lose hydrogen atoms.”
compounds, such as their antioxidant activity. Almehizia et al. ~Compounds with lower bond dissociation energy (BDE) break

24394 | RSC Adv, 2024, 14, 24384-24397 © 2024 The Author(s). Published by the Royal Society of Chemistry
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the X-H bonds more easily, making them strong antioxidants.
The primary antioxidant activity is determined by the
compound's ability to donate hydrogen to free radicals. There-
fore, there is a relationship between antioxidant activity and
BDE. The results of this study show that the BDE energy values
follow the order: product 2 < product 1 < intermediate 2’ <
intermediate 2 < reactant. Therefore, it can be concluded that
product 2 has the strongest antioxidant activity due to its lowest
BDE value, which is also supported by the lowest ICs, value in
the DPPH method. This proves that the BDE parameter can be
used to predict antioxidant activity in a new compound.”™

As positive controls, ascorbic acid (vitamin C) and vitamin E,
both well-known antioxidants, were used. Table 4 shows that
vitamins C and E have very active antioxidant intensity, with an
ICs, value of less than 50. This is due to the presence of OH
groups, and the more groups there are, the stronger the antioxi-
dant activity, in accordance with the statement by Loncaric et al.
(2022).” Therefore, the ICs, value of vitamin C is much lower than
that of all other compounds, because it has more hydroxyl groups.

Conclusions

The research results indicate that petai peel extract (Parkia
speciosa Hassk) can serve as a reducing and capping agent in the
synthesis of CoFe,0, magnetic nanoparticles. This is supported
by the FTIR results, which exhibit peaks for Co**~0*~ stretching
(418 ecm™') and Fe*-0*" stretching (600 cm ™). Furthermore,
all characterization results demonstrate that the synthesized
CoFe,0, has nanoparticle size and possesses magnetic, optical,
and electrical properties. The nanoparticles synthesized exhibit
a cubic morphology with an average particle size of 37.67 nm.
The XRD characterization results confirm that the crystal
structure is cubic, with an average crystallite size of 8.94 nm.
The VSM characterization results demonstrate the existence of
magnetic properties with M, (41 emu g '), M, (8 emu g '), and
H. (693 Oe). The UV-DRS results demonstrate the existence of
optical and electrical properties, indicating that the material is
a semiconductor with a band gap value of approximately
1.27 eV. The optimal conditions for chalcone synthesis were
achieved using 5 mol% of CoFe,O, catalyst in ethanol at reflux
conditions for 2 hours, resulting in a catalytic activity with
yields of 62.26%. This magnetic nanoparticle catalyst can be
used for 5 cycles without a significant loss of yield. The 4H-
thiopyran 2-acetyl pyridine variant (product 2), exhibited the
strongest antioxidant activity with an ICs, value of 90.80 pg
mL ™", placing it in the strong antioxidant category. This is
supported by the low bond dissociation enthalpy (BDE) energy
values of the C-H groups of benzo[g]thiochromene and pyri-
dine, which are 74.0 kcal mol™" and 105.1 kcal mol ™", respec-
tively, indicating superior antioxidant properties when the BDE
energy values are low. This study successfully developed an
environment-friendly synthesis method using a green catalyst.
The results demonstrated that the synthesized organic
compounds exhibited significant antioxidant potential in
overcoming oxidative stress, indicating its potential as an
effective and sustainable therapeutic agent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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