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An in-depth review of flash graphene, an innovative carbon 
nanomaterial synthesized by flash joule heating, focuses on recent 
electrocatalysis breakthroughs. The review explores the critical role 
of flash graphene in advancing renewable energy technologies and 
promoting sustainable electrocatalysis. For more details see p. 541.
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Flash Graphene: a Sustainable Prospect  
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Abstract
The increasing demand for sustainable and efficient energy conversion technologies requires ongoing exploration of new 
materials and methods. Flash Joule Heating (FJH) emerges as a promising technique for large-scale graphene produc-
tion, boasting advantages over conventional methods. FJH rapidly heats carbon-based precursors to extreme temper-
atures using high electric currents, forming flash graphene upon rapid cooling. This approach offers rapid processing, 
high throughput, and can utilize diverse carbon sources, including biomass and waste, making it sustainable and cost-ef-
fective. Moreover, it generates minimal waste and yields flash graphene with enhanced conductivity, crucial for energy 
applications. FJH’s scalability, versatility, and efficiency position it as a key method for commercializing graphene across 
industries, particularly in energy conversion. This review comprehensively discusses FJH synthesis principles, emphasiz-
ing efficiency, scalability, and sustainability. Additionally, it analyzes recent advancements in flash graphene-based elec-
trocatalysts, exploring their impact on renewable energy and sustainable electrocatalysis. Challenges and opportunities 
are addressed, outlining future research directions. Continued advancements hold immense potential to revolutionize 
graphene production and integrate it into next-generation energy systems, driving the transition towards cleaner energy 
solutions.

Keywords: Synthesis of graphene; Flash Joule heating; Flash graphene; Electrocatalysis

1. Introduction
Graphene, the foundational two-dimensional (2D) 

structure of all carbon's graphitic forms, has captured sig-
nificant attention since its groundbreaking isolation in 
2004 by Geim and Novoselov.1 The significance of this 
achievement cannot be overstated and was duly recog-
nized by the scientific community in 2010 when it earned 
the Nobel Prize in Physics.2,3 Prior to its isolation, 
graphene's remarkable properties remained largely unex-
plored due to its inherent binding to substrates (e.g., plati-
num single crystal surface).4 These properties encompass a 
broad spectrum, including exceptional attributes like high 
electron mobility (measuring at 2.5 × 105 cm2 V–1 s–1)5 and 
extraordinary intrinsic mechanical properties (reaching 
130 GPa),6 making graphene a suitable candidate for appli-
cations in completely unrelated fields e.g., electronics7 and 
cement8 technologies. Unsurprisingly, researchers span-
ning various fields of expertise have enthusiastically em-
barked on graphene experimentation, considering it a 

prime candidate for replacing conventional materials in 
established applications. Moreover, its extensive array of 
astonishing properties has sparked optimism about the 
potential birth of disruptive technologies.7 Consequently, 
this surge of interest has given rise to a metaphorical "gold 
rush" directed towards diverse applications of graphene.9 
Among those, the use of graphene and graphene-based 
materials for energy storage and conversion have shown 
considerable improvement over the past years.10–13 The 
aim of this work is to discuss the pros and cons of different 
graphene production methods in terms of scalability and 
sustainability, considering specifically its application as 
electrocatalysts for sustainable technologies. Focus is giv-
en to a relatively new synthesis method based on a process 
called flash Joule heating (FJH), how its versatility may 
open new doors for the easy tuning of graphene properties 
toward applications in energy-related technologies, and 
the potential for breaking into the market due to its sim-
plicity and low-cost.

mailto:bostjan.genorio@fkkt.uni-lj.si
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2. A Brief Introduction  
of the Main Methods for Graphene 
Production and Their Application  

in Electrocatalysis
For almost 20 years graphene-related research con-

tinues to be enthusiastic, and the quest for a method to 
produce defect-free flat carbon monolayers in large-scale 
persists. This journey, in turn, also gave rise to a rather up-
setting fact at first glance; that graphene and graphene-
based materials properties (physical, electronic, and opti-
cal) vary strongly with the method employed for their 
synthesis.14 Therefore, the production method used to pre-

pare any graphene-like material will ultimately enable or 
impede its final application. In fact, during this period, a 
so called “graphene family”15 of 2D carbon forms varying 
in terms of morphology, lateral dimensions, number of 
layers, different types and number of structural defects 
emerged. Despite the abundance of scientific publications 
focused on large-scale graphene production and manufac-
turing technologies, the practical implementation of 
graphene remains limited. To achieve industrial-scale ap-
plications, a mass production technique must not only 
yield the necessary quantities but also ensure consistent 
quality. Unfortunately, current graphene manufacturing 
methods continue to be either cost prohibitive or underde-

Figure 1. Schematic overview of common graphene production methods varying from top-down to bottom-up approaches. (*A low value represents 
a high-cost method).
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veloped as new difficulties always emerge as the process is 
scaled from the research laboratory to the industry.16–28

The main production methods of graphene and its 
derivative materials are shown in Figure 1. The produced 
graphene can be classified into two major characteristic 
groups, large area single layer graphene sheets and bulk 
graphene composed of graphene flakes having smaller lat-
eral sizes. As it will be discussed later, bulk graphene is de-
sirable for large-scale energy storage and conversion appli-
cations mainly due to its comparatively high surface area 
and relatively easy scalability.

2. 1. Mechanical Exfoliation
Mechanical exfoliation is a fundamental technique 

for producing graphene from graphite. This approach in-
volves repeatedly cleaving a piece of highly ordered pyro-
lytic graphite (HOPG) with adhesive tape to obtain in-
creasingly thin layers of graphene.1 The pros of this method 
include its simplicity and the high quality of the graphene 
produced. It yields monolayer graphene with minimal de-
fects and excellent electronic properties, making it suitable 
for various applications in electronics and nanotechnolo-
gy. However, there are several cons associated with me-
chanical exfoliation. It is a time-consuming and labor-in-
tensive process, limiting its scalability for large-scale 
production. Additionally, it is challenging to control the 
number of graphene layers produced, and it generates a 
substantial amount of waste material. As such, while me-
chanical exfoliation remains a crucial technique for re-
search and fundamental studies of graphene, it may not be 
the most practical method for industrial scale produc-
tion.29

2. 2. Liquid-phase exfoliation (LPE)
Liquid-phase exfoliation (LPE) of graphite is widely 

employed by industries to produce graphene in large 
quantities. Its principle is based on weakening the interac-
tion between graphite layers using non-aqueous solvents 
or aqueous solutions containing surfactants, followed by 
physical agitation or sonication to separate and disperse 
the graphene flakes. Due to incomplete delamination of 
the graphite precursor even after prolonged treatment, 
centrifugation is usually necessary to separate monolayer 
flakes from the bulk solution. Because of the presence of 
surfactants or organic solvents, a purification step is need-
ed if the graphene flakes are to be used for energy storage 
and conversion applications. Moreover, LPE generates a 
lot of hazardous wastes, which renders it to be unsustaina-
ble for mass production of graphene.

2. 3. Oxidation with Successive Reduction
Another method heavily adopted by industry is the 

oxidation of graphite pellets, on which the graphite oxide 

formed is ultrasonically exfoliated in aqueous solutions. 
The oxidation of graphite increases the inter-layer distance 
of individual sheets, hence facilitating its separation. The 
as-prepared graphene oxide (GO) flakes are isolated by 
centrifugation, followed by reduction to form reduced 
graphene oxide (rGO). The reduction process can be per-
formed chemically or thermally; nevertheless, part of the 
product will always remain oxidized. One major drawback 
of this method is the introduction of structural defects in 
the rGO sheets, which may compromise the desired ap-
pealing properties of graphene. Like the LPE method, the 
production of rGO generates large quantities of harmful 
chemical waste, requiring extra-step(s) for its treatment 
before it can be discarded, which ultimately increases the 
overall cost of graphene production.

2. 4. Unzipping of Carbon Nanotubes
The top-down approach of graphene production 

through the unzipping of carbon nanotubes (CNTs) pre-
sents both advantages and drawbacks in the field of nano-
material synthesis.30 One key advantage is the inherent 
structural uniformity of carbon nanotubes, which facili-
tates the controlled production of graphene with well-de-
fined characteristics.31,32 This approach allows for the tai-
loring of graphene sheets with specific dimensions and 
properties, offering versatility in applications ranging from 
electronics to energy storage.33–37 Moreover, the unzipping 
process enables the integration of functional groups onto 
the graphene surface, enhancing its compatibility with 
various matrices and facilitating the development of com-
posite materials with tailored properties.38–40 Despite these 
advantages, drawbacks include the potential introduction 
of defects during the unzipping process, which can ad-
versely impact the electrical and mechanical properties of 
the resulting graphene.31,38 Additionally, the scalability of 
this method may be limited, and the need for specialized 
equipment and precise control over reaction conditions 
poses challenges for large-scale production. For instance, 
the unzipping of carbon nanotubes (CNTs) through a 
solution-based oxidative treatment has been successfully 
demonstrated.41 This innovative method facilitates the 
longitudinal opening of multi-walled CNTs with an im-
pressive yield approaching 100%, even on a large scale. 
However, it is noteworthy that this procedure is accompa-
nied by certain limitations. Despite its efficiency, the re-
sulting graphene ribbons exhibit a width surpassing 100 
nm and are characterized by pronounced structural de-
fects and oxidized sites, reminiscent of rGO. This outcome 
underscores the challenges associated with achieving pre-
cise control over the unzipping process, leading to the 
compromise of structural integrity and the introduction of 
undesirable chemical moieties. Consequently, while this 
approach presents a noteworthy step forward in the large-
scale production of longitudinally opened CNTs, further 
refinement is essential to address the inherent issues relat-
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ed to the dimensions and quality of the produced graphene 
materials. Advances in optimizing this methodology hold 
significant promise for unlocking the full potential of 
graphene-based structures across diverse scientific and 
technological applications.

2. 5. Chemical Vapor Deposition (CVD)
Chemical vapor deposition (CVD) is a prominent 

method for the large-scale production of graphene, offer-
ing several advantages and disadvantages in terms of cost, 
yield, reproducibility, and quality.42–48 It enables the syn-
thesis of graphene on various substrates, mostly metals, 
such as copper or nickel surfaces, making it suitable for 
industrial applications.43,46,47,49–55 Moreover, CVD can 
yield high-quality graphene films with excellent electrical 
and mechanical properties, which are crucial for many ad-
vanced technologies.30,43,56–58 However, there are notable 
disadvantages associated with the CVD method. Cost can 
be a limiting factor, as it requires specialized equipment, 
precise control over reaction conditions, and the use of 
high temperatures and vacuum, making the initial setup 
and operation expensive. Additionally, the yield of 
high-quality graphene is greatly dependent on factors such 
as substrate quality and the need for post-processing steps 
to transfer graphene from the growth substrate. This can 
reduce the overall production efficiency and further in-
crease costs. Reproducibility in CVD is another challenge, 
as slight variations in growth conditions can lead to differ-
ences in graphene quality and thickness. Achieving uni-
formity across large-scale production can be difficult, re-
quiring tight process control.

Although the epitaxial growth of graphene on the Si 
crystal plane of silicon carbide (SiC) has emerged as a 
promising method to produce high-quality graphene, its 
distinct disadvantages, particularly in the context of large-
scale production, inevitably restrict the use of graphene to 
fundamental research and restrict applications, such as 
electronic devices and high frequency transistors.59 One 
significant advantage of this method is its ability to pro-
duce high-quality single-layer graphene directly on a 
technologically relevant substrate.42,60–63 The SiC lattice 
closely matches the graphene lattice, promoting epitaxial 
growth and reducing defects. This results in exceptional 
electronic quality, making it highly desirable for electron-
ic and optoelectronic applications. Additionally, the 
method offers good reproducibility, as it relies on well-es-
tablished semiconductor growth techniques.61–63 Howev-
er, there are notable disadvantages to consider. First, the 
cost of SiC wafers and the epitaxial growth equipment can 
be relatively high, which poses a barrier to large-scale 
production. Second, while the quality of graphene pro-
duced through this method is exceptional, the process 
may not be as scalable as some other techniques. The 
growth rate may be limited, impacting overall yield and 
production speed. Furthermore, the requirement for spe-

cialized SiC substrates can limit versatility and increase 
costs.

2. 6. �Polymerization from Organic Precursors
The organic synthesis of graphene is a bottom-up 

method based on the oxidative cyclodehydrogenation of 
oligophenylene and polyphenylene precursors to produce 
nanographene molecules and graphene nanoribbons 
(GNRs).30,64–70 The main advantage of this method is the 
possibility to create bandgap in the electronic structure of 
graphene and control its magnitude, which has enormous 
implications for application of graphene-based materials 
in electronic devices.71–81 For instance, by varying the 
width and edge termination of the GNRs, it is possible to 
tailor the magnitude of the bandgap with extreme preci-
sion, an essential step to design GNRs with accurate and 
reproducible electronic, optical, and magnetic properties 
for impending nanoelectronics, optoelectronics, and spin-
tronics applications.29,82–86 However, the scalability of the 
organic synthesis of GNRs together with its transfer pro-
cess remains challenging for practical application in devic-
es.87,88

2. 7. �Graphene and Graphene-Based 
Materials as Passive Components for 
Electrocatalysis
Fuel cells are electrochemical devices that convert 

chemical energy directly into electrical energy. Graphene's 
high electrical conductivity, large surface area, and chemi-
cal stability make it an ideal candidate for various compo-
nents in fuel cells. The use of graphene-based materials as 
catalyst supports, gas diffusion layers, and current collec-
tors has shown remarkable improvements in the overall 
performance and durability of fuel cells.89–93 These ad-
vancements contribute to increased power density, faster 
reaction rates, and prolonged cell life. For instance, in a 
study conducted by Yoo et al., it was observed that sub-na-
no Pt clusters, when supported on graphene nanosheets 
(Pt/GNS), demonstrated superior CO tolerance during the 
hydrogen oxidation reaction (HOR) compared to Pt clus-
ters dispersed on carbon black (Pt/CB).94 Electrochemical 
characterization revealed that, under pure H2 conditions, 
Pt/GNS, Pt/CB, and PtRu/CB exhibited comparable elec-
trocatalytic activities for the HOR, notwithstanding the 
variation in the carbon material utilized. Notably, the Pt/
GNS sustained a 52% activity level in the presence of H2 
and 500 parts per million (ppm) of CO, whereas the Pt/CB 
exhibited only 11% activity under the same conditions. Al-
though the mechanism behind the improved CO tolerance 
for Pt/GNS remains unclear, these findings underscore the 
enhanced CO tolerance and high durability of Pt/GNS, 
positioning graphene-based electrocatalyst supports as 
promising candidates for improving the performance of 
fuel cells.
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The oxygen reduction reaction (ORR) occurring at 
the cathodes of proton exchange membrane fuel cells 
(PEMFCs) is a crucial electrochemical process that signif-
icantly influences the overall efficiency of these energy 
conversion devices. Despite its importance, the slow kinet-
ics associated with the ORR remains a major drawback, 
impeding the widespread deployment of practical fuel 
cells. The sluggish nature of the ORR can be primarily at-
tributed to the complex four-electron transfer mechanism 
involved in reducing molecular oxygen to water. The intri-
cate nature of this process, coupled with the inherently 
limited surface area of conventional cathode materials, re-
sults in substantial overpotential and hinders the rate of 
oxygen reduction. Kou et al. utilized functionalized 
graphene sheets (FGSs) as support for Pt nanoparticles as 
electrocatalyst for the ORR in acidic media.95 Specifically, 
The FGSs were synthesized through the thermal expan-
sion of graphite oxide, and Pt nanoparticles, featuring an 
average diameter of 2 nm, were homogeneously deposited 
onto FGSs utilizing impregnation methods. Comparative 
analysis revealed that Pt-FGS exhibited a superior electro-
chemical surface area and oxygen reduction activity, cou-
pled with enhanced stability, in comparison to a commer-
cially available catalyst (20% Pt supported on Vulcan 
XC-72 carbon). Complementary techniques such as trans-
mission electron microscopy, X-ray photoelectron spec-
troscopy, and electrochemical characterization collectively 
indicate that the enhanced performance of Pt-FGS can be 
ascribed to the smaller particle size and reduced aggrega-
tion of Pt nanoparticles on the functionalized graphene 
sheets. This study highlights the significance of tailored 
catalyst-support systems in optimizing the electrocatalytic 
performance of oxygen reduction reactions for potential 
applications in energy conversion technologies.

A recent study about the influence of support’s struc-
ture and chemistry on platinum-based electrocatalysts 
showed that graphene derivative (GD) support confers 
higher stability and activity during ORR compared to the 
commercial benchmark carbon black (CB) support.96 Ac-
celerated degradation testing, conducted utilizing a 
high-temperature liquid electrolyte disc electrode, re-
vealed that reduced graphene oxide (rGO)-supported cat-
alysts exhibited enhanced electrochemical stability in both 
electrochemically active surface area and mass activity re-
tention compared to their CB-supported counterparts, in-
cluding the commercially recognized benchmark from 
Umicore (Elyst Pt30 0690). X-ray photoelectron spectros-
copy and Raman spectroscopy results suggested that the 
improved durability of the electrocatalyst is attributed to 
the increased content of sp2 carbon and the reduction of 
structural defects in the rGO support. These alterations 
may induce a modified metal-support interaction, influ-
encing the enhanced durability and performance of 
GD-supported catalysts. Furthermore, evaluation of high 
current density performance was conducted by measuring 
activity in a gas diffusion electrode half-cell. On average, 

both electrocatalysts based on rGO exhibited superior ki-
netic performance and high current density, pertinent for 
industrial applications. Notably, the peak power density 
values of the rGO-supported materials in this study sur-
passed those reported in prior publications and exceeded 
the state-of-the-art commercial Pt-Co benchmark. This 
positions rGO-based materials as highly promising candi-
dates for potential industrial applications as carbon-based 
catalyst supports, warranting further exploration in this 
direction.

Pavko et al. systematically assessed the durability of 
selected graphene derivatives (reduced graphene oxides, 
rGOs, and reduced graphene oxide nanoribbons, rGONRs) 
and carbon black (CB) employed as carbon supports for 
platinum-based ORR electrocatalysts.97 Two distinct series 
of electrocatalysts, one based on PtCu and the other on Pt-
Co nanoparticulate intermetallics, were uniformly dis-
persed on the specified carbon supports. Characterization 
through X-ray diffraction, transmission electron microsco-
py, and scanning electron microscopy indicated compara-
ble metallic components in both series (PtCu and PtCo) of 
the composite samples, with the primary distinction lying 
in the nature of the carbon support - a critical considera-
tion for investigating carbon support durability. In-depth 
X-ray photoelectron spectroscopy analysis affirmed sub-
stantial differences among the carbon supports in terms of 
total oxygen content, sp2 carbon content, and the nature of 
oxygen functionalities. To assess carbon support durability, 
the authors conducted specialized electrochemical acceler-
ated degradation tests (HT-ADTs), deliberately inducing 
carbon corrosion as the primary degradation mechanism. 
On average, electrocatalysts supported by rGO demon-
strated superior electrochemical durability compared to 
their CB supported counterparts. Notably, the CB support-
ed sample, despite exhibiting the lowest oxygen content, 
did not demonstrate the highest stability, suggesting that 
factors beyond total oxygen content significantly influence 
carbon support durability. Among these factors, the 
amount of sp2 carbon and its corrosion stability emerged as 
crucial, specifically, higher sp2 content correlated with in-
creased durability of the carbon support. Finally, the para-
mount parameter influencing electrochemical durability 
was identified as the content of carboxyl functional groups; 
higher amounts of this functional group in the carbon sup-
port corresponded to lower electrochemical durability. 
These findings were corroborated by direct measurements 
of evolving CO2 signals using an advanced in-situ electro-
chemical cell-mass spectrometry, which demonstrated car-
bon support degradation during potential cycling. The ob-
served trend aligned with that of HT-ADTs, where the least 
stable catalyst exhibited the highest CO2 signal, while the 
most stable catalyst exhibited the lowest, providing strong 
support for the results obtained from HT-ADTs. The 
knowledge gained can guide the development of more sta-
ble carbon supports, essential for the realization of practical 
and durable fuel cell systems.
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Alkaline direct ethanol fuel cells (ADEFCs) have 
emerged as a significant fuel cell type, particularly for 
portable and transportation applications, owing to their 
high theoretical energy density (8 kWh kg–1), environ-
mental friendliness, and the ease of handling ethanol com-
pared to other fuels like hydrogen.98 Ethanol, with advan-
tages such as production from agricultural products, 
relatively non-toxic fuel, and lower crossover from the an-
ode to the cathode, presents distinct merits over methanol. 
Despite these benefits, ADEFCs face a critical challenge in 
the development of cost-effective, highly active, and stable 
electrocatalysts for the ethanol oxidation reaction (EOR) 
at the anode.99 Addressing the impediment of sluggish ki-
netics in the EOR, Wolf et al. focused on the synthesis of a 
PdNiBi nanocatalyst supported on reduced graphene ox-
ide (rGO) through a facile synthesis method.100 Successful 
anchoring of PdNiBi nanoparticles onto the rGO support 
was achieved using the modified instant reduction meth-
od. Physicochemical analyses revealed a characteristic 
two-dimensional wrinkled sheet morphology associated 
with graphene-based materials. Additionally, the analyses 
demonstrated uniform and well-distributed metal parti-
cles, featuring an average diameter of 2.6 nm on the carbon 
support. This distribution was attributed to strong C–O–M 
(M = metal sites) bridges formed by the remaining oxygen 
functionalities of the rGO. Electrochemical tests high-
lighted the PdNiBi/rGO composite superior performance 
for EOR activity and stability compared to commercial 
Pd/C. The enhanced electrocatalytic activity was attribut-
ed to the generation of abundant active sites facilitated by 
the rGO support and the presence of oxophilic Ni and Bi 
elements.

2. 8. �Graphene and Graphene-Based 
Materials as Active Components for 
Electrocatalysis
Among metal-free electrocatalysts the development 

of electrocatalysts, carbon-based nanomaterials exhibit 
many advantageous properties, such as variously tunable 
chemical structures, large surface area, thermal stability, 
conductivity, excellent mechanical properties, and high 
durability in various electrochemical environ-
ments.89–93,101–106 These properties ensure that the materi-
als that serve as catalysts are inexpensive and have high 
tolerance to a wide pH range. In contrast, pristine carbon 
nanomaterials exhibit low electrocatalytic activity. There-
fore, various approaches have been developed to modify 
carbon structures and generate electronic structures with 
highly active catalytic activities. These modifications are 
achieved by localized distribution of charge and spin den-
sity.107

One strategy for fine-tuning the electronic proper-
ties of carbon nanostructures involves introducing intrin-
sic defects or increasing the edge structure. Among the 
various defects, the effect of point and line defects in 

graphene clusters was investigated using the DFT method 
on the catalytic ORR activity. The point defects used in the 
study were Stone-Wales defect, single vacancies, double 
vacancies, and substituting pentagonal ring and for one 
dimensional line defects pentagon-heptagon and penta-
gon-pentagon-octagon chains were used. It was found that 
the defects can generate spin density and catalyze ORR, 
similar to the graphene edges.108

Second possibility is to dope the carbon nanostruc-
ture with heteroatoms. The most popular heteroatoms are 
nitrogen (N), phosphorous (P) and boron (B)109–112 or 
bonds with oxygen (O), sulfur (S), chlorine (Cl), bromine 
(Br) and iodine (I)113,114 atoms at the edges. The different 
electronegativity of carbon and heteroatoms changes the 
local charge and spin density, which can have a positive ef-
fect on catalytic activity. The active sites in heteroa-
tom-doped carbon nanostructures are the carbon atoms 
near the dopant, the carbon atoms at the edges, or the do-
pant itself. For ORR activity, the density functional theory 
(DFT) calculations showed that heteroatom doping with N, 
P, B, S, Cl, Br, and I significantly change the charge and spin 
density and further increases the activity. It was also shown 
that oxygen functional groups such as –C–OH–, –C=O and 
–COOH near the edge enhance the ORR activity.115

The third technique is physisorption of organic com-
pounds to the graphene derivative nanostructures. It in-
volves various organic molecules (TCNE, C3N4, etc.) ad-
sorbed onto carbon nanotubes or graphene nanostructures. 
The catalytic potential results from electron transfer either 
between the organic compound and the graphene deriva-
tive. Electron transfer creates electrocatalytically active 
sites on carbon atoms with higher charge density.116,117

In 2010, nitrogen-doped graphene (N-graphene) has 
been successfully synthesized through chemical vapor 
deposition (CVD) of methane in the presence of ammo-
nia.118 This novel N-graphene exhibits remarkable electro-
catalytic activity, long-term operational stability, and 
crossover tolerance superior to platinum when employed 
as a metal-free electrode for oxygen reduction through the 
four-electron pathway in alkaline fuel cells. This study 
marks the pioneering use of graphene and its derivatives as 
metal-free catalysts for oxygen reduction. The incorpora-
tion of nitrogen into the graphene structure plays a pivotal 
role in enhancing the oxygen reduction reaction (ORR). 
The N-graphene film outperforms Pt/C electrodes, show-
casing a threefold increase in steady-state catalytic current 
over a broad potential range. Additionally, its long-term 
stability, crossover tolerance, and resistance to CO poison-
ing surpass those of Pt/C for oxygen reduction in alkaline 
electrolytes. This work not only underscores the versatility 
of N-doping in ORR, as demonstrated with nitro-
gen-doped carbon nanotubes and N-graphene, but also 
suggests broader implications for the development of di-
verse metal-free ORR catalysts for fuel cell applications.

Graphene derivatives doped with nitrogen have 
emerged as promising non-noble metal materials for the 
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ORR in both proton exchange membrane and alkaline fuel 
cells.118–120 Nosan et al. developed a rapid and scalable 
electrical induction heating method for the preparation of 
nitrogen-doped heat-treated graphene oxide deriva-
tives.121 Materials synthesized using this method exhibited 
significantly elevated specific surface areas and demon-
strated improved ORR activity compared to conventional 
synthesis approaches. Interestingly, the authors demon-
strated that the temperature program of induction heating 
could finely modulate the concentration of nitrogen func-
tionalities. Specifically, the amount of graphitic-N configu-
ration increased directly proportional to the final temper-
ature employed, coinciding with enhanced ORR activity in 
both alkaline and acidic electrolytes, suggesting that the 
concentration of graphitic-N could be responsible for the 
increased ORR activity. These findings contribute valuable 
insights for the development of non-metal nitrogen-doped 
heat-treated graphene oxide derivatives for applications in 
energy conversion systems.

The hydrogen evolution reaction (HER) and oxygen 
evolution reaction (OER) play a pivotal role in the field of 
electrocatalysis, particularly in the context of water elec-
trolyzers, where they serve as the cathodic and anodic 
half-reactions, respectively.122–126 HER involves the reduc-
tion of protons to produce molecular hydrogen and OER 
involves the conversion of water into oxygen and protons, 
crucial processes for the sustainable generation of hydro-
gen gas as a clean and renewable energy carrier. Efficient 
electrocatalysis of the HER and OER are imperative for 
enhancing the overall performance and economic viability 
of water electrolyzers, as it determines the rate at which 
hydrogen and oxygen are produced and influences the sys-
tem's energy efficiency.127–131 Electrodes with high catalyt-
ic activity for HER and OER facilitate lower overpoten-
tials, reducing the energy input required for hydrogen and 
oxygen evolution.132–136 Consequently, advancements in 
the design and development of electrocatalysts for HER 
and OER have significant implications for the scalability 
and commercialization of water electrolysis technologies, 
offering a pathway towards the realization of a clean and 
sustainable hydrogen economy.

Zheng et al. study presents the synthesis of a met-
al-free electrocatalyst, comprising exclusively carbon and 
nitrogen components, achieved through the integration of 
graphitic carbon nitride (g-C3N4) and nitrogen-doped 
graphene (N-graphene; NG).137 The resulting C3N4@NG 
hybrid exhibits distinctive molecular architecture and 
electronic characteristics, rendering it suitable for electro-
catalytic hydrogen evolution reaction (HER) applications. 
Despite not reaching the activity levels of state-of-the-art 
Pt catalysts, this metal-free hybrid demonstrates HER per-
formance comparable to well-established metallic coun-
terparts, including nanostructured MoS2 materials. Exper-
imental observations, complemented by density functional 
theory (DFT) calculations unveil the unique electrocata-
lytic properties arising from a synergistic effect within this 

hybrid nanostructure: g-C3N4 furnishes highly active hy-
drogen adsorption sites, while N-graphene facilitates the 
electron-transfer process during proton reduction. These 
results demonstrate the potential of well-designed met-
al-free catalysts, comparable to precious metals, for highly 
efficient electrocatalytic HER. Consequently, this work 
opens a promising avenue for the broader utilization of 
metal-free alternative materials, reducing reliance on no-
ble metals across diverse applications.

Jiao et al. systematically explored the HER across a 
range of non-metal heteroatom-doped graphene materi-
als, incorporating nitrogen, phosphorus, oxygen, sulfur, 
and boron.138 Employing electrochemical reaction rate 
measurements and density functional theory (DFT) calcu-
lations to assess adsorption energetics, the study estab-
lished a correlation between current density on each mate-
rial and hydrogen adsorption strength on molecular 
models. The integrated experimental and theoretical anal-
ysis revealed that the suboptimal catalytic activity of car-
bon-based catalysts stems from weak hydrogen adsorption 
on graphene surfaces. A distinctive volcano-shaped rela-
tionship emerged, linking the activity (current density) to 
the free energy of hydrogen adsorption, with an optimal 
doped-graphene electrocatalyst predicted to reside at the 
volcano's apex. To validate this hypothesis, the researchers 
fabricated and evaluated three co-doped graphene samples 
(nitrogen-sulfur, nitrogen-phosphorus, and nitrogen-bo-
ron), calculating their hydrogen adsorption energy using 
DFT. Both experimental and theoretical results converged, 
demonstrating that nitrogen-sulfur co-doped graphene 
emerged as the most active catalyst, attributed to its lowest 
hydrogen adsorption energy. This enhancement in activity 
is postulated to arise from a synergistic coupling effect be-
tween the two heteroatoms, highlighting the potential for 
tailored multi-element doping or the introduction of 
structural defects to engineer idealized doped graphene 
electrocatalysts for improved HER performance.

Zhao et al. study presents an investigation into the 
electrocatalytic activity of nitrogen-doped graphite nano-
materials derived from a nitrogen-rich polymer.139 These 
materials exhibit superior performance in the oxygen evo-
lution reaction (OER) in alkaline environments compared 
to conventional electrocatalysts. Remarkably, in the ab-
sence of transition metals, the optimized nitrogen/carbon 
materials demonstrate OER overpotentials as low as 0.38 
V at a current density of 10 mA cm–2 at pH 13, surpassing 
other non-metal OER electrocatalysts. Comprehensive 
electrochemical and physical analyses reveal that the im-
proved OER activity of the nitrogen/carbon materials aris-
es from active sites associated with pyridinic-N and/or 
quaternary-N functionalities. Specifically, carbon atoms 
adjacent to nitrogen atoms are postulated to be positively 
charged due to the electron-withdrawing nature of nitro-
gen atoms in a graphene π-system. This positive charge 
facilitates the absorption of OH– ions by the positively 
charged carbon, a phenomenon crucial for OER. In the 
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context of the limiting step of OER, the authors consider 
one plausible explanation is that the neighboring posi-
tive-charged carbon atoms aid the facile recombination of 
two oxygen adsorbed species (Oads). Finally, the authors 
suggest that another potential mechanism may involve ni-
trogen atoms, as their density of state in a graphitic sp2 car-
bon network is proximate to the Fermi level.140,141 Note-
worthy, further studies corroborated with these 
findings.142,143

Hydrogen peroxide (H2O2) serves as an environ-
mentally friendly oxidizing agent with diverse applica-
tions, prompting the exploration of alternative, efficient 
routes for its production. The two-electron oxygen reduc-
tion reaction (2e– ORR) emerges as a promising avenue, 
offering an attractive alternative to the energy-intensive 
anthraquinone oxidation process. However, conventional 
catalysts for 2e– ORR fall short of meeting industrial de-
mands. Addressing this, Lee et al. synthesized 3D graphene 
catalysts with controlled oxygen functional groups and de-
fects, achieved through a one-step aerosol spray drying 
process.144 A systematic investigation into the struc-
ture-electrochemical performance relationship of these 
graphene catalysts underscored the decisive role of oxygen 
functional groups and defects in facilitating H2O2 produc-
tion. The optimized graphene catalyst demonstrated ex-
ceptional H2O2 selectivity (92–100%) across a wide poten-
tial range with remarkable stability and a high production 
rate at 0.4 V vs. RHE (ca. 450 mmol gcat

–1 h–1). Comple-
mentary DFT calculations elucidated the contribution of 
diverse oxygen functional groups and defect sites to the 
2e– ORR pathway, establishing a scaling relation between 
OOH and O adsorption strengths. This thorough investi-
gation establishes a critical structure-mechanism-perfor-
mance relationship for nanostructured carbon systems in 
2e– ORR, offering crucial insights for the design of highly 
active and selective metal-free carbon electrocatalysts for 
H2O2 production, achievable through the precise tuning of 
oxygen functional groups and defect structures.

3. Flash Joule Heating (FJH)  
Method for Bulk Graphene  

Production
Flash Joule heating (FJH) is an electro-resistive 

method used for the synthesis of a broad spectrum of ma-
terials. As its name suggests, the method relies on the joule 
heat produced by the passage of rapid pulses of high-den-
sity electrical current through a conductive material. Un-
like most other thermal methods where heat (or energy 
flux which gets converted to heat) from an external source 
is applied on the surface and then penetrates trough the 
material in a process limited by the thermal conductivity 
of the sample, in FJH the heat is distributed uniformly 
throughout the whole volume. This feature allows very 
rapid heating rates in short periods of time, i.e. “in a flash”.

Joule heating has been in use for the sintering of ma-
terials for a long time and under different modifications 
lies in the basis of numerous processes. Under the umbrel-
la term “resistance sintering”, Orrù et al. summarized 60 
different process names by their first appearance in litera-
ture.145 In another review article, Grasso et al. trace trace 
the history of the technology back to the patent submitted 
by Bloxam from 1906 as “the first patent on pure direct 
current (DC) resistance sintering”.146 Despite the various 
processing parameters that differentiate the existing tech-
niques, they are all based on the same physical phenome-
non, the usage of the Joule heat for the synthesis of materi-
als.

Since the early 20th century, the FJH technology has 
been applied to a wide variety of advanced materials, but 
only recently it was used for the synthesis of graphene by 
Luong and co-authors.8 The graphene and its derivatives 
synthesized using FJH deserve significant attention, be-
cause of the remarkable properties reported. These prop-
erties are attributed to the rotationally disordered or tur-
bostratic structure of the flash graphene.147 The 
turbostratic arrangement of the individual graphene layers 
(or rotational mismatching about the axis normal to the 
graphene sheets) is a direct result of the rapid cooling rate. 
Specifically, the extremely fast temperature change (on the 
order of 104 K s–1) during the cooling process impedes the 
produced flash graphene (FG) to not assume the thermo-
dynamically favored arrangement and stacking of the 
graphene sheets (Bernal AB-stacked form).148

Figure 2. Typical flash Joule heating (FJH) setup diagram.

The Flash Joule Heating (FJH) process is typically 
conducted in a quartz tube (Figure 2 – element 1), chosen 
for its high thermal resistance. In this setup, a small quan-
tity of carbonaceous material is placed between two graph-
ite electrodes, which apply compression from both sides 
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until the desired electrical resistance is achieved. Since the 
FJH process requires rapid, high-current pulses that stand-
ard power grids cannot supply in such a brief time span, a 
large capacitor bank (Figure 2 – element 2) is generally 
used. This capacitor bank is charged to hundreds of volts, 
temporarily storing the necessary electrical energy, which 
is then swiftly discharged into the sample. A specialized 
electrical switch (Figure 2 – element 4), capable of han-
dling the high current, is employed to control this dis-
charge. As the flash process occurs within milliseconds, 
the switch is typically controlled by a microcontroller (Fig-
ure 2 – element 5) that manages the rapid release of the 
capacitor’s energy into the sample and halts the process 
once the pre-set pulse duration is reached. During the pro-
cess, an oscilloscope (Figure 2 – element 6) monitors the 
current and voltage in the system for detailed analysis. 
Temperature measurement is performed using an optical 
device (Figure 2 – element 8) that detects the light emitted 
by the heated carbon material, which is then compared to 
the spectrum of a grey body to estimate the temperature. 
When the pulse duration is completed, the electrical switch 
disconnects the circuit, ceasing the discharge and stopping 
further heat generation. From this point, the sample cools 
rapidly by natural means, typically 104 K s–1. The tempera-
tures reached in this process can exceed 3,000 K. At this 
temperature, all chemical bonds get broken and almost all 
the hetero atoms that are more volatile than carbon (O, H, 
N, S, P, etc.) leave the system through outgassing. This al-
lows the use of a wide range of materials as precursors to 
produce turbostratic FG. Almost any carbon-based pre-
cursor can be transformed into bulk quantities of 
graphene.149 Since no toxic and/or corrosive chemicals, 
solvents, and reactive gases are used, FJH offers a cheap 
and environmentally friendly method for the recycling of 
waste materials. Particularly, one of its key advantages over 
the traditional technologies for the synthesis of graphene 
is the possibility of upcycling low-value materials into 
high-value nanomaterials. Carbon-containing wastes and 
byproducts of different origins that often have little to no 
practical value require disposal or expensive utilization 
and even pose environmental hazards can be used as feed-
stock for flash graphene. For example, Luong and co-au-
thors have shown the use of coal, coke, and even negative 
value materials such as waste plastics, rubber tires and dis-
carded food can be processed into FG with purity greater 
than 99%.8

In terms of applicability, Tour and co-authors report 
that the FG produced shows higher quality compared to 
bulk graphene flakes produced using traditional methods 
(e.g., LPE and Oxidation with successive reduction). For 
instance, their carbon black-derived FG was used to pre-
pare cement composites which showed compressive and 
tensile strength three times larger than those of other re-
ported graphene-cement composites with the same load-
ing.8 In another work, FG prepared from rubber waste was 
again used as a reinforcing additive to cement and led to a 

~30% increase in concrete strength.150 Hence, if the FG 
production can be implemented on industrial scale, it 
would have a significant impact on our world. Stronger ce-
ment would lead to a reduction in the amount of concrete 
needed, which in turn can result in significant carbon 
emission reduction as the cement industry is one of the 
main sources of greenhouse gases, accountable for 5–7% 
of the global anthropogenic carbon dioxide emissions,151 
and at the same time represents ca. 7% of the industrial 
energy consumption.152

When FG (in this case derived from metallurgical 
coke)153 is applied as an additive in epoxy composites, the 
resulting composites have shown record high loading ra-
tios that haven’t been reported in the literature. Although 
graphene and other carbon nanomaterials have shown to 
improve the mechanical properties of epoxies, their high 
production costs limit their use on an industrial scale.153 
Since FG can be produced inexpensively and from low val-
ue material sources, it has been successfully used as a rein-
forcing and filler agent at weight ratios up to 50%. The re-
sulting composites show a significant increase in Young’s 
modulus, hardness, compressive strength and maximum 
elongation, as well as an impressive 496% increase in 
toughness compared to FG-free composites. Furthermore, 
the addition of such high amounts of FG to the epoxy 
composites resulted in a reduction of greenhouse gas 
emissions, and water and energy consumption during pro-
duction by more than a third compared to the pure epoxy, 
making FG a promising candidate for a more sustainable 
chemical industry.153 In terms of sustainability FJH offers 
additional advantages. Since the electrical energy used for 
the process is temporarily stored in a capacitor bank, FJH 
can act as a flexible load, meaning it can adjust its power 
consumption based on the availability of renewable elec-
tricity. Induction heating as well as other high temperature 
methods can benefit from the same source, but cannot 
compete with the ease, efficiency and speed offered by 
FJH.121 Moreover, it was demostrated that the application 
of electric current through the sample can facilitate the 
crystallization of graphene, leading to the formation of a 
higher quality product.154

4. Flash Graphene (FG) Applied to 
Electrocatalysis

The need to address rising energy consumption and 
environmental concerns requires the development of sus-
tainable and environmentally friendly energy storage and 
conversion technologies. Promising innovations in the 
field of energy conversion include fuel cells and electrolyz-
ers integrated into the electrochemical water cycle. This 
cycle revolves around oxygen reduction (ORR), oxygen 
evolution (OER), hydrogen evolution (HER), and hydro-
gen oxidation (HOR), central processes for the production 
of electricity, hydrogen, or chemical compounds. The ef-
fectiveness and accessibility of these energy solutions de-
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pend largely on the catalysts used. The most effective cata-
lysts are currently based on precious metals such as 
platinum, but their scarcity and exorbitant costs prevent 
their widespread use. Therefore, there is an urgent need for 
innovations in catalysts that not only offer better perfor-
mance and longevity but are also economically viable and 
do not require precious metals.107,155

Because the application of high-quality graphene 
and its derivatives for energy storage and conversion nec-
essarily requires large quantities to be produced at indus-
trial scale, FJH promises to have a tremendous influence in 
this field in the years to come (Figure 3). Although the use 
of FJH to produce FG and its derivatives is a relatively new 
technology, a few noteworthy examples for the application 
of FG in electrocatalysis already exist. Wyss and co-au-
thors used the FJH process to produce holey and wrinkled 
flash graphene (HWFG) from mixed plastic waste. Among 
the applications demonstrated, HWFG was used as elec-
trocatalyst for the hydrogen evolution reaction (HER) in 
acidic media in view of its high concentration of pores and 
edge defects.156 When derived from high-density polyeth-
ylene (HDPE), HWFG electrocatalyst showed an overpo-
tential of 613 mV (versus reversible hydrogen electrode, 
RHE) for hydrogen evolution in acidic media (Figure 4). 
Moreover, due to HWFG high surface area and porous 
structure, hydrogen gas (H2) can easily escape as it evolves 
from HWFG active sites, allowing for constant H2 produc-
tion over time. Because FJH synthesis process does not 
involve the use of transition metals, the HWFG activity for 
HER is solely related to carbon-based surface-active sites. 
Consequently, HWFG showed very promising stability for 
20 hours test, and even a slightly overpotential decrease 
(19 mV) over a –20 mA cm–2 current density, which was 
ascribed to the creation of more defects by cavitation 
caused by the H2 constant evolution.

Graphene doping is a well-known strategy to create 
electrocatalytic active sites within graphene sheets.102 Be-
cause of the harsh reagents usually employed for top-down 

synthesis of heteroatom-doped graphene (e.g., graphene 
oxide doping157), the possibility of producing heteroa-
tom-doped FG with high quality and impurity-free 
graphene flakes in bulk quantities at low-cost may open 
opportunities for its broad implementation in energy stor-
age and conversion applications. In a recent work, Chen 
and co-authors used the FJH method to synthesize 
graphene doped by different heteroatoms in bulk quanti-

Figure 3. Diverse applications of flash graphene and other carbon 
allotropes.

Figure 4. Assessment of HER electrochemical activity of mixed PW 
HWFG: a) Linear scan voltammograms; b) Tafel slope; c) Stability 
testing of HWFG at –20 mA/cm2. Graphs reproduced from refer-
ence.156 HWFG = holey and wrinkled flash graphene. FG = flash 
graphene. Pt/C = platinum nanoparticles supported on carbon.
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ties.111 Both doped (boron, nitrogen, oxygen, phospho-
rous, and sulfur) and co-doped (when more than one ele-
ment is used) FG showed high quality, similar to undoped 
FG, i.e. turbostratic structure, larger interlayer spacing 
between graphene sheets, and remarkable dispersibility. 
When applied as electrocatalysts for the oxygen reduction 
reaction (ORR) in alkaline media (Figure 5), sulfur-doped 
FG showed the highest activity, with a potential of 0.88 V 
(versus RHE) at a current density of –0.2 mA cm–2, and a 
Tafel slope of 74 mV dec–1. This result is in line with previ-
ous theoretical studies, where density functional theory 
(DFT) calculations revealed that sulfur-doped graphene 

clusters can be a competitive electrocatalyst for ORR de-
pending on their doping structures.114

A widely adopted strategy for enhancing and selec-
tively tuning the electrocatalytic properties of graphene is 
the introduction of defects into its crystal structure. In a 
paper published by S. Dong and co-workers flash joule 
heating is used as a new approach for reducing graphene 
oxide using an exceptionally brief flash duration of a mere 
1 ms. This approach enables the fabrication of defective 
graphene without intricate functional groups. The result-
ing material harbors a multitude of defects, and its unique 
three-dimensional structure allows it to withstand high 

Figure 5. Electrochemical characterization of electrocatalysts synthetized by Flash Joule heating (FJH): a) Schematic representation of heteroa-
tom-doped turbostratic graphene synthesis via FJH; b) Comparison of the oxygen reduction reaction performance among variously doped function-
alized flash graphene in 0.1 M KOH solution at 1600 rpm; c) Corresponding Tafel plots. Image and graphs reproduced from reference.111 FG = flash 
graphene. N-FG = nitrogen-doped flash graphene. S-FG = sulfur-doped flash graphene. B,N-FG = boron-nitrogen-doped flash graphene.
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currents and prolonged cycles without drastic failures 
when used as an anode material in LIBs. It exhibits a re-
markable reversible capacity of 1007 mAh/g after 5000 cy-
cles at the current density of 5 A/g – surpassing the perfor-
mance of graphene modified by other techniques.158

Several studies have highlighted the feasibility of 
flash joule heating as an effective method for recycling and 
regenerating graphite from spent lithium-ion batteries. 
Natural graphite is classified as a critical raw material by 
the European Union, highlighting its strategic importance. 
To achieve true sustainability, it is essential to develop ro-
bust recycling programs for graphite, which are currently 
not widely established. In another study, S. Dong and 
co-workers utilized flash joule heating to recycle graphite 
from end-of-life lithium-ion batteries, demonstrating that 
the recycled graphite outperforms new commercial graph-
ite in terms of electrical conductivity. Their comparison 
with other recent methods shows that the anodic graphite 
recovered through FJH exhibits higher initial Coulombic 
efficiency, near-complete capacity recovery, and is pro-
duced at significantly lower cost, all while requiring 
minimal processing time thus showing great potential for 
commercial applications.159 In a more recent study, Tour 
et. al demonstrated an ultrafast flash recycling method to 
regenerate the graphite anode. During this process the in-
trinsic 3D layered graphite core structure is preserved and 
is coated with a solid-electrolyte-interphase derived car-
bon shell, contributing to high initial specific capacity, su-
perior rate performance, and cycling stability, when com-
pared to anode materials recycled using a high- 
temperature-calcination method. An additional advantage 
of the process is that it allows the extraction of metal ions 
from the flashed anode waste with average recovery effi-
ciency reaching >99% using just 0.1M HCl.160

Since this technology is in its initial state of develop-
ment and application, the literature lacks comprehensive 
studies directly comparing the electrocatalytic properties 
of flash-graphene (FG) to those of the well-established car-
bon materials, the results available thus far affirm that flash 
joule heating is an exceptionally robust and sustainable 
method for synthesizing carbon-based electrocatalysts.

5. Perspective and Closing Remarks
In the fields of materials science and clean energy 

technologies, flash Joule heating (FJH) stands out as a 
groundbreaking method poised to revolutionize the large-
scale production of graphene and simultaneously open 
new pathways for advanced recycling, upcycling and utili-
zation of waste materials. This innovative technique har-
nesses the renewable power of high electric currents to 
rapidly elevate carbon-containing precursors to extreme 
temperatures, leading to the formation of turbostratic 
graphene (flash graphene (FG)). The remarkable attributes 
of FJH offer a new perspective on graphene manufactur-
ing, effectively addressing longstanding challenges in the 

industry. One of the most compelling aspects of FJH is its 
exceptional speed, with heating times measured in milli-
seconds. This rapid processing capability not only enables 
high production throughput but also promises to alleviate 
one of the critical bottlenecks in graphene manufacturing. 
Furthermore, FJH exhibits a unique ability to utilize a wide 
range of carbon sources, including biomass and waste ma-
terials, aligning with the pursuit of sustainability and eco-
nomic viability in materials production. This versatility, 
combined with the method's minimal waste generation, 
results in flash graphene with exceptional crystallinity, en-
dowing it with superior electrical and thermal conductivi-
ty. These attributes are of paramount importance for vari-
ous energy-related applications. As we consider the 
implications of FJH on a broader scale, it becomes evident 
that its scalability, versatility, and efficiency position it as a 
game-changer in graphene production. This transforma-
tive approach offers a promising pathway toward unlock-
ing the full commercial potential of graphene across vari-
ous industries, particularly in energy storage and 
conversion. In the context of clean energy, the imperative 
for innovation extends beyond materials production to ca-
talysis. Electrochemical processes such as oxygen reduc-
tion reaction (ORR), oxygen evolution reaction (OER), 
hydrogen evolution reaction (HER), and hydrogen oxida-
tion reaction (HOR) are pivotal in energy conversion and 
storage devices like fuel cells, electrolyzers, and metal-air 
batteries. Catalysts play a crucial role in accelerating these 
reactions, but their efficiency and cost-effectiveness are of 
outmost importance. Traditional precious metal catalysts, 
notably platinum, face limitations due to their scarcity and 
high cost, driving the need for alternative, metal-free cata-
lysts. Herein lies the significance of carbon-based nano-
materials as electrocatalysts, particularly in the context of 
graphene. These materials offer a plethora of advantages, 
high thermodynamic stability including tunable struc-
tures, high surface area, thermal stability, and conductivi-
ty. However, pristine carbon nanomaterials exhibit limited 
electrocatalytic activity. Innovative strategies such as in-
troducing intrinsic defects or edge structures, doping with 
heteroatoms, and physisorption of organic compounds 
have emerged to enhance their catalytic performance. The 
manipulation of carbon nanostructures through these 
techniques has yielded promising results. Point and line 
defects, as well as heteroatom doping, can generate charge 
and spin density, catalyzing crucial electrochemical reac-
tions. Moreover, the physisorption of organic compounds 
onto graphene derivatives fosters electron transfer and 
creates electrocatalytically active sites, contributing to im-
proved performance. In the quest for large-scale produc-
tion of high-quality graphene and its derivatives for energy 
applications, FJH holds great promise. Recent examples of 
its application in electrocatalysis, such as holey and wrin-
kled flash graphene (HWFG) for the hydrogen evolution 
reaction (HER), showcase its potential in energy conver-
sion. Notably, FJH-derived materials exhibit impressive 
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stability and cost-effective performance, devoid of transi-
tion metals, reaffirming the pivotal role of carbon-based 
surface-active sites in electrocatalysis.

As this novel method was only developed relatively 
recently in 2020,8 there are still some challenges and obsta-
cles to overcome for wider applicability. Many of the key 
challenges for scaling flash graphene production identified 
in the literature are related to the need for a deeper under-
standing and precise control of the processes occurring 
during FJH, which can vary depending on the specific 
feedstock used. In addition, life cycle assessments (LCA) 
of the production process and its overall environmental 
impact are essential. This requires the development of ad-
vanced computer models and process optimization as well 
as the implementation of comprehensive quality control 
protocols and standardization of the resulting graphene 
products.161,162 The reported ongoing industrial scaled up 
to 1 ton per day by early 2023 and targeted for 100 tons per 
day by 2024,163 at an electricity cost of around $100 per ton 
of graphene produced emphasize the promising future of 
the technology.

As we look ahead, the convergence of FJH and 
graphene-based electrocatalysis represents a paradigm 
shift in clean energy solutions. The integration of scalable 
and sustainable materials production with advanced cata-
lytic systems holds the key to unlocking the full potential 
of renewable energy technologies. The journey of scientific 
exploration and development in these domains promises a 
brighter and more sustainable future, where the marriage 
of innovation and sustainability will lead us towards clean-
er, more efficient energy solutions.
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Povzetek
Naraščajoče povpraševanje po trajnostnih in učinkovitih tehnologijah za pretvorbo energije zahteva stalno raziskovanje 
novih materialov in metod. Metoda Flash Joule (FJH) se pojavlja kot obetavna tehnika za množično proizvodnjo grafena, 
saj ponuja prednosti pred tradicionalnimi metodami. FJH hitro segreje ogljikove prekurzorje do ekstremnih temperatur 
z uporabo visokih električnih tokov, pri čemer se po hitrem ohlajanju tvori bliskoviti grafen. Ta pristop omogoča hitro 
obdelavo, visoko zmogljivost in uporabo različnih ogljikovih virov, vključno z biomaso in odpadki, kar ga naredi tra-
jnostnega in stroškovno učinkovitega. Poleg tega ustvarja minimalne odpadke in proizvaja bliskoviti grafen z izboljšano 
prevodnostjo, kar je ključnega pomena za energetske aplikacije. Zaradi možnosti razširitve, vsestranskosti in učinkovi-
tosti se FJH postavlja kot ključna metoda za komercializacijo grafena v različnih industrijah, zlasti pri pretvorbi energije. 
Ta pregled celovito obravnava principe sinteze FJH, s poudarkom na učinkovitosti, razširljivosti in trajnosti. Poleg tega 
analizira nedavne napredke pri elektrokatalizatorjih, temelječih na bliskovitem grafenu, in raziskuje njihov vpliv na ob-
novljivo energijo ter trajnostno elektrokatalizo. Obravnavani so izzivi in priložnosti, pri čemer so začrtane smernice za 
prihodnje raziskave. Nadaljnji napredek ima velik potencial za revolucijo v proizvodnji grafena in njegovo vključitev v 
energetske sisteme nove generacije, kar bo prispevalo k prehodu na čistejše energetske rešitve.
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Abstract
Leuprolide acetate is a synthetic gonadotropin-releasing hormone agonist used in the treatment of central precocious pu-
berty, uterine fibroids, endometriosis, and prostate cancer. In this study, the rapid, simple, environmentally friendly, and 
sensitive voltammetric method was developed for the quantification of leuprolide acetate in the presence of an anionic 
surfactant on a glassy carbon electrode. The effect of surfactant types, pH, and scan rate on the voltammetric response 
of leuprolide acetate were evaluated. Using square wave voltammetry, two anodic peaks were observed at 0.81V and 1.26 
V for the glassy carbon electrodes at pH 3.70 (acetate buffer solution). The oxidation peak currents of leuprolide acetate 
were enhanced in the presence of 8.0 × 10–2 mM sodium dodecyl sulfate. The sodium dodecyl sulfate monomer can be 
drawn to amino moieties in the drug structure through electrostatic interaction. The voltammetric behavior of leuprolide 
acetate exhibited irreversible and diffusion-adsorption mix-controlled processes by cyclic voltammetry. All stripping 
conditions and square wave voltammetric parameters were optimized at pH 3.21 (phosphate buffer). Under optimized 
conditions, the proposed method exhibits linearity in the concentration range of 3.64 × 10–6–2.00 × 10–4 mM with a 
nano-level detection limit of 4.70 × 10–7 mM by square wave adsorptive stripping voltammetry. The developed method 
was applied for the determination of leuprolide acetate in a pharmaceutical dosage form with a satisfactory recovery of 
97.72%.

Keywords: Leuprolide acetate, voltammetry, determination, sodium dodecyl sulfate, validation

1. Introduction
Leuprolide acetate (LPA) in nonapeptide structure 

known by the chemical name 5-oxo-L-prolyl-L-histidyl-L-
tryptophyl-L-seryl-L-tyrosyl-D-leucyl-L-leucyl-L-arginyl-
N-ethyl-L-prolinamide acetate (Scheme 1) is a synthetic 
gonadotropin-releasing hormone agonist1. It is more po-
tent and durable to peptidases than the native hormone1,2. 
LPA received its first FDA approval in 1985 for the sympto-
matic treatment of advanced prostate cancer. LPA acts to 
stimulates luteinizing hormone (LH) initially2. But contin-
uous utilization of LPA decreases gonadotropin-releasing 
hormone receptors' activity in the pituitary gland and caus-
es complete suppression of LH, follicle-stimulating hor-
mone and gonadal steroids. LPA is used in the treatment of 
central precocious puberty, uterine fibroids, endometriosis, 
in vitro fertilization and prostate cancer.

The elimination half-life of 1 mg LPA is 2.9 hours 
and 3.6 hours for intravenous injection and subcutaneous 

injection, respectively. While the mean areas below the 
concentration-time curve are similar for short-acting le-
uprorelin subcutaneous or intravenous injection, a 

Scheme 1: Structure of LPA
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dose-dependent increase in the concentration-time curve 
was detected between 0 and 35 days after depot injection3. 
LPA binds to human plasma proteins at 43–49%. The max-
imum concentration of LPA is typically achieved 4–5 
hours after injection regardless of the formulation and 
starting dose and varies widely in the range of 4.6–212.0 
ng/mL. After administration of 3.75 mg of LPA depot sus-
pension to 3 patients, less than 5% of LPA is excreted un-
changed or as the pentapeptide metabolite in the urine.

The quantification of LPA has primarily been per-
formed using methods based on liquid chromatography 
(LC) combined with mass spectrometry (MS)4–6. A 
voltammetric method for the determination of LPA was 
developed by our group and the possible electrochemical 
mechanism of LPA was discussed7. The results revealed 
that the first oxidation process of LPA may occur on the 
hydroxyl group of the benzene ring of the molecule. It was 
concluded that a second oxidation step may occur on the 
nitrogen atom in the indole ring of the molecule leading 
finally to hydroxylation of the benzene ring.

The chromatographic studies need high volumes of 
organic solvents and time-consuming sample prepara-
tion procedures. Also, both LC and MS devices are ex-
pensive compared to electroanalytical instruments. The 
other advantages of electroanalytical methods include 
low sensitivity, low cost, environmentally friendly and 
short analysis time. The glassy carbon electrodes known 
for long-term stability can be used in drug analysis using 
electroanalytical methods. The surfactants that may pro-
vide significant enhancement of the response of drugs 
(even in trace quantities) were extensively utilized for 
various electroanalytical applications8–16 The most valua-
ble properties of surfactants in electrochemistry are the 
adsorption at interfaces and the aggregation into supra-
molecular structures. For such properties, sodium dode-
cyl sulfate (SDS) is often employed, representing an ani-
onic surfactant that contains a 12-carbon tail attached to 
a sulfate group.

The aim of this study was to develop the square wave 
adsorptive stripping (SWAdS) voltammetric method for 
the sensitive determination of LPA in the presence of SDS 
on a glassy carbon electrode (GCE). In addition, the pro-
posed method was utilized for the quantification of LPA in 
pharmaceutical dosage forms.

2. Experimental
2. 1. �Apparatus and Electrochemical 

Procedure

PalmSens equipment (PSTrace 5.7) was used for 
electrochemical measurements. A GCE with a 3 mm di-
ameter (working electrode, BAS MF-2012), a platinum 
wire (counter electrode, BAS MW-1032), and an Ag/AgCl 
(300 mM NaCl) (reference electrode, BAS MF-2052) were 

used in the electrochemical cell. Experiments were imple-
mented at room temperature. The GCE was polished with 
aluminium oxide slurry on a damp smooth polishing pad. 
A Model 538 (WTW, Austria) pH meter was used for all 
pH measurements.

Potential step was set at 5 mV, and the scan rate was 
set to 0.1 V/s for cyclic voltammetry. Differential pulse 
voltammetry (DPV) parameters were as follows: potential 
step: 5 mV; potential pulse: 20 mV; pulse time: 0.07s; scan 
rate 0.02V s–1. Square wave voltammetry (SWV) parame-
ters were potential step: 10 mV, amplitude: 0.1 V, frequen-
cy: 20 Hz.

The optimum conditions of square wave adsorptive 
stripping (SWAdS) voltammetry were found as a step po-
tential of 18 mV; an amplitude of 100 mV; a frequency of 
100 Hz; an accumulation potential of 200 mV, and an ac-
cumulation time of 180 s.

2. 2. Chemicals
LPA was kindly supplied by Abbott Pharmaceutical 

Company (İstanbul, Turkey). Its pharmaceutical dosage 
form lucrin (5mg/mL), was purchased from a pharmacy. 
Cetyltrimethylammonium bromide (CTAB) (≥98%), SDS 
(≥99%), benzalkonium chloride (BAC) (≥95%), triton-X 
100, tween 20, methanol, sulphuric acid, acetic acid, boric 
acid, phosphoric acid, sodium hydroxide and ultra-pure 
water were purchased from Merck (Darmstadt, Germany).

2. 3. Preparation of Solutions
The stock solutions of 1.0 × 10−3 M SDS, BAC, tri-

ton-X 100, and tween 20 were freshly prepared in ul-
tra-pure water and 1.0 × 10−3 M CTAB was prepared in 
methanol. Acetate buffer (pH 3.6–5.6), phosphate buffer 
(pH 2.0, 3.0, and pH 6.0–8.0), Britton-Robinson buffer 
solutions (BR, 0.4 M, pH 2.0–10.0), and 0.1 M sulphuric 
acid supporting electrolyte were prepared. All solutions 
were kept at 4 oC.

The stock solution of 1.0 × 10−3 M LPA was prepared 
in methanol. The working solutions of LPA (1.0 × 10−2 
mM) were prepared by diluting the stock solution of LPA 
with buffer solution and 8.0 × 10–2 mM SDS containing 
20% of methanol (v/v).

2. 4. �Analysis of LPA in Pharmaceutical 
Dosage Form
Adequate amount of lucrin injection solution (con-

tain 5 mg LPA per mL of the solution) was dissolved in 
methanol to prepare the stock solution of 1.0 × 10−3 M in-
jection solution.

The working solutions were prepared by diluting the 
stock solution of 1.0 × 10−3 M lucrin with pH 3.21 phos-
phate buffer solution and SDS containing 20% of methanol 
(v/v).
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The nominal substance content in the pharmaceuti-
cal dosage form was determined using the regression data 
obtained from the calibration curve in concentration 
range from 3.64 × 10–6 to 2.00 × 10–4 mM. For recovery 
experiments, 2 mg of pure drug was added to the pharma-
ceutical dosage form, and % recovery was determined us-
ing the calibration regression data (More details are given 
in Section 3.5).

3. Results and Discussion
3. 1. �The Effect of Surfactant on Voltammetric 

Behaviour of LPA

Pulse techniques (DPV and SWV) were used to ob-
tain the distinctive information on the voltammetric re-
sponse of LPA. Due to the repeatable results, DPV was 
preferred to assess the effect of surfactant types on the 
electrochemical response of LPA on GCE. In acetate buffer 
(pH 3.70), LPA showed two anodic peak responses, name-
ly, a first peak (Ep1, ip1) and second peak (Ep2, ip2) on bare 
GCE as seen in Table 1. The voltammetric behavior of 1.0 
× 10−2 mM LPA was evaluated in the presence of 1.0 × 10−2 
mM SDS, BAC, CTAB, Triton-X 100, and Tween 20 in ac-
etate buffer (pH 3.70) (randomly selected) as seen in Table 
1. The higher anodic peak currents of LPA were obtained 
in the presence of SDS. As a result of this study, SDS was 
chosen for all subsequent experiments. Table 1 shows that 
first peak current (ip1) was significantly higher than the 
second peak current (ip2) of LPA.

Table 1: The effect of surfactants on the voltammetric peak poten-
tials and currents of LPA on GCE by DPV in acetate buffer (pH 
3.70)

Surfactant types	 Ep1 (mV)	 ip1 (µA)	 Ep2 (mV)	 ip2 (µA)

–	 0.821	 0.083	 1.249	 0.035
SDS	 0.806	 0.192	 1.310	 0.048
Tween 20	 0.816	 0.115	 –	 –
Triton X-100	 0.831	 0.107	 1.224	 0.016
CTAB	 0.831	 0.114	 1.284	 0.006
BAC	 0.841	 0.074	 –	 –

3. 2. �The Effect of SDS Concentration on 
Voltammetric Response of LPA
The effect of SDS concentration on voltammetric 

responses of 1.0 × 10−2 mM LPA was performed in the 
range of 1.0 × 10–4 – 2.0 × 10–1 mM in acetate buffer (pH 
3.70) using DPV and SWV. The critical micelle concen-
tration of SDS is 8.2 mM. Once the concentration is low-
er than 8.2 mM, SDS is randomly dispersed as monomers 
in the aqueous solution19.  Because of the higher peak 
current, SWV was selected to assess the effect of SDS 
concentration. As shown in Fig. 1, the ip1 of LPA en-

hanced with increasing concentration of SDS up to 8.0 × 
10–2 mM and then ip1 was rather small. The high value of 
ip1 was obtained in the presence of 8.0 × 10–2 mM SDS, 
which was selected as the optimal concentration for sub-
sequent experiments. 

Figure 1: Effect of SDS concentration on ip1 of LPA (1.0 × 10−2 mM) 
in acetate buffer (pH 3.70) by SWV.

Fig. 2 depicts the effect of 8.0 × 10–2 mM SDS on 
the voltammograms of 1.0 × 10−2 mM LPA in acetate 
buffer (pH 3.70) by SWV. The ip1 of LPA was enhanced, 
and its peak potential (Ep1) slightly shifted to a less pos-
itive potential, while the ip2 of LPA also slightly in-
creased and its peak potential shifted (Ep2) to a more 
positive potential (Fig. 2). It was concluded that the neg-
atively charged SDS monomers can be attracted to the 
amino moiety on the LPA structure via electrostatic in-
teraction17. Because of this interaction, more LPA mole-
cules can rapidly reach the GCE surface, increasing the 
peak currents. 

Figure 2: The SW voltammograms of LPA (1.0 × 10−2 mM) in the 
absence of SDS (red) and the presence (black) of SDS (8.0 × 10–2 

mM) in acetate buffer (pH 3.70).
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3. 3. �The Influence of pH and Scan Rate on 
Voltametric Response of LPA
The impact of pH on LPA response is significant for 

enlightening the voltammetric behaviour of LPA. The 
voltammetric responses of 1.0 × 10−2 mM LPA in the pres-
ence of 8.0 × 10–2 mM SDS in the pH range of 1.0–11.0 
using acetate buffer, phosphate buffer, Britton-Robinson 
buffer solutions, and 0.1 M sulphuric acid supporting elec-
trolyte were assessed by cyclic voltammetry, DPV, and 
SWV. Higher peak current was obtained using SWV, 
which was selected for further method development stud-
ies.

Fig. 3A exhibited the SW voltammograms of 1.0 × 
10–2 mM LPA in the presence of 8.0 × 10–2 mM SDS in 
various pH values. The maximum ip values were obtained 
in phosphate buffer with pH 3.21 (Fig. 3B), in which LPA 
showed two well-defined anodic peaks at 0.80 V (Ep1) and 

1.35 V (Ep2) (Fig. 3A). The ip1 of LPA was significantly 
higher than ip2 (Fig. 3A), which was selected for further 
method development studies.

By SWV, in the pH range of 1.0–9.0 (Figure 4), the 
Ep1 and Ep2 of LPA were shifted to lower positive values, 
which can be expressed by the following equations;

Ep1 (V) = –0.032 pH + 0.872 (r: –0.980)� (1)

Ep2 (V) = –0.073 pH + 1.542 (r: –0.989)�  (2)

This shifting indicated the changes in the acid-base 
protonation functions in LPA molecule.

The effect of scan rate on the first peak oxidation 
process of 4.0 × 10–2 mM LPA was investigated using cyclic 
voltammetry in the range of 0.005–0.5Vs–1 (Figure 5) in 
phosphate buffer (pH 3.21) in the presence of SDS (8.0 × 
10–2 mM).

Figure 3: A: SW voltammograms of LPA (1.0 × 10–2 mM) in the pres-
ence of SDS (8.0 × 10–2 mM) on GCE at different pH values (pH 2.00 
BR buffer (red), pH 3.21 phosphate buffer (black), pH 4.62 acetate 
buffer (blue), pH 5.68 acetate buffer (pink)). B: The effect of various 
supporting electrolyte and pH (: acetate buffer, : phosphate buff-
er, : BR buffer, : 0.1M H2SO4) on ip1 (1.0 × 10–2 mM LPA).

Figure 4: The effect of pH on Ep1 (, black color) and Ep2 (, red color) 
for LPA (1.0 × 10–2 mM) in the presence of SDS (8.0 × 10–2 mM).

Figure 5: Cyclic voltammograms of LPA (4.0 × 10–2 mM) scanned 
at the following scan rates (mVs–1); 500 (green), 200 (pink), 100 
(blue), 50 (red) and 10 (black).
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There was a linear relationship between ip1 and the 
scan rate (v) where n: number of data points as seen in the 
following equation;

ip1 (μA) = 16.29 ν (Vs–1) + 0.703 (r: 0.994; n: 9)� (3)

A plot of log ip1-log v gave a straight line where n: 
number of data points as follows;

log ip1 (μA) = 0.69 log v (Vs–1) + 1.125 (r: 0.999; n: 9)� (4)

The slope was found as 0.69. This suggests the elec-
trochemical process was realized under diffusion-adsorp-
tion mixed controlled21.

3. 4. �The Effect of Accumulation Potential/
Time and SWV Parameters on Peak 
Currents

Given that LPA may be adsorbed at the electrode 
surface, the influence of deposition potential (Eacc)  
and time (tacc) were evaluated for LPA solution (1.0 × 103 
mM) in the presence of SDS (8.0 × 10–2 mM) by SWV.

The tacc was constant at 60 s, the effect of Eacc on peak 
currents was studied in the range from 0.0 to 1.5 V (Figure 
6A). The 0.2 V was chosen due to the better repeatability 
and higher peak currents. Then the effect of tacc on peak 
currents was varied in the range 0–360 s, and tacc of 180 s 
was selected (Figure 6B). The optimal conditions of 
SWAdS voltammetric method were Eacc of 0.2 V and tacc of 
180 s.

The influence of parameters including step potential 
(Estep), frequency, and pulse amplitude on peak currents of 
1.0 × 10−3 mM LPA in the presence of 8.0 × 10–2 mM SDS 
was evaluated. The step potential was selected in the range 
of 4 to 22 mV at a constant frequency of 20 Hz, amplitude 
of 100 mV, Eacc of 0.2 V, and tacc of 180 s. The ip1 and ip2 
increased up to 18 mV, which was chosen as the optimal 
value (Fig. 7A). The pulse amplitude varied from 10 to 150 
mV, and the ip1 and ip2 were increasing up to 100 mV (Fig. 
7B), which was chosen as the optimum. The effect of the 
frequency on peak currents was studied between 10–100 
Hz and 100 Hz was chosen (Figure 7C).

3. 5. �Analytical Method Development and 
Validation
Considering all the results thus far, due to the higher 

peak current, ip1 of LPA was assessed for the development 
of the analytical method compared to ip2.

The LPA response improved in the presence of 8.0 × 
10–2 mM SDS by performing deposition of 180 s at 0.2 V, 
step potential of 18 mV, pulse amplitude of 100 mV, and 
frequency of 100 Hz using the SWAdS voltammetric tech-
nique.

All analytical method validation parameters con-
taining limit of detection (LOD), limit of quantification 
(LOQ), linearity, precision, and accuracy were calculated 
according to ICH guidelines17.The precision of the pro-
posed method was evaluated in terms of repeatability and 
reproducibility by calculating the relative standard devia-
tions (RSD %) with five replicates (n = 5). The accuracy of 
the proposed method was quantitatively given by the use 
of relative errors (Bias %) with three replicates (n = 3). 
LOD and LOQ values were calculated based on the follow-
ing equations:

LOD = 3s/m; LOQ = 10s/m where “s” is the standard 
deviation of the lowest concentration-response (three rep-
licates) and m is the slope of the calibration line.

Using optimized conditions, the SWAdS voltammet-
ric method was developed for the determination of LPA in 
the presence of SDS (8.0 × 10–2 mM) in phosphate buffer 

Figure 6: The effect of the E  acc (A) and tacc (B) on ip1 (, black 
color) and ip2 (, red color) of LPA (1.0 × 10–3 mM) in phosphate 
buffer (pH 3.21) in the presence of SDS (8.0 × 10–2 mM) examined 
by SWAdV.
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(pH 3.21). The calibration curves were linear in the range 
from 3.64 × 10–6–2.00 × 10–4 mM. Equation for calibration 
curve was ip (µA) = 4.86 × 107 C (mM) – 0.015 with corre-
lation coefficient of r = 0.9986. Some selected SWAdS 
voltammograms of calibration curve were given in Fig. 8. 
LOD was calculated to be 4.70 × 10–7 mM, while LOQ was 
calculated to be 1.42 × 10–6 mM. The RSD% ±SE values of 

repeatability and reproducibility of 5.46 × 10–5 mM LPA 
were 1.86±0.05 and 2.11±0.06, respectively. The precision 
values suggest that the proposed method is convenient for 
quantification of LPA in pharmaceutical dosage forms.

For accuracy studies the developed method was 
applied to pharmaceutical dosage forms in the presence 
of SDS (8.0 × 10–2 mM) in phosphate buffer (pH 3.21). 
The sample preparation procedure was reported in the 
experimental part. The developed method was utilised 
to determine of LPA in pharmaceutical dosage forms 
(5mg/mL) without any matrix effects using the related 
linear regression equations of the bulk form. The recov-
ery studies were performed by standard addition meth-
ods in which 2 mg of pure LPA solution were added to 
the pharmaceutical dosage form (Figure 9). The recov-
ery parameters (Table 2) were calculated using the relat-
ed calibration equations. The recovery value of 97.72% 
exhibited that the proposed method is free from inter-
ferences of the excipients in pharmaceutical dosage 
forms17.

Table 2: Analysis LPA in pharmaceutical dosage form and recovery 
studies.

Labeled claim (mg/mL)	 5.00
Amount founda (mg/mL)	 4.92±0.05
RSD (%)	 0.98
Bias (%)	 –1.61
Added (mg)	 2.00
Found a (mg)	 1.95±0.09
Average recovery (%)	 97.72±4.52
RSD (%) of recovery	 4.63
Bias (%)	 –2.28 

a Each value is the mean of three replicates given with standard error 
value

Figure 7: Influence of Estep (A), pulse amplitude (B), and frequency 
(C) on ip1 (, black color) and ip2 (, red color) of LPA (1.0×10−3 
mM) in phosphate buffer (pH 3.21) in the presence of SDS (8.0 × 
10–2 mM) examined by SWAdV.

Figure 8: SWAd voltammograms of supporting electrolyte (purple), 
LPA levels of 1.0 × 10–5 mM (green), 2.0 x10–5 mM (pink), 4.0 × 10–5 
mM (blue), 8.0 × 10–5 mM (red), and 1.0 × 10–4 mM (black) at pH 
3.21 (phosphate buffer) in the presence of 8.0 × 10–2 mM SDS.
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Figure 9: SWAdVs of labeled claim (black) and added amount (red) 
of LPA levels in pH 3.21 phosphate buffer in the presence of 8.0 × 
10–2 mM SDS.

4. Conclusion
A reliable, sensitive, and low-cost SWAdS voltam-

metric method has been developed for the quantification 
of LPA in the presence of SDS on a glassy carbon electrode. 
The peak currents of LPA demonstrated higher sensitivity 
in the presence of 8.0 × 10–2 mM SDS. The monomer 
structure of anionic surfactant can be attracted to amino 
moieties in LPA structure via the electrostatic interaction. 
The developed method showed excellent analytical perfor-
mance with nano-level detection limits and good repro-
ducibility. The method enables measurement without 
time-consuming electrode modifications and sample 
pre-treatment. The developed method was administered 
for the determination of LPA in the pharmaceutical dosage 
form with satisfactory recovery. This simple and rapid 
electrochemical method may open the way for possible ap-
plications in the field of analytical chemistry for direct de-
termination of LPA in pharmaceuticals.
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Povzetek
Leuprolid acetat (LA) je sintetični agonist gonadotropin sproščujočega hormona, ki se uporablja pri zdravljenju cen-
tralne prezgodnje pubertete, materničnih fibroidov, endometrioze in raka prostate. V tej študiji je bila razvita hitra, pre-
prosta, okolju prijazna in občutljiva voltametrična metoda za kvantifikacijo LA v prisotnosti anionske površinsko aktivne 
snovi na elektrodi iz steklastega ogljika. Ovrednoten je bil vpliv površinsko aktivnih snovi, pH in hitrosti skeniranja na 
voltametrični odziv LA. Pri pH 3,70 (raztopina acetatnega pufra) sta bila z voltametrijo s kvadratnim spreminjanjem po-
tenciala (“square wave voltammetry”) zaznana dva anodna vrha pri 0,81 V in 1,26 V. S “square wave” adsorptivno inver-
zno voltametrijo (“square wave adsorptive stripping voltammetry”) je bila pri optimiziranih pogojih umeritvena krivulja 
za LA linearna v koncentracijskem območju od 3,64 × 10–6 do 2,00 × 10–4 mM, meja zaznave pa je bila 4,70 × 10–7 mM. 
Razvita metoda je bila uporabljena za določanje LA v farmacevtski obliki.
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Abstract
Schiff bases have various pharmacological activities due to the azomethine (–C=N–) group. Usnic acid is the most fa-
mous lichen metabolite and it contains two carbonyl groups to synthesize the Schiff base derivatives with primary amines. 
Therefore, in the current study, the known Schiff base derivatives 2–5 of usnic acid (1) were synthesized to explore their 
antidiabetic, neuroprotective, antioxidant, antidepressant and anti-Parkinson’s disease properties. Among the tested 
compounds, compound 4 exhibited the strongest antidiabetic and antidepressant activities, inhibiting α-glycosidase, 
α-amylase and MAO-A enzyme activities, respectively. Moreover, all of the tested compounds strongly scavenged the 
ABTS and DPPH radicals and the ABTS radical scavenging activities of 3 and 4 were found to be higher than the com-
mercial antioxidants BHA and trolox. None of the tested compounds showed any significant anti-Parkinson’s disease 
activity or neuroprotective action. In conclusion, compound 4 can be suggested as a drug candidate molecule for further 
studies due to its strong antioxidant, antidiabetic and antidepressant properties.

Keywords: Usnic acid; Schiff base; Biological activity; Antidiabetic; Antidepressant; Antioxidant

1. Introduction
Schiff bases or imine bases have been frequently 

used in various fields of industry, such as the paint indus-
try, polymer technology, pharmaceutical industry, medi-
cine, agriculture, preparation of rocket fuel, and explana-
tion of biological events, as well as in many other areas due 
to the groups in their structures.1 Schiff bases can be syn-
thesized from an aliphatic or aromatic amine and a car-
bonyl compound by nucleophilic addition, forming a 
hemiaminal, followed by dehydration to generate an im-
ine. They contain the imine or azomethine (–C=N–) group 
in their chemical structures. Schiff bases have been used in 
medicine for various pharmaceutical purposes, such as an-

ti-inflammatory, analgesic, antimicrobial, anticonvulsant, 
antituberculosis, anticancer, antioxidant and antihelmin-
thic.1–8 Imine bases are also known as good nitrogen lig-
ands due to their ability to form complexes with metal 
ions. These ligands provide one or more electron pairs to 
the metal ion during the coordination compound's forma-
tion. Schiff bases can form highly stable 4-, 5-, and 6-mem-
bered ring complexes if they donate more than one elec-
tron pair.2,9,10

Medicinal plants or herbs have been used in the 
treatment of various diseases in traditional medicine prac-
tices since prehistoric times. The therapeutic properties 
of medicinal plants are frequently due to their secondary 

mailto:ld11012@mail2.gantep.edu.tr
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metabolites.11,12 Although lichens and mosses are both 
called non-vascular plants, lichens are not plants. Lichens 
are a complex life form that is a symbiotic partnership of 
two separate organisms, a fungus and an alga. Lichens are 
widespread symbionts and play important roles in many 
terrestrial ecosystems due to their quick adaptation to all 
climatic and geographical conditions.13 Lichens, like plants, 
have been used in traditional medicine to treat various dis-
eases since ancient times.14–16 Unlike plants, lichens synthe-
size unique and characteristic secondary metabolites such 
as dibenzofurans, diphenyl ethers, depsides, depsidones 
and the degradation products of depsides and depsidones 
etc.14,17–20 Usnic acid is a well-known metabolite synthe-
sized by various lichen species and is notable for its diverse 
pharmacological properties, including analgesic, antibacte-
rial, antiprotozoal, anti-inflammatory, antiulcer, anticholin-
ergic, antiproliferative, and apoptotic effects against differ-
ent cancer cell lines.21–32 Usnic acid has two carbonyl groups 
in its chemical structure and thus, its Schiff base derivatives 
can be synthesized via condensation reactions with primary 
amines.2–10,33–37 Therefore, in the current study, we aimed 
to evaluate the antidiabetic, antidepressant, anti-Parkinson’s 
disease, anticholinesterases and antioxidant potentials of 
previously synthesized Schiff base derivatives of usnic acid 
with primary amines, 4-aminophenol, 3-aminophenol, 
2-aminophenol and 4-aminomorpholine.

2. Experimental
2. 1. Reagents and Instrumentation

Solvents and all of the required reagents used in the 
synthesis and isolation process were provided by Merck 
(Darmstadt, Germany), Riedel de Haen, Fluka and Sig-
ma-Aldrich (St. Louis, MO, USA). The 1H NMR spectra of 
the synthesized compounds were measured in DMSO-d6 
using a Bruker 400 MHz instrument. An Agilent (Cary 
600 Series) (4000–400 cm−1) instrument with an ATR at-
tachment was used to obtain the FTIR spectra. Melting 
points were measured with a EZ-Melt apparatus. Bioassay 
experiments were recorded on a UV-Visible Spectropho-
tometer (T80 + UV PG Instrument Ltd.). Thin layer chro-
matography (TLC) was performed on the silica gel 60F-
254 (Merck) plate. The spots on TLC were visualized with 
UV light (wavelengths of 365 and 254 nm), and spraying 
(1% vanillin-H2SO4) and then heating at 105 °C. Column 
chromatography (CC) was carried out using silica gel 
(Merck, 70–230 and 200–400 mesh).

2. 2. �Extraction of Lichen Sample and 
Isolation of Usnic Acid (1)
In this study, Usnea longissima used to isolate usnic 

acid was collected in the August–September period of 2021 
from Northern Anatolian forests, then cleaned from other 
specimens and dried in a cool and shaded place by Dr. Ali 

Aslan.25 Dried thalluses were powdered using a laborato-
ry blender. In order to isolate a sufficient amount of usnic 
acid to be used in the synthesis, the lichen sample (1.13 
kg) was extracted with hexane (5 × 1.5 L) by maceration 
during 24 h at room temperature to remove chlorophyll 
and other lipophilic constituents (4.33 g, 0.38%). After ex-
traction with the hexane, the lichen sample was macerated 
with CHCl3 (5 × 5 L) at room temperature and the solvent 
was evaporated from the extract via a rotary evaporator at 
a low temperature (60 °C). Afterward, it yielded 35.35 g 
(3.04%) of the extract that consisted of a high amount of 
acicular yellow crystals of usnic acid.2,25 The crystals were 
quickly washed several times with hexane and then chlo-
roform, and the purities of the chloroform phase and the 
crystals were controlled by TLC.

The chloroform phase containing usnic acid (1) 
with impurities was subjected to silica gel (70–230 mesh) 
column chromatography with CHCl3 and CHCl3-EtOAc 
(9:1) in order to isolate the remaining usnic acid (1) in the 
chloroform phase, and the fractions (25 mL) were checked 
by TLC. The fractions containing pure usnic acid (1) were 
combined, and the solvents were evaporated and weighed. 
At the end of the crystallization and chromatography pro-
cesses, 25.35 g of usnic acid with a yield of 2.24% was pu-
rified as yellow acicular crystals.

2. 3. Synthesis of the Schiff Bases 2–5
(S,E)-6-Acetyl-3,7,9-trihydroxy-2-(1-(4-hydroxy-

phenylimino)ethyl)-8,9b-dimethyldibenzo[b,d]fu-
ran-1(9bH)-one (2). In order to synthesize the Schiff 
base derivative of usnic acid and 4-aminophenol, usnic 
acid (2 g, 5.80 mmol) was dissolved in 25 mL of CHCl3 
in a two-neck glass balloon (70 °C) and added dropwise 
4-aminophenol (0.634 g, 5.80 mmol) dissolved in metha-
nol (25 mL) to the reaction medium every 10 minutes. The 
reaction was continued for 2 days at the same temperature 
(70 °C) by refluxing, and the medium was cooled to room 
temperature. At the end of the process, a yellowish prod-
uct 2 precipitated, and then it was carefully separated from 
the liquid phase using a dropper. Yield: 2.28 g (86.56%) 
of yellowish solid; mp: 255 °C (decomp.). 1H NMR (400 
MHz, DMSO-d6): δ 14.57 (s, 1H, OH,), 13.36 (s, 1H, OH,), 
12,04 (s, 1H, OH, 8), 8.88 (s, 1H, OH, 4'), 7.17 (d, 2H, J 
= 8.68 Hz, 2' and 6'), 6.85 (d, 2H, J = 8.68 Hz, 3' and 5'), 
5.89 (s, 1H, 4), 2.60 (s, 3H, 18), 2.49 (s, 3H, 15), 1.93 (s, 
3H, 16), 1.65 (s, 3H, 13). 13C NMR (100 MHz, DMSO-d6): 
198.3 (1), 102.6 (2), 189.9 (3), 102,6 (4), 173.9 (5), 157,7 
(6), 101.3 (7), 163.1 (8), 106.9 (9), 158.0 (10), 105.4 (11), 
57.1 (12), 32.2 (13), 174.3 (14), 20.7 (15), 7.9 (16), 201.3 
(17), 31.4 (18), 127.2 (1'), 127.3 (2'), 116.4 (3'), 156.1 (4'), 
116.4 (5'), 127.3 (6'). FTIR (ATR, ν cm–1): 3275 (strong Ar-
OH bands), 3000–2860 (week aliphatic C–H bands), 1689 
and 1627 (C=O and –C=N– bands), 1600–1200 (aromat-
ic C=C bands), 1200–1000 (C–O and C–N bands).2 [α]23

D  
+141.2º (c = 0.08, CH2Cl2).
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(S,E)-6-Acetyl-3,7,9-trihydroxy-2-(1-(3-hydroxy-
phenylimino)ethyl)-8,9b-dimethyldibenzo[b,d]fu-
ran-1(9bH)-one (3). Usnic acid (2 g, 5.80 mmol) was dis-
solved in 25 mL of CHCl3 in two-neck glass balloon via 
refluxing (70 °C), and 3-aminophenol (0.634 g, 5.80 mmol) 
dissolved in 25 mL of methanol was added dropwise to the 
reaction medium every 10 minutes. The reaction mixture 
was refluxed at 70 °C for 2 days, and the reaction was vis-
ualized intervally by TLC with CH2Cl2 : ethyl acetate (9 : 
1) mobile phase. At the end of the 2nd day, TLC showed 
that the spot belonging to usnic acid decreased and that 
of the product increased. In order to isolate the product, 
the reaction mixture (2.5 g) was fractioned over silica gel 
(30 g, 70–230 mesh) CC using CH2Cl2 : EtOAc (9 : 1), and 
the fractions (10 mL) were controlled on TLC using the 
same mobile phase. The fractions containing the product 
were collected, and the solvent was evaporated. Yield: 1.88 
g (71.30%) of yellowish solid; mp: 220 °C (decomp.). 1H 
NMR (400 MHz, DMSO-d6): δ 14.72 (s, 1H, OH,), 13.33 
(s, 1H, OH,), 11.92 (s, 1H, OH, 8), 9.97 (s, 1H, OH), 7.28 
(t, 1H, J = 8.02 Hz, 5'), 6.81 (dd, 1H, J1 = 8.19 Hz, J2 = 1.88 
and 1.92 Hz, 4'), 6.76 (d, 1H, J1 = 7.92 Hz, 6'), 6,73 (d, 1H, 
J1 = 1.84 Hz, 2'), 5.85 (s, 1H, 4), 2.56 (s, 3H, 18), 2.51 (s, 
3H, 15), 1.91 (s, 3H, 16), 1.62 (s, 3H, 13). 13C NMR (100 
MHz, DMSO-d6): 198.5 (1), 102.7 (2), 190.1 (3), 102,5 (4), 
173.9 (5), 157.9 (6), 101.2 (7), 163.1 (8), 107.0 (9), 158.8 
(10), 105.3 (11), 57.1 (12), 32.1 (13), 174.2 (14), 20.8 (15), 
7.9 (16), 201.1 (17), 31.4 (18), 137.1 (1'), 112.8 (2'), 156.0 
(3'), 115.7 (4'), 130.9 (5'), 116.5 (6'). FTIR (ATR, ν cm–1): 
3400–3200 (Ar–OH bands), 3000–2850 (week aliphatic 
C–H bands), 1694 and 1625 (C=O and –C=N– bands), 
1600–1200 (aromatic C=C bands), 1100–1000 (C–O and 
C–N bands).2 [α]23

D  +178.8º (c = 0.08, CH2Cl2).

(S,E)-6-Acetyl-3,7,9-trihydroxy-2-(1-(2-hydroxy-
phenylimino)ethyl)-8,9b-dimethyldibenzo[b,d]fu-
ran-1(9bH)-one (4). In order to synthesize compound 4, 
2 g of usnic acid (5.80 mmol) was dissolved in CHCl3 (25 
mL) in a two-neck glass balloon via refluxing at 70 °C, and 
2-aminophenol (0.634 g, 5.80 mmol) dissolved in metha-
nol (25 mL) was added dropwise to the reaction medium 
every 10 minutes. The reaction was refluxed at 70 °C for 
3 days and was controlled intermittently with TLC using 
CH2Cl2 : hexane (8.5 : 1.5) and CH2Cl2 : EtOAc (9 : 1). At 
the end of the third day, the reaction mixture was cooled 
to room temperature, and the product 4 precipitated as a 
light brownish solid. The precipitate was carefully separat-
ed from the liquid part using a dropper, and then its purity 
was checked on TLC with CH2Cl2 : EtOAc (9 : 1). Yield: 
2.18 g (82.76%); mp: 259 °C (decomp.). 1H NMR (400 
MHz, DMSO-d6): δ 14.54 (s, 1H, OH,), 13.37 (s, 1H, OH,), 
12.06 (s, 1H, OH, 8), 10.37 (s, 1H, OH), 7.28 (d, 1H, J = 
7.88 Hz, 3'), 7.24 (td, 1H, J1 = 7.82 and 7.76 Hz, J2 = 1.15 
and 1.40 Hz, 5'), 7.02 (d, 1H, J = 8.12 Hz, 6'), 6.90 (td, 1H, 
J1 = 7.56 and 7.22 Hz, J2 = 0.84 Hz, 4'), 5.93 (s, 1H, 4), 2.62 
(s, 3H, 18), 2.50 (s, 3H, 15), 1.94 (s, 3H, 16), 1.67 (s, 3H, 

13). 13C NMR (100 MHz, DMSO-d6): 198.4 (1), 102.8 (2), 
190.0 (3), 102.7 (4), 174.0 (5), 156.1 (6), 101.3 (7), 163.0 
(8), 106.9 (9), 158.0 (10), 105.5 (11), 57.1 (12), 32.2 (13), 
174.6 (14), 20.8 (15), 8.0 (16), 201.3 (17), 31.5 (18), 123.4 
(1'), 152.0 (2'), 127.3 (3'), 119.8 (4'), 130.0 (5'), 116.9 (6'). 
FTIR (ATR, ν cm–1): 3371 (Ar–OH bands), 3000–2850 
(week aliphatic C–H bands), 1687, 1624 and 1601 (strong 
C=O and –C=N– bands), 1600–1200 (strong aromatic 
C=C bands), 1100–1000 (strong C–O and C–N bands).2 
[α]23

D  +193.8º (c = 0.08, CH2Cl2).

(S,E)-6-Acetyl-3,7,9-trihydroxy-8,9b-dimethyl-2- 
(1-(morpholinoimino)ethyl)dibenzo[b,d]furan-1(9b-
H)-one (5). For the synthesis of the Schiff base 5, usnic 
acid (3 g, 8.71 mmol) was disolved in CHCl3 (25 mL) at 70 
°C using a two-neck glass balloon, and then 1.80 g (17.42 
mmol) of 4-aminomorpholine dissolved in methanol (25 
mL) was added dropwise to the reaction medium every 
10 minutes. The reaction was refluxed (70 °C) for 3 days, 
and it was checked intermittently with TLC using CH2Cl2 
: EtOAc (9 : 1). It was observed that the product 5 was syn-
thesized at a high rate at the end of the 3rd day. The solvent 
was evaporated and the solid residue was subjected to sil-
ica gel (30 g, 70–230 mesh) CC with CH2Cl2 : EtOAc (9 
: 1) and the collected fractions (15 mL) were controlled 
over TLC. Yield: 3.61 g (75.20%) of yellowish solid; mp 
189–191 °C. 1H NMR (400 MHz, DMSO-d6): δ 14.62 (s, 
1H, OH), 14.18 (s, 1H, OH), 11.43 (s, 1H, OH, 8), 5.71 (s, 
1H, 4), 3.84 (m, 2H, 3' and 5'), 2.88 (m, 2H, 2' and 6'), 2.57 
(s, 3H, 18), 2.15 (s, 3H, 18), 2.11 (s, 3H, 16), 1.67 (s, 3H, 
13). 13C NMR (100 MHz, DMSO-d6): 198.8 (1), 99.2 (2), 
190.9 (3), 101.3 (4), 173.9 (5), 167.8 (6), 99.2 (7), 161.0 (8), 
104.2 (9), 154.1 (10), 108.0 (11), 57.5 (12), 31.9 (13), 175.3 
(14), 17.8 (15), 8.0 (16), 206.9 (17), 17.9 (18), 55.8 (2'), 65.9 
(3'), 66.0 (5'), 55.4 (6'). FTIR (ATR, ν cm–1): 3375 (Ar–OH 
bands), 3000–2800 (aliphatic C–H bands), 1639, 1624 and 
1609 (strong C=O and –C=N– bands), 1600–1200 (strong 
aromatic C=C bands), 1100–1000 (strong C–O and C–N 
bands). [α]23

D  +233.8º (c = 0.08, CH2Cl2).

2. 4. Enzyme Inhibition Assays
α-Glucosidase and α-amylase inhibition assays. 

α-Glucosidase and α-amylase enzyme measurements were 
made according to the previous methods,38,39 and the exper-
imental details were published in our previous studies.6,40

MAO sample preperation and MAO-A and 
MAO-B enzyme inhibition assays. A mitochondrial 
MAO sample was isolated by means of the previously de-
scribed method from sheep liver.41,42 MAO-A and MAO-B 
enzymes inhibition tests were performed according to the 
previous method with minor modifications.42

AChE and BChE enzyme inhibition assays. AChE 
and BChE enzyme measurements were made according to 
the previous method,43 and the experimental details were 
published in our previous study.6
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2. 5. Antioxidant Potentials
Radical scavenging activity. ABTS and DPPH radi-

cal scavenging activity assays of usnic acid and the synthe-
sized Schiff bases were carried out according to the previ-
ous methods,38,39,43–45 and the experimental details were 
published in our previous studies.6,40,44

Reducing powers. The experimental details for the 
total reducing powers of the Schiff bases and usnic acid 
were reported in our previous study.44

3. Results and Discussion
3. 1. �Synthesis of the Schiff Base Derivatives of 

Usnic Acid (1)

Schiff bases have different pharmacological activities 
such as anti-inflammatory, analgesic, antimicrobial, anti-
convulsant, antituberculosis, anticancer, antioxidant, anti-
helminthic, etc. due to the azomethine (–C=N–) group.1–8 
Usnic acid is the most famous lichen metabolite, and it 
contains two carbonyl groups that enable the synthesis of 
the Schiff base derivatives with primary amines. Hence, 
in the literature, there are numerous reports on the Schiff 
bases derivatives of usnic acid synthesized with different 
primary amines and their various pharmacological activ-
ities.2,4,5,7,33–37 Therefore, in the current study, the known 
Schiff bases derivatives 2–5 of usnic acid (1) were syn-
thesized via condensation reaction with 4-aminophenol, 
3-aminophenol, 2-aminophenol and 4-aminomorpholine2 
(Scheme 1) to explore their new pharmacological activities. 
The chemical structures of the synthesized compounds 

were characterized by means of FTIR, 1H and 13C NMR, 
1D- and 2D-NMR techniques (DEPT, APT 1H,1H-COSY, 
HMQC and HMBC) and confirmed comparing with pre-
viously published spetroscopic data.2,4,5,7,35–37

3. 2. �Biological Activities of Usnic acid (1) and 
its Schiff Base Derivatives 2–5

3. 2. 1. Antidiabetic Activities
Diabetes is a chronic disease that occurs as a result 

of insulin production deficiency and/or insulin resistance 
and is characterized by hyperglycemia.46,47 Nowadays, un-
controlled hyperglycemia is considered one of the most 
important health problems, leading to blindness, ampu-
tation, kidney failure, heart attacks, retinopathy, neurop-
athy, nephropathy, stroke and lower limb amputation.46–50 
There are two types of diabetes: type 1 (insulin-dependent) 
and type 2 (non-insulin-dependent).46,47 Type 2 diabetes 
corresponding to 80–90% of the patients–and is becoming 
more common gradually due to the increase in the world 
population, the aging of people in society, the increase in 
obesity and the sedentary lifestyle.49–52 Digestive enzymes, 
α-amylase and α-glucosidase, are primarily responsible 
enzymes for hyperglycemia in type 2 patients, and now-
adays, the most preferred approach for the treatment of 
type 2 diabetes is to reduce hyperglycemia by inhibiting 
these enzymes after feeding.46,53–55 Herewith, in the cur-
rent study, the inhibitory effects of the Schiff bases 2–5 and 
usnic acid (1) on α-glucosidase and α-amylase enzyme ac-
tivities were investigated to explore potential new antidia-
betic agent(s) (Table 1). The tested compounds exhibited 

Scheme 1. The chemical structures of the Schiff bases derivatives 2–5 of usnic acid (1).
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different inhibitory effects in a concentration-dependent 
manner on the digestive enzymes. Furthermore, IC50 and 
IC90, whose low values point out a potent inhibitor, were 
computed to compare the inhibitory properties of the test-
ed compounds and the antidiabetic agent acarbose on the 
digestive enzymes (Table 2). As shown in these tables, us-
nic acid (1) and the synthesized Schiff bases 2–5 exhibited 
a stronger inhibitory effect against the α-glycosidase en-
zyme compared to α-amylase. For instance, all of the tested 
compounds inhibited α-glycosidase at low concentrations 
with IC50 values of 0.21–1.32 mg/mL (0.48–3.08 mM). 
However, they showed significant inhibitory effects against 
α-amylase at much higher concentrations, with IC50 values 
ranging from 1.52 to 79.41 mg/mL (3.49–230.84 mM) (Ta-
ble 2). Among the tested compounds, compound 2 (IC50 
= 0.21 mg/mL, 0.48 mM) was found to be the strongest 
inhibitor for α-glycosidase, whereas compound 4 acted as 
the strongest inhibitor of both α-glycosidase (IC50 = 0.55 
mg/mL, 1.26 mM) and α-amylase (IC50 = 1.52 mg/mL, 
3.49 mM). These results suggest that compound 4 has an-

tidiabetic potential by inhibiting both digestive enzymes. 
Furthermore, our results indicate that usnic acid (1) and 
the Schiff bases 2–5 showed very strong inhibitory activi-
ty against α-glycosidase with lower IC50 values (0.21–1.32 
mg/mL and 0.48–3.08 mM) compared to acarbose (IC50 = 
22.41 mM and 14.47 mg/mL).On the other hand, acarbose 
was found to be more effective against α-amylase with an 
IC50 of 0.11 mg/mL compared to the inhibitory effects of 
usnic acid (1) and the Schiff bases 2–5. Our findings are 
consistent with previous reports.6,40,44,56–58 Our results 
also reveal that the new functional groups introduced via 
azomethine bonds in usnic acid affect the antidiabetic 
activity of the synthesized compounds (Table 2). For in-
stance, Schiff bases 2 (IC50 = 0.21 mg/mL), 3 (IC50 = 0.54 
mg/mL), and 4 (IC50 = 0.55 mg/mL) were more effective 
against α-glycosidase than usnic acid (1) (IC50 = 0.67 mg/
mL), whereas compound 5 (IC50 = 1.32 mg/mL) showed a 
weaker inhibitory effect compared to usnic acid (1). Sim-
ilar results were also found against α-amylase; all synthe-
sized Schiff bases 2–5, with IC50 values ranging from 1.52 

Table 1. Antidiabetic effects of usnic acid and the synthesized Schiff bases

		  α-Glycosidase			   α-Amylase
Treatments 	 Conc.	 Abs±SS	 Inh 	 Conc.	 Abs±SS	 Inh 
	 (mg/mL)		  (%)	 (mg/mL)		  (%)

Enzyme + substrate	 -	 0.594±0.006f	 -	 -	 0.433±0.008f	 -
 	 0.156	 0.522±0.004e	 12.12*	 10	 0.397±0.08e	 8.31
	 0.312	 0.422±0.006d	 28.96*	 20	 0.370±0.005d	 14.55*
Enzyme + substrate + 1	 0.625	 0.332±0.009c	 44.10*	 40	 0.299±0.005c	 30.95*
	 1.25	 0.052±0.009b	 91.24*	 80	 0.227±0.007b	 47.57*
	 2.5	 0.000±0.000a	 100.00*	 160	 0.010±0.005a	 97.69*

Enzyme + substrate	 -	 0.626±0.006e	 -	 -	 0.446±0.011d	 -
	 0.062	 0.488±0.006d	 22.04*	 10	 0.240±0.011c	 46.19*
	 0.125	 0.382±0.005c	 38.97*	 20	 0.222±0.004c	 50.22*
Enzyme + substrate + 2	 0.25	 0.228±0.005b	 63.58*	 40	 0.146±0.003b	 67.26*
	 0.5	 0.026±0.003a	 95.84*	 80	 0.000±0.000a	 100*

Enzyme + substrate	 -	 0.608±0.015e	 -	 -	 0.356±0.003e	 -
	 0.125	 0.559±0.010d	 8.05	 20	 0.301±0.003d	 15.45*
Enzyme + substrate + 3	 0.25	 0.504±0.006c	 17.26*	 40	 0.205±0.002c	 23.00*
	 0.5	 0.347±0.010b	 42.93*	 80	 0.155±0.003b	 56.00*
	 1	 0.006±0.000a	 99.01*	 160	 0.000±0.000a	 100*

Enzyme + substrate	 -	 0.363±0.011e	 -	 -	 0.510±0.011e	 -
	 0.125	 0.285±0.005d	 21.49*	 0.625	 0.330±0.006d	 35.30*
Enzyme + substrate + 4	 0.25	 0.247±0.003c	 31.96*	 1.25	 0.258±0.017c	 49.41*
	 0.5	 0.209±0.010b	 42.42*	 2.5	 0.190±0.006b	 62.74*
	 1	 0.061±0.004a	 83.20*	 5	 0.000±0.000a	 100*

Enzyme + substrate	 -	 0.369±0.037d	 -	 -	 0.471±0.030e	 -
 	 0.125	 0.354±0.001d	 4.06	 20	 0.337±0.003d	 28.30*
	 0.25	 0.337±0.007d	 8.67	 40	 0.256±0.003c	 45.53*
Enzyme + substrate + 5	 0.5	 0.307±0.008c	 16.80*	 80	 0.159±0.001b	 66.17*
	 1	 0.231±0.006b	 37.40*	 160	 0.000±0.001a	 100*
	 2	 0.085±0.008a	 76.80*			 

Abs: Absorbance. Conc.: Concentration. Inh.: Inhibition. SD: Standard deviation.
*: Statistically different from enzyme + substrate applications (p < 0.05). The different letters in the lines are statistically different 
according to the Duncan test
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Table 2. IC50 and IC90 values for antidiabetic effects of the treatments

Treatments	 α-Glycosidase				    α-Amylase
	                          IC50		                           IC90		                           IC50		                           IC90
	 (mg/mL)	(mM)	 (mg/mL) 	(mM)	 (mg/mL)	 (mM)	 (mg/mL)	 (mM)

Acarbose* 	 14.47	 22.41	 29.66	 45.94	 0.11	 	 0.23	
Usnic Asid (1)	 0.67	 1.95	 1.24	 3.61	 79.41	 230.84	 147.77	 429.56

synthesized Schiff bases 
2	 0.21	 0.48	 0.45	 1.03	 17.33	 39.84	 68.02	 156.37
3	 0.54	 1.24	 0.93	 2.14	 77.33	 177.56	 141.80	 325.98
4	 0.55	 1.26	 1.12	 2.58	 1.52	 3.49	 4.31	 9.91
5	 1.32	 3.08	 2.34	 5.46	 54.76	 127.94	 135.73	 317.13

*The data was acquired from our previous reports.6

to 77.33 mg/mL, acted as stronger inhibitors compared to 
usnic acid (1) (IC50 = 79.41 mg/mL) (Tables 1 and 2). In 
particular, compound 4 was noted to be a much strong-
er inhibitor of α-amylase, with IC50 values of 1.52 mg/mL 
and 2.58 mM. These results provide evidence that the new 
functional groups bonded to usnic acid (1) alter the inter-
actions with the enzymes.

The previous reports indicated that the antidiabetic 
agents including acarbose, voglibose and miglitol strongly 
inhibit α-amylase but weakly inhibit α-glucosidase.40,56–58 
These agents also have side effects including diarrhea and 
abdominal bloating and abdominal pain due to the strong 
inhibition of the α-amylase enzyme. Therefore, it is an 
important advantage in the treatment of type 2 diabetes 
that the α-glucosidase enzyme is strongly inhibited and 
the α-amylase enzyme is weakly inhibited.40,56–58 Tables 1 
and 2 demonstrate that compounds 2, 3, and usnic acid (1) 
exhibited stronger inhibitory effects against α-glucosidase, 
while their inhibitory effects against α-amylase were com-
paratively weaker. Hereof, these compounds (1, 2, and 3) 
can also be recommended as potential antidiabetic agents 
besides compound 4. Furthermore, it has been document-
ed that potent α-glucosidase inhibitors can be used in the 
treatment of obesity as a result of slowing down glucose 
absorption from the blood.59,60 Hence, usnic acid (1) and 
the synthesized Schiff bases 2–5 are the potential mole-
cules to be used in the treatment of obesity.

(N2O3).64,65 It is well known that ROS damage functional 
molecules such as DNA, proteins and lipids, which have 
important functions in tissues by leading to the oxidative 
stress.61–65 Cardiovascular diseases, cancer, diabetes, is-
chemia, asthma, arthritis, inflammation, rapid aging, Par-
kinson’s, and Alzheimer’s diseases are the diseases associ-
ated with the oxidative stress caused by ROS.61–66 Living 
organisms have an oxidant/antioxidant balance against 
the damage of ROS, whereas some external factors like 
depression, environmental pollution, radiation, an un-
balanced diet, pesticides, drugs and smoking may disrupt 
this balance in favor of oxidants.64,65,67 Hence, it could be 
mandatory to use external antioxidants as a diet and/or 
medication to prevent or at least delay the development 
of the diseases mentioned above.31,32,64,65,67,69,70 It has been 
documented that the lichen metabolite, usnic acid (1) has 
some pharmacological properties closely related to oxida-
tive stress.19,20,25,28,31,70–74

The DPPH assay evaluates the capacity of antiox-
idants to scavenge free radicals by donating hydrogen, 
while the ABTS assay assesses antioxidant activity through 
a single-electron transfer mechanism. Previous research 
has demonstrated a lack of direct correlation between the 
outcomes of these two assays, suggesting that they evaluate 
antioxidant properties through different mechanisms. The 
DPPH and ABTS tests differ in their sensitivity to various 
types of antioxidants, and therefore, it is necessary to ap-

3. 2. 2. Antioxidant Potentials

Reactive oxygen species (ROS) as unstable and high-
ly reactive molecules are produced in normal or patholog-
ical cell metabolism as a result of cellular oxidation and 
play an important role in the pathogenesis of various dis-
eases by causing tissue and organ damage.61–63 The most 
common types of ROS are the superoxide (O2

•–), perox-
yl (ROO•), hydroxyl (OH•), hydroperoxyl (HO2

•) and 
alkoxy (RO•), hydrogen peroxide (H2O2), ozone (O3), sin-
glet oxygen (1O2), hypochlorous acid (HOCl), peroxyni-
trite (ONOO–), nitric acid (HNO2) and nitrogen trioxide 

ply both methods to comprehensively assess the antioxi-
dant potential of samples.38,39,43–45 Thus, in the present re-
search, the ABTS and DPPH radical scavenging potentials 
of the Schiff base derivatives 2–5 and usnic acid (1) were 
evaluated for the first time and the results are presented 
in Tables 3 and 4. As can be seen from these tables, usnic 
acid (1) and the synthesized Schiff bases 2–5 strongly scav-
enged the ABTS radicals with very low IC50 values (IC50 
= 0.002–0.41 mM and 0.001–0.18 mg/mL). In particular, 
the ABTS radical scavenging activities of the Schiff bases 
3 (IC50 = 0.002 mg/mL, 0.05 mM) and 4 (IC50 = 0.001 mg/
mL, 0.002 mM) were found to be higher than the com-
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mercial antioxidants, BHA (IC50 = 0.05 mg/mL, 0.28 mM) 
and trolox (IC50 = 0.07 mg/mL, 0.28 mM). The current 
results also demonstrate that the groups newly bound to 
usnic acid (1) provide an enhancing effect on the ABTS 
radical scavenging activity when compared to the ABTS 
radical scavenging activities of the synthesized ligands 
2–5 and usnic acid (1). However, Table 4 shows that the 
synthesized compounds 2–5 and usnic acid (1) exhibited 
reduced DPPH radical scavenging activities in contrast to 
their ABTS radical scavenging activities. As indicated by 
Table 4, both usnic acid (1) (IC50 = 54.91 mM and 18.89 
mg/mL) and the Schiff bases 2–5 (IC50 = 0.96–293.22 mM 
and 0.42–125.50 mg/mL) acted as weaker DPPH radical 
scavenging agents when compared to the commercial an-
toxidants, BHA (IC50 = 0.83 mM and 0.16 mg/mL) and 
trolox (IC50 = 0.48 mM and 0.12 mg/mL). On the other 
hand, the compounds 2–4 exhibited higher DPPH radi-
cal scavenging activities with lower IC50 values (0.42–7.30 
mg/mL, 0.96–16.78 mM) compared to usnic acid (1) (Ta-
ble 4). In accordance with the previous report,6 these pres-
ent results demonstrate that the new hydroxyphenylimino 

groups bound to usnic acid (1) have an enhancing effect 
on the DPPH radical scavenging activity. Nontheless, the 
compound 5 displayed a weaker DPPH radical scavenging 
effect with IC50 = 293.22 mM, 125.50 mg/mL than usnic 
acid (1) (IC50 = 18.89, 54.91 mM). These findings con-
clude that the carbonyl group in the usnic acid (1) is more 
effective in DPPH radical scavenging than the –CH=N– 
(azomethine) group. In conclusion, as can be seen from 
Table 4, the ligands 2–4 can be proposed as potent radical 
scavenging agents. However, further studies are needed to 
evaluate their safety and toxicities.

Another method to assess an agent's potential for an-
tioxidant activity is the FRAP method, which is based on 
the reduction of iron(III) ions to iron(II) ions. According 
to this method, the high absorbance due to the high con-
centration of iron(II) measured in the medium indicates a 
high reduction potential.75

Table 3. Radical scavenging effects of usnic acid and the synthesized Schiff base molecules

Treatments		  DPPH			   ABTS 		
	 Conc.	 Abs±SS	 Scavenging 	 Conc.	 Abs±SS	 Scavenging
	 (mg/mL)		  (%)	 (ppm)		  (%)

Control	 -	 0.502±0.007f	 -	 -	 0.747±0.010f	 -
	 1.25	 0.344±0.002e	 31.47*	 31.25	 0.447±0.006e	 40.16*
	 2.5	 0.332±0.004d	 33.86*	 62.5	 0.354±0.002d	 52.61*
Usnic acid (1)	 5	 0.317±0.008c	 36.85*	 125	 0.284±0.006c	 61.98*
	 10	 0.299±0.008b	 40.44*	 250	 0.050±0.005b	 93.19*
	 20	 0.245±0.006a	 51.20*	 500	 0.000±0.000a	 100*

Control	 -	 0.450±0.006e	 -	 -	 0.878±0.007e	 -
	 0.312	 0.419±0.003d	 6.89	 62.5	 0.613±0.005d	 30.18*
	 0.625	 0.357±0.004c	 20.67*	 125	 0.511±0.006c	 41.80*
2	 1.25	 0.174±0.007b	 61.33*	 250	 0.315±0.009b	 64.12*
	 2.5	 0.000±0.000a	 100*	 500	 0.000±0.000a	 100*

Control	 -	 0.443±0.004e	 -	 -	 0.420±0.005e	 -
	 1.25	 0.286±0.006d	 35.44*	 6.25	 0.203±0.011d	 51.67*
	 2.5	 0.266±0.005c	 39.96*	 12.5	 0.155±0.006c	 63.10*
3	 5	 0.236±0.006b	 46.73*	 25	 0.103±0.008b	 75.48*
	 10	 0.199±0.005a	 55.08*	 50	 0.000±0.000a	 100*

Control	 -	 0.437±0.002e	 -	 -	 0.455±0.010f	 -
	 0.125	 0.346±0.004d	 20.82*	 1.25	 0.231±0.010e	 49.23*
	 0.25	 0.261±0.002c	 40.27*	 2.5	 0.207±0.006d	 54.51*
4	 0.5	 0.189±0.003b	 56.75*	 5	 0.188±0.003c	 58.68*
	 1	 0.000±0.000	 100*	 10	 0.118±0.006b	 74.07*
				    20	 0.005± 0.001a	 98.90*

Control	 -	 0.515±0.005e	 -	 -	 0.601±0.006e	 -
	 10	 0.367±0.006d	 26.41*	 12.5	 0.513±0.002d	 14.64
	 20	 0.367±0.008c	 28.74*	 25	 0.472±0.006c	 21.46*
5	 40	 0.348±0.007b	 32.43*	 50	 0.358±0.006b	 38.60*
	 80	 0.305±0.011a	 40.78*	 100	 0.190±0.006a	 68.38

* Abs: Absorbance. SD: Standard deviation.   *: Statistically different from control application (p < 0.05). The different 
letters in the lines are statistically different according to the Duncan test
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Table 4. IC50 and IC90 values for radical scavenging activities of the all treatments

Treatments		                        DPPH				                          ABTS
	                        IC50		                         IC90		                         IC50		                         IC90
	 (mg/mL)	 (mM)	 (mg/mL) 	 (mM)	 (mg/mL)	 (mM)	 (mg/mL) 	 (mM)

BHA*	 0.16	 0.83	 0.28	 1.55	 0.05	 0.28	 0.09	 0.50
Trolox*	 0.12	 0.48	 0.22	 0.88	 0.07	 0.28	 0.13	 0.52

Usnic acid (1) 	 18.89	 54.91	 58.55	 170.20	 0.065	 0.18	 0.238	 0.68
synthesized Schiff bases
2	 1.23	 2.82	 2.07	 4.75	 0.18	 0.41	 0.43	 0.98
3	 7.30	 16.78	 25.64	 58.94	 0.002	 0.05	 0.04	 0.09
4	 0.42	 0.96	 0.88	 2.02	 0.001	 0.002	 0.016	 0.04
5	 125.50	 293.22	 323.54	 755.93	 0.07	 0.16	 0.13	 0.30

*The data was acquired from the previous reports published by our research group.6

Hereof, in the current investigation, the reducing 
powers of usnic acid (1) and the synthesized Schiff bas-
es 2–4 were also evaluated via the FRAP method and the 
results are shown in Figure 1. As shown in this figure, the 
synthesized ligands 2–5 and usnic acid (1) showed lower 
reducing power than BHA and trolox. However, the com-
pound 4 displayed the highest and noteworthy reducing 
power among the tested compounds.

Figure 1. The reducing powers of the compounds 1–5

3. 2. 3. �Antidepressant and anti-Parkinson’s 
Disease Activities

Depression or major depressive disorder is a com-
mon and serious mental illness that negatively affects how 
you feel, the way you think, and how you act. Depression 
causes feelings of sadness and/or a loss of interest in activi-
ties you once enjoyed. Depression can lead to various emo-
tional and physical problems such as feeling sad, weight 
loss or gain due to a lifestyle change, sleeping problems, 
increased fatigue, purposeless physical activities, feeling 
guilty and worthless, indecision, and thoughts of death or 
suicide.76–78 Moreover, it can be seen in all age and gender 
groups, and many patients are not aware of it.76–79 The syn-
dromes observed in depressed patients are closely related 
to the decrease in the levels of some biogenic amine neu-

romediators such as serotonin, dopamine and noradrena-
line in the central nervous system.77,78,80,81 It has also been 
shown that the levels of biogenic amines, serotonin, no-
radrenaline, norepinephrine, dopamine, catecholamines, 
homovalinic acid, and 5-OH indole acetic acid present in 
the blood, urine and brain fluids of patients suffering from 
depression are outside the normal range.77,78,80,81 Mono-
amine oxidases (MAO-A and MAO-B) in the cells are the 
enzymes responsible for catalyzing the oxidative deamina-
tion of the neurotransmitters and their levels increase with 
age in humans.78,82–85 It is well known that the decrease in 
the levels of neurotransmitters in the central nervous sys-
tem causes the depressive syndroms as a result of increased 
activity of MAO’s, in particular MAO-A.81–83 Hereof, in 
the present study, the inhibitory effects of different con-
centrations of the synthesized compounds 2–5 and usnic 
acid (1) were tested for the first time on MAO-A to reveal 
new potential antidepressant agent(s) (Table 5). The in-
hibitory potentials of the compounds were also compared 
with those of the positive control, chlorgyline HCl (a selec-
tive MAO-A inhibitor). The IC50 and IC90 values for each 
treatment are also presented in Table 6. As can be seen 
from Table 6, chlorgyline with an IC50 value of 1.29 mg/
mL (4.18 mM) was found to be a stronger inhibitor than 
usnic acid (1) (IC50 = 5.70 mg/mL, 16.57 mM) and the 
synthesized compounds 2–5 (IC50 = 3.18–14.83 mg/mL, 
7.31–34.10 mM). However, among the tested compounds, 
compound 4 with an IC50 value of 3.18 mg/mL (7.31 mM) 
exhibited the strongest antidepressant effect by displaying 
a remarkable inhibitory effect after clorgyline on MAO-A 
enzyme activity. Considering the IC50 values presented in 
Table 6, the inhibition effects of the Schiff bases 2–5 were 
found to be lower than that of usnic acid (1) except for 
compound 4. These can be accounted for by the fact that 
the interaction with MAO-A is altered by the new groups 
bound to usnic acid (1).

We now know that MAO-B-catalyzed bioreactions 
raise the amount of H2O2 in cells.86,87 H2O2 is a neuro-
toxic substance that is involved in the pathogenicity of a 
number of illnesses, including depression, social anxiety, 
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Parkinson’s, and Alzheimer’s disease.86–88 Thus, selective 
MAO-A inhibitors are frequently used in the treatment of 
neurodegenerative diseases such as depression and social 
anxiety, while selective MAO-B inhibitors are usually pre-
ferred in the treatment of Parkinson’s, and Alzheimer’s dis-
eases.79,83,86–91 In the current study, the inhibitory effects 
of the synthesized compounds 2–5 and usnic acid (1) at 
different concentrations were investigated for the first time 
on MAO-B and their inhibition effects were also compared 

with a selective MAO-B inhibitor, pargyline HCl (Table 5). 
The IC50 and IC90 values for each treatment were also cal-
culated (Table 6). As shown in this table, usnic acid (1) and 
its derivatives 2–5 acted as weak inhibitors with very high 
IC50 values of 24.31–94.87 mg/mL or 55.86–264.80 mM 
as compared with pargyline (IC50 = 5.06 mg/mL, 25.86 
mM). Moreover, none of the tested compounds acted as 
selective inhibitors against MAO’s and they were found to 
be stronger inhibitors against MAO-A in comparison to 

Table 5. Antidepressant and anti-Parkinson’s disease properties of usnic asid (1) and the synthesized Schiff bases 2–5

Treatments	 MAO-A				    MAO-B
	 Conc.	 Abs±SS	 Inh 	 Conc.	 Abs±SS	 Inh 
	 (mg/mL)	 (%)	 (mg/mL)	 (%)

Enzyme + substrate	 -	 0.474±0.004e	 -	 -	 0.486±0.004e	 -
	 1.25	 0.456±0.004d	 3.80	 20	 0.438±0.009d	 9.88
Enzyme + substrate + 1	 2.5	 0.408±0.010c	 13.92*	 40	 0.389±0.005c	 19.96*
	 5	 0.250±0.001b	 47.26*	 80	 0.230±0.003b	 52.67*
	 10	 0.033±0.003a	 93.04*	 160	 0.081±0.001a	 83.33*

Enzyme + substrate	 -	 0.562±0.007e	 -	 -	 0.309±0.003e	 -
	 10	 0.269±0.005d	 52.14*	 20	 0.285±0.004d	 7.77
Enzyme + substrate + 2	 20	 0.204±0.004c	 63.70*	 40	 0.263±0.004c	 14.89*
	 40	 0.033±0.005b	 94.13*	 80	 0.123±0.00b	 36.23*
	 80	 0.000±0.000a	 100*	 120	 0.024±0.003a	 92.23*

Enzyme + substrate	 -	 0.693±0.002e	 -	 -	 0.374±0.006e	 -
	 5	 0.479±0.001d	 30.88*	 5	 0.361±0.008de	 3.21
Enzyme + substrate + 3	 10	 0.440±0.001c	 36.51*	 10	 0.332±0.010d	 11.23*
	 20	 0.242±0.001b	 65.08*	 20	 0.270±0.008c	 27.81*
	 40	 0.007±0.006a	 98.99*	 40	 0.154±0.012b	 58.82*
	 80	 0.000±0.000a	 100*

Enzyme + substrate	 -	 0.496±0.010d	 -	 -	 0.356±0.012f	 -
	 0.625	 0.468±0.001cd	 5.64	 2.5	 0.339±0.005e	 4.76
	 1.25	 0.446±0.002c	 10.08*	 5	 0.322±0.001d	 9.55
Enzyme + substrate + 4	 2.5	 0.284±0.001b	 42.74*	 10	 0.300±0.004c	 15.73*
	 5	 0.094±0.003a	 81.04*	 20	 0.171±0.003b	 51.97*
	 40	 0.078±0.002a 	 78.09*

Enzyme + substrate	 -	 0.498±0.007e	 -	 -	 0.372±0.005e	 -
	 5	 0.387±0.003d	 22.29*	 10	 0.342±0.003d	 8.06
Enzyme + substrate + 5	 10	 0.285±0.005c	 42.77*	 20	 0.306±0.002c	 17.74*
	 20	 0.072±0.002b	 85.54*	 40	 0.207±0.001b	 44.35*
	 40	 0.000±0.000a	 100*	 80	 0.077±0.001a	 79.30*

Enzyme + substrate	 -	 0.587±0.013f	 -
	 0.312	 0.512±0.005e	 12.78*
	 0.625	 0.458±0.008d	 21.98*
Enzyme + substrate + 	 1.25	 0.261±0.003c	 55.54*
clorgyline	 2.5	 0.044±00004b	 92.50*
	 5	 0.000±0.000a	 100.00*

Enzyme + substrate				    -	 0.431±0.004e	 -
				    2.5	 0.270±0.003d	 37.35*
Enzyme + substrate + pargyline			   5	 0.215±0.002c	 50.12*
				    10	 0.115±0.003b	 73.32*
				    20	 0.000±0.000a	 100.00*

Abs: Absorbance. SD: Standard deviation.
*:Statistically different from control application (p < 0.05). The different letters in the lines are statistically different accord-
ing to the Duncan test.
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Table 6. IC50 and IC90 values for the antidepressant, anti-Parkinson’s disease effects of the treatments 

		                      MAO-A				                      MAO-B 			 
Treatments	 IC50		  IC90		  IC50		  IC90	
	 (mg/mL)	 (mM)	 (mg/mL) 	 (mM)	 (mg/mL)	 (mM)	 (mg/mL) 	 (mM)

Chlorgyline HCl 	 1.29	 4.18	 2.37	 7.68	 -	 -	 -	 -
Pargyline HCl	 -	 -	 -	 -	 5.06	 25.86	 10.42	 53.24
Usnic acid (1)	 5.70	 16.57	 9.56 	 27.79	 91.09	 264.80	 166.45	 483.87
Synthesized Schiff bases								      
2	 9.23	 21.22	 37.45	 86.09	 94.87	 218.09	 159.91	 367.60
3	 14.83	 34.10	 34.78	 79.75	 34.31	 78.87	 59.48	 136.73
4	 3.18	 7.31	 5.42	 12.46	 24.31	 55.86	 43.90	 100.92
5	 11.62	 27.15	 21.09	 49.28	 49.82	 116.40	 88.82	 207.52

MAO-B. These results point out that usnic acid (1) and the 
synthesized Schiff bases 2–5 do not have anti-Parkinson’s 
disease activity due to their weak and non-selective inhib-
itory effects on MAO-B activity. Nevertheless, new 4-hy-
droxyphenylimino and 3-hydroxyphenylimino groups 
bound to usnic acid (1) (IC50 = 91.09 mg/mL, 264.80 mM) 
via an azomethine bond significantly increased the inhi-
bition effect of the compounds 4 (IC50 = 34.31 mg/mL, 
78.87 mM) and 3 (IC50 = 24.31 mg/mL, 55.86 mM) on the 
MAO-B activity.

It has been reported in the literature that pargyline 
and chlorgyline are potent inhibitors with extremely low 
IC50 values.6,28,92,93 However, in the current study, the IC50 
values were calculated as higher values for chlorgyline 
(IC50 = 1.29 mg/mL, 4.18 mM) and pargyline (IC50 = 5.06 
mg/mL, 25.86 mM). This could be accounted for by vari-
ations in the assaying techniques employed.6,28,92,93 Like-
wise, previously, 0.34 mg/mL and 1.25 mM IC50 values for 
chlorgyline were determined using a different assay meth-
od.6

nausea, vomiting, agitation, diarrhea, loose stools, night-
time vivid dreams, dehydration, skin rash, bradycardia, 
peptic ulcer, seizures, weight loss, rhinorrhea, salivation, 
muscle cramps, and fasciculations.98,100,103,104 Therefore, 
further studies focused on new cholinesterase inhibitors 
that are safer and have fewer side effects are still important 
for human health.

Hence, in the present work, the inhibition effects of 
usnic acid (1) and the Schiff bases 2–5 at different concen-
trations were evaluated on AChE and BChE activities for 
the first time to discover new potentially neuroprotective 
compounds (Table 7). The IC50 and IC90 calculated for us-
nic acid (1), the Schiff bases 2–5 and commercial anticho-
linesterases, neostigmine and galantamine are also pre-
sented in Table 8. As shown in this table, the IC50 values for 
usnic acid (1) and the compounds 2–5 were determined to 
be very high with values 54.64–688.69 mM (23.77–294.76 
mg/mL) and 24.81–56.12 mM (10.79–24.41 mg/mL) when 
compared with the inhibitory effects of neostigmine (IC50 
= 2.87 mM, 0.64 mg/mL) and galantamine (IC50 = 16.63 

3. 2. 4. Neuroprotective Effects
Alzheimer’s disease is the most common demen-

tia disease in older adults with a prevalence of 10% after 
the age of 65.94,95 Physical and mental behavioral disor-
ders such as language, writing and reading difficulties, 
and memory loss are observed in Alzheimer’s disease 
patients due to the gradual loss of cells in some parts of 
the brain.66,96–98 The loss of cholinergic neurotransmit-
ters, acetylcholine (ACh) and butyrylcholine (BCh) in the 
brain is known to be one of the main causes of Alzheimer’s 
disease.96–100 There is also evidence that the brain tissues of 
Alzheimer’s disease patients have higher concentrations of 
the enzymes AChE and BChE, which use ACh and BCh, 
respectively, as substrates.98,99,101 Nowadays, the enhance-
ment of cholinergic neurotransmission by the inhibition 
of cholinesterases is the main approach in the symptomat-
ic treatment of Alzheimer’s disease and dementia.96,98–102 
The most widely used agents as cholinesterase inhibitors 
are donepezil, rivastigmine, and galantamine; however, 
they are associated with some side effects like appetite loss, 

mM, 4.78 mg/mL).6 These results conclude that neither 
usnic acid (1) nor its derivatives 2–5 have any noteworthy 
neuroprotective potential as compared with commercial 
anticholinesterases. However, our results demonstrated 
that the new functional groups added to usnic acid (1) 
affect the neuroprotective activities of the synthesized 
compounds 2–5 (Tables 7 and 8). In particular, hydroxy-
phenylimino ligand derivatives 2–4 of usnic acid acted as 
stronger AChE enzyme inhibitors with 23.77–45.00 mg/
mL or 103.44–54.64 mM of IC50 values than usnic acid (1) 
(IC50 = 94.03 mg/mL, 273.34 mM). On the other hand, the 
ligand 5 displayed a much weaker inhibitory effect with 
IC50 = 294.76 mg/mL or 688.69 mM against the AChE 
enzyme than usnic acid (1). Similar results for the treat-
ments were also obtained against BChE activity (Table 8). 
As can be seen from Table 8, the inhibition effects of the 
synthesized compounds 2–5 with lower IC50 values (IC50 
= 10.79–24.41 mg/mL, 24.81–56.12 mM) were found to be 
higher than that of usnic acid (1) (IC50 = 38.61 mg/mL, 
112.24 mM).
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4. Conclusions
In the current study, the Schiff base derivatives 2–5 

of a famous lichen metabolite, usnic acid (1) were synthe-

sized via the condenzation reaction with 4-aminophenol, 
3-aminophenol, 2-aminophenol and 4-aminomorpholine. 
The antidiabetic, antioxidant, antidepressant, anti-Parkin-
son’s disease and neuroprotective activities of the com-

Table 8. IC50 and IC90 values for the neuroprotective effects of the all treatments

		                      AChE				                       BChE

Treatments	                     IC50		                      IC90		                      IC50		                      IC90
	 (mg/mL)	 (mM)	 (mg/mL) 	 (mM)	 (mg/mL)	 (mM)	 (mg/mL) 	(mM)

Neostigmine* 	 0.64	 2.87	 2.42	 10.84	 0.03	 0.10	 0.06	 0.20
Galantamine* 	 4.78	 16.63	 15.31	 53.34	 0.31	 1.08	 0.94	 3.28

Usnic acid (1)	 94.03	 273.34	 157.83	 458.81	 38.61	 112.24	 71.91	 209.04
Synthesized Schiff bases
2	 33.26	 76.46	 80.41	 184.85	 23.91	 54.97	 45.95	 105.63
3	 23.77	 54.64	 69.99	 160.90	 23.25	 53.45	 41.16	 94.62
4	 45.00	 103.44	 76.77	 176.48	 10.79	 24.81	 20.49	 47.10
5	 294.76	 688.69	 520.62	 1216.40	 24.41	 56.12	 45.11	 103.70

*The data was acquired from the previous reports published by our research group.6

Table 7. Neuroprotective effects of usnic acid (1) and the synthesized Schiff bases 2–4

Treatments		  AChE			   BChE
	 Conc.	 Abs±SS	 Inh (%)	 Conc.	 Abs±SS	 Inh 
	 (mg/mL)		  (mg/mL)			   (%)

Enzyme + substrate	 -	 0.498±0.003e	 -	 -	 0.374±0.003e	 -
 	 20	 0.462±0.007d	 7.23	 10	 0.332±0.009d	 11.23*
Enzyme + substrate +	 40	 0.428±0.004c	 14.06*	 20	 0.248±0.006c	 33.69*
Usnic acid (1)	 80	 0.302±0.003b	 39.36*	 40	 0.169±0.005b	 54.81*
	 160	 0.036±0.002a	 92.77*	 80	 0.010±0.002a	 97.33*

Enzyme + substrate	 -	 0.688±0.008f	 -	 -	 0.390±0.006f	 -
	 10	 0.517±0.015e	 24.85*	 5	 0.345±0.014e	 11.54
	 20	 0.395±0.009d	 42.58*	 10	 0.287±0.010d	 26.41*
Enzyme + substrate + 2	 40	 0.279±0.006c	 59.44*	 20	 0.204±0.014c	 47.69*
	 80	 0.086±0.003b	 87.5*	 40	 0.090±0.006b	 76.92*
	 160	 0.020±0.005a	 97.07*	 80	 0.000±0.000a	 100*

Enzyme + substrate	 -	 0.423±0.006e	 -	 -	 0.378±0.012e	 -
	 20	 0.218±0.007d	 48.46*	 10	 0.318±0.005d	 17.20*
Enzyme + substrate + 3	 40	 0.157±0.003c	 62.88*	 20	 0.202±0.005c	 46.50*
	 80	 0.017±0.006b	 95.98*	 40	 0.052±0.005b	 86.24*
	 160	 0.000±0.000a	 100*	 80	 0.000±0.000a	 100*

Enzyme + substrate	 -	 0.398±0.005e	 -	 -	 0.336±0.007e	 -
	 20	 0.317±0.009d	 20.35*	 5	 0.239±0.009d	 27.98*
Enzyme + substrate + 4	 40	 0.235±0.008c	 40.95*	 10	 0.188±0.008c	 44.04*
	 80	 0.020±0.002b	 94.98*	 20	 0.037±0.006b	 88.98*
	 160	 0.000± 0.000a	 100*	 40	 0.000±0.000a	 100*

Enzyme + substrate	 -	 0.474±0.006d	 -	 -	 0.370±0.004f	 -
 	 40	 0.452±0.013d	 4.64	 5	 0.333±0.008e	 10.00*
Enzyme + substrate + 5	 80	 0.412±0.010c	 13.08*	 10	 0.285±0.011d	 22.92*
	 160	 0.256±0.004b	 24.89*	 20	 0.204±0.004c	 44.60*
	 320	 0.214±0.006a	 54.85*	 40	 0.075±0.005b	 78.67*
				    80	 0.000±0.000a	 100* 

Abs: Absorbance. Conc.: Concentration. Inh.: Inhibition. SD: Standard deviation.   *: Statistically different from en-
zyme + substrate applications (p < 0.05). The different letters in the lines are statistically different according to the 
Duncan test
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pounds were also evaluated for the first time. Our results 
conclude that the compound 4 was found to be a drug 
candidate molecule for further investigations due to its 
potent antidiabetic and antioxidant potentials, besides its 
noteworthy antidepressant effect.
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Povzetek
Schiffove baze imajo zaradi prisotnosti azometinske (–C=N–) skupine mnoge farmakološke aktivnosti. Usninska kislina 
je najbolj znan metabolit lišajev; vsebuje dve karbonilni skupini iz katerih je mogoče s primarnimi amini sintetizirati 
Schiffove baze. V okviru te študije smo iz usninske kisline (1) pripravili znane Schiffove baze 2–5 z namenom raziskati 
njihove antidiabetične ter nevrozaščitne lastnosti, antioksidativne aktivnosti in lastnosti delovanja proti depresiji ter 
Parkinsonovi bolezni. Med preizkušanimi spojinami, je spojina 4 izkazala najmočnejše delovanje proti diabetesu in 
depresiji, saj je inhibirala delovanje α-glikozidaze, α-amilaze in encima MAO-A. Poleg tega so se vse spojine izkazale kot 
dobri lovilci radikalov ABTS in DPPH; aktivnost spojin 3 in 4 za lovljenje radikalov ABTS je bila celo večja od aktivnosti 
komercialnih antioksidantov, kot sta BHA in troloks. Nobena od preizkušanih spojin pa ni pokazala občutnega delovanja 
proti Parkinsonovi bolezni in niti ni izkazala nevrozaščitnega delovanja. Zaključimo lahko, da bi spojina 4 zaradi svojega 
antioksidativnega delovanja ter delovanja proti diabetesu in depresiji lahko bila kandidatka za nadaljnje študije.
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Abstract
Two mononuclear zinc(II) complexes [ZnCl2(HL)] (1) and [ZnBr2(HL)] (2), and a polymeric zinc(II) complex [Zn(d-
ca)L] (3), where HL is the zwitterionic form of the Schiff base 2,4-difluoro-6-(((2-pyrrolidin-1-yl)ethylimino)methyl)
phenol (HL), L is the monoanionic form of HL, and dca is dicyanoamide, were prepared and characterized by elemental 
analysis and infrared spectroscopy, as well as X-ray single crystal determination. Complexes 1 and 2 are isostructural, 
in which the Zn atoms are in tetrahedral coordination. The Schiff base ligands in both complexes are coordinate to the 
Zn atoms through phenolate oxygen and imino nitrogen. The zinc atoms in complex 3 are in tetrahedral coordination 
and are bridged by dicyanoamide ligands. The Schiff base ligand in this complex is coordinates to the zinc atom through 
phenolate oxygen, imino nitrogen and pyrrolidine nitrogen. Molecules of the three complexes are stabilized by hydrogen 
bonds. The biological assay indicates that the complexes have good antimicrobial activities on the bacteria strains Escher-
ichia coli, Pseudomonas aeruginosa, Salmonella typhi and Staphylococcus aureus.

Keywords: Schiff base; Zinc complex; X-Ray crystal structure; Antibacterial activity.

1. Introduction
In recent years, zinc complexes have received much 

attention for their interesting biological activities such as 
antibacterial, antifungi and antitumor.1 Schiff base com-
pounds derived from the condensation reaction of alde-
hydes with various amines are much attractive for their 
extensive biological applications and coordination capa-
bility to metal atoms.2 In literature, a number of zinc com-
plexes with Schiff base ligands have been reported to show 
effective antimicrobial activities.3 Halide and pseudohal-
ide anions are versatile ligands in coordination chemistry. 
They play either terminal or bridging mode in the forma-
tion of metal complexes.4 Fluoro- and chloro-substituted 
compounds are reported to have effective antibacterial ac-
tivities.5 Recently, our research group has reported some 
Schiff base complexes with biological activities.6 In contin-
uation of the work, the present paper reports three new 
zinc(II) complexes, [ZnCl2(HL)] (1), [ZnBr2(HL)] (2) and 
[Zn(dca)L] (3), where HL is the zwitterionic form of the 
Schiff base 2,4-difluoro-6-[(2-pyrrolidin-1-ylethylimino)
methyl]phenol (HL), L is the monoanionic form of HL, 
and dca is dicyanoamide.

2. Experimental
2. 1. Materials and Measurements

Commercially available 3,5-difluorosalicylaldehyde 
and N-(2-aminoethyl)pyrrolidine were purchased from 
Sigma-Aldrich and used without further purification. 
Other solvents and reagents were made in China and used 
as received. The Schiff base HL was prepared according to 
the literature method.7 C, H and N elemental analyses 
were performed with a Perkin-Elmer elemental analyzer. 
Infrared spectra were recorded on a Nicolet AVATAR 360 
spectrometer as KBr pellets in the 4000–400 cm–1 region.

2. 2. Synthesis of [ZnCl2(HL)] (1)
A methanolic solution (10 mL) of zinc chloride (0.10 

mmol, 13.6 mg) was added to a methanolic solution (10 
mL) of HL (0.10 mmol, 25.4 mg) with stirring. The mix-
ture was stirred for 30 min at room temperature to give a 
colorless solution. The resulting solution was allowed to 
stand in air for a few days. Colorless block-shaped crystals 
suitable for X-ray single crystal diffraction were formed at 
the bottom of the vessel. The isolated products were 
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washed three times with cold ethanol and dried in air. 
Yield: 27 mg (69%). Analysis: Found: C 39.83%, H 
4.20%, N 7.26%. Calculated for C13H16Cl2F2N2OZn: C 
39.98%, H 4.13%, N 7.17%. IR data (KBr, cm–1): ν 3139 
w (NH), 1623 s (C=N).

2. 3. Synthesis of [ZnBr2(HL)] (2)
This complex crystallized as colorless block like sin-

gle crystals was prepared by the same method as described 
for complex 1, with zinc chloride replaced by zinc bromide 
(0.10 mmol, 22.5 mg). Yield: 35 mg (73%). Analysis: 
Found: C 32.37%, H 3.43%, N 5.92%. Calculated for 
C13H16Br2F2N2OZn: C 32.56%, H 3.36%, N 5.84%. IR data 
(KBr, cm–1): ν 3127 w (NH), 1623 s (C=N).

2. 4. Synthesis of [Zn(dca)L] (3)
A methanolic solution (10 mL) of zinc nitrate hex-

ahydrate (0.10 mmol, 29.7 mg) was added to a methanolic 
solution (10 mL) of HL (0.10 mmol, 25.4 mg) with stirring. 
Then, sodium dicyanoamide (0.20 mmol, 17.8 mg) was 
added to the mixture. The final mixture was stirred for 30 
min at room temperature to give a colorless solution. The 
resulting solution was allowed to stand in air for a few 
days. Colorless block-shaped crystals suitable for X-ray 
single crystal diffraction were formed at the bottom of the 
vessel. The isolated products were washed three times with 
cold ethanol and dried in air. Yield: 30 mg (79%). Analysis: 
Found: C 46.95%, H 3.86%, N 18.07%. Calculated for 

C15H15F2N5OZn: C 46.83%, H 3.93%, N 18.20%. IR data 
(KBr, cm–1): ν 2322 w, 2257 w, 2193 s (dca), 1617 sc(C=N).

2. 5. X-ray Crystallography
Diffraction intensities for the complexes were col-

lected at 298(2) K using a Bruker D8 VENTURE PHO-
TON diffractometer with MoKa radiation (l = 0.71073 Å). 
The collected data were reduced using the SAINT pro-
gram,8 and multi-scan absorption corrections were per-
formed using the SADABS program.9 The structures were 
solved by direct method and refined against F2 by full-ma-
trix least-squares method using the SHELXTL.10 All of the 
non-hydrogen atoms were refined anisotropically. The H 
atoms attached to the N atoms of pyrrolidine groups in 
complexes 1 and 2 were located from difference Fourier 
maps and refined isotropically, with N–H distances re-
strained to 0.90(1) Å. All other hydrogen atoms were 
placed in idealized positions and constrained to ride on 
their parent atoms. The crystallographic data for the com-
plexes are summarized in Table 1. Selected bond lengths 
and angles are given in Table 2. Hydrogen bonding infor-
mation is listed in Table 3.

3. Results and Discussion
The three complexes were facile prepared by reaction 

of the Schiff base HL and zinc salts in methanol in the 
presence of halide or pseudohalide anions (Scheme 1). 

Table 1. Crystallographic data and refinement parameters for the complexes

	 1	 2	 3

Chemical formula	 C13H16Cl2F2N2OZn	 C13H16Br2F2N2OZn	 C15H15F2N5OZn
Mr	 390.55	 479.47	 384.69
Crystal color, habit	 Colorless, block	 Colorless, block	 Colorless, block
Crystal system	 Monoclinic	 Monoclinic	 Monoclinic
Space group	 P21/c	 P21/c	 P21/n
a (Å)	 14.2038(16)	 14.3819(11)	 7.2966(4)
b (Å)	 15.0934(12)	 15.2563(11)	 29.393(2)
c (Å)	 14.6834(16)	 14.8598(11)	 7.5410(5)
α (°)	 90	 90	 90
β (°)	 101.804(1)	 100.321(2)	 94.478(1)
γ (°)	 90	 90	 90
V (Å3)	 3081.3(5)	 3207.7(4)	 1612.36(18)
Z	 8	 8	 4
Dcalc (g cm-3)	 1.684	 1.986	 1.585
μ (mm-1)	 1.960	 6.533	 1.557
F(000)	 1584	 1872	 784
Number of unique data	 5734	 5959	 2995
Number of observed data [I > 2σ(I)]	 4566	 3747	 2383
Number of parameters	 385	 385	 217
Number of restraints	 2	 2	 0
R1, wR2 [I > 2σ(I)]	 0.0355, 0.0889	 0.0461, 0.1277	 0.0499, 0.1040
R1, wR2 (all data)	 0.0487, 0.0966	 0.0839, 0.1466	 0.0641, 0.1122
Goodness of fit on F2	 1.029	 0.956	 1.061



582 Acta Chim. Slov. 2024, 71, 580–586

Wu et al.:   Synthesis, Characterization and X-Ray Crystal Structures   ...

Zinc chloride and zinc bromide were used in the synthesis 
of complexes 1 and 2, respectively. The Cl and Br anions 
act as terminal ligands in both complexes. Complex 3 was 
synthesized from zinc nitrate and sodium dicyanoamide. 
As a result, the dicyanoamide anion participates in coordi-

nation and is a bridging ligand. The Schiff base ligands co-
ordinate to the metal atoms in zwitterionic form for com-
plexes 1 and 2. While for complex 3, it adopts 
deprotonated monoanionic form. All the complexes are 
soluble in DMF, DMSO, methanol, ethanol and acetoni-

Table 3. Hydrogen bond distances (Å) and bond angles (°) for the complexes

D–H∙∙∙A	 d(D–H), Å	 d(H∙∙∙A), Å	 d(D∙∙∙A), Å	 Angle (D–H∙∙∙A), º

1

N2–H2∙∙∙F3#1	 0.90(1)	 2.40(3)	 3.032(3)	 128(3)
N2–H2∙∙∙O2#1	 0.90(1)	 2.32(2)	 3.129(3)	 149(3)
N4–H4∙∙∙Cl4	 0.90(1)	 2.55(2)	 3.257(2)	 136(3)
C10–H10A∙∙∙F3#1	 0.97	 2.47	 2.992(3)	 113
C10–H10B∙∙∙O1#2	 0.97	 2.36	 3.315(4)	 169
C13–H13A∙∙∙Cl3#1	 0.97	 2.80	 3.760(3)	 171
C25–H25B∙∙∙F2	 0.97	 2.44	 3.048(4)	 122

2

N2–H2∙∙∙F4	 0.90(1)	 2.30(5)	 3.020(6)	 137(6)
N2–H2∙∙∙O2	 0.90(1)	 2.40(4)	 3.193(7)	 147(6)
N4–H4∙∙∙Br4	 0.90(1)	 2.63(5)	 3.385(5)	 142(6)
C10–H10B∙∙∙O1#3	 0.97	 2.37	 3.333(9)	 174
C24–H24A∙∙∙F2#4	 0.97	 2.45	 3.144(9)	 128

3

C10–H10B∙∙∙N5#5	 0.97	 2.61	 3.220(6)	 122
C7–H7∙∙∙F1#6	 0.93	 2.34	 3.208(4)	 155

Symmetry codes: #1: x, ½ – y, –½ + z; #2: –x, ½ + y, ½ – z; #3: 2 – x, ½ + y, 1½ – z; #4: x, ½ – y, ½ + z; 
#5: 1 – x, 1 – y, 1 – z; #6: x, y, 1 + z.

Table 2. Selected bond distances (Å) and angles (°) for the complexes

1

Zn1–O1	 1.931(2)	 Zn1–N1	 2.035(2)
Zn1–Cl1	 2.2235(10)	 Zn1–Cl2	 2.2379(9)
O1–Zn1–N1	 94.72(9)	 O1–Zn1–Cl1	 108.78(7)
N1–Zn1–Cl1	 116.69(7)	 O1–Zn1–Cl2	 115.00(7)
N1–Zn1–Cl2	 109.58(7)	 Cl1–Zn1–Cl2	 110.49(4)

2

Zn1–O1	 1.926(5)	 Zn1–N1	 2.046(5)
Zn1–Br1	 2.3788(11)	 Zn1–Br2	 2.3567(11)
O1–Zn1–N1	 95.1(2)	 O1–Zn1–Br2	 108.86(14)
N1–Zn1–Br2	 116.92(15)	 O1–Zn1–Br1	 116.51(15)
N1–Zn1–Br1	 108.59(15)	 Br2–Zn1–Br1	 110.36(4)

3

Zn1–O1	 1.986(3)	 Zn1–N1	 2.019(3)
Zn1–N3	 2.008(3)	 Zn1–N5A	 2.039(3)
Zn1–N2	 2.422(3)		
O1–Zn1–N3	 96.27(12)	 O1–Zn1–N1	 91.42(11)
N3–Zn1–N1	 128.72(11)	 O1–Zn1–N5A	 94.10(13)
N3–Zn1–N5A	 106.06(12)	 N1–Zn1–N5A	 123.88(12)
O1–Zn1–N2	 169.17(11)	 N3–Zn1–N2	 91.87(12)
N1–Zn1–N2	 77.90(11)	 N5A–Zn1–N2	 90.48(12)

Symmetry code for A: x, y, 1 + z.			 
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trile, insoluble in water, chloroform and dichloromethane. 
Molar conductance of the complexes at concentration of 
10–3 mol L–1 is 23–45 Ω–1 cm2 mol–1, indicating they are 
non-electrolytes.11

3. 1. �Crystal Structure Description of 
Complexes 1 and 2

The molecular structures and atom numbering 
schemes of complexes 1 and 2 are shown in Figures 1 and 
2, respectively. The asymmetric units of 1 and 2 possess 
two crystallographically independent molecules. Com-
plexes 1 and 2 are isostructural mononuclear zinc(II) com-
pounds. The Zn atom in each complex is in tetrahedral 
coordination and is coordinated by one phenolate oxygen 
and one imino nitrogen of a zwitterionic Schiff base li-
gand, and two halide anions (Cl for 1, Br for 2). The coor-
dinate bond angles are in the ranges 94.72(9)–116.69(7)° 
for 1 and 95.1(2)–116.51(15)° for 2, which are similar to 
those observed in similar Schiff base zinc complexes.12 The 
Zn–O, Zn–N, Zn–Cl and Zn–Br bond lengths are compa-
rable to those observed in the zinc complexes.12

Scheme 1. The synthetic procedures for the complexes

Figure 1. ORTEP plot of the crystal structure of complex 1. Dis-
placement ellipsoids of non-hydrogen atoms are drawn at the 30% 
probability level.

Figure 2. ORTEP plot of the crystal structure of complex 2. Dis-
placement ellipsoids of non-hydrogen atoms are drawn at the 30% 
probability level.

Figure 3. Molecular packing diagram of complex 1. Viewed along 
the c axis. Hydrogen atoms not related to hydrogen bonding are 
omitted. Hydrogen bonds are shown as dashed lines.
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In the crystal structures of the complexes, molecules 
are linked through intermolecular hydrogen bonds of 
types N–H∙∙∙O, N–H∙∙∙F, N–H∙∙∙Cl/Br, C–H∙∙∙O, C–H∙∙∙F 
and C–H∙∙∙Cl/Br (Table 3), to form three dimensional net-
works (Figures 3 and 4).

Figure 4. Molecular packing diagram of complex 2. Viewed along 
the c axis. Hydrogen atoms not related to hydrogen bonding are 
omitted. Hydrogen bonds are shown as dashed lines.

3. 2. �Crystal Structure Description of 
Complex 3
The molecular structure and atom numbering scheme 

of complex 3 is shown in Figure 5. The asymmetric unit of 
the complex contains [Zn(dca)L] unit. The [ZnL] moieties 
are linked through dicyanoamide ligands, forming a poly-
meric structure. The Zn atom is in trigonal bipyramidal co-
ordination, with the basal plane defined by the imino nitro-
gen (N1) of the Schiff base ligand L, and two N atoms from 
two dca ligands. The axial positions are occupied by one phe-
nolate oxygen (O1) and one pyrollidine nitrogen (N2). The 
Zn atom deviates from the least squares plane defined by the 
three basal donor atoms by 0.037(2) Å. The angular distor-
tion in the trigonal bipyramidal environment comes from 
the five- and six-membered chelate rings taken by the Schiff 
base ligand, with angles of 77.90(11)° and 91.42(11)°. Distor-
tion of the trigonal bipyramidal coordination can be ob-
served from the coordinate bond angles, ranging from 
106.06(12) to 128.72(11)º for the basal angles, and 169.17(11)
º for the diagonal angle. The trigonal bipyramidal coordina-
tion can be calculated from the structural index value τ of 
0.67.13 The Zn–O and Zn–N bonds are comparable to those 
observed in similar Schiff base zinc complexes.14

In the crystal structure of the complex, the [CuL] 
moieties are linked by dca ligands to form chain structure 
along the c axis. The chains are further linked by intermo-
lecular hydrogen bonds of types C–H∙∙∙N and C–H∙∙∙F (Ta-
ble 3), to form a three-dimensional network (Figure 6).

Figure 5. ORTEP plot of the crystal structure of complex 3. Dis-
placement ellipsoids of non-hydrogen atoms are drawn at the 30% 
probability level. Atoms labelled with the suffix A are related to the 
symmetry position x, y, 1 + z.

Figure 6. Molecular packing diagram of complex 3. Viewed along 
the b axis. Hydrogen atoms not related to hydrogen bonding are 
omitted. Hydrogen bonds are shown as dashed lines.

3. 3. Antibacterial Activity
The antibacterial assay was performed according to 

the literature method.15 Penicillin G was used as a stand-
ard drug. DMSO was used as solvent and the solutions 
were further diluted by distilled water. The DMSO at the 
tested concentration has no activity on the bacteria. The 
zone of inhibition for the 5000 μg mL–1 test solutions on 
the four bacteria Escherichia coli, Pseudomonas aerugino-
sa, Salmonella typhi and Staphylococcus aureus is given in 
Table 4. The MIC values are given in Table 5. The results 
indicated that the metal complexes have from medium to 
strong activities against the bacteria, and stronger than the 
free Schiff base. The three zinc complexes have similar ac-
tivities against all the bacterial strains, indicating the Cl, Br 
and dca ligands have similar effects on antibacterial activ-
ities. The complexes show strong activity on E. coli and P. 
aeruginosa, and medium activity on B. subtilis and S. au-
reus. The three metal complexes have better activities 
against E. coli, P. aeruginosa and S. aureus than the refer-
ence drug penicillin G.
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Table 4 Antibacterial screening results

Compound	      Zone of inhibition (mm)			 
	 E. coli	 P. aeruginosa	 B. subtilis	 S. aureus

HL	 8.2 ± 1.5	 6.7 ± 1.6	 6.1 ± 1.2	 5.5 ± 1.3
1	 23 ± 1.6	 25 ± 1.3	 16 ± 1.5	 18 ± 1.7
2	 22 ± 1.8	 23 ± 2.0	 15 ± 1.7	 17 ± 1.4
3	 20 ± 2.2	 21 ± 2.0	 15 ± 1.8	 16 ± 1.5
Penicillin G	 30 ± 2.8	 26 ± 3.1	 30 ± 3.2	 24 ± 2.9

Table 5 Antibacterial activities as MIC values (μg mL–1)

Compound	 E. coli	 P. aeruginosa	 B. subtilis	 S. aureus

HL	 6.25	 12.5	 12.5	 12.5
1	 1.56	 1.56	 6.25	 3.13
2	 1.56	 1.56	 6.25	 3.13
3	 1.56	 1.56	 6.25	 3.13
Penicillin G	 3.13	 6.25	 1.56	 6.25

4. Supplementary Material
CCDC 2376703–2376705 for the three complexes 

contains the supplementary crystallographic data for this 
paper. These data can be obtained free of charge at http://
www.ccdc.cam.ac.uk/const/retrieving.html or from the 
Cambridge Crystallographic Data Centre (CCDC), 12 Un-
ion Road, Cambridge CB2 1EZ, UK; fax: +44(0)1223-
336033 or e-mail: deposit@ccdc.cam.ac.uk.
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Povzetek
Sintetizirali smo dva enojedrna cinkova(II) kompleksa [ZnCl2(HL)] (1) in [ZnBr2(HL)] (2) ter polimerni cinkov(II) 
kompleks [Zn(dca)L] (3), kjer je HL zwitterionska oblika Schiffove baze 2,4-difluoro-6-(((2-pirolidin-1-il)etilimino)
metil)fenol (HL), L je monoanionska oblika HL, dca pa je dicianoamid. Spojine smo okarakterizirali z elementno analizo 
in infrardečo spektroskopijo ter jim določili kristalne strukture z rentgensko monokristalno analizo. Kompleksa 1 in 
2 sta izostrukturna, Zn centralni atomi imajo tetraedrično koordinacijo. Ligandi Schiffove baze so v obeh kompleksih 
koordinirani na Zn atome preko fenolatnega kisika in imino dušika. Cinkovi atomi v kompleksu 3 so tetraedrično koor-
dinirani in jih povezujejo dicianoamidni mostnovni ligandi. Ligand Schiffove baze je v tem kompleksu koordiniran na 
cinkov atom preko fenolatnega kisika, imino dušika in pirolidinskega dušika. Molekule vseh treh kompleksov so stabi-
lizirane z vodikovimi vezmi. Biološki testi kažejo, da imajo kompleksi dobro protimikrobno delovanje na bakterijske seve 
Escherichia coli, Pseudomonas aeruginosa, Salmonella typhi in Staphylococcus aureus.
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Abstract
Reaction of 2-chlorobenzaldehyde with 3-trifluoromethylbenzohydrazide, 3,5-dimethoxybenzohydrazide, 4-trifluo-
romethylbenzohydrazide and 2-bromobenzohydrazide, respectively, in methanol afforded four new aroylhydrazones. 
The newly synthesized compounds were characterized by means of elemental analysis, IR and 1H NMR spectroscopy, 
and their structures were further confirmed by X-ray single crystal determination. The compounds were assayed for their 
antibacterial activities against E. coli, P. aeruginosa, B. subtilis, and S. aureus and show interesting results.

Keywords: Aroylhydrazones; 2-chlorobenzaldehyde; crystal structure; antibacterial activity.

1. Introduction
Aroylhydrazones containing –C(O)–NH–N=CH– 

group can be prepared by a facile reaction of carbonyl con-
taining compounds with hydrazides. The compounds have 
shown interesting biological application such as antibacteri-
al activity,1 antifungal activity,2 antitumor activity,3 anti-in-
flammatory activity,4 and cytotoxic activity.5 The literature 
work indicates that compounds bearing halide substituents 

have enhanced biological activities especially for the anti-
bacterial and antifungal aspects.6 Rai et al. reported some 
fluoro, chloro, bromo and iodo-containing compounds that 
show improved antimicrobial activities.7 Recently, we have 
reported some hydrazones derived from 4-pyridinecarbox-
aldehyde.8 In continuation of such work, we report herein 
four new aroylhydrazones, N’-(2-chlorobenzylidenemeth-
ylene)-3-trifluoromethylbenzohydrazide (1), N’-(2-chloro- 
benzylidenemethylene)-3,5-dimethoxybenzohydrazide (2), 

Scheme 1. The aroylhydrazones under study
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N’-(2-chlorobenzylidenemethylene)-4-trifluoromethylben-
zohydrazide (3), and 2-bromo-N’- (2-chlorobenzyliden-
emethylene)benzohydrazide (4), and evaluation of their 
antibacterial activities. 

2. Experimental
2. 1. Materials and Measurements

2-Chlorobenzaldehyde, 3-trifluoromethylbenzohy-
drazide, 3,5-dimethoxybenzohydrazide, 4-trifluoromethylb-
enzohydrazide, and 2-bromobenzohydrazide were pur-
chased from Sigma-Aldrich, and used as received. The 
remaining chemicals were obtained from Aladin Chemical 
Co. Ltd. CHN elemental analyses were carried out with a 
Perkin-Elmer elemental analyzer. Infrared spectra of the 
compounds were recorded on a Nicolet AVATAR 360 spec-
trometer. 1H NMR data were determined with a Bruker 500 
MHz instrument. Single crystal X-ray diffraction was per-
formed on a Bruker D8 VENTURE PHOTON diffractome-
ter at room temperature equipped with Mo-Kα radiation.

2. 2. Preparation of the compounds
The four compounds were facile synthesized with 

the following method. 2-Chlorobenzaldehyde (1.0 mmol, 
140 mg) was dissolved in MeOH (30 mL), which was slow-
ly added to the methanolic solution (30 mL) containing 
3-trifluoromethylbenzohydrazide (1.0 mmol, 204 mg), 
3,5-dimethoxybenzohydrazide (1.0 mmol, 196 mg), 4-trif-
luoromethylbenzohydrazide (1.0 mmol, 204 mg), and 
2-bromobenzohydrazide (1.0 mmol, 215 mg), respectively. 
The mixtures were magnetic stirred for 30 min at room 
temperature. Single crystals of the compounds with X-ray 
diffraction quality were grown from the solution after slow 
evaporation in air for several days.

N’-(2-Chlorobenzylidenemethylene)-3-
trifluoromethylbenzohydrazide (1)

Colorless crystals. Yield: 273 mg (83%). Anal. calcd. 
for C15H10ClF3N2O: C, 55.15; H, 3.09; N, 8.57; found C, 
54.93; H, 3.16; N, 8.65%. Characteristic IR data (cm–1): 
3184 (w), 1652 (s), 1598 (m), 1563 (s), 1434 (w), 1370 (w), 
1330 (s), 1310 (m), 1276 (s), 1167 (s), 1117 (s), 1073 (m), 
953 (w), 934 (w), 914 (w), 810 (w), 755 (m), 701 (s). 1H 
NMR (500 MHz, d6-DMSO): δ: 12.24 (s, 1H, NH), 8.88 (s, 
1H, CN=N), 8.28 (s, 1H, ArH), 8.26 (d, 1H, ArH), 8.06 (t, 
1H, ArH), 7.97 (d, 1H, ArH), 7.78 (t, 1H, ArH), 7.55 (d, 
1H, ArH), 7.46 (m, 2H, ArH).

N’-(2-Chlorobenzylidenemethylene)-3,5-
dimethoxybenzohydrazide (2)

Colorless crystals. Yield: 281 mg (88%). Anal. cal-
cd. for C16H15ClN2O3: C, 60.29; H, 4.74; N, 8.79; found 

C, 60.45; H, 4.81; N, 8.68%. Characteristic IR data  
(cm–1): 3178 (w), 1652 (s), 1598 (s), 1565 (s), 1454 (m), 
1360 (m), 1310 (m), 1206 (m), 1163 (s), 1063 (s), 945 
(w), 854 (m), 760 (w), 700 (w), 538 (w). 1H NMR (500 
MHz, d6-DMSO): δ: 11.98 (s, 1H, NH), 8.88 (s, 1H, 
CN=N), 8.03 (t, 1H, ArH), 7.53 (t, 1H, ArH), 7.45 (m, 
2H, ArH), 7.10 (d, 2H, ArH), 6.73 (s, 1H, ArH), 3.83 (s, 
6H, CH3).

N’-(2-Chlorobenzylidenemethylene)-4-
trifluoromethylbenzohydrazide (3)

Colorless crystals. Yield: 255 mg (78%). Anal. cal-
cd. for C15H10ClF3N2O: C, 55.15; H, 3.09; N, 8.57; found 
C, 54.98; H, 3.16; N, 8.51%. Characteristic IR data (cm–

1): 3165 (w), 1655 (s), 1597 (m), 1561 (m), 1445 (w), 1372 
(w), 1323 (m), 1313 (w), 1275 (m), 1163 (s), 1098 (m), 
1065 (m), 971 (w), 946 (w), 902 (w), 823 (w), 757 (m), 
689 (m). 1H NMR (500 MHz, d6-DMSO): δ: 12.17 (s, 1H, 
NH), 8.88 (s, 1H, CN=N), 8.19 (d, 2H, ArH), 7.79 (d, 2H, 
ArH), 7.67 (d, 1H, ArH), 7.53 (d, 1H, ArH), 7.45 (m, 2H, 
ArH).

2-Bromo-N’-(2-chlorobenzylidenemethylene)
benzohydrazide (4)

Colorless crystals. Yield: 260 mg (77%). Anal. calcd. 
for C14H10BrClN2O: C, 49.81; H, 2.99; N, 8.30; found C, 
49.67; H, 3.12; N, 8.37%. Characteristic IR data (cm–1): 
3190 (w), 1653 (s), 1597 (s), 1563 (s), 1457 (m), 1371 (m), 
1323 (w), 1211 (m), 1160 (m), 1073 (s), 953 (w), 846 (m), 
757 (w), 723 (w), 612 (w). 1H NMR (500 MHz, d6-DMSO): 
δ: 12.10 (s, 1H, NH), 8.70 (s, 1H, CN=N), 8.03 (d, 1H, 
ArH), 7.73 (d, 1H, ArH), 7.57 (d, 1H, ArH), 7.51 (m, 3H, 
ArH), 7.38 (m, 2H, ArH).

2. 3. Single Crystal X-ray Determination
Single crystal X-ray determination for the crystals 

of the compounds were carried out with Mo-Kα radia-
tion (l = 0.71073 Å) at 298(2) K using Bruker D8 VEN-
TURE PHOTON diffractometer. The data were reduced 
with SAINT.9 Multi-scan absorption corrections were 
performed with SADABS.10 All structures of the com-
pounds were solved by direct method and refined against 
F2 by full-matrix least-squares method using SHELXT 
and SHELXL programs.11 All non-H atoms were refined 
anisotropically. The amino H atoms were located from 
electronic maps and refined isotropically. The N–H dis-
tances were restrained to 0.90(1) Å. The remaining H at-
oms were placed in calculated positions. The crystallo-
graphic data are listed in Table 1. The trifluoromethyl 
groups in compounds 1 and 3 are disordered, with occu-
pancies of 0.46(1) and 0.54(1), and 0.38(1) and 0.62(1), 
respectively.
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3. Results and Discussion
3. 1. Chemistry

The four compounds were prepared by facile con-
densation reaction of 2-chlorobenzaldehyde with aroylhy-
drazides in methanol. They have good solubility in MeOH, 
EtOH, acetonitrile, DMSO and DMF. The strong bands in 
the range 1652–1655 cm–1 can be assigned to the vibration 
of ν(C=O). The bands in the range 1597–1598 cm–1 can be 
assigned to the vibration of ν(C=N).8,12 The weak bands 
indicative of the ν(N–H) are observed at 3165–3190 cm–1. 
The CHN elemental analyses agree well with the proposed 
chemical formulae by single crystal X-ray determination.

3. 2. Crystal Structure Description
The structures of the four compounds are shown in 

Figures 1–4. Characteristic bond lengths are given in Table 
2. The asymmetric unit of 2 contains two independent 
molecules. There is only one aroylhydrazone molecule in 
the asymmetric unit in the remaining three compounds. 
The molecule of each compound has an E configuration 
about the C=N group. The methylidene bonds have dis-
tances of 1.26–1.27 Å, which are similar to each other for 
the four compounds. The C–N bonds are shorter than usu-
al, and the C=O bonds are longer than usual, suggesting 
the molecules present conjugation effects. The bond 
lengths in the compounds are within normal values.8,13 
The two benzene rings form dihedral angles of 7.4(3)º for 
1, 35.3(5)º and 4.0(5)º for 2, 4.3(5)º for 3, and 15.7(3)º for 

4. It is obvious that the dihedral angle between the two 
benzene rings in one molecule of compound 2 is larger 
than the other molecule, which might be caused by the hy-
drogen bonding. There are two acceptors (O1 and N1) for 
N4–H4 bond, viz. N4–H4···O1 and N4–H4···N1.

The aroylhydrazone molecules of 1 are linked 
through hydrogen bonds of N–H···O and C–H···O, to form 
one-dimensional chains along the c-axis direction (Table 
3, Figure 5). The aroylhydrazone molecules of 2 are linked 
through hydrogen bonds of N–H···O, N–H···N and 

Table 1. Crystal data for the compounds

	 1	 2	 3	 4

Formula	 C15H10ClF3N2O	 C16H15ClN2O3	 C15H10ClF3N2O	 C14H10BrClN2O
Mr	 326.70	 318.75	 326.70	 337.60
Crystal color, habit	 Colorless, block	 Colorless, block	 Colorless, block	 Colorless, block
Crystal system	 Monoclinic	 Monoclinic	 Monoclinic	 Monoclinic
Space group	 P21/c	 P21/c	 P21/c	 P21/n
Unit cell parameters				  
a (Å)	 13.2066(10)	 21.6544(19)	 12.6745(12)	 7.4933(7)
b (Å)	 12.9373(11)	 8.9307(13)	 13.1570(13)	 25.3971(16)
c (Å)	 8.5263(5)	 16.3842(17)	 8.8105(11)	 7.7789(8)
β (°)	 97.877(1)	 99.034(1)	 92.381(1)	 114.043(1)
V (Å3)	 1443.0(2)	 3129.2(6)	 1468.0(3)	 1351.9(2)
Z	 4	 8	 4	 4
Dcalc (g cm–3)	 1.504	 1.353	 1.478	 1.659
μ (mm–1)	 0.300	 0.258	 0.295	 3.230
F(000)	 664	 1328	 664	 672
Collected data	 7045	 18200	 8618	 7957
Number of unique data	 2672	 5821	 2734	 2511
Number of observed data [I > 2σ(I)]	 1998	 2765	 1509	 1876
Number of parameters	 231	 408	 230	 175
Number of restraints	 49	 2	 49	 1
R1, wR2 [I > 2σ(I)]	 0.0382, 0.0921	 0.0559, 0.0949	 0.0556, 0.1237	 0.0353, 0.0661
R1, wR2 (all data)	 0.0556, 0.1053	 0.1500, 0.1349	 0.1161, 0.1550	 0.0573, 0.0725
Goodness of fit on F2	 1.073	 1.017	 1.051	 1.022

Table 2. Selected bond distances (Å) for the four compounds

1

N1–C7	 1.268(2)	 N1–N2	 1.388(2)
N2–C8	 1.341(2)	 O1–C8	 1.230(2)

2

N1–C7	 1.269(4)	 N1–N2	 1.378(4)
N2–C8	 1.361(4)	 O1–C8	 1.229(4)
N3–C23	 1.270(4)	 N3–N4	 1.381(4)
N4–C24	 1.337(4)	 O4–C24	 1.228(4)

3

N1–C7	 1.261(4)	 N1–N2	 1.388(3)
N2–C8	 1.349(4)	 O1–C8	 1.221(4)

4

N1–C7	 1.268(3)	 N1–N2	 1.387(3)
N2–C8	 1.344(3)	 O1–C8	 1.220(3)
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C–H···O, to form one-dimensional chains along the c-axis 
direction (Table 3, Figure 6). The aroylhydrazone mole-
cules of 3 are linked through hydrogen bonds of N–H···O 
and C–H···O, to form one dimensional chains along the 
c-axis direction (Table 3, Figure 7). The aroylhydrazone 
molecules of 4 are linked through hydrogen bonds of 
N–H···O and C–H···O, to form one-dimensional chains 
along the a axis direction (Table 3, Figure 8).

3. 3. Antibacterial Activity
The antibacterial experiment was carried out with 

the method described in literature.14 Penicillin G was se-
lected as a reference. DMSO was used as a solvent and the 
solutions were diluted by water. At the tested concentra-
tion, DMSO has no activity on the bacteria. The zones of 
inhibition for the bacteria E. coli, P. aeruginosa, S. typhi 
and S. aureus are summarized in Table 4. MIC values are 

Table 3. Hydrogen bond distances (Å) and angles (°) for the four compounds

D–H∙∙∙A	 d(D–H), Å	 d(H∙∙∙A), Å	 d(D∙∙∙A), Å	 Angle (D–H∙∙∙A),º

1

N2–H2∙∙∙O1i	 0.885(9)	 2.036(11)	 2.8978(18)	 164(2)
C7–H7∙∙∙O1i	 0.93	 2.51	 3.274(2)	 139.5

2

N2–H2∙∙∙O4ii	 0.900(10)	 2.04(3)	 2.853(4)	 149(5)
N4–H4∙∙∙O1iii	 0.901(10)	 2.11(2)	 2.948(4)	 155(5)
C7–H7∙∙∙O4ii	 0.93	 2.27	 3.089(5)	 147.1

3

N2–H2∙∙∙O1v	 0.897(10)	 1.996(16)	 2.858(3)	 161(3)
C7–H7∙∙∙O1v	 0.93	 2.34	 3.137(4)	 143.2

4

C7–H7∙∙∙O1vi	 0.93	 2.52	 3.292(3)	 140.2
N2–H2∙∙∙O1vi	 0.893(10)	 1.975(13)	 2.842(3)	 163(3)

Symmetry codes: i) x, 1½ – y, ½ + z; ii) x, y, –1 + z; iii) x, ½ – y, ½ + z; iv) 1 – x, – y, – z; (v) x, 
1½ – y, ½ + z; vi) –½ + x, ½ – y, –½ + z.

Figure 1. Molecular structure of compound 1 with 30% thermal el-
lipsoids.

Figure 3. Molecular structure of compound 3 with 30% thermal el-
lipsoids.

Figure 2. Molecular structure of compound 2 with 30% thermal el-
lipsoids.

Figure 4. Molecular structure of compound 4 with 30% thermal el-
lipsoids.
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Figure 5. The hydrogen bonds (dashed lines) linked molecular structure of compound 1. Hydrogen atoms not involved in hydrogen bonding are 
deleted for clarity.

Figure 6. The hydrogen bonds (dashed lines) linked molecular structure of compound 2. Hydrogen atoms not involved in hydrogen bonding are 
deleted for clarity.

Figure 7. The hydrogen bonds (dashed lines) linked molecular structure of compound 3. Hydrogen atoms not involved in hydrogen bonding are 
deleted for clarity.
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listed in Table 5. The compounds show from weak to 
strong activities on the bacteria strains. Compounds 1 and 
3 have strong activity on E. coli, P. aeruginosa and B. subti-
lis, and medium activity on S. aureus. Compound 2 has 
medium activity on E. coli, P. aeruginosa and B. subtilis, 
and weak activity on S. aureus. Compound 4 has strong 
activity on E. coli, and medium activity on P. aeruginosa, B. 
subtilis and S. aureus. Among the compounds, compounds 
1 and 3 have the most activity on E. coli and P. aeruginosa 
with MIC values of 1.56 and 6.25 μg mL–1, respectively, 
which are stronger or similar to penicillin G. The com-
pounds have higher activity on E. coli, B. subtilis and S. 
aureus than the pyrroles bearing thiazole moiety.15 The tri-
fluoromethyl containing compounds 1 and 3 have better 
activity on the bacteria than the fluoro-substituted aroyl-
hydrazones.16 The present compounds have higher activity 
than the benzohydrazones.8

After careful comparison we noticed that the elec-
tronic withdrawing substituent groups like Cl, CF3 and Br 
might contribute to the activity on the bacteria strains. The 
trifluoromethyl group can enhance the activity.

Table 4 Antibacterial results

Compound	 Zone of inhibition (mm)				  
	 E. coli	 P. aeruginosa	 B. subtilis	 S. aureus

1	 32 ± 2.2	 23 ± 2.1	 22 ± 1.7	 15 ± 1.5
2	 16 ± 1.7	 15 ± 1.4	 11 ± 1.5	 9.3 ± 1.2
3	 33 ± 1.8	 21 ± 2.2	 25 ± 2.0	 16 ± 1.3
4	 25 ± 2.0	 17 ± 1.5	 14 ± 1.7	 12 ± 1.6
Penicillin G	 30 ± 2.8	 26 ± 3.1	 30 ± 3.2	 24 ± 2.9

Table 5 Antibacterial activities (MIC, μg mL–1)

Compound	 E. coli	 P. aeruginosa	 B. subtilis	 S. aureus

1	 1.56	 6.25	 3.13	 12.5
2	 12.5	 6.25	 25	 25
3	 1.56	 6.25	 3.13	 12.5
4	 6.25	 12.5	 12.5	 12.5
Penicillin G	 3.13	 6.25	 1.56	 6.25

4. Conclusions
In conclusion, a series of four aroylhydrazones were 

synthesized and characterized. The antibacterial activities 
against E. coli, P. aeruginosa, B. subtilis and S. aureus were 
determined. N’-(2-Chlorobenzylidenemethylene)-3-trif-
luoromethylbenzohydrazide and N’-(2-chlorobenzyliden-
emethylene)-4-trifluoromethylbenzohydrazide have 
strong activity on E. coli and P. aeruginosa, with MIC val-
ues of 1.56 and 6.25 μg mL–1, respectively. The trifluo-
romethyl substituent group is a preferred factor for the 
exploration of new antibacterial drugs.

5. Supplementary Material
CCDC–2380982 (1), 2380983 (2), 2380984 (3) and 

2380985 (4) are the crystallographic data for this work. 
The data can be obtained at http://www.ccdc.cam.ac.uk/
const/retrieving.html or from the Cambridge Crystallo-
graphic Data Centre (CCDC), 12 Union Road, Cambridge 
CB2 1EZ, UK; fax: +44(0)1223-336033 or e-mail: depos-
it@ccdc.cam.ac.uk.

Figure 8. The hydrogen bonds (dashed lines) linked molecular structure of compound 4. Hydrogen atoms not involved in hydrogen bonding are 
deleted for clarity.
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smo okarakterizirali z elementno analizo, IR in 1H NMR spektroskopijo, njihove strukture pa smo potrdili z rentgensko 
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Abstract
A novel organic-inorganic hybrid cadmium complex [Cd(MCA)2(Phen)(H2O)] (MCA = anion of 3-hydroxyquin-
oline-4-carboxylic acid; Phen = 1,10-phenanthroline) was synthesized by solvothermal method and characterized by 
single crystal X-ray diffraction. The complex exhibits a two-dimensional structure through hydrogen bonding and π···π 
packing interactions. Solid state photoluminescence specter shows that the complex displays an emission in the red 
region of the light spectrum that time-dependent density functional theory calculations reveal can be attributed to li-
gand-to-ligand charge transfer. Solid diffuse reflection specter shows that the energy band gap of the complex is 2.32 eV.

Keywords: Cadmium, crystal structure, solid state diffuse reflection, TDDFT.

1. Introduction
Due to their unique physical and chemical proper-

ties and wide application prospects, metal-organic com-
plexes have shown extraordinary potential and value in 
many fields such as material science,1,2 catalytic chemis-
try,3,4 biomedicine,5,6 photoelectric technology and so 
on.7,8 These complexes are usually formed by metal ions or 
atoms binding to organic ligands through coordination 
bonds. Their structural diversity, adjustability, and func-
tionality make them star molecules in scientific research 
and technological applications.

Quinolinecarboxylic acid,9–11 as a nitrogen-contain-
ing heterocyclic aromatic carboxylic acid compound, its 
unique structure gives it superior properties as a metal-or-
ganic complex ligand. The carboxyl group in quinolinecar-
boxylic acid can be coordinated with metal ions in many 
ways, such as monodentate, bidentate or bridged. The ni-
trogen atom on the quinoline ring also has certain coordi-
nation ability and can form additional coordination bonds 

with metal ions, further enriching the structural types and 
properties of the complexes. The rigid planar structure of 
the quinoline ring and the high reactivity of carboxyl 
group enable quinoline carboxylic acid to form stable and 
structurally diverse complexes with various metal ions.

Transition metals can be combined with many ligands 
to form complex and functional complexes due to their un-
filled d orbitals, variable oxidation states and high coordina-
tion number.12–14 These complexes play an important role in 
catalysis, medicine, materials science and other fields, and 
promote the rapid development of related fields.15,16

Based on this, we are interested in crystal engineer-
ing of compounds containing group 12 elements with 
3-hydroxy-2-methylquinolin-4-carboxylic acid (HMCA) 
as ligand.17 We report the solvothermal synthesis, X-ray 
crystal structure, photoluminescence and UV-visible dif-
fuse reflectance spectral properties of a novel cadmium 
complex with a neutral isolated (0D) structure, and 
time-dependent density functional theory (TDDFT) cal-
culations [Cd(MCA)2(Phen)(H2O)].

mailto:39366276@qq.com
mailto:jayxgggchem@163.com
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2. Experiment
2. 1. Materials and Instruments

All reagents and chemicals are reagent grade, com-
mercially available, and used directly for the reaction. The 
infrared spectrum of KBr disk was analyzed by PE-1 FT-IR 
spectrometer. Solid state UV/VIS diffuse reflection spec-
troscopy was performed on a computer-controlled 
TU1901 UV/VIS spectrometer. The fine ground powder 
was coated with barium sulfate to obtain 100% reflectance. 
The photoluminescence characteristics were studied on 
the F97XP photoluminescence spectrometer.

2. 2. �Synthesis of 3-hydroxy-2-
methylquinoline-4-carboxylic acid 
(HMCA)
Synthesis of isatin: Indigo (0.262 g, 1.0 mmol), 

K2Cr2O7 (0.147 g, 0.5 mmol) and distilled water (200 mL) 
were added to 500 mL three-neck flask and stirred. After 
cooling, dilute H2SO4 (10%, 250 mL) was added, stirred 
at 43°C for 1.5 h, diluted with twice the volume of dis-
tilled water, filtered out, dissolved in 10% NaOH solu-
tion, filtered again, and neutralized with 10% HCl until 
pH = 7.18 Yield: 0.23 g (90%); m.p. 210°C; HRMS m/z 
(ESI): calculated for C8H5NO2 [M+H]+ 147.0320, found 
147.0826.

Synthesis HMCA: Isatin (0.147 g, 1.0 mmol) ob-
tained in the previous step was added to the distilled wa-
ter solution (200 mL) of NaOH (0.02 g, 0.5 mmol) to and 
filter. The filtrate and NaOH (0.02 g, 0.5 mmol) were add-
ed to chloracetone (0.092 g, 1.0 mmol), and hydrochloric 
acid was added to adjust pH = 7, and filtration was done. 
Yield: 0.096 g (95%); m.p. 225°C; HRMS m/z (ESI): cal-
culated for C11H9NO3 [M+H]+ 203.0582, found 203.0548. 
1H NMR (400 MHz, DMSO) δ 9.15 (s, 1H), 7.93 (d, J = 
8.0 Hz, 1H), 7.64 (t, J = 8.0 Hz, 1H), 7.60 7.52 (m, 2H), 
2.70 (s, 3H).

2. 3. Synthesis of Title Complexes
The ligand HMCA (0.1015 g, 0.5 mmol), cadmium 

acetate dihydrate (0.267 g, 1.0 mmol) and Phen (0.1 g, 0.5 
mmol) were accurately weighed, and the above weighed 
samples were put into a 20 mL glass vial, followed by 10 
mL water and 5 mL ethanol, and stirred with a glass rod. 
The substance in the glass bottle is placed in the oven at 
80°C for four days. After cooling the mixture slowly down 
to room temperature, reddish block crystals suitable for 
X-ray analysis were collected and washed. Yield: 70% 
(based on cadmium). IR (KBr, cm–1): 3420 (vs), 3044 (w), 
2921 (w), 1592 (vs), 1516 (vs), 1423 (vs), 1355 (m), 1313 
(m), 1216 (m), 1148 (m), 1094 (m), 1009 (m), 849 (vs), 777 
(vs), 722 (vs), 642 (vs); Anal. Calcd. for C34H26CdN4O7 
(%): C 57.11; H 3.67; N 7.84. Found (%): C 57.12; H 3.61; 
N 7.85.

2. 4. X-ray Structure Determination
The single-crystal X-ray diffraction data set of the 

complex 1 was obtained by using a SuperNova CCD X-ray 
diffractometer. The micro-focus sealed X-ray tube is radi-
ation source has Mo-Kα radiation with being λ of 0.71073 
Å. A mirror is acted as the diffraction radiation mono-
chromator. The absorption corrections for complex 1 was 
made using the CrysAlis PRO programs.19 The structure 
of complex 1 was solved via direct method and subse-
quently refined using SHELXT and SHELXL programs, 
respectively20,21 with the OLEX2 graphical interface.22 All 
non-hydrogen atoms were located on the respective differ-
ence Fourier maps and anisotropically refined, while hy-
drogen atoms were theoretically found, allowed to attach 
on the parent atoms and isotropically refined. Selected 
crystal data and structural refinement details of the com-
plex 1 are listed in Table 1. The selected bond lengths (Å) 
and bond angles (°) are listed in Table 2 and hydrogen 
bond interactions are shown in Table 3.

Table 1. Crystallographic data and structural analysis of the com-
plex 1

Empirical formula	 C34H26CdN4O7
Formula weight	 714.99
Temperature/K	 293
Crystal system	 triclinic
Space group	 P–1
a/Å	 9.6365(3)
b/Å	 12.8942(4)
c/Å	 13.6041(5)
α/°	 108.980(3)
β/°	 98.922(3)
γ/°	 102.637(3)
Volume/Å3	 1512.14(9)
Z	 2
ρcalcg/cm3	 1.570
μ/mm–1	 0.779
F(000)	 724.0
Reflections collected	 13170
Independent reflections (Rint)	 6956 (0.0225)
Data/restraints/parameters	 6956/0/420
Goodness-of-fit on F2	 1.044
R1, wR2 [I > 2σ(I)]	 0.0391, 0.0772
R1, wR2 (all data)	 0.0530, 0.0843
Largest diff. peak/hole / e Å–3	 0.53/–0.34

3. Results and Discussion
3. 1. Crystal Structure Analysis of Complex

X-ray single-crystal diffraction analysis reveals that 
the complex 1 that crystallizes in the triclinic system space 
group P–1 and is composed of a neutral isolated molecule as 
shown in Figure 1. The cadmium ion is surrounded by four 
oxygen atoms from two HMCA molecules, two nitrogen at-



597Acta Chim. Slov. 2024, 71, 595–602

Qiu et al.:   Preparation, Characterization and Theoretical Calculation   ...

oms from the auxiliary ligand, and one oxygen atom from 
water molecule, forming a seven-coordination structure 
mode. The observed Cd–O bonds lengths in the range 
2.2774(19)–2.458(2) Å and Cd–N bond lengths in the range 
2.342(2)–2.357(2) Å are comparable with those reported in 
the references.23,24 In the complex 1, there are several 
O–H···O, O–H∙∙∙N, C–H···O hydrogen-bonding interac-
tions that allow the construction of a 3D supramolecular 
framework (the intramolecular hydrogen bond for O1–
H1···O2, O4–H4···O5, C10–H10···O3, C21–H21···O6 and 
the intermolecular hydrogen bond for O7–H7A···N2i, O7–
H7B···O2ii; C8–H8···O1iii), as shown in Table 3 and Figure 2.

Figure 1. Intramolecular hydrogen bonds present in the complex 1

Table 2. Selected bond lengths (Å) and bond angles (°) for the com-
plex 1 

Distance	 Length/Å	 Distance	 Length/Å

Cd1–O2	 2.445(2)	 Cd1–O7	 2.2774(19)
Cd1–O3	 2.3519(19)	 Cd1–N3	 2.357(2)
Cd1–O5	 2.458(2)	 Cd1–N4	 2.342(2)
Cd1–O6	 2.366(2)		

Angle	 (°)	 Angle	 (°)

O2–Cd1–O5	 166.62(7)	 O2–Cd1–C1	 27.59(7)
O3–Cd1–O2	 54.15(7)	 O3–Cd1–O5	 137.41(7)
O3–Cd1–O6	 86.12(7)	 O3–Cd1–N3	 137.51(7)
O3–Cd1–C1	 26.69(8)	 O5–Cd1–C1	 162.43(8)
O6–Cd1–O2	 139.51(7)	 O6–Cd1–C1	 112.74(8)
O7–Cd1–O2	 94.08(7)	 O7–Cd1–O3	 104.99(8)
O7–Cd1–O5	 88.76(7)	 O7–Cd1–O6	 88.63(8)
O7–Cd1–N3	 88.63(8)	 O7–Cd1–N4	 159.53(9)
O7–Cd1–C1	 102.70(8)	 N3–Cd1–O2	 85.40(7)
N3–Cd1–O5	 81.60(7)	 N3–Cd1–O6	 135.09(7)
N3–Cd1–C1	 111.57(8)	 N4–Cd1–O2	 88.83(8)
N4–Cd1–O3	 93.14(8)	 N4–Cd1–O5	 84.06(7)
N4–Cd1–O6	 102.23(8)	 N4–Cd1–N3	 71.39(8)
N4–Cd1–C1	 89.18(8)		

Table 3. Hydrogen bond lengths (Å) and bond angles (°) in 1

D–H···A	 D–H (Å)	 H···A (Å)	 D···A (Å)	 D–H···A 
(°)

O1–H1···O2	 0.82	 1.86	 2.577(3)	 145
O4–H4···O5	 0.82	 1.75	 2.474(3)	 146
O7–H7A···N2i	 0.86	 1.92	 2.756(3)	 162
O7–H7B···O2ii	 0.86	 2.31	 2.782(3)	 115
C8–H8···O1iii	 0.95(3)	 2.59(3)	 3.387(4)	 142(3)
C10–H10···O3	 0.92(3)	 2.33(3)	 2.911(4)	 121(2)
C21–H21···O6	 0.92(3)	 2.33(3)	 2.880(3)	 127(2)

Symmetry codes: (i) 1 – x, 2 – y, 2 – z; (ii) 1 + x, y, z; (iii) 1 – x, 2 – y, 
1 – z.

Figure 2. Hydrogen bonds in complex 1

Figure 3. The π···π stacking interactions diagram of the complex 1

In the structure, there are two strong offset face-to-
face π···π stacking interaction between Cg1···Cg1i and 
Cg2···Cg2ii (Cg1 is the ring C2–C4/C6/C11/N1; Cg2 is the 
ring C13–C15/C17/C22/N2) as shown in Figure 3. The 
centroid-centroid distance of Cg1···Cg1i is 3.2620 Å, with a 
slippage distance of 0.941 Å, and with a dihedral angle of 
0°. The centroid-centroid distance of Cg2···Cg2ii is 3.567 Å, 
with a slippage distance is 1.098 Å, and with a dihedral 
Angle of 0° as shown in Table 4.



598 Acta Chim. Slov. 2024, 71, 595–602

Qiu et al.:   Preparation, Characterization and Theoretical Calculation   ...

Table 4. π···π stacking interactions of the complex 1

Cg···Cg	 Centroid-centroid	 Slippage	 Dihedral
	 distance	 distance	 angle
	 (Å)	  (Å)	 (Å)

Cg1···Cg1i	 3.620	 0.941	 0.000
Cg2···Cg2ii	 3.561	 1.098	 0.000

Symmetry codes: (i) 1 – x, 1 – y, 2 – z; (ii) 1 – x, 2 – y, 1 – z.

3. 2. �Hirshfeld Surface Analysis of the 
Complex 1
Hirshfeld surface analysis is gaining prominence as a 

technique in understanding the nature of intermolecular 
interactions within a crystal structure using a fingerprint 
plot. This allows easy identification of characteristic inter-
actions throughout the structures or as a surface around 
the molecule. The size and shape of a Hirshfeld surface re-
flect the interplay between different atoms and intermolec-
ular contacts in a crystal.25,26 Crystal Explorer 3.1 program 
was used to calculate the force distribution of Hirshfeld 
surface molecules of the title complex, and the morpholo-
gy, shape index and curvature diagram were obtained, as 
shown in Figure 4. The dnorm, shape index and curve 
ranged from –0.6801 to 1.4037, –1.0000 to 1.0000, and 
–4.0000 to 0.4000, respectively. The dnorm surface is used Figure 4. The Hirshfeld surface picture of the complex 1. From left 

to right are dnorm, shape index and curvature

Figure 5. The 2D fingerprint of the complex 13.3 Photoluminescence measurements
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for identification of very close intermolecular interactions. 
The red points on the dnorm surface of the title complex 
correspond to significant hydrogen bonding interaction. 
The shape index is most sensitive to very subtle changes in 
surface shape, the red triangle on the plane represents con-
cave regions indicating atoms π···stacked molecule above 
them, and the blue represents convex regions indicating 
the ring atoms of the molecule inside the surface. The 
curvedness in the measurement of “how much shape”.

The 2D fingerprint plots complement the Hirshfeld 
surfaces, quantitatively summarizing the nature and type 
of intermolecular contacts experienced by molecules in 
the crystal. The five main modes of action are 
H···H，C···H，O···H，H···N，C···C and H···N, as shown 
in Figure 5. Among them, the action of H···H is distributed 
in the middle region of the fingerprint, and its contribu-
tion to the surface of Hirshfield is the largest, reaching 
44.6%, which is the most important mode of action. Fol-
lowed by C···H，O···H，H···N，C···C and H···N, with a 
contribution ratio of 29.9%, 12%, 4.4% and 3.8%, respec-
tively. C···H and O···H are conventional intramolecular hy-
drogen bonds, which are distributed in two-dimensional 
fingerprint region in a double wing shape. The distribution 
of the upper and lower spikes in the figure 5 corresponds 
to the donor of hydrogen bond and the acceptor of hydro-
gen bond (H···N and N···H).

The photoluminescence of complexes is increasingly 
gaining attention from scientists, making the study of pho-
toluminescent materials from organic-inorgainc complex-
es of great significance.27 Based on this, we performed flu-
orescence spectroscopic analysis of the title complex at 
room temperature, and the experimental results are shown 
in Figure 6.

Figure 6. The solid-state excitation and emission spectra of the 
complex 1. The red is the emission spectrum, and the blue is the 
excitation spectrum

The complex 1 exhibits effective energy absorption 
in the wavelength range of 200–400 nm. When the excita-
tion wavelength is 747 nm, there is obvious absorption at 

291 nm. At 291 nm, the excitation spectrum has a corre-
sponding absorption peak at 747 nm.

Figure 7. CIE chromaticity diagrams and chromaticity coordinates 
of the emission spectra of the complex 1

Solid state photoluminescence specter shows that 
they present a red emission band at 747 nm. The chroma-
ticity coordinates of the title complex under radiation are 
calculated. The CIE estimate is x = 0.6837, y = 0.3165 (Fig-
ure 7). Therefore, we consider the complex 1 to be a prom-
ising red LED material.

3. 4. �UV-vis Diffuse Reflection Spectra of 
Solid State
To study the optical properties of the crystal, the opti-

cal absorption properties of the crystal were measured by 
UV-vis diffuse reflection spectroscopy. At room tempera-
ture, using barium sulfate as 100% reflectance as a reference, 
the light absorption ability of the target complex was tested, 
and the band gap value of the material could be calculated 
by conversion. Energy band gap is an important concept to 
describe the distribution of electron energy states in solid 
materials, especially in crystalline materials.28

In terms of data processing, the following formula is 
used for derivation29,30

( )m
ghv B hv Eα = −  			   (1)

where α is the molar absorption coefficient, h is Planck’s 
constant, ν is the incident photon frequency, B is the pro-
portionality constant, and Eg is the optical band gap of the 
semiconductor material.
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According to Lambert-Beer law

A = αbc� (2)

where A is the absorbance of the sample, b is the thickness 
of the sample, c is the concentration, where bc is a con-
stant, if B1 = (B/bc)1/m, formula (1) can be，

�
(3)

� (4)

�
(5)

there are different m values for different materials, and the 
relevant values can usually be obtained by referring to rel-
evant literature (experience: n is ½ for direct bandgap 
semiconductors, n is 2 for indirect bandgap semiconduc-
tors).

Then the final formula is

�
(6)

where c is the speed of light, h is the Planck constant, and 
the photon energy unit is eV.

First, the wavelength λ-absorbance A data of the 
complex were obtained through solid state UV-VIS diffuse 

reflection spectroscopy experiment, as shown in the left 
side of Figure 8, then the corresponding Hv and (Ahv)2 
were calculated, and the corresponding Hv and (Ahv)2 
were plotted as shown in the right side of Figure 8. Finally, 
according to formula (6), when (Ahc/λ)2 is equal to 0, the 
corresponding hc/λ is equal to Eg, that is, in the right side 
of Figure 8, the extreme point (x, y) is used as the tangent 
point as the tangent line, extrapolated to the horizontal ax-
is (y = 0), and the intersection point is the band gap width 
value Eg.

The test results showed that the title complex showed 
light absorption in both ultraviolet and visible regions, and 
the prepared samples mainly showed absorption bands 
near 200 nm and 400 nm, corresponding to the absorption 
of transition metals in the MOF framework and li-
gand-based absorption. The energy band gap of the com-
plex Eg = 2.32 eV is between metal and insulator, indicat-
ing that the complex 1 has semiconductor potential.

3. 5. Theoretical Calculation
In order to reveal the intrinsic fluorescence proper-

ties of Cd(II) complexes, we calculated them using the 
Gaussian09 program using TDDFT based on the B3LYP 
function (Cd as the basis set SDD and C, H, O and N as the 
basis set 6-31G*). The single-crystal X-ray diffraction data 
set of the complex 1 was used to truncate the ground-state 

Figure 8. The UV-Vis spectra and the solid-state UV-Vis diffuse reflectance spectrum of the complex 1

Figure 9. HOMO (left) and LUMO (right) of the complex 1
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geometry for the calculations, the X-ray diffraction data 
for the title complex was not optimized further.31–33 The 
characteristics of the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital 
(LUMO) are shown in Figure 9.

The results show that the HOMO electron density 
distribution is located on the MCA– ligand orbital, corre-
sponding to the energy of –0.214699 a.u. (–5.842250 eV) 
in the π orbital, while the LUMO electron density distribu-
tion is completely located on the Phen ligand orbital. The 
corresponding energies are –0.098587 a.u. (–2.682690 eV). 
The HOMO–LUMO energy difference is 0.116112 a.u., 
that is 3.159559 eV and 304.851190 kJ/mol.

Based on this observation, the photoluminescent 
properties of the complex 1 can be attributed to the charge 
transfer between ligand and ligand (LLCT; from the HO-
MO of the π orbital of the MCA– ligand to the LUMO of 
the π orbital of the Phen ligand. The calculated results 
agree well with the experimental results.

Supplementary Materials & Data Availability
Crystallographic data have been deposited with the 

Cambridge Crystallographic Data Center, CCDC 2384768. 
Copies of the data can be obtained free of charge from the 
Director, CCDC, 12 Union Road, Cambridge, CBZ, 1 EZ, 
UK; email: deposit@ccdc.cam.ac.uk or http://www.ccdc.
cam.ac.uk.
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Abstract
The ternary system CuCl–allylamine–dabco (dabco = 1,4-diazabicyclo[2.2.2]octane) with an excess of HCl was explored. 
Starting from an ethanol solution of CuCl2·2H2O, allylamine and dabco titrated with HCl, copper(I) salts were generated 
by means of electrochemical alternating current synthesis. In addition to the already known (H2dabco)[CuCl3], two 
modifications of the (allNH3)2[Cu2Cl4] compound and some Cu(II) by-products, a new mixed ligand compound of the 
composition (H2dabco)2[Cu4Cl9(allNH3)] was synthesized and structurally investigated. Its structure contains unique 
Cu4Cl95– inorganic moiety bound via a η2-interaction allylammonium moiety and discrete (H2dabco)2+ cations. The 
structure is stabilized by the system of N–H···Cl hydrogen bonds.

Keywords: copper, chloride, 1,4-diazabicyclo[2.2.2]octane, coordination polymers

1. Introduction

Copper(I) chloride coordination compounds amaze 
with a variety of inorganic fragments. Starting from the 
simplest neutral CuCl monomers,1,2 discrete Cu2Cl2 di-
mers,3 bicyclic Cu3Cl3 trimers,4 tetramers of cubane5 and 
stepped cubane types,6 prismane-like hexamers7 and many 
others were observed. An even broader spectrum of ani-
onic moieties from CuCl2– dimers to infinite chains, layers 
and 3D frameworks were reported.8,9 A comprehensive 
review of the structural diversity of copper(I) halide aggre-
gates was published nearly a decade ago.10

The carbon-carbon double bond successfully com-
petes with the halide ions for the place in the coordination 
sphere of the Cu(I) ion. On the other hand, protonated or-
ganic amines form N–H···Hal hydrogen bonds with halide 
ions, thereby limiting the bridging ability of the halide ions 
to the metal centers. We hypothesized that the use of bulky 
organic amines and amino derivatives of unsaturated hy-
drocarbons in acidic media could promote the formation 

of previously unknown copper-halide aggregates. In order 
to perform a complete study of such a system, we decided 
to investigate the entire CuCl–allylamine–dabco ternary 
system in acidic (HCl) medium using the Gibbs diagram.

The electrochemical technique has proven to be an 
effective tool for the synthesis of copper(I) derivatives.11,12 
The absence of by-products and the possibility to grow 
high-quality single crystals in one step are the main advan-
tages of such an approach.

It is worth noting that the CCDC contains only 26 
entries for 20 compounds containing copper ions and 
diprotonated H2dabco cations.13 Moreover, only six of the 
above compounds appear to be polymeric, and also six 
contain monovalent copper ions. On the other hand, only 
three cupro(I)chloride derivatives of allyl ammonium 
were found in the CCDC, four other entries contain 
mixed-anion derivatives.

The phase diagram of CuCl–allylamine–dabco in 
acidic media was investigated by means of electrochemical 
synthesis and by varying the ratios of the starting reagents. 

https://orcid.org/0000-0002-4675-2190
https://orcid.org/0000-0002-3648-9448
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A new (H2dabco)2[Cu4Cl9(allNH3)] salt with a unique  
Cu4Cl95– anion was found and characterized by sin-
gle-crystal X-ray diffraction and Raman spectroscopy. The 
results are presented in this article.

2. Experimental Section
All chemicals were of commercial origin: CuCl2 

· 2H2O from Zorka Šabac, p.a., hydrochloric acid from 
Sigma-Aldrich, ACS reagent, 37%, allylamine from Alfa 
Aesar, 98+%, 1,4-diazabicyclo[2.2.2]octane (Alfa Aesar, 
98%); ethanol (Carlo Erba, p.a) were used without further 
purification.

2. 1. Syntheses
All experiments were carried out by electrochemical 

alternating current synthesis in ethanol. 5 mL of ethanol 
solution containing calculated amounts of CuCl2·2H2O, 
dabco, allylamine and 1 mL of 37% aqueous HCl were 
placed in a small test tube. The technical details of the syn-
thetic procedures were described earlier.10,11 An alternat-
ing current of 50 Hz and a voltage of 0.4 V was used. In 
case of discoloration of the solution and absence of crys-
tals, the test tube was cooled in the refrigerator or the syn-
thesis was repeated with larger amount of reagents.

2. 2. X-ray Structure Determination
All crystals obtained were examined using the sin-

gle-crystal X-ray technique. Single-crystal X-ray data for 
compound 1 were collected on a Gemini A diffractometer 
with an Atlas CCD detector, using graphite monochro-
mated Mo-Kα radiation. The data were processed using 
the CrysAlisPro program package.14 An analytical absorp-
tion correction was applied to the data set. The structure 
was solved using the dual-space algorithm of the program 
SHELXT15 and the structure refinement was performed 
using the software SHELXL-2014,16 both of which are im-
plemented in the crystallographic software Olex.17 Hydro-
gen atoms bound to carbons were set to calculated posi-
tions (AFIX commands), their thermal parameters were 
set to 1.2Ueq of the corresponding C atoms. The positions 
of the hydrogen atoms bound to the nitrogen atoms were 
found on difference Fourier maps and refined freely. In 
some cases, the N–H bond lengths were constrained using 
the DFIX command. A summary of the crystallograph-
ic data and the structure refinement is given in Table 1. 
CCDC 2387343 (1) contains the supplementary crystal-
lographic data for this paper. These data can be obtained 
free of charge from the Cambridge Crystallographic Data 
Centre via www.ccdc.cam.ac.uk/data_request/cif.

3. Results and Discussion
3. 1. �Influence of Synthetic Conditions on  

a Formation of Definite Products

The preparation of the starting mixture CuCl2 ·  
2H2O–allylamine–dabco–HCl usually resulted in a multi-
colored – from yellow to brown – solid.

Two series of experiments were carried out in 
the three-component system CuCl2 · 2H2O– ally-
lamine–dabco (Fig. 1) in an acidic (HCl) environ-
ment. First, five points were selected on a ternary di-
agram and electrochemical syntheses were carried 
out. As expected, in dabco-reach region of ternary di-
agram the formation of H2dabco salt, namely (H2dab-
co)[CuCl3] was observed.18 In contrast, an excess 
of allylamine led to the formation of the (allNH3)2 
[Cu2Cl4] salt.19 The most remarkable result was achieved 
in a synthesis with 40 mol. % CuCl2, 15 mol. % allylamine 
and 45 mol. % dabco, in which the formation of earli-
er unknown yellow-orange crystals of the composition  
(H2dabco)2[Cu4Cl9(allNH3)] was observed. Using the 
ratio of 40 mol. % CuCl2, 45 mol. % allylamine and 
15 mol. % dabco resulted in a mixture of (H2dabco)2  
[Cu4Cl9(allNH3)] and (allNH3)2[Cu2Cl4] crystals. Fur-
ther experiments were performed in steps of 10% for 
each component. In this way, 36 points of definite com-
position were determined on a Gibbs triangle, and the 
corresponding ratios of starting materials were used 
for subsequent syntheses (Table S1). No other mixed 

Table 1. Crystallographic data, details of data collection and struc-
ture refinement parameters

	 1

Compound	 (H2dabco)2[Cu4Cl9(allNH3)]
Formula	 C15H36Cl9Cu4N5
M [g mol−1]	 859.70
T [K]	 150
Crystal system	 Triclinic
Space group	 P1̄
a [Å]	 9.3468(4)
b [Å]	 12.1301(6)
c [Å]	 13.6361(5)
α [°]	 112.695(4)
β [°]	 91.951(3)
γ [°]	 98.337(4)
V [Å3]	 1404.37(11)
Z	 2
F(000)	 860
ρcalcd [g cm−3]	 2.033
Radiation, λ [Å]	 MoKα, 0.71073
μ [mm−1]	 3.862
Goodness–of–fit on F2	 1.072
Final R1 [I > 2σ(I)]	 0.0296
Final R1 (all data)	 0.0375
wR2 [I > 2σ(I)]	 0.0663
wR2 (all data)	 0.0720
Largest diff. peak and hole (e Å–3)	 0.603, –0.635

http://www.ccdc.cam.ac.uk/data_request/cif
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cation salts were found during this detailed investi-
gation. Crystals of another modification of the com-
pound (allNH3)2[Cu2Cl4]20 and undesired (H2dabco)2 
[CuIICl3(H2O)2]Cl3 · H2O21 (copper(II) salt as a result of 
incomplete electrochemical reduction) were observed.

3. 2. Crystal Structure of 1
The compound (H2dabco)2[Cu4Cl9(allNH3)] (1) 

crystallizes in the triclinic space group P1̄. Three metal 
cations and three chloride anions form a six-membered 
ring with Cu···Cu distances of 2.9252(12)–2.9999(12) Å 
(Fig. 2). Each pair of copper ions is bound by a μ2 chlo-
ride bridge with Cu–μ2Cl distances of 2.302(2)–2.352(1) 
Å. The copper triangle is capped by a μ3Cl6 center with 
significantly elongated Cu–Cl bonds with lengths of 
2.632(2)–2.705(2) Å. The coordination of each copper 
center is completed to tetrahedral by another chloride ion: 
terminal chloride anions for Cu3 and Cu4 and a μ2 bridge 
for Cu2. In the last case, the Cl2 bridge connects a Cu3Cl7 
core with an (allNH3)CuCl2 fragment involving a π-coor-
dinated Cu1 atom.

All three Cu ions in the Cu3Cl7 core are tetra-co-
ordinated. τ4 parameter values of 0.81, 0.89 and 0.86 for 

Figure 1. Ternary diagram of CuCl–allylammonium–H2dabco. Square: region of formation (allNH3)2[Cu2Cl4], circle – (H2dabco)2[Cu4Cl9(all-
NH3)], cross – (H2dabco)2[Cu4Cl9(allNH3)] and (allNH3)2[Cu2Cl4], star and triangles – (H2dabco)[CuCl3].

Figure 2. Asymmetric unit of structure 1. Thermal ellipoids are 
drawn with 50% probability.  Al
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Cu2, Cu3 and Cu4 respectively indicate a slightly distorted 
tetrahedral surrounding in all cases (the value 1.00 corre-
sponds to a perfect tetrahedral geometry, the value 0 to a 
perfect square planar geometry).22

The Dewar-Chatt-Duncanson concept states that 
an effective Cu–(C=C) interaction leads to a transfor-
mation of the Cu coordination polyhedron from tet-
rahedral to trigonal pyramidal, with the olefin group 

Figure 3. Hydrogen bonds around each organic cation in structure 1.

Figure 4. Hydrogen bonds around cupro(I) chloride fragment in structure 1.
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located in the basal plane, and to an increase in the dis-
tance between the metal ion and the axial ligand.23,24 
π-coordinated Cu1 center possess well-pronounced 
trigonal-pyramidal surrounding. The Cu1 ion in struc-
ture 1 lies practically in the basal plane (formed by Cl1, 
Cl2, C2 and C3 atoms) of the coordination polyhedron 
(distance metal–plane is 0.4 Å), the distance to the Cl3 
atom in the apical position is much longer than the 
length of the Cu1–Cl1 and Cu1–Cl2 bonds (2.4906(6) 
Å versus 2.2905(7) and 2.3204(7) Å respectively). The 
C2=C3 bond coordinated to the metal center is tilted 
by about 2 degrees with respect to the basal plane of the 
coordination polyhedron. Despite this proper orienta-
tion and the relatively short distance Cu–m (m is the 
center of the C2=C3 double bond) of 1.97 Å, the coor-
dinated C=C-bond is very weakly elongated to 1.344(4) 
Å. For comparison, the mean length of the coordinated 
to copper(I) ion C=C bond of 1.360(17) Å was deter-
mined with the Mercury software25 based on 44 records 
in CCDC13 containing a C=C + 3Cl environment of 
the Cu+ center (four records with a C=C bond length 
shorter than 1.3 Å or longer than 1.4 Å were excluded 
as equivocal from the analysis).

Protonated amino-groups of allylammonium and 
H2dabco cations form a complex system of N–H···Cl hy-
drogen bonds (Figs. 3 and 4). Two H-atoms of the ally-
lammonium group are bound to two different Cu4Cl9 
fragments, and the third H-atom forms an intramolecular 
N1–H1c···Cl3 bond. Both N4H4 and N5H5 groups from 
one H2dabco2+ cation form effective H-bonds and connect 
two chlorocuprate anions. Contrary, the N2H2 and N3H3 
groups belong to another H2dabco unit and form bifur-
cated hydrogen bonds. This organic cation acts also as a 
bridge between two Cu4Cl9 units.

3. 3. Raman Spectrum
A group of peaks observed in the Raman spectrum 

of 1 partially match those in the spectra of pure ally-
lamine26 and dabco27 (Table 2).

Peaks arising from allylamine were found in 1 at 
1207 cm−1 (1209, –CH2 twisting), 1253 cm−1 (1283, =CH 

bending), 1399 cm−1 (1423) =CH2 deformation (the values 
in parentheses correspond to the frequencies found in the 
spectrum of solid allylamine). υs and υas modes for =CH2 
were found in I in the range between 2909 and 3090 cm−1

An important feature of the Raman spectra of 1 is 
that the υs mode of the C=C-bond is strongly shifted to 
1565 cm−1 compared to 1636 cm−1 in solid allylamine due 
to the Cu–(C=C) interaction. A similar shift to lower wav-
enumbers was observed in a number of copper(I) p-com-
plexes.28

The broadened peak centered at 246 cm−1 in spec-
trum 1 could be assigned to the υs mode of Cu–Cl bonds 
in (Cu4Cl9)5–

 anion. The corresponding peak was observed 
at 255 cm−1 in [H2dabco][CuCl3].

4. Concusions
An idea for the synthesis of compound(s) with 

mixed organic cations and cupro(I) chloride anions was 
realized by the complete investigation of the CuCl–ally-
lamine–dabco system in acidic media. A new compound 
of (H2dabco)2[Cu4Cl9(allNH3)] composition was obtained 
and characterized by single crystal X-ray diffraction and 
Raman spectroscopy. This new compound contains earlier 
unknown Cu4Cl95– cupro(I)-chloride fragment. The for-
mation of this compound was observed in a rather narrow 
region of the ternary diagram.

Supplementary Materials
Detailed list of all explored reagents compositions, 

expanded composition diagram and Raman spectrum of 
compound 1 are placed as Supplementary Materials.
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Table 2. Originated from the organic part peaks observed in Raman spectra of 1, pure dabco and (H2dabco)[CuCl3] salt. 

	 in-δ	 out-νa	 in-νs	 in-νs	 νa	 νs	 in-νa	 in-γs
	 (C–N–C)	 (NC3)	 (NC3)	 (NC3),	 (C–C),	 (C–C),	 (NC3),	 (CH2)
				    νs	 in-γt	 in-νs	 νa
				    (C–C)	 (CH2)	 (NC3), in-δs	 (C–C),
						      (NC3)	 in-γt
							       (CH2)	

dabco	 430	 579	 598	 807	 894	 972	 1061	 1459
(H2dabco)[CuCl3]	 406	 560	 601	 803	 893	 977	 1056	 1461
1	 404	 557	 606	 804	 887	 979	 1056	 1456
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Povzetek
Raziskovali smo ternarni sistem CuCl–alilamin–dabco (dabco = 1,4-diazabiciklo[2.2.2]oktan) s presežkom HCl. Iz 
etanolne raztopine CuCl2·2H2O, alilamina in dabco titriranega s HCl, so bile s pomočjo elektrokemijske sinteze z upo-
rabo izmeničnega toka generirane bakrove(I) soli. Poleg že znanih (H2dabco)[CuCl3], dveh modifikacij spojine (allN-
H3)2[Cu2Cl4] in nekaterih Cu(II) stranskih produktov, smo sintetizirali novo spojino (H2dabco)2[Cu4Cl9(allNH3)] in jo 
strukturno analizirali. Njena struktura vsebuje prej neznan anorganski del Cu4Cl95–, ki je vezan preko η2-interakcije z 
alilamonijem, in diskretnega kationa (H2dabco)2+. Strukturo stabilizira sistem vodikovih vezi N–H···Cl.
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Abstract
In this paper, six new salts of 2-formylpyridine N4-allylthiosemicarbazone ([H2L]X∙nH2O, where X is NO3

– (1), NH2SO3
– 

(2), Cl– (3), Cl3CCOO– (4), Cl2CHCOO– (5), ClCH2COO– (6); n = 0 (1, 3, 5, 6), 1 (2, 4)) were synthesized and physi-
co-chemically characterized by elemental analysis, molar conductivity measurements, FT-IR studies, 1H and 13C NMR. 
The crystal structures of compounds 1–5 were determined by single-crystal X-ray diffraction. Crystal data analysis 
shows that the structures of these compounds consist of protonated thiosemicarbazone H2L+, anions of acid residue, and 
water molecules in 2 and 4. These compounds manifest antiradical activity toward ABTS•+ cation radicals that exceeds 
the activity of non-protonated thiosemicarbazone HL and Trolox used in medical applications. The most active one is 
compound [H2L]Cl (3) with an IC50 value of 9.9 μmol/L. Density Functional Theory calculations showed that the elec-
tronic structure of cation H2L+ is more favorable for accepting electron if compared with HL.

Keywords: Crystal structure, thiosemicarbazone, theoretical calculation, antiradical activity

1. Introduction
Normal cellular metabolism consistently generates 

reactive oxygen species.1 For example, during respiration, 
our cells convert oxygen to water. Sometimes, a portion of 
this oxygen escapes the complete transformation resulting 
in the formation of a highly reactive oxygen species known 
as the superoxide anion.2,3 Additional free radicals, such as 
hydrogen peroxide (HOO•) and nitric oxide (NO•), arise 
from diverse chemical reactions within our organism.4 
Enzymatic or biochemical defense mechanisms typically 
remove these highly reactive molecules.5 There are also 
systems for repairing the detrimental effects caused by free 
radicals.6 However, when free radicals enter our body un-
der the influence of factors such as smoking, pollution, 
and stress, the body's system is overloaded.7,8 Under such 
circumstances, the use of external antioxidant supple-

ments may be necessary to reinstate cellular redox homeo-
stasis.9

In the design and synthesis of advanced antiradical 
drugs, thiosemicarbazones constitute a group of com-
pounds with an exceptional pharmacological profile.10–12 
Generally, thiosemicarbazones are produced through the 
condensation of the respective thiosemicarbazide with al-
dehydes or ketones.13 Various derivatives of thiosemicar-
bazones can be synthesized by incorporating substituents 
onto the ligand backbone, specifically by introducing sub-
stituents on the thioamide and hydrazine nitrogen atoms. 
Certain structural characteristics crucial for the biological 
functionality of thiosemicarbazones have been recog-
nized.14 These include the substitution of sulfur in the thi-
ocarbonyl group with selenium or oxygen, alteration of the 
attachment point of the thiosemicarbazones moiety in the 
original aldehyde or ketone, and substitution at the termi-

https://orcid.org/0000-0003-0525-992X
http://orcid.org/0000-0001-8153-2153
https://orcid.org/0000-0002-3345-7539
https://orcid.org/0000-0003-1732-3116
https://orcid.org/0000-0001-8783-892X
https://orcid.org/0000-0003-2010-7959
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nal N4 position.15,16 Additional factors encompass elec-
tron density distributions, the characteristics of substitu-
ents, the geometry and symmetry of the initial ligand, 
metal binding capabilities, solubility, and the potential for 
interaction with the cell membrane.17–20

2-Formylpyridine thiosemicarbazones and their 
coordination compounds of some 3d metals were studied 
as a potential antimicrobial,21–23, antifungal,24,25 antitu-
mour,26–28 and antioxidant29 agents. Moreover, various 
biological activities, such as antiproliferative, antibacteri-
al, antifungal, and antiradical have been previously stud-
ied for 2-formylpyridine N4-allylthiosemicarbazone 
(HL) and its copper, nickel, cobalt, and zinc complexes.30 
In the case of antiradical activity, non-coordinated thio-
semicarbazone showed higher activity than most of its 
metal complexes, and also higher than the activity of the 
Trolox standard. 2-Formylpyridine N4-allylthiosemicar-
bazone can act as a base and thus can form salts with dif-
ferent acids. Such type of salts is not described in the lit-
erature and nothing is known about their antiradical 
activity.

So, based on all of the above, in this study, new 
2-formylpyridine N4-allylthiosemicarbazone salts were 
synthesized, characterized by FT-IR, elemental analysis, 
nuclear magnetic resonance (NMR), X-ray single crystal 
diffraction, and their antiradical activity was studied. At 
the same time, the synthesized compounds were also sub-
jected to density functional theory (DFT) calculation.

2. Experimental Section
2. 1. Materials and Measurements

In this work, all chemical reagents were commercial 
reagents and have not been further purified. 3-Isothiocy-
anatoprop-1-ene, hydrazine hydrate, 2-formylpyridine, 
nitric acid, sulfamic acid, hydrochloric acid, trichloroacet-
ic acid, dichloroacetic acid, and chloroacetic acid were ob-
tained from Sigma-Aldrich and were not additionally pu-
rified. The 1H and 13C NMR spectra were recorded on a 
Bruker DRX-400. Chemical shifts are measured in ppm 

relative to tetramethylsilane. CDCl3 and DMSO-d6 were 
used as solvents. FTIR spectra were obtained for powders 
on a Bruker ALPHA FTIR spectrophotometer at room 
temperature in the range of 4000–400 cm–1. Elemental 
analysis was performed similar to the literature proce-
dure.31 The resistance of solutions of the synthesized salts 
in DMF (20 °C, c 0.001 M) was measured using an R-38 
rheochord bridge.

N-(Prop-2-en-1-yl)hydrazinecarbothioamide 
(N4-allyl-3-thiosemicarbazide) was synthesized by the re-
action between 3-isothiocyanatoprop-1-ene (allyl isothio-
cyanate) and hydrazine hydrate.32

2. 2. Synthesis of the Studied Substances
The compounds 1–6 were prepared by two steps as 

shown in Scheme 1. First, 2-formylpyridine N4-allylthio-
semicarbazone was obtained by the method described in 
the literature.33 N4-Allyl-3-thiosemicarbazide (20.0 mmol, 
2.62 g) and 2-formylpyridine (20.0 mmol, 2.14 g) were 
mixed in 50 mL of 96% ethanol and stirred for about 1 h. 
The obtained pale-yellow precipitate was filtered, washed 
with a small amount of ethanol, and dried in air.

Second, the corresponding salts of 2-formylpyridine 
N4-allylthiosemicarbazone were obtained. 2-Formylpyri-
dine N4-allylthiosemicarbazone (1.0 mmol, 0.22 g) and an 
equimolar amount of corresponding acid (1.0 M solution 
of HNO3, NH2SO3H in water, 1.0 M solution of HCl, 
Cl3CCOOH, Cl2CHCOOH, ClCH2COOH in water) were 
mixed in 25 mL of 96% ethanol and stirred for about 40 
min on heating. Then, after cooling the corresponding 
salts of various shades of yellow crystallized from the solu-
tions, were isolated by filtration, washed with ethanol and 
dried in air.

2-({2-[(Prop-2-en-1-yl)carbamothioyl]
hydrazinylidene}methyl)pyridin-1-ium Nitrate 
[H2L]NO3 (1)

Yield: 0.20 g (71%). M. p. 159–160 °C. Anal. Cal-
cd. for C10H13N5O3S: C, 42.39; H, 4.63; N, 24.72; S, 

Scheme 1. Synthesis of the compounds 1–6.
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11.32. Found: C, 42.26; H, 4.57; N, 24.68; S, 11.27.  
FT-IR (KBr, cm–1) ν 3240, 3131, 3091 (N–H), 1641 
(C=C)allyl, 1619, 1578 (C=N), 1318 (C=S). 1H NMR 
(Figure S1) (CDCl3, 400 MHz) δ 12.30 (br, 1H, NH), 
9.17 (br, 1H, NH), 8.83 (d, 1H, CH arom.), 8.46 (m, 2H, 
CH arom.), 8.16 (s, 1H, CH=N), 7.86 (d, 1H, CH  
arom.), 5.93 (m, 1H, CH allyl), 5.17 (dd, 2H, CH2=C), 
4.28 (m, 2H, CH2-N). 13C NMR (Figure S2) (CDCl3, 
100 MHz) δ 178.28 (C=S), 148.53, 134.54, 126.27, 
124.90, 124.84 (C arom), 144.44 (C=N azometh.), 
134.82 (CH allyl), 116.50 (CH2=), 46.42 (CH2-N). λ 
(DMF, Ω–1∙cm2∙mol–1) 83.

2-({2-[(Prop-2-en-1-yl)carbamothioyl]
hydrazinylidene}methyl)pyridin-1-ium Sulfamate 
Hydrate [H2L]SO3NH2·H2O (2)

Yield: 0.25 g (75%). M. p. 173–174 °C. Anal. Calcd. 
for C10H17N5O4S2: C, 35.81; H, 5.11; N, 20.88; S, 19.12. 
Found: C, 35.76; H, 5.06; N, 20.79; S, 19.05. FT-IR (KBr, 
cm–1) ν 3428, 3365, 3285, 3188, 3085 (N–H), 1643 (C=C)
allyl, 1617, 1582 (C=N), 1320 (C=S). λ (DMF, Ω–1∙ 
cm2∙mol–1) 88.

2-({2-[(Prop-2-en-1-yl)carbamothioyl]
hydrazinylidene}methyl)pyridin-1-ium Chloride 
[H2L]Cl (3)

Yield: 0.19 g (73%). M. p. 159–160 °C. Anal. Calcd. 
for C10H13ClN4S: C, 46.78; H, 5.10; Cl, 13.81; N, 21.82; S, 
12.49. Found: C, 46.68; H, 5.05; Cl, 13.75; N, 21.77; S, 
12.40. FT-IR (KBr, cm–1) ν 3190, 3116, 3098 (N–H), 1646 
(C=C)allyl, 1615, 1574 (C=N), 1312 (C=S). λ (DMF, Ω–1∙ 
cm2∙mol–1) 66.

2-({2-[(Prop-2-en-1-yl)carbamothioyl]
hydrazinylidene}methyl)pyridin-1-ium 
Trichloroacetate Hydrate [H2L]Cl3CCOO·H2O (4)

Yield: 0.3 g (74%). M. p. 138–139 °C. Anal. Calcd. for 
C12H15Cl3N4O3S: C, 35.88; H, 3.76; Cl, 26.48; N, 13.95; S, 
7.98. Found: C, 35.78; H, 3.68; Cl, 26.40; N, 13.85; S, 7.89. 
FT-IR (KBr, cm–1) ν 3336, 3146, 3084 (N–H), 1643 (C=C)
allyl, 1614, 1582 (C=N), 1314 (C=S). λ (DMF, Ω–1∙ 
cm2∙mol–1) 72.

2-({2-[(Prop-2-en-1-yl)carbamothioyl]
hydrazinylidene}methyl)pyridin-1-ium 
Dichloroacetate [H2L]Cl2CHCOO (5)

Yield: 0.26 g (76%). M. p. 126–127 °C. Anal. Calcd. 
for C12H14Cl2N4O2S: C, 41.27; H, 4.04; Cl, 20.30; N, 16.04; 
S, 9.18. Found: C, 41.20; H, 3.94; Cl, 20.24; N, 15.96; S, 
9.10. FT-IR (KBr, cm–1) ν 3234, 3121, 3079 (N–H), 1645 
(C=C)allyl, 1602, 1572 (C=N), 1315 (C=S). λ (DMF, Ω–1∙ 
cm2∙mol–1) 63.

2-({2-[(Prop-2-en-1-yl)carbamothioyl]
hydrazinylidene}methyl)pyridin-1-ium 
Chloroacetate [H2L]ClCH2COO (6)

Yield: 0.23 g (73%). M. p. 128–129 °C. Anal. Calcd. 
for C12H15ClN4O2S: C, 45.79; H, 4.80; Cl, 11.26; N, 17.80; 
S, 10.19. Found: C, 45.58; H, 4.86; Cl, 11.17; N, 17.67; S, 
10.10. FT-IR (KBr, cm–1) ν 3252, 3133, 3084 (N–H), 1644 
(C=C)allyl, 1612, 1581 (C=N), 1317 (C=S). λ (DMF, Ω–1∙ 
cm2∙mol–1) 61.

2. 3. X-Ray Crystallography
Single-crystal X-ray diffraction measurements of com-

pounds 1–5 have been carried out on an Xcalibur E charge-cou-
pled device (CCD) diffractometer equipped with a CCD area 
detector and a graphite monochromator utilizing MoKα radi-
ation at room temperature. Final unit cell dimensions were 
obtained and refined on an entire data set. All calculations 
necessary to solve the structures and to refine the proposed 
model were carried out with the SHELXS97 and SHELXL2015 
program packages.34–36 The nonhydrogen atoms were treated 
anisotropically (full-matrix least-squares method on F2). The 
H atoms were placed in calculated positions and were treated 
using riding model approximations with Uiso(H) = 1.2Ueq(C) 
and Uiso(H) = 1.5Ueq(O). The disordered allyl groups, solvent 
molecules, and Cl3CCOO– anion were found in compound 4. 
The X-ray data and the details of the refinement of studied 
compounds are summarized in Table 1, and the selected bond 
lengths, angles as well as hydrogen bond parameters are given 
in Tables S1, 2. The geometric parameters were calculated by 
PLATON program37 and Mercury software38 was used for vis-
ualization of structures. The hydrogen atoms that were not 
involved in the hydrogen bonding were omitted from the gen-
eration of the packing diagrams.

2. 4. Antiradical Evaluation
The ABTS•+ method39 was utilized to assess the antirad-

ical activity of the substances 1–6. Procedures for preparing 
standard solutions of ABTS•+ radical cation, as well as the 
studied substances, along with the spectrophotometric meas-
urement conditions and inhibition calculations, were made as 
described.40 To create 10 mM stock solutions of the com-
pounds 1–6 and the reference compound (Trolox), 10 μmol of 
each compound were dissolved in 1 mL of DMSO. Subsequent 
solutions of 1, 10, 100, and 1000 μM concentrations were pre-
pared by the dilution of stock solutions with DMSO. Follow-
ing this, 20 μL of each solution of the tested compounds was 
transferred to a 96-well microtiter plate, and 180 μL of ABTS•+ 
working solution was added, resulting in final concentrations 
of tested compounds 0.1, 1, 10, and 100 μM, respectively.

2. 5. Computational Details
The electronic structure of H2L+ has been calculated 

by Density Functional Theory (DFT) of Gaussian16 suite 



612 Acta Chim. Slov. 2024, 71, 609–618

Chumakov et al.:   Insights into Antiradical Behavior: Crystal Structures and   ...

of quantum chemical codes based on the B3LYP level of 
theory41 using Gaussian16 software.42 The molecular elec-
trostatic potential was generated through a constant value 
of electron density. The molecular structure of the cation 
was optimized with 6-311G(d,p) basis set43 in water using 

the IEFPCM method.44 The calculated frequencies were 
positive indicating that a definite absolute minimum was 
found on the potential energy surface. GaussView 05 soft-
ware45 was used for the visualization of molecular struc-
tures and analysis of obtained results.

Table 1. Crystal data and structure refinement for 1–5.

Identification code	 1 	 2 	 3 

CCDC	 2270396	 2270395	 2270397
Empirical formula	 C10H13N5O3S 	 C10H15N5O4S2 	 C10H13ClN4S 
Formula weight	 283.31	 333.39	 256.75
Temperature/K	 293(2) 	 293(2) 	 293(2) 
Crystal system	 monoclinic 	 orthorhombic 	 orthorhombic 
Space group	 P21/c 	 P212121 	 Pbca 
a/Å	 5.1190(5) 	 5.1609(6) 	 14.4136(13) 
b/Å	 16.353(2) 	 16.9338(17) 	 9.9597(14) 
c/Å	 15.968(2) 	 17.463(2) 	 17.3614(19) 
α/°	 90	 90	 90
β/°	 90.081(9) 	 90	 90
γ/°	 90	 90	 90
Volume/Å3	 1336.7(3) 	 1526.1(3) 	 2492.3(5) 
Z	 4	 4	 8
ρcalc/g cm–3	 1.408	 1.451	 1.369
μ/mm–1	 0.255	 0.371	 0.453
F(000)	 592.0	 696.0	 1072.0
Reflections collected	 2965	 3677	 5649
Independent reflections (Rint)	 2054 (0.0359)	 2579 (0.0343)	 2240 (0.0585)
Data/restraints/parameters	 2054/6/172 	 2579/0/193 	 2240/0/153 
Goodness-of-fit on F2	 1.045	 0.961	 0.910
R1, wR2 [I ≥ 2σ(I)]	 0.0948, 0.1933 	 0.0596, 0.1083 	 0.0529, 0.0780 
R1, wR2 [all data]	 0.1670, 0.2270 	 0.1025, 0.1260 	 0.1209, 0.0967 
∆ρmax/∆ρmin / e Å–3	 0.26/–0.22 	 0.35/–0.28 	 0.22/–0.24

Identification code	 4 	 5 

CCDC	 2270394	 2270398
Empirical formula	 C12H12Cl3N4O3S	 C12H14Cl2N4O2S
Formula weight	 398.67	 349.23
Temperature/K	 293(2) 	 293(2) 
Crystal system	 monoclinic 	 triclinic 
Space group	 P21/c 	 P-1 
a/Å	 15.7525(6) 	 8.1644(6) 
b/Å	 6.8339(2) 	 8.6556(6) 
c/Å	 33.2529(10) 	 11.0961(9) 
α/°	 90	 91.468(6) 
β/°	 95.272(3) 	 93.665(7) 
γ/°	 90	 100.901(6) 
Volume/Å3	 3564.6(2) 	 767.84(10) 
Z	 8	 2
ρcalc/ g cm–3	 1.4857	 1.511
μ/mm–1	 0.648	 0.567
F(000)	 1629.1	 360.0
Reflections collected	 13159	 4871
Independent reflections (Rint)	 6254 (0.0192)	 2848 (0.0188)
Data/restraints/parameters	 6254/0/4401	 2848/0/199 
Goodness-of-fit on F2	 1.055	 0.941
R1, wR2 [I ≥ 2σ(I)]	 0.0664, 0.1754 	 0.0384, 0.1203 
R1, wR2 [all data]	 0.0869, 0.1897 	 0.0497, 0.1348 
∆ρmax/∆ρmin / e Å–3	 0.83/–0.54 	 0.31/–0.42
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3. Results and Discussion
Six new compounds 1–6 were synthesized in two 

steps. In the first step, 2-formylpyridine N4-allylthiosemi-
carbazone was obtained by the reaction between N4-al-
lyl-3-thiosemicarbazide and 2-formylpyridine in ethanol. 
In the second step, 2-formylpyridine N4-allylthiosemicar-
bazone reacted with corresponding acids to form different 
salts. Single crystals of complexes 1–5 were obtained by 
recrystallization from ethanol. Elemental analysis was per-
formed for all compounds, the results of which confirm 
the formula determined from the structure. The molar 
conductivity values of the synthesized compounds 1–6 are 
in the range 61–88 Ω–1∙cm2∙mol–1, indicating that they be-
have as 1:1 electrolytes in solution.

In order to determine the changes that appear upon 
protonation of the thiosemicarbazone HL, a comparative 
analysis of the NMR spectra of 2-formylpyridine N4-ally-
lthiosemicarbazone, which is described in the literature,30 
and its nitric acid salt (1, Figures S2, S3) was performed. 
The protonation of the thiosemicarbazone HL led to an 
increase of chemical shift values of the protons from the 
pyridine moiety, which can indicate the protonation of the 
pyridine nitrogen atom.

3. 1. Structural Study of Compounds 1–5.
The X-ray structures of compounds 1–5 are present-

ed in Figures 1–6. The structures of these compounds con-
sist of a protonated ligand H2L+, solvent molecules (in the 

Table 2. Hydrogen bonds (Å) and angles (deg.) in 1–5

D–H…A	 d(H…A)	 d(D…A)	 ∠(DHA)	 Symmetry codes

1

N1–H…O1	 2.0	 2.827(7)	 162.0	 x, y, z
N3–H…O3	 2.05	 2.910(7)	 169.0	 x, 3/2 – y, –½ + z
N4–H…O3	 1.93	 2.782(7)	 174.0	 x, 3/2 – y, –½ + z
C2–H…O1	 2.48	 3.323(8)	 136	 x, ½ – y, –½ + z
C7–H…O1	 2.43	 3.073(9)	 127	 x, 3/2 – y, –½ + z

2

N1–H…O4	 2.05	 2.876(9)	 150	 x, y, z
N3–H…O1	 2.12	 2.950(8)	 163	 x, y, z
N4–H…O1	 1.9	 2.736(8)	 165	 x, y, z
O4–H…O4	 2.08	 2.916(8)	 167	 ½ + x, ½ – y, 1 – z
O4–H…O2	 2.08	 2.904(7)	 163	 ½ – x, 1 – y, –½ + z
N5–H…S1	 2.71	 3.479(6)	 149	 x, ½ + y, 3/2 – z

3

N1–H…Cl1	 2.4	 3.222(3)	 160	 –½ + x, 3/2 – y, 1 – z
N4–H…Cl1	 2.29	 3.081(3)	 153	 x, y, z
N3–H…Cl1	 2.52	 3.278(3)	 148	 x, y, z
C2–H…Cl1	 2.78	 3.563(3)	 143	 –½ + x, 3/2 – y, 1 – z
C10–H…S1	 2.85	 3.806(5)	 146	 ½ – x, –½ + y, z

4

N1–H…Ow	 1.95	 2.7961(1)	 166	 x, y, z
N3–H…O4	 2.41	 3.1780(1)	 150	 x, y, z
Ow1–H…O6	 2.03	 2.8652(1)	 168	 1 – x, 2 – y, –z
N4–H…O4	 1.98	 2.7580(1)	 165	 x, y, z
Ow1–H…O1	 1.89	 2.7198(1)	 165	 1 – x, 1 – y, –z
N1a–H…Ow1	 1.83	 2.7826(1)	 170	 x, y, z
Ow–H…O3	 1.89	 2.7399(1)	 172	 x, y, z
Ow–H…O4	 2.07	 2.8977(1)	 165	 x, –1 + y, z
N3a–H…O6	 2.47	 3.2400(1)	 149	 1 – x, 1 – y, –z
N4a–H…O6	 1.93	 2.7363(1)	 162	 1 – x, 1 – y, –z
C2a–H…Ow1	 2.58	 3.3119(1)	 136	 x, y, z

5

N1–H…O2	 2.03	 2.848(2)	 158	 x, 1 + y, z
N3–H…O1	 2.13	 2.946(2)	 157	 1 – x, 1 – y, 1 – z
N4–H…O1	 1.86	 2.687(2)	 161	 1 – x, 1 – y, 1 – z
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case of 2, 4) and counter ions NO3
–, NH2SO3

–, Cl–, 
Cl3CCOO–, Cl2CHCOO– in 1–5 respectively. In H2L+ 
(Figure 1a, Table S1) the substituents at N1–C1 bond are in 
the Е position. In compounds 1–5, the A (S1–N1–N2–
N3–C1–C2) core is practically planar within 0.05 Å and 
the dihedral angles between A and pyridine ring range 

from 2.2 to 10.7°. Meanwhile, the cation is nonplanar in 
studied compounds because the C3H5 substituent in the 
thiosemicarbazone moiety, the dihedral angles between 
the best planes of A and allyl groups lie in interval 71.5–
83.8°. The bond lengths and angles, as well as the afore-
mentioned values, are in good agreement with those in 
neutral molecules of 2-formyl-, 3-formyl-, and 
4-formylpyridine N4-allylthiosemicarbazones.30

Figure 1. View of compounds with atom numbering. Thermal ellip-
soids are drawn at a 50% probability level.

Figure 2. The crystal packing fragment of 1 with chains formation 
along the c-axis.

Figure 3. The fragment of 3D supramolecular network in 2.

Figure 4. (a) Chains formation along b-direction via C10–H…S1 
hydrogen bond; (b) fragment of layers in the crystal packing of 3, 
where chains are joined by chlorine atoms.

a)

b)

The presence of anions (in substances 1–5) and sol-
vent molecules (in substances 2 and 4) affects the architec-
ture of hydrogen bonds in their crystal structures. In the 
crystal of 1, the cations are joined by nitrato groups into 
the chains along the c-axis (Table 2, Figure 2). In the crys-
tal of 2, the 3D supramolecular network is formed by hy-
drogen-bonding interactions involving the ligands H2L+ 

and solvent molecules (Figure 3). In 3 the ligands are 
linked by C10–H…S1 hydrogen bonds in chains along the 
b-direction. In turn, these chains are joined by chlorine at-
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oms into layers parallel to the (001) plane (Figure 4a, b). In 
4 the cations form the chains along the b-axis via hydrogen 
bonds with two water molecules and anions (Figure 5a, b). 
In the crystal of 5, the cations form the centrosymmetric 
dimers where the monomers are held together by bridge 
solvent molecules through hydrogen bonds (Figure 6). Be-
tween chains in 1 and 4, layers in 3, and dimers in 5 occur 
the van der Waals interactions.

3. 3. Antiradical Activity
The antiradical activity of the compounds 1–6 was 

determined by the ABTS•+ method (Table 3). In all cases, 
the obtained salts manifest a higher antiradical activity 
than the initial thiosemicarbazone HL.30 The IC50 values 
of the obtained salts 1–6 are 5–30% lower than that of 
non-protonated thiosemicarbazone. Based on the present-
ed results we can conclude that the acidic residue in the 
composition of the thiosemicarbazone salts also has an in-
fluence on its antiradical activity. The antiradical activity 
of the studied compounds decreases according to the fol-

lowing series of dependences of acid residues: Cl– >  
Cl2CHCOO– > Cl3CCOO– > NO3

– ≈ SO3NH2
– >  

ClCH2COO–. All the studied substances showed activity 
higher than Trolox, a standard antioxidant used for antiox-
idant capacity assays. Compound [H2L]Cl (3) showed the 
greatest activity with an IC50 value of 9.9 μmol/L, being 
three times more active than Trolox.

Compared with the literature data we have previous-
ly published,40 the 2-acetylpyridine 4-allylthiosemicarba-
zone showed no antiradical activity, leading to conclusion 
that the presence of a 2-formylpyridine fragment in the 
structure of thiosemicarbazone enhances its antiradical 
activity.

Table 3. Antiradical activity of the studied substances in terms of 
IC50 values toward ABTS•+

Compound	 IC50, μmol/L

HL 	 14.2±1.8 
1	 12.9±0.4
2	 12.9±1.0
3	 9.9±1.0
4	 12.1±0.7
5	 10.9±0.9
6	 13.4±0.8
Trolox	 33.0±0.7

3. 3. DFT Calculations
It is known that the frontier molecular orbitals 

(FMOs) such as the highest occupied molecular orbitals 
(HOMO) and lowest unoccupied molecular orbitals (LU-
MO) may act as electron donors and acceptors, respective-
ly. The energies of FMOs are used for the calculation of 
molecular descriptors which are important parameters for 
the characterization of the reactivity of molecules. The 
definition and detailed analysis of molecular descriptors 
and FMOs of neutral HL were done previously.30,46 The 

Figure 6. The centrosymmetric dimers in 5, where monomers are 
held together by bridge solvent molecules.

Figure 5. (a) Formation of chains along the b-axis through hydrogen bonds involving water molecules and anions; (b) fragment of crystal packing 
in 4.

a)

b)
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contour plot of the ground state FMOs of cation is shown 
in Figure 2. The energy gaps between HOMO and LUMO 
in H2L+ and HL are different, being 2.04 and 3.771 eV, re-
spectively. However, the composition of frontier molecular 
orbitals of these molecules is very similar. The HOMOs of 
H2L+ and HL are located mainly on the sulphur atoms with 
a small contribution of nitrogen atoms of the chains, while 
the LUMOs are distributed in thiosemicarbazone moieties 
and pyridine rings. Meanwhile, the molecular descriptors, 
namely electronegativity (χ), chemical hardness (η), and 
electrophilic index (ω) are significantly different in cations 
and neutral molecule. Compounds with high electronega-
tivity are less likely to donate electrons. The lowest the 
chemical hardness value, the highest the activity of a mol-
ecule. The lowest electrophilic index is characterized by 
the highest electron donation ability. The values of χ, η, 
and ω for H2L+ and HL are 8.033, 1.02, 31.638 eV and 
3.767, 1.886, 3.763 eV, respectively, and the main differ-
ence among these quantities is related to electronegativity 
and electrophilic index.

The molecular electrostatic potential (MEP) surface 
of H2L+ was mapped, using the optimized geometries (Fig-
ure 3). The MEPs of cations and neutral molecule are sig-
nificantly different. The values of MEPs in H2L+ range from 
0.0 to 62.75 kcal/mol, while in HL the MEP increase in the 
order −31.7 kcal mol−1 = red < yellow < green < blue = 31.7 
kcal mol−1. In the last compound, the negative (red and yel-
low) regions of MEP are related to electrophilic reactivity 

and the positive (blue) regions to nucleophilic reactivity 
whereas in H2L+ the molecular electrostatic potential is 
positive and corresponds to nucleophilic reactivity only.

Figure 8. Electrostatic potentials mapped on the molecular surfaces 
of the studied molecule. The values of MEPs range from 0.0 to 62.75 
kcal/mol.

Thus, the difference in molecular descriptors and 
molecular electrostatic potentials of H2L+ and HL may in-
dicate different mechanisms of their antioxidant activity 
because the electronic structure of the cation is more fa-
vorable for accepting electrons if compared with HL.

4. Conclusions
We have described in this paper synthesis of six salts 

of 2-formylpyridine N4-allylthiosemicarbazone with ni-
tric, hydrochloric, chloroacetic, dichloroacetic, trichloro-
acetic and sulfaminic acids, and crystal structure of five of 
them, as well as their antiradical activity toward ABTS•+ 
and compared them with the activity of neutral molecule 
of 2-formylpyridine N4-allylthiosemicarbazone and 
Trolox. Protonation of the thiosemicarbazone moiety led 
to an increase in antiradical activity. The corresponding 
IC50 values became lower by 5–30%.

Protonation of the pyridine fragment in this thiosem-
icarbazone induces changes in the molecular electrostatic 
potential surface and molecular descriptors, including elec-
tronegativity, chemical hardness, and electrophilic index. 
These alterations make the cation H2L+ more favorable for 
accepting electrons and thus contribute to the change in 
antiradical activity. Thus, all of the obtained salts manifest 
higher antiradical activity, which also depends on the nature 
of the acid moiety. The most active one is the salt with chlo-
ride anion, then the one with the dichloroacetate anion. So, 
the transformation of thiosemicarbazones into salts in this 
case leads to an increase in antiradical activity, and the con-
tinuation of this study on other N-substituted thiosemicar-
bazones represents an interest for enhancing antiradical ac-
tivity of this important class of bioactive substances.
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Supplementary Materials

CCDC 2270394-2270398 contains the supplementa-
ry crystallographic data for the compounds 1-5. Copies of 
the data can be obtained free of charge on application to 
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: 44-
1223-336-033; e-mail:deposit@ccdc.cam.ac.uk or ww-
w:http://www.ccdc.cam.ac.uk)
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Povzetek
Sintetizirali smo šest novih 2-formilpiridin N4-aliltiosemikarbazonskih soli ([H2L]X∙nH2O, kjer je X NO3

– (1), NH2SO3
– 

(2), Cl– (3), Cl3CCOO– (4), Cl2CHCOO– (5), ClCH2COO– (6); n = 0 (1, 3, 5, 6), 1 (2, 4)) in določili njihove fizikalne ter 
kemijske lastnosti s pomočjo elementne analize, meritev prevodnosti, FT-IR ter 1H in 13C NMR spektroskopije. Kristalne 
strukture spojin 1–5 smo določili s pomočjo rentgenske difrakcije na monokristalu. Podatki kristalne analize kažejo, da 
so strukture spojin sestavljene iz protonirane oblike tiosemikarbazonov H2L+, ustreznega aniona (kislinskega ostanka) in 
molekule vode (v primerih 2 in 4). Te spojine izkazujejo antiradikalsko aktivnost proti ABTS•+ kation radikalu, ki presega 
aktivnost neprotoniranega izhodnega tiosemikarbazona HL in tudi Troloksa, ki se standardno uporablja za medicinske 
namene. Najbolj aktivna spojina je [H2L]Cl (3) z IC50 vrednostjo 9.9 μmol/L. Izračuni s teorijo gostotnega potenciala 
kažejo, da je elektronska struktura kationa H2L+ bolj dovzetna za sprejemanje elektronov kot pa HL.

https://doi.org/10.1007/s00214-001-0302-1
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Abstract
The sponge is one of the potential sources of bioactive compounds. Among them, the sponge Aaptos has been a promis-
ing source of leading drugs including aaptamine (1). This study investigated the aaptamine (1), spectroscopically deter-
mined, from Aaptos sp. collected from Bunaken National Park, Indonesia, as an anticancer agent, specifically targeting 
colorectal cancers (CRCs). Compound 1 showed potent cytotoxicity against DLD-1 and Caco-2 with IC50 values of 30.3 
and 236.8 µg/mL, respectively. In addition, the exposure of compound 1 on those colorectal cancer cells could promote 
cell cycle arrest and induce necrotic cell death.

Keywords: Sponge, Aaptos, aaptamine, DLD-1, Caco-2, Necrotic

1. Introduction
Colorectal cancer is the third most common cause of 

cancer-related deaths.1 In 2020, colorectal cancer (CRC) 
resulted in approximately 1.9 million new cases and 0.9 
million fatalities globally. The frequency of CRC has in-
creased in developing countries because of the shifting in 
lifestyle and diet towards Westernization.2 According to 
GLOBOCAN (2020), Indonesia contributed 34.189 (8.6%) 
cases of colorectal cancer in a total of 396.914 cases con-
sisting of 21.764 cases for men and 12.425 cases for wom-
en.3 The elevated incidence of CRC in men may be attrib-
uted to a variety of factors. Unlike women, men appear to 
be more significantly impacted by environmental influ-

ences rather than genetic factors, including alcohol con-
sumption, obesity, smoking, and bad dietary habits.4 The 
substantial occurrence and fatality rates associated with 
CRC, coupled with the limitations of current treatments 
and preventive measures, underscore the pressing necessi-
ty for the exploration and development of new drugs.

Natural products hold the promise to be a source of 
new drugs with minimum side effects and improved com-
patibility with the human body.5 Over the years, the poten-
tial of Marine Natural Products (MNPs) has attracted the 
attention of researchers. The immense expanses of the 
oceans and many levels of biodiversity in the marine envi-
ronment make researchers eagerly explore novel active 
compounds from sponges.6

mailto:peni.ahmadi@brin.go.id
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Sponges are marine invertebrates and have been rec-
ognized as a major source of bioactive compounds.7 For 
example, eribulin mesylate from the sponge Halichondria 
okadai has been reported to exhibit potential clinical activ-
ity against pre-treated metastatic breast cancer cells.8

Over various genera of sponges, Aaptos has been 
known as a genus of sponges that produce bioactive 
compounds. Aaptos is a cosmopolitan marine sponge 
with a wide geographical distribution including Indone-
sian waters.9 A unique bioactive compound identified 
from this genus is aaptamine, which exhibits various bi-
ological activities, including antibacterial,10,11 antioxi-
dant,12 antiproliferative,13 anti-mycobacterial,9 
α-adrenoceptor blocking,14 sortase A inhibition, 15 cho-
linesterase inhibition,16 antifungal,17 anti-HIV,17 and cy-
totoxic activities.18

Recently, Utkina and co-workers (2021) reported 
that isoaaptamine isolated from A. aaptos could reduce 
the expression of enzymes in human colorectal adeno-
carcinoma DLD-1 cells from 100% to 64% at a concentra-
tion of 5 µM.19 Another bioactive compound, 
3-([9-methylhexadecyl] oxy) propane-1,2-diol 2,2,3-di-
hydro-2,3-dioxoaaptamine, shows cytotoxic activity 
against lung cancer SK-LU-1, breast cancer MCF-7, liver 
cancer HepG2, and melanoma SK-Mel-2 with IC50 of 
41.27 ± 2.63, 40.70 ± 2.65, 34.31 ± 3.43, and 36.63 ± 1.40 
μM, respectively. 20

In this study, we will report bioactive compounds 
isolated from the marine sponge Aaptos sp. as anticancer 
agents against colorectal cancer cells, DLD-1 and Caco-2. 
Herein, we also describe the mechanism of action of the 
active compounds present in this sponge.

2. Method
2. 1. Biological Material

The sponge was collected by scuba diving at a depth 
of 10-15 meters from Likuan 3, Bunaken Island, Bunaken 
National Park, North Sulawesi, Indonesia (N 01.60572 E 
124.76818), in September 2022. The sample was immedi-
ately frozen and kept at the Genomics Laboratory, Nation-
al Research and Innovation Agency (BRIN), Cibinong, 
West Java, Indonesia, until the extraction was performed. 
The specimen was identified by the analysis of morpholo-
gy and the spicules which were identified as Aaptos sp.

2. 2. Extraction
The extraction process was conducted according to 

Ahmadi et al. (2017).21 In brief, the sample (80.94 g, wet) 
was chopped and soaked in methanol (MeOH) overnight. 
Thereafter, the filtrate was collected by filtration and the 
spent biomass was reextracted using fresh methanol. The 
extraction was performed for at least three times. After 
maceration, all filtrate was combined and concentrated by 

using a Rotary Vacuum Evaporator (Rotavapor Buchi 
R-300). Subsequently, the residue was partitioned exhaus-
tively by using water and ethyl acetate (EtOAc) to give 
388.97 mg of EtOAc fraction (SBM 066-1).

2. 3. Thin Layer Chromatography (TLC)
As guidance to identify the components present in 

the extract, a thin layer chromatography (TLC) was per-
formed using TLC sheets of silica gel 60 F254 (Merck), with 
a mobile phase of n-hexane:EtOAc (7:3). Silica plates were 
exposed to UV light at 254 nm. Further, the plates were 
reacted using cerium sulfate Ce(SO4)2, ninhydrin, and 
Dragendorff ’s. The TLC plate was heated and examined to 
calculate the Rf value.

2. 4. �Open Column Chromatography (OCC) 
by Silica
The SBM 066-1 (~250 mg) was fractionated by using 

open-column chromatography (OCC) with nor-
mal-phased silica (7500 mg) as a stationary phase. Several 
mobile phases were used and started consecutively with 
n-hexane, followed by dichloromethane (DCM), EtOAc, 
and MeOH. Every solvent was collected and gave a corre-
sponding yield of 80.53 mg (SBM 066-1-1), 26.13 mg 
(SBM 066-1-2), 112.76 mg (SBM 066-1-3), and 55.86 mg 
(SBM 066-1-4).

2. 5. Spectroscopy Analysis
The sample was analyzed by using the Waters AC-

QUITY UPLC® H-Class System, which included an AC-
QUITY UPLC® HSS C18 column (11.8 µm, 2.1 Å, 100 mm) 
and coupled with the Xevo G2-S QTOF Mass Spectrome-
ter, all from Waters, Beverly, MA, USA. The system uti-
lized electrospray ionization (ESI) in a positive ion mode 
for the mass spectrometry. The elemental compositions 
were determined using the Waters MassLynx (v4.1) and 
Mestrenova software. Additionally, the compound type 
was compared to the PubChem database. Meanwhile, 
1H-NMR spectra were recorded by using BRUKER at 500 
MHz for 1H-NMR in CD3OD.

2. 6. Purification using Sep-pak C18

Further purification was conducted by applying 53 
mg of SBM 066-1-4 on Sep-pak C18 and eluted with sever-
al eluent: 100% H2O, 25% MeOH in H2O, 50% MeOH in 
H2O, 75% MeOH in H2O, and 100% MeOH. Five fractions 
were yielded with amounts of 27.63 mg (SBM 066-1-4-1), 
3.3 mg (SBM 066-1-4-2), 0.65 mg (SBM 066-1-4-3), 8.07 
mg (SBM 066-1-4-4), and 13.35 mg (SBM 066-1-4-5) (Fig-
ure S1). Fraction SBM 066-1-4-1 was further identified to 
lead to an aaptamine compound with a purity of more 
than 90% (Figure S6).
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2. 7. Cell Culture and Conditions
The study was conducted on two human colorectal 

cancer cells (DLD-1 and Caco-2) and normal cells 
(HEK293), all sourced from the American Type Culture 
Collection (ATCC, USA). These cell lines were grown in 
DMEM medium (Gibco, Germany) supplemented with 
10% fetal bovine serum (FBS; Sigma-Aldrich),1.5% Peni-
cillin/Streptomycin (Sigma, Aldrich), and 0.5% fungizone 
(Sigma-Aldrich). The cells were maintained in a cell cul-
ture incubator set to 37°C with 5% CO2 to create an opti-
mal environment for their growth.

2. 8. MTT Assay
The colorectal cancer cells, DLD-1 and Caco-2, along 

with HEK293 as normal cells, were collected when they 
reached 70-80% confluence and then subjected to centrif-
ugation at 1200 rpm at 21 °C for 5 minutes. The cells were 
enumerated using a microscope and a haemocytometer 
then were plated into a 96-well plate at a concentration of 
1 × 104 cells per well. These plates were placed in an incu-
bator at 5% CO2 and 37°C for 24 hours to facilitate cell at-
tachment. After this incubation period, non-adherent cells 
were carefully removed. The cells were then exposed to a 
100 mg/mL sample (for screening purposes) and a series 
of dilutions (100, 50, 25, 12.5, 6.25, 3.125 mg/mL for IC50 
purposes) of compound 1 and further incubated for 72 
hours. All the samples were prepared by diluting them in 
DMSO and then in a culture medium. In this experiment, 
doxorubicin was used as a positive control with various 
concentrations corresponding to the sample’s concentra-
tion. Following this incubation, MTT reagent (Sig-
ma-Aldrich, Germany) (5 mg/mL) was introduced into 
each well and kept in the same incubation conditions (5% 
CO2 and 37° C) for 4 hours. The mixture of MTT and me-
dia was subsequently discarded, and the purple formazan 
crystals were dissolved in sodium dodecyl sulfate (SDS) 
and further incubated in a dark environment. The absorb-
ance at a wavelength of 570 nm was measured using Syn-
ergy HTX Multi-Mode Reader (Agilent Technologies, 
USA). All experiments were conducted in triplicate. The 
50% inhibitory concentration (IC50) of the samples was 
determined through statistical analysis. Cell viability was 
assessed using the following formula:

Cell Viability = (Abs Treated cells / Abs Untreated 
cells) × 100%

2. 9. Cell Cycle Assay
Cell cycle assay was conducted using a flow cytome-

ter with a cell cycle staining kit from Abbkine (cat No. Cat 
#: KTA2020) according to the manufacturer's instructions. 
Briefly, colorectal cancer cells (DLD-1 and Caco-2) were 
harvested at 70–80% confluency before 5 × 104 cells/mL of 
DLD-1 cells and 1 × 104 cells/mL of Caco-2 cells were then 
seeded in a 6-well plate containing DMEM medium (10% 

FBS, 1.5% penicillin- streptomycin, 0.5% fungizone) and 
incubation was set to 5% CO2 at 37 °C for 24 h. Cells were 
then treated with half of the compound 1 IC50 (µg/mL) in 
DLD-1 or Caco-2 cells (15.15 and 118.4 µg/mL, respec-
tively) for 72 h. After that, cells were harvested to obtain 
pellets and then fixed with 70% ethanol at –20 °C over-
night before being stained with PI staining solution. After 
30 minutes of incubation at 37 °C in the dark, the cells 
were washed with PBS and analyzed with a BD Accuri™ C6 
Plus Personal Flow Cytometer (BD Biosciences).

2. 10. Apoptosis Assay
Apoptosis assay was performed by Annexin V-FITC/

PI staining using flow cytometry. After reaching confluen-
cy at 70–80%, a total of 5 × 104 cells/mL of DLD-1 cells and 
1 × 104 cells/mL of Caco-2 cells were seeded in each well of 
a 6-well plate and then treated with half of the compound 
1 IC50 (µg/mL) in DLD-1 or Caco-2 cells (15.15 and 118.4 
µg/mL, respectively) for 72 h. Cells were then harvested 
using trypsin-EDTA before being stained with an Annex-
in-V-FLUOS staining kit (Roche, Zhangjian Hi-Tech Park, 
Shanghai, China) and incubated for 15 minutes in the 
dark. The cells were then analyzed with a BD Accuri™ C6 
Plus Personal Flow Cytometer (BD Biosciences) within 30 
min of staining.

3. Results And Discussion
3. 1. Cytotoxic Activities

The preliminary cytotoxic evaluation of the ethyl ac-
etate fraction of Aaptos sp. (SBM 066-1) was evaluated 
against DLD-1, Caco-2, and HEK293 cell lines. In this 
study, the IC50 was observed at 20.91 and 21.64 µg/mL for 
DLD-1 and Caco-2, respectively. Meanwhile, the IC50 val-
ue of SBM 066-1 against HEK293 shows less cytotoxic 
with an IC50 value of 41.97 µg/mL (Figure S2, Table S1).

3. 2. �Characterization of Major Compound 
(1) Contained in SBM 066-1 and its 
Purification
As a preliminary analysis, the characteristic com-

pounds contained in fraction SBM 066-1 were conducted 
by using the TLC visualization method. The first visualiza-
tion using UV light at 254 nm (short wavelength) showed 
the phosphorescent dark spot at Rf 0 (Figure S3a), cerium 
(IV) sulfate showed a brown spot in the polar region (Rf 0) 
and less polar region (Rf 0.7 and 0.8) (Figure S3b), Dragen-
dorff ’s specific reagent showed an orange spot at Rf 0 (Fig-
ure S3c), and ninhydrin visualization analysis showed a 
purplish stain at Rf 0 (Figure S3d). Summarizing the TLC 
analysis, major compounds contained in fraction SBM 
066-1 were characterized as alkaloid compounds bearing 
conjugated double-bonds and/ or aromatic rings, possess-
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ing tertiary, primary, and/ or secondary amine moieties. 
These analyses elicited that the major compound con-
tained in SBM 066-1 was similar to the characteristics of 
aaptamine.

Further separation of SBM 066-1 on silica open col-
umn chromatography (OCC) gave four distinct fractions 
(SBM 066-1-1 – SBM 066-1-4). All the fractions were then 
tested against colorectal cancers (DLD-1) using an MTT 
assay at a final concentration of 100 mg/mL. Among the 
tested fractions, SBM 066-1-4 showed the highest activity 
with a % inhibition value of 83.3.

The LCMS/MS chromatogram (Figure S4) of SBM 
066-1-4 showed a total of 13 peaks which is described in 
Table S2. The major peak, Rt 4.62 was selected for further 
analysis and presumed as the major compounds that are 
responsible for the anticancer activities in the fraction 
SBM 066-1-4. The peak at Rt 4.62 min, showed an m/z val-
ue at 229.0976 [M+H]+ with chemical formula C13H13N2O3 
(calcd for C13H13N2O3 229.0977 (∆ – 0.1 ppm)). This com-
pound was identically 99.20% with aaptamine and was 
supported by its mass-fragmentation patterns (Figure S5). 
Hence, SBM 066-1-4 was determined to contain aaptamine 
as one of the major compounds.

The 1H-NMR-based metabolite profiling was then 
performed to identify the proton environments of com-
pound 1 (Figure S6). There are distinct signals for two 
methoxy protons at δH 3.89 (s, 8-OCH3) and δH 4.04 (s, 

Figure. 1 The planar structure of aaptamine (1, SBM 066-1-4-1).

Figure 2. The effect of compound 1 on cell cycle distribution against DLD-1 and Caco-2 colorectal cancer cells (A) The DLD-1 cell cycle histogram 
(B) The cell distribution analysis of DLD-1 cells cycle (C) The Caco-2 cell cycle histogram (D) The cell distribution analysis of Caco-2 cell cycle. Both 
cell lines were treated with a 10 μg/mL concentration of compound 1 for 72h and stained with PI to analyze cell distribution by flow cytometry. 
Vertical bars represent the standard deviation of means (SD) (n = 3).
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9-OCH3), two pairs of coupled protons at δH 7.78 (d J= 7.5 
Hz, H-2), δH 6.35 (d, J= 7.5 Hz, H-3), and δH 7.59 (d, J= 7.5 
Hz, H-5) and δH 6.88 (d, J= 7.5 Hz, H-6). In addition, a 
single proton signal at δH 8.19 indicated a proton signal of 
H-7 (Table S3). These signals supported the chemical shifts 
for aaptamine.

3. 3. Further Isolation of aaptamine (1)
The major compounds in SBM 066-1-4 were further 

purified using Sep-pak C18 to give a single compound 
aaptamine (1, SBM 066-1-4-1, 27.63 mg, Figure 1).

3. 4. �Compound 1 Induces Cell Cycle Arrest 
on Colorectal Cancer Cells
The examination of several stages of the cell cycle is 

essential to get valuable knowledge about the mechanisms 
that govern cellular growth and division. To investigate 
cell cycle arrest, the treated colorectal cancer cells were 
analyzed by flow cytometry at the different cell cycle phas-
es (G0/G1, S, and G2/M) on DLD-1 and Caco-2 cells. On 
the DLD-1 colorectal cancer cells, compound 1 treatment 
increased cell accumulation mainly in the G2/M phase 

(Figure 2A and 2B), from 18.42% (control cells) to 31.28% 
(compound 1).

Meanwhile, on the Caco-2, the compound 1 admin-
istrations have increased in the S phase from 8.66% in the 
control cells to 13.81%. Moreover, compound 1 also in-
creases the cell accumulation in the G2/M phase from 
14.82% (control cells) to 41.80% (compound 1) (Figure 2C 
and 2D). Overall, the exposure of compound 1 on Caco-2 
colorectal cancer cells induced cell cycle arrest because of 
the accumulation in the S phase and G2/M phase that in-
fluences the synthesis DNA process and inhibits the mito-
sis process in colorectal cells.

Overall, based on the cell cycle study, the G1 phase 
(%) was deficient, meanwhile, the G2/M phase (%) was in-
creased in colorectal cancer cells (DLD-1 and Caco-2) 
(Figure 2B and 2D). Thus, the exposure of compound 1 on 
colorectal cancer cells DLD-1 and Caco-2 could relatively 
induce cell cycle arrest. These results also suggest that 
compound 1 inhibits the cell cycle of DLD-1 colorectal 
cancer cells through different mechanisms than Caco-2 
colorectal cancer cells, specifically interfering with the pre-
paratory phase of mitosis. Some anticancer drugs cause 
cell death by interfering with the cell cycle processes, in-
cluding inhibiting the phase of mitosis.22 As a result, a mi-

Figure 3. The effects of compound 1 treatment on apoptosis in DLD-1 and Caco-2 colorectal cancer cells (A) The DLD-1 cells death histogram (B) 
The cell distribution analysis of DLD-1 cell death (C) The Caco-2 cells death histogram (D) The cell distribution analysis of Caco-2 cell death. Both 
cell lines were treated with 10 μg/mL of compound 1, stained with Annexin V, PI, and performed flow cytometry analysis. Vertical bars represent the 
standard deviation of means (SD) (n = 3).
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totic catastrophe might happen, an oncosuppresive mech-
anism causing DNA damage and deformation of the 
microtubules associated with G2/M phase arrest. The 
characteristics or features of mitotic catastrophe are simi-
lar to necrosis where the cell size amplifies, and the DNA 
degrades in the first 24 h.23

3. 5. Cells Apoptosis Induction
An investigation into apoptosis, the regulated pro-

cess of cell death, is crucial for the development of antican-
cer drugs that can specifically induce apoptosis in cancer 
cells, ultimately resulting in enhanced patient outcomes. 
Annexin V-FITC/PI double staining was conducted to 
confirm whether the effects of compound 1 on the cyto-
toxicity of DLD-1 and Caco-2 colorectal cancer cells were 
related to apoptosis or necrotic cell death, In both cells. the 
treatments of compound 1 at 10 μg/mL for 72 h show that 
the apoptotic cell population decreased, compared with 

the untreated cell population (Figure 3). In contrast, the 
necrotic cells demonstrated an increasing population from 
1.75% and 1.13% (untreated cells) to 24.25% and 5.91% 
(compound 1) in DLD-1 and Caco-2 cells, respectively. 
This result concludes that the compound could induce ne-
crotic instead of apoptotic cell death in DLD-1 and Caco-2 
colorectal cancer cells.

3. 6. �The activity of Compound 1 against 
CRCs
To understand how compound 1 affects cell viability, 

this experiment assessed the cytotoxic activity by measur-
ing cellular metabolic activity with MTT by converting a 
yellow dye into a purple formazan product. After treat-
ment for 72 hours, a strong reduction was observed in 
doxorubicin-treated cells with 0% in DLD-1 and HEK293 
and a 20% decline in Caco-2 cells (Figure 4A). A signifi-
cant decrease in the number of viable cells was observed in 

Figure 4. The viability of doxorubicin and compound 1 on DLD-1, Caco-2, and HEK293 cells. (A) The viability of doxorubicin-treated cells (B) The 
viability of compound 1-treated cells. Both were measured by using an MTT assay.
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DLD-1, Caco-2, and HEK293 cell lines, reaching 0%, 43%, 
and 21%, respectively (Figure 4B). Thus, the effect of com-
pound 1 on DLD-1, Caco-2, and HEK293 cell viability af-
ter 72 hours is dose-dependent, with higher concentra-
tions leading to greater reductions in cell viability. These 
data also demonstrated that compound 1 is toxic to DLD-1 
cells with an inhibitory concentration (IC50) of 30.3 µg/
mL, 236.8 µg/mL, and 122.3 µg/mL on DLD-1, Caco-2, 
and HEK293 cells, respectively (Table 1). However, in 
comparison to doxorubicin as a control, the IC50 value of 
doxorubicin was higher than compound 1. The IC50 values 
of doxorubicin were 0.1 µg/mL, 1.6641 µg/mL, and 0.0055 
µg/mL on DLD-1, Caco-2, and HEK293 cells, respectively 
(Table 1). Moreover, compound 1 exhibited dose-depend-
ent cytotoxicity across both CRCs with particularly strong 
effects in DLD-1 cells with a selectivity index (SI) of 4.03, 
noticeably higher than Caco-2 cells with a selectivity index 
of 0.51. The SI results suggested that compound 1 prefer-
entially targeted DLD-1 cells over Caco-2 cells, with an SI 
greater than doxorubicin (SI > 3). Taken together, these 
data indicated that the cytotoxic effect of compound 1 was 
both cell-type and dose-dependent.

4. Conclusions
Aaptamine, a marine alkaloid derived from the sponge 

Aaptos sp. has shown promising anticancer properties in 
various studies. This study demonstrated that the extract of 
Aaptos sp. (SBM 066-1) is the potential source of anticancer 
against CRCs (DLD-1 and Caco-2), and considerably less 
cytotoxic against normal cells HEK293. Further isolation 
and purification of the bioactive compound from the EtOAc 
extract of this sponge (SBM 066-1) led to the discovery of 
aaptamine (compound 1). The LCMS/MS analysis and 
1H-NMR data showed a characteristic signal for a specific 
characteristic of 1 at m/z 229.0976 and aromatic rings at δH 
7.78 (d, J = 7.5 Hz, H-2), δH 6.35 (d, J = 7.5 Hz, H-3), and at 
δH 7.59 (d, J = 7.5 Hz, H-5) as well as at δH 6.88 (d, J = 7.5 
Hz, H-6) ppm. Then, the study reveals that compound 1 ex-
hibits cytotoxicity against DLD-1 and Caco-2 cells with IC50 
values of 30.3 and 236.8 µg/mL. Compound 1 shows poten-
tial as a cytotoxic agent against CRCs. Meanwhile, previous 
research 24 was mainly concentrated on an aaptamine-rich 
fraction, which exhibited a higher cytotoxic effect on DLD-

1 colorectal cancer cell viability (IC50 value 9.597 µg/mL) 
compared with NIH-3T3 murine fibroblast cells (IC50 value 
12.23 µg/mL). Both papers revealed that aaptamine could 
be promoted as a potent anticancer agent, and its ability to 
target DLD-1 cells selectively makes it a promising candi-
date for further research and potential development for 
colorectal cancer treatment. Notwithstanding, this current 
research discovered that aaptamine could relatively induce 
necrotic cell death and promote cell cycle arrest in both 
DLD-1 and Caco-2 cells. This study revealed that com-
pound 1 could relatively induce necrotic cell death and pro-
mote cell cycle arrest. Aaptamine was found to interfere 
with the cell cycle of CRCs. Specifically, it causes arrest at the 
G2/M phase, preventing the cells from proceeding to mito-
sis, and thereby inhibiting their proliferation. Unlike apop-
tosis, which is a programmed and controlled form of cell 
death, aaptamine induces necrosis in CRCs, which causes 
traumatic cell death, leading to the release of cellular con-
tents and triggering inflammation in the tumor microenvi-
ronment. The study suggests that aaptamine’s cytotoxic and 
necrotic effects are mediated through oxidative stress, mito-
chondrial dysfunction, and the activation of specific signal-
ing pathways related to cell cycle control and cell death. 
Overall, aaptamine demonstrated selective toxicity toward 
DLD-1 cells, with an SI greater than 3. This selectivity is par-
ticularly notable due to its ability to induce necrotic cell 
death and arrest the cell cycle, making it a promising candi-
date for targeted therapies in CRCs. Further research is re-
quired to fully understand its molecular mechanisms and to 
evaluate its efficacy in vivo.
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Povzetek
Spužva je eden od potencialnih virov bioaktivnih spojin. Med njimi je spužva Aaptos obetaven vir spojin vodnic, vkl-
jučno z aaptaminom (1). V tej študiji je bil spektroskopsko določen aaptamin (1) iz spužve Aaptos sp., nabrane v nar-
odnem parku Bunaken v Indoneziji, in proučevan kot protirakavo sredstvo, usmerjeno predvsem proti raku debelega 
črevesa in danke. Spojina 1 je pokazala močno citotoksičnost proti DLD-1 in Caco-2 z vrednostmi IC50 30,3 oziroma 
236,8 µg/ml. Poleg tega lahko dodatek spojine 1 celicam kolorektalnega raka povzroči zastoj celičnega cikla in nekrotično 
celično smrt.
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Abstract
Endothelial dysfunction is an important risk factor for the development of cardiovascular diseases, and its condition is 
further aggravated by oxidative stress. Biliverdin (BV) and bilirubin (BR) are potent antioxidants that protect endothelial 
cells, with biliverdin reductase (BVR) converting BV to BR to maintain redox balance. This study explored BVR’s role in 
mediating these protective effects under normoxic and hypoxia-reoxygenation conditions. Pharmacological inhibition of 
BVR reduced the protective effects of BV and BR, as evidenced by the decreased cell viability, cellular antioxidant activity, 
and intracellular bilirubin levels. Activation of ERK1/2 reduced BVR’s protective function, while its inhibition enhanced 
it. Additionally, disruption of the BVR-ERK interaction further modulated these effects, highlighting BVR-ERK1/2 inter-
action sites as potential therapeutic targets for oxidative stress-induced endothelial dysfunction.

Keywords: Antioxidant, bilirubin, biliverdin, biliverdin reductase, human endothelium, oxidative stress

1. Introduction
Endothelial dysfunction, characterized by impaired 

vasodilation, increased oxidative stress, and inflammation, 
is a critical factor in the development of cardiovascular 
disorders. These conditions lead to pathologies such as 
atherosclerosis, hypertension, and myocardial infarction.1 
Importantly, hypoxia-reoxygenation (H/R) injury signifi-
cantly contributes to endothelial dysfunction, particularly 
in ischemic heart disease and stroke.2 During ischemia, 
reduced oxygen supply leads to the accumulation of meta-
bolic byproducts and reactive oxygen species (ROS) after 
reperfusion, which are central to the pathophysiology of 
endothelial dysfunction.1 These highly reactive molecules 
cause oxidative damage to lipids, proteins, and DNA, lead-
ing to endothelial damage and thereby exacerbating  
cardio-vascular disease. The key pathophysiological mech-
anism involves nitric oxide (NO) inactivation due to the 
superoxide anion reaction with NO to form peroxynitrite 
(ONOO−), which reduces NO availability, impairs vasodi-

lation, and increases vascular tone.3 Additionally, oxida-
tive stress activates the NF-κB pathway, promoting pro-in-
flammatory cytokines, adhesion molecules, and 
chemokines, leading to leukocyte adhesion and vascular 
inflammation. Excessive ROS can also induce endothelial 
cell apoptosis and senescence, thus reducing the regenera-
tive capacity and compromising vascular integrity. In ad-
dition, ROS-mediated lipid peroxidation damages en-
dothelial cell membranes and lipoproteins, thereby 
contributing to advanced atherogenesis1. Consequently, 
mechanisms that mitigate ROS-induced damage are of sig-
nificant interest for vascular health.4

In this regard, endogenous bile pigments such as 
biliverdin (BV) and bilirubin (BR) have gained attention 
because of their inherent antioxidant properties.5,6 Several 
studies have demonstrated an inverse correlation between 
bilirubin levels and the incidence of cardiovascular diseas-
es, suggesting that higher bilirubin levels are associated 
with a reduced risk of conditions such as atherosclerosis 
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and coronary artery disease.7 The metabolic pathway in-
volving the conversion of heme to biliverdin and subse-
quently to bilirubin is facilitated by the enzymes heme ox-
ygenase-1 (HO-1) and biliverdin reductase (BVR), 
respectively.8 The addition of both BV and BR to endothe-
lial cells can effectively neutralize ROS, thereby protecting 
the human endothelium from oxidative damage.9 Biliru-
bin, a potent antioxidant, reacts with ROS and is oxidized 
to biliverdin.10 BVR converts biliverdin back into biliru-
bin, thereby establishing an important cyclic antioxidant 
system.11,12

Recent research has elucidated the multifaceted role 
of BVR, highlighting its function not only as an antioxi-
dant enzyme, but also as a dual-specificity kinase (Ser/Thr/
Tyr) that regulates the transcription of inflammatory me-
diators.13,14 Furthermore, there is a significant interplay 
between BVR and the extracellular signal-regulated kinase 
(ERK) pathway. BVR contains specific motifs known as 
C-box (cysteine-rich domain) and D-box (docking do-
main), through which it binds to ERK. In this way, BVR 
acts as a scaffold for ERK1/2 and modulates its cellular lo-
calization and activity within the cell.15 This influences 
various cellular processes, including cell survival, prolifer-
ation, and inflammation.16,17 The interaction of BVR with 
ERK1/2 involves phosphorylation of BVR, which subse-
quently facilitates the phosphorylation and activation of 
ERK1/2. Once activated, ERK1/2 translocates to the nucle-
us, where it modulates the activity of transcription factors 
such as NF-κB and AP1, and thus influences the expres-
sion of genes involved in cell proliferation, differentiation, 
apoptosis, and cell survival.10 Additionally, BVR influenc-
es glucose metabolism and insulin signaling, contributing 
to metabolic homeostasis.18

Importantly, the knockout of BVR in human aortic 
endothelial cells leads to increased oxidative stress and 
endothelial-to-mesenchymal transition, which is charac-
terized by the loss of endothelial markers.19 Similarly, an-
other study indicated that silencing BVR in human en-
dothelial cells results in increased levels of reactive oxygen 
and nitrogen species (RONS), and bilirubin, but not biliv-
erdin, increases the expression of the protective protein 
GTP cyclohydrolase in cells.20 This indicates that BVR 
and bilirubin have both direct and indirect antioxidant 
properties that are important for the protection of en-
dothelial cells.20 Interestingly, direct intrathecal applica-
tion of BVR ameliorated the clinical and pathological 
signs of experimental autoimmune encephalomyelitis 
more efficiently than traditional antioxidant enzymes, 
further suggesting a crucial protective role for BVR 
against cellular oxidative stress.21

In this study, we aim to demonstrate that pharmaco-
logical inhibition of BVR can directly limit the conversion 
of biliverdin to bilirubin, leading to decreased bilirubin 
levels and consequently diminishing its antioxidant pro-
tective capacity. Reduced bilirubin levels make endothelial 
cells more vulnerable to oxidative damage. Our primary 

goal is to delineate the impact of BVR on the protective 
activity of biliverdin (BV) and bilirubin (BR) on endothe-
lial function under conditions of increased oxidative stress, 
both in normoxia and following hypoxia-reoxygenation 
injury. In addition, our study explored the complex role of 
BVR beyond its classical enzymatic functions. Recent evi-
dence suggests that BVR may also act as a modulator of the 
ERK pathway, which is crucial for cellular response to oxi-
dative stress. To specifically explore this modulation, we 
aim to inhibit the interaction between BVR and ERK by 
employing antagonists targeting the C-box and D-box 
binding sites. This approach aims to disrupt BVR's 
non-classical signaling functions, providing new insights 
into the dual contributions of its enzymatic activity and 
signaling pathways under oxidative stress conditions. In-
cluding normoxia with induced oxidative stress and hy-
poxia-reoxygenation (H-R) conditions allowed us to eval-
uate BVR's function under challenging stress conditions 
and its critical role during recovery. Under basal condi-
tions, the BVR cycle of converting bilirubin back to biliv-
erdin shows minimal changes upon inhibition, as the de-
mand for antioxidant recovery is low. However, under 
conditions simulating cardiovascular pathologies where 
oxidative stress is elevated, efficient recovery of bilirubin 
through BVR is essential. This study aims to elucidate the 
role of BVR under these specific conditions.

2. Materials And Methods
2. 1. Chemicals

Bilirubin, biliverdin, apomorphine, chlorpromazine, 
U-46619, PD-98059, CaCl2,, 2',7'-dichlorodihydrofluores-
cein diacetate (DCFH-DA), methanol (all Sigma Aldrich, 
Germany); fetal bovine serum (FBS), Dulbecco's Modified 
Eagle Medium (DMEM), Hanks' balanced salt solution 
(HBSS), HEPES Buffered Saline Solution (BSS), L-glu-
tamine, penicillin-streptomycin solution, and dimethyl 
sulfoxide (DMSO) (all Merck, Germany); peptide FGF-
PAFSG, peptide KKRILHCLGLA (both purchased from 
Biocat GmbH, Heidelberg, Germany).

2. 2. Human Endothelial Cell Culture 
EA.hy926

All experiments were conducted using the human 
endothelial cell line EA.hy926. Cells were cultured in 
DMEM supplemented with 10% heatinactivated fetal bo-
vine serum (FBS), 1 mM L-glutamine, and 1 mM penicil-
lin-streptomycin solution. Cells were maintained at 37 °C 
in a humidified incubator with 95% air and 5% CO2. The 
culture medium was changed every 2-3 days, and the cells 
were trypsinized using a 0.25% trypsin-EDTA solution for 
subculturing when confluence reached approximately 70–
80%. The cells were then seeded in 96-well plates at a seed-
ing concentration of 1 × 104 cells/well.
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2. 3. Experimental Design
In Figure 1, we present a general overview of our ex-

perimental design, consisting of four experimental phases, 
namely i. normoxia (24 h) or hypoxia (15 h) – reoxygenation 
(9 h); ii. pharmacological protocols that influence BVR activ-
ity (incubation with inhibitors, antagonists, and activators); 
iii. condition of increased oxidative stress (1h incubation 
with peroxyl-radical initiator); iv. functional cell assays (cell 
viability, cellular antioxidant assays, cell lysis for HPLC-MS 
measurements). In general, we aimed to perform three inde-
pendent biological experiments for each experimental group 
and cell assay, each consisting of six technical replicates.

2. 4. �Phase 1. Normoxia and Hypoxia-
Reoxygenation

To simulate hypoxia-reoxygenation (H/R) injury, en-
dothelial cells were incubated in a hypoxic chamber with 1% 
O2 and 5% CO2 at 37 °C for 15 h. This was followed by reoxy-
genation under normoxic conditions (95% air and 5% CO2) at 
37 °C for 9 h, to mimic the pathological conditions of hypox-
ia-reoxygenation. In parallel, endothelial cells were incubated 
under normoxic conditions (95% air and 5% CO2) for 24 h.

2. 5. �Phase 2. Pharmacological Protocols 
Influencing BVR Activity

Inhibition of the Biliverdin Reductase (BVR)
To inhibit BVR, endothelial cells were incubated 

with 10 µM apomorphine (AP) for 1 h, followed by addi-
tion of bilirubin or biliverdin (10 nM and 100 nM) for 30 
min. To exclude the role of dopamine receptor involve-
ment in our observed phenomena with apomorphine 
(apomorphine is also a dopamine agonist), we performed 
another experimental series with pre-incubation with 10 
µM chlorpromazine (CPZ), a non-selective dopamine re-
ceptor antagonist that blocks subtypes D1, D2, D3, and D4 
receptors), for 60 min, followed by apomorphine addition 
at 10 µM for 60 min, followed by the addition of bilirubin 
and biliverdin (10 nM and 100 nM) for 30 min.

Activation and inhibition of extracellular signal-
regulated kinases (ERKs)

To activate ERK1/2, endothelial cells were incubated 
for 30 min with U-46619 at 1 µM. The cells were then in-
cubated with bilirubin (100 nM) for 30 min. To further 

investigate the involvement of ERK1/2 in the protective 
activity of bilirubin, we inhibited ERK1/2 activity in en-
dothelial cells with previously activated ERK1/2 enzymes 
(using U-46619) by incubating for 30 min with PD98059 
at 20 µM, followed by incubation with bilirubin (100 nM) 
for 30 min.

Inhibition of BVR – ERK interaction using C-BOX and 
D-BOX inhibitors

The peptides FGFPAFSG (C-Box inhibitor) and 
KKRIHCLGLLENGTH (D-Box inhibitor) were intro-
duced into endothelial cells using a calcium phosphate 

transient transfection protocol. FGFPAFSG and KKRILH-
CLGLA peptides (15 µL at 250 mg/mL dissolved in PBS) 
were suspended in 50 µL of 2.5 M CaCl2 buffer. Each pep-
tide solution was prepared separately. Then, 500 µL of 2x 
HEPES Buffered Saline Solution (BSS) was placed in a 15 
mL conical tube. The C-box inhibitor/CaCl2 solution and 
D-box inhibitor/CaCl2 were added dropwise to this tube 
while stirring. The precipitate was allowed to form at room 
temperature for 20 min and then spread evenly over the 
cells along with their medium. The cells were gently shak-
en to ensure even distribution and incubated at 37 °C with 
95% air and 5% CO2 atmosphere for 16 h. The medium 
was then removed, the cells were washed twice with PBS, 
and fresh complete medium was added. Subsequently, the 
cells were incubated with bilirubin and biliverdin at con-
centrations of 10 and 100 nM for 30 min.

Incubation with bilirubin and biliverdin
All pharmacological pretreatments ended with incu-

bation with either bilirubin or biliverdin (10 nM and 100 
nM) for 30 min. Bilirubin and biliverdin were prepared 
freshly just prior to the experiment in the dark conditions 
in the 5 mM DMSO stock solution, which was further di-
luted into the non-complete DMEM solution for the cell 
experiments.

2. 6. Phase 3. Increased Oxidative Stress
To simulate increased oxidative stress conditions, 

endothelial cells in all experimental groups were exposed 
to the peroxyl-radical initiator 2,2ʹ-azobis(2-methylpropi-
onamidine) dihydrochloride (ABAP) at 15 µM for 1 h be-
fore functional cell assays. ABAP was freshly prepared just 

Figure 1. Schematic overview of experimental workflow. In the first phase, cells were introduced to either normoxia or the hypoxia-reoxygenation 
protocol for 24h, followed by various pharmacological treatments for 1-2h. All the cells were exposed to increased oxidative stress conditions with 
peroxyl radical initiation. Finally, various cell assays (cell viability, cellular antioxidant assay, and cell lysis for HPLC-MS analysis) were performed.



630 Acta Chim. Slov. 2024, 71, 627–645

Sharma et al.:  Inhibition of Biliverdin Reductase Diminished the    ...

prior to experimental treatment. Endothelial cells in the 
control group were not exposed to oxidative stress, but 
continued incubation under normoxic conditions at 37 °C 
with 95% air and 5% CO2 atmosphere for 1 h.

2. 7. Phase 4. Functional cell Assays
Cell viability assays

Cell viability was assessed using resazurin (Alamar 
Blue® reagent; Thermo Fisher, USA) at 37 °C for 3 h. The 
incubation time was optimized to maximize the signal-to-
noise ratio without reaching saturation in preliminary ex-
periments on Ea.hy926 cells. The fluorescence signal was 
recorded using a fluorescence reader (BioTek Synergy H1 
multimode plate reader, Agilent, USA) in the filter detec-
tion mode with excitation at 530–570 nm and emission at 
580–620 nm. Briefly, resazurin is a blue, non-fluorescent 
dye that serves as a redox indicator. In viable cells, meta-
bolically active enzymes reduce resazurin to resorufin, a 
pink highly fluorescent compound. The conversion was 
directly proportional to the number of viable cells, allow-
ing quantification of cell viability. Cell viability was calcu-
lated by comparing the fluorescence intensity of the treat-
ed samples with that of the untreated controls (100% 
viability). The following equation was used:

� (1)

Equation 1. Cell viability assessment using resazurin reduction as-
say with fluorescence readings.

Cellular antioxidant assays
To assess the antioxidant capacity of endothelial cells 

EA.hy926, we performed a cellular antioxidant assay using 
the fluorescent probe 2',7'-dichlorofluorescin diacetate 
(DCFH-DA) and the peroxyl radical-generating reagent 
2,2'-azobis(2-methylpropionamidine) dihydrochloride 
(ABAP), as previously described 9. Endothelial cells were 
washed twice with PBS, and then incubated for 30 min 
with non-complete albumin-free DMEM, supplemented 
with 1 mM L-glutamine and 50 μM DCFH-DA. This step 
allows DCFH-DA to permeate cells and be hydrolyzed to 
non-fluorescent DCFH, which is then oxidized to fluores-
cent DCF in the presence of reactive oxygen species (ROS). 
After incubation, the DCFH-DA solution was removed, 
and cells were washed twice with PBS to eliminate excess 
probe. The cells were then treated with the peroxyl radi-
cal-generating reagent ABAP at a concentration of 5 mM 
in 100 μL Hank’s buffered saline solution (HBSS). The 
blank wells were filled with HBSS solution without ABAP, 
serving as a baseline control for the assay. Fluorescence 
emission was measured every 5 minutes for one hour at 
538 nm with excitation at 485 nm using a fluorescence 
reader (BioTek Synergy H1 multimode plate reader, Agi-

lent, USA). The cellular antioxidant activity (CAA) was 
calculated as a percentage of the control value using the 
following equation:

� (2)

Equation 2. Calculation of cellular antioxidant activity (CAA) of 
endothelial cells in the experimental group. Where ∫ SA dt repre-
sents the integrated area under the fluorescence readings of the 
sample with the blank subtracted, measured over time, while ∫ CA 
dt stands for the integrated area under the control fluorescence 
curve (with blank subtracted) over time.

This approach allows the quantification of antioxi-
dant activity within cells by comparing the fluorescence 
intensity of treated samples against untreated controls. A 
higher percentage (expressed as CAA units in %) indicates 
a greater antioxidant capacity, reflecting the improved 
ability of cells to neutralize oxidative stress induced by 
ABAP.

Measurement of intracellular bilirubin and 
biliverdin levels in endothelial cells using  
HPLC-MS

For this set of experiments, human endothelial cells 
(EA.hy926) were cultured in 75 cm2 cell culture flasks to 
provide sufficient material for bilirubin and biliverdin 
measurements. These larger culture flasks, as opposed to 
96-well plates, were necessary to ensure adequate cell 
quantities for reliable HPLC-MS analysis. Following the 
completion of pharmacological treatments, as previously 
described, the cells were washed twice with PBS to remove 
residual media, dead cells, and other extracellular compo-
nents. A 1:1 solution of DMSO and methanol was used to 
lyse cells. This solvent mixture is effective for the extrac-
tion of bilirubin and biliverdin, while preserving their sta-
bility. The flasks were gently scraped using Nunc™ Cell 
Scrapers (Thermo Fisher Scientific, USA) to mechanically 
harvest the adherent endothelial cells. Mechanical scrap-
ing was continued until all endothelial cells were com-
pletely detached and collected from the flask surface. All 
cell lysate samples were transferred into Eppendorf vials, 
which were then covered with aluminium foil to protect 
the samples from light exposure that could degrade biliru-
bin and biliverdin. The samples were stored at –80 °C until 
further analysis.

The intracellular levels of bilirubin and biliverdin 
were quantified using a validated high-performance liquid 
chromatography-mass spectrometry (HPLC-MS) method, 
as described previously22,23. We utilized a reverse-phase 
ultra-high-performance liquid chromatography (UHPLC) 
system coupled with a mass spectrometer equipped with 
an electrospray ionization (ESI) source operating in the 
positive ion mode. The separation was achieved on a Kine-
tex C18 EVO column (100 × 2.1 mm i.d., 1.7 μm) with a 
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guard column, employing a gradient elution with 5 mM 
ammonium formate at pH 3 as solvent A and a mixture of 
acetonitrile, water, and ammonium formate as solvent B. 
The flow rate was set at 0.8 mL/min, and the column tem-
perature was maintained at 35°C. Mass spectrometry de-
tection was performed in selected reaction monitoring 
(SRM) mode, allowing precise quantification of bilirubin 
and biliverdin. The transitions monitored were m/z 583.2 
→ 297.2 for biliverdin and m/z 585.2 → 299.0 for bilirubin, 
ensuring high sensitivity and selectivity. This method has 
linearity over the concentration range of 0.5–100 nM, with 
limits of detection and quantitation at 0.1 nM and 0.5 nM, 
respectively 22.

To ensure accurate and comparable results across 
samples, the total cellular protein content in each sample 
was determined using Bradford assay. Bilirubin and biliv-
erdin concentrations were normalized to the total cellular 
protein content in each sample. This normalization ac-
counts for any variability in cell number or size, allowing 
for the expression of bilirubin and biliverdin cellular levels 
in nanomoles per microgram of total protein (nmol/µg).

2. 8. Statistical Analysis
All results are expressed as mean ± standard error of 

the mean (SEM). Statistical differences between groups 
were evaluated using one-way ANOVA followed by Bon-
ferroni's post-hoc test. Differences were considered statis-
tically significant at p < 0.05.

3. Results
3. 1. �Inhibition of Biliverdin Reductase 

Diminished the Protective Activity of 
Bilirubin and Biliverdin After Increased 
Oxidative Stress
To investigate the role of biliverdin reductase (BVR) 

in protecting activity of bilirubin and biliverdin on the en-
dothelium against oxidative stress, we conducted experi-
ments using human endothelial cells (EA.hy926) exposed 
to varying conditions of oxidative stress and treatments 
with bilirubin, biliverdin, and the BVR inhibitor apomor-
phine.

3. 1. 1. �Impact of BVR inhibition on cell viability 
of human endothelial cells

Oxidative stress induced by the peroxyl radical-gen-
erating reagent ABAP reduced endothelial cell viability, 
whereas bilirubin significantly increased cell viability. This 
increase in cell viability was concentration-dependent, 
with 100 nM bilirubin providing greater protection than 
10 nM, as shown in Figure 2A. Apomorphine, used as a 
BVR inhibitor, did not decrease cell viability per se in con-

trol experiments without oxidative stress, indicating that it 
does not possess inherent cytotoxic effects under normox-
ic conditions. However, pre-incubation with apomorphine 
significantly decreased the protective effect of bilirubin, 
resulting in reduced cell viability compared to the biliru-
bin-treated groups without apomorphine (p < 0.05). This 
suggests that inhibition of BVR impairs the ability of bili-
rubin to protect endothelial cells from oxidative damage.

The effects of biliverdin treatment were examined in 
parallel experiments under normoxic conditions, as shown 
in Figure 2B. Similar to bilirubin, biliverdin treatment also 
enhanced cell viability after oxidative stress. The protective 
effect of biliverdin was concentration-dependent, with 100 
nM showing more pronounced protection than 10 nM (p 
< 0.05). Pre-treatment with apomorphine significantly re-
duced the protective effect of biliverdin, as evidenced by 
decreased cell viability compared to the biliverdin-treated 
groups without apomorphine (p < 0.05), indicating that 
BVR inhibition also diminishes the protective capabilities 
of biliverdin.

To simulate more severe stress conditions, endothe-
lial cells were subjected to hypoxia (15 h), followed by re-
oxygenation (9 h) before bilirubin treatment, as shown in 
Figure 2C. The injury induced by the pre-treatment proto-
col of hypoxia-reoxygenation was significantly greater 
than that under normoxic conditions, as evidenced by 
lower baseline cell viability in the oxidative stress-only 
group (group ABAP). Despite increased oxidative stress, 
bilirubin at both 10 nM and 100 nM concentrations main-
tained its protective role, enhancing cell viability com-
pared to untreated controls (p < 0.05). Consistent with 
previous findings, apomorphine pre-treatment signifi-
cantly reduced the protective effect of bilirubin, leading to 
decreased cell viability compared to that in the biliru-
bin-only treated groups (p < 0.05). Similar experiments 
were conducted with biliverdin treatment following hy-
poxia-reoxygenation injury (Figure 2D). Biliverdin 
demonstrated protective properties, increasing cell viabili-
ty at 10 nM and 100 nM in a concentration-dependent 
manner under severe oxidative stress conditions. Pre-in-
cubation with apomorphine diminished the protective ef-
fects of biliverdin, as shown by reduced cell viability in 
comparison to biliverdin-treated groups without apomor-
phine (p < 0.05).

3. 1. 2. �Impact of BVR Inhibition on Cellular 
Antioxidant Activity (CAA) in Human 
Endothelial Cells

The effect of biliverdin reductase (BVR) inhibition 
on cellular antioxidant activity (CAA) in human endothe-
lial cells was systematically examined under normoxic and 
hypoxia-reoxygenation conditions. These findings are de-
picted in Figure 3, with panels A and B corresponding to 
normoxic conditions and panels C and D to hypoxia-reox-
ygenation conditions. We observed that both bilirubin and 
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Figure 2. Assessment of cell viability of human endothelial cells EA.hy926 under various treatment conditions. This figure presents the impact of 
biliverdin reductase (BVR) inhibition on the protective effects of bilirubin and biliverdin against oxidative stress in EA.hy926 cells. Experimental 
groups included: (1) ABAP, where cells were subjected only to oxidative stress induced by 15 µM ABAP; (2) AP + ABAP, inhibition of BVR with 10 
µM apomorphine (AP) prior to oxidative stress; (3) BR + ABAP, pre-treatment with bilirubin (10 nM or 100 nM) prior to oxidative stress; (4) AP + 
BR + ABAP, inhibition of BVR activity with 10 µM AP, followed by bilirubin (10 nM or 100 nM) pre-treatment prior to oxidative stress; (5) BV + 
ABAP, pre-treatment with biliverdin (10 nM or 100 nM) prior to oxidative stress; and (6) AP + BR + ABAP, inhibition of BVR activity with 10 µM 
AP, followed by biliverdin (10 nM or 100 nM) pre-treatment before oxidative stress. Cell viability was quantified and expressed as a percentage of 
control group viability, which was set as 100%. Data are presented as mean ± SEM. Each data point represents the mean of three independent exper-
iments, each consisting of six technical replicates. Statistical analysis was performed using one-way ANOVA with a post-hoc Bonferroni test to de-
termine significance (*p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001).
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biliverdin exhibited slightly higher antioxidant activities 
under normoxic conditions than under hypoxic condi-
tions.

Under normoxic conditions, the inhibition of BVR 
by apomorphine significantly reduced the CAA of both 
bilirubin and biliverdin. Specifically, Figure 3A shows that 
the antioxidant activity of bilirubin notably diminished 

when BVR activity was inhibited. A similar reduction was 
observed for biliverdin (Figure 3B), indicating that the an-
tioxidative capacity of both bile pigments is critically de-
pendent on BVR activity.

When the experiment was extended to hypoxia-re-
oxygenation conditions, a comparable pattern was ob-
served. As shown in Figure 3C, the CAA of bilirubin was 

Figure 3. Assessment of cellular antioxidant activity in human endothelial cells EA.hy926 under various treatment conditions. This figure presents 
the effects of biliverdin reductase (BVR) inhibition on the cellular antioxidant activities of bilirubin and biliverdin in human endothelial cells 
EA.hy926. Experimental groups included: (1) BR, cells treated with bilirubin (10 nM or 100nM); (2) AP + BR, cells pre-incubated with 10 µM apo-
morphine (BVR inhibitor) followed by treatment with 10 nM or 100 nM bilirubin; and (3) AP + BV, cells were pre-incubated with 10 µM apomor-
phine, followed by treatment with 10 nM or 100 nM biliverdin. Following these treatments, the cellular antioxidant activity (CAA) was measured. 
The results are presented as the mean ± SEM. Each data point represents the average of three independent experiments, each consisting of six tech-
nical replicates. Statistical analysis was performed using one-way ANOVA with a post-hoc Bonferroni test to determine significance. Labels indicate: 
ns, non-significant, *p ≤ 0.05, **p ≤ 0.01.
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reduced following BVR inhibition, mirroring findings un-
der normoxic conditions. Similarly, Figure 3D shows a re-
duction in the antioxidant activity of biliverdin when BVR 
was inhibited during hypoxia-reoxygenation. An interest-
ing exception was observed when 100 nM biliverdin was 
used in conjunction with apomorphine under hypoxia-re-
oxygenation conditions. In this case, the effect of BVR in-
hibition on CAA was not statistically significant, suggest-
ing a potential differential response of biliverdin at this 
concentration.

3. 1. 3. �Effects of BVR Inhibition on Cellular 
Bilirubin and Biliverdin Levels in Human 
Endothelial Cells

The impact of increased oxidative stress induced by 
ABAP, both under normoxic conditions and following hy-

poxia-reoxygenation, as well as the inhibition of biliverdin 
reductase (BVR), on cellular bilirubin and biliverdin levels 
in EA.hy926 cells is presented in Figure 4.

Under normoxic conditions, ABAP exposure signif-
icantly decreased cellular bilirubin levels (Figure 4A), with 
a similar reduction observed in biliverdin levels (Figure 
4B). When bilirubin was added (100 nM), cellular biliru-
bin levels increased with minimal changes in biliverdin 
levels. In contrast, addition of biliverdin (100 nM) elevated 
both biliverdin and bilirubin levels. BVR inhibition by 
apomorphine slightly decreased cellular bilirubin levels 
when bilirubin was added, whereas biliverdin levels re-
mained unchanged. In the presence of biliverdin and BVR 
inhibition, bilirubin levels decreased; however, biliverdin 
levels were unaffected.

Following hypoxia-reoxygenation, ABAP further 
decreased bilirubin levels, showing a threefold reduction 

Figure 4. Measurement of bilirubin and biliverdin levels in human endothelial cells EA.hy926 using HPLC-MS. The experiments were performed 
using normoxic (panels A and B) and hypoxia-reoxygenation protocols (panels C and D). Results are presented as cellular bilirubin (panels A and 
C) or cellular biliverdin (panels B and D) levels normalized to the total quantity of cellular proteins (nmol/µg). Experimental groups included: (1) 
control group, in which cells were not exposed to any experimental protocol; (2) ABAP, oxidative stress induced by 15 µM ABAP; (3) BR + ABAP, 
cells treated with 100 nM bilirubin (BR) prior to oxidative stress (15 µM ABAP); (4) AP+BR+ABAP, cells pre-incubated with 10 µM apomorphine 
(AP), then pre-treated with 100 nM bilirubin (BR) before oxidative stress (15 µM ABAP); (5) BV + ABAP, cells treated with 100 nM biliverdin (BV) 
before oxidative stress (15 µM ABAP); and (6) AP+BR+ABAP, cells pre-incubated with 10 µM apomorphine (AP), then pre-treated with 100 nM 
biliverdin (BV) before oxidative stress (15 µM ABAP). Results are expressed as mean ± SEM. Each data point represents the mean of three independ-
ent experiments, each consisting of six technical replicates. Statistical analysis was performed using one-way ANOVA with a post-hoc Bonferroni 
test to determine significance. Labels indicate: ns, non-significant, *p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
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compared to controls (Figure 4C) and similarly reduced 
biliverdin levels (Figure 4D). Pre-incubation with 100 nM 
bilirubin significantly increased cellular bilirubin levels 
with a marginal increase in biliverdin levels. Conversely, 
biliverdin incubation raised bilirubin levels more than 
biliverdin itself. BVR inhibition caused a significant re-
duction in bilirubin levels after the addition of either bili-
rubin or biliverdin, with a minimal impact on biliverdin 
levels.

3. 2. �Primary Mechanism of Apomorphine 
Involvement in Diminished Bilirubin 
and Biliverdin Protective Activity is Via 
Inhibition of BVR and Not Via Agonistic 
Activity on Dopamine Receptors in 
Endothelium
To assess whether the effects of apomorphine, a do-

pamine receptor agonist, on the protective activities of bil-
irubin and biliverdin were mediated by dopamine recep-

Figure 5. Evaluation of dopamine receptor involvement in the modulation of bilirubin and biliverdin protective activities by apomorphine in human 
endothelial cells EA.hy926. The results presented in this figure show that dopamine receptors, blocked by the dopamine receptor antagonist chlor-
promazine, do not influence the effects of apomorphine on the protective activities of bilirubin and biliverdin under oxidative stress conditions. 
Experiments were performed under normoxic (panels A and B) and hypoxia-reoxygenation protocols (panels C and D). Experimental groups in-
cluded: (1) ABAP – oxidative stress induced by 15 µM ABAP; (2) BR + ABAP, cells treated with 100 nM bilirubin (BR) before oxidative stress (15 µM 
ABAP); (3) AP+BR+ABAP, cells pre-incubated with 10 µM apomorphine (AP), a BVR inhibitor, followed by treatment with 100 nM bilirubin (BR) 
before oxidative stress (15 µM ABAP); (4) CPZ+AP+BR+ABAP, cells were pre-treated with 10 µM chlorpromazine (CPZ), followed by 10 µM apo-
morphine (AP), then cells were treated with 100 nM bilirubin (BR) before oxidative stress (15 µM ABAP). Similar experiments were performed 
using 100 nM biliverdin (BV), as shown in panels B and D. Data are presented as mean ± SEM. Each data point represents the mean of three inde-
pendent experiments, each consisting of six technical replicates. Statistical analysis was performed using one-way ANOVA with a post-hoc Bonfer-
roni test to determine statistical significance. Labels indicate: ns, non-significant, *p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
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Figure 6. Assessment of ERK1/2 kinase modulation on the protective activity of bilirubin and biliverdin against oxidative stress in human endothe-
lial cells EA.hy926. Experiments were conducted under normoxia (panels A and B) and hypoxia-reoxygenation conditions (panels C and D). The 
experimental setup involved the initial activation of ERK1/2 kinases using pretreatment with 1 µM U46619, followed by different treatments, and 
subsequent cell viability assay. Experimental groups included: (1) U-46619 alone, for baseline activation of ERK1/2 kinases; (2) BR + U-46619, where 
cells were treated with bilirubin (BR) (10 nM or 100 nM) after initial ERK1/2 activation (1 µM U-46619); (3) PD-98059 + BR + U46619, inhibition 
of ERK kinases by 20 µM PD-98059 after U-46619 pre-treatment, then followed by bilirubin (10 nM or 100 nM). Similar experiments were per-
formed with 10 and 100 nM biliverdin (BV) under normoxia (panel B) and hypoxia-reoxygenation (panel D). Data are presented as mean ± SEM. 
Each data point represents the mean of three independent experiments, each consisting of six technical replicates. Statistical analysis was performed 
using one-way ANOVA with a post-hoc Bonferroni test to determine significance. Labels indicate: ns, non-significant, *p ≤ 0.05.

tors, we conducted additional experiments using 
chlorpromazine, a non-selective dopamine receptor an-
tagonist (Figure 5). Pre-incubation with chlorpromazine 
did not alter the observed effects of apomorphine on cell 
viability in either the bilirubin (Figure 5A) or biliverdin 

(Figure 5B) treatment groups under normoxic and hypox-
ia-reoxygenation conditions. The reduction in protective 
activity observed with apomorphine was consistent, re-
gardless of chlorpromazine pre-treatment, indicating that 
dopamine receptors were not involved in mediating the 
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effects of apomorphine. These findings confirm that the 
diminished protective effects of both bilirubin and biliver-
din in the presence of apomorphine are due to the inhibi-
tion of BVR as a primary pharmacological mechanism 
rather than any agonistic activity of apomorphine on do-

pamine receptors located on the endothelial cell surface. 
In addition, the effect of apomorphine was evaluated fol-
lowing hypoxia-reoxygenation injury (Figure 5C for bili-
rubin and Figure 5D for biliverdin). In both scenarios, the 
presence of chlorpromazine did not influence the effect of 

Figure 7. Evaluation of ERK1/2 kinase modulation on the cellular antioxidant activity (CAA) of bilirubin and biliverdin in human endothelial cells 
EA.hy926. Experiments were conducted under normoxia (panels A and B) and hypoxia-reoxygenation conditions (panels C and D). The experimen-
tal protocol involved the initial activation of ERK1/2 (by 1 µM U-46619 pre-treatment), followed by different treatments, and a final CAA assay to 
measure the cellular antioxidant activity of bilirubin and biliverdin. Experimental groups included: (1) BR + U46619, where cells were treated with 
bilirubin (10 nM or 100 nM) after ERK1/2 activation by 1 µM U-46619; (2) PD-98059 + BR + U46619, inhibition of ERK kinases by 20 µM PD-98059 
after 1 µM U-46619 pre-treatment, then followed by bilirubin (10 nM or 100 nM). Similar experiments were performed with 10 and 100 nM biliv-
erdin (BV) under normoxia (panel B) and hypoxia-reoxygenation (panel D). Data are presented as mean ± SEM. Each data point represents the 
average of three independent experiments, each consisting of six technical replicates. Statistical analysis was performed using one-way ANOVA with 
a post-hoc Bonferroni test to determine significance. Labels indicate: *p ≤ 0.05, **p ≤ 0.01.
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apomorphine, further supporting the role of BVR inhibi-
tion as the primary mechanism of apomorphine.

3. 3. �Activation or Inhibition of ERK1/2 
Kinases Influences Bilirubin and 
Biliverdin Protective Activity
The effects of ERK1/2 kinase modulation on the pro-

tective activity of bilirubin and biliverdin on endothelial 

cell viability are shown in Figure 6. Activation of ERK1/2 
by U-46619 under normoxic conditions before oxidative 
stress injury significantly reduced cell viability. However, 
both bilirubin (Figure 6A) and biliverdin (Figure 6B) im-
proved cell viability in a con- 
centration-dependent manner, that is 100 nM provided 
greater protection than 10 nM did. Importantly, inhibition 
of pre-activated ERK1/2 with PD-98059 enhanced the 
protective effects of both bilirubin and biliverdin, as evi-

Figure 8. Assessment of the inhibition of BVR interaction with ERK1/2 kinases by C-Box inhibitor (peptide FGFPAFSG) on cell viability and cellu-
lar antioxidant activity in human endothelial cells EA.hy926. This figure depicts the effects of inhibiting BVR's interaction with ERK1/2 kinases using 
a CBox inhibitor, peptide FGFPAFSG, under normoxic conditions. Panels A and B show the effects on cell viability, and panels C and D show effects 
on cellular antioxidant activity with bilirubin and biliverdin, respectively. Experimental groups included: (1) BR, bilirubin (BR) treatment alone (10 
nM and 100 nM) followed by ABAP-induced oxidative stress; (2) BV, biliverdin (BV) treatment alone (10 nM and 100 nM) followed by ABAP-in-
duced oxidative stress; (3) FGFPAFSG + BR, pre-treatment with C-Box inhibitor, followed by bilirubin (BR) incubation (10 nM and 100 nM), and 
then followed by ABAP-induced oxidative stress; (4) FGFPAFSG + BV, pre-treatment with C-Box inhibitor, followed by biliverdin (BV) incubation 
(10 nM and 100 nM), and then followed by ABAP-induced oxidative stress. Data are presented as mean ± SEM. Each data point represents the mean 
of three independent experiments, each consisting of six technical replicates. Statistical analysis was performed using one-way ANOVA with a post-
hoc Bonferroni test to determine significance. Labels indicate: ns, non-significant, *p ≤ 0.05, **p ≤ 0.01.
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denced by the increased cell viability (Figure 6A and 6B).
Under hypoxia-reoxygenation conditions (Figures 6C 

and 6D), the negative impact of U-46619 on cell viability was 
even more pronounced, showing a 2.5-fold greater reduction 
in viability compared to normoxic conditions. In contrast, the 
inhibition of ERK1/2 by PD-98059 markedly increased the 
protective efficacy of bilirubin (Figure 6C) and biliverdin (Fig-
ure 6D), resulting in significantly higher cell viability.

Furthermore, inhibition of ERK1/2 with PD-98059 
significantly increased the cellular antioxidant activity of 
both bilirubin (Figure 7A) and biliverdin (Figure 7B) 
under normoxic conditions. Under hypoxia-reoxygena-
tion conditions, the inhibition of ERK1/2 with PD-
98059 also resulted in a marked increase in the antioxi-
dant activity of both bilirubin (Figure 7C) and biliverdin 
(Figure 7D).

Figure 9. Assessment of the inhibition of BVR interaction with ERK1/2 kinases by D-Box inhibitor KKRILHCLGLA (D-Box inhibitor) on cell via-
bility and cellular antioxidant activity in human endothelial cells EA.hy926. This figure depicts the effect of inhibiting the interaction between BVR 
and ERK1/2 kinases using the D-Box inhibitor KRILHCLGLA under normoxic conditions. Panels A and B show the effects on cell viability, and 
panels C and D show effects on cellular antioxidant activity with bilirubin and biliverdin, respectively. Experimental groups included: (1) BR, biliru-
bin (BR) treatment alone (10 nM and 100 nM) followed by ABAP-induced oxidative stress; (2) BV, biliverdin (BV) treatment alone (10 nM and 100 
nM) followed by ABAP-induced oxidative stress; (3) KKRILHCLGL + BR, pre-treatment with D-Box inhibitor, followed by bilirubin (BR) incuba-
tion (10 nM and 100 nM) and then followed by ABAP-induced oxidative stress; (4) KKRILHCLG + BV, pre-treatment with D-Box inhibitor, followed 
by biliverdin (BV) incubation (10 nM and 100 nM), and then followed by ABAP-induced oxidative stress. Data are presented as mean ± SEM. Each 
data point represents the average of three independent experiments, each consisting of six technical replicates. Statistical analysis was performed 
using one-way ANOVA with a post-hoc Bonferroni test. Labels indicate: ns, non-significant, *p ≤ 0.05.
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3. 4. �Inhibition of BVR Interaction with 
ERK1/2 Kinases Enhances Bilirubin and 
Biliverdin Protective Activity

To study the influence of disruption of the interac-
tion between biliverdin reductase (BVR) and ERK1/2 ki-
nases on the protective activity of bilirubin and biliverdin, 
we used C-Box and D-Box inhibitors under normoxic 
conditions.

Inhibition of the BVR-ERK interaction via a C-Box 
inhibitor (FGFPAFSG peptide) resulted in a modest en-
hancement of the protective effects of bilirubin and biliv-
erdin. Specifically, the C-Box inhibitor slightly increased 
cell viability in the presence of bilirubin (Figure 8A) and 
biliverdin (Figure 8B). Similarly, a minor elevation in cel-
lular antioxidant activity was observed when the C-Box 
inhibitor was applied, as shown in Figure 8C for bilirubin 
and Figure 8D for biliverdin. Although these effects were 
statistically significant, they were relatively small, indicat-
ing a subtle contribution of the C-Box interaction in 
modulating the cytoprotective functions of these bile pig-
ments.

Conversely, the D-Box inhibitor (KRILHCLGLA 
peptide) did not significantly affect the protective activity 
of bilirubin or biliverdin, as demonstrated by the lack of 
change in both cell viability (Figure 9A for bilirubin, Fig-
ure 9B for biliverdin) and cellular antioxidant activity (Fig-
ure 9C for bilirubin, Figure 9D for biliverdin). These find-
ings suggest that the D-Box interaction between BVR and 
ERK1/2 kinases does not play a major role in the modula-
tion of the protective mechanisms of bilirubin and biliver-
din under the conditions tested.

4. Discussion
Our study provides compelling evidence for the crit-

ical role of biliverdin reductase (BVR) in mediating the 
protective effects of bilirubin and biliverdin against oxida-
tive stress-induced injury in human vascular endothelial 
cells. Our findings demonstrate that the inhibition of BVR, 
particularly through the pharmacological agent apomor-
phine, significantly diminishes the cytoprotective and an-
tioxidant activities of these bile pigments. Moreover, we 
elucidated the intricate interplay between BVR and the 
extracellular signal-regulated kinase (ERK1/2) pathway, 
highlighting how ERK1/2 activation modulates the effica-
cy of BVR-mediated protection.

Role of biliverdin reductase in endothelial protection 
conferred by bilirubin and biliverdin

Biliverdin reductase (BVR) is a critical enzyme in 
the heme catabolic pathway that catalyzes the reduction 
of biliverdin to bilirubin. This conversion is not merely a 
metabolic step; it represents a key aspect of the cellular 
antioxidant defence system.24 Bilirubin, a product of 

BVR activity, is a potent scavenger of reactive oxygen 
species (ROS), providing robust protection against oxi-
dative damage in various cell types, including endothelial 
cells.9 Bilirubin is oxidized to biliverdin, and BVR con-
verts biliverdin back to bilirubin.6 In case of high and in-
tense oxidative stress, some bilirubin is lost and convert-
ed to bilirubin oxidizing products (BOXes).25 Given that 
BOXes are vasoactive and capable of inducing significant 
vasoconstriction while further exacerbating oxidative 
stress,26 it is crucial that biliverdin is efficiently recycled 
back into bilirubin under conditions of increased oxida-
tive stress. Thus, BVR's contribution to the antioxidant 
defence is to ensure the availability of bilirubin, which 
can neutralize ROS and thus protect cellular components 
from oxidative damage. This cyclic mechanism is crucial 
for sustaining redox homeostasis within endothelial cells, 
particularly under conditions of increased oxidative 
stress, such as those encountered during ischemia-reper-
fusion injury.

Our results demonstrated that inhibition of BVR 
using apomorphine led to a significant reduction in both 
cell viability and cellular antioxidant activity. Recently, 
studies have begun to identify potential pharmacological 
tools for inhibiting BVR. For instance, screening of 1,280 
FDA-approved compounds in vitro led to the identifica-
tion of 26 compounds as BVR inhibitors.27 Similarly, an-
other study identified 20 inhibitors from a screening of 
1,496 compounds.28 To rule out the dopamine agonist 
activity of apomorphine, we pre-incubated samples with 
the non-selective dopamine receptor antagonist chlor-
promazine. Our results showed that chlorpromazine, 
which effectively blocked dopamine receptors, did not 
reduce apomorphine activity. This suggests that the ob-
served reduction in bilirubin and biliverdin's protective 
effects is attributable to apomorphine's role as a BVR in-
hibitor rather than its agonist activity on dopamine re-
ceptors. Our findings underscore the essential role of 
BVR in maintaining endothelial cell integrity under oxi-
dative stress conditions. The observed reduction in cell 
viability following BVR inhibition was due to the de-
creased availability of bilirubin, impairing the cell's ca-
pacity to neutralize ROS-induced damage. Our experi-
ments confirmed that intracellular bilirubin levels in 
endothelial cells were significantly reduced when BVR 
was inhibited with apomorphine compared to the control 
groups. Notably, we observed this reduction only under 
oxidative stress conditions, in both normoxic and hypox-
ia-reoxygenation pretreatments. However, under nor-
mal, non-stressed conditions (normoxia and without in-
duced oxidative stress with ABAP), apomorphine 
incubation did not lead to significant changes in intracel-
lular bilirubin or biliverdin levels. We also observed that 
the addition of biliverdin led to an increase in intracellu-
lar bilirubin levels, which could be explained by the rapid 
conversion of biliverdin to bilirubin by BVR. The data on 
intracellular bilirubin levels were consistent with the 
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findings from cell viability and cellular antioxidant activ-
ity (CAA) assays; higher intracellular bilirubin levels 
were associated with improved cell viability after oxida-
tive stress and with improved intracellular antioxidant 
properties.

Our experimental findings align with previous re-
search highlighting the protective role of BVR in various 
cellular contexts. For instance, BVR deficiency in human 
endothelial cells has been shown to increase oxidative 
stress and promote endothelial-to-mesenchymal transi-
tion, a process associated with vascular pathology.19 Sim-
ilarly, in human endothelial cells (HUVECs) with silenced 
BVR expression, there was a notable rise in reactive oxy-
gen and nitrogen species. Furthermore, a study on cyano-
bacteria demonstrated that inactivation of BVR resulted 
in higher ROS levels compared to cells with intact BVR 
activity.29 From a pharmacological point of view, one 
study showed that atorvastatin significantly upregulated 
BVR expression and increased BVR protein levels in the 
parietal cortex.30 This suggests that some protective drugs 
that increase the cellular bioavailability of bilirubin might 
act as inducers of BVR. However, the research field of in-
creasing BVR levels in the endothelium has not yet been 
fully addressed. In conclusion, our study, along with sev-
eral others, emphasizes the protective role of BVR in pre-
venting oxidative damage and preserving endothelial 
function.

Impact of ERK1/2 Modulation on BVR Activity
The interaction between biliverdin reductase (BVR) 

and extracellular signal-regulated kinase 1/2 (ERK1/2) 
represents a significant intersection of cellular signaling 
pathways that govern both the oxidative stress response 
and cell survival mechanisms. In addition to its well-char-
acterized role in the conversion of biliverdin to bilirubin, 
BVR also functions as a scaffold protein for ERK1/2 kinase 
and acts as a nuclear transporter of ERK,31 thereby influ-
encing its activity and downstream signaling cascades. 
This dual role of BVR places it at a critical juncture, where 
metabolic and signaling pathways converge, impacting the 
overall cellular response to oxidative stress. Interestingly, 
several cellular stressor factors, including mitogens, cy-
tokines, free radicals, and insulin, that activate MAPK also 
activate BVR.16

Our study elucidated the modulatory effects of 
ERK1/2 on BVR activity and its subsequent impact on the 
protective functions of bilirubin and biliverdin in en-
dothelial cells. Specifically, activation of the ERK1/2 sign-
aling pathway by the pharmacological agent U-46619 sig-
nificantly impaired the cytoprotective effects of both 
bilirubin and biliverdin, as evidenced by reduced cell via-
bility and antioxidant activity. We used U-46619, a throm-
boxane A2 mimic, to activate the ERK1/2 pathway. It acts 
primarily through the thromboxane receptor, leading to 
the activation of G-proteins, which subsequently activate 
the MAPK/ERK pathway. These results were further em-

phasized under hypoxia-reoxygenation pre-treatment. 
We speculate that ERK1/2 activation compromises the 
ability of BVR to maintain adequate bilirubin levels, 
thereby diminishing its antioxidative capacity under 
stress conditions. The mechanistic basis for this impair-
ment involves phosphorylation of BVR, which is facilitat-
ed by its interaction with ERK1/2. BVR contains specific 
docking sites, such as the C-box and D-box motifs, that 
enable its binding to ERK1/2.16 Once bound, ERK1/2 can 
phosphorylate BVR,16 potentially altering its enzymatic 
activity and its ability to convert biliverdin to bilirubin. 
We can hypothesize further that this phosphorylation 
event may also influence the subcellular localization of 
BVR, thereby impacting its accessibility to biliverdin and 
its role in the cellular antioxidant defence system. Fur-
thermore, the role of phosphorylation in BVR's function 
extends beyond simple enzymatic modulation. As a scaf-
fold protein, BVR facilitates the assembly of signaling 
complexes that include ERK1/2 and other kinases, there-
by influencing the broader cellular response to stress.16 
The phosphorylation of BVR by ERK1/2 may disrupt 
these scaffolding functions, leading to altered signaling 
outcomes that compromise cell survival pathways. This 
disruption can manifest as reduced activation of protec-
tive pathways, such as those mediated by nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB) 
or activator protein 1 (AP-1), both of which are influ-
enced by ERK1/2 signaling and are critical for cellular 
survival in the face of oxidative challenges.32 Similarly, 
BVR has been identified to form several other pro-
tein-protein interactions, such as with protein kinase C,33 
thereby suggesting that physical interaction between BVR 
and proteins of the signaling network is important for its 
mechanism of action.

Interestingly, our findings also demonstrated that 
inhibition of ERK1/2 activity enhances the protective ef-
fects of bilirubin and biliverdin. We achieved this inhibi-
tion using PD-98059, a specific inhibitor of MEK1 and 
MEK2, the upstream kinases in the MAPK/ERK path-
way.34 This protective enhancement is particularly evi-
dent in the context of oxidative stress, where the inhibi-
tion of ERK1/2 not only restores but also amplifies the 
antioxidant activity and cytoprotective functions of both 
bilirubin and biliverdin. The results of this experimental 
series further indicate that ERK1/2 activation serves as a 
negative regulator of BVR-mediated protection and that 
blocking this pathway can potentiate the antioxidative 
effects of bilirubin and biliverdin. In another study on ar-
terial smooth muscle cells, the protective role of BVR un-
der hypoxia was demonstrated, as well as the involve-
ment of the ERK1/2 pathway.35 In conclusion, modulation 
of BVR activity by ERK1/2 represents a critical control 
point in the cellular response to oxidative stress. Al-
though ERK1/2 activation can impair the protective ef-
fects of bilirubin and biliverdin, its inhibition can en-
hance these effects, highlighting the potential of targeting 



642 Acta Chim. Slov. 2024, 71, 627–645

Sharma et al.:  Inhibition of Biliverdin Reductase Diminished the    ...

this pathway for therapeutic interventions aimed at pre-
serving endothelial function in oxidative stress-related 
diseases.

Effects of C-Box and D-Box Inhibitors on BVR-ERK 
Interaction

The interaction between biliverdin reductase (BVR) 
and ERK1/2 kinases is mediated by specific motifs within 
the BVR, known as the C-box and D-box.16 These motifs 
facilitate the binding of BVR to ERK1/2, influencing 
downstream signaling events, and consequently, the cellu-
lar response to oxidative stress. In our study, we explored 
the effects of inhibiting these specific interactions using 
peptides that target the C-box and D-box motifs, thereby 
disrupting the BVR-ERK1/2 interaction. The differential 
effects of these inhibitors provide insights into the specific 
roles of these binding interactions in modulating the pro-
tective activities of bilirubin and biliverdin.

Modest Enhancement of Bilirubin Protective Activity 
with C-Box Inhibition

The inhibition of the C-box interaction using the 
FGFPAFSG peptide yielded a modest yet statistically sig-
nificant enhancement of the protective activities of both 
bilirubin and biliverdin. We observed this enhancement in 
terms of increased cell viability and cellular antioxidant 
activity. The C-box motif within the BVR is also known as 
the high-affinity ERK binding site, and thus plays a crucial 
role in the docking and subsequent phosphorylation of 
BVR by ERK1/2.36 Interestingly, the C-terminal part of 
BVR is critical for its catalytic activity, although it lies in a 
disordered region of the BVR molecule,37 suggesting that 
various regions of BVR influence its catalytic function. By 
inhibiting this interaction, it is likely that the phosphoryl-
ation of BVR is reduced, thereby maintaining its enzymat-
ic activity in converting biliverdin to bilirubin. This, in 
turn, may enhance the availability of bilirubin, allowing 
for more effective scavenging of reactive oxygen species 
(ROS) and greater protection of endothelial cells from ox-
idative damage.

The modest nature of the enhancement observed 
with C-box inhibition suggests that while this interaction 
is important, it may not be the sole determinant of BVR's 
protective function. The partial relief of the inhibitory ef-
fects of ERK1/2 on BVR through C-box inhibition indi-
cates that other factors or interactions within the cell may 
also contribute to the overall regulation of BVR activity. 
Nonetheless, our data support the notion that disrupting 
the C-box-mediated interaction between BVR and ERK1/2 
can positively influence the antioxidative capacity of bili-
rubin and biliverdin, albeit to a limited extent.

Lack of Significant Effects on Bilirubin Protective 
Activity with D-Box Inhibition

In contrast to the effects observed with C-box inhibi-
tion, disruption of the D-box interaction using the KRIL-

HCLGLA peptide did not yield significant changes in the 
protective activities of bilirubin and biliverdin. Both cell 
viability and cellular antioxidant activity remained unaf-
fected by inhibition of the D-box motif. This lack of an ef-
fect suggests that the D-box-mediated interaction between 
BVR and ERK1/2 may not play a critical role in modulat-
ing the enzymatic activity of BVR or its ability to protect 
against oxidative stress.

Indeed, the D-box motif is considered a low-affinity 
binding site for several kinases, including ERK, and sub-
strates in the MAPK signaling cascade, and is generally 
involved in stabilizing protein-protein interactions rather 
than directly influencing the catalytic activity of en-
zymes.36 In the context of BVR, it is possible that the 
D-box interaction with ERK1/2 primarily facilitates the 
spatial organization of these proteins within the cell, with-
out significantly altering the enzymatic function of BVR. 
Therefore, inhibition of this interaction may not affect the 
protective roles of bilirubin and biliverdin.

The differential effects observed with C-box and 
D-box inhibition highlight the distinct roles that these 
motifs play in BVR-ERK1/2 interaction. C-box is more di-
rectly involved in modulating BVR activity and, conse-
quently, the protective effects of bilirubin and biliverdin. 
In contrast, the D-box may play a more structural or or-
ganizational role, which does not significantly affect the 
antioxidant functions of these bile pigments. These find-
ings suggest that targeted modulation of the C-box inter-
action could be a potential strategy for enhancing the pro-
tective effects of BVR in endothelial cells under oxidative 
stress. However, the modest enhancement observed also 
indicates that this approach alone may not be sufficient to 
fully restore or amplify the antioxidative capacity of BVR. 
Future studies should explore combinatory approaches 
that target multiple aspects of the BVR-ERK1/2 interac-
tion or other related signaling pathways to achieve more 
robust protective effects.

Study limitations
Our study has several limitations that should be ac-

knowledged. First, the experiments were conducted in 
vitro using human endothelial cells, which, while inform-
ative, do not fully replicate the complex in vivo environ-
ment of human vasculature. Second, the study primarily 
focused on the interaction between BVR and ERK1/2, 
potentially overlooking other signaling pathways that 
may also interact with BVR and influence its protective 
functions. Additionally, the use of pharmacological in-
hibitors, while effective in elucidating mechanisms, may 
have off-target effects that could confound our results. 
These limitations suggest the need for further research to 
validate our findings in vivo and to explore other path-
ways that might interact with BVR. More comprehensive 
studies are needed to fully understand the long-term ef-
fects of modulating BVR activity in the context of en-
dothelial function.
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5. Conclusions
In conclusion, this study highlights the critical role 

of biliverdin reductase (BVR) in protecting endothelial 
cells from oxidative stress. In Figure 10, we schematically 
present the interplay of BVR with ERK, the role of BVR in 
increased oxidative stress conditions, as well as all key ap-
proaches that we experimentally addressed in our study. 
Collectively, our results reinforce the importance of BVR 
as a key endothelial regulator of endogenous antioxidant 
activity of bilirubin. Building on the findings of this study, 
further research should investigate the interactions be-
tween BVR and other signaling pathways beyond ERK1/2, 
as this could reveal additional mechanisms through which 
BVR confers its protective effects. Finally, the development 
of specific BVR modulators that can selectively enhance or 
inhibit its activity could pave the way for novel therapeutic 
strategies aimed at preventing or treating endothelial dys-
function and related cardiovascular diseases. In addition, 
the development of novel small-molecule C-box inhibitors 
may lead to novel pharmacological strategies for treating 
endothelial dysfunction in both normoxia and after is-

chemia-reperfusion injury. However, the complexity of 
BVR interactions with several intracellular proteins and 
their versatile functions require cautious and well-targeted 
approaches for future clinical applications.
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Figure 10. Schematic representation of the interplay between oxidative stress, ERK1/2 signaling, and biliverdin reductase (BVR) in endothelial cells. 
This figure illustrates the complex interactions between reactive oxygen species (ROS) generated by 2,2'-azobis (2-amidinopropane) dihydrochloride 
(ABAP) and the activation of thromboxane A2 (TXA2) receptors by U-46619, leading to activation of the Rat Sarcoma (RAS) protein. Activated RAS 
initiates several downstream pathways, including phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) and rapidly accelerated fibrosarcoma/
mitogen-activated protein kinase/extracellular signal-regulated kinase (Raf/MEK/ERK) signaling cascades. Additionally, phospholipase C/protein 
kinase C (PLC/PKC) - mediated calcium signaling is implicated in ischemia-reperfusion injury. Bilirubin, produced via the BVR pathway, provides 
important antioxidative protection, however its activity is modulated by the activity of ERK1/2. This hypothesis was experimentally tested in our 
study by the inhibition of BVR activity, by activation and inhibition of ERK1/2 kinase activity, and by using C-box and D-box inhibitors that interfere 
with ERK1/2 binding to BVR. The figure was created using graphical elements from BioRender.com.
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Povzetek
Endotelijska disfunkcija je pomemben dejavnik tveganja za razvoj srčno-žilnih bolezni, njeno stanje pa dodatno poslabša 
oksidativni stres. Biliverdin (BV) in bilirubin (BR) sta močna antioksidanta, ki ščitita endotelijske celice, pri čemer en-
cim biliverdin reduktaza (BVR) pretvarja BV v BR za vzdrževanje redoks ravnovesja. Naša raziskava je preučevala vlogo 
BVR pri posredovanju teh zaščitnih učinkov v normoksičnih pogojih in pogojih hipoksije-reoksigenacije. Farmakološka 
inhibicija BVR je zmanjšala zaščitne učinke BV in BR, kar se kaže v zmanjšani viabilnosti celic, znotrajcelični antioksi-
dativni sposobnosti in nižjih ravneh znotrajceličnega bilirubina. Aktivacija ERK1/2 je zmanjšala zaščitno funkcijo BVR, 
medtem ko jo je njena inhibicija povečala. Poleg tega je zaviranje interakcije med BVR in ERK dodatno vplivalo na 
delovanje BV in BR, kar kaže, da bi lahko vezavna mesta interakcije BVR-ERK1/2 predstavljala potencialne terapevtske 
tarče za zdravljenje endotelijske disfunkcije, povzročene z oksidativnim stresom.
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Abstract
In this work, the silica gel recovered from the blast furnace slag was exploited for the elimination of cadmium in batch 
mode under the action of different factors. Physico-chemical analyzes revealed that the modified slag is only composed 
of silica (96.14%). Its specific surface area is 484 m2g–1 and the pH corresponding to point of zero charge is 4.2. Adsorp-
tion isotherms demonstrated that the removal of cadmium on modified slag The experiment revealed that at pH 6, the 
effect of the determining factors contributed to the progression of the sorption capacity, which was measured at 154.11 
mg/g and was accomplished on a homogeneous monolayer surface (R2 = 099). Kinetic analysis revealed that this process 
agreed with the pseudo-second-order kinetic model (R2 ≥ 0.99). In addition, it was indicated that the diffusion of the pol-
lutant is ensured by external and intraparticle diffusion. The values of thermodynamic variables clarified that cadmium 
sorption is spontaneous, exothermic, less entropic and physically executed under the effect of electrostatic interaction. 
The desorption process revealed that the reuse of Silica gel was feasible over five consecutive cycles.

Keywords. Adsorption, Cadmium, Isotherm, Kinetics, slag, Silica gel

1. Introduction

Water contamination has become a major global 
problem, with its effects on humans and their environ-
ment. Indeed, used oils, organic materials (dioxins, poly-
chlorinated biphenyls, polycyclic aromatic hydrocarbons, 
pesticides, etc.), and especially toxic metals (Cd, Hg, As, 
Pb, Cr, Ni, Zn, Mn, etc..) are continually released into the 
environment, causing serious pollution of fauna and flora, 
which will directly or indirectly affect the economy and 
the health of populations.1 To guarantee a healthy environ-
ment and preserve this natural wealth (water), it is neces-
sary to impose severe sanctions against all forms of pollu-
tion. In addition, it is essential to use innovative techno- 
logical processes, namely ion exchange, solvent extraction, 
reverse osmosis, ultrafiltration, microextraction of mag-
netic nanomaterials, and adsorption.2 In the latter process, 
the use of inexpensive adsorbents such as natural materials 
and industrial solid waste have been widely indicated in 
recent times.3,4 In this context, we opted for research to 

eliminate cadmium in solution by adsorption on silica gel 
prepared from blast furnace slag from the El Hadjar steel 
complex in Algeria. 

Cadmium is widely used in several industries, 
namely mining, surface coating, the manufacturing of 
zinc, batteries, alloys, and solar cells. It is considered very 
harmful. Its accumulation in the organs represents the 
most dangerous action. Indeed, its introduction could 
cause hypertension, kidney failure, loss of calcium, reduc-
tion of red blood cells, and other harmful consequenc-
es.1,4 These effects have prompted the World Health Or-
ganization and the International Agency for Research on 
Cancer to classify it as an enormously harmful contami-
nant.5 From the literature, it was noted that the elimina-
tion of cadmium in solution had been the subject of mul-
tiple research studies.6–15 It should be mentioned that the 
experimental results resulting from these applications 
displayed a good agreement and also an excellent affinity 
between the adsorbents examined and the cadmium ions 
in solution. 
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Blast furnace slag is a by-product regenerated during 
the production of cast iron from ores in steel blast furnaces. 
It is composed of lime, silica, alumina, magnesium oxide, 
and a small percentage of metal oxides.16 According to the 
bibliography, it has been cited that blast furnace slag was 
considered an adsorbent of choice for the removal of metal 
ions in solution.16–20 From the literature, it has also been 
cited that various adsorbents were formulated from blast 
furnace slag. For example, blast furnace slag was trans-
formed into hydroxyapatite-zeolite material for the adsorp-
tion of Mn2+, NH4+ and PO₄3– ions, 21 and it was also suc-
cessfully converted to slag oxalate for the adsorption of 
Co(II) ions in solution.22 Furthermore, the synthesis of sil-
ica nanoparticles from blast furnace slag was carried out in 
order to use them as an adsorbent to remove azo dyes,23 
and the Tobermorite hydrothermal was formulated from 
blast furnace slag for the adsorption of Cs+ and Sr2+.24

Silica gel (SG) is a silicon hydroxide Si(OH)4 poly-
mer of silicic acid prepared from sodium silicate. Silica can 
be obtained by different extraction techniques, including 
the alkaline fusion method,25 and the reflux extraction 
method.26 According to research studies, the alkaline fu-
sion method is the most effective due to its ability to de-
compose silica and alumina at high temperatures.27,28 The 
fusion of silica with alkali hydroxide is a key factor in the 
extraction of metals from solids.29

Due to its high porosity and large specific surface ar-
ea, silica gel has been exploited as an adsorbent in waters 
containing metal ions.30 Effectively, silica gel prepared 
from chemical waste bottles was used for the elimination 
of Zn(II) ions in solution.31 The chemically modified silica 
gel with a thiol group has been suggested for the removal 
of toxic metals from industrial liquid discharges,32 and 
modified with a chelating ligand has been proposed for the 
adsorption of mercury ions.33 Additionally, silica gel has 
been recommended in the adsorption processes of ion-
ic-imprinting polyamine,34 and also for the adsorption of 
Pb(II) ions in an aqueous medium.35

The aim of this study was to transform blast furnace 
slag into a silica gel and prove its effectiveness as an adsor-
bent in cadmium-containing wastewater. This work was 
implemented in several stages. To begin, we collected, 
treated, and modified the blast furnace slag in order to in-
crease its specific surface area and thus improve its adsorp-
tion power. The treatment and modification of the slag 
were carried out according to appropriate experimental 
procedures. The solid's physicochemical characterization 
was carried out by X-ray fluorescence (XRF) and X-ray 
diffraction (XRD), and its specific surface area was defined 
by the BET model. Subsequently, we began the process of 
removing cadmium from silica gel by taking into consid-
eration the determining factors, such as contact time (tc), 
silica gel mass (ms), solution stirring speed (Vag), pH of 
solution, solution temperature (T), silica gel particle size 
(Øs), and initial concentration of the pollutant solution. 
Thirdly, we investigated the interactions reacting between 

the silica gel and the cadmium ions (C0), defined the na-
ture of the adsorption, and identified the kinetics of pollut-
ant elimination on modified slag. The Adsorbate-adsor-
bent interactions were detected following the involvement 
of appropriate adsorption isothermal models, such as Fre-
undlich, Langmuir, and Temkin. The nature of the process 
was determined following the identification of the ther-
modynamic parameters, i.e., free enthalpy, enthalpy, en-
tropy, and activation energy. The adsorption kinetics were 
explained following the use of appropriate models, namely 
the pseudo-order and diffusion models. In the last phase, 
we undertook the desorption process. The reuse process 
was accomplished by treating the saturated silica gel with 
distilled water and different eluents, namely hydrochloric 
acid, phosphoric acid and nitric acid. It is important to 
emphasize that the raw slag samples were collected, pro-
cessed, and characterized using appropriate techniques. In 
addition, the influencing factors were maximized by fol-
lowing a rigorous and precise operating protocol (experi-
mental plan) for optimal adsorption.

2. Experimental
2. 1. Materials and Methods

The cadmium ions were assayed by atomic absorp-
tion spectrometry (Perkin Elmer 3110). The characteriza-
tion of the solid samples was carried out by X-ray fluores-
cence (Siemens SRS 3000) and X-ray diffraction (Rigaku 
Ultim IV). The pH of the solution was measured by a pH 
meter (Ericsson). Heating of the adsorbent was carried out 
by a muffle furnace (Nabertherm HT16/17). Stirring was 
carried out using a mechanical stirrer operating at differ-
ent speeds. The reagents used, namely hydrochloric acid 
(HCl), nitric acid (HNO3), sulfuric acid (H2SO4), and so-
dium hydroxide (NaOH) were of analytical grade (Merck).

2. 2. Treatment of Solid
The treatment of the blast furnace slag samples was 

carried out in accordance with a well-defined experimen-
tal protocol.2 The modification of the slag into silica gel 
(SG) was carried out according to the following experi-
mental approach:
•	� 50 g of treated slag were introduced into a beaker with 

a volume of 1 L containing NaOH (1 M).
•	� The mixture was stirred for 90 minutes at a partially 

low speed (100 rpm).
•	� The mixture was heated at 800 °C for 2 hours, then 20 

ml of Na2HPO4 (10 mg/L) was added.
•	� The mixture obtained was further stirred (200 rpm) 

until homogenized;
•	� The treated solid was recovered by filtration, after 

standing for almost 8 h;
•	� The impurities (Al(OH)3, Ca(OH)2) were removed by 

filtration after the resting and cooling of the solution.
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•	� The recovered filtrate was evaporated to dryness to 
provide sodium metasilicate Na2SiO3 as residue.

•	� The resulting sodium metasilicate (20 g) was dispersed 
in distilled water with gentle stirring (100 rpm) for 30 
minutes.

•	� After this time, drops of H2SO4 (1M, 30 ml) were add-
ed to the stirred solution to obtain silica gel.

•	� Sodium sulfate (Na2SO4) was removed by the gradual 
addition of deionized water.

•	� The washed gel was steamed at 105°C for 8 hours and 
then heated in a muffle furnace at 600°C for 120 minutes.

•	� At the end, it was cooled, crushed, and stored in boxes.

2. 3. Specific Surface Area Determination
The specific surface area of the treated blast furnace 

slag and silica gel samples were determined from the 
amount of nitrogen adsorbed as a function of its pressure. 
This process was carried out at the boiling temperature of 
liquid nitrogen (–196 °C) and under normal atmospheric 
pressure (760 mmHg).36 The experimental data of N2 gas 
desorption at 77 K were evaluated with the BET model.37 

2. 4. Adsorption Process 
Batch mode tests were carried out to study the adsorp-

tion of cadmium on silica gel in solution. The experimental 
approach consisted of adding a certain mass of silica gel to a 
solution containing cadmium. The solutions examined were 
prepared from cadmium salt in beakers of 1 L volume. The 
experimental conditions applied are given below:
•	� Contact time (tc) effects, and equilibrium estimation: 

tc = 0–180 min; C0 = 30 mg/L; Vag. = 200 rpm; pH = 4.4; 
T = 20 °C; Øs = 500 µm; ms = 1 g.

•	� Optimization of adsorbent mass (ms): tc = 60 min; C0 
= 30 mg/L; Vag. = 200 rpm; pH = 5.4; T = 20 °C; Øs = 
500 µm; ms = 0.4, 0.6, 0.8, 1, 1.2, 1.4 g.

•	� Optimization of agitation speed (Vag): tc = 60 min; C0 = 
30mg/L; Vag. = 100, 200, 300, 400 and 500 rpm; pH = 
5.4; T = 20°C; Øs = 500 µm; ms = 1g

•	� Optimization of pH: tc = 60 min; C0 = 30 mg/L; Vag. = 
300 rpm; pH = 2.5, 4.4, 4.7, 5.3, 6, 6.3 and 6.6; T = 25°C; 
Øs = 400 µm; ms = 1g.

•	� Optimization of particle size (Øs): tc = 60 min; C0 = 30 
mg/L; Vag. = 300 rpm; pH = 5.8; T = 20 °C; Øs = 100, 
200, 300, 400 and 500 µm; ms = 1g

•	� Optimization of Temperature (T): tc = 60 min; C0. = 30 
mg/L; Vag = 300 rpm; pH = 6; T = 20, 35, 45 and 55 °C; 
Ø = 200 µm; ms = 1 g.

•	� Optimization of the initial concentration (C0), and 
evaluation of the maximum adsorbed quantity (qe): tc 
= 60 min; C0. = 30–300 mg/L; Vag = 300 rpm; pH = 5.8; 
Øs = 200 µm, T = 20 °C; ms = 1 g.

•	� Study of adsorption isotherms: tc = 60 min; C0. = 30–
300 mg/L; Vag = 300 rpm; pH = 6; Øs = 200 µm, T = 20 
°C; ms = 1 g.

•	� Study of adsorption kinetics: tc = 60 min; C0. = 30, 60, 
and 90 mg/L; Vag = 300 rpm; pH = 6; Øs = 200 µm, T = 
20, 35, 45, 55 °C; ms = 1 g.

The adsorbed quantity of cadmium, denoted by qe 
and expressed in mg/g, and the adsorption yield, symbol-
ized by R and expressed as a percentage, are obtained from 
equations 1 and 2.

� (1)

� (2)

Where: C0: initial solution concentration (mg/L), Ct: 
solution concentration after a time t (mg/L); Ce: Concen-
tration at equilibrium (mg/L), V: volume of the solution 
(L) and ms: adsorbent mass (g).

2. 5. Point of Zero Charge (pHpzc)
The zero point of charge (ZPC) is a very important 

parameter for the evaluation of the surface charge. Indeed, 
this quantity allows us to decide whether the surface 
charge is zero (pH = pHpzc), positive (pH < pHpzc) or neg-
ative (pH > pHpzc).2 The ZPC study involved the addition 
of 0.1 g of silica gel (SG) samples to a solution containing 
KNO3 (0.1 M). This experiment was applied at different 
pH, namely 2, 4, 6, 8, 10, and 12. The pH adjustment was 
carried out by the addition of a few drops of H2SO4. These 
solutions were shaken under operating conditions of 25°C 
and 200 rpm for 24 h. The ZPC was obtained at the inter-
section of the ∆pH (pHf– pHi) versus initial pH (pHi) plot 
with the X axis.7

2. 6. Desorption Process
The process recommended by Chouchane et al.18 

was applied to desorb cadmium ions from silica gel. The 
experimental approach below was used to carry out this 
work:
•	� Using filter paper, 10 g of saturated adsorbent were ob-

tained.
•	� The recovered silica gel was dehydrated for 24 hours at 

105 °C.
•	� Utilizing H2O and a number of eluents, including HCl, 

H2SO4, and HNO3 at 0.05 M concentration, the cadmi-
um desorption study was investigated.

•	� The desorption process was completed after 150 min-
utes of agitation (150 rpm).

3. Results and Discussion
3. 1. Characterization of Adsorbent

In this work, the solid samples of blast furnace slag 
and silica gel were studied by XRF and XRD. The mass per-
centages of the materials examined are shown in Table 1, 
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while the XRD characterization is illustrated in Figures 1a 
and 1b. The new tests carried out by XRF of the blast fur-
nace slag confirmed the results presented a recent re-
search.17 Indeed, the slag examined was made up of lime 
(CaO: 35,2), silica (SiO2: 40,85), alumina (Al2O3: 11,38), 
magnesium oxide (MgO: 5,03) and a fine quantity of metal 

oxide (Table 1). According to Table 1, silica gel consists of 
96.14 % of silica (SiO2).

In Figure 1a, it was determined that the results of the 
XRF analysis were consistent with those of the XRD anal-
ysis. High levels of lime, silica, and lower levels of alumina 
and magnesium oxide were detect. XRD analysis of silica 
gel obtained from converted blast furnace slag showed a 
significant increase in silica content and the absence of 
lime, alumina, sodium oxide and phosphorus pentoxide 
(Figure 2b), which have certainly dispersed in the struc-
ture.

3. 2. Contact Time Effect
The effect of contact time in adsorption processes is 

a crucial factor since it tells us about the equilibrium time 
and therefore allows us to reduce the number of tests. The 
impact of contact time is shown in Figure 2(a).

Table 1. Chemical composition of treated blast furnace slag(BFS) 
[16], and silica gel (SG)

Element	 Treated slag (BFS)	 Silica gel (SG)
	                                             Mass %

CaO	 35.21	 0.67
Al2O3	 11.38	 0.46
SiO2	 40.85	 96.14
Fe2O3	 1.36	 0
MgO	 5.03	 0
MnO	 1.04	 0
K2O	 0.2	 0
Na2O	 0.99	 0.61
P2O5	 0	 0.35
LOI	 3.94	 1.77

Figure 1. Diffractogram: (a) slag [19], (b) silica gel

Figure 2. (a) Effect of contact time: C0 = 30 mg/L; Vag. = 200 rpm; 
pH = 4.4; T = 20 °C; Øs = 500 µm; ms = 1 g, (b) Effect of adsorbent 
dosage: tc = 60 min; C0 = 30 mg/L; Vag. = 200 rpm; pH = 5.4; T = 20 
°C; Øs = 500 µm
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According to the experimental tests, it was noticed 
that the saturation time of the adsorbent surface was 
achieved after 60 min. From Figure 2(a), we observed that 
this process went through three stages, namely fast, moder-
ately slow, and stable. Between 0 and 30 min (rapid stage), 
the adsorption rate was 84.72%, and the adsorbed quantity 
increased from 0 to 18.25 mg/g. This outcome was certainly 
generated by the availability of multiple active adsorption 
sites.17 From 30 and 60 min (medium slow stage), the ad-
sorption rate was 15.27%, and the adsorption capacity in-
creased by 3.29 mg/g. This effect was probably due to the 
gradual decrease in free sites on the surface of the adsor-
bent.19 On the other hand, in the last stage, the adsorption 
rate and the sorption capacity remained constant despite 
the contact time increasing from 60 to 180 min. This result 
is undoubtedly caused by the absence of free adsorption 
sites, that is to say saturation of the adsorbent surface.2 

According to the data in the bibliography, we ob-
served that as cadmium adsorption of on silica gel pre-
pared from blast furnace slag is moderately rapid. Indeed, 
the adsorption of cadmium on different adsorbents, such 
as natural Bolivian zeolite,38 cellulose-embedded poly-
acrylonitrile/amidoxime,39 biochar derived from a ma-
nure mix,40 Mn oxide-modified pine biochar,41 and Fe3O4 
nanoparticles loaded sawdust carbon,42 was accomplished 
after 60, 90, 120, 60, 30 and 90 min, respectively.

3. 3. Effect of Adsorbent Dosage
The effect of adsorbent mass on cadmium adsorp-

tion on silica gel prepared from blast furnace slag was ex-
amined using different masses, namely 0.4, 0.6, 0.8, 1, 1.2, 
and 1.4 g (Figure 2(b)). 

According to the experimental tests, two stages were 
observed: one strongly increasing from 0.4 to 1g and the 
other slightly decreasing from 1 to 1.4g. At first, we ob-
served that the adsorption rate and capacity increased by 
52.26 % and 15.38 mg/g, respectively. While for the second 
stage, they had decreased by 3.66% and 1.1 mg/g, respec-
tively. The increase in the adsorption rate and capacity 
were surely generated by the existence of many unoccu-
pied adsorption sites.43,44 The reduction in adsorption effi-
ciency is undoubtedly generated by the constant number 
of cadmium ions in solution in relation to the number of 
active sites in continuous growth.45,46 For this purpose we 
opted for 1g as the optimal mass of silica gel in this pro-
cess.

3. 4. Effect of Agitation Speed
In these processes, medium agitation is a significant 

step since it contributes considerably to the pollutant 
transport from the liquid to the solid phase.17 For this pur-
pose, we introduced this adsorption process. The stirring 
speeds (Vag) exploited are 100, 200, 300, 400, and 500 rpm 
(Figure 3(a)). 

According to the experimental test results, we dis-
covered that the adsorption of cadmium was more effi-
cient at 300 rpm. Indeed, it was observed that the adsorp-
tion yield and capacity systematically progressed between 
100 and 300 rpm (Figure 3a). In this speed range, the val-
ues of adsorption efficiency and capacity increased from 
59.46% to 78.26% and from 17.84 mg/g to 23.48 mg/g, re-
spectively. The cadmium adsorption was certainly generat-
ed by an increase in the diffusion coefficient and, conse-
quently, a better diffusion of cadmium ions from the 
solution to the adsorbent surface of the silica gel.47,48

From the same source (Figure 3(a)), we observed 
that between 300 and 500 rpm, the adsorption rate and 
capacity remained constant (78.26 %, 23.48 mg/g). This 
result was certainly caused by the cessation of external 
diffusion and, consequently, the elimination of the liquid 
barrier to mass diffusion.19 Based on this information, we 
opted for a Vag stirring speed of 300 rpm as the most suit-
able. 

3. 5. Effect of Initial pH
It is widely recognized that solution ph has a signifi-

cant influence on the adsorption process, particularly with 
respect to the adsorption of metal pollutants, due to its im-
pact on adsorbent surface charge and speciation. metallic 
pollutants in aqueous environments.2,19 In order to better 
understand the experimental results from this stage, it is 
essential to identify the zero charge point (ZPC). The iden-
tification of the point of zero charge (ZPC or pHzpc) is 
demonstrated in Figure 3(b). The study of the influence of 
pH is shown in Figure 3(c).

From the analysis of Figure 3(c), we determined that 
the value of zero charge point (pHZPC) is 4.2. This outcome 
allowed us to predict that the adsorption of cadmium ions 
is more efficient at pH > 4.2. It is true that the cadmium 
removal efficiency greatly improved when the pH exceed-
ed the pHZPC, resulting in an increase of 58.76% and 
17.63%, respectively, in the yield and the amount removed 
between pH 4 ,2 and 6 (Figure 3(c)). It is important to 
mention that the increase in the rate of cadmium elimina-
tion at pH > 6 was also generated by chemical precipita-
tion. Indeed, it has been cited in the literature that the for-
mation of Cd(OH)2 starts progressively at pH > 6.49–52 
From these details, we concluded that the adsorption of 
cadmium on silica gel took place efficiently at pH 6 under 
the effect of electrostatic interactions.53,54 

Regarding a pH varying from 2.5 to 4, we observed 
that the adsorption rates and the experimental adsorbed 
quantity were low. The adsorption inefficiency was mainly 
caused by the electrostatic repulsion effect instituted be-
tween the adsorbent and the adsorbate.20 In addition, the 
excess H+ constituted a partial obstacle between cadmium 
ions and the adsorbent surface.17 The interaction between 
the adsorbent surface of silica and cadmium in solution is 
shown in Figure 4
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According to the study by M'barek et al.,8 the ideal 
pH for the adsorption of cadmium on mesoporous silica, 
zeolite-supported zerovalent iron nanoparticles and cellu-
lose was 6. In the same order of ideas, it has also been 
evoked that cadmium was efficiently adsorbed on natural 
Bolivian zeolite treated with NaCl,38 on polyacrylonitrile/
amidoxime covered with cellulose, 39 on wastewater treat-
ment sludge,40 and on kaolin,43 with a pH ranging from 5 
to 6. 

2. 6. Effect of Particle Size
The influence of solid particle size (Øs) on the sorp-

tion process of cadmium in solution by silica gel was dis-
cussed for different sizes, namely 100, 200, 300, 400, and 
500 µm (Figure 5(a)). 

The experimental results indicated that cadmium ad-
sorbed efficiently at a particle size (Øs) of 200 μm. It was 
observed that by reducing the particle size from 500 to 200 
µm, the experimental adsorption capacity and yield evolved 
by 17.73% and 5.32 mg/g, respectively (Figure 5(a)). It is 
highly plausible that the main reason for this efficiency lies 
in the reduction in the particle size of the solid, which re-
sulted in an extension of the adsorption surface.16,55 In-
deed, the larger the surface area, the more efficient the ad-
sorption since this phenomenon is controlled by the ratio 
between the surface area of the adsorbent and the volume 
of the adsorbate.56 It should be emphasized that for a parti-
cle size (Øs) of 100 μm, we observed a divergence from 
what was mentioned previously. Between 200 and 100 μm, 

Figure 3. (a) Effect of agitation speed: tc = 60 min; C0 = 30mg/L; pH = 5.4; T = 20°C; Øs = 500 µm; m = 1g, (b) Zeta potential as a function of solution 
pH, (c) Effect of initial pH: tc = 60 min; C0 = 30mg/L; Vag. = 300 rpm; pH = 2.5, 4.4, 4.7, 5.3, 6, 6.3 and 6.6; T = 25°C; Øs = 400 µm; m = 1g

Figure 4. Diagram of the cadmium adsorption mechanism on the 
silica gel: Presentation of the electrostatic interaction between O- 
and Cd++ 
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the adsorption capacity and yield decreased by 6.73% and 
2.02 mg/g, respectively. The regression in the efficiency of 
adsorption can certainly be due to the agglomeration of the 
silica gel particles, that is to say, to their evolution into larg-
er particles (coalescence phenomenon).17,57

3. 7. Effects of Initial Concentration
In this process, the study of the influence of the ini-

tial concentration is decisive since it allows us to trace the 
experimental adsorption isotherms and thus allows us to 
determine the maximum adsorption quantity. In order to 
achieve this objective, we examined the action of the initial 
concentration of 30 to 300 mg/L under specific operating 
conditions (Figure 5(b)). 

From the experiments carried out, we observed that 
the value of the adsorption capacity progressed with the rise 
in the initial concentration, and then it became constant de-
spite the supply of cadmium ions (Figure 5(b)). The adsorp-
tion capacity increased from 28.98 to 154.11 mg/g for an 
initial concentration of 30 ≤ C0 ≤ 240 mg/L. It is likely that 
this performance is attributable to the continued increase in 
the initial concentration, which generated a strong driving 
force. The latter made the transfer of cadmium ions from 
the solution to the adsorbent easier by reducing the resist-
ance to mass transfer.17,58,59 On the other hand, from C0 ≥ 
240 mg/L, the adsorption capacity remained constant 
(154.11 mg/g). The stability of the adsorption capacity was 
certainly due to the saturation of the adsorbent surface and 
also to the elimination of external diffusion resistances.16,19 

The experiment results also showed that the cadmium ad-
sorption rate decreased with increasing initial concentra-
tions (Figure 5(b)), where its value gradually dropped from 
96.6 to 51.37%. The progressive decrease in the adsorption 
rate was probably generated by the uninterrupted addition 
of cadmium ions by supply to an invariable active surface 
(constant number of active adsorption sites).2,18

Figure 5. (a) Effect of particle size: tc = 60 min; C0 = 30 mg/L; Vag. = 300 rpm; pH = 5.8 ;T = 20 °C; ms = 1g, (b) Effects of Initial Concentration: tc = 
60 min; Vag = 300 rpm; pH = 5.8; Øs = 200 µm, T = 20 °C; ms = 1 g

By examining the maximum amount of cadmium 
adsorbed by different adsorbents, including silica-coated 
metal organic framework (634 mg/g),5 mesoporous silica 
(3.62 mg/g),8 zerovalent iron supported by a zeolite (63.14 
mg/g),8 orange peels (59.5 mg/g),8 cellulose chelating sul-
fur (54.7 mg/g),8 bone meal apatite (116.16 mg/g),14 egg-
shell (217.4 mg/g),15 and NaCl-treated Bolivian natural 
zeolite (25.6 mg/g),38 it has been established that silica gel 
prepared from blast furnace slag has a capacity fairly high 
adsorption rate (154.11 mg/g) and constitutes a promising 
adsorbent for the removal of cadmium in wastewater.

3. 8. Adsorption Isotherms
Adsorption isotherm models were approached to eval-

uate the maximum quantities adsorbed and also to specify 
the interactions reacting in this process. With this in mind, 
we selected for suitable models, namely the Freundlich, 
Langmuir and Temkin models.17,51 Their linear forms are 
represented by equations 3, 5, and 6, respectively. Equation 4 
describes the separation factor RL of the Langmuir model.

�  (3)

�  (4)

� (5)

�  (6)

Where qmax, qe: adsorbed capacity maximum and at 
equilibrium (mg/g), Ce, C0: concentration at equilibrium and 
initial (mg/L), kL: Langmuir constant (L.mg–1), kF: Freundlich 
constant (mg.g–1) (ml.mg–1)1/n, 1/n: adsorption Intensity, 

 AT: equilibrium binding constant (L/g), R: universal 
gas constant (8.314 J/mol/K), T: absolute temperature in Kel-
vin, bT: constant related to heat of sorption (kJ kmol−1).
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The plots of the Freundlich, Langmuir Temkin mod-
els and their adsorption isotherms are reproduced in Fig-
ures 6(a), 6(b), 6(c), and 6(d). The parameter values of the 
models discussed are displayed in Table 4. 

From the results obtained (Table 2), it was proven 
that the Langmuir model is the best fitted to the experi-
mental points. Indeed, the correlation coefficient of the 
Langmuir model (R2 = 0.99) was higher than those of Fre-
undlich (R2 = 0.94) and Temkin (R2 = 0.95). In addition, 
the value of the theoretical adsorption capacity resulting 
from the Langmuir model (154.11 mg/g) was closer to the 
experimental adsorbed capacity (153.84 mg/g). From Fig-
ure 6(d), we observed that the shape of the plot of the 
Langmuir isotherm had the same shape as the shape of the 

experimental isotherm (type 1). They increase gradually 
before stabilizing by establishing a saturation level. This 
outcome confirmed to us that the cadmium adsorption on 
the silica gel was accomplished on a monolayer and homo-
geneous surface.22,31,60 The value of 1/n corresponded to 
0.34 (Table 2) and the value of RL was between 0 and 1, 
thus affirming the favorability of the adsorption pro-
cess.18,23 The value of the Temkin model parameter (bT) 
indicated that the adsorption is physical (bT < 8 Kj/mol).60

3. 9. Kinetics of Adsorption
Reputed models in the field of solid-liquid adsorp-

tion, namely, pseudo-first-order (PFO), pseudo-sec-

Figure 6. (a) Freundlich model presentation, (b) Langmuir model presentation, (c) Temkin model presentation, (d) Presentations of adsorption 
isotherms. tc = 60 min; C0. = 30–300 mg/L; Vag = 300 rpm; pH = 6; Øs = 200 µm, T = 20 °C; m = 1 g

Table 2. Isotherm parameters for cadmium adsorption 

	 Freundlich				    Langmuir				    Temkin
	 kF	 1/n	 R2	 qmax	 kL	 R2	 RL	 bT	 AT	 R2

	(mg.g–1)(ml.mg–1)1/	 		  (mg/g)	 (L.mg–1)			   (kJ/mol)	 (L/g)	

	 27.81	 0.34	 0.94	 153.84	 0.154	 0.99	 0.021– 0.17	 0.92	 2.26	 0.95
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ond-order (PSO), and intraparticle diffusion (IPD) kinetic 
models, have been used to discuss the kinetics of adsorp-
tion of cadmium in solution on silica gel (SG) prepared 
from slag. The PFO, PSO and IPD models are described by 
equations 7,8, and 9 respectively.18,35

� (7)

�  (8)

� (9)

where q and qe: quantity adsorbed at time t and at equilib-
rium (mg/g), t: time of adsorption process, kL: pseu-
do-first-order constant (min–1), kB: pseudo second order 
constant (g/mg min), kW: internal diffusion constant 
(mg/m. min½), and CIn: intercept. 

Plots of ln(qe−q) versus t, t/q versus t, and q versus 
√

–
t   are illustrated in Figures 7(a), 7(b), and 7(c), respective-

ly. The adjustment results are produced in Table 3. 

Table 3. Kinetic parameters 

C0	 qeexp		 Pseudo-first-order		 Pseudo-second-order		 Intraparticle diffusion
(mg/L)	 (mg/g)	 KL	 qetheo	 R2	 KB	 qetheo	 R2	 Cint	 KW	 R2

		  (min–1)	 (mg/g)		  (g/mg min)	 (mg/g)	 		  (mg/g.min)

30	 28.98	 0.065	 45.40	 0.94	 0.086	 29.41	 0.99	 8.1	 5.09	 0.91
60	 56.64	 0.072	 90.91	 0.95	 0.008	 58.82	 0.99	 5.09	 9.29	 0.92
90	 81.43	 0.077	 134.83	 0.94	 0.006	 83.33	 0.99	 0.91	 12.97	 0.91

Figure 7. (a) pseudo-first-order model, (b) pseudo-second-order model, (c) internal diffusion: tc = 60 min; C0. = 30–300 mg/L; Vag = 300 rpm; pH = 
6; Øs = 200 µm, T = 20 °C; m = 1 g
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According to Table 3, it appears that the regression 
coefficients of PSO (R2 ≥ 0.99) are higher than those of 
PFO (R2 ≤ 0.95). Furthermore, the estimated adsorption 
capacities of PSO were practically equivalent to the actual 
capacities. From this information, we judged that the ad-
sorption process of cadmium on SG follows pseudo-sec-
ond order kinetics.16,35 

It is reported in the literature that cadmium ad-
sorbed on various adsorbents, such as silica-coated metal 
organic framework, Canna indica-derived biochar, ther-
mally activated sepiolite, layered double hydroxide nano-
particles stabilized on iron slag, modified biochar, virgin 
and acid-modified kaolinite clay, and calcium carbonate 
from eggshells, exhibits pseudo-second-order kinet-
ics.5,6,9,12–15

From Figure 7(c), it was observed that the plots were 
multilinear and did not converge towards the origin, which 
is not in agreement with the conditions formulated by We-
ber and Morris (linearity of straight lines and their passage 
through the origin).61 Furthermore, it was specified that 
the correlation coefficients were greater than 0.9 (Table 3). 
The mentioned data allowed us to conclude that intrapar-
ticle diffusion is not the only mechanism regulating the 
adsorption of cadmium on silica gel.17,62,63 Indeed, the ad-
sorption of cadmium was first controlled by external diffu-
sion due to agitation of the solution, 47 then by intraparti-
cle diffusion.

3. 10. Effect of Temperature 
In this passage, we discussed the effect of tempera-

ture on the adsorption of cadmium by silica gel, taking in-
to consideration various temperature (Figure 8(a)). The 
experiments accomplished have unequivocally demon-
strated that the adsorption efficiency of cadmium decreas-
es when the temperature of the medium increases. In fact, 
a reduction of 28.73% in yield and 8.62 mg/L in adsorption 
capacity was recorded due to an increase in temperature. 
(Figure 8(a)). The lowering of cadmium adsorption effi-
ciency with increasing solution temperature was certainly 
caused by the evolution of the random movement of cad-
mium ions, attenuating the interdependence between ad-
sorbent and adsorbate.64 Taking these results into account, 
we predicted that cadmium removal by adsorption on sili-
ca gel is exothermic.21,65,66 

It should be noted that, contrary to what has been 
observed, temperature can cause an increase in cadmium 

Table 4. Thermodynamic parameters of cadmium adsorption 

T	 ΔH°	 ΔG°	 ΔS°	 Ea	 R2	 Kd	 kapp
(K)	 (kJ/mol)	 (kJ/mol)	 (kJ/K)	 (kJ/mol)		  (L/g)	 (g/L.min)

293		  –18.11	 		  	 1.79	 5.22×10–2

308		  –18.87	 	 		  1.69	 6.32×10–2

318	 –6.98	 –19.38	 –25.67×10–3	 8.45	 0.99	 1.60	 6.86×10–2

328		  –19.74	 	 		  1.56	 8.54×10–2

adsorption, as reported in the literature. Significant im-
provements in the adsorption of cadmium in solution 
were found when the temperature was increased with dif-
ferent adsorbents, including pristine and acid-modified 
kaolinite clay, electrospun composite nanofibre, modified 
biochar, gel-like weak acid resin, acid-modified chili pep-
pers, and NiO nanoparticles.10,13,14,67,68,69

With the same purpose, a thermodynamic study was 
carried out to identify the nature and mechanisms of inter-
action favoring this process. The explanation of these ef-
fects (nature and mechanism of interaction) strongly de-
pends on the values of the thermodynamic parameters, 
namely ΔG°, ΔH°, ΔS° and Ea. Equation 10 was used to 
calculate ΔG°, while equation 11 was used to determine 
ΔH° and ΔS°, and Ea was deduced from equation 13.2,16,17 
Equation 12 describes the distribution coefficient kd.19 The 
Arrhenius equation (Eq. 13) was used to calculate the acti-
vation energy.2

� 10)

� (11)

� (12)

� (13)

Where ΔG° is the Gibbs free energy (kJ/mol), ΔS° is 
entropy (kJ/ K), ΔH° is enthalpy (kJ/mol), R is the univer-
sal gas constant (8.314 J/mol.K), Kd is distribution coeffi-
cient (L/g), Ea is activation energy (kJ/mol), kapp apparent 
constant (g/L.min), T is the absolute temperature (K) and 
A is frequency factor.

The apparent constant kapp was calculated from the 
function ln(Ct) = f(t) at different temperatures (20, 35, 45, 
and 55 °C). Van’t Hoff and Arrhenius plots are represented 
by Figures 8(b) and 8(c). The values of free enthalpy, en-
thalpy, entropy, activation energy, apparent constant and 
distribution coefficient are displayed in Table 4. 

From Figure 8(b), it was noticed that there was a 
good interdependence between the Van't Hoff model and 
the experimental data (R2 = 0.99) (Table 4).2 The decrease 
in the distribution coefficient (Kd) with increasing temper-
ature made it possible to clarify that the adsorption of cad-
mium was favorable in the least heated solutions.19,70

From Table 4, it was identified that the Gibbs ener-
gy values are negative and less than 20 kJ/mol, which ex-
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Figure 8. (a) Effect of temperature: tc = 60 min; C0. = 30 mg/L; Vag = 
300 rpm; pH = 6; T = 20, 35, 45 and 55 °C; Ø = 200 µm; m = 1 g, (b) 
Van’t Hoff equation plot, (c) Arrhenius equation plot

plained that the sorption of cadmium is spontaneous and 
occurred under the influence of physical interactions.17,39 
The increase in the temperature of the solution resulted 
in a regression of ΔG° from –18.11 to –19.74 kJ/mol, thus 
demonstrating that mass transfer is inversely proportion-
al to the temperature of the medium.65,71 The negative 
value of the enthalpy (–6.98 kJ/mol) revealed that this 
process is exothermic (Table 4).18,39 In addition, it also 
certified that this cadmium removal process is a physical 
adsorption, whose enthalpy value is less than 40 kJ/
mol.20,72 The negative value of entropy highlighted the re-
duction of randomness at the adsorbent-adsorbate inter-
face (Table 4).16,55 The reduction in random displace-
ments at the solid-liquid interface was probably caused 
by the considerable electrostatic interaction between the 
cadmium ions and the adsorbent.73,74 Based on the acti-
vation energy value (Table 4), we reaffirmed that the re-
moval of cadmium in solution by silica gel is physical 
adsorption.2,62,75

From this information, we could conclude that the 
adsorption of cadmium on silica gel was spontaneous, ex-
othermic, and less entropic. Furthermore, we deduced that 
the elimination was carried out by physical adsorption un-
der the effect of electrostatic interactions. It should be em-
phasized that the adsorption of cadmium on various ad-
sorbents is generally a spontaneous process, as clearly 
demonstrated in the literature.13,39,44,67,69,76

3. 11. Reuse of Adsorbent 
Figure 9(a) illustrates the kinetics of cadmium deso-

rption from silica gel in the presence of different solutions. 
Figure 9 (b) illustrates the adsorption/desorption rate of 
cadmium under the effect of HCl at 0.05 M. 

From the experimental data, it was noticed that 
the presence of HCl in solution significantly facilitated 
the desorption of cadmium ions from the saturated sili-
ca gel (Figure 9(a)). This outcome can be caused by the 
formation of a large number of H+ protons, which will 
affect the nature of the adsorbent surface.77 According 
to Figure 9(b), it was specified that the silica gel has the 
ability to be reused for five consecutive cycles using 
0.05 M hydrochloric acid as the eluent. It should be 
clarified that the loss of mass and the exhaustion of ac-
tive adsorption sites are surely responsible for the inef-
ficiency of the desorption process after the fifth cy-
cle.20,78 

	 It is important to mention that the desorption 
percentage of cadmium ions from the adsorbent surface of 
saturated silica gel was examined using Equation 14.

� (14)

Where qads is the adsorbed quantity at equilibrium 
(mg/g) for cycle I and qads is the desorbed quantity at equi-
librium (mg/g) of each cycle.
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4. Conclusion
This study investigated the batch adsorption of cad-

mium ions onto silica gel (SG) prepared from blast furnace 
slag. The results demonstrated that silica gel contained 
96.14% SiO2. Its ZPC corresponds to pH 4.2, and its specif-
ic surface area is 484 m²/g. From the experimental results, 
it was found that the adsorption capacity of cadmium on 
the silica gel (qe = 154.11 mg/g) was particularly influ-
enced by the determining parameters, namely contact 
time (60 min), stirring speed (300 rpm), dosage of the ad-
sorbent (1 g/L), pH (6), temperature (20 °C), particle size 
(200 µm), and initial concentration (240 mg/L). Modeling 
of experimental data indicated that the Langmuir model 
(R2 = 0.99; qmax = 134.06 mg/g) is the most commonly ad-
opted to represent the adsorption of cadmium on silica gel, 
thus affirming a monolayer adsorption on homogeneous 
active sites. The RL and n values of the Langmuir and Fre-
undlich models, respectively, revealed that the adsorption 
was favorable. The value of bT from the Temkin model 
demonstrated that the adsorption was accomplished phys-
ically. The kinetic study showed that adsorption follows 
pseudo-second-order kinetics (R2≥ 99). Furthermore, it 
clarified that the transport of cadmium was carried out 
through external and intraparticle diffusion. The values of 
Gibbs energy (ΔG° < 0 kJ/mol), enthalpy (ΔH° < 0 kJ/
mol), and entropy (ΔS° < 0 J/K) demonstrated, respective-
ly, that the adsorption of cadmium on silica gel is sponta-
neous, exothermic, and less entropic. The values of enthal-
py (ΔH) and activation energy (Ea) revealed that this 
process was physically accomplished under the effect of 
electrostatic attraction. The desorption process demon-
strated that the application of 0.05 M HCl as eluent signifi-
cantly improved its reuse for five cycles. From this study, 
we reasoned that silica gel can be exploited as a reliable 
adsorbent to remove cadmium ions from wastewater.
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Povzetek
V študiji je bil silikagel, pridobljen iz plavžne žlindre, uporabljen za izločanje kadmija v šaržnem načinu pod delovanjem 
različnih dejavnikov. Fizikalno-kemijske analize so pokazale, da je modificirana žlindra sestavljena samo iz kremena 
(96,14%). Njegova specifična površina je 484 m2g–1 in pH, ki ustreza točki ničelnega naboja, je 4,2. Eksperiment je poka-
zal, da je pri pH 6 vpliv determinantnih dejavnikov prispeval k povečanju sorpcijske kapacitete, ki je bila izmerjena pri 
154,11 mg/g in je bila dosežena na homogeni enoslojni površini (R2 = 099). Kinetična analiza je pokazala, da se ta proces 
ujema s kinetičnim modelom psevdodrugega reda (R2 ≥ 0,99). Poleg tega je bilo navedeno, da je difuzija onesnaževala 
zagotovljena z zunanjo difuzijo in difuzijo znotraj delcev. Vrednosti termodinamskih spremenljivk so pojasnile, da je 
sorpcija kadmija spontana, eksotermna, z nižjo entropijo in izvedena pod vplivom elektrostatične interakcije. Postopek 
desorpcije je pokazal, da je bila ponovna uporaba silikagela izvedljiva v petih zaporednih ciklih.
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Abstract
(2E,2’E)-1,1’-(5,5’-(5,5’-methylenebis(2-methoxy-5,1-phenylene))bis(3-(4-fluorophenyl)-6-phenyl-3,3a,5,6-te-
trahydro-2H-pyrazolo[3,4-d]thiazole-5,2-diyl))bis(3-phenylprop-2-en-1-ones) 5a–e were synthesized from 
(5Z,5’Z)-2,2’-(5,5’-methylenebis(2-methoxy-5,1-phenylene))bis(5-(4-fluorobenzylidene)-3-phenylthiazolidin-4-ones) 
4a–e through cycloaddition reaction with cinnamic acid hydrazide and evaluated for their antibacterial, antifungal and 
antinematicidal activity. Among the tested compounds 5b and 5d containing chloro and nitro groups were shown to be 
the most effective against Ditylenchus myceliophagus and Caenorhabditis elegans with LD50 between 160 and 190 ppm, 
190 and 210 ppm respectively. Compounds 5b and 5e showed good zone of inhibition against Bacillus subtilis, com-
pounds 5c and 5d were active against Staphylococcus aureus, compounds 5a, 5c and 5e were active against Chromobacte-
rium violaceum and compounds 5b, 5a and 5d were the most active against Klebsiella aerogenes, Pseudomonas aeruginosa 
and Bacillus sphaericus. Compounds 5b and 5d showed good inhibition towards Candida albicans at the concentration 
of 3.12 μg/mL which is less than the value for amphotericin B, used as the standard.

Keywords: Methylene bis Heterocycles, Thiazolo 2-arylvinylpyrazoles, Microwave irradiation, Biologically active mol-
ecules

1. Introduction
Hybrid heterocycles play very important role in drug 

discovery. Aza heterocyclic derivatives are widely used for 
the development of therapeutic molecules,1–3 as they are 
active against different microorganisms. Following the 
COVID-19 pandemic, this approach received a lot of at-
tention. Natural and synthetic five membered aza hetero-
cycles exhibit different pharmacological activities, cyto-
toxic and COX inhibitory activity.4–10 In recent years, 
pyrazole derivatives have been used to generate some 
FDA-approved and commercialized medications, includ-
ing patented products.

Sulphur-bearing heterocycles create wide interest 
due to their diverse biological actions. Their derivatives 
have a variety of biological effects;11–21 aza heterocyclic 
ring (pyrazole ring), when combined with other heterocy-
cles, is an advantageous pharmacophore for the synthesis 
of novel lead compounds.22–25 The pyrazole-tethered thi-
azole has attracted a lot of interest in recent years because 

of its amazing biological properties, which include antimi-
crobial,26–30 antibiofilm,22 as an apoptosis inducer,31 an-
ti-inflammatory,29,32 anti tubercular,33 and anti mycobac-
terial activity.34 Pyrazoles bearing 2-arylvinyl (staryl) 
group at pyrazole nucleus exhibit powerful biological ac-
tivity35,36 as well as noteworthy physiochemical fea-
tures.37,38

Microwave processing is an efficient green technolo-
gy for the conversion of reactants into products.39 Due to 
the simplicity, atom economy and better yields of multi 
component reactions40 a lot of interest was devoted to this 
approach.

With this introduction of thiazoles, pyrazoles, 
2-arylvinylpyrazoles, microwave processing, inspired by 
the biological profile of thiazoles, pyrazoles, 2-arylvi-
nylpyrazoles, and part of routine work on development of 
new hybrid molecules,41–46 we have synthesized a series of 
novel methylene bis(2-arylvinyl)thiazolo pyrazoles, and 
evaluated their antibacterial, antifungal and antinemati-
cidal activities.
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2. Experimental
All the reagents and solvents (of analytical grade) 

were purchased from Sigma Aldrich. Reactions were 
monitored and purity of the compounds was checked by 
thin-layer chromatography (TLC) on pre-coated Merck 
silica gel plates, and spots were observed by exposing 
them to UV light or immersing the plates in a 1% aque-
ous potassium permanganate solution. Separations were 
performed using silica gel chromatographic columns 
(60–120 mesh). Microwave reactions were carried out in 
a compact lab microwave catalytic reactor (ZZKD, 
WBFY-201), and reaction mixture temperatures were re-
corded using an immersed fiber optic sensor. All melting 
points are uncorrected and measured using Fisher John’s 
apparatus. IR spectra were recorded using KBr disks on 
a Perkin–Elmer FT IR spectrometer. The 1H NMR and 
13C NMR spectra were obtained using a Varian Gemini 
spectrometer (300 MHz for 1H and 75 MHz for 13C). 
Chemical shifts are presented in δ (ppm) with TMS as 
the internal reference, while coupling constants (J) are 
reported in Hz units. Mass spectra were collected using 
a VG micro mass 7070H spectrometer. The Perkin–Elm-
er 240 CHN elemental analyzer was used to obtain ele-
mental analyses (C, H, N) that were within ±0.4% of the-
oretical values.

General method for production of compounds 4a–e: A 
mixture of compound 3 (5 mmol), para-bromobenzalde-
hyde (10 mmol), and sodium acetate (5 mmol) in anhy-
drous glacial acetic acid (10 mL) was refluxed for 3 hours. 
The reaction mixture was concentrated and then poured 
into ice cold water. The solid thus separated was filtered, 
washed with water and the crude product obtained was 
purified by column chromatography on silica gel with hex-
ane-ethyl acetate as eluent to yield pure product.

(5Z,5’Z)-2,2’-(5,5’-Methylenebis(2-methoxy-5,1-phe-
nylene))bis(5-(4-bromobenzylidene)-3-phenylthiazoli-
din-4-one) (4a). M.p. 165–167 °C. 1H NMR (300 MHz, 
CDCl3) δ 7.60 (d, J = 6.2 Hz, 4H, Ar-H), 7.46–7.43 (m, 
Ar-H, 8H), 7.35 (s, 2H, =CH), 7.30 (d, J = 5.4 Hz, 2H,  
Ar-H), 7.37 (m, 4H, Ar-H), 7.26 (s, 2H, Ar-H), 6.93 (d, J = 
5.2 Hz, 2H, Ar-H), 3.80 (s, 6H, 2×CH3), 3.73 (s, 2H, CH2). 
13C NMR (60 MHz, CHCl3) δ 172.9, 154.6, 135.7,135.5, 
133.9, 132.9, 131.9, 130.4, 129.3, 128.8, 126.2, 125.4, 125.0, 
123.5, 114.1, 62.1, 56.7, 42.3. MS m/z 915 [M+H]+. Anal. 
calcd. for C47H36Br2N2O4S2: C, 61.55; H, 3.93; N, 3.04. 
Found: C, 61.58; H, 3.96; N, 3.06.

(5Z,5’Z)-2,2’-(5,5’-Methylenebis(2-methoxy-5,1-phe-
nylene))bis(5-(4-bromobenzylidene)-3-(4-chlorophe-
nyl)thiazolidin-4-one) (4b). M.p. 212–214 °C. 1H NMR 
(300 MHz, CDCl3) δ 7.60 (d, J = 6.9 Hz, 4H, Ar-H), 7.38–
7.42 (m, 12H, Ar-H and CH), 7.32 (s, 4H, =CH), 7.22 (s, 
2H, Ar-H), 7.08 (d, J = 5.9 Hz, Ar-H), 6.91 (d, J = 6.8 Hz, 

2H, Ar-H), 3.84 (s, 6H, 2×CH3), 3.52 (s, 2H, CH2). 13C 
NMR (60 MHz, CHCl3) δ 172.9, 154.66, 135.5, 133.9, 
132.0, 131.9, 129.4, 125.4, 124.9, 123.5, 114.1, 62.1,  
56.7, 42.3. MS m/z 983 [M+H]+. Anal. calcd. for 
C47H34Br2Cl2N2O4S2: C, 57.27; H, 3.48; N, 2.84. Found: C, 
57.24; H, 3.45; N, 2.81.

(5Z,5’Z)-2,2’-(5,5’-Methylenebis(2-methoxy-5,1-phe-
nylene))bis(5-(4-bromobenzylidene)-3-(4-bromophe-
nyl)thiazolidin-4-one) (4c). M.p. 195–197 °C. 1H NMR 
(300 MHz, CDCl3) δ 7.60 (d, J = 6.2 Hz, 4H, Ar-H), 7.54 
(d, J = 6.9 Hz, 4H, Ar-H), 7.38–7.42 (m, 10H, Ar-H and 
C-H), 7.32 (s, 2H, =CH), 7.22 (s, 2H, Ar-H), 7.07 (d, J = 6.9 
Hz, 2H, Ar-H), 6.91 (d, J = 6.3 Hz, 2H, Ar-H), 3.85 (s, 6H, 
2×CH3), 3.52 (s, 2H, CH2). 13C NMR (60 MHz, CHCl3) δ 
172.9, 154.6, 135.5, 134.8, 133.9, 132.5, 132.1, 132.0, 131.9, 
130.4, 128.8, 125.9, 125.4, 124.9, 123.5, 117.1, 114.1, 62.1, 
56.7, 42.38. MS m/z 1071 [M+H]+. Anal. calcd. for C47H34 
Br2 N2O4S2: C, 52.53; H, 3.19; N, 2.61. Found: C, 52.51; H, 
3.16; N, 2.59.

(5Z,5’Z)-2,2’-(5,5’-Methylenebis(2-methoxy-5,1-phe-
nylene))bis(5-(4-bromobenzylidene)-3-(4-nitrophenyl)
thiazolidin-4-one) (4d). M.p. 209–210 °C. 1H NMR (300 
MHz, CDCl3) δ 8.29 (d, J = 5.9 Hz, 4H, Ar-H), 7.71 (d, J = 
6.2 Hz, 4H, Ar-H), 7.60 (d, J = 5.9 Hz, 4H, Ar-H), 7.44–
7.43 (m, 6H, Ar-H and CH), 7.39 (s, 2H, =CH), 7.18 (s, 
2H, Ar-H), 7.10 (d, J = 7.2 Hz, 2H, Ar-H), 6.93 (d, J = 6.0 
Hz, 2H, Ar-H), 3.87 (s, 6H, 2×CH3), 3.60 (s, 2H, CH2). 13C 
NMR (60 MHz, CHCl3) δ 172.9, 154.6, 144.3, 143.0, 135.5, 
133.9, 132.1, 132.0, 131.9, 130.4, 128.8, 126.7, 125.4, 124.9, 
123.5, 121.6, 114.1, 62.1, 56.7, 42.3. MS m/z 1005 [M+H]+. 
Anal. calcd. for C47H34Br2N4O8S2: C, 56.07; H, 3.40; N, 
5.57. Found: C, 56.05; H, 3.36; N, 5.49.

(5Z,5’Z)-2,2’-(5,5’-Methylenebis(2-methoxy-5,1-phe-
nylene))bis(5-(4-bromobenzylidene)-3-para-tolylthi-
azolidin-4-one) (4e). M.p. 194–196 °C. 1H NMR (300 
MHz, CDCl3) δ 7.58 (d, J = 5.9 Hz, 4H, Ar-H), 7.42–7.39 
(m, 10H, Ar-H), 7.33 (s, 2H, =CH), 7.23 (d, J = 6.4 Hz, 4H, 
Ar-H), 7.17 (d, J = 6.1 Hz, 2H, Ar-H), 6.98 (d, J = 6.4 Hz, 
2H, Ar-H), 6.71 (s, 2H, CH), 3.85 (s, 2H, CH2), 3.75 (s, 6H, 
2×CH3), 2.34 (s, 6H, 2×CH3). 13C NMR (60 MHz, CHCl3) 
δ 172.9, 154.6, 135.5, 134.7, 134.5, 132.1, 132.0, 131.9, 
130.6, 130.4, 128.8, 125.4, 124.9, 123.5, 122.5, 114.1, 62.1, 
56.7, 42.3, 21.1. MS m/z 943 [M+H]+. Anal. calcd. for 
C49H40Br2N4O4S2: C, 62.29; H, 4.27; N, 2.97. Found: C, 
62.27; H, 4.25; N, 2.96.

General procedure for synthesis of compounds 5a–e: A 
mixture of compound 4 (5 mmol), cinnamic acid hy-
drazide (10 mmol), and anhydrous sodium acetate (5 
mmol) with a catalytic quantity of glacial acetic acid in wa-
ter was heated in a microwave oven (280 W) up to 8 min-
utes at 100 °C. The reaction mixture was concentrated and 
cooled to room temperature, the separated solid was fil-
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tered and thoroughly washed with water, and the crude 
product was purified using column chromatography on 
silica gel with hexane-ethyl acetate as eluent to get pure 
compounds.

(2E,2’E)-1,1’-(5,5’-(5,5’-Methylenebis(2-methoxy- 
5,1-phenylene))bis(3-(4-fluorophenyl)-6-phenyl-
3,3a,5,6-tetrahydro-2H-pyrazolo[3,4-d]thiazole-5,2-di-
yl))bis(3-phenylprop-2-en-1-one) (5a). M.p. 246–248 °C. 
1H NMR (300 MHz, CDCl3) δ 7.51–7.49 (m, 6H, Ar-H 
and =CH), 7.41–7.39 (m, 6H, Ar-H), 7.32 (d, J = 7.0 Hz, 
4H, Ar-H), 7.20–7.16 (m, 8H, Ar-H), 7.09 (m, 4H, Ar-H), 
6.97 (d, J = 6.2 Hz, 2H, Ar-H), 6.78 (t, J = 7.4 Hz, 2H,  
Ar-H), 6.61 (d, J = 6.8 Hz, 4H, Ar-H), 6.53–6.52 (m, 4H, 
Ar-H), 5.61 (s, 2H, N-CH-S), 5.11 (d, J = 5.9 Hz, 2H, 
CH), 3.85 (s, 6H, 2×CH3), 3.72 (s, 2H, CH2). 13C NMR 
(60 MHz, CHCl3) δ 163.0, 161.8, 155.0, 146.6, 137.3, 
135.8, 133.9, 131.8, 132.3, 132.0, 131.8, 129.5, 129.0, 
128.0, 126.7, 126.6, 124.6, 120.2, 115.7, 114.3, 72.2, 66.6, 
58.4, 56.7, 42.38. MS m/z 1083 [M+H]+. Anal. calcd. for 
C65H52F2N6O4S2: C, 72.07; H, 4.84; N, 7.76. Found: C, 
72.04; H, 4.80; N, 7.73.

(2E,2’E)-1,1’-(5,5’-(5,5’-Methylenebis(2-methoxy- 
5,1-phenylene))bis(6-(4-chlorophenyl)-3-(4-fluorophe-
nyl)-3,3a,5,6-tetrahydro-2H-pyrazolo[3,4-d]thi-
azole-5,2-diyl))bis(3-phenylprop-2-en-1-one) (5b). M.p. 
271–273 °C. 1H NMR (300 MHz, CDCl3) δ 7.58–7.53 (m, 
6H, Ar-H and =CH), 7.41–7.38 (m, 8H, Ar-H), 7.24–7.17 
(m, 10H, Ar-H), 7.04 (m, 4H, Ar-H), 6.94 (d, J = 5.8 Hz, 
2H, Ar-H), 6.67 (d, J = 6.8 Hz, 2H, =CH), 6.59 (d, J = 6.2 
Hz, 4H, Ar-H), 6.49 (d, J = 7.2 Hz, 2H, CH), 5.61 (s, 2H, 
CH), 4.95 (d, J = 6.2 Hz, 2H, CH), 3.80 (s, 2H, CH2), 3.76 
(s, 6H, 2×CH3). 13C NMR (60 MHz, CHCl3) δ 163.0, 161.8, 
155.0, 146.6, 135.8, 135.6, 133.9, 132.3, 131.8, 131.6, 130.3, 
129.6, 129.0, 128.0, 127.6, 124.6, 120.2, 115.7, 114.3, 72.2, 
66.6, 58.4, 56.7, 42.3. MS m/z 1151 [M+H]+. Anal. calcd. 
for C65H50Cl2F2N6O4S2: C, 67.76; H, 4.37; N, 7.29. Found: 
C, 67.74;H, 4.35; N, 7.26.

(2E,2’E)-1,1’-(5,5’-(5,5’-Methylenebis(2-methoxy- 
5,1-phenylene))bis(6-(4-bromophenyl)-3-(4-fluorophe-
nyl)-3,3a,5,6-tetrahydro-2H-pyrazolo[3,4-d]thi-
azole-5,2-diyl))bis(3-phenylprop-2-en-1-one) (5c). M.p. 
257–259 °C. 1H NMR (300 MHz, CDCl3) δ 7.46 (s, 4H, 
Ar-H), 7.39–7.34 (m, 12H, Ar-H and CH), 7.29 (d, J = 6.2 
Hz, 4H, Ar-H), 7.23 (s, 2H, Ar-H), 7.12–7.06 (m, 8H,  
Ar-H), 6.53 (d, J = 6.2 Hz, 2H, =CH), 6.45 (d, J = 6.2 Hz, 
4H, Ar-H), 6.29 (d, J = 7.4 Hz, 2H, CH), 5.61 (s, 2H, CH), 
4.86 (d, J = 7.2 Hz, 2H, CH), 3.84 (s, 2H, CH2), 3.74 (s, 6H, 
2×CH3). 13C NMR (60 MHz, CHCl3) δ 163.0, 161.1, 155.0, 
146.6, 137.6, 135.8, 133.9, 133.2, 132.0, 132.3, 131.0, 129.4, 
129.0, 128.8, 128.0, 126.6, 124.6, 120.2, 118.8, 115.7, 114.3, 
72.2, 6.6, 58.4, 56.79, 42.38. MS m/z 1239 [M+H]+. Anal. 
calcd. for C65H50Br2F2N6O4S2: C, 62.91; H, 4.06; N, 6.77. 
Found: C, 62.89; H, 4.04; N, 6.72.

(2E,2’E)-1,1’-(5,5’-(5,5’-Methylenebis(2-methoxy- 
5,1-phenylene))bis(3-(4-fluorophenyl)-6-(4-nitrophe-
nyl)-3,3a,5,6-tetrahydro-2H-pyrazolo[3,4-d]thi-
azole-5,2-diyl))bis(3-phenylprop-2-en-1-one) (5d). M.p. 
246–248 °C. 1H NMR (300 MHz, CDCl3) δ 7.96 (d, J = 6.9 
Hz, 4H, Ar-H), 7.64–7.61 (m, 6H, Ar-H and =CH), 7.46 
(d, J = 6.4 Hz, 4H, Ar-H), 7.40 (m, 2H, Ar-H), 7.25–7.21 
(m, 6H, Ar-H), 7.11 (d, J = 5.6 Hz, 2H, Ar-H), 7.05 (m, 4H, 
Ar-H), 6.92–6.88 (m, 6H, Ar-H), 6.68 (d, J = 6.1 Hz, 2H, 
CH), 6.41 (d, J = 5.2 Hz, 2H, CH), 5.61 (s, 2H, CH), 4.80 
(d, J = 6.1 Hz, 2H, CH), 3.83 (s, 6H, 2×CH3), 3.57 (s, 2H, 
CH2). 13C NMR (60 MHz, CHCl3) δ 163.0, 161.8, 155.0, 
146.5, 143.9, 135.8, 133.9, 132.2, 132.0, 131.8, 129.0, 128.8, 
128.0, 126.8, 126.2, 124.6, 120.2, 114.3, 115.7, 72.2, 66.6, 
58.4, 56.7, 42.3. MS m/z 1173 [M+H]+. Anal. calcd. for 
C65H50F2N8O8S2: C, 66.54; H, 4.30; N, 9.55. Found: C, 
66.50; H, 4.28; N, 9.51.

(2E,2’E)-1,1’-(5,5’-(5,5’-Methylenebis(2-methoxy- 
5,1-phenylene))bis(3-(4-fluorophenyl)-6-para-tolyl-
3,3a,5,6-tetrahydro-2H-pyrazolo[3,4-d]thiazole-5,2-di-
yl))bis(3-phenylprop-2-en-1-one) (5e). M.p. 276–278 °C. 
1H NMR (300 MHz, CDCl3) δ 7.49 (s, 4H, Ar-H), 7.40–
7.37 (m, 8H, Ar-H and =CH), 7.31 (d, J = 6.4 Hz, 4H,  
Ar-H), 7.09–7.08 (m, 8H, Ar-H), 7.03–7.02 (m, 6H, Ar-H), 
6.57 (m, 6H, Ar-H and =CH), 6.03 (d, J = 6.4 Hz, 2H, CH), 
5.61 (s, 2H, CH), 4.78 (d, J = 6.4 Hz, 2H), 3.81 (s, 2H, CH2), 
3.76 (s, 6H, 2×OCH3), 2.32 (s, 6H, 2×CH3). 13C NMR (60 
MHz, CHCl3) δ 163.3, 161. 8, 155.0, 146.6, 137.0, 136.5, 
135.8, 133.9, 132.3, 132.0, 131.8, 130.7, 129.0, 128.6, 128.0, 
127.1, 124.6, 120.2, 114.3, 115.7, 72.2, 66.6, 58.4, 56.7,  
42.3, 21.1. MS m/z 1111 [M+H]+. Anal. calcd. for  
C67H56F2N6O4S2: C, 72.41; H, 5.08; N, 7.56. Found: C, 
72.39; H, 5.06; N, 7.53.

2. 1. Antibacterial Assay
Standard inoculums (1–2∙10–7 colony forming unit 

(c.f.u.)/mL 0.5 McFarland standards) were applied to the 
surface of sterile agar plates for the antibacterial assay, and a 
sterile glass spreader was employed to ensure equal distribu-
tion of the inoculums. The discs, measuring 6.26 mm in di-
ameter, were made from Whatman no. 1 filter paper and 
sterilized with dry heat at 140 °C for 1 hour. The sterile discs 
had previously been soaked in a known concentration of the 
test substances and were put in nutritional agar medium. 
The plates were inverted and incubated for 24 hours at 37 
°C. The inhibitory zones were measured and compared to 
standards. For determining MIC bacteria were cultured 
overnight in Luria–Bertani (LB) broth at 37 °C, centrifuged, 
and washed twice with sterile distilled water. Stock solutions 
for the series of chemicals were produced in DMSO. Each 
stock solution was diluted with standard method broth 
(Difco) to generate successive two-fold dilutions ranging 
from 50 to 0.8 mg/mL. Ten microtiters of broth containing 
about 105 CFU/mL of test bacteria were added to each well 
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of a 96-well microtiter plate. Culture plates were incubated 
at 37 °C for 24 hours, and growth was measured both visual-
ly and spectroscopically. The minimum inhibitory concen-
tration (MIC, mg/mL) was discovered to be the lowest con-
centration required to stop bacterial growth compared to 
the criteria. To determine the minimum bacterial concen-
tration (MBC), 0.1 mL of each tube was extracted and 
placed on agar plates. The number of CFUs was counted af-
ter 18–24 hours of incubation at 35 °C.

2. 2. Antifungal Assay
For antifungal assay Sabouraud’s agar media was 

made by dissolving peptone (1 g), D-glucose (4 g), and 
agar (2 g) in distilled water (100 mL) and setting the pH to 
5.7. To generate a suspension of fungal spores for lawns, 
normal saline was employed. A loopful of a certain fungal 
strain was added to 3 mL saline to create a suspension of 
the corresponding species. 20 mL of agar media were 
placed into each petri dish, the excess suspension was de-
canted, and the plates were dried in an incubator at 37 °C 
for 1 hour. Wells were produced with an agar punch and 
labeled individually. A control was likewise produced in 
triplicate and kept at 37 °C for 3–4 days. The MIC of com-
pounds 5a–e was measured using the broth dilution meth-
od.38 C. albicans was cultured for 48 hours at 28 °C in YPD 
broth (1% yeast extract, 2% peptone, and 2% dextrose), 
collected by centrifugation, and washed twice with sterile 
distilled water. Aspergillus fumigatus, Trichophyton ru-
brum, and Trichophyton mentagrophytes were plated on 
potato dextrose agar (PDA) (Difco) and cultured for two 
weeks at 28 °C. Spores were washed three times with sterile 
distilled water and resuspended in distilled water to yield 
an initial inoculum of 105 spores/mL. Each tested com-
pound was dissolved in DMSO and diluted with potato 
dextrose broth (Difco) to produce serial two-fold dilutions 
ranging from 100 to 0.8 mg/mL. Each well received ten 
microtiters of the broth with approximately 103 (for yeast) 
and 104 (for filamentous fungus) cells/mL of test fungi. 
Culture plates were incubated at 28 °C for about 48–72 
hours. To determine the minimum fungicidal concentra-
tion (MFC), 0.1 mL was extracted from each tube and put 
on agar plates. The number of c.f.u. was recorded after 48 
hours of incubation at 35 °C.

3. Result and Discussion
The reaction of methylene bis(phenyl thiazolide-

nones) 3a–e,47 with 4-bromobenzaldehyde in acetic acid 
and sodium acetate for 3 hours produced arylidine thi-
azolidenones 4a–e. The latter were converted to 2-arylvi-
nylpyrazoles 5a–e in dimethyl sulphoxide via microwave 
irradiation at 50 °C, yielding unusually high yields of thi-
azolo 2-arylvinylpyrazoles 5a–e. Their structures were 
confirmed using FT-IR, mass spectrometry, 1H and 13C 

NMR spectroscopy techniques. The IR spectra of com-
pounds 5a–e showed the disappearance of the amide car-
bonyl absorption band at about 1700 cm–1, which was 
present in compounds 4a–e, confirming the involvement 
of the α,β-unsaturated carbonyl system. The bands around 
1300–1337 cm–1, characteristic for N–C–S bending vibra-
tion, provided confirmatory evidence for ring closure. In 
addition, the absorption bands corresponding to the C=N 
of the pyrazole moiety were detected at 1600 cm–1. Further 
support was provided from the 1H NMR spectra, which 
revealed that the N–CH–S protons of the thiazole ring ap-
peared at δ 5.61 ppm as a singlet and the protons of the 
pyrazole ring at δ 6.59 ppm as a doublet. These signals in-
dicated that the cyclisation step had occurred. In the 13C 
NMR spectra, strong signals corresponding to the carbons 
of the thiazolo 2-arylvinylpyrazolo ring in all compounds 
are seen near δ 161.8, 146.6, 120.2, 72.2 and 66.6 ppm, pro-
viding further evidence of their structures. In conclusion, 
all of the synthesized compounds produced satisfactory 
spectral data compatible with their structures.

3. 1. Antinematicidal Activity
For antinematicidal activity48 against D. myceliopha-

gus and C. elegans by aqueous in vitro screening technique 
at various concentrations the compounds 5a–e were 
screened. Median lethal dose at which 50% nematodes be-
came immobile and the results was expressed in terms of 
LD50. The screened data of the compound 5b and 5d reveal 
that they are the most effective against D. myceliophagus 
and C. elegans with LD50 values 160–190 ppm, and 190–
210 ppm, respectively.

3. 2. Antibacterial Activity
The analysis of antibacterial screening49–51 data re-

veals that practically all of compounds 5a–e (Tables 2 and 
3) are active and exhibit moderate to good antibacterial 
activity. Compounds 5b and 5e demonstrated good zone 
of inhibition against B. subtilis. Compounds 5c and 5d 
were effective against S. aureus. Compounds 5a, 5c, and 5e 
were active against C. violaceum, while compounds 5b, 5a, 
and 5d were most effective against K. aerogenes, P. aerugi-
nosa, and B. sphaericus (Table 2). Compounds 5d and 5e 
effectively inhibited Gram-positive bacteria at a concen-
tration of 6.12 μg/mL, as shown by their MIC and MBC 
values (Table 3). The majority of the compounds displayed 
good antibacterial activity almost similar compared to the 
standard. Few compounds have the same MBC as the 
MIC, but many have values that are two to four times 
greater than the corresponding MIC values.

Antifungal Activity
The compounds 5a–e were further tested for anti-

fungal activity against four fungal organisms: C. albicans 
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(10231), A. fumigatus (HIC 094), T. rubrum (IFO 9185), 
and T. mentagrophytes (IFO 40996) in dimethyl sulphox-
ide (DMSO) using the agar diffusion method.52 Ampho-
tericin B was employed as the reference medication, and 
the zones of fungal inhibition values are shown in Table 
4. Table 5 also includes the MIC and MFC (minimum 
fungicidal concentration) values computed using the 
broth dilution method.51 The antifungal screening data 
presented in Tables 4 and 5 show that the majority of the 
novel compounds are active and exhibit moderate to 
good antifungal activity. Among the screened com-
pounds the compound 5e in which thiazolo 2-arylvi-
nylpyrazole moiety bearing para-methylphenyl group 
showed highest activity against all of the microorgan-
isms employed. The activity of this compound is almost 
equal to the standard. Compounds 5b and 5d showed 
good inhibition towards C. albicans at the concentration 

of 3.12 μg/mL which is less than amphotericin B stand-
ard.

Reagents and conditions: (a) Trioxane, H2SO4, 
AcOH, reflux, 81%; (b) MeI, K2CO3, DMF, rt, 83%; (c) 
R-NH2, HSCH2COOH, ZnCl2, MWI, 81–90%; (d) para-
Br-C6H5CHO, AcOH, NaOAc, reflux, 80%; (e) 2-arylvi-
nylhydrazide, AcOH, NaOAc, MWI, 80–85%.

Table 1. Nematicidal activity of compounds 5a–e.

S. No	 Compound 	 D. myceliophagus	 C. elegans

1	 5a	 840	 650
2	 5b	 160	 190
3	 5c	 240	 360
4	 5d	 190	 210
5	 5e	 380	 420
6	 Levamisole	 160	 180

Table 2. Inhibitory zone (diameters, mm) of compounds 5a–e against tested bacterial strain by disc diffusion method.

Compound 	 B. subtilis 	 B. sphaericus	 S. aureus 	 P. aeruginosa	 K. aerogenes	 C. violaceum

5a	 14	 22	 18	 20	 22	 20
5b	 24	 24	 17	 21	 24	 23
5c	 16	 15	 23	 16	 15	 16
5d	 18	 20	 21	 19	 21	 21
5e	 26	 16	 16	 18	 16	 15
Streptomycin	 30	 20	 41	 15	 25	 20
Neomycin	 25	 28	 40	 25	 30	 25

Scheme 1. R = H, Cl, Br, NO2, CH3
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Table 3. Minimum inhibitory concentration (MIC) and minimum bacterial concentration (MBC)in μg/mL of compound 5a–e 

Compound 	              B. subtilis	             B. sphaericus 	              S. aureus	               P. aeruginosa	              K. aerogenes	            C. violaceum
	  MIC	 MBC	 MIC	 MIC	 MIC	 MBC	 MIC	 MBC	 MIC	 MBC	 MIC	 MBC

5a	 12.5	 25.0	 25.0	 50.0	 12.5	 12.5	 12.5	 50.0	 12.5	 50.0	 25.0	 25.0
5b	 12.5	 25.0	 25.0	 50.0	 50.0	 12.5	 25.0	 25.0	 25.0	 50.0	 12.5	 25.0
5c	 12.5	 50.0	 12.5	 25.0	 25.0	 12.5	 12.5	 25.0	 12.5	 25.0	 12.5	 50.0
5d	 6.25	 12.5	 6.5	 12.5	 6.25	 6.25	 12.5	 25.0	 12.5	 50.0	 12.5	 12.5
5e	 6.25	 12.5	 6.5	 50.0	 6.25	 25.0	 12.5	 50.0	 6.25	 12.5	 6.25	 6.25
Streptomycin	 6.25	 12.5	 6.25	 25.0	 6.25	 12.5	 1.56	 6.25	 1.56	 6.25	 3.12	 6.25
Penicillin 	 1.26	 6.25	 3.12	 25.0	 1.56	 6.25	 6,25	 12.5	 6.25	 12.5	 12.5	 12.5

Table 4. Inhibitory zone diameters (mm) of compounds 5a–e 
against tested fungal strains by disc diffusion method

Com 		 Mean zone inhibition (MZI) in mm
pound	 C. albi-	 A. fumi-	 T. 	 T. menta-
	 cans	 gatus	 rubrum	 grophytes

5a	 11	 10	 —	 9
5b	 22	 16	 15	 16
5c	 18	 15	 13	 17
5d	 21	 17	 14	 16
5e	 20	 20	 20	 18
Amphotericin B	 25	 20	 20	 18

Table 5. Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) in μg/mL of 
compounds 5a–e

	                   C. albicans 	                A. fumigatus 	                 T. rubrum 	          T. mentagrophytes
Compound 	 MIC	 MBC	 MIC	 MBC	 MIC 	 MBC	 MIC	 MBC

5a	 —	 —	 25.0	 25.0	 25.0	 50.0	 25.0	 25.0
5b	 3.12	 6.25	 25.0	 25.0	 12.5	 25.0	 25.0	 25.0
5c	 12.5	 25.0	 6.25	 12.5	 6.25	 12.5	 6.25	 12.5
5d	 3.12	 6.25	 6.25	 12.5	 6.25	 12.5	 12.5	 25.0
5e	 3.12	 3.12	 3.12	 6.25	 3.12	 6.25	 6.25	 12.5
Amphotericin B	 6.25	 12.5	 3.12	 6.25	 3.12	 12.5	 3.12	 12.5

4. Conclusion
A series of new methylene bis 2-arylvinyl thiazolo 

pyrazoles were synthesized and tested for their antinemat-
icidal, antibacterial, and antifungal properties. Among the 
studied compounds, 5b and 5d containing chloro and ni-
tro substituents are the most efficient against Ditylenchus 
myceliophagus and Caenorhabditis elegans, with LD 50 be-
tween 160 and 190 ppm, 190 and 210 ppm, respectively. 
Compounds 5b and 5e inhibited Bacillus subtilis effective-
ly, compounds 5c and 5d inhibited Staphylococcus aureus, 
compounds 5a, 5c, and 5e inhibited Chromobacterium vi-
olaceum, and compounds 5b, 5a, and 5d inhibited Kleb-
siella aerogenes, Pseudomonas aeruginosa and Bacillus 
sphaericus the most. Compounds 5b and 5d effectively in-

hibited Candida albicans at a concentration of 3.12 μg/mL, 
lower than the conventional amphotericin B.
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Povzetek
S pomočjo cikloadicijske reakcije hidrazida cimetne kisline in (5Z,5’Z)-2,2’-(5,5’-metilenbis(2-metoksi-5,1-fenilen))
bis(5-(4-fluorobenziliden)-3-feniltiazolidin-4-onov) 4a–e smo pripravili (2E,2’E)-1,1’-(5,5’-(5,5’-metilenbis(2-metoksi-
5,1-fenilen))bis(3-(4-fluorofenil)-6-fenil-3,3a,5,6-tetrahidro-2H-pirazolo[3,4-d]tiazol-5,2-diil))bis(3-fenilprop-2-en-1-
one) 5a–e. Za pripravljene spojine smo raziskali delovanje proti bakterijam, glivam in nematodam. Izmed testiranih 
spojin sta se spojini 5b and 5d, ki vsebujeta kloro oz. nitro skupino, pokazali kot najbolj učinkoviti proti Ditylenchus 
myceliophagus in Caenorhabditis elegans z LD50 vrednostmi med 160 in 190 ppm, oz. 190 in 210 ppm. Spojini 5b in 5e 
sta izkazali dobro inhibicijo proti Bacillus subtilis, spojini 5c in 5d sta bili aktivni proti Staphylococcus aureus, spojine 
5a, 5c in 5e proti Chromobacterium violaceum, spojine 5b, 5a in 5d pa so bile najbolj aktivne proti Klebsiella aerogenes, 
Pseudomonas aeruginosa in Bacillus sphaericus. Spojini 5b in 5d v koncentraciji 3.12 μg/mL dobro inhibirata Candida 
albicans; ta vrednost je manjša od vrednosti za amfotericin B, ki smo ga uporabili kot standard.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the  
Creative Commons Attribution 4.0 International License
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Abstract
The effect of heterocyclic compounds, derived from benzimidazole (BnZ), namely1-Benzyl-2-phenyl 1H-benzimida-
zole (BI) and 1-(4-Nitrobenzyl)-2-(4-nitrophenyl)-1H-benzimidazole (NNBI), on the carbon corrosion steel in 1M HCl 
medium was assessed by electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP). The 
effects of the concentration and the temperature were studied. The determined electrochemical parameters showed 
that the two inhibitors are of mixed type. The inhibition efficiency of NNBI was lesser than that of BI. The most elec-
tron-withdrawing substituent offers the lowest efficiency. The mechanism of action of these inhibitors has been defined 
by the thermodynamic study. Calculated ΔG°

ads, Ea, ΔH°
a, and ΔS°

a values confirmed that BI and NNBI adsorb through 
a chemical and physical process. The adsorption process was found to be spontaneous and followed the Langmuir 
adsorption isotherm. The quantum chemical parameters calculated by density functional theory (DFT) and molecular 
dynamics simulation (MDS) corroborate both the experimental data and those of the literature.

Keywords: Corrosion; steel; organic inhibitors; benzimidazole; DFT; MDS.

1. Introduction
Acid solutions widely used in various industrial pro-

cesses (e.g., acid pickling, acid cleaning, oil well acidifica-
tion, and acid descaling) cause severe corrosion of mild 
steel.

A number of physical, chemical, and mechanical 
properties favor the use of mild steel (MS) for construction 
and manufacturing purposes. Since MS is mainly used as 
structural and instrumental material, which often needs to 
use acids such as hydrochloric acid for pickling, descaling 
and various petrochemical processes, the prevention of its 
corrosion is necessary.1 The use of organic corrosion inhibi-
tors has proven to be the most practical and effectives meth-
ods for protecting metals against corrosion in acidic media.2

During the last few decades, benzimidazole (BnZ) 
and its non-toxic derivatives have attracted considerable 

attention due to their inhibitive action which proceeds 
via their adsorption on the metal surface by displacing 
pre-adsorbed water molecules at the interface forming 
subsequently an isolating barrier film.3 The adsorption 
of these heterocyclic compounds on the metal surface 
occurs due to the interaction of their unshared electron 
pairs on nitrogen atoms and the π-electrons in the phe-
nyl rings with d-orbitals of the metal surface.4 These elec-
tronic features contribute to their effectiveness as corro-
sion inhibitors.

This paper deals with the study of the inhibition ef-
ficiency of two benzimidazole derivativesnamely1-Ben-
zyl-2-phenyl-1H-benzimidazole (BI) and 1-(4-Nitroben-
zyl)-2-(4-nitrophenyl)-1H-benzimidazole (NNBI) against 
the corrosion of mild steel in 1 M HCl medium.

The molecular structures of the inhibitors BI and 
NNBI are shown in Fig. 1.

mailto:sonia_benabid@yahoo.fr
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To ensure a deep understanding of the process of 
corrosion prevention, various experimental techniques 
such as potentiodynamic polarization (PDP) and electro-
chemical impedance spectroscopy (EIS) were performed. 
The thermodynamic and kinetic parameters were deter-
mined and discussed. The electronic properties of tested 
compounds and their interactions with the iron surface 
were obtained from theoretical studies using DFT and 
MD simulations. The theoretical and experimental results 
corroborate.

2. Experimental
2. 1. Materials and Solutions

The mild steel XC52 used in this study was deter-
mined from its technical sheet supplied by Sonatrach 
which is a big oil company located in Hassi Messaoud 
(southern Algeria).

The chemical composition (wt. %) of the mild steel 
was: C = 0.1038, Si = 0.1261, Mn = 0.971, P = 0.002, S = 
0.0021, Cr = 0.01, Mo = 0.005, Ni = 0.005, Al = 0.0032, Co 
= 0.50, Cu = 0.01, No = 0.0419, Ti = 0.0025, V = 0.005, W 
= 0.05, Sn = 0.005, Fe = 98.67.

A conventional three-electrode cell was used for the 
electrochemical experiments. A platinum plate with a sur-
face area of 1cm2 served as the counter electrode and Ag/
AgCl as reference electrode. The working electrode is a 
square shaped mild steel coated with Teflon so that only 
the cross section (0.25 cm2) is exposed to the acid solution.

For reliable and reproducible data, the surface of the 
working electrode was mechanically polished prior to each 
test (before immersion in the acid solution), using abra-
sive Silicon Carbide (SiC) paper of increasingly fine par-
ticle size (i.e., 180, 320, 600, 800, 1000, 1200 and 2500), 
followed by rinsing with double distilled water (ddH2O), 
degreasing with acetone and finally drying at room tem-
perature.

The test solution 1 M HCl, was prepared from an-
alytical grade reagent HCl (37%) purchased from Sigma 

Aldrich and distilled water. Four different concentrations 
(5 × 10–6, 1 × 10–5, 5 × 10–5 and 1 × 10–4 M) of the studied 
inhibitors were prepared for analysis. This range was de-
termined after studying the solubility of the inhibitors in 
the corrosive environment.

2. 2. Electrochemical Measurements
The electrochemical measurements were performed 

using a set-up comprising a Voltalab40, controlled by 
“Voltamaster 4” analysis software, and were recorded in 
a three-electrode Pyrex cell. The potential applied to the 
sample varied continuously, with a scanning speed of 
2mV/s. The working electrode potential reached stability 
after 30 minutes waiting period. All potentials were meas-
ured relative to the KCl-saturated Ag/AgCl reference elec-
trode.

The electrochemical impedance diagrams were re-
corded in the frequency range 100 kHz–10 Hz with distur-
bance amplitude of 10 mV.

2. 3. Quantum Chemical Study
All theoretical calculations were done with the 

GAUSSIAN 09 software, and the geometry of the BnZ de-
rivatives was entirely optimized using the DFT method at 
the B3LYP level with base 6-31G (d, p).5,6

2. 4. �Molecular Dynamic Simulation Study 
(MDS)
MDS was realized using BIOVIA Materials Studio 

8.0 software, developed by Accelrys Inc. USA.7, 8 In this 
study, we used three modules: (i) the molecular structure 
of the inhibitor in gas, (ii) the aqueous phase, geometrical-
ly optimized using the Forcite module, (iii) the adsorption 
localization module was used to identify possible adsorp-
tion configurations. A simulation box with dimensions 
17.38 Å × 17.38 Å × 27.16 Å, was used to determine the in-
teraction between the studied inhibitors molecules and the 

Figure 1. Molecular structures of 1-Benzyl-2-phenyl-1H-benzimidazole (BI) and 1-(4-Nitrobenzyl)-2-(4-nitrophenyl)-1H-benzimidazole (NNBI) 
inhibitors
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i0
corr and icorr represent the current densities in the ab-

sence and presence of BI and NNBI inhibitors, respec-
tively.

Analysis of the potentiodynamic polarization curves 
(Fig. 2) reveals that increasing the concentration of both 

inhibitors causes a decrease in cathodic and anodic cur-
rent densities. This result suggests that the addition of BI 
and NNBI reduces anodic dissolution and also retards the 
hydrogen evolution. This phenomenon is due to the crea-
tion of an inhibitor barrier between the corrosive medium 
and the metal surface.9

Inspection of Table 1 shows that the corrosion poten-
tial (Ecorr) of BI and NNBI shifts towards negative values in 
comparison with the corrosion potential of the blank solu-
tion. This shift is less than 85 mV, suggesting that BI and 
NNBI act as mixed type inhibitor with predominance on 
the cathodic reaction.10

Figure 2. Polarization curves of mild steel in 1 M HCl in the absence and presence of different concentrations of BI and NNBI at 20 °C.

Table 1. Electrochemical parameters and corrosion inhibition effi-
ciency of mild steel in 1M HCl in the absence and presence of differ-
ent concentrations of BI and NNBI at 20 °C

Inhibitor	 C	 Ecorr	 icorr	 βa	 βc	 IE	 θ
	 (M)	 (mV/Ag/	 (mA/	  (mV/	 (mV/	 %
		  AgCl)	 cm2)	 dec)	 dec)

BI	 Blank	 –427	 0.63	 82	 –159	 –	 –
	 5 × 10–6	 –428	 0.33	 67	 –125	 48	 0.48
	 1 × 10–5	 –459	 0.30	 91	 –160	 52	 0.52
	 5 × 10–5	 –445	 0.16	 85	 –177	 75	 0.75
	 1 × 10–4	 –432	 0.10	 72	 –202	 84	 0.84

NNBI	 5 × 10–6	 –477	 0.4	 131	 –128	 37	 0.37
	 1 × 10–5	 –485	 0.33	 134	 –125	 48	 0.48
	 5 × 10–5	 –468	 0.28	 87	 –116	 56	 0.56
	 1 × 10–4	 –460	 0.18	 82	 –149	 71	 0.71

Fe (110) surface. Periodic boundary conditions were used 
in all three directions, and the equations of motion were 
integrated into the canonical (constant-volume) NVT en-
semble. The Fe plate, the water plate containing the studied 
inhibitors, and a vacuum layer were included in the sim-
ulation box. We worked at a temperature of 298 K (about 
25 °C) using the Condensed-phase Optimized Molecular 
Potentials for Atomistic Simulation Studies (COMPASS) 
force field.

3. Results and Discussion
3. 1. Electrochemical Measurements
3. 1. 1. �Concentration effect of BI and NNBI by 

PDP

Potentiodynamic polarization experiment was per-
formed to assess the kinetics of cathodic and anodic reac-
tions. The polarization curves in the absence and presence 
of different concentrations of BI and NNBI in 1 M HCl 
solution at 20 °C are shown in Fig. 2.

The electrochemical parameters such as the corro-
sion potential (Ecorr), the current densities (Icorr), the ca-
thodic and anodic tafel slopes (βc and βa), the surface cov-
erage rate (θ) and the inhibitory efficiency (IE %) are listed 
in Table 1.

The inhibition efficacy (IE %) and the surface cover-
age rate (θ) of BI and NNBI were determined from the two 
equations below:

� (1)

� (2)
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On the other hand, the values of both anodic and 
cathodic Tafel slopes (βa, βc) slightly change when the con-
centration of the inhibitors increases, which means that the 

addition of inhibitors reduces the anodic dissolution of mild 
steel as well as retards the cathodic hydrogen evolution reac-
tion without affecting the reactions mechanism.10,11

Figure 4. Bode (a) and phase angle (b) plots for mild steel in 1M HCl in the absence and presence of different concentrations of BI and NNBI at  
20 °C.

Figure 3. Nyquist diagrams of mild steel in 1M HCl in the absence and presence of different concentrations of the inhibitors BI and NNBI at 20 °C.
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3. 1. 2. �Concentration Effect of BI and NNBI by 
EIS

In order to evaluate the electrochemical phenome-
non which occurs at the metal/solution interface, Nyquist 
plots of mild steel in 1 M HCl in the absence and presence 
of various concentrations of BI and NNBI at 20 °C are rep-
resented in Fig. 3.

We can notice that for all concentrations, the pres-
ence of a single capacitive loop corresponding to the 
charge transfer resistance (Rct) generally indicates that the 
dissolution reaction of XC52 in 1 M HCl is controlled by 
a single process charge transfer which is not affected by 
the presence of inhibitors.12 Nyquist curves are not per-
fect semicircles due to the heterogeneity of the electrode 
surface. This heterogeneity can result from the surface 
roughness, impurities, dislocations, grain boundaries, ad-
sorption and desorption phenomena of the inhibitor.13,14

The Bode diagrams (Fig. 4) reveals the existence of 
an equivalent circuit containing a single constant phase 
element in the metal/solution interface. The increase in 
absolute impedance at low frequencies in the Bode plots 
confirms that the protection is better at high inhibitor con-
centrations. The observation of a single-phase peak in the 
central frequency range indicates the existence of a unique 
constant, linked to the electrical double layer.15

To define a model for the steel/solution interface in 
the absence and presence of the inhibitors BI and NNBI, 
the data obtained by EIS were adjusted to the electrical 
equivalent circuit, as illustrated in Fig. 5.

Figure 5. Equivalent electrochemical circuit representing the steel/
solution interface used for the simulation of BI and NNBI imped-
ance diagrams.

Where Rc is the solution resistance, Rct denotes the 
charge transfer resistance, and CPE is the constant phase 
element which replaces the double layer capacitance (Cdl) 
allowing a more precise fit to the experimental results.

The double layer capacitance (Cdl) is obtained 
through the following equation (3):

� (3)

Where fmax is the frequency with maximal imped-
ance of the imaginary component.

The inhibition efficiency is calculated from the fol-
lowing formula (4):

� (4)

Where R0
ct and Rct represent the charge transfer re-

sistances in the absence and presence of the inhibitors BI 
and NNBI, respectively.

From the diagrams of Nyquist, the values of (Rs), 
(Rct), (Cdl), and consequently the inhibition efficiency (IE) 
of BI and NNBI were obtained. These different impedance 
parameters are summarized in Table 2.

Table 2. Electrochemical impedance parameters for mild steel in 1 
M HCl in the absence and presence of different concentrations of BI 
and NNBI at 20 °C.

Inhibitor	 C	 Rs	 Rct	 Cdl	 IE
	 (M)	 (Ω cm2)	 (Ω cm2)	 (μF/cm2)	 (%)

BI	 Blank	 0.368	 32	 249	 –
	 5 × 10–6	 0.24	 67	 597	 52
	 1 × 10–5	 0.29	 80	 199	 60
	 5 × 10–5	 0.7	 146	 98	 78
	 1 × 10–4	 1	 237	 48	 87

NNBI	 5 × 10–6	 1	 54	 147	 41
	 1 × 10–5	 0.83	 67	 136	 52
	 5 × 10–5	 1	 74	 132	 57
	 1 × 10–4	 1.7	 108	 117	 70

Examination of Table 2 shows that the addition of 1 × 
10–4 M of BI and NNBI inhibitors augmented the values of 
Rct. This increase can be attributed to the adsorption of the 
inhibitors on the metal surface by forming a protective lay-
er against immediate exposure to the aggressive acidic mi-
croenvironment.16 On the other hand, (Cdl), in the presence 
of the inhibitors decreased compared to that of the solution 
without inhibitors; this decrease may be due to the displace-
ment of the water molecules present at the metallic interface 
in favor of the adsorbed BI and NNBI molecules. Indeed, 
there is a positive correlation between the adsorption of the 
inhibitors and the thickness of the organic deposit, whereas 
the capacity of the double layer decreases proportionally.14

3. 1. 3. Temperature Effect
Temperature is one of the crucial steel behav-

ior-modifying factors in a corrosive environment; There-
by, it can alter the nature of the metal/inhibitor interac-
tion. Increasing temperature can impact significantly the 
formation of the inhibitor film. Indeed, a rise in temper-
ature would promote the inhibitor desorption as well as 
a quick dissolution of the formed organic compounds or 
complexes, subsequently causing a weakening of the steel 
corrosion resistance.17

In order to analyze the effect of temperature on the 
inhibition efficiency of BI and NNBI, polarization curves 
of mild steel in 1 M HCl solution, without and with ad-
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Table 3. Influence of temperature on the electrochemical parame-
ters of mild steel in 1 M HCl medium in the absence and presence 
of 1 × 10–4 M of BI and NNBI

	 Temperature	 Ecorr	 icorr	 βa	 βc	 IE
	 (K)	 (mV/Ag/	 (mA/	 (mV/	 (mV/	 (%)
		  AgCl)	 cm2)	 dec)	 dec)

	 293	 –427	 0.63	 82	 –159	 –
	 303	 –449	 1.76	 114	 –121	 –
	 313	 –491	 3.21	 145	 –118	 –
	 323	 –478	 6.13	 173	 –140	 –
	 333	 –462	 8.65	 168	 –147	 –

	 293	 –432	 0.1	 72	 –202	 84
	 303	 –437	 0.30	 7	 –119	 83
	 313	 –498	 0.64	 134	 –111	 80
	 323	 –432	 1.6	 120	 –137	 74
	 333	 –475	 2.81	 135	 –126	 68

	 293	 –460	 0.18	 82	 –149	 71
	 303	 –474	 0.52	 124	 –124	 70
	 313	 –472	 1.1	 108	 –129	 66
	 323	 –490	 2.21	 108	 –109	 64
	 333	 –490	 3.5	 88	 –76	 60

Figure 6. Tafel curves for corrosion of mild steel in 1 M HCl in the absence and presence of 1 × 10–4 M of BI and NNBI at different temperatures.
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dition of 1 × 10–4 M of BI and NNBI, were conducted at 
temperature ranging from 293 to 333 K as shown in Fig. 6.

The electrochemical parameters obtained from the 
polarization curves of mild steel in 1M HCl before and af-
ter addition of the optimal concentration (1 × 10–4 M) of BI 
and NNBI at different temperatures are shown in Table 3.

According to Table 3, we can notice that Ecorr is al-
tered by increasing temperatures and moves towards more 
negative values icorr values increase with increasing tem-
peratures but they remain much lower compared to those 
observed for HCl alone, thereby confirming that BI and 
NNBI inhibit corrosion in the temperature range (293–333 
K) albeit they appeared less efficient at the highest temper-
atures. The decrease in IE (%) with increasing temperatures 
is explained by the desorption of the previously adsorbed 
inhibitors, which leads a larger metallic surface to be ex-
posed to the corrosive solution.18 This phenomenon may 
be the result of Van Der Waals interactions (weak forces) 
between the metal surface and the inhibitor.19 These inter-
actions are very sensitive to thermal agitation and are very 
easy to break according to increased temperatures. The 
increase in temperature shifts the adsorption-desorption 
balance toward the desorption process, thus reducing the 
inhibition efficiency of the compounds studied.19,20

3. 1. 4. The Activation Parameters
Temperature is a critical factor that has a considera-

ble effect on the behavior of steel in acidic medium. As the 
temperature increases, it can modify the metal/inhibitor 
interaction interface. To assess the impact of this param-
eter on the kinetics of protective film formation, the ac-
tivation parameters of the corrosion process such as the 
activation energy (Ea), the activation enthalpy (ΔH°a) and 
activation entropy (ΔS°a) were calculated at different tem-
peratures (293–333 K), in the absence and presence of 1 × 
10–4 M of BI and NNBI inhibitors.

Activation energy (Ea) was determined using the icorr 
values obtained from the polarization curves following the 

equation (5):21

� (5)

Where icorr is the corrosion current density, A is a 
pre-exponential factor, Ea denotes the activation energy, R 
represents the universal gas constant, and T is the temper-
ature.

Fig. 7 represents the variation of the corrosion cur-
rent density as a function 1/T (Ln icorr = f (1/T)). This var-
iation is a straight line both in the absence and presence of 
1 × 10–4 M of BI and NNBI at different temperatures.

An alternative Arrhenius equation can determine 
the activation enthalpy (ΔH°a) and the activation entropy 
(ΔS°a) using the following equation (6):

� (6)

Where h is the Planck’s constant, N denotes the 
Avogadro number, R represents the universal gas constant.

The variation of ln (icorr/T) as a function 1/T is a 
straight line (Fig. 8), with a slope of (–ΔH°a/R) and an 
intercept equal to ((ln R/Nh) + ΔS°a/R). Therefore, it was 
possible to calculate ΔH°a and ΔS°a.

The activation parameters such as the activation 
energy (Ea)the activation enthalpy (ΔH°a) and activation 
entropy (ΔS°a) in the absence and presence of 1 × 10–4 M 
of BI and NNBI given in Table 4 are calculated from the 
Arrhenius relation.

Table 4. Activation parameters of the corrosion process of mild 
steel in 1M HCl solution in the absence and presence of 1 × 10–4 M 
of BI and NNBI

Inhibitor	 Ea	 ΔH°a	 ΔS°a
	 (kJ/mol)	 (kJ/mol)	 (J/mol K)

1M HCl	 53.6	 51.19	 –72.23
1M HCl + 1 × 10–4 M BI	 69.27	 66.72	 –36
1M HCl +1 × 10–4 M NNBI	 71.6	 69	 –27

Figure 7. Arrhenius plots of the corrosion of mild steel in 1M HCl in the absence and presence of 1×10–4 M of BI and NNBI at different temperatures
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From Table 4, we can observe that is higher in 
the presence of inhibitor compared to the blank. The 
increase in values in the presence of the benzimida-
zole derivatives is typical of the physisorption of these 
molecules on the steel surface.22 The high values of Ea 
can also be attributed to the increase in the thickness 
of the double layer.23,24 Furthermore, the augmentation 
of Ea after addition of BI or NNBI indicates that phy-
sisorption, through electrostatic interactions, occurred 
in the first step of the inhibition mechanism.25 Besides, 
the positive signs of the enthalpies reflect the endother-
mic nature of the steel dissolution process.26,27 ΔH°a 
values closer to 100 kJ/mol imply chemisorption while 
those below 40 kJ/mol correspond to physisorption. In 
this study, the values in the presence of inhibitors are 
positive, similarly closer to 100 kJ/mol, and higher than 
those found in the solution exempt of inhibitor. This 
reflects a mixed type adsorption process28 and shows 
that the dissolution of the steel is endothermic. Con-
cordantly, higher negative values of the entropy ΔS°a 
in the presence of inhibitors signifies that there was a 
reduction in disorder during the transformation of the 
reactants into the activated iron-molecule complex in 
the medium.29, 30

3. 1. 5. Adsorption Parameters
The effectiveness of organic corrosion inhibitors 

principally depends on their adsorption capacity at the 
metal/solution interface. Therefore, it is essential to know 
the adsorption isotherm, a thermodynamic parameter, 
which can inform us about the interaction between the 
inhibitor and the metal surface. To identify the type of ad-
sorption corresponding to this inhibitor, various isotherms 
were tested: Langmuir, Temkin and Frumkin (Fig. 9).

Based on these isotherms, the recovery rate θ is 
linked to the inhibitor concentration Cinh

31,32 following 
these respective equations:

Figure 8. Alternative Arrhenius plots for mild steel in 1 M HCl in the absence and presence of 1 × 10–4 M of BI and NNBI.

�   Langmuir adsorption isotherm (7)

� Temkin adsorption isotherm (8)

� Frumkin adsorption isotherm (9)

Where a represents the interaction constant between 
adsorbed particles, Kads denotes the adsorption equilibrium 
constant, and Cinh stands for the inhibitor concentration.

We can notice from the Fig. 9, that the Langmuir 
adsorption isotherm is the most appropriate for adjust-
ing the obtained experimental results (R2 close to unity), 
which means that the adsorption of 1 × 10–4 M of BI and 
NNBI on the mild steel surface, in 1 M HCl solution at 293 
K, obeys the Langmuir adsorption isotherm. In the same 
experimental conditions, Kads and the free energy of ad-
sorption (ΔG°

ads) of BI and NNBI (Table 5) were calculated 
from the following relations:

� (10)

� (11)

Where θ denotes the surface coverage rate, Cinh is the 
inhibitor concentration, R represents the gas constant, T is 
the absolute temperature, and 55.5 is the concentration of 
water in solution (mol/L).

Table 5. Thermodynamic parameters of adsorption of 1 × 10–4 M of 
BI and NNBI on mild steel in 1 M HCl solution at 293 K

Inhibitor 	 Kads (M–1) 	 ΔG°ads (kJ/mol)

BI 	 5.25 × 104	 –36.24
NNBI 	 2.44 × 104	 –34.37

The high values of Kads (5.25 × 104 M–1 for BI and 
2.44 × 104 M–1 for NNBI) mean that a strong adsorption of 
the inhibitors occurred on the steel surface.33,34
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Figure 9. (a) Langmuir, (b) Fremkin and (c) Temkin adsorption isotherms for mild steel in 1 M HCl of BI and NNBI at 20 °C

The negative values of ΔG°
ads reflect the spontaneity 

of the interaction between the inhibitor, the metal surface, 
and the stability of the formed layer.35

Furthermore, adsorption free energies ΔG°ads ranged 
from –20 and –40 kJ/mol, which strongly suggests that the 
adsorption of BI or NNBI on the steel surface is a mixed 
type (both chemical and physical).36,37

3. 2. Theoretical Study by DFT
The theoretical calculation by DFT is implemented 

to study the correlation between the inhibition efficiency 
(IE) and the molecular reactivity of the inhibitor.

The energy of the highest occupied molecular orbital 
(EHOMO), the energy of the lowest unoccupied molecular 
orbital (ELUMO), the energy gap (ΔEgap = ELUMO – EHOMO), 
the dipole moment (μ), the absolute electronegativity (χ), 
the absolute hardness (η), the global softness (σ), the num-
ber of electrons transferred (ΔN), and the electrophilicity 
index (ω) were determined,38 following equations 12–18:

�  (12)

� (13)

Where I: Ionization potentiel (eV), A: Electron Af-
finity (eV).

The values of χ and η were calculated, according to 
Pearson:

� (14)

� (15)

σ, which describes the capacity of an atom to receive elec-
trons,13 was estimated by:

� (16)

ΔN is calculated as follows:

� (17)

Where χFe, χinh, ηFe and ηinh designate the absolute 
electronegativity and the absolute hardness of iron and in-
hibitor, respectively.
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The gap between the EHOMO and ELUMO is another 
important parameter; the low values of ΔEgap are a sign of 
good inhibitory activity.43 A high ΔEgap value characterizes 
a hard molecule and a low ΔEgap value characterizes a soft 
one.

Hard molecules are facing difficulties to donate elec-
trons to an acceptor, and consequently their reactivity is 
lower than that of soft molecules. Adsorption occurs in 
the molecular region where σ has the highest value.25 IE 
increases with increasing values of  but with decreasing 
values of ω.

According to Lukovits, if ΔN < 3.6, the inhibitor is an 
electron donor and therefore it is a valuable inhibitor, since 
its IE increases with its capacity to donate electrons.44

The dipole moment is mostly used to describe the 
molecular polarity.45 Organic compounds with high di-
pole moments are good inhibitors.46

The optimized molecular structures and the frontier 
molecular orbital density distributions of the organic com-
pounds BI and NNBI are represented in Fig. 10.

Fig. 10 shows that the HOMO density distribution 
on the BI molecule is identical to that of LUMO, centered 
essentially on the planar benzimidazole group and its phe-
nyl substituent bonded to C13.47 For the NNBI molecule, 

The theoretical values χ andη of iron are equal to 7 
and 0 eV. mol–1 respectively.40

Eventually, ω was obtained as follows:

� (18)

Adsorption on the metal surface is due to donor-ac-
ceptor interactions between the π electrons of the inhibi-
tor and the vacant d orbitals on the surface atoms of the 
metal.41

The electron donor (molecule having a high EHOO) 
interacts with a suitable acceptor (molecule having a low 
ELUMO). Thus, high values of EHOMO facilitate the adsorp-
tion of the inhibitor to the metal surface by influencing the 
electronic transfer process through the adsorbed layer. On 
the other hand, ELUMO highlights on the electron acceptor 
character of the molecule (e.g., inhibitor).

The decrease in the ELUMO value is an indicator of 
the ability of the molecule to accept electrons from the 
metal surface.42 As established in the literature, a good 
corrosion inhibitor is often the one which not only gives 
up its electrons, but is also capable of accepting electrons 
from the metallic surface; the lower the ELUMO is, the 
higher the IE.

Figure 10. Optimized molecular structures and the frontier molecular orbital density distributions of the organic compounds BI and NNBI given 
byB3LYP/6-31G (d, p).
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the HOMO density is located mostly on the planar ben-
zimidazole ring and on some atoms of the phenyl group 
bonded to C13, while the LUMO density is centered on the 
N11 nitrogen of benzimidazole, the nitro group of phenyl 
linked to C13 and nitro group, and the phenyl linked to 
C14.48

The quantum parameters of BI and NNBI in the gas 
and aqueous phases have been summarized in Table 6.

Table 6. Quantum parameters of BI and NNBI in gas and aqueous 
phase calculated by DFT (B3LYP) using the 6-31G basis (d, p).

Parameters	                   BI		                         NNBI	
	 gas	 aqueous	 gas	 aqueous
	 phase	 phase	 phase	 phase

Etot (eV)	 –23981.67	 –23981.95	 –35111.14	 –35111.14
EHOMO (eV)	 –5.72	 –6	 –6.34	 –6.21
ELUMO (eV)	 –1	 –1.07	 –2.74	 –2.70
ΔEgap (eV)	 4.72	 4.94	 3.60	 3.50
µ (Debye)	 3.45	 4.97	 4.21	 5.69
η (eV)	 2.36	 2.47	 1.80	 1.75
σ (eV–1)	 0.42	 0.40	 0.55	 0.57
χ (eV)	 3.36	 3.55	 4.54	 4.46
ω (eV)	 2.4	 2.54	 5.73	 5.67
∆N	 0.77	 0.70	 0.68	 0.72

The data in the Table 6 show that BI and NNBI have 
high HOMO (–05.72 and–06.34 eV for BI and NNBI, re-
spectively) and low LUMO energies, as well as low energy 
gap (ΔE) implying easy adsorption to the steel surface and 
consequently high inhibition efficacy (IE). This property 
is confirmed by the high dipole moment (µ) values (3.45 

and 4.21 Debye for BI and NNBI, respectively); these in-
hibitors can therefore easily transfer electrons to the va-
cant d orbitals of iron. Molecular reactivity depend on the 
hardness (η) which was found low (2.36 and 1.80 eV for 
BI and NNBI, respectively) and softness (σ), which was 
found high (0.42 and 0.55 eV for BI and NNBI, respective-
ly).49 The electronegativity (χ) values (3.36 and 4.54 eV for 
BI and NNBI, respectively) were lower than that of iron, 
which implied a transfer of electrons from the HOMO or-
bital of the inhibitor to the empty 3d orbital of iron.50 BI 
and NNBI displayed ∆N values lowerthan 3.6 (0.77 and 
0.68 for BI and NNBI, respectively), which indicate that 
they are electron donors and the metal surface is an ac-
ceptor. The IE increases with the ability of the molecule to 
donate electrons to the steel surface, this ability follows the 
sequence BI > NNBI, which is in accordance with previous 
data.51

The global electrophilicity index (ω) reflects the abil-
ity of a chemical species to accept electrons. A high val-
ue of electrophilicity index describes a good electrophile 
while a small one describes a good nucleophile. The elec-
trophilicity indices (ω) of NNBI being higher than BI (2.4 
and 5.73 eV for BI and NNBI, respectively) confirms the 
electrophilic nature of NNBI especially since it includes an 
electron-withdrawing NO2 group in its structure.52

Molecular electrostatic potential (MEP) was used to 
identify electrophilic and nucleophilic sites (Fig. 11). In 
the case of BI, the electron-rich regions are located around 
the heteroatoms and the conjugated double bonds. The 
nucleophilic active sites that promote nucleophilic reac-
tions in the corrosion inhibition process of mild steel are 
the nitrogen atom N11 and the  electrons of the conjugated 
double bonds.53 In the case of NNBI, the nucleophilic ac-

Figure 11. MEP map and counter plot of BI and NNBI inhibitors. (a) Front view and (b) Rear view.
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tive sites are located on one of the nitrogen atoms and on 
the oxygen atoms of the two nitro groups of the substituted 
phenyl.54

The distribution of Mulliken charges for BI and 
NNBI is shown in Table 7.

The Mulliken analysis, that estimates the adsorption 
centers of inhibitors, was mainly used for the calculation 
of the charge distribution across the entire backbone of 
the molecule. In the case of the BI, N11 and N12 atoms 
displayed negative charges with a high electron density, 
which means that they behave like nucleophilic centers 
when they interact with the mild steel surface.55

The nitrogen and carbon atoms of the benzimidazole 
ring of BI exhibited negative charges, making them ideal sites 
for adsorption on mild steel.53 In the case of the NNBI, we can 
observe that all the nitrogen and oxygen atoms have signifi-
cant negative charges (–0.541, –0.389, –0.385, –0.390, –0.384 
for N11, O38, O39, O41 and O42, respectively) and negative 
charges on some carbon atoms of the imidazole ring like C29 
(–0.137) and C17 (–0.135). This indicates that these atoms are 
the likely active sites for the adsorption of NNBI on the mild 
steel surface. As a result, the NNBI molecules form a barrier, 
thereby preventing the arrival of aggressive ions at the metal 
surface, and thus reducing the rate of corrosion.

C1
C2
C3
C4
C5
C6
H7
H8
H9

H10
N11
N12
C13
C14
H15
H16
C17
C18
C19
C20
C21
C22
H23
H24
H25
H26
C27
C28
C29
C30
C31
C32
H33
H34
H35
H36
H37
H38

–0.087
–0.131

0.249
0.197

–0.117
–0.108

0.088
0.097
0.156
0.086

–0.554
–0.527

0.387
–0.107

0.119
0.131

–0.100
–0.167

0.120
–0.136
–0.078
–0.085

0.073
0.152
0.076
0.085
0.093

–0.107
–0.090
–0.077
–0.093
–0.124

0.119
0.093
0.091
0.106
0.081
0.090

–0.101
–0.151

0.246
0.196

–0.129
–0.119

0.106
0.105
0.172
0.109

–0.564
–0.557

0.391
–0.108

0.136
0.137

–0.112
–0.182

0.108
–0.147
–0.094
–0.102

0.096
0.157
0.096
0.102
0.091

–0.120
–0.101
–0.088
–0.105
–0.131

0.114
0.112
0.112
0.117
0.111
0.098

C1
C2
C3
C4
C5
C6
H7
H8
H9

H10
N11
N12
C13
C14
H15
H16
C17
C18
C19
C20
C21
C22
H23
H24
H25
H26
C27
C28
C29
C30
C31
C32
H33
H34
H35
H36
N37
O38
O39
N40
O41
O42

0.226
0.284

–0.121
–0.095
–0.099
–0.118

0.096
0.095
0.107

–0.546
–0.541

0.400
0.151

–0.127
–0.087

0.257
–0.135
–0.066

0.140
0.145
0.146
0.011

–0.119
0.095
0.153
0.092
0.023
0.034

–0.137
0.269

–0.094
–0.109

0.119
0.139
0.139
0.107
0.354

–0.389
–0.385

0.357
–0.390
–0.384

0.221
0.283

–0.133
–0.110
–0.112
–0.136

0.113
0.110
0.113

–0.575
–0.551

0.408
0.157

–0.130
–0.084

0.264
–0.126
–0.059

0.139
0.150
0.156
0.013

–0.118
0.109
0.176
0.118
0.017
0.036

–0.132
0.275

–0.095
–0.113

0.131
0.142
0.142
0.132
0.365

–0.418
–0.416

0.368
–0.417
–0.413

Table 7. Mulliken atomic charges calculated for BI and NNBI.

	 BI			   NNBI	
Atom	 Gas phase	 Aqueous phase	 Atom	 Gas phase	 Aqueous phase
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3. 3. �Molecular Dynamic Simulation Study 
(MDS)

For a better understanding of the interactions be-
tween BI, NNBI and the Fe (110) surface, MDS was car-
ried out in the presence or absence of solvent molecules 
(H2O). The equilibrium adsorption configurations of BI 
and NNBI on the Fe (110) surface, using of the Monte Car-
lo simulation, are illustrated in Fig. 12.

According to Fig. 12, it clearly appears that BI and 
NNBI adsorb in a parallel manner to the Fe (110) surface. 
The nitrogen atoms in BI and NNBI molecules can donate 
electrons to unoccupied iron d orbitals to form coordina-
tion bonds while the electron orbitals of aromatic rings 
can accept electrons from the iron orbitals to form coordi-
nation bonds.56

The descriptors obtained by the MDS for BI and 
NNBI on the Fe (110) surface, are listed in Table 8.

The interaction (adsorption) energy (Einter), between 
the inhibitor and the Fe (110) surface was calculated by the 
following equation: 57

� (19)

Where, Etot is the total energy of the iron crystal with 
the adsorbed inhibitor molecule, (Einter) is the interaction 
energy, Esurf+sol represents the energy of the iron surface 
with H2O molecules, and Einh denotes the energy of the 
free inhibitor molecule.

The binding energy is the negative value of Einter. The 
total energy is defined as the sum of the rigid adsorption 

Figure 12. Equilibrium adsorption configurations of BI (1) and NNBI (2) molecules on the Fe (110) surface, (a) side view (b) top view.

Table 8. Molecular dynamics simulation (MDS) results for the low-
est adsorption configurations of BI and NNBI compounds on the Fe 
(110) interface.

Systems	 BI/Fe	 NNBI/Fe
	 (110)	 (110)

Total energy (Es)                (kJ/mol)	 –105	 –153
Adsorption energy (Eads)  (kJ/mol)	 –216	 –405
Rigid adsorption energy   (kJ/mol)	 –122	 –151
Deformation energy (DE) (kJ/mol)	   –93	 –254
dEads/dNi                                          (kJ/mol)	 –216	 –405

(a) (b)
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energy (R.A.E) and the deformation energy (Edef). R.A.E 
reports the energy released when unrelaxed adsorbed 
components (i.e., before the geometry optimization step) 
are adsorbed onto the substrate. Edef is the energy released 
when adsorbed components are released to the substrate 
surface.12 Adsorption energy (Eads) is the energy released 
when relaxed inhibitor molecules are adsorbed on the 
metal surface. The energy of the substrate (surface of the 
iron) is taken equal to zero.

The differential adsorption energy (dEads/dNi) is the 
energy of removal of an adsorbate from a particular com-
ponent.21

The data summarized in Table 8 shows that BI and 
NNBI exhibit high negative adsorption energy during 
the simulation process, which indicates spontaneous and 
stronger adsorption of the inhibitors on the steel surface.58

MDS was performed to further study the adsorption 
behavior of BI and NNBI on the Fe (110) surface in aqueous 
phase. The most stable low-energy adsorption configurations 
of BI and NNBI inhibitors on a Fe (110)/50 H2O molecules 
system using Monte Carlo simulations are shown in Fig. 13.

From Fig. 13, it is evident that, when adsorbed on 
the Fe (110) surface in the presence of water, BI and NNBI 
adopt a flat orientation as they approach the iron surface 
with close contact, thereby confirming a strong adsorption 
of the inhibitors on the iron surface.53

The values for the outputs and descriptors of the 
Monte Carlo simulations are listed in Table 9. It includes 
the total energy, the adsorption energy, the rigid adsorp-
tion energy and the strain energy of the inhibitors ad-
sorbed on Fe (110) in the presence of 50 water molecules, 
as well as the differential adsorption energies of inhibitors 
and water.

In all cases, the adsorption energies of BI and NNBI 
are much higher than those of H2O molecules. This sug-
gests a gradual substitution of H2O molecules on the iron 
surface, leading to the formation of a stable layer capable 
of protecting the iron from aqueous corrosion.49

It can also be noted that BI and NNBI exhibit high 
negative adsorption energy during the simulation process, 
which indicates a stable and stronger adsorption of these 
inhibitors on a steel surface.58

Figure 13. Equilibrium adsorption configurations of BI (1) and NNBI (2) molecules on the Fe (110) surface in presence of water, (a) side view  
(b) top view.

(a) (b)
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4. Conclusion
Two new benzimidazole derivatives namely 1-Ben-

zyl-2-phenyl 1H-benzimidazole (BI) and1-(4-Nitroben-
zyl)-2-(4-nitrophenyl)-1H-benzimidazole (NNBI) were 
investigated as corrosion inhibitors for mild steel in 1 M 
HCl medium using a combined experimental and theoret-
ical approaches.

The electrochemical analysis revealed that the inhi-
bition efficiency of both inhibitors increases as their con-
centration increase according to the sequence BI > NNBI, 
the substitution with the nitro electron-withdrawing 
group (NO2) reduces the protective power of NNBI. EIS 
plots indicated that the addition of inhibitors increases the 
charge-transfer resistance of the corrosion process, and 
hence the inhibition performance. The outcomes obtained 
from potentiodynamic polarization data indicate that the 
investigated compounds are mixed type inhibitors. The in-
hibitors adsorption on the metal surface follow the Lang-
muir isotherm model which is attributed to the monolayer 
formation of the inhibitors molecules on the steel surface. 
The obtained values of kinetic and thermodynamic pa-
rameters (Ea, ΔG°

ads) suggest that the adsorption process 
of BI and NNBI on mild steel surface in 1 M HCl occurred 
by physical and chemical ways.

The data achieved by electrochemical techniques 
corroborate. The inhibition rates determined are close 
and evolve in the same way. The inhibitory effectiveness 
of the two benzimidazole derivatives is confirmed even 
at high temperatures, indicating their strong thermosta-
bility.

Quantum chemical calculations extend the under-
standing of the experimental findings and show that het-
eroatoms and aromatic backbones play a crucial role in ad-
sorption process thus a correlation between the inhibition 
efficiency and the molecular structure of the two inhibitors 
was established.

Molecular dynamics simulation (MDS) indicates 
that both investigated molecules adsorb in a parallel man-
ner to the steel surface suggesting a better surface coverage 
of the metal and the high negative adsorption energies of 

BI and NNBI indicates their spontaneous and stronger ad-
sorption on the steel surface. The computational studies 
confirmed experimental results.

This work provides a step forward the best under-
standing of the role of two benzimidazole derivatives as 
new efficient corrosion inhibitors for steel corrosion in 1 
M HCl medium and their behavior could be assessed with 
similar compounds in order to step up the search for more 
efficient organic corrosion inhibitors.
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Povzetek
Z uporabo elektrokemijske impedančne spektroskopije (EIS) in potenciodinamične polarizacije (PDP) smo ocenili 
učinek dveh heterocikličnih spojin, derivatov benzimedazola (BnZ), in sicer 1-benzil-2-fenil-1H-benzimedazola (BI) 
ter 1-(4-nitrobenzil)-2-(4-nitrofenil)-1H-benzimedazola (NNBI), na korozijo ogljikovega jekla v mediju 1M HCl. 
Proučevali smo vpliv koncentracije in temperature. Določeni elektrokemijski parametri so pokazali, da sta oba inhib-
itorja mešanega tipa. Inhibicijska učinkovitost NNBI je bila manjša od učinkovitosti BI. Najbolj elektronsko privlačna 
substituenta zagotavlja najnižjo učinkovitost. Mehanizem delovanja teh inhibitorjev smo ovrednotili s termodinamično 
študijo. Izračunane vrednosti , inso potrdile, da se BI in NNBI adsorbirata s kemijskim in fizikalnim procesom. Proces 
adsorpcije je spontan in sledi Langmuirovi adsorpcijski izotermi. Kvantno kemijski parametri, izračunani z uporabo 
teorije gostotnega funkcionala in simulacije molekularne dinamike, so potrdili tako eksperimentalne podatke kot tudi 
podatke iz literature.
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Abstract
Two new lanthanide mercury halide compounds with isonicotinic acid as a ligand, namely, [Gd(µ2-HIA)2(µ3-IA)
(H2O)2(HgCl2)]n(nHgCl4)·3nH2O (1) (HIA = isonicotinic acid) and {[Nd(µ2-HIA)3(DMF)(H2O)]n}[(Hg4Br11)n]
(2HgBr2)(nBr)·nH3O (2), were synthesized with solvothermal reactions and characterized by single-crystal X-ray dif-
fraction. Compound 1 is characterized by a two-dimensional (2-D) layer-like structure, while compound 2 features a 
one-dimensional (1-D) chain-like structure. The lanthanide ions in both compounds are eight coordinated and show 
a square antiprism geometry. The mercury ions exhibit various coordination motifs. Compound 1 exhibits ultraviolet 
upconversion photoluminescence emission, whereas compound 2 displays red photoluminescence. The photolumines-
cence emissions arise from the characteristic 4f electron intrashell transitions of the 6P7/2 →  8S7/2 of the Gd3+ ions in 
compound 1 and the 4F9/2 → 4I9/2, 4F7/2 + 4S3/2→ 4I9/2, 4F5/2 + 2H9/2→ 4I9/2, 4F3/2 → 4I9/2 of the Nd3+ ions in compound 2. 
Compound 2 has CIE (Commission Internationale de l’Éclairage) chromaticity coordinates of (0.7142, 0.2857) and its 
CCT (correlated color temperature) is 138,224 K. Solid-state UV/Vis diffuse reflectance spectra revealed that the semi-
conductor band gaps of the compounds are 3.12 eV and 3.23 eV, respectively. Elemental analyses and FT-IR spectroscopy 
were carried out to confirm the purity of the compounds.

Keywords: gadolinium; band gap; neodymium; photoluminescence; solvothermal reaction

1. Introduction
Over the course of several decades, lanthanide coor-

dination compounds have increasingly garnered interest 
from researchers in chemistry and materials science. This 
heightened attention arises from the fact that these com-
pounds often exhibit valuable physicochemical properties, 
including photoluminescence, catalytic activity, magnetic 
capabilities, and biochemical sensing abilities, thus mak-
ing them highly sought-after for applications in displays, 
catalysis, medicine, and numerous other fields.1–6 The in-
triguing physicochemical attributes of lanthanide coordi-
nation compounds primarily arise from the abundant 4f 
electrons present in the lanthanide ions. Among these 
properties, which are captivating, photoluminescence 
stands out as particularly fascinating. Lanthanide coordi-
nation compounds typically exhibit robust photolumines-
cence emission when 4f electron transitions occur effi-

ciently. To explore their potential applications in domains 
such as electrochemical displays, luminescent sensors, 
medicine, magnetic materials, light-emitting diodes, and 
more, extensive research has been conducted on lantha-
nide coordination compounds.7–12

Zinc, cadmium, and mercury, classified as Group 12 
elements, have garnered considerable attention for a mul-
titude of reasons, including zinc’s pivotal role in biological 
systems, the diverse coordination motifs they exhibit, as 
well as their enticing photoelectric and photolumines-
cence behaviors, among others.13–16 Furthermore, the 
Group 12 elements also hold potential for use in the syn-
thesis of semiconductor materials, and numerous semi-
conductor materials incorporating these elements have 
been documented to date.17–20

Organic molecules featuring diverse functional 
groups are invaluable in the synthesis of metal coordina-

mailto:wtchen_2000@
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tion compounds. Specifically, N-containing heterocyclic 
molecules, such as isonicotinic acid, nicotinic acid, 4,4’-bi-
pyridine, 2,2’-bipyridine, and others, have been extensively 
utilized in the preparation of these compounds due to their 
abundant coordination sites and versatility in coordination 
modes.21−23 To our understanding, isonicotinic acid serves 
as a valuable building block due to its unique structural 
features, namely, two carboxylic oxygen atoms on one side 
and a nitrogen atom on the other. This arrangement ena-
bles isonicotinic acid molecules to bind with various metal 
ions, facilitating the formation of novel compounds. Conse-
quently, isonicotinic acid is regarded as an excellent chelat-
ing and bridging ligand for constructing metal coordination 
compounds with extended, high-dimensional structures. 
Additionally, the pyridyl ring in isonicotinic acid possesses 
delocalized π-electrons, which renders it a promising candi-
date for the development of luminescent materials in diverse 
fields, including organic light-emitting diodes (OLEDs), 
chemical sensors, solar energy conversion, and more.24−26

For many years, our team has been aiming at re-
search on photoluminescence and semiconductor com-
pounds.27–29 We have recently become interested in the 
design and preparation of lanthanide mercury halide com-
pounds with new structural geometries and fascinating 
properties. In this paper, we report the syntheses, single 
crystal structures, FT-IR, and semiconductor bandgaps, as 
well as the photoluminescence, CIE, and CCT of two new 
lanthanide mercury halide compounds with isonicotinic 
acid as a ligand, namely, [Gd(µ2-HIA)2(µ3-IA)(H2O)2(Hg-
Cl2)]n(nHgCl4)·3nH2O (1) and {[Nd(µ2-HIA)3(DMF)
(H2O)]n}[(Hg4Br11)n](2HgBr2)(nBr)·nH3O (2). Both com-
pounds were synthesized via solvothermal reactions. It is 
noteworthy that compound 1 exhibits ultraviolet upcon-
version photoluminescence.

2. Experimental
2. 1. Instruments and Chemicals

All reagents and chemicals applied for the syntheses 
of the title compounds were commercially available and 
directly used. The elemental analyses of carbon, hydrogen 
and nitrogen were conducted on an Elementar Vario EL 
elemental analyzer. The FT - IR spectroscopy was carried 
out on a PE Spectrum - One FT - IR spectrophotometer 
with KBr pellets in the wavenumber of 4000 cm–1 ~ 400 
cm–1. The photoluminescence spectra were measured on 
a F97XP photoluminescence spectrometer with 200 nm ~ 
900 nm wavelength. The solid - state UV/Vis diffuse reflec-
tance spectra (DRS) were carried out on a TU1901 UV/
Vis spectrometer with 190 nm ~ 900 nm wavelength. The 
band gap energy (Eg) of the title compounds was calcu-
lated from DRS data using the Kubelka–Munk equation 
(αhν = A(hν − Eg)1/2); where α is absorption coefficient; 
h is Planck constant, ν is light frequency, A is Tauc’s con-
stant, and Eg is absorption coefficient. 30

2. 2. �Preparation of [Gd(µ2-HIA)2(µ3-IA)
(H2O)2(HgCl2)]n(nHgCl4)·3nH2O (1)

The GdCl3·6H2O (1 mmol, 372 mg), HgCl2 (2 mmol, 
542 mg), isonicotinic acid (3 mmol, 369 mg) and distilled 
water (15 mL) were loaded into a 25 mL Teflon-lined stain-
less steel autoclave. This autoclave was kept at 473 K for 
seven days. After naturally cooling to room temperature, 
colorless block-like crystals suitable for the single-crystal 
X-ray diffraction measurements were obtained, washed 
with distilled water and dried in air. The yield was 35% 
(based on GdCl3·6H2O). C18H24Cl6GdHg2N3O11: calc. C, 
17.58; H, 1.97; N, 3.42; Found C, 17.68; H, 1.99; N, 3.48. 
FT-IR peaks (cm-1) of 1: 3514(vs), 3440(vs), 3206(w), 
3134(m), 3073(s), 2892(w), 2803(w), 1699(m), 1590(vs), 
1501(w), 1408(vs), 1230(m), 1077(w), 1048(m), 1004(w), 
846(s), 761(vs), 676(s), 547(m) and 413(s). FT-IR peaks 
(cm-1) of isonicotinic acid: 3453(vs), 3105(w), 3052(m), 
2923(w), 2850(w), 2806(w), 1961(m), 1714(vs), 1613(s), 
1565(m), 1476(w), 1411(s), 1335(s), 1302(w), 1229(s), 
1140(m), 1023(s), 857(m), 764(s), 692(m), 671(w) and 
485(m).

2. 3. �Preparation of {[Nd(µ2-HIA)3(DMF)
(H2O)]n}[(Hg4Br11)n](2HgBr2)
(nBr)·nH3O (2)
The Nd(NO3)3·6H2O (0.5 mmol, 218 mg), HgBr2(2 

mmol, 720 mg), isonicotinic acid (1.5 mmol, 185 mg), 
1 mL DMF and 10 mL distilled water were loaded into 
a 25 mL Teflon-lined stainless steel autoclave. The auto-
clave was heated at 433 K for ten days and powered off. 
After naturally cooling to room temperature, yellow 
block-like crystals suitable for the single-crystal X-ray 
diffraction measurement were collected, washed with dis-
tilled water and dried in air. The yield was 23% (based on 
Nd(NO3)3·6H2O). C21H27Br16Hg6N4NdO9: calc. C, 8.12; 
H, 0.88; N, 1.80; Found C, 8.20; H, 0.85; N, 1.87. FT-IR 
peaks (cm-1): 3465(vs), 3081(w), 1618(s), 1590(s), 1408(s), 
1380(vs), 1242(w), 1101(w), 1048(w), 842(w), 761(m), 
681(m), 543(w) and 470(w).

2. 4. �X-ray Single Crystal Structure 
Characterization
The X-ray single crystal data of complexes 1 and 2 

were obtained from a Rigaku Mercury CCD X-ray diffrac-
tometer equipped with a graphite monochromated Mo-Kα 
radiation source, and the radiation wavelength is 0.71073 
Å. The measurement was carried out using the ω scan 
mode. The single crystal data reduction and empirical ab-
sorption correction were conducted using the CrystalClear 
software. The single crystal structures of complexes 1 and 
2 were solved using the direct method with the Siemens 
SHELXTL™ Version 5 software packages. All non-hydro-
gen atoms were generated based on the subsequent dif-
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ference electron density maps and refined anisotropically, 
while all hydrogen atoms were placed theoretically. The 
final single crystal structures of complexes 1 and 2 were 
refined using the full-matrix least-squares refinement on 
F2. Crystallographic data and structural analyses of com-
plexes 1 and 2 are given in Table 1. Selected bond lengths 
and bond angles are shown in Table 2. Hydrogen bonding 
geometry (Å, °) are listed in Table 3.

3. Result and Discussions
Compound 1 was prepared by using GdCl3·6H2O, 

HgCl2, isonicotinic acid and distilled water in a Tef-
lon-lined stainless steel autoclave at 473 K under hydro-
thermal conditions. Compound 2 was synthesized by us-
ing Nd(NO3)3·6H2O, HgBr2, isonicotinic acid, DMF and 
distilled water in a Teflon-lined stainless steel autoclave at 
433 K under hydrothermal conditions. It is known that the 
hydrothermal reaction with organic molecules is a pow-
erful way for the preparation of novel compounds. Under 
hydrothermal conditions, the properties of water behave 
very different from normal conditions, namely, water is 
superheated with obviously lowered viscosity. Solids are 
easily extracted into this water and the diffusion rate of 
reagents increases under hydrothermal conditions. So, 
many reactions can occurred. Lee and co-authors reported 
a mercury bromide complex [Hg4Br6L2][Hg2Br6] which 
was prepared by using a slow evaporation method of solu-
tion.31 Hu et al documented a mercury bromide complex 

(TMP)(Hg2Br5)·0.5H2O which was also obtained by us-
ing a slow evaporation method of solution.32 Song and 
co-authors reported a mercury bromide complex [Cu2(bi-
py)4HgBr4][Hg2Br6] which was also synthesized by using a 
slow evaporation method.33

T﻿he FT-IR spectroscopy of compounds 1 and 2 were 
carried out under room temperature. The FT-IR bands of 
both compounds are dominantly located in the frequency 
span of 600 ~ 1700 cm–1. The very strong intensity bands 
residing at 3440 cm–1, 3514 cm–1 and 3465 cm–1 should 
be ascribed to the O–H asymmetric vibration of the water 
molecules. The bands locating at 1618 cm–1 and 1590 cm–1 
could be assigned to the stretching and bent vibrations of 
the C–N bonds of the pyridyl rings of the isonicotinic acid 
ligands. The bands at 1501 cm–1, 1408 cm–1, 1380 cm–1, 
1242 cm–1 and 1230 cm–1 could be assigned to the C–O 
stretching vibrations of the pyridyl rings of the isonico-
tinic acid ligands. The bands residing in the span of 842 
~ 1101 cm–1 should be ascribed to the bending vibration 
of the pyridyl rings of the isonicotinic acid ligands. The 
bands locating at 413 cm–1 ~ 761 cm–1 could be assigned 
to the stretching vibrations of the Hg–Cl/Br bonds.34 The 
very strong band 1714 cm–1 of the free ligand isonicotinic 
acid disappeared in the FT-IR spectroscopy of compounds 
1 and 2. This verifies that the carboxylic groups of the ison-
icotinic acid molecules are coordinated with metal. It is in 
good line with the single-crystal X-ray diffraction results.

The single-crystal X-ray diffraction experiments 
showed that both title compounds crystallize in the space 
group P21/c of the monoclinic system with four formula 

Table 1: Crystallographic data and structural analyses for complexes 1 and 2

Compound	 1	 2

Formula	 C18H24Cl6GdHg2N3O11	 C21H27Br16Hg6N4NdO9
Mr	 1229.53	 3105.81
Color and Habit	 colorless block 	 yellow block
Crystal size/mm	 0.23 × 0.07 × 0.05 	 0.14 × 0.06 × 0.04
Crystal system	 Monoclinic 	 Monoclinic 
Space group	 P21/c 	 P21/c
a (Å)	 9.7208(3) 	 9.7418(3) 
b (Å)	 19.8355(7) 	 27.1490(9) 
c (Å)	 17.1090(5) 	 21.4775(12) 
β (°)	 101.521(3)	 100.772(4)
V (Å3)	 3232.44(18) 	 5580.3(4) 
Z	 4 	 4 
2θmax/°	 50	 50
Reflections collected	 18390	 30735
Independent, observed reflections (Rint)	 5712, 4737 (0.0276)	 9756, 6788 (0.0444)
dcalcd. (g/cm3)	 2.526 	 3.697 
μ/mm-1	 12.054 	 28.854 
T/K	 293(2)	 293(2)
F(000)	 2268	 5412
R1, wR2	 0.0317, 0.0629	 0.1108, 0.3030
S	 1.037 	 1.051 
Largest and mean Δ/σ	 0.001, 0.000 	 0.000, 0.000 
Δρ(max, min) (e/Å3)	 1.116, –1.081 	 6.358, –5.117
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molecules in each cell unit (Table 1). The crystallographi-
cally asymmetric unit of compound 1 consists of two Hg2+ 
cations, one Gd3+ cation, six Cl− anions, two isonicotinic 
acid molecules, one isonicotinate anion, two coordination 

water molecules and three lattice water molecules, as dis-
played in Fig. 1. All crystallographic independent atoms 
are located at general positions. The Gd3+ ions are bound 
by eight oxygen atoms: two from coordination water mol-
ecules, two from isonicotinic acid anions, and four from 
isonicotinic acid molecules, forming a GdO8 square ant-
iprismatic geometry. As listed in Table 2, the Gd–Oisonico-

tinic acid bond lengths of compound 1 locate in the span of 
2.319(4) Å ～ 2.391(4) Å with an average value of 2.358(4) 
Å, while the Gd–Owater bond lengths are 2.438(4) Å and 
2.499(4) Å. The Gd–Oisonicotinic acid bond lengths are ob-
viously shorter than the Gd–Owater bond lengths. This 
suggests that the Gd3+ ions have much stronger affinity to 
the isonicotinic acid ligands than to the water molecules. 
These Gd−O bond lengths are in the normal span and 
comparable with the values documented in the referenc-
es.35,36 The O−Gd−O bond angles fall within the range of 
69.60(15)° ~ 145.98(15)°.

The Hg1 ion is coordinated by four chloride ions to 
form an isolated HgCl4 tetrahedron. The Hg2 ion is bound 
by one terminal chloride ion, two μ2-bridging chloride 
ions and one pyridine nitrogen atom to yield a distorted 
tetrahedron. The Hg–Cl bond lengths fall within the range 

Fig. 1: An ORTEP figure of the asymmetric unit of complex 1 with 
20% thermal ellipsoids. Lattice water molecules and hydrogen at-
oms were omitted for clarity.

Fig. 2: A 1-D –Gd–(IA)2–Gd–(HIA)4–Gd– chain in complex 1

Fig. 3: A 2-D layer in complex 1
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of 2.3205(16) Å ～ 2.7730(16) Å with an average value of 
2.5287(18) Å, while the Hg–N bond length is 2.161(5) Å. 
The Hg–Cl and Hg–N bond lengths are within normal 
ranges and comparable with the values documented in the 
references.37,38 The Cl−Hg−Cl and N−Hg−Cl bond angles 
locate in the range of 87.26(5)° ~ 118.07(8)° and 92.48(13)° 
~ 156.31(14)°, respectively. Two neighboring Hg(2) ions are 
linked by two μ2-bridging chloride ions to form a Hg2Cl4 
moiety. The Hg(2)#1-Cl(6)-Hg(2) bond angle is 92.74(5)° 
that is close to a right angle. The neighboring Gd3+ ions 
are interbridged together alternately by two isonicotinic 
acid anions and four isonicotinic acid molecules, to yield 

a one-dimensional (1-D) chain running along the a axis, 
as shown in Fig. 2. The distances are 4.533 Å and 5.220 
Å between adjacent Gd3+···Gd3+ ions. The 1-D chains are 
connected by Hg2Cl4 moieties to form a two-dimensional 
(2-D) layer extending along the ac plane, as presented in 
Fig. 3. The deviation of the six atoms of the pyridyl rings 
of the three isonicotinic acid are in the range of –0.011 Å 
~ 0.010 Å, –0.009 Å ~ 0.006 Å and –0.009 Å ~ 0.014 Å, 
respectively. Such small deviation suggests that each of 
the pyridyl rings of the three isonicotinic acid are almost 
coplanar. The torsion angles from the carboxylic groups 
to the pyridyl rings are 170.5(5)°, 168.2(5)°, –173.3(5)°, 

Table 2: Selected bond lengths (Å) and angles (º) of complexes 1 and 2

Complex 1

Bond Lengths (Å)		  Bond Angles (º)	

Hg(1)-Cl(1) 	 2.5081(18) 	 Cl(3)-Hg(1)-Cl(4) 	 112.03(8) 
Hg(1)-Cl(2) 	 2.5306(18) 	 Cl(3)-Hg(1)-Cl(1) 	 115.60(7) 
Hg(1)-Cl(3) 	 2.438(2) 	 Cl(4)-Hg(1)-Cl(1) 	 106.63(7) 
Hg(1)-Cl(4) 	 2.451(2) 	 Cl(3)-Hg(1)-Cl(2) 	 98.82(7) 
Hg(2)-N(1) 	 2.161(5) 	 Cl(4)-Hg(1)-Cl(2) 	 118.07(8) 
Hg(2)-Cl(5) 	 2.3205(16) 	 Cl(1)-Hg(1)-Cl(2) 	 105.82(6) 
Hg(2)-Cl(6) 	 2.7730(16)	 N(1)-Hg(2)-Cl(5) 	 156.31(14) 
Hg(2)-Cl(6)#1 	 2.6795(17) 	 N(1)-Hg(2)-Cl(6)#1 	 97.53(13) 
Gd(1)-O(2) 	 2.319(4) 	 Cl(5)-Hg(2)-Cl(6)#1 	 102.80(6) 
Gd(1)-O(6)#2 	 2.336(4) 	 N(1)-Hg(2)-Cl(6) 	 92.48(13) 
Gd(1)-O(1)#3 	 2.358(4) 	 Cl(5)-Hg(2)-Cl(6) 	 100.46(5) 
Gd(1)-O(4)#2 	 2.361(4) 	 Cl(6)#1-Hg(2)-Cl(6) 	 87.26(5) 
Gd(1)-O(5) 	 2.388(4) 	 Hg(2)#1-Cl(6)-Hg(2) 	 92.74(5) 
Gd(1)-O(3) 	 2.391(4) 	 O(2)-Gd(1)-O(4)#2 	 145.98(15)
Gd(1)-O(1W) 	 2.438(4) 	 O(5)-Gd(1)-O(1W) 	 69.60(15) 
Gd(1)-O(2W) 	 2.499(4) 	 	

Symmetry transformations used to generate equivalent atoms: #1 –x, –y+1, –z–1; #2 –x, –y+1, –z; 
#3 –x+1, –y+1, –z

Complex 2

                Bond Lengths (Å)	 Hg(5)-Br(1) #1	 3.298(5)
Hg(1)-Br(1) 	 2.70(5) 	 Hg(6)-Br(14) 	 2.41(2) 
Hg(1)-Br(2) 	 2.38(5) 	 Hg(6)-Br(15) 	 2.416(15) 
Hg(1)-Br(3) 	 2.60(6) 	 Nd(1)-O(3) 	 2.36(5) 
Hg(1)-Br(5) 	 3.228(6) 	 Nd(1)-O(5) 	 2.39(4) 
Hg(2)-Br(3) 	 3.10(2)	 Nd(1)-O(2) 	 2.39(5) 
Hg(2)-Br(4) 	 2.39(2) 	 Nd(1)-O(6) 	 2.42(5) 
Hg(2)-Br(5) 	 2.406(18) 	 Nd(1)-O(4)#2 	 2.45(5) 
Hg(2)-Br(6) 	 3.214(18) 	 Nd(1)-O(1)#2 	 2.46(5) 
Hg(3)-Br(7) 	 2.343(19) 	 Nd(1)-O(1W) 	 2.51(5) 
Hg(3)-Br(8) 	 2.373(18) 	 Nd(1)-O(7) 	 2.52(4) 
Hg(4)-Br(6) 	 2.646(18) 	                     Bond Angles (º)
Hg(4)-Br(9) 	 2.860(18) 	 Br(9)-Hg(3)-Br(1)#3 	 89.1(5) 
Hg(4)-Br(10) 	 2.455(16) 	 Br(14)-Hg(6)-Br(15) 	 176.9(9) 
Hg(4)-Br(11) 	 2.623(19) 	 Hg(1)-Br(3)-Hg(2) 	 89.4(15)
Hg(5)-Br(12) 	 2.33(5) 	 Hg(4)-Br(9)-Hg(3) 	 166.64(5) 
Hg(5)-Br(12)#1 	 3.144(5) 	 O(6)#1-Nd(1)-O(1)#2 	 145.3(18) 
Hg(5)-Br(13) 	 2.41(2) 	 O(6)#1-Nd(1)-O(1W) 	 72.0(16)

Symmetry transformations used to generate equivalent atoms: #1 –x–1, –y+3, –z+4; #2 –x, –y+3, 
–z+4; #3 x+1, y, z.
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–178.0(5)°, –173.7(5)° and –169.8(5)°, respectively. The 
neutral isonicotinic acid molecule acts as a μ2-bridging 
ligand with two oxygen atoms binding to two Gd3+ cati-
ons, while the isonicotinic acid anion acts as a μ3-bridging 
ligand with two oxygen atoms binding to two Gd3+ cations 
and one nitrogen atom linking to one Hg2+ cation (see Fig. 
3). There are eight hydrogen bonding interactions which 
can be grouped into five types, namely, O-H···O, N-H···Cl, 
O-H···Cl, N-H···O and C-H···Cl, as shown in Table 3. These 
hydrogen bonding interactions solidify the crystal packing 

structure and construct a three-dimensional (3-D) supra-
molecular framework of complex 1, as presented in Fig. 4.

The single-crystal X-ray diffraction analysis results 
revealed that the crystallographically asymmetric unit of 
complex 2 is comprised of six Hg2+ cations, one Nd3+ cati-
on, sixteen Br− anions, three neutral isonicotinic acid mol-
ecules, one DMF molecule, one coordination water mole-
cule and one lattice water molecule, as displayed in Fig. 5. 
All crystallographic independent atoms are located at gen-
eral positions. The six crystallographically independent 
Hg2+ cations have two kinds of coordination geometries. 
The Hg1, Hg2, Hg4 and Hg5 ions are bound by four bro-
mide ions to yield distorted tetrahedra. The Hg3 and Hg6 
ions are coordinated by two terminal bromide ions to give 
a linear motif with the bond angles of Br(7)-Hg(3)-Br(8) 
and Br(14)-Hg(6)-Br(15) being of 169.2(9)° and 176.8(6)°, 
respectively. The Hg–Br bond lengths fall within the range 
of 2.33(5) Å ～ 3.298(5) Å. The Hg–Br bond lengths are in 
the normal span and comparable with the values report-
ed in the references.39,40 The Br−Hg−Br bond angles fall 
within the range of 89.1(5)° ~ 176.9(9)°, while Hg-Br-Hg 
bond angles reside in the span of 89.4(15)° ~ 166.64(5)°. 
The Hg1, Hg2, Hg4 and Hg5 ions are connected by the 
μ2-bridging bromide ions to form a 1-D –Hg–Br–Hg–Br–
Hg– chain running along the a axis, as shown in Fig. 6. Lee 
and co-authors reported a mercury bromide complex with 
two rhomboidal clusters [Hg2Br6]2−.31 Hu et al reported a 
complex (TMP)(Hg2Br5)·0.5H2O containing a (Hg2Br5)− 
anion.32 Song and co-authors reported a mercury bro-
mide complex [Cu2(bipy)4HgBr4][Hg2Br6] that contains a  
[Hg2Br6]2− anion.33

The Nd3+ ion is surrounded by eight oxygen atoms, 
of which one is offered by one coordination water mol-
ecule, one comes from one DMF molecule, six are of-
fered by six isonicotinic acid molecules, to yield a NdO8 
square antiprismatic geometry. As shown in Table 2, the 
Nd–Oisonicotinic acid bond lengths of compound 1 fall within 

Table 3: Hydrogen bonding geometry (Å, deg) of complexes 1 and 2

Complex 1

D–H···A	 D–H	 H···A	 D···A	 D–H···A

O2W-H2WA···O3W(–x, –1/2+y, –1/2–z) 	 0.82	 2.16	 2.971(7)	 169
N2-H2B···Cl1(–1+x, 1/2–y, –1/2+z) 	 0.86	 2.53	 3.269(10)	 145
O1W-H1WB···Cl1(1–x, 1–y, –z)	 0.90(5)	 2.30(5)	 3.158(4)	 159(7)
N3-H3A···O3W 	 0.86	 1.98	 2.795(9)	 159
O5W-H5WA···Cl3(x, 1/2–y, 1/2+z) 	 0.94(9)	 2.62(10)	 3.118(9)	 114(10)
O3W-H3WA···O4W(–x, 1/2+y, –1/2–z)	 0.90(4)	 2.23(3)	 3.000(16)	 144(2)
C17-H17A···Cl3(1–x, 1/2+y, –1/2–z) 	 0.93	 2.80	 3.434(9)	 126
C13-H13A···Cl2 (–x, 1/2+y, –1/2–z) 	 0.93	 2.79	 3.468(10)	 131

Compound 2

D–H···A	 D–H	 H···A	 D···A	 D–H···A

C7-H7A···Br2(-1-x,1/2+y,7/2-z) 	 0.94	 2.92	 3.80(8)	 158

Fig. 4: The packing structure of complex 1 with the dashed lines rep-
resenting hydrogen bonding interactions
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the range of 2.36(5) Å ～ 2.46(5) Å with an average val-
ue of 2.41(5) Å, while the Nd–Owater and Nd–ODMF bond 
lengths are 2.51(5) Å and 2.52(4) Å, respectively. The Nd–
Oisonicotinic acid bond length is the shortest and the Nd–ODMF 
bond length is the longest. This suggests that the Nd3+ ion 
has much more stronger affinity to the isonicotinic acid 
ligands than to the DMF molecules. These Nd−O bond 
lengths lie in the normal range and comparable with the 
values documented in the references.41,42 The O−Nd−O 
bond angles fall within the range of 72.0(16)° ~ 145.3(18)°. 
The neighboring Nd3+ ions are interbridged together alter-
nately by two and four isonicotinic acid molecules, to form 
a one-dimensional (1-D) –Nd–(HIA)4–Nd–(HIA)2–Nd–
(HIA)4–Nd– chain running along the a axis, as shown in 
Fig. 7. The distances are 4.639 Å and 5.141 Å between adja-
cent Nd3+···Nd3+ ions. All of the isonicotinic acid molecule 
acts as a μ2-bridging ligand with two oxygen atoms bind-
ing to two Nd3+ cations (see Fig. 7). The deviation of the six 

atoms of the pyridyl rings of the three isonicotinic acid are 
in the range of –0.042 Å ~ 0.061 Å, –0.060 Å ~ 0.047 Å and 
–0.029 Å ~ 0.026 Å, respectively. Such small deviation sug-
gests that each of the pyridyl rings of the three isonicotinic 
acid are almost coplanar. The torsion angles from the car-
boxylic groups to the pyridyl rings are 174.6(7)°, 167.7(7)°, 
–172.2(7)°, –174.9(7)°, –172.8(5)° and –177.9(4)°, respec-
tively. There is only one hydrogen bonding interaction in 
compound 2, namely, C7-H7A···Br2(-1-x,1/2+y,7/2-z). 
This hydrogen bonding interaction connects the above 
mentioned 1-D –Hg–Br–Hg–Br–Hg– chains and –Nd–
(HIA)4–Nd–(HIA)2–Nd–(HIA)4–Nd– chains together to 
yield a 2-D supramolecular layer extending along the ac 
plane, as shown in Fig. 8. Hydrogen bonding interactions 
and electrostatic forces enhance the stability of the crystal 
packing structure of complex 2, as presented in Fig. 9.

It is well-known that a large number of lanthanide 
and mercury complexes can display photoluminescence 

Fig. 5: An ORTEP drawing of complex 2 with 20% thermal ellipsoids. Lattice water molecules, isolated bromide ions, disordered atoms and hydro-
gen atoms were omitted for clarity.

Fig. 6: A 1-D –Hg–Br–Hg–Br–Hg– chain in complex 2
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emissions. As a result, it is supposed that both title com-
plexes should exhibit photoluminescence emissions be-
cause they possess lanthanide and mercury ions simulta-
neously. Based on this consideration, the powder samples 
of both title complexes were applied to conduct the pho-
toluminescence experiments at room temperature. The re-
sults of the photoluminescence experiments of both title 
complexes are presented in Fig. 10 and Fig. 11. As for com-
plex 1, when it was excited by the UVA light of 386 nm, it 
exhibited the UVB photoluminescence with an emission 
band locating at 312 nm, as displayed in Fig. 10. The pho-
toluminescence emission originates from the characteris-
tic emissions of the 4f electron intrashell transitions of the 
Gd3+ ions in complex 1.43 UVB includes the wavelength 
280–320 nm of the spectrum therefore, complex 1 is a po-
tential UVB photoluminescence emission material. With 
regard to complex 2, the photoluminescence absorption 

is located in the span of 480 nm ～ 550 nm with an ad-
sorption peak at 496 nm. When it was excited by the 496 
nm light, complex 2 exhibits red photoluminescence emis-
sions in the span of 620 nm ～ 900 nm with four emission 
bands locating at 682, 745, 823 and 885 nm, of which 745 
nm is the strongest one, as shown in Fig. 11. These pho-
toluminescence emission bands come from the character-
istic emissions of the 4f electron intrashell transitions of 
the Nd3+ ions in compound 2.44 As presented in Fig. 12, 
compound 2 has CIE chromaticity coordinates (0.7142, 
0.2857) in the red region and its CCT is 138224 K. As a 
result, complex 2 is supposed to be a potential red light 
photoluminescent material.

Fig. 7: A 1-D –Nd–(HIA)4–Nd–(HIA)2–Nd–(HIA)4–Nd– chain in complex 2

Fig. 8: A 2-D supramolecular layer in complex 2 with the green 
dashed lines representing hydrogen bonding interactions. The tur-
quiose and pink are Hg- and Nd-centered polyhedra, respectively.

Fig. 9: The packing structure of complex 2. The turquiose and pink 
are Hg- and Nd-centered polyhedra, respectively.
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As for lanthanide materials, their photolumines-
cence, magnetic and catalytic properties have been widely 
explored so far, but their semiconductive properties have 
been relatively rarely investigated. Considering this rea-
son and in order to more deeply explore the photophysi-
cal performances of compounds 1 and 2, their solid state 
UV/Vis diffuse reflection measurements were carried out 
with a finely ground powder sample at room temperature. 
The solid state UV/Vis diffuse reflectance spectra data for 
complexes 1 and 2 were processed with the famous Kubel-
ka-Munk formula α/S = (1-R)2/2R, where α refers to the 
absorption coefficient, S is the scattering coefficient, R is 
the reflection coefficient. The converted solid state UV/Vis 
diffuse reflectance spectra are given in Figs. 13 and 14 for 
complexes 1 and 2, respectively. The semiconductive band-
gaps for complexes 1 and 2 can be found by virtue of the 
straight line extrapolation technique from the maximum 
absorption edges of the α/S versus energy diagrams. Based 
on such a technique, the semiconductive bandgaps for 
complexes 1 and 2 can be found to be 3.12 eV and 3.23 eV, 

Fig. 10: Solid state photoluminescence spectra of complex 1 with 
the green and red lines representing excitation and emission spec-
tra, respectively.

Fig. 11: Solid state photoluminescence spectra of complex 2 with 
the green and red lines representing excitation and emission spec-
tra, respectively.

Fig. 12: The CIE diagram of complex 2.

Fig 13: The UV-vis diffuse reflectance diagram measured with a sol-
id state sample of complex 1.

Fig 14: The UV-vis diffuse reflectance diagram measured with a sol-
id state sample of complex 2.
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respectively. Furthermore, the solid state UV/Vis diffuse re-
flectance curves of complexes 1 and 2 reveal that the max-
imum absorption edges are not very steep, which indicates 
that both of them should go through an indirect transition 
process.45 As a result, complexes 1 and 2 are potentially a 
candidate for wide bandgap semiconductive materials.

4. Conclusions
In brief, we have synthesized two new lanthanide 

mercury halide compounds each possessing distinct 
crystal structures: one exhibits a 2-D layer-like structure, 
while the other features a 1-D chain-like structure. One 
compound has a ultraviolet upconversion photolumines-
cence emission, while the other shows red photolumines-
cence. These emissions originate from the characteristic 
emissions of the 4f electron intrashell transitions of the 

6P7/2 → 8S7/2 of the Gd3+ ions and the 4F9/2 → 4I9/2, 4F7/2 + 
4S3/2→  4I9/2, 4F5/2  + 2H9/2→  4I9/2, 4F3/2  →  4I9/2 of the Nd3+ 
ions. The neodymium compound possesses CIE chroma-
ticity coordinates of (0.7142, 0.2857) and a CCT of 138224 
K. Solid-state UV/Vis diffuse reflectance spectra revealed 
that they are potential wide bandgap semiconductive ma-
terials. Further investigations on the relationship between 
the crystal structures and the physicochemical properties 
in this field are in progress in our lab.
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Povzetek
S solvotermalno sintezo smo sintetizirali dve novi spojini z lantanoidi in živim srebrom ter izonikotinsko kislino kot li-
gandom in sicer [Gd(µ2-HIA)2(µ3-IA)(H2O)2(HgCl2)]n(nHgCl4)·3nH2O (1) (HIA = izonikotinska kislina) in {[Nd(µ2-HI-
A)3(DMF)(H2O)]n}[(Hg4Br11)n](2HgBr2)(nBr)·nH3O (2). Obe spojini smo karakterizirali z monokristalno rentgensko 
difrakcijo. Spojina 1 ima dvodimenzionalno (2-D) plastovito strukturo, medtem ko ima spojina 2 enodimenzionalno 
(1-D) verižno zgradbo. Lantanoidni ioni v obeh spojinah so osemštevno koordinirani v obliki kvadratne antiprizme, 
medtem ko ima živosrebrov ion različne koordinacijske motive. Spojina 1 kaže ultravijolično fotoluminiscenco, medtem 
ko ima spojina 2 rdečo fotoluminiscenco. Razlog za fotoluminiscenčno emisijo so karakteristični prehodi 4f elektronov 
6P7/2 → 8S7/2 Gd3+ ionov v spojini 1 in 4F9/2 → 4I9/2, 4F7/2 + 4S3/2→ 4I9/2, 4F5/2 + 2H9/2→ 4I9/2, 4F3/2 → 4I9/2 prehodi Nd3+ ionov v 
spojini 2. Spojina 2 ima barvne koordinate (0.7142, 0.2857) CIE (Commission Internationale de l’Éclairage) in vrednost 
CCT (korelirana barvna temperatura) 138,224 K. Iz UV/Vis spektrov v trdnem stanju smo izračunali polprevodniške šir-
ine prepovedanega pasu, ki znašajo 3.12 eV in 3.23 eV. Elementna analiza in FT-IR spektri potrjujejo čistost obeh spojin.
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Abstract
Photodynamic Therapy (PDT) is a cancer treatment. Singlet oxygen is produced as a result of the photochemical reaction 
between light, photosensitizer (PS), and molecular oxygen, which kills cells. Colon cancer, affecting 1.23 million people 
worldwide, often requires surgery but has high recurrence and metastasis rates. Photodynamic therapy (PDT) repre-
sents an alternative treatment for colon cancer. This study used MTT assays to evaluate cell viability and applied Zinc 
(II) Phthalocyanine (ZnPc) photosensitizers to the colorectal adenocarcinoma (HT-29) cell line to investigate cancer 
pathways via flow cytometry and q-PCR. The results showed that PDT with ZnPc significantly reduced cell viability in 
HT-29 cells and induced apoptosis at a rate of 53%. According to q-PCR results, CT values of ten out of thirty genes were 
significant, and their association with cancer was evaluated.

Keywords: Photodynamic therapy, HT-29 cancer cell, Coumarin, Phthalocyanine, Gene expression

1. Introduction
The second most significant cause of death in the 

world is cancer.1 Popular cancer therapies include surgery, 
chemotherapy, radiation, and immunotherapy. However, 
numerous regulatory cell signaling pathways, such as cell 
cycle arrest, apoptosis, or migration, have been discovered 
to impair therapeutic effectiveness process. Cancer cells' 
cellular heterogeneity may restrict the treatment options 
available to treat the illness.2 The vast heterogeneity in tu-
mor cell populations at the patient and cell level is a sig-
nificant barrier to effective cancer treatment.3 Different 
cancer cells have different responses to therapy in terms of 
acquiring drug tolerance, surviving, and having the poten-
tial to spread. Subsets of hematological and solid tumors, 

including breast, ovarian, lung, and lower gastrointestinal 
tract malignancies, have been found to evolve the multid-
rug-resistant genotype.3

The continuous accumulation of genetic and epige-
netic changes is the hallmark of the complex colorectal 
cancer (CRC) illness.4 The fourth most common cause of 
cancer-related deaths worldwide and the third most dan-
gerous malignancy overall are CRCs.5 Surgery, chemo-
therapyor radiotherapy are the standard curative therapies 
for CRC patients. However, these procedures have a lot of 
side effects and need a lot of recovery time. With the cre-
ation of fresh medications and therapeutic regimens, sig-
nificant advancements in the therapy of CRC have been 
made.6,7 However, because tumor cells are resistant to ex-
isting treatment approaches.

%20https://orcid.org/0000-0002-6424-7411
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Due to its excellent specificity and selectivity, photo-
dynamic therapy (PDT) is an appealing anticancer treat-
ment.8 PDT is a recognized medical procedure worldwide, 
including in Canada, Japan, Brazil, Chile, Argentina, the 
US, and the EU.9 PDT is a minimally invasive treatment 
technique that has been clinically established and can se-
lectively kill cancer cells.10 PDT has the following benefits 
over other cancer therapy modalities: 1- Low side effect 
profile in the dark; 2- Because tissues differ physiologi-
cally, photosensitizers accumulate more in tumor tissues 
than in healthy tissues; 3- It can be used in conjunction 
with other treatments; 4- It can be used without surgery; 
5- The effects are seen in 24 to 48 hours; and 6- The risk of 
cancer recurrence is low after PDT.11 PDT is presently em-
ployed in numerous fields, such as ophthalmology, photo-
immunotherapy, vascular targeting, and the treatment of 
cancer and acne.12

A wide range of biological actions, anti-tumor po-
tential13, including antifungal, anticoagulant, vasodilator, 
estrogenic, dermal, photosensitizing, sedative, hypnotic, 
analgesic, antimicrobial, anti-inflammatory, anti-HIV, and 
anti-ulcer effects, are displayed by compounds with a cou-
marin moiety.14 Phthalocyanines are used commercially 
as dyes and pigments in printing inks, coloring plastic 
and metal surfaces, laser technology, optical and electri-
cal materials, photodynamic cancer therapy, and chemi-
cal sensors. Functional phthalocyanines are needed for 
the development of different reactions on phthalocyanine 
complexes. These two functional compounds, coumarins, 
and phthalocyanines, can be combined in a single com-
pound by synthetic methods to obtain soluble-fluorescent 
phthalocyanines. According to the experimental results; 
the addition of coumarin derivatives to the peripheral po-
sitions of the phthalocyanine ring increased the fluores-
cence properties and solubility of phthalocyanines.14 The 
original metal phthalocyanine, a new biphenyl derivative 
of coumarin compounds Zinc (II) Phthalocyanine (ZnPc), 
was synthesized.14

This article investigated the cytotoxicity of ZnPc 
against colorectal adenocarcinoma cell line (HT-29 cells). 
It has been demonstrated that PDT and particular pho-
tosensitizers (PSs) kills cancer cells.15 The underlying 
mechanism of cell death induction must be identified to 
evaluate the effectiveness of PDT utilizing particular PSs. 
Therefore, in this study, we compare the effects of ZnPc on 
HT-29 cells and the cancer pathways to better understand 
the etiopathogenesis of human colorectal adenocarcino-
ma. This knowledge will facilitate innovative therapeutic 
approaches in the future.

2. Material and Methods
2. 1. Procedure for the Synthesis of ZnPc

In our previous study, biphenyl derivative of cou-
marin [7-(2,3-dicyanophenoxy)-3-biphenylcoumarin 2 

(0.10 g, 0.227 mmol)] with metal salt [Zn(OAc)2.2H2O 
(0.01 g, 0.046 mmol)], and two drops of DBU in 3 mL dry 
hexanol in a sealed glass tube was heated at 180 °C and 
stirred for 30 h underan argon atmosphere. After cooling to 
room temperature, the mixture was treated with 10 mL eth-
anol. The obtained products were filtered off and washed 
first with hot water then ethanol, ethylacetate and dried. 14

2. 2. �Photodynamic Therapy Treatment of Cell 
and Cell Viability Assay
The HT-29 colorectal adenocarcinoma cell line 

from (ATCC, USA) was routinely cultured in Dulbecco's 
Modified Eagle's Medium (DMEM) with the addition of 
10% heat-inactivated fetal bovine serum (FBS), 1% pen-
icillin-streptomycin (Sigma, USA), and 37 °C in a humid 
environment with 5% CO2. Adherent monolayer cells were 
passaged at 70-80% confluence using trypsin EDTA (Sig-
ma, USA). Each cell line was seeded onto 96-well plates 
with 100µL of media per well (1x104 cells), and the wells 
were attached after 24 hours of incubation at 37 °C. Cells 
were gathered to perform viability tests. The HT-29 cells 
of 1 × 104 cell density were cultured for 24 h before being 
exposed to eight concentrations of ZnPc, as 0.5, 1, 3, 5, 
10, 15, 20, and 40 µM prepared from the leading stocks 
of ZnPc, which were prepared according to literature.16, 

17 The cells were first grown with PSs for 24 hours before 
being photosensitized with a diode laser at 660 nm with a 
fluence of 5.4 J/cm2 for phototoxicity tests. The cells were 
then collected, and their vitality was assessed.16 Each well's 
culture media was taken out, and the cells were then treat-
ed with ZnPc and rinsed with PBS. Using the MTT test 
kit, the cell viability (%) was calculated (Thiazolyl Blue 
Tetrazolium Bromide, Sigma Aldrich, Missouri, ABD, Cas: 
298-93-1). HT-29 cell line was then cultured for 3 hours at 
37 °C before being slowly rinsed in PBS with a pH of 7.4. 
A spectrophotometer (540nm) was used to determine the 
cell viability, which was then computed using the formula 
below: Viability= (Sample-Blank)/(Control-Blank). Three 
times during three different weeks, the experiments were 
repeated.18

2. 3. Flow Cytometry
At 24 hours after treatment with increasing doses 

of ZnPc, apoptosis, and necrosis were identified using a 
flow cytometric assay.17 This was done using the Annex-
in V/7-Aminoactinomycin D (7-AAD) kit from Invitro-
gen/Biolegend in San Diego, California, USA. According 
to the manufacturer's recommendations, the HT-29 cell 
line (8 × 105 cells/well) was seeded in 6-well plates with 
2 mL of medium and cultivated at 37 °C for 24 hours. The 
cells underwent two cold PBS washes after being collected 
into individual eppendorf tubes. After all cells were cen-
trifuged at 1500 rpm for 5 minutes, the supernatant was 
gathered. After adding the annexin V binding buffer, cells 
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were counted at a density of 106 cells per milliliter. Cells 
were treated for 15 minutes at room temperature in the 
dark with 5 µL of Annexin V and 5 µL of 7-AAD. After 400 
µL of binding buffer was injected on ice, the percentages of 
apoptosis and necrosis were calculated by flow cytometry 
(BD AccuriTM C6 Plus) (Figure 1–2).

2. 4. �RNA Isolation and Global Dna 
Methylation Assessment
Total RNA was isolated using a TRIzol reagent (Life 

Technologies, Carlsbad, CA, USA). Total RNA concentra-
tions were determined using a Nanodrop 2000c (Thermo 
Fisher Scientific). cDNA was synthesized with Wonder 
RT- cDNA Synthesis kit (Euroclone, Milan, Italy). Follow-
ing cDNA synthesis, the level of global DNA methylation 
was estimated using the Methyl flash ™ Global DNA meth-
ylation (5-mC) ELISA Easy Kits (Epigentek Group Inc, 
USA) according to the manufacturer's protocol.

2. 5. qPCR
According to the manufacturer's recommendations, 

total RNA was extracted from cell and tumor tissue sam-
ples using the TRIzol reagent (Life Technologies, Carlsbad, 
CA, USA). Following reverse transcription, complementa-
ry DNA (cDNA) was produced and put through real-time 
PCR using the proper primers and SYBR Green Mix 
(Thermo Fisher Scientific). Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used as an internal control. 
Each experiment was performed in triplicate. Each data 
item was calculated using the 2−ΔΔCT method (Table 1).19

2. 6. �Gene Enrichment Analysis of Significant 
Genes
Protein-protein interactions (PPI) of the prominent 

genes between groups were performed using the STRING 

tool. PPI analyses were visualized using the Cytoscape 
program. Pathway and Gene ontology analyses of these 
genes were also performed using both STRING and can-
cer hallmarks tool. The expression status of these genes in 
COAD data (Cancer vs. normal) was also evaluated using 
the UALCAN tool, which performs analyses using TCGA 
datasets. In addition, survival analysis of the prominent 
genes was performed using the TIMER 2.0 tool. P value < 
0.05 was accepted as statistically significant.

2. 7. Statistical Analyses
Mean SD were the descriptive statistics used to re-

port all values. Welch correction and a t-test without pair-
ings were employed to compare two unpaired variables. 
ANOVA was used to analyze more than two parametric 
variables, and the Tukey-Kramer Multiple Comparisons 
Test was used for a post hoc analysis. The cutoff for signifi-
cance in all statistical studies is fixed at P < 0.05. GraphPad 
Instat (GraphPad Software, San Diego, CA, USA) was used 
to conduct the analyses.

3. Results
3. 1. �Cytotoxicity Studies and 

Phototherapeutic Effect of Znpc 
Photosensitizer In Vitro

According to the morphological examination, 20µM 
ZnPc significantly suppressed the cell growth of the HT-29 
cell line when compared to the control groups. According 
to the MTT experiment, the effective dose of ZnPc, spe-
cifically for the HT-29 cell line, was 20µM (P****< 0.001). 
The increasing doses of ZnPc dramatically lowered the cell 
viability of HT-29 cells. These findings indicate a dose-de-
pendent inhibition of cell viability by the ZnPc treatment 
in HT-29 cells. The concentrations between 0.5 and 10 µM 

Figure 1. The cell viabilities (%) of HT29 cells calculated according to the results of MTT assay

Survival ratios of HT-29 cells incubated in ZnPc were analyzed using dark and light toxicity assays. ****P < 0.001 vs normal cells. All data shown are 
the mean ± standard deviation of three experiments performed independently. *P < 0.05, **P < 0.01 and ***P < 0.001 are the statistically significance 
levels. ns: not significant. 3um vs. Control *P < 0,05; 5 um vs. Control ***P < 0,001; 20um vs. Control ****P < 0,001; 40um vs. Control ****P < 0,001 
analyzed by dark toxicity assays. 20um vs. Control ****P < 0,001; 40um vs. Control ****P < 0,001 analyzed by light toxicity assays. 20um (dark) vs 
20um (light); 40um (dark) vs 40 (light) ****P < 0,001 analyzed by dark and light toxicity assays.
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were also examined but did not give significant results in 
this range. One of the desirable characteristics of an effi-
cient ZnPc is to have a high toxicity in the light and a low 
toxicity in the dark [17]. This was accomplished for ZnPc 
at a concentration of 20 µM, per the MTT results from the 
current investigation. Statistical analysis used One-Way 
Analysis of Variance (ANOVA) and the Tukey-Kramer 
Multiple Comparison Test with Post-hoc Test. This con-
centration of ZnPc, showed minimal toxicity in the dark 
(75%, P****< 0.001), and their survival ratio decreased 
significantly (lower than 35%, P****< 0.001) under light 
irradiation. While ZnPc (at 20 μM concentration) toxicity 
showed was showing minimal toxic effects in the dark, a 
high rate of toxicity was observed at 5.4 J/cm2 light dose at 
the same concentration in the light (Figure1).

3. 2.  Irradiation on HT-29 Cell
In our meticulously designed experimental configu-

ration, we utilized a red laser diode emitting light at a cen-
tral wavelength of 660 nm to irradiate a precisely defined 
area of 0.2 cm² on HT-29 cell samples. The laser's Gaussian 
beam profile played a crucial role in our calculations, as it 
excluded the tails, whose contribution to exposure fluence 
was deemed negligible. This meticulous approach ensured 
a high level of precision in assessing the intricate interac-
tions between light and matter.

In a related experiment, we exposed HT-29 cells to 
a specific fluence using a continuous wave diode laser, 
following which we evaluated the subsequent biologi-
cal responses after a 24-hour incubation period in fresh, 
photosensitizer-free media. This post-exposure evaluation 
allowed us to gain valuable insights into the longer-term 
effects of laser irradiation on cellular responses.

Our investigation focused on the dynamic interplay 
between ZnPc and HT-29 cells, maintaining a cell density 
104. The diode laser, with a power output of 5 mW and 
a central wavelength of 660 nm, delivered an irradiation 

that deposited an energy density of 5.4 J/cm². Notably, the 
study honed in on the energy absorption characteristics of 
ZnPc solutions, specifically at a concentration of 20 μM. 
The results unveiled a remarkable finding: the solution of 
ZnPc at 20 μM in a particular solvent exhibited the highest 
photo-toxicity among the examined conditions.

3. 3. �Apoptotic Effect of ZnPc on HT-29 Cell
When HT-29 cells were exposed to a specific con-

centration (of 20 µM) of ZnPc and a diode laser with a flu-
ence of 5.4 J/cm2 was used for light toxicity experiments, 
the data were analyzed using flow cytometry. HT-29 cells 
treated with ZnPc showed a higher of cell death opposed 
to untreated cells (**P < 0.01; Figure 2). ZnPc compound 
led to 53% apoptosis in light, but 22% apoptosis in dark 
environment. The desired result is minimum death in the 
dark and maximum death in the light environment. These 
findings strongly imply the ZnPc's ability to induce apop-
tosis in HT-29 cells (Figure 2).

3. 4. �Analyses of Deregulated Genes and Their 
Related Molecular Mechanism
In cells whose cell viability experiments were finished 

and whose IC50 value was 20 µM, the expression levels of 
about thirty genes were assessed. The 2−ΔΔCT method was 
used to calculate the analyses of ten cancer-related genes 
from the expression levels of thirty genes. The results of 
the examination of the genes involved in particular cancer 
pathways showed changes expression levels. The 2−ΔΔCT ex-
plain analyzed ten genes in this pathway and explain their 
molecular mechanism. To calculate the true fold change at 
this point, we balance the scales of the genes that are up- 
and down-regulated using the log base 2 of this value. If 
not, the scale for upregulation is 2-infinity, while the scale 
for downregulation is less than 0.5. According to gene ex-
pression analyses ten genes including APC, APC2, EIF4E, 

Figure 2. Analysis of Annexin-V/7AAD in HT-29 cells.
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GLI2, GLI3, BMP2, BMP4, IFNA1, LEF1, and LRP2 were 
found statistically significant (Table 1).

Only two genes (GLI2, GLI3) out of ten were signif-
icantly (p < 0.001) increased compared to the treatment 

(light) of the group, while the expression of the rest of the 
genes was decreased (Figure 3).

PPI network is shown for APC, APC2, EIF4E, GLI2, 
GLI3, BMP2, BMP4, IFNA1, LEF1, and LRP2 genes in 

Table 1. Gene expression in HT-29 cells. Up-regulated genes had a fold change (2(−∆∆Ct)) above 2, while down-regulated genes had a 2(−∆∆Ct)) 
below 0.5. Only statistically significant genes are shown. https://www.genecards.org/.

Gene	 Gene Name	 Dark FoldChange 	 P value	 Light	 P value
Symbol		  2− ΔΔCT	  2− ΔΔCT	 FoldChange

APC	 Adenomatous polyposis coli	 9,48	 **<0.001	 1,33	 *<0.05
APC2	 Adenomatous polyposis coli	 6,08	 **<0.001	 1,25	 *<0.05
EIF4E	 Eukaryotic translation initiation factor 4E	 5,35	 **<0.001	 1,46	 *<0.05
GLI2	 GLI family zinc finger 2	 1,76	 *<0.05	 9,48	 **<0.001
GLI3	 GLI family zinc finger 3	 1,43	 *<0.05	 3,14	 **<0.001
BMP2	 Bone morphogenetic protein 2	 2,9	 *<0.05	 0,88	 >0.05
BMP4	 Bone morphogenetic protein 4	 2,87	 *<0.05	 1,44	 *<0.05
IFNA1	 human interferon-Alpha1	 2,11	 >0.05	 1,21	 *<0.05
LEF1	 Lymphoid enhancer binding factor 1 	 2,32	 >0.05	 1,39	 *<0.05
LRP2	 Lipoprotein-receptor-related protein 2 	 2,18	 >0.05	 0,84	 *<0.05

Figure 3. Gene expression in HT-29 cells.

Figure 4. PPI network (4. a) and hallmark cancer analyses (4. b).

https://www.genecards.org/
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Figure 4.a. Enrichment of hallmark cancer analyses shows 
that our prominent genes have a potential role in sustain-
ing proliferative signaling (LEF1; GLI2; BMP2; BMP4), 
evading growth suppressors (APC; BMP2; BMP4), tissue 
invasion and metastasis (APC; LEF1; APC2; BMP2), and 
resisting cell death (APC; BMP4) molecular mechanisms 
(Figure 4. b).

In the GO-Biological process analyses using STRING 
tool, it was determined that all of these 10 genes, which 
showed expression changes especially with the effect of 
treatment, were involved in cell differentiation and system 
development processes. Regarding GO-Molecular pro-
cess analysis, the beta-catenin binding mechanism (APC; 
APC2; LEF1; GLI3) emerged in the foreground.

Figure 5. Expression of EIF4E, GLI3, BMP4, LEF1, and LRP2 genes in COAD data using UALCAN tool

Figure 6. Survival analysis of APC2 and LRP2 genes.
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According to the UALCAN tool the genes includ-
ing EIF4E, BMP4, LEF1, and LRP2 were found increased 
expression levels and GLI3 was found, the genes includ-
ing EIF4E, BMP4, LEF1, and LRP2 were found to have 
increased expression levels, and GLI3 was found to have 
decreased expression levels in cancer samples compared 
to normal (Figure 5). In our study expression of EIF4E, 
BMP4, LEF1, and LRP2 genes decreased and GLI3 in-
creased compared to non-treated (dark) group.

APC and APC2 genes are tumor suppressor genes. 
In our study, their expression levels were decreased in the 
treated group compared to the non-treated group. Regard-
ing survival analysis, the APC2 gene has a higher survival 
rate when its expression level decreases. Moreover, LRP2 
gene was also higher survival rate when its expression level 
decreases (Figure 6).

4. Discussion
4. 1. In Terms of Cellular Analysis

In certain tumor types, the use of photosensitizers 
(PS) is favored, and photodynamic therapy (PDT) has long 
been used as an anti-tumor treatment strategy. Light has 
long been used effectively to treat disease. It is known that 
cancer cells use various cell systems to avoid death. They 
frequently exhibit anti-apoptotic protein overexpression, 
mutations in proapoptotic proteins, and lysosomal hydro-
lases that block the initiation of cell death signals.20 In the 
flow cytometry experiments, after ZnPc was applied to the 
HT-29 cells at a concentration of 20 µM, the light power was 
applied as 5.4 J/cm2. Consider analysis results, 52.6% apop-
tosis was observed in the light environment, while 22.5% 
apoptosis was observed in the dark. Another study observed 
5–20% apoptosis because of PDT applied to HT-29 cells.21 
Thus, we have observed the success of the ZnPc compound, 
which we use as a photosensitizer, leading to apoptosis.

Jamier et al. investigated the structure-activity rela-
tionship of various coumarin derivatives for cytotoxicity 
against human and mouse carcinoma cell lines (HT29, 
HepG2, A549, MCF7, OVCAR and CT26). Among the 
coumarin derivatives, (E)-7-methoxy-4-(3-oxo-3-phe-
nylprop-1-enyl)-2H-chromon-2-one and (E)-7-hydroxy-
4-(3-(4-hydroxyphenyl)-3-oxoprop-1-enyl)-2H-chro-
mon-2-one showed the strongest cytotoxic effect on colon 
cancer cells CT26 (IC50 = 4.9 µM) due to their pro-oxi-
dant properties.22 In our study, according to morphologi-
cal examination, 20 µM ZnPc significantly suppressed cell 
growth of HT-29 cell line compared to control groups. Ac-
cording to MTT assay, the effective dose of ZnPc especially 
for HT-29 cell line was 20 µM (P****< 0.001).

4. 2. In Terms of Molecular Mechanism
APC and APC2 genes act as tumor suppressors. In 

our study, the expression of these genes showed a decrease 

in the response to treatment between the groups compared 
to the cancer group. In studies, it has been reported that a 
decrease in the expression of these genes or a tendency to 
decrease in the treated cancer group leads to an increase in 
cancer invasion or metastasis formation.23 However, inter-
estingly, the analysis obtained from TCGA data sets (UAL-
CAN-Gepia2-Oncodb, etc.) shows that low expression of 
the APC2 gene has a better survival rate. This contradic-
tion needs to be elaborated in detail.

In our prominent genes, there was a tendency for 
EIF4E expression to decrease with treatment. EIF4E has a 
vital role in the translation mechanism. A crucial part of 
the eIF4F trimeric translation initiation complex, eIF4E 
binds to the 5ʹ cap of eukaryotic mRNAs to control trans-
lation.24 The increasing rate of EIF4E expression was found 
in many cancer studies. One of these studies was performed 
by 25 and shows that elevated eIF4E levels in CRC patients 
have a significant probability of liver metastasis, and eIF4E 
knockdown prevented CRC cell metastasis by controlling 
the production of MMP-2, MMP-9, VEGF, and cyclin D1.

In another study was demonstrated that the malig-
nant phenotype of ovarian cancer is largely dependent 
on the activation of the eIF4E gene, and abnormalities in 
eIF4E expression are linked to ovarian cancer cell prolifer-
ation, migration, invasion, and chemosensitivity to cispla-
tin.26 All studies show that downregulation of EIF4E may 
change the cancer progression.

Among the genes, bone morphogenetic proteins 
(BMP4), constituting a distinct subset of extracellular mul-
tifunctional signaling cytokines, they were first identified as 
osteogenic factors. They belong to the superfamily of trans-
forming growth factor-β (TGF-β).27 Due to their roles in 
tumor formation and spread, in addition to embryonic and 
postnatal development, the identification of BMPs has gar-
nered a lot of attention.28 Studies indicate that BMPs play a 
role in both tumor progression and suppression.29 Although 
there are some contradictions, especially in colorectal can-
cer, studies have shown that BMP signaling inhibitors such 
as BMP type I receptor inhibitor (LDN-193189) induce 
growth inhibition30 and apoptosis in cancer cells by decreas-
ing highly expressed BMP4s. Moreover, the administration 
of this inhibitor to mice also had positive effects on decreas-
ing tumor formation and inducing apoptosis.31 In our study, 
BMP4 tended to show a lower expression upon activation of 
the treatment. This suggests that BMP4 has a positive effect, 
especially on the apoptotic process.

The Wnt signaling pathway is mediated by a crucial 
transcription factor called lymphoid enhancer-binding 
factor 1 (LEF1). LEF1 is a regulator frequently increased 
in malignancies, such as colonic adenocarcinoma, and 
strongly linked to tumor aggressiveness. Using shRNA, 
LEF1 expression was suppressed in a study utilizing caco2 
cells. It has been discovered that down-regulation of LEF1 
inhibits microstructures linked to motility and malignan-
cy, such as the polymerization of Lamin B1, β-tubulin, and 
F-actin in caco2 cells. The expression of genes associated 
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with the epithelial/endothelial-mesenchymal transition 
(EMT) was decreased by LEF1 inhibition. Additionally, it 
was reported to induce apoptosis.32 In vitro knockdown 
studies in HCT116 cells showed that LEF1 inhibits the 
proliferation of cancer cells by suppressing the therapeutic 
efficacy of β-sitosterol.33 Our results show that LEF1 gene 
expression tended to decrease expression after treatment 
activation. Inhibition of LEF1 by this treatment meth-
od suggests that it activates apoptotic pathways and also 
blocks the blocks cell proliferation.

LDL receptor-related protein two is one of the genes 
that has gained attention since therapy began (LRP2/
megalin). The multiliganded endocytic receptor LRP2 is 
expressed of many tissues, but it is most abundant in ab-
sorptive epithelial tissues like the kidney. Although low 
expression of LRP2 in some cancer types indicates poor 
survival,34 with a very low chance of relapse following sur-
gery, a study found that stage II CC cases with significant 
methylation in LRP2 had different clinical and biological 
impacts. This gene was shown to be specifically implicat-
ed in mechanisms linked to dendritic cell function and B 
cell immunity, as well as unique characteristics associated 
with mTORC1 and DNA repair signaling.35 In our study, a 
tendency for LRP2 expression to decrease with treatment 
activation was also found. In addition, survival analysis 
showed that lower LRP2 expression was associated with 
better survival in colon cancer.

This study showed that ZnPc is greatly promising in 
clinical of cancer (especially human colorectal adenocar-
cinoma).

5. Conclusion
These comprehensive findings contribute signifi-

cantly to our understanding of the nuanced interplay be-
tween ZnPc and a 660 nm laser, particularly within the 
context of HT-29 cells. The research sheds light on the in-
tricate dynamics of energy absorption and subsequent bi-
ological responses, emphasizing the potential applications 
and implications of this light-matter interaction in cellular 
studies and photodynamic therapy.
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Povzetek
Fotodinamična terapija (FDT) je način zdravljenja raka. Singletni kisik nastane kot posledica fotokemične reakcije med 
svetlobo, fotosenzibilizatorjem in molekularnim kisikom, ki uničuje celice. Pri raku debelega črevesa, za katerim na svetu 
boleha 1,23 milijona ljudi, je pogosto potrebna operacija, vendar je stopnja ponovitve bolezni in metastaz zelo visoka. 
FDT zato predstavlja alternativno pri zdravljenju raka debelega črevesa. V tej študiji so bili za oceno viabilnosti celic 
uporabljeni testi MTT, fotosenzibilizator cink(II) ftalocianin (ZnPc) pa je bil uporabljen na celični liniji adenokarcinoma 
debelega črevesa (HT-29) z namenom razjasnitve poti razvoja raka s pretočno citometrijo in q-PCR. Rezultati so poka-
zali, da je FDT z ZnPc znatno zmanjšala viabilnost celic HT-29 in povzročila apoptozo 53 % celic. Glede na rezultate 
q-PCR so bile vrednosti CT desetih od tridesetih genov signifikantne, zato je bila ovrednotena njihova povezava z rakom.
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Podelili smo nagrade in priznanja  
Slovenskega kemijskega društva

Slovensko kemijsko društvo z veseljem in ponosom 
sporoča, da je letos prvič podelilo stanovske nagrade in 
priznanja, s katerimi želimo nagraditi izjemne dosežke ke-
mikov na različnih področjih znanstvenega, pedagoškega 
in gospodarskega dela. Te nagrade predstavljajo priznanje 
za prispevek posameznikov in skupin k napredku kemije v 
Sloveniji ter spodbudo za nadaljnji razvoj stroke.

Podelitev je potekala v sredo, 18.9.2024, v Portorožu 
v okviru konference Slovenski kemijski dnevi 2024, ki je 
letos obeležila 30 let. Konference se vsako leto udeleži ok-
rog 300 udeležencev iz Slovenije in tujine, letos smo zabe-
ležili goste iz 12 držav.

Na slovesnosti smo podelili štiri prestižne nagra-
de:

•	 �Nagrado za mlade kemike in kemijske inženir-
je na znanstvenem in pedagoškem področju je 
prejel dr. Matej Huš za svoje izjemno delo na po-
dročju raziskav ter za pomemben prispevek k ra-
zvoju kemijske izobrazbe mladih.

•	 �Nagrado za mlade kemike in kemijske inženir-
je na gospodarskem področju je prejel dr. Mar-
tin Ocepek, ki se je izkazal z inovativnostjo in 
naprednim delom v kemijski industriji.

Dr. Matej Huš  
prejemnik Nagrade za mlade kemike  

in kemijske inženirje na znanstvenem  
in pedagoškem področju

Dr. Martin Ocepek 
prejemnik Nagrade za mlade kemike  

in kemijske inženirje na gospodarskem področju
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Raziskovalna skupina iz Leka – prejemniki Nagrade za vrhunski dosežek na gospodarskem področju

Dr. Silvo Zupančič – �prejemnik Nagrade za življenjsko delo  
na gospodarskem področju

•	 �Nagrado za vrhunski dosežek na gospodarskem po-
dročju je prejela skupina iz Leka – dr. Rok Grahek, dr. 
Miha Drev, dr. Borut Zupančič, Matej Ošlaj, Andrej 
Bastarda, dr. Andrej Kocijan in dr. Zdenko Časar, ki 
je s svojim delom Določitev mehanizma razkroja N-ni-
trozo-hidroklortiazida pomembno prispevala k razvoju 
in uvedbi inovacij, ki imajo velik pomen tako za gospo-
darstvo kot za družbo nasploh.

•	 �Nagrado za življenjsko delo na gospodarskem po-
dročju je prejel dr. Silvo Zupančič za svoj dolgoletni 
prispevek k razvoju kemijske industrije v Sloveniji ter 
za svojo vlogo mentorja in voditelja v tej pomembni 
panogi.

Ob tej priložnosti je predsednik Slovenskega kemij-
skega društva, dr. Peter Venturini, izjavil: »Slovensko ke-
mijsko društvo je z uvedbo teh nagrad prepoznalo pomen 
odličnosti v kemijski stroki na vseh ravneh delovanja, od iz-
obraževanja in raziskav do industrije. Ponosni smo na vse 
nagrajence, ki s svojim delom in predanostjo postavljajo vi-
sok standard in predstavljajo vzor mlajšim generacijam. 
Verjamem, da bodo te nagrade še naprej spodbujale inova-
tivnost in napredek v naši družbi.«

»Ključna vodila skozi raziskovalno delo so ciljna 
usmerjenost, iskanje ustrezne poti do cilja ter vrednote kot 
so znanje, vztrajnost, zaupanje vase in v svoje sodelavce. S 
temi vodili lahko dosežemo preboje, ki prispevajo k na-
predku na področju kemije oziroma znanosti.« je svojo pot 
do uspeha opisal dr. Silvo Zupančič.

Dr. Matej Huš pa je dodal: »Zahvaljujem se za nagra-
do in dodajam, da so vsi dosežki tudi zasluga sodelavcev in 
okolja na inštitutu, ki me podpirajo pri mojem delu. Nagrado 
jemljem tudi kot zavezo, da v prihodnosti delam še bolje.«

»V Leku smo veseli, da je Slovensko kemijsko društvo 
s stanovskimi nagradami, ki so letos prvič podeljene, prepoz-
nalo odličnost in prebojnost raziskovalnega dela Lekovih 
raziskovalcev, ki so s svojimi delom omogočili dostopnost 
zdravil za zdravljenje povišanega krvnega tlaka bolnikom 
po svetu,« je poudaril Matjaž Tršek, direktor Razvojnega 
centra Slovenija v Leku.

Dr. Martin Ocepek pa pravi: »Nagrada SKD za mlade 
kemike in kemijske inženirje iz gospodarstva mi pomeni pri-
znanje dosedanjemu inoviranju in motivacijo po nadalj-
njem ustvarjanju dodane vrednosti s pomočjo kemije.«

Zahvaljujemo se pokroviteljem stanovskih nagrad: 
Fakulteti za kemijo in kemijsko tehnologije Univerze v 
Ljubljani, Združenju kemijske industrije GZS in podjetjem 
Kansai Helios Slovenija, Labtim d.o.o. in Merck d.o.o.

Slovensko kemijsko društvo bo s podeljevanjem teh 
nagrad tudi v prihodnje prepoznavalo in nagrajevalo izje-
mne dosežke na področju kemije ter s tem krepilo pomen 
kemije v družbi in industriji.
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2025

February 2025

2–7	 EUROPEAN-WINTER SCHOOL ON PHYSICAL ORGANIC CHEMISTRY (E-WISPOC)
	 Bressanone, Italy
Information: 	 https://www.ewispoc.com/ 

11	 GWB2025
	 virtual
Information: 	 https://iupac.org/gwb/ 

14–16	 YOUNG CHEMISTS SUMMIT 2024 (YC SUMMIT 2024)
	 Salzburg, Austria
Information: 	 https://www.yc-summit.com/ 

March 2025

10–13	 ANAKON 2025
	 Leipzig, Germany
Information: 	 https://veranstaltungen.gdch.de/microsite/index.cfm?l=11713&sp_id=2 

17–19	 CHEMIEDOZENTENTAGUNG 2025
	 Brunswick, Germany
Information: 	 https://veranstaltungen.gdch.de/microsite/index.cfm?l=11723&sp_id=1 

April 2025

1–4	 FRONTIERS IN MEDICINAL CHEMISTRY
	 Erlangen-Nuremberg, Germany
Information:	 https://veranstaltungen.gdch.de/microsite/index.cfm?l=11738&sp_id=2&selMicrosite=126144  

3–4	 FLOW CHEMISTRY EUROPE
	 Málaga, Spain
Information: 	 https://flowchemistryeurope.com/ 

KOLEDAR VAŽNEJŠIH ZNANSTVENIH SREČANJ 
S PODROČJA KEMIJE IN KEMIJSKE TEHNOLOGIJE

SCIENTIFIC MEETINGS – 
CHEMISTRY AND CHEMICAL ENGINEERING

https://www.ewispoc.com/
https://iupac.org/gwb/
https://www.yc-summit.com/
https://veranstaltungen.gdch.de/microsite/index.cfm?l=11713&sp_id=2
https://veranstaltungen.gdch.de/microsite/index.cfm?l=11723&sp_id=1
https://veranstaltungen.gdch.de/microsite/index.cfm?l=11738&sp_id=2&selMicrosite=126144
https://flowchemistryeurope.com/
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Submissions
Submission to ACSi is made with the implicit under-
standing that neither the manuscript nor the essence 
of its content has been published in whole or in part 
and that it is not being considered for publication else-
where. All the listed authors should have agreed on 
the content and the corresponding (submitting) au-
thor is responsible for having ensured that this agree-
ment has been reached. The acceptance of an article 
is based entirely on its scientific merit, as judged by 
peer review. There are no page charges for publishing 
articles in ACSi. The authors are asked to read the 
Author Guidelines carefully to gain an overview and 
assess if their manuscript is suitable for ACSi.

Additional information
•	 Citing spectral and analytical data
•	 Depositing X-ray data

Submission material
Typical submission consists of:
•	� full manuscript (PDF file, with title, authors, ab-

stract, keywords, figures and tables embedded, 
and references)

•	 supplementary files
	 – �Full manuscript (original Word file)
	 – �Statement of novelty (Word file)
	 – �List of suggested reviewers (Word file)
	 – �ZIP file containing graphics (figures, illustra-

tions, images, photographs)
	 – �Graphical abstract (single graphics file)
	 – �Proposed cover picture (optional, single 

graphics file)
	 – �Appendices (optional, Word files, graphics 

files)
Incomplete or not properly prepared submissions will 
be rejected. 

Submission process
Before submission, authors should go through the 
checklist at the bottom of the page and prepare for 
submission.
Submission process consists of 5 steps.
Step 1: Starting the submission
•	� Choose one of the journal sections.
•	� Confirm all the requirements of the checklist.
•	� Additional plain text comments for the editor can 

be provided in the relevant text field.
Step 2: Upload submission
•	� Upload full manuscript in the form of a Word fi­

le (with title, authors, abstract, keywords, figures 
and tables embedded, and references).

Step 3: Enter metadata
•	� First name, last name, contact email and affi liation 

for all authors, in relevant order, must be provided. 
Corresponding author has to be selected. Full po
stal address and phone number of the correspon
ding author has to be provided.

•	� Title and abstract must be provided in plain text.
•	� Keywords must be provided (max. 6, separated by 

semicolons).
•	� Data about contributors and supporting agencies 

may be entered.
•	� References in plain text must be provided in the 

relevant text filed.
Step 4: Upload supplementary files
•	� Original Word file (original of the PDF uploaded in 

the step 2)
•	� List of suggested reviewers with at least five re-

viewers with two recent references from the field of 
submitted manuscript must be uploaded as a Word 
file. At the same time, authors should declare (i) 
that they have no conflict of interest with suggest-
ed reviewers and (ii) that suggested reviewers are 
experts in the field of the submitted manuscript.

•	� All graphics have to be uploaded in a single ZIP 
file. Graphics should be named Figure 1.jpg, Figure 
2.eps, etc.

•	� Graphical abstract image must be uploaded 
separately

•	� Proposed cover picture (optional) should be up
loaded separately.

•	� Any additional appendices (optional) to the paper 
may be uploaded. Appendices may be published as 
a supplementary material to the paper, if accepted.

•	� For each uploaded file the author is asked for addi-
tional metadata which may be provided. Depending 
of the type of the file please provide the relevant 
title (Statement of novelty, List of suggested re-
viewers, Figures, Graphical abstract, Proposed cov-
er picture, Appendix).

Step 5: Confirmation
•	 Final confirmation is required.

Article Types
Feature Articles are contributions that are written on 
Editor’s invitation. They should be clear and concise 
summaries of the author’s most recent work written 
with the broad scope of ACSi in mind. They are intend-
ed to be general overviews of the authors’ subfield of 
research but should be written in a way that engages 
and informs scientists in other areas. They should con-
tain the following (see also general guidelines for arti-
cle structure below): (1) an introduction that acquaints 
readers with the authors’ research field and outlines 
the important questions for which answers are being 
sought; (2) interesting, novel, and recent contributions 
of the author(s) to the field; and (3) a summary that 
presents possible future directions. Manuscripts should 
normally not exceed 40 pages of one column format 
(font size 12, 33 lines per page). Generally, experts who 
have made an important contribution to a specific field 
in recent years will be invited by the Editor to contrib-
ute a Feature Article. Individuals may, however, send 
a proposal (of no more than one page) for a Feature 
Article to the Editor-in-Chief for consideration.

Acta Chimica Slovenica 
Author Guidelines



S99Acta Chim. Slov. 2024, 71, (4), Supplement

Društvene vesti in druge aktivnosti

Scientific articles should report significant and inno-
vative achievements in chemistry and related scienc-
es and should exhibit a high level of originality. They 
should have the following structure:
  1.	 Title (max. 150 characters),
  2.	 Authors and affi liations,
  3.	 Abstract (max. 1000 characters),
  4.	 Keywords (max. 6),
  5.	 Introduction,
  6.	 Experimental,
  7.	 Results and Discussion,
  8.	 Conclusions,
  9.	 Acknowledgements,
10.	References.
The sections should be arranged in the sequence gen-
erally accepted for publications in the respective fields 
and should be successively numbered.
Short communications generally follow the same 
order of sections as Scientific articles, but should be 
short (max. 2500 words) and report a significant as-
pect of research work meriting separate publication. 
Editors may decide that a Scientific paper is catego-
rized as a Short Communication if its length is short.
Technical articles report applications of an already 
described innovation. Typically, technical articles are 
not based on new experiments.

Preparation of Submissions
Text of the submitted articles must be prepared with 
Microsoft Word. Normal style set to single column, 
1.5 line spacing, and 12 pt Times New Roman font 
is recommended. Line numbering (continuous, for the 
whole document) must be enabled to simplify the re-
viewing process. For any other format, please consult 
the editor. Articles should be written in English. Correct 
spelling and grammar are the sole responsibility of the 
author(s). Papers should be written in a concise and 
succinct manner. The authors shall respect the ISO 
80000 standard [1], and IUPAC Green Book [2] rules 
on the names and symbols of quantities and units. The 
Système International d’Unités (SI) must be used for 
all dimensional quantities.
Graphics (figures, graphs, illustrations, digital imag-
es, photographs) should be inserted in the text where 
appropriate. The captions should be self-explanatory. 
Lettering should be readable (suggested 8 point Arial 
font) with equal size in all figures. Use common pro-
grams such as MS Excel or similar to prepare figures 
(graphs) and ChemDraw to prepare structures in their 
final size. Width of graphs in the manuscript should be 
8 cm. Only in special cases (in case of numerous data, 
visibility issues) graphs can be 17 cm wide. All graphs 
in the manuscript should be inserted in relevant places 
and aligned left. The same graphs should be provid-
ed separately as images of appropriate resolution (see 
below) and submitted together in a ZIP file (Graphics 
ZIP). Please do not submit figures as a Word file. In 
graphs, only the graph area determined by both axes 
should be in the frame, while a frame around the whole 
graph should be omitted. The graph area should be 
white. The legend should be inside the graph area. The 
style of all graphs should be the same. Figures and 
illustrations should be of sufficient quality for the 
printed version, i.e. 300 dpi minimum. Digital images 
and photographs should be of high quality (minimum 

250 dpi resolution). On submission, figures should be 
of good enough resolution to be assessed by the refer-
ees, ideally as JPEGs. High-resolution figures (in JPEG, 
TIFF, or EPS format) might be required if the paper is 
accepted for publication.

Tables should be prepared in the Word file of the pa-
per as usual Word tables. The captions should appear 
above the table and should be self-explanatory.

References should be numbered and ordered se-
quentially as they appear in the text, likewise meth-
ods, tables, figure captions. When cited in the text, 
reference numbers should be superscripted, follow-
ing punctuation marks. It is the sole responsibility of 
authors to cite articles that have been submitted to 
a journal or were in print at the time of submission 
to ACSi. Formatting of references to published work 
should follow the journal style; please also consult a 
recent issue:
1. �J. W. Smith, A. G. White, Acta Chim. Slov. 2008, 

55, 1055–1059.
2. �M. F. Kemmere, T. F. Keurentjes, in: S. P. Nunes, 

K. V. Peinemann (Ed.): Membrane Technology in 
the Chemical Industry, Wiley-VCH, Weinheim, Ger­
many, 2008, pp. 229–255.

3. �J. Levec, Arrangement and process for oxidizing an 
aqueous medium, US Patent Number 5,928,521, 
date of patent July 27, 1999.

4. �L. A. Bursill, J. M. Thomas, in: R. Sersale, C. Collela, 
R. Aiello (Eds.), Recent Progress Report and Discus­
sions: 5th International Zeolite Conference, Naples, 
Italy, 1980, Gianini, Naples, 1981, pp. 25–30.

5. �J. Szegezdi, F. Csizmadia, Prediction of dissociation 
constant using microconstants, http://www. che­
maxon.com/conf/Prediction_of_dissociation _con­
stant_using_microco nstants.pdf, (assessed: March 
31, 2008)

Titles of journals should be abbreviated according to 
Chemical Abstracts Service Source Index (CASSI).

Special Notes
•	� Complete characterization, including crystal 

structure, should be given when the synthesis of 
new compounds in crystal form is reported.

•	� Numerical data should be reported with the 
number of significant digits corresponding to 
the magnitude of experimental uncertainty.

•	� The SI system of units and IUPAC recommen­
dations for nomenclature, symbols and abbrevia-
tions should be followed closely. Additionally, the 
authors should follow the general guidelines when 
citing spectral and analytical data, and depositing 
crystallographic data.

•	� Characters should be correctly represented 
throughout the manuscript: for example, 1 (one) 
and l (ell), 0 (zero) and O (oh), x (ex), D7 (times 
sign), B0 (degree sign). Use Symbol font for all 
Greek letters and mathematical symbols.

•	� The rules and recommendations of the IUBMB and 
the International Union of Pure and Applied 
Chemistry (IUPAC) should be used for abbreviation 
of chemical names, nomenclature of chemical com-
pounds, enzyme nomenclature, isotopic compounds, 
optically active isomers, and spectroscopic data.

•	� A conflict of interest occurs when an individual 
(author, reviewer, editor) or its organization is in-
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volved in multiple interests, one of which could pos-
sibly corrupt the motivation for an act in the other. 
Financial relationships are the most easily identifi-
able conflicts of interest, while conflicts can occur 
also as personal relationships, academic competi-
tion, etc. The Editors will make effort to ensure 
that conflicts of interest will not compromise the 
evaluation process; potential editors and reviewers 
will be asked to exempt themselves from review 
process when such conflict of interest exists. When 
the manuscript is submitted for publication, the 
authors are expected to disclose any relationships 
that might pose potential conflict of interest with 
respect to results reported in that manuscript. In 
the Acknowledgement section the source of fund-
ing support should be mentioned. The statement of 
disclosure must be provided as Comments to Editor 
during the submission process.

•	� Published statement of Informed Consent. 
Research described in papers submitted to ACSi 
must adhere to the principles of the Declaration 
of Helsinki (http://www.wma.net/e/policy/
b3.htm). These studies must be approved by an 
appropriate institutional review board or commit-
tee, and informed consent must be obtained from 
subjects. The Methods section of the paper must 
include: 1) a statement of protocol approval from 
an institutional review board or committee and 2), 
a statement that informed consent was obtained 
from the human subjects or their representatives.

•	� Published Statement of Human and Animal 
Rights.When reporting experiments on human 
subjects, authors should indicate whether the 
procedures followed were in accordance with the 
ethical standards of the responsible committee 
on human experimentation (institutional and na-
tional) and with the Helsinki Declaration of 1975, 
as revised in 2008. If doubt exists whether the 
research was conducted in accordance with the 
Helsinki Declaration, the authors must explain 
the rationale for their approach and demonstrate 
that the institutional review body explicitly ap-
proved the doubtful aspects of the study. When 
reporting experiments on animals, authors should 
indicate whether the institutional and national 
guide for the care and use of laboratory animals 
was followed.

•	� To avoid conflict of interest between authors and 
referees we expect that not more than one referee 
is from the same country as the corresponding au-
thor(s), however, not from the same institution.

•	� Contributions authored by Slovenian scientists 
are evaluated by non-Slovenian referees. 

•	� Papers describing microwave-assisted reac­
tions performed in domestic microwave ovens 
are not considered for publication in Acta Chimica 
Slovenica.

•	� Manuscripts that are not prepared and submit­
ted in accord with the instructions for authors are 
not considered for publication.

Appendices
Authors are encouraged to make use of supporting in-
formation for publication, which is supplementary ma-
terial (appendices) that is submitted at the same time 
as the manuscript. It is made available on the Journal’s 

web site and is linked to the article in the Journal’s Web 
edition. The use of supporting information is particular-
ly appropriate for presenting additional graphs, spectra, 
tables and discussion and is more likely to be of interest 
to specialists than to general readers. When preparing 
supporting information, authors should keep in mind 
that the supporting information files will not be edited 
by the editorial staff. In addition, the files should be not 
too large (upper limit 10 MB) and should be provided 
in common widely known file formats to be accessible 
to readers without difficulty. All files of supplementary 
materials are loaded separately during the submission 
process as supplementary files.

Proposed Cover Picture and  
Graphical Abstract Image
Graphical content: an ideally full-colour illustration 
of resolution 300 dpi from the manuscript must be 
proposed with the submission. Graphical abstract pic-
tures are printed in size 6.5 x 4 cm (hence minimal 
resolution of 770 x 470 pixels). Cover picture is print-
ed in size 11 x 9.5 cm (hence minimal resolution of 
1300 x 1130 pixels)
Authors are encouraged to submit illustrations as can-
didates for the journal Cover Picture*. The illustration 
must be related to the subject matter of the paper. 
Usually both proposed cover picture and graphical ab-
stract are the same, but authors may provide different 
pictures as well.
* �The authors will be asked to contribute to the costs 

of the cover picture production.
Statement of novelty
Statement of novelty is provided in a Word file and 
submitted as a supplementary file in step 4 of sub-
mission process. Authors should in no more than 100 
words emphasize the scientific novelty of the present-
ed research. Do not repeat for this purpose the con-
tent of your abstract.
List of suggested reviewers
List of suggested reviewers is a Word file submitted 
as a supplementary file in step 4 of submission pro-
cess. Authors should propose the names, full affiliation 
(department, institution, city and country) and e-mail 
addresses of five potential referees. Field of expertise 
and at least two references relevant to the scientif-
ic field of the submitted manuscript must be provid-
ed for each of the suggested reviewers. The referees 
should be knowledgeable about the subject but have 
no close connection with any of the authors. In addi-
tion, referees should be from institutions other than 
(and countries other than) those of any of the authors. 
Authors declare no conflict of interest with suggested 
reviewers. Authors declare that suggested reviewers 
are experts in the field of submitted manuscript.

How to Submit
Users registered in the role of author can start sub-
mission by choosing USER HOME link on the top of the 
page, then choosing the role of the Author and follow 
the relevant link for starting the submission process.
Prior to submission we strongly recommend that you 
familiarize yourself with the ACSi style by browsing 
the journal, particularly if you have not submitted to 
the ACSi before or recently.
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Correspondence
All correspondence with the ACSi editor regarding the 
paper goes through this web site and emails. Emails 
are sent and recorded in the web site database. In the 
correspondence with the editorial office please provide 
ID number of your manuscript. All emails you receive 
from the system contain relevant links. Please do not 
answer the emails directly but use the embed­
ded links in the emails for carrying out relevant 
actions. Alternatively, you can carry out all the ac-
tions and correspondence through the online system 
by logging in and selecting relevant options.

Proofs
Proofs will be dispatched via e-mail and corrections 
should be returned to the editor by e-mail as quick-
ly as possible, normally within 48 hours of receipt. 
Typing errors should be corrected; other changes of 
contents will be treated as new submissions.
 
Submission Preparation Checklist
As part of the submission process, authors are required 
to check off their submission’s compliance with all of 
the following items, and submissions may be returned 
to authors that do not adhere to these guidelines.
  1. �The submission has not been previously published, 

nor is it under consideration for publication in any 
other journal (or an explanation has been provid-
ed in Comments to the Editor).

  2. �All the listed authors have agreed on the content 
and the corresponding (submitting) author is re-
sponsible for having ensured that this agreement 
has been reached.

  3. �The submission files are in the correct format: 
manuscript is created in MS Word but will be sub­
mitted in PDF (for reviewers) as well as in orig-
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