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17βHSD1 represents an emerging drug target for breast cancer treat-
ment.  Here, an efficient protocol for expression, purification and 
activity screening of human recombinant 17βHSD1 from is described, 
which can be used as a ready source of enzyme for screening new 
17βHSD1 inhibitors.
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Abstract
A new azo compound 3 [2-((4-hydroxy-3-(E)-(2-hydroxy-5-nitrophenyl)diazenyl)benzaldehyde] and the azo-Schiff de-
rivative 4 [2-((4-hydroxy-3-((E)-(2-hydroxy-5-nitrophenyl)diazenyl)benzylidene)amino)-4-nitrophenol[ (azo-Schiff 4) 
have been synthesized. 13C-NMR, 1H-NMR, FT-IR, mass spectroscopy and UV-Vis analysis was used to characterized 
new compounds. The new synthesized compound azo-Schiff 4 was utilized to inhibit mild steel (MS) corrosion at little 
concentrations (0.001–0.006 M). Weight loss measurements studies in 1 M HCl and at 298 K showed that azo-Schiff 4 has 
a good corrosion inhibition efficiency, 75% at 0.002 M of inhibitors. It was found that adsorption methods follow Lang-
muir isotherm with ΔG values around –23.8 kJ/mol; this confirms that a stable protective film is formed spontaneously 
during physical adsorption on the mild steel.

Keywords: Azo compounds, Schiff base, anticorrosion, spectral identification.

1. Introduction
In most manufacturing methods, hydrochloric acid 

(HCl) is utilized as a washing and cleaning solution to 
remove rust from mild steel (MS). The acidic medium 
causes the evolution of hydrogen and formation of chlo-
ride ions dissolved in water, which accelerate corrosion. 
To prevent the effect of the HCl acid, effective and influ-
ential additives are added to protect the surfaces of the 
alloys and metals from corrosion.1–3 Among the most 
often used inhibitors to protect metals from the effects 
of acids are organic inhibitors because they are some of 
the most effective, practical, efficient and low-cost tech-
niques.4 Organic inhibitors, for example those contain-
ing conjugate π bonds, aromatic nuclei, and heteroatoms 
(oxygen, nitrogen, carbon  or sulfur), are one of the 
broadly utilized inhibitors used to the resist metal corro-
sion.5–12 Organic inhibitors lower the rate of metal cor-
rosion by inhibiting the active sites when the inhibitor is 
adsorbed on the metal surface thus creating a protective 
barrier between the electrolyte and the metal surface that 
displaces water molecules.13,14 Studies have shown the ef-
fectiveness of Schiff bases in inhibiting corrosion in an 
acidic medium because of its –C=N– group. The π-bond 

in –C=N–  group is able to interact with surface of the 
metal and nitrogen atoms are capable to form coordinate 
covalent bonds by its unshared electrons.15,16 Azo com-
pounds are used as corrosion inhibitors due to their abili-
ty to form a protective layer and a chelating complex with 
the surface of the metal due to the presence of an active 
group (–N=N–).17–20

A number of researchers already synthesized new 
azo compounds and tested them as anticorrosion chem-
icals. For example, a new azo-coumarin dye was created 
by Yusoff et al.,21 and it was discovered that the new com-
pounds work well as anticorrosion agents. On the other 
hand, Schiff base compounds are also used as anticorro-
sion chemicals. For instance, Madani et al.22 prepared two 
Schiff base compounds from benzidine and found that 
these compounds, even at low concentrations, showed a 
good inhibitory action in the tested medium and that the 
increase in inhibitors concentrations increased the effec-
tiveness of their inhibition activity. Because of this, our 
work included developing novel azo-Schiff compounds 
derived from nitrophenol compounds and screening them 
for anticorrosion properties to obtain promising results in 
this area.
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2. Experimental Part
2. 1. Materials and Instruments

All organic chemical, solvents and inorganic salts 
these utilized in this work were provided by Merck, Sigma 
Aldrich, Fluka, and BDH.

Mass spectra were measured by  AB SCIEX (3200) 
Mass analyzer, UV-Vis spectra were measured in etha-
nol using a Shimadzu UV-1650 instrument (Japan) and 
IR spectra were obtained as KBr disks using a Shimad-
zu FT-IR 8400 instrument in the range 400–4000 cm–1. 
1H-NMR spectra of ligand were recorded by using Bruk-
er Avance-111 (300 MHz) spectrometer using DMSO-d6 
as the solvent for measurement; chemical shifts are given 
relative to the internal standard tetramethylsilane (TMS). 
Melting points were determined using a melting point ap-
paratus.

Mild steel plates (1 cm × 1 cm × 0.1 cm) were used 
for weight loss. The plates were washed with acetone , dis-
tilled water and desiccated prior any experiment. The HCl 
solution was utilized with concentration of 1 M  as corro-
sive medium.

2. 2. Synthesis of Azo Compound 323,24

To obtain the azo compound 3, 2-amino-4-nitrophe-
nol (1) (154 mg, 0.01 mmol) was dissolved in 25 mL of 
absolute ethanol. After adding 2 mL of concentrated HCl, 
following 25 minutes of stirring in an ice bath, 25 mL of an 
ice-cold sodium nitrite solution, NaNO2 (10%) was added 
drop wise, over the time of 35 minutes. The reaction mix-
ture became reddish brown and was added drop by drop to 
a second ice-cold solution of 3-hydroxybenzaldehyde (2) 
(122 mg, 0.01 mmol) in 20 mL of alkaline ethanol, which 
was then stirred continuously at 45 °C overnight. The reac-
tion mixture was neutralized using diluted ammonia and 
hydrochloric acid until pH 7, then the target product was 
washed in cold distilled water, filtrated and dried.

Yield: 350 mg (74%), deep brown powder, m.p.< 
300 °C, FT-IR (KBr) (cm–1): 3396 (OH), 2929 and 2889 
(C-H aliph), 2833 and 2752 (C-H aldehyde), 1674 (C=O, 
aldehyde), 1594 (C=C, arom), 1496 (N=N), 1308 and 1163 
(NO2). 1H-NMR (300 MHz, DMSO-d6) δ 9.43 (s, 1H, 
CHO), 8.51 (s, 1H, H3-arom A), 8.22 (s, 1H, OH- arom 
A),  8.19 (s, 1H, OH- arom B), 7.74–7.71 (d, 2H, H5-arom 
A + H2-arom B), 7.47 (s, 1H, H6-arom B), 6.43–6.42 (d, 
H3-arom B), 5.94–5.91 (d, H6-arom A).

2. 3. �Synthesis of Azo-Schiff Base  
Compound 425,26

Schiff base compound 4 was prepared by dissolving 
azo compound 3 (600 mg, 2.09 mmol) in 40 mL of etha-
nol containing 2-amino-4-nitrophenol (1) (321 mg, 2.09 
mmol) and a few drops of glacial acetic acid; the mixture 
was heated under reflux for 7–9 hours. TLC was used to 

check the progress of the reaction (mobile phase: chloro-
form/methanol (3:1.5)). After cooling, the solid product 
that precipitated from the ethanol was collected by filtra-
tion, and purified by recrystallization to obtain the desired 
product.

Yield: 850 mg (82%), pale yellow powder, m.p. 271–
273 °C, Rf 0.38, FT-IR (KBr) (cm–1): 3402 (OH), 2918 and 
2896 (C-H aliph), 1643 (C=N), 1594 (C=C, arom), 1498 
(N=N), 1309 and 1161 (NO2).13C-NMR (75.5 MHz, DM-
SO-d6) δ 155.9 (C=N), 138.3 (C-OH), 137.9 (C-NO2), 
130.4 (C1- arom B), 126.9 (C4- arom B),119.8 (C5- arom 
B), 117.2 (C3- arom A + C3- arom C), 115.9 (C2- arom A 
+ C2- arom C), 115.2 (C5- arom A + C5- arom C), 113.7 
(C2+5- arom B), 107.2 (C6- arom A + C6- arom C).

2. 4. Weight Loss Measurements
The gravimetric measurements were carried out for 

mild steel plates in 1 M HCl solution in the absence and 
presence of the azo-Schiff 4 solution. After washing and 
weighting, the MS plates were immersed in corrosive en-
vironment for 1080 h at 298 K, then the loss in weight was 
determined by the change in MS plate’s weights. MS sur-
face coverage (θ), rate of corrosion (CR) and efficiency of 
inhibition (IE %), were calculated by equations 1–3.

� (1)

� (2)

� (3)

Where A is the area of MS plates in cm2, W repre-
sents the lost weight of MS plates in mg, CR is the rate of 
corrosion, and t is the time of immersion in h in the pres-
ence of azo-Schiff 4 solution.

3. Results and Discussion
3. 1. �Characterization of Azo 3 and Schiff base 

4 Compounds

A new azo compound 3 was successfully synthesized 
by the coupling reaction between 2-amino-4-nitrophenol 
(1) and 3-hydroxybenzaldehyde (2) in a basic medium as 
shown in scheme 1.

By using spectral methods such as FT-IR, the azo 
compound 3 was characterized, which showed clear bands 
absorption due to stretching vibration of functional groups, 
for instance, the band of the hydroxyl group was observed 
at 3396 cm–1, while the carbonyl aldehyde absorbed at 
1674 cm–1; furthermore, the C–H of the aldehyde group 
appeared as a double band at 2833 and 2752 cm–1; the oth-
er absorptions of the compound 3 are listed in Table 1.
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Also, the new compound 3 was characterized by its 
1H-NMR spectrum, displaying a singlet at 9.43 ppm due 
to an aldehyde group proton, whereas the proton of the 
phenol group appeared at a chemical shift of 8.22 ppm, 
whereas the aromatic protons were observed at downfield 
in the range of 8.51–5.91 ppm as a result of the nitro group 
having electron withdrawing characteristics (Figure 1).

In the second step of the synthesis, Schiff base de-
rivative 4 is prepared by reacting an azo molecule 3 with 
2-amino-4-nitrophenol (1) in an acidic medium, as shown 
in Scheme 2.

In the FT-IR spectrum of the azo-Schiff derivative 
4 new absorption bands belonging to azo-methane group 
appeared at 1643 cm–1, also the stretching vibration of azo 

Scheme 1. Synthesis azo compound 3.

Figure 1. 1H-NMR of azo compound 3.

Scheme 2. Synthesis of the azo-Schiff derivative 4.
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group was observed at 1498 cm–1, the other absorption 
bands of this compound are listed in Table 2.

The newly formed compound 4, on the other hand, 
was identified by its 13C-NMR spectrum, which also re-
vealed a clear signal at 155.9 ppm caused by a resonant 
azo-methane group. The aromatic carbon atoms were ob-
served in the range of 138.3–107.2 ppm as a result of the 
electronic effect of the neighboring group to the carbon 
atom (Figure 2).

3. 2. Mass Spectra
Mass spectrum for compound 3 showed a peak at 

m/e 285 confirming the molecular ion of the azo com-

pound 3, the primary fragmentation takes place in two 
ways, with the first route being the loss of N2 of the azo 
group giving a peak at m/e 259; the other path starts by 
the elimination of two OH groups giving a peak at m/e 255 
(Scheme 3).

3. 3. UV-Vis Spectrum
The electronic absorption spectra of the prepared com-

pounds were measured in ethanol as the solvent. The essential 

absorption of the azo compound 3 and azo-Schiff derivative 
4 appeared at 401 nm and 480 nm, respectively. The spectral 
data and some physical properties are listed in Table 2.

Table 2. Electronic spectral data of prepared compounds 3 and 4.

Compound	 color	 Value of λ max (nm)	 Type of transition

Azo compound 3	 Brown	 286, 291	 π–π*
		  335	 n-π*
		  401	 CT
Azo-Schiff base 4	 Dark brown	 212,234	 π–π*
		  340	 n-π*
		  480	 CT

Table 1. Characterization of azo compound 3 and azo-Schiff  compound 4 by FT-IR

Compound	 ν OH	 ν C-H aliph 	 ν C-H aldehyde	 ν C=O	 ν C=N	 NO2

Azo compound	 2290	 2920	 2833 – 2752	 1574	 –	 1308 – 1163
Schiff compound	 3402	 2918	 –	 –	 1643	 1309 – 1161

Figure 2. 13C-NMR of azo-Schiff compound 4.
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3. 4. Gravimetric Measurements

Figures 3 and 4 demonstrate the weight loss results 
of MS plates in the presence and absence of the solution 
of azo-Schiff 4 in the acidic environment. The inhibition 
activity of azo-Schiff compound 4 to the corrosion of MS 
in 1 M HCl might be attributed to the existence of vari-
ous groups having an evident effect on the inhibition ef-
ficiency produced by electron donating groups (–N=N–, 
HC=N, –OH); this adsorption centers (i.e. electron donat-
ing) increase adsorption and enhance the surface area cov-
ered by the compound and thus increase the efficiency of 
inhibition. Presences of –OH (electron donor) group in 
the azo-Schiff 4 enhanced the conjugation and facilitated 
bonding of the benzene ring. –NO2 group in the azo-Schiff 
4 decreases the inhibition efficiency, because of the elec-
tron withdrawing effect of nitro group, which decrease the 

electron density on the ring, and therefore the efficiency of 
the inhibition as well.27

Scheme 3. A proposed pathway for MS fragmentation of the azo compound 3.

Figure 3. Effect of azo-Schiff 4 solution concentration on the corro-
sion rate of mild steel plates in 1 M HCl at 303 K.
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3. 5. Adsorption Isotherms

To find the most suitable and the best adsorption iso-
therm we used values of surface coverage (θ) that were ob-
tained from the weight loss results (Figure 5). The adsorp-
tion isotherm assists to achieve the bonding between the 
surface of the plates and the azo-Schiff 4 molecules. The 
azo-Schiff 4 molecules are adsorbed physically or chemi-
cally on the surface of the plates. To recognize the adsorp-
tion type, the isothermal adsorption Freundlich, Temkin, 
and Langmuir isotherms were applied to methodological 
results. It was noticed that the mechanism of adsorption 
of azo-Schiff 4 on the MS surfaces obeyed Langmuir ad-
sorption isotherm as shown by the high value of the re-
gression coefficient (R2 = 0.9295) indicating a good fitting; 
the obtained values of the intercept and slope were 0.0042 
and 1.3888, respectively;  the slope value being close to 
the unity thus suggesting a homogenous distribution and 
monolayer coverage of the azo-Schiff 4 molecules on the 
surface as supposed by Langmuir equation.

Figure 5. Langmuir isotherm of MS plates in the presence of the 
azo-Schiff 4.

The value of the adsorption equilibrium constant 
(Kads) equals 234.09; it was obtained from the straight line 
of C/θ and concentrations (C) as shown in the Equation 4.

� (4)

To find the value of the adsorption free energy 
(ΔGads) we used the Equation 5.

� (5)

The ΔGads value for azo-Schiff 4 (–23.8 kJ/mol) indi-
cates physisorption adsorption, because its value is a less 
negative value and is around –20 kJ/mol.28–30

4. Conclusion
By measuring the anti-corrosion properties of the 

azo-Schiff compound 4, it was discovered that this is a 
more effective compound than the initial azo compound 
3. This is likely because 4 contains additional heteroatoms, 
which are able to donate unpaired electrons to metals and 
inhibit corrosion.

Supplementary Material
FT-IR of azo compound 3 and azo-Schiff derivative 

4, MS spectrum of 3 and UV-Vis spectra of 3 and 4.
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Povzetek
Pripravili smo dve novi spojini: azo spojino 3 [2-((4-hidroksi-3-(E)-(2-hidroksi-5-nitrofenil)diazenil)benzaldehid] ter 
njen Schiffov derivat 4 [2-((4-hidroksi-3-((E)-(2-hidroksi-5-nitrofenil)diazenil)benziliden)amino)-4-nitrofenol] (azo-
Schiff 4). Za karakterizacijo novih spojin smo uporabili 13C-NMR, 1H-NMR, FT-IR, masno spektroskopijo in UV-Vis 
analizo. Novo, sintetizirano azo-Schiffovo spojino 4 smo v nizkih koncentracijah (0.001–0.006 M) uporabili kot inhibitor 
korozije mehkega jekla (MS). Študije izgube mase v 1 M HCl pri 298 K so pokazale, da azo-Schiffova spojina 4 izkazuje 
dobro protikorozijsko učinkovitost, t.j. 75 % pri njeni koncentraciji 0.002 M. Ugotovili smo, da adsorpcija poteka skladno 
z Langmuirjevo izotermo, kjer je ΔG približno –23.8 kJ/mol, kar potrjuje, da s fizično adsorpcijo preiskovane spojine na 
mehko jeklo nastane stabilen zaščitni sloj.
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Abstract
Cellulose is the most abundant and renewable polymer in nature. It is characterized by its biodegradability which helps 
create a friendly environment. This study seeks to describe the nanocellulose obtained from waste date palm, within the 
dried palms (DP) and the fresh palms (FP) through implementing chemical methods (hydrolysis with H2SO4). Physical 
properties, morphology, the elemental composition and the thermal stability were determined by Fourier transform 
infrared spectroscopy (FTIR), X-ray diffraction (XRD), zeta sizer, scanning electron microscopy (SEM), whereas ener-
gy dispersive X-ray (EDX) and thermogravimetric analysis (TGA), respectively. FTIR, SEM and EDX results revealed 
the effective removal of impurities, hemicellulose and lignin. After treatment, the dried palm (DR) samples contained 
35.99% of cellulose and 33.12% of cellulose nanocrystals (CNC), while fresh palm (FP) samples 36.17% of cellulose and 
34.35% of CNC. The CNCs have higher crystallinity than the raw fibers and Zeta sizer was between 25 and 1150 nm. 
TGA analysis showed that DP demonstrated noticeable thermal resistance.

Keywords: Nanocellulose; Date palm waste; Fibers; Extraction; Leaves of the date palm

1. Introduction
The depletion of fossil resources and the search for 

alternative solutions with an aim to secure the environ-
ment have stimulated interest towards the development of 
renewable and eco-friendly sustainable materials.1–4

Natural fiber composites, also known as natural fib-
er reinforced polymer composites have recently become 
highly valued materials. Aside from the expanding ecolog-
ical, social, and economic awareness.5 Natural fibers from 
residues and agricultural waste (e.g. flax, kenaf, hemp, si-
sal, jute) incorporated into these products either as fillers 

or reinforcement components within polymer matrices, 
opening avenues for diverse applications,5,6 for example 
the paper industry, composites, biomedicine, textiles, con-
struction, aerospace, automotive, to sensors, etc.2

Cellulosic fiber related to the main chemical con-
stituent, cellulose, or lignocellulosic fibers, are amorphous 
matrices mostly composed of semi-crystalline cellulose 
microfibrils supported by hemicellulose, lignin, waxes, 
extractables and trace elements.7–9 The materials based on 
cellulose, hemicelluloses and lignin, have several advan-
tages for being renewable, biodegradable, and they do not 

mailto:lina_kholoud@yahoo.fr


187Acta Chim. Slov. 2024, 71, 186–196

Kadri et al.:  Extraction and Characterization of Nanocellulose    ...

harm our environment. They are used to substitute petro-
leum materials.10–12

The cellulose is one of the most important natural 
resources. It is derived from plant cell walls and can be 
found in different sources like bacteria, algae, fungi, and 
some animals like tunicates.13–17 Cellulose is found in the 
form of microfibril bundles oriented in various helical 
structures. Nanocrystalline celluloses (NCCs), or cellulose 
nanocrystals (CNCs) have generated a significant interest 
in the domain of materials science due to their intrinsic 
attractive properties, which include nanodimension, high 
surface area, high aspect ratio of 100, high crystallinity, 
low density, high mechanical strength, high dispensabili-
ty in aqueous solutions, and unique morphology. Conse-
quently, CNCs can be employed in various applications, 
such as reinforcement and support materials for nanocat-
alysts.9,18–233, 5, 7, 9, 11, 13, and 15 m In addition to films, hydro-
gels, and aerogels.2

Date palm (Phoenix dactylifera) belongs to the fam-
ily Plamae (Arecaceae) and it is a tropical tree. The Pal-
mae family comprises around 220 genera and about 2600 
species.24 It is the most significant agricultural crop, found 
abundantly in Northern. The date palm is an essential part 
of the flora of all Middle East and North Africa (MENA) 
countries. It plays a crucial role in the social, economic and 
cultural life of the region,25 and it proves highly effective in 
the ongoing battle against desertification by providing a 
microclimate which prevents the long-term deterioration 
of ecologically fragile environments.26,27 Furthermore, 
every tree lives for over than 100 years, yielding fruit and 
waste products, and large quantities of residues that are 
undoubtedly accumulated in agricultural lands, every 
year after date palm harvesting.26–29 Each date palm tree 
generates about 30 kg of biomass with dry leaves contrib-
uting roughly 20 kg per year.30 Waste is often disposed of 
by burning or in landfills, leading to significant environ-
mental issues. Therefore, using specific natural fibers will 
not only minimize waste disposal challenges, but also en-
vironmental pollution.5,6 The waste of date palm is inter-
esting because of its abundance and relatively low cost in 
the manufacturing and industrial sector, in comparison to 
other vegetal fibers, which are currently used in the indus-
trial fields.6

With the aim of the industrial exploitation this study 
investigates nanocellulose extracted from the leaves of the 
date palm tree (Phoenix dactylifera L). The leaves of the 
date palm were used as a source of cellulose in this work. 
We employed two types of waste materials, dried palm 
(DP) and fresh palm (FP), to examine the influence of 
maturation status on the properties of the extracted cel-
lulose. Cellulose nanocrystals (CNCs) are derived from 
native cellulose by acid hydrolysis, which removes the 
amorphous parts. The resulting CNCs were characterized 
for their physicochemical, structural, morphological, and 
thermal properties to assess their potential as reinforcing 
materials in biocomposites.

2. Materials and Methods
2. 1. Plant Material

The samples of leaves (dry palm (DP) and fresh 
palm (FP)) of the date palm (Phoenix dactylifera L) were 
collected during the harvest period in their natural habit 
from Ouargla in the South-East of Algeria (31°54' to 32°1' 
North, 5°15' to 5°27' East).

2. 2. Chemical Reagents
Various chemical reagents were employed in the 

extraction and characterization process. These reagents 
included toluene, ethanol, sodium chlorite, acetic acid, so-
dium hydroxide, and sulfuric acid. All the chemicals were 
procured from Sigma-Aldrich.

2. 3. Chemical Compositions
The α-cellulose content, the acid-insoluble lignin 

and the ash content of specimens were determined accord-
ing to the ASTMD 1103 – 55 T, ASTMD 1106-56 standard 
and ASTMD 1102-56 standard, respectively.31

2. 4. Isolation of Cellulose Fibers
The cellulose fibers were isolated as described by 

Mehany et al.32 The palm residues were cleaned careful-
ly three-four times under hot water to eliminate any dirt 
and other water-soluble compounds, and then dried in 
the open-air environment (between 25 and 30 °C). The 
residues were crushed then sieved a 60-mesh screen 
(250 µm) to cellulose fibers (Retch Control, model AS 
200).

The extraction of cellulose was carried out following 
the methods outlined by Lu & Hsieh33 Mellissa et al.34 and 
Lu et al.35 with some modifications (Figure 1):

10 g of palm powder were immersed in 150 ml of 
mixture of toluene and ethanol (2:1 v/v) for 20 hours. 
This step aimed to eliminate wax, pigments, and oils 
present in the palm powder. The resulting material from 
extraction was dried in an oven at 55 °C for 24 hours to 
remove any residual solvents and moisture. The dried 
palm powder was mixed with 10% NaOH solution (1 
g/10 mL) at 75 °C for 1 hour. This treatment produced 
alkali-treated fibers by breaking down non-cellulosic 
components. The alkali-treated fibers, which constituted 
the insoluble pulps rich in cellulose, were subjected to a 
bleaching process. A 150 mL solution of 1% v/v sodium 
hypochlorite / deionized water, buffered to pH 5 using 
an acetate buffer, was used for bleaching. The mixture 
was stirred at 70 °C for 1 hour. The bleached fibers were 
washed at least three times with distilled water, or until 
the pH of the wash became neutral. Finally, the cellulose 
fibers were air-dried and weighed to obtain the final yield 
of extracted cellulose fibers.
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2. 5. �Isolation of Palm Nanocrystalline 
Cellulose

Isolation of palm nanocrystalline cellulose was per-
formed using the method of Madureira et al. 36 with slight 
modification; the isolated cellulose was hydrolyzed with 
64% wt sulfuric acid at an acid/cellulose ratio of 10 mL/g 
and at a temperature of 45 °C for 45 minutes. The acid hy-
drolysis was stopped by diluting with cold water (between 
0 and 2 °C) for 10 times. The resulting cellulose nano-
crystal gel was washed twice, centrifuged (Hettich Rotina, 
model 380R) at 5000 rpm for 30 min at 10 °C, and then di-
alyzed with regenerated cellulose dialysis membranes with 
a molecular weight cutoff of 12–14 KDa, against ultrapure 
water for 4 days and until neutral pH was achieved. The 
suspension was sonicated (53Church Hill Newtown, mod-
el VC505) in an ice bath for 30 min, then frozen at –30 °C, 
and freeze-dried. The dried product was stored for sub-
sequent characterizations. The values were determined in 
triplicate.

Figure1. The extraction process of nanocellulose from palm fibers

2. 6. Characterization of Nanocellulose
Fourier Transform Infrared (FTIR)

Infrared spectroscopy was performed using an FTIR 
spectrometer (Cary 660 FTIR). The measurements were 
conducted in the range of 4000–400 cm–1 with a resolu-
tion of 8 cm–1

X-ray diffraction (XRD)
XRD measurements were carried out using a Proto 

Benchtop XRD instrument under room conditions. The 
analysis was performed at 2θ ranging from 5° to 40° with 
a step of 0.02° and a scan rate of 2 s/step. XRD analysis 
provides information about the crystalline structure of the 
nanocellulose.

Crystalline Index (CrI) values were calculated using 
two equations (Eq 1 and Eq 2).37,38

CrI = [(Imax – Iam)/ Imax] X 100� (1)

CrI = (ACry / ATotal) X 100%� (2)

where Imax is the peak intensity at the crystalline plane (2θ 
= 22.6°), and Iam is the minimum intensity located between 
the two most distinct peaks (2θ = 18.7°). ACry is the sum of 
crystalline band areas, and ATotal is the total area under the 
diffractograms. The calculated crystallinity index provides 
a measure of the degree of crystallinity in the nanocellu-
lose sample.

The crystal size (D) of the nanocellulose was estimat-
ed using the following equation (Eq 3).

D = (K λ) / βcosθ� (3)

where K is the Scherrer constant, λ is the wavelength 
of X-ray radiation, β is the full width at half maximum 
(FWHM) of the peak, and θ is the diffraction angle.

Thermogravimetric analysis (TGA)
The thermal stability of the cellulose nanocrystals 

(CNCs) was analyzed using a TGA instrument (differen-
tial thermogravimetry) –51H. The specimens were heated 
from room temperature to 700 °C at a heating rate of 10 
°C/min under a N2 gas flow rate of 60 mL/min.

Scanning electron microscopy (SEM)
The microstructural analysis of the raw fibers and 

CNCs of palm fibers was carried using the scanning elec-
tron microscope (EVO15, smart EDX Zeiss). The dried 
sample powder was placed on carbon strips and coated 
with a thin gold layer under an argon atmosphere. Micro-
graphs were taken at an accelerating voltage of 15 kV.

Zeta sizer
The suspensions of CNCs (0.05% w/v) were exam-

ined using a Zetasizer HORIBA Scientific SZ-100 for zeta 
size analysis.

3. Results and Discussion
3. 1. Isolation and Purification of Cellulose

The chemical compositions of the fibers obtained be-
fore the purification is shown in table 1. These results are 
consistent with findings from other researchers.

The obtained results showed that the cellulose is the 
most chemical constituent of date palm fibers. The cellu-
lose was isolated from palm fibers with an interesting rate 
of 35.99% ± 2.64 for DP and 36.17% ± 0.66 for FP. Accord-
ing to Astruc et al.39 the cellulose yield of the fibers, the 
level of polymerization of the cellulose and the angle of the 
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spirals in each wall vary for each plant and have a direct 
influence on their physical and chemical properties.

The standard deviations associated with the cellulose 
yield percentages indicate possible measurement errors. 
However, these values obtained through the purification 
process demonstrate its effectiveness in isolating cellulose 
from palm fibers. Additionally, the chemical compositions 
of the fibers before the purification processes were con-
sistent with previous research, confirming the reliability of 
the obtained results. Further analysis and characterization 
of the isolated cellulose will provide more insights into its 
properties, allowing for a comprehensive understanding of 
its potential applications in various fields.

Alkaline dilute treatment was used to mainly dissolve 
lignin, pectin, hemicelluloses and proteins. Furthermore, a 
bleaching step was carried out to eliminate any remaining 
lignin residues.42

The isolation and purification of cellulose from palm 
fibers followed a three-step procedure consisting of de-
waxing, delignification, and hemicellulose elimination. 
Each step contributed to transforming palm fiber into a 
clean white color. The physical appearance of palm fibers 
before and after purification is illustrated in Figure 2(d). 
The palm fibers appear as white cottony fibers, after alkali 
and bleaching process. The change in color indicates the 
effective removal of a significant amount of non-cellulosic 
components during the purification process.

Figure 2. Raw fibers of DP (a), raw fibers of FP (b), delignified fibers 
(c) and bleached fibers (d)

3. 2. �Preparation of the Cellulose 
Nanocrystals
The purified cellulose was further treated by sulfuric 

acid hydrolysis in the following conditions: 45°C, 45 min 

and 64% (wt) H2SO4 concentration. These conditions were 
determined based on research by several authors,33,36,43,44 
who emphasized the critical role of acid concentration, 
hydrolysis temperature, and time as crucial parameters in 
CNCs isolation.

According to Lu et al.35 the yield of CNCs by sulfuric 
hydrolysis ranged from 10% to 80%. The yield of CNCs in 
this work is in this range with 33.12% ± 2.51 for DP and 
34.35% ± 0.18 for FP.

The yield is attributed to the additional hydrolysis 
of the amorphous regions of the cellulose, according to 
Nang et al.45 Acid hydrolysis is a widely utilized meth-
od for manufacturing nanocrystalline cellulose (NC). It 

proves to be effective due to its ability to selectively de-
grade the amorphous regions of cellulose microfibrils, 
while preserving the crystalline domains. Consequently, 
these preserved crystalline domains can be isolated and 
obtained as monocrystals. In general, there are numer-
ous factors that influence the yield, not just the reaction 
conditions like the acid type and concentration, the time 
of hydrolysis and temperature, also the mechanic treat-
ments, the centrifugation throughout the procedure and 
fibers characteristics.35

3. 3. Fourier Transform Infrared (FTIR)
The Fourier transform infrared (FTIR) analysis pro-

vided valuable information about the chemical changes 
that occurred during the purification and isolation of cel-
lulose nanocrystals (CNCs). Figure 3 shows the compar-
ison of the FTIR spectra of various stages of the process, 
including raw fibers, dewaxed fibers, delignified cellulose, 
and CNC.

The presence of a peak at 2849 cm–1 in the FTIR 
spectrum of raw fibers, attributed to waxes, indicates the 
presence of extractable materials in the initial fibers. How-
ever, after the dewaxing step, this peak is absent, confirm-
ing the effective removal of waxes and other extractables 
from the fibers.

Regarding lignin, characteristic peaks were ob-
served in the FTIR spectra of raw fibers, including peaks 
at 1516 cm–1 (aromatic backbone vibration), 1508 cm–1 
(C=C vibrations of aromatic rings), and 1243 cm–1 (C-O 
bonds of carboxylic and ether groups). These peaks are 

Table 1. Chemical compositions of different palm fibers

Component	                         Present work	 Sbiai et al. 	 Gouamid	 Jonoobi et al. 
	  DP	  FP	 (2010)40	 (2015)41	 (2019)28

Cellulose (%)	 35.99	 36.17	 54.75	 38.10	 40.21
Lignin (%)	 18.07	 16.45	 15.30	 11.95	 32.2
Extractible (%)	 20.16	 24.10	 8.2	 19.46	 4.24
Ashes (%)	 8.21	 8.78	 1.75	 7.75	 10.54
Moisture (%)	 4.89	 4.21	 /	 /	 /
Hemicellulose(%)	 /	 /	 /	 22.7	 12.8
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indicative of the presence of lignin. However, after the 
delignification stage, these peaks diminish or disap-
pear completely, indicating the successful elimination 
of lignin from the cellulose structure. The presence of 
specific peaks at 1230 cm–1, 1461 cm–1, and 1517 cm–1 
in the FTIR spectra confirms the complete sequential 
removal of lignin during the purification process. These 
results align with previous studies by Astruc et al.3 and 
demonstrate the effectiveness of the purification steps 
in eliminating lignin from the cellulose fibers. Generally 
speaking, the FTIR analysis provides strong evidence of 
the successful purification of cellulose and the removal 
of waxes and lignin, validating the purity of the obtained 
cellulose and its suitability for further processing into 
cellulose nanocrystals.

The presence of characteristic peaks at 1729 cm–1 
and 1700 cm–1 in the FTIR spectrum indicates the pres-
ence of carbonyl stretching vibrations, which are attrib-
uted to hemicelluloses.33,36 Additionally, the peak at 1700 
cm–1 is associated with acetyl and ester groups in hemi-
cellulose, or carboxylic acid groups.35 The disappearance 
of these peaks in the FTIR spectra of delignified cellulose 
and CNCs indicates the successful removal of hemicellu-
lose from the palm fibers. The purification process effec-
tively eliminates hemicellulose, resulting in the isolation 
of cellulose-rich materials. The removal of hemicellulose 
is crucial for obtaining purified cellulose materials since 
hemicellulose contributes to the amorphous regions of the 
fibers and can affect the properties of the final product. 
By eliminating hemicellulose, the delignified cellulose and 
CNCs obtained have a higher cellulose content and en-
hanced crystallinity, making them suitable for reinforce-
ment application.

The band observed in the range of 3400–3000 cm–1 
corresponds to the stretching vibrations of hydroxyl groups 
(-OH) present in cellulose, as noted by Astruc et al.43 The 
FTIR spectra of cellulose typically exhibit several distinct 
bands that can be attributed to specific functional groups 
within the cellulose structure. These include the stretching 
of OH bonds at 3362 cm–1, the asymmetric angular defor-
mation of C-H bonds at 1429 cm–1. The symmetric angu-
lar deformation of C-H bonds at 1371 cm–1.The stretching 
of C-OH and C-C-OH bonds in secondary and primary 
alcohols at 1110 cm–1 and 1059 cm–1, respectively, and the 
angular deformation of C-H bonds at 897 cm–1, as report-
ed by Vasconcelos et al.46 Additionally, Madureira et al.36 
identified peaks at 3310 cm–1 and 1640 cm–1, respectively, 
associated with cellulose, as well as a peak at 2900 cm–1 
attributed to C-H stretching vibrations, which are present 
in all samples.

The presence of peaks at 3400–3000 cm–1, 2900 cm–1, 
1110.9 cm–1, 1059 cm–1, and 897 cm–1 in the FTIR spec-
trum (as shown in figure 3) confirms the presence of cellu-
lose throughout the purification and extraction processes 
of CNCs. These results indicate that cellulose is retained 
and not eliminated during the purification and extraction 

steps; supporting the successful isolation of CNCs while 
maintaining the cellulose structure.

Figure 3. FTIR spectroscopy of DP (a) and FP (b) at different stage 
of treatment

3. 4. X-ray Diffraction (XRD)
The crystallinity of nanocellulose is a main factor in 

determining its thermal stability and mechanical proper-
ties.47 The crystallinity study allows to determine the effect 
of extraction methods on the crystal structure of the cel-
lulose. X-ray diffraction (XRD) technique was utilized to 
identify the CrI of raw fibers and nanocrystals (Figure 4).

Studies by Culsum et al.23 and Lu et al.35 report that 
the characteristic diffraction peaks of cellulose appear at 
2θ ≈ 15.71, 16.48 and 22.50, representing different crystal-
lographic planes. Similarly, the XRD patterns of bacterial 
cellulose from Vasconcelos et al.46 align with these charac-
teristic peaks.

As shown in figure 4, the XRD patterns of the sam-
ples also reveal these characteristic diffraction peaks of 
cellulose at 2θ values of approximately 15, 17, and 22°. Ad-
ditionally, a distinct peak at 2θ ≈ 22 indicates the presence 
of a crystalline region.

Table 2 provides the measured values for the crystal-
linity index (%), and crystallite size obtained from X-ray 
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diffraction curves. The CNCs fibers exhibited the highest 
crystallinity index value, while the lowest value was ob-
served for the raw fibers. These results are well correlated 
with values of Rajinipriya et al.2 Dahlem et al.48 and Gond 
et al.49

Dahlem et al.48 reported that the raw fibers had a 
crystallinity index of 40.62%, while the CNC exhibited a 
higher value of 66.19%. Similarly, Gond et al.49 found that 
the raw fibers had a crystallinity index of 32.4%, whereas 
the CNC showed a higher value of 53.02%. Both studies 
concluded that the crystallinity of the nanocellulose (NC) 
was higher compared to that of the initial material. This 
increase in crystallinity can be attributed to the application 
of a chemical treatment, which effectively eliminated the 
non-cellulosic components of the fibers.

According to Vasconcelos et al.46 the increasing crys-
tallinity following the acid hydrolysis reaction is a result of 
a decrease in amorphous content, because this region is 
more available to acid attack.

The obtained crystallite size values are in close agree-
ment with those reported by Gondetal.49 who found a size 
of 3.74 nm for raw fibers and 3.4 nm for CNC.

A number of parameters such as the source of cel-
lulose, isolation process conditions and various pretreat-
ments determine the final crystallinity of nanocellulose in 
either crystal or fiber form.50

Biomass of lignocellulosic components consists of 
amorphous and crystalline regions. The amorphous re-
gion is mainly due to lignin and hemicellulose, while the 
crystalline region is attributed cellulose. Therefore, the 
treatment that is done chemically leads to the depolym-
erization of hemicellulose and the delignification of fibers, 
which tends to increase the crystallinity of cellulose ob-
tained.51

Figure 4.DRX of DP (a) and FP (b)

Table 2. The results of crystallinity index and crystal size of studied 
raw fibers and CNC

	 Crystallinity index (%)	 Crystal size (nm)

Raw fibers DP	 35.09	 5.85
CNCs DP	 53.34	 3.03
Raw fibers FP	 28.0	 5.53
CNCs FP	 57.7	 3.48

3. 5. Zeta Sizer
Particle size measurement using a Zetasizer or Nano-

sizer is commonly used to determine the size distribution 
and assess the dispersion and stability of CNCs in aqueous 
solutions.20,23 The analysis provides information on the 
size range and distribution of the particles. In the Figure 
5, it is evident that the size of CNC particles obtained from 
DP ranges from 25 to 1000 nm with an average of 512.5 
nm. In contrast, for CNC particles obtained from FP, the 
size range is 76 to 1150 nm, with an average of 613 nm. 
These findings are consistent with previous studies that 
have reported CNC sizes ranging from 5.6 to 1106 nm; 30 
nm to 1 μm.43

The broad distribution observed can be attributed 
to the anisotropic properties of the CNC suspension in 
solution.43 It is important to note that the size distribution 
obtained from light diffusion techniques like the Zeta siz-
er may not provide precise and accurate measurements 
of particle size, as it measures the length and diameter of 
particles. However, the results can still provide valuable in-
formation about the general size range and distribution of 
the CNC particles. For more detailed and accurate infor-
mation about the particle size and morphology of CNCs, 
microscopy techniques are recommended. The size distri-
bution obtained from the Zeta sizer analysis often aligns 
well with the results obtained by microscopy, further con-
firming the overall size range and distribution of CNC 
particles.

Figure 5. Zeta sizer of CNCs-DP (a) and CNCs-FP (b)

3. 6. �Scanning Electron Microscopy (SEM) 
Analysis
SEM images (figure 6) provide valuable insights into 

the surface morphologies of palm fibers before and after 
chemical treatments. The untreated palm fibers (Figure 6 
a1 and b1) appear as large bundles with rough surfaces. 
The presence of wax, oil, and surface impurities is clear-
ly visible, indicating the presence of cellulose fibers em-
bedded in hemicelluloses and lignin. These substances are 
effectively removed during the delignification process, as 
shown in Figure 6 (a2 and b2), resulting in a more defined 
and shorter cellulose fiber size with an approximate diam-
eter of 4.98 µm.
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According to Ali et al.52 alkaline and acid treatments 
of cellulosic fibers generally result in a more transparent, 
clearer, and harder surface with dispersed fibers compared 
to the raw form. in this study, the sulfuric acid treatment 
(64%) effectively disintegrates the palm fibers, reducing 
their size to nanocrystalline cellulose.

The presence of wax, oil, and impurities on the sur-
face of untreated fibers is clearly observed. The treated fib-
er clusters, shown in Figure 6, exhibit a smoother surface, 
indicating the removal of hemicelluloses, lignin, wax, oils, 
and other impurities. This improvement in surface mor-
phology is consistent with the results reported by Zarina 
and Ahmed.53

Overall, SEM analysis reveals the morphological 
changes that occur after the chemical treatments, confirm-
ing the removal of impurities and the transformation of 
palm fibers into nanocrystalline cellulose with improved 
surface characteristics.

3. 7. �Energy Dispersive X-ray Spectroscopy 
(EDX)
The EDX spectrum shows the spectra peaks that 

correspond to the binding energies of carbon, oxygen and 

other elements as the major components. The EDX spec-
trum reveals the presence of trace elements and impurities 
in the treated cellulose material. This is not unusual and 
can be influenced by various factors, including the source 
of the cellulose, the purification process, and the specific 
treatment methods employed. The detection of calcium 
(Ca), chlorine (Cl), and silicon (Si) as impurities indicates 
the presence of these elements in the treated cellulose. 
These impurities could arise from the raw material itself, 
such as minerals present in the plant fibers used for cellu-
lose extraction. They can also originate from the process-
ing methods used, including the chemicals and equipment 
employed during the treatment process. The presence of 
these trace elements does not necessarily indicate a neg-
ative aspect, but their quantities should be evaluated to 
ensure they are within acceptable limits for the intend-
ed applications of the cellulose material. The presence of 
residual sulfur (S) in small amounts can be attributed to 
the H2SO4 acid hydrolysis process used for the extraction 
of cellulose nanocrystal (CNC). The sulfuric acid used 
in the hydrolysis process can leave residual traces in the 
final CNC product. While efforts are made to minimize 
residual impurities during purification and extraction pro-
cesses, the detection of sulfur suggests that some residual 

Figure 6. SEM micrographs of raw fibers of DP (a1), CNCs-DP (a2), raw fibers of FP (b1) and CNCs-FP (b2)
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impurities from the acid treatment remain. These resid-
ual impurities should be considered when evaluating the 
purity and suitability of the CNC for specific applications. 
It's worth noting that the EDX spectrum provides qualita-
tive elemental analysis, indicating the presence of different 
elements in the sample. For more accurate quantification 
of these elements, additional analytical techniques such 
as atomic absorption spectroscopy or inductively coupled 
plasma mass spectrometry may be employed. It's worth 
mentioning that in the raw fibers, elements such as calci-
um (Ca), silicon (Si), chlorine (Cl), magnesium (Mg), and 
potassium (K) are also present. These elements may be 
naturally present in the palm fibers or could be introduced 
during the growth or processing stages. The EDX analysis 
provides valuable information about the elemental com-
position and impurities present in the cellulose samples, 
confirming the effectiveness of the treatment in removing 
certain impurities while also indicating the residual pres-
ence of some elements originating from the extraction 
process.

Considering both the natural presence of certain ele-
ments in the raw fibers and the residual elements from the 
extraction process, it is important to determine the accept-
able limits for these impurities based on the specific appli-

cations of the cellulose material. Quality control measures 
and appropriate purification techniques can help ensure 
that the final cellulose product meets the required stand-
ards for its intended use. These results and observations 
are in accordance with the results carried out by Ali et al.52

3. 7. Thermogravimetric Analysis (TGA)
The thermogravimetric analysis allows for measure-

ment of the degradation of a sample according to the tem-
perature end /or time.54 Concerning the thermogravimet-
ric analysis of the date palm fibers, results are illustrated 
in figure 8.

The initial weight decrease observed in the TGA 
measurement of CNCs in the range of 25–220 °C is likely 
due to the evaporation of water absorbed on the surface of 
CNCs. The subsequent weight loss observed between 220 
°C to 360 °C can be attributed to the breaking or rearrang-
ing the glycosidic bonds of the CNCs, leading to cellulose 
degradation processes such as depolymerization, dehydra-
tion, and decomposition of glycosyl unit.23

Our results (Table 3) reveal that date fibers show two 
distinct degradation peaks with confirm the results report-
ed by Bourmaudetal.30 who reported that the date palm 

Figure 7. EDX of raw fibers of DP (a1), CNCs-DP (a2), raw fibers of FP (b1) and CNCs-FP (b2)
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fibers have better thermal stability compared to other nat-
ural fibers.

According to Ali et al.52 the thermal degradation 
of cellulose generally occurs in three phases. The initial 
weight losses for the samples were due to the evaporation 
of absorbed or surface-bound moisture (H2O), which was 
evaporated below 100 °C. The degradation of CNC began 
at 259 °C, with the onset and offset temperatures for cellu-
lose degradation occurring between 277 °C and 387 °C as 
measured by TGA.

The thermal degradation behavior of the samples can 
be further explored by referring to Table 3, which presents 
the specific onset and offset temperatures associated with 
weight loss and the degradation of the cellulose material.

Figure 8 and Table 3 clearly demonstrate that the 
CNC-DP exhibits significantly higher thermal stability 
compared to CNC-FP, with a weight loss of 14.74% for DP 
and 30.67% for FP. The disparity in thermal stability can be 
attributed to differences in the size, structure, and surface 
properties of the CNCs.

In terms of the thermal stability of the chemical com-
ponents present in lignocellulosic materials, Raju et al.9 in-
dicate that hemicellulose, lignin, and cellulose exhibit dif-
ferent levels of thermal stability. Generally, hemicellulose 
is less thermally stable compared to lignin and cellulose. In 
the case of treated fibers, the removal of impurities, such 

as lignin and hemicellulose, during the chemical treatment 
process can lead to an improvement in thermal stability 
compared to untreated fibers. These findings highlight the 
influence of chemical treatments on the thermal stability 
of cellulose and lignocellulosic materials, with the poten-
tial to improve their thermal properties and expand their 
application possibilities

4. Conclusion
This study explored the potential of the date palm 

(Phoenix dactylifera L) waste leaves as a source of nano-
cellulose (CNC) with tailorable properties. Agricultural 
wastes represent an immense source of natural fibers, and 
utilizing them for CNC production offers a sustainable and 
cost-effective approach. In order to study the influence of 
the degree of maturity on the properties of the extracted 
nanocellulose, two types of waste material were used, that 
is dried palm (DP) and fresh palm (FP).

Alkaline and bleaching treatments effectively re-
moved lignin, hemicellulose and impurities, as confirmed 
by FTIR and SEM micrographs. While EDX revealed trac-
es of chemical impurities on the treated nanocellulose. 
XRD analysis revealed a higher degree of crystallinity for 
the CNCs compared to the raw fibers. Zeta sizer results 

Figure 8. TGA of DP (a) and FP (b)

Table 3. The thermal degradation of studied raw fibers and CNCs

Samples		  1st thermal degradation			   2nd thermal degradation		 Char yield
	 T Onset (°C)	 T Offset (°C)	 WL (%)	 T Onset (°C)	 T Offset (°C)	 WL (%)	 (%)

Raw fibers DP	 266.91	 372.13	 25.32	 423.87	 493.00	 10.13	 15.19
CNC DP	 263.17	 349.91	 28.01	 421.72	 495.01	 13.27	 14.74
Raw fibers FP	 265.22	 375.99	 43.26	 451.28	 511.93	 14.35	 28.91
CNC FP	 226.61	 353.50	 51.24	 414.65	 464.82	 20.57	 30.67
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showed that the size ranging was between 25 and 1150 
nm. The TGA showed a high thermal stability for DP com-
pared with FP.

Based on the findings, comparatively, more mature 
date palm leaves (DP) demonstrate slightly superior char-
acteristics especially in terms of crystallinity and thermal 
stability when compared to fresher palm leaves (FP). This 
suggests that the degree of maturity can influence the final 
properties on the CNCs. The study emphasizes the sig-
nificance of particle characteristics, including crystallini-
ty, size, as well as the thermal stability of CNC particles, 
coupled with the low cost and abundant availability of the 
source material, date palm CNC emerges as an appealing 
option for reinforcing polymer materials.
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Povzetek
Celuloza je najbolj razširjen in obnovljiv polimer v naravi. Odlikuje ga biorazgradljivost, ki pomaga ustvarjati prijazno 
okolje. Ta študija želi opisati nanocelulozo, pridobljeno iz odpadkov datljeve palme, tako posušenih (DP) kot svežih palm 
(FP) z uporabo kemijskih metod (hidroliza s H2SO4). Fizikalne lastnosti, morfologijo, elementarno sestavo in termično 
stabilnost smo določili s Fourierjevo transformacijsko infrardečo spektroskopijo (FTIR), rentgensko difrakcijo (XRD), 
zeta sizerjem, vrstično elektronsko mikroskopijo (SEM) in energetsko disipativno rentgensko analizo (EDX) in termo-
gravimetrično analizo (TGA). Rezultati FTIR, SEM in EDX so razkrili učinkovito odstranjevanje nečistot, hemiceluloze 
in lignina. Po obdelavi so vzorci posušene palme (DR) vsebovali 35,99% celuloze in 33,12% celuloznih nanokristalov 
(CNC), vzorci sveže palme (FP) pa 36,17% celuloze in 34,35% CNC. CNC ima večjo kristaliničnost kot surova vlakna in 
Zeta potencial je bil med 25 in 1150 nm. Analiza TGA je pokazala dobro toplotno odpornost DP.
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Abstract
Association behavior between quinizarin (1,4-dihydroxy-9,10-anthraquinone, Q), an analogue of the chromophore of 
anthracycline anticancer drugs and sodium dodecyl sulfate (SDS) micelles in the presence of glucose, NaCl and urea 
additives was studied using absorption spectroscopy and conductometric techniques. The spectral results indicate an 
increase of binding constant and partition coefficient values in the presence of glucose and NaCl whereas the addition 
of urea leads to a decrease of binding strength and quinizarin partitioning into SDS micelles. Thus, the rise of NaCl and 
glucose concentrations is favorable for the quinizarin distribution into SDS micelles. From electrical conductivity meas-
urements it was found that the critical micelle concentration (CMC) of SDS/quinizarin system decreases by adding NaCl 
and glucose whereas urea has not influence on the micelization process at the concentrations used in the present study.
Since biologically compounds like glucose, NaCl and urea are found in the human body, the attained outcomes can be 
important in finding of effective drug delivery systems.

Keywords: Quinizarin, SDS micelles, glucose, NaCl, urea

1. Introduction
Quinizarin (1,4-dihydroxy-9,10-anthraquinone, Q) 

is a synthetic anthraquinone used as fungicide and pesti-
cide, antioxidant, additive in lubricants to check oxidation 
and corrosion in engines, and as dye.1,2 Quinizarin inhibits 
HIV proteinase3 and possess significant antiproliferative 
and antimetastatic properties by the induction of intra-
cellular transglutaminase activity.4,5 From pharmaceuti-
cal point of view, quinizarin molecule contains the planar 
anthraquinone unit typical of some biologically and phar-
maceutically significant compounds, including several an-
titumor drugs such as doxorubicin, daunorubicin and mi-
toxantrone which are widely used in clinical practice. The 
anthraquinone chromophore is responsible both for anti-
tumor activity of these drugs by the intercalation between 
the DNA base pairs and cardiac toxicity by the generation 
of reactive oxygen species. Taking into account the above, 
different simpler and cheaper anthraquinones (quinizarin, 
danthron, purpurin) have been investigated and compared 
with the known drugs.6–9

Surfactants with their unique structure that contains 
both hydrophilic and hydrophobic moieties in the same 

molecule can form aggregates (micelles) at a certain con-
centration (known as critical micelle concentration, CMC) 
due to a delicate balance between the interactions of polar 
and non-polar parts. Besides their extensively use in the 
textile and pharmaceutical industries as solubility enhanc-
ers, diluents or emulsifying agents, surfactant micelles can 
be used in drug delivery systems to increase the solubility 
and bioavailability of hydrophobic drugs and to protect 
the drug molecules from adverse effects of the biological 
environment.10–13 The solubilization of drug molecules 
into micelles depends on its polarity: nonpolar molecules 
will be solubilized in the micellar core while the drug mol-
ecules with intermediate polarity will be distributed in the 
interfacial region of the micelle in certain intermediate 
positions.14–16

The development of an effective drug delivery sys-
tem demands in-depth knowledge of the interaction of 
drug molecules with surfactant micelles and the effect 
of several factors like pH, temperature, additives, ionic 
strength, etc.17,18 Due to their structure, the surfactant 
micelles mimic the native lipid bilayer environment and 
are used to study the interactions of different drugs with 
membranes.19,20
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Sodium ions, glucose and urea are present in blood 
plasma in variable quantities and their presence may in-
fluence the drug biological activity. In addition, the ad-
ministration of anthracycline drugs is given as slow infu-
sion in 0.9% NaCl or 5% glucose solutions and glucose is 
used as a preferred source of carbohydrate in parenteral 
nutrition regimens, being rapidly absorbed from the gas-
trointestinal tract. It is well documented that the addition 
of various additives like electrolytes, carbohydrates, alco-
hols, aminoacids, etc. can affect the association behavior 
of ionic and nonionic surfactants either through specific 
interactions with the surfactant molecules or by changing 
the solvent nature.21–24 The presence of these compounds 
not only changes the micellar parameters but also can 
modulate the interaction pattern of micelles with drugs. 
Hence, it is important to get knowledge of drug–micelle 
association behavior in the presence of different physio-
logical additives.

We previous investigated the interaction of quiniza-
rin with SDS micelles in 0.1 M phosphate buffer (pH 7.4) 
and at different temperatures, using spectrophotometric 
and conductometric techniques.25 The results showed a 
strong interaction between quinizarin and SDS micelles 
and both binding and partition processes are spontaneous 
and entropy driven. Also the hydrophobic interactions are 
the main forces involved in binding and partition pro-
cesses.

Considering the above aspects and in extension to 
our prior study concerning the interaction of antitumor 
drugs with biomimicking organized assemblies like sur-
factant micelles, the current paper aims to investigate the 
influence of glucose, NaCl and urea on the interaction of 
quinizarin with SDS micelles. The studies were carried 
out using absorption and electrical conductance measure-
ments.

2. Experimental
2. 1. Materials

Quinizarin (96% purity), sodium dodecyl sul-
fate (SDS, 97%), sodium chloride (NaCl, 99%), glucose 
(99.5%), urea (99%), sodium phosphate dibasic (99%) and 
sodium phosphate monobasic (99%) were purchased from 
Sigma Aldrich and used as received without further purifi-
cation. All solutions were prepared using deionized water 
of 18.2 MΩcm resistivity (Direct-Q 3UV System, Milli-
pore). Experiments were performed in 0.1 M phosphate 
buffer, pH 7.4 in order to mimic physiological conditions. 
Due to the low solubility of quinizarin in water, a concen-
trated stock solution was prepared by dissolving quiniz-
arin in methanol. Then, small aliquots of this stock were 
diluted with phosphate buffer such that the methanol con-
tent in the investigated solutions was always below 1%. The 
solutions were prepared just before experiment and kept in 
the dark because the quinone unit is sensitive to the light.

2. 2. UV-Visible Measurements
Absorption spectra were taken on a JASCO V-630 

spectrophotometer equipped with a Peltier controlled 
ETCR-762 model accessory (JASCO Corporation, Tokyo, 
Japan) using quartz cuvette with a path length of 1 cm. The 
absorption spectra of quinizarin in 0.1 M phosphate buff-
er, pH 7.4 and different concentrations of glucose, NaCl 
and urea have been recorded in the range of wavelength λ 
= 350–700 nm after the successive additions of concentrat-
ed SDS solution.

2. 3. Conductivity Measurements
Specific conductivities were performed on Consort 

K912 conductivity meter (Parklaan 36, B-2300 Turnhout, 
Belgium). This instrument has auto ranging from 0 to 1000 
mS/cm and conductivity control with accuracy of ± 0.5%. 
The electrode used had a cell constant of 0.98 cm–1 and 
was calibrated using KCl over the appropriate concentra-
tion range. A concentrated SDS solution was gradually 
added to phosphate buffer containing quinizarin and dif-
ferent concentrations of additives and the conductivity of 
the ensuing solution was noted, after appropriate mixing. 
Subsequently, CMC values were determined by using the 
conventional method based on the plot of conductivity (k) 
against the surfactant concentration.

3. Results and Discussion
3. 1. Absorption Spectroscopy

Our previous spectral investigation on the interac-
tion of quinizarin with SDS micelles in 0.1 M phosphate 
buffer (pH 7.4) at different temperatures revealed a strong 
interaction between quinizarin and SDS micelles.25 In or-
der to find out the effect of physiologic additives such as 
glucose, NaCl and urea on the interaction of quinizarin 
with SDS micelles, similar experiments were performed 
in the presence of 1%, 5% glucose, 0.5%, 0.9% NaCl and 
0.6%, 1.2% urea.

Fig. 1 shows the absorption spectra of quinizarin in 
the presence of additives (5% glucose (Fig. 1a) and 0.5% 
NaCl (Fig. 1b)) and increasing concentrations of SDS. In 
our experimental conditions (0.1 M phosphate buffer, pH 
7.4), quinizarin is in neutral form and the visible absorp-
tion spectrum shows a broad absorption maximum at ~ 
470 nm and a shoulder at about 535 nm. The changes in 
the spectral behaviour of quinizarin for increasing SDS 
concentrations are the same for glucose, NaCl and urea, 
respectively the increase in absorbance and the splitting of 
the absorption maximum in three peaks. Also, a new peak 
appears around 515 nm and the shoulder at about 535 nm 
disappears. Addition of glucose, NaCl and urea does not 
affect the characteristics of absorption spectra of quiniz-
arin in SDS micelles, which would imply the presence of 
the same kind of interactions and the same location of 
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quinizarin molecules into SDS micelles as compared with 
the absence of these additives.

Further, the absorbance values at 470 nm were used 
to calculate the binding constant (Kb) and the partition co-
efficient (Kx), and the respective thermodynamic param-
eters in order to evaluate the influence of glucose, NaCl 
and urea additives on the interaction of quinizarin – SDS 
micelles. The binding constant was determined using the 
Benesi–Hildebrand equation:26,27

� (1)

where, A0 is the absorbance value in the absence of SDS, 
A is the absorbance value in the presence of SDS and A1 is 
the absorbance value at high concentration of SDS. From 
the linear plots between 1/(A–A0) and 1/[SDS] (Fig. 2), 
the values of Kb were evaluated using the intercept and the 
slope and are given in Table 1.

The binding constant of quinizarin to SDS micelles 
was previous found to be 2524 M–1.25 From Table 1 it can 
be observed that glucose and NaCl enhance the binding 
of quinizarin to SDS micelles and this increase is higher 
for higher concentrations of glucose and NaCl. The high-

Figure 1. Visible absorption spectra of quinizarin at various concentrations of SDS in the presence of: (a) 5% glucose and (b) 0.5% NaCl.

Figure 2. Benesi–Hildebrand plots for the calculations of binding constant (Kb) for quinizarin/SDS micellar system in the presence of additives: a) 
glucose, b) NaCl and c) urea.
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est binding constant was obtained for 0.9% NaCl. Ba-
nipal et al. reported that the presence of NaCl increases 
the binding and partitioning of ciprofloxacin hydrochlo-
ride to SDS and hexadecyltrimethylammonium bromide 
(HTAB) micelles because NaCl enhances the hydrophobic 
interactions between the drug and both surfactants.28 We 
have reported that the hydrophobic interactions are the 
main forces involved in the binding of quinizarin to SDS 
micelles.25 Therefore, the increase of hydrophobic interac-
tions can account for higher binding constants observed 
for quinizarin/SDS micelles in the presence of NaCl.

An increase of the interaction strength in the pres-
ence of glucose, galactose, sucrose and maltose carbohy-
drates was found for the binding of safranine T dye with 
different micelles.20 Glucose is a hydrophilic molecule con-
taining six hydroxyl groups that appears to be responsible 
for making strong cooperative hydrogen bonds with the 
surfactant molecules which is manifested by dominance 
of electrostatic interactions at pre-micellar SDS concentra-
tions whereas hydrophobic interactions play a greater role 
at micellar SDS concentrations.29

Unlike glucose and NaCl, the presence of urea leads 
to a decrease of the binding constant of quinizarin to SDS 
micelles. The decrease of the binding constants on addition 
of urea was also observed in the case of the binding of the 
charged and uncharged forms of the local anesthetic tet-
racaine to zwitterionic micelles.30 Electron spin resonance 
spectroscopy investigation on the effect of urea on SDS 
micelles showed a decrease of the polarity and a strong 
increase of the microviscosity of the micellar interface.31

The negative values of ΔGb indicate the spontane-
ous nature of quinizarin-SDS micelles binding process in 
the presence of glucose, NaCl and urea additives and the 
spontaneity of this process is enhanced in the presence of 
higher glucose and NaCl concentrations.

Along with the determination of binding constant, 
the quinizarin–SDS micelles interaction was further char-
acterized by determining the partition coefficient (Kx) 
which is a thermodynamic parameter representing the ra-
tio of concentration of drug molecules in micelle to that 
in aqueous solution and provides information about the 
extent of solubilization. The partition coefficient was de-
termined according to the pseudo-phase model using the 

following equation:32,33

� (2)

In eq. (2), ΔA = A – A0, ΔA∞ = A1 – A0, CT is the 
total drug concentration and nw = 55.5 M is the molarity of 
water. The values of Kx are obtained from the slope of the 
plot of 1/ΔA versus 1/([SDS] + CT – CMC), as is shown in 
Fig. S1 (Supplementary Material).

Our previous investigation showed that quinizarin 
presents large positive values of Kx (3.44 x105) indicating 
that quinizarin molecules prefer to move from aqueous 
environment to more hydrophobic environment of SDS 
micelles.25 As seen from Table 1, NaCl, glucose and urea 
exert a strong influence on the degree of partitioning of 
quinizarin molecules. The presence of NaCl and glucose 
leads to higher partition coefficients, meaning large-scale 
transfer of quinizarin molecules from the aqueous to the 
micellar media. The Kx values decrease in the presence of 
urea. The large negative values of ΔGx are indicative of the 
spontaneous nature of partitioning process in the presence 
of these additives.

The radius of SDS micelles, the aggregation number 
and the packing parameter increase with increasing NaCl 
concentration.21 This means that larger spherical micelles 
are formed which in turn helps to accommodate more 
drug molecules per micelle. Also, the aggregation number 
of SDS increase in the presence of different sugars (glu-
cose, galactose, sucrose, maltose).22 Therefore, the higher 
micellar partition coefficients achieved in the presence of 
increasing concentrations of glucose and NaCl can be re-
lated to the greater micellar size of SDS micelles.

3. 2. Conductivity Measurements
The conductivity of quinizarin/SDS solutions as a 

function of surfactant concentration is viewed in Fig. 3 for 
different concentrations of glucose, NaCl, and urea. From 
the sudden change of the slope in these plots the CMC val-
ues were obtained and included in Table 2.

The CMC of SDS in pure water at 298.15 K is be-
tween 8.00 and 8.30 × 10–3 M depending on the exper-

Table 1. Values of binding constant (Kb), partition coefficient (Kx) and free energy of binding  
(ΔGb

0 )  and partition (ΔGx
0 )  for quinizarin/SDS micellar system in 0.1 M phosphate buffer (pH 7.4) 

and different additives.

Additive	 Kb / 103	 ΔGb
0	 Kx / 105	 ΔGx

0 

	 (M–1)	 (kJ mol–1)		  (kJ mol–1)

glucose 1%	 2.62 ± 0.05	 –19.17	 5.11 ± 0.03 	 –32.02
glucose 5%	 2.83 ± 0. 07	 –19.36	 6.70 ± 0.05 	 –32.68
NaCl 0.5%	 2.53 ± 0.02	 –19.09	 4.40 ± 0.04	 –31.66
NaCl 0.9%	 2.97 ± 0.03	 –19.48	 6.98 ± 0.07	 –32.78
urea 0.6%	 1.76 ± 0.02	 –18.20	 1.13 ± 0.05	 –28.34
urea 1.2%	 1.57 ± 0.04	 –17.93	 1.42 ± 0.04	 –28.90



201Acta Chim. Slov. 2024, 71, 197–203

Toader et al.:   Insight Into the Interaction of Quinizarin with   ...

imental method used.34–36 In phosphate buffer at pH 7 
and 298.15 K, CMC values of SDS decrease from 6.09 × 
10–3 M (5 mM phosphate buffer) to 1.99 × 10–3 M (50 mM 
phosphate buffer).37 In our previous investigations, it was 
found that the presence of quinizarin increases the CMC 
of SDS in 0.1 M phosphate buffer, pH 7.4 from 9.28 × 10–4 
M to 1.06 × 10–3 M and this increase was explained by the 
possibility of hydrogen bonding between hydrophilic parts 
of drug and water, as the location of drug molecules in the 
outer portion of micelle close to micelle water interface 
leads to decrease in entropy thus making process of micel-
lization less convenient.25,38,39

The results in Table 2 indicate that the presence of 
glucose leads to a decrease of CMC and increasing the 
concentration of glucose from 1% to 5% increases the 
reduction in CMC. These results are in agreement with 
literature results which indicate a decrease of CMC of 
SDS with gradually increasing concentrations of differ-
ent sugars (glucose, galactose, sucrose, maltose).22 Also, 
CMC values of SDS showed a regular decrease with in-
crease in sugar concentration as well as with the size of the 
hydrophobic group of sugar molecule.40 Glucose is a hy-
drophilic molecule containing six hydroxyl groups which 
strongly attract water molecules, thus the water – water 
interaction is replaced by water – sugar interaction and 
therefore the formation of iceberg structure around sur-
factant monomers due to hydrophobic interaction is pro-
hibited and the micelle formation is favoured and CMC 
is lowered.22

A more pronounced decrease in CMC was observed 
by adding NaCl at SDS solutions containing quinizarin 
drug (Table 2). This indicates that higher concentration of 
NaCl provides a convenient environment for micellization 
of our studied quinizarin/SDS system. In the case of ion-
ic surfactants such as SDS, a decrease of CMC values was 
observed for the micellization of pure ionic surfactants 
and also for drug-surfactant systems as the inorganic salt 
concentration increases.18,21,41–43 The decrease in the CMC 
value is mainly due to the decrease in the thickness and 
potential of the electric double layer at the interface, and 
consequently, the electrical repulsion between charged 
head groups are reduced and the micellization process 
starts at lower surfactant concentration.41–43

Regarding the influence of urea, it can be observed 
that the presence of 0.6% and 1.2% urea does not change 
the CMC value of quinizarin/SDS solution. Reports on 
urea effects on SDS micellization in aqueous solution indi-
cate that the CMC increased upon 2, 4 or 6 M urea concen-
trations addition, whereas the micellar aggregation num-
ber and the polarity the micellar interface decreased.44 The 
lower urea concentrations used in our investigations has 
not influence on the micellization of quinizarin/SDS sys-
tem, in agreement with studies performed by Kancharla et 
al. which showed that the CMC of SDS in aqueous solution 
did not change much at low urea concentrations, but in-
creased by 11% in the presence of 4 M urea.45

4. Conclusions
The present study focuses on the effects of glu-

cose, NaCl and urea additives on the interaction between 
quinizarin, an analogue of the chromophore of anthracy-
cline anticancer drugs and SDS micelles, as a model drug 
delivery system and the most accepted model system for 
studying different aspects of membrane interactions with 

Figure 3. Dependence of specific conductivity, κ, on the concentra-
tion of SDS in solution of 2.15 × 10–5 M quinizarin in 0.1 M phos-
phate buffer in the presence of different concentrations of (a) glu-
cose, (b) NaCl and (c) urea.
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drug molecules. These additives are found in the human 
body and their presence may affect the micellization ten-
dencies of surfactants. The spectral results show that the 
presence of glucose, NaCl and urea has a pronounced in-
fluence on the binding and partitioning process: glucose 
and NaCl enhance the quinizarin binding and distribution 
ability into SDS micelles, whereas the addition of urea has 
an opposite effect. The obtained CMC values of quiniza-
rin/SDS system were found to undergo a decrease in pres-
ence of NaCl and glucose, whereas urea has not influence 
on the micelization process at the concentrations used in 
the present study.

The results of the present study may provide valuable 
information in seeking better drug formulation and drug 
delivery systems taking into account that glucose, NaCl 
and urea are present in body fluids.
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Povzetek
Z absorbcijsko spektroskopijo in konduktometričnimi tehnikami smo proučevali tvorbo asociatov med kinizarinom 
(1,4-dihidroksi-9,10-antrakinonom, Q), analogom kromofora antraciklinskih protirakavih zdravil, in miceli natrijevega 
dodecil sulfata (SDS) v prisotnosti dodatkov glukoze, NaCl in sečnine. Spektralni rezultati kažejo na povečanje vrednosti 
vezavne konstante in porazdelitvenega koeficienta v prisotnosti glukoze in NaCl, medtem ko se ob dodatku sečnine 
vezavna moč in vgrajevanje kinizarina v SDS micelle zmanjša. Povečanje koncentracij NaCl in glukoze je torej ugodno 
za vgraditev kinizarina v SDS micele. Iz meritev električne prevodnosti smo ugotovili, da se kritična micelna koncen-
tracija (CMC) sistema SDS/kinizarin zmanjša z dodajanjem NaCl in glukoze, medtem ko sečnina nima vpliva na proces 
micelizacije pri pogojih, uporabljenih v tej študiji. Ker so biološke spojine, kot so glukoza, NaCl in sečnina, prisotne v 
človeškem telesu, imajo izsledki študije potencialno uporabo pri razvoju učinkovitih sistemov za dostavo zdravil.
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Abstract
The study aims to optimize the extraction process and characterize the proteins found in fenugreek seeds. The water and 
oil holding capacities, coagulated protein content, foaming, and emulsification properties of the isolated proteins were 
investigated under all extraction conditions. Also, solubility, molecular weights, structural and thermal properties were 
determined. In the extraction processes carried out at different pH (pH 6.0–12.0) and solid:solvent ratios (20–60 g/L), it 
was determined that the highest extraction yield (94.3 ± 0.3%) was achieved when the pH was 11.47 and the solid-solvent 
ratio was 34.50 g/L. Three distinct bands (46, 59, and 80 kDa) in the range of 22–175 kDa were determined for the fenu-
greek seed protein isolate obtained under optimum extraction conditions. Protein secondary structures were determined 
using Fourier Transform Infrared (FT-IR) spectra and it was determined that β-sheet structures were highly present. In 
addition, denaturation temperature and denaturation enthalpy were calculated as ~119 °C and 28 mJ/g, respectively. 

Keywords: Protein isolate, fenugreek seeds, extraction, secondary structure, emulsifying properties

1. Introduction
Proteins are crucial macronutrients in human nutri-

tion, and historically, they have been primarily obtained 
from animal sources. However, with the increasing popu-
lation in recent years, the availability of animal protein 
sources has been decreasing. As a result, there is now an 
increasing demand for alternative protein sources, such as 
plant-based proteins. Plant-based proteins are becoming 
more popular due to their health benefits and their ability 
to promote physical function.1,2 Although animal sources 
contain high-quality proteins, they contain high levels of 
components such as cholesterol and saturated fatty acids, 
which cause diseases such as cardiovascular diseases and 
cancer when consumed frequently. Diets containing plant-
based proteins are known to prevent cardiovascular dis-
eases, hypertension, obesity, and some types of cancer.3 In 
addition to increasing awareness of healthy nutrition, in-
creasing sustainability concerns regarding food supply al-
so increases consumers’ tendency to prefer plant-based 
proteins. Furthermore, the fact that plant proteins, pre-
ferred by special consumer groups such as vegans and veg-
etarians, are cheaper and have a wide variety of sources, 

has made plants an alternative protein source for their use 
in food applications.4,5

Although plant-based proteins have many advan-
tages, plant protein sources contain non-nutritive compo-
nents (tannins, phytic acid, trypsin inhibitors, oligosaccha-
rides, etc.), show weaker amino acid diversity than animal 
proteins, and their digestibility is not good. In addition, 
the fact that the functional properties of different protein 
isolates obtained from a wide variety of plant sources have 
not been well established limits their use in food formula-
tions.6 However, knowing the physico-chemical properties 
that affect the use of plant proteins in food formulations 
is very important in terms of improving the quality prop-
erties of the product. The physico-chemical properties of 
proteins are defined as the physical and chemical prop-
erties that affect the behavior of proteins in foods during 
production, storage, preparation, and consumption. Solu-
bility, gelling, emulsification, foam formation, water and 
oil holding capacity, viscosity and film formation are some 
of the common physico-chemical properties of proteins. 
In addition to the structural properties of the proteins 
such as amino acid composition, surface hydrophobicity 
and hydrophobic/hydrophilic ratio, the extraction meth-
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od and the parameters used in their production are also 
parameters that affect the physico-chemical properties of 
proteins.7,8

Extraction of plant-based proteins, like other pro-
teins, is generally carried out by dissolving the material 
in a medium far from the isoelectric point and then pre-
cipitating the soluble proteins at the isoelectric point.9 
Alkaline extraction, which provides high protein yield, is 
generally used in the extraction of plant proteins. With the 
increase in the pH value of the solvent medium, acidic and 
neutral amino acids become ionized, and thus the solu-
bility of proteins increases. More than 90% protein yield 
can be obtained with the alkaline extraction method.10 Al-
though high yields are obtained with alkaline extraction, 
the digestibility of the protein is affected because the struc-
ture of lysine and cysteine is disrupted, which negatively 
affects the overall quality of the protein.11 Therefore, it is 
necessary to determine the alkaline conditions specific to 
that protein source that will improve or not affect the phys-
icochemical properties of the protein. In addition, alkali 
concentration as well as other parameters such as solid:-
solvent ratio, extraction time, and temperature should be 
optimized for maximum protein yield and preservation 
of physicochemical properties.10 To identify new protein 
sources and gain application areas, it is necessary to char-
acterize the obtained proteins. For this reason, in recent 
years, studies on the optimization of alkaline extraction 
conditions of plant-based proteins in terms of protein 
yield and physico-chemical properties of isolated proteins 
have been published in the literature.2,12–16

Fenugreek (Trigonella foenum graecum), known to 
have many health benefits, is an annual herbaceous plant 
in the legume family. Fenugreek, which has a widespread 
area in the world, differs from other legumes with its 
appearance and different smell. The protein content of 
fenugreek seeds has been reported to be in the range of 
25–38%. The proteins in fenugreek seeds consist of albu-
min, globulin, glutelin, and prolamins. In a study where 
the flour obtained from fenugreek seeds was used in dif-
ferent proportions instead of wheat flour, it was report-
ed that the protein content of products such as bread, 
biscuits, noodles, and pasta increased significantly, and 
there was an improvement in their sensory and rheo-
logical properties.17 Therefore, fenugreek seeds, which 
have high nutritional value, are thought to be a potential 
protein source. 

In this study, the effects of different solid:solvent ra-
tios and pH levels on the extraction yield of the proteins in 
fenugreek seeds were determined, and the conditions that 
ensure the highest extraction yield were optimized using 
response surface methodology. The effects of the extrac-
tion conditions on the functional properties namely water 
holding capacity, oil holding capacity, coagulated protein 
content, foam capacity, foam stability, emulsion activity, 
emulsion stability, and emulsion capacity of the isolated 
proteins were investigated. Additionally, the structural 

and thermal properties and molecular weight patterns of 
fenugreek seed protein isolates obtained under optimum 
extraction conditions were determined.

2. Materials and Methods
2. 1. Material

After removing the foreign substances in the fenu-
greek seeds purchased from a local market, the seeds were 
powdered using a household grinder. The powdered seed 
samples were passed through a 630 µm sieve, and defatting 
was applied to the under-sieve samples using hexane. To 
remove the residual hexane, the samples were left to dry 
at 50 °C for 12 hours and the obtained defatted fenugreek 
seeds samples were used for protein extraction. 

2. 2. Chemicals
H2SO4 (CAS#: 7664-93-9), HCl (CAS#: 7647-01-1), 

NaOH (CAS#: 1310-73-2), Brilliant Blue G-250 (CAS#: 
6104-58-1) and Na2HPO4 dibasic dihydrate (CAS#: 
10028-24-7) were obtained from Sigma-Aldrich, Germa-
ny. Boric acid (CAS#: 1043-35-3), methanol (CAS#: 67-
56-1) and H3PO4 (CAS#: 7664-38-2) were obtained from 
Merck KGaA, Germany. Hexane (CAS#: 110-54-3) and 
citric acid monohydrate (CAS#: 5949-29-1) were provided 
by Tekkim Chemicals, Turkey. Kjeldahl tablets (Kjeltabs 
ST, AA 09) were obtained from Gerhardt, Germany. Tashi-
ro indicator (CAS#: 64-17-5) was obtained from Riedel-de 
Haën™, Germany. Biuret Reagent (CB2145) was obtained 
from ChemBio, Turkey. Sodium phosphate dibasic (CAS#: 
151-21-3) was obtained from BioBasic, Canada.

2. 3. �Extraction Process and Isolation of the 
Proteins 
Protein extraction from the defatted fenugreek seeds 

was carried out by mixing (at 750 rpm for 4 hours) the 
suspensions prepared in different solid:solvent ratios with 
distilled water as a solvent at different pH values. To op-
timize the extraction process, pH value (pH 6.0–12.0) 
and solid-solvent ratio (20–60 g/L) were chosen as in-
dependent variables, and a 'Central Composite Design' 
was carried out (Table 1). The samples were centrifuged 
at 6000 rpm for 15 minutes at the end of the extraction 
process. Extraction yield was calculated by proportioning 
the amount of protein in the supernatant phase (extract) 
to the protein amount of the initial powdered seed sample 
(Eq. 1). During the study, the protein contents of the sam-
ples were determined by Kjeldahl method18 in all protein 
isolates and powder samples, and by Bradford method19 in 
supernatant phases.

�Extraction yield (%) = [Protein amount of extract (g) / 
Protein amount of fenugreek seeds (g)] × 100� (1)



206 Acta Chim. Slov. 2024, 71, 204–214

Isleroglu  and Olgun:   Effects of the Extraction Conditions on Functional   ...

In the optimization process, the extraction yield was 
used as a response and the conditions providing the high-
est extraction yield were determined with a desirability 
function approach. The model used for regression analysis 
is given in Eq. 2.

� (2)

where, β0, βi, βii and βij are the coefficients, X is the inde-
pendent variable and k is the number of independent var-
iables. 

After the extraction process, the pH values of the ex-
tracts were adjusted to 4.0 and incubated at room temper-
ature for 6 hours. After the incubation, the samples were 
centrifuged at 9000 rpm for 60 minutes, the supernatant 
was removed, and the precipitate was washed three times 
(5 minutes at 6000 rpm) using distilled water. The washed 
precipitates were then collected and lyophilized for 72 
hours (Christ Alpha 1–4 LSC Plus, Germany). Powder 
protein isolates obtained as a result of the lyophilization 
were stored in sealed tubes at –18 °C until the analyses. By 
determining the amount of protein remaining in the su-
pernatant phase at the end of precipitation, the average 
recovery in the precipitation process was calculated as 
93.75 ± 0.55%. 

2. 4. Characterization of the Protein Isolates
2. 4. 1. Coagulated Protein

The percentage of the coagulated protein in the 
samples was determined using the method described by 
Kramer and Kwee.20 For this purpose, 0.2 g protein iso-
late was dissolved with 10 ml of citrate-phosphate solution 
(pH 7.0) at a concentration of 0.025 M and centrifuged. 
Biuret reagent was added to the supernatant phase and the 
solution was kept in the dark for 30 minutes. The solution 
was then incubated at 100 °C for 15 minutes and cooled 
to room temperature. After the cooling, the heating pro-
cess was applied once again. The coagulated protein (%) 
was calculated using the absorbances of the samples before 
heating (A1) and after heating (A2) at 540 nm (Eq. 3).

Coagulated protein (%) = [(A1–A2) / (A1)] × 100 	  (3)

2. 4. 2. Water and Oil Holding Capacity
Water holding capacity and oil holding capacity were 

determined by modifying the method of Vinayashree and 
Vasu.10 After vortexing 250 mg of protein isolate with 15 
ml of distilled water, it was kept at room temperature for 1 
hour. Then, it was centrifuged at 3000 rpm for 20 minutes, 
the supernatant phase was removed, and the remaining 

sample was weighed. The water holding capacity is calcu-
lated in the g water/g sample. To determine the oil holding 
capacity, olive oil was used instead of water, and the oil 
holding capacity was expressed in g oil/g sample.

2. 4. 3. Foaming Capacity and Foam Stability 
The foaming capacity and foam stability of the pro-

tein isolates were determined by the method proposed by 
Timilsena et al.21 Aqueous solutions of the protein isolate 
at a concentration of 20 g/L were homogenized with a ho-
mogenizer (Ultra-Turrax IKA T-18 Basic, USA) at 10000 
rpm for 5 minutes. Total volumes before homogenization 
(V0) and after homogenization (V1) were measured, and 
foaming capacity (%) was calculated using Eq. 4.

Foaming capacity (%) = [(V1–V0) / (V0)] × 100� (4)

The foam stability was calculated using Eq. 5 by de-
termining the total volume (V2) of the homogenized sam-
ple after it was kept at room temperature for 1 hour.

Foam stability (%) = [(V2–V0) / (V1–V0)] × 100 � (5)

2. 4. 4. Emulsifying Properties
Emulsion activity and emulsion stability of the pro-

tein isolates were determined using the turbidity method 
modified by Feyzi et al.22 First, 22.5 mg of the sample was 
weighed into a 15 mL tube, 4.5 mL of phosphate buffer 
solution (pH 7.0) was added, and the sample was vor-
texed for 1 minute. Sunflower oil (1.5 mL) was added to 
this mixture and homogenized at 22000 rpm for 2 min-
utes. To determine the emulsion stability, immediately af-
ter the homogenization (t=0), 250 µL emulsion was mixed 
with 50 mL sodium dodecyl sulfate at a concentration of 
1 g/L, and the absorbance of this mixture at 500 nm was 
recorded (A0). Similarly, the same process was applied to 
the initial emulsion that was kept at room temperature for 
15 minutes (t=15) and its absorbance was recorded (A15). 
Emulsion stability (min) was calculated using Eq. 6.

Emulsion stability (min) = [A0 / (A0–A15)] × t � (6)

Emulsion activity (m2/g) was determined using Eq. 7. 

�Emulsion activity (m2/g) = (2T × D) / (Φ × C)  
= (2 × 2.303 × A0 × D) / (Φ × C × L) � (7)

where, T is the turbidity (T= 2.303xA0/L), D is the dilution 
factor (200), Φ is the emulsion oil volume fraction (g oil/g 
sample), C is the protein concentration in the solution 
(0.005 g/ml), L is the cuvette path length (10–2 m).

The method given by Neto et al.23 was modified to 
determine the emulsion capacity. First, an equal volume 
of sunflower oil was added to the protein isolate solutions 
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prepared at a concentration of 1.0 % (w/v), and an emul-
sion was formed by homogenizing with ultra-turrax (7200 
rpm, 2 min). These emulsions were then centrifuged at 
3250 rpm for 2 minutes. The total height of the emulsion in 
the tube before centrifugation was expressed as H0 (cm), 
the height of the emulsified layer of the centrifuged emul-
sion was expressed as H1 (cm), and the emulsion capacity 
was calculated using Eq. 8.

Emulsion capacity (%) = [H1 / H0] × 100 � (8)

2. 4. 5. Protein Solubility
The solubility of the protein isolates (g/L) obtained 

under optimum extraction conditions was determined by 
the method reported by Feyzi et al.22 The pH values of the 
protein isolate solutions prepared with distilled water at 
a concentration of 15 g/L were adjusted to values in the 
range of 2.0–12.0 using HCl or NaOH. After agitating the 
samples for 30 minutes at room temperature, they were 
centrifuged at 6000 rpm for 15 minutes to determine the 
protein content in the supernatant phase. 

2. 4. 6. �Sodium Dodecyl Sulfate-Polyacrylamide 
Gel Electrophoresis (SDS-PAGE)

The SDS-PAGE method24 was used to determine the 
molecular weights of proteins obtained under optimum 
extraction conditions. In the study, 12% gel was used and 
10 µg and 50 µg of samples were loaded. Samples were run 
under 200 V voltage for 50 min and the gel was stained 
with Comassie Brillant Blue R-250.

2. 4. 7. �Fourier Transform Infrared (FT-IR) 
Spectroscopy

Structural properties of protein isolates obtained un-
der optimum conditions were determined using a Fourier 
Transform Infrared (FT-IR) Spectrometer (Perkin Elmer 
400, USA). Diamond ATR method was used in the anal-
ysis and measurements were made in the spectrum range 
of 4000–400 cm–1. Considering the Amide I region (1600–
1700 cm–1) in the FT-IR spectra, the protein secondary 
structures of the protein isolates were determined by de-
convolution of the peaks and curve fitting using the Peakfit 
v4.12 package program (Systat Software, USA).

2. 4. 8. Thermal Properties
Denaturation temperature (Td, °C) and denaturation 

enthalpy (ΔHd, mJ/g) of the protein isolates obtained un-
der optimum conditions were determined using a Differ-
ential Scanning Calorimetry (DSC) (Perkin Elmer DSC 
8000, USA). Analyses were carried out in a nitrogen envi-
ronment, in the temperature range of 20–200 °C and at a 
heating rate of 5 °C/minute.

2. 5. Statistical Analysis

The one-sample t-test and 'Univariate Variance Anal-
ysis, Duncan post hoc' test were performed using the SPSS 
21.0 software package. Regression analysis, contour plots, 
and optimization processes were performed using Design 
Expert 7.0 (Stat-Ease, Inc., USA) software to determine the 
effects of all process variables. 

3. Results and Discussion
3. 1. Extraction Process

The experimental design used for the extraction 
process of the proteins found in fenugreek seeds and the 
extraction yields are given in Table 1. According to the 
results, the highest extraction yield (93.13 ± 1.36%) was 
obtained under the condition that the solid-solvent ratio 
was 20 g/L and the pH value was 12.0. The lowest extrac-
tion yield was determined when the solid-solvent ratio 
was 60 g/L and the pH value was 6.0 (Table 1). Lower 
extraction yields were observed at all pHs when the sol-
id-solvent ratio was the highest (60 g/L). The decrease in 
protein extraction yields when the solid-solvent ratio is 
high can be explained by the fact that non-protein com-
pounds (gum, mucilage, etc.) in the extraction medium 
make protein extraction difficult. It is thought that pro-
tein extraction yields increase by providing a more ef-
fective mixing process at low solid-solvent ratios (20–40 
g/L) and increasing the solid-solvent contact surface. 
It was determined that the pH value chosen as another 
independent variable in the protein extraction process 
also affects the extraction yield. The extraction yields 
increased with increasing pH values in all solid-solvent 
ratios (Table 1). This situation is associated with the in-
creased solubility of the proteins in fenugreek seeds at 
high pH values. Similarly, Feyzi et al.25 reported that the 
solubility of fenugreek seed proteins increased in an alka-
line environment (pH 9.25). Jarpa-Parra et al.26 reported 
that the extraction yield and purity of the obtained pro-
teins increased by using pH values ≥9.0 in protein extrac-
tion from lentils. Gao et al.27 carried out protein extrac-
tion from yellow peas, which belong to the legume family 
as fenugreek seeds, and found that the protein extraction 
yield increased with increasing pH.

To optimize the extraction process, the extraction 
yield was chosen as the response, and a second-order poly-
nomial model was constructed. According to the ANOVA 
results given in Table 2, the developed model was found 
to be statistically significant (p < 0.05), and the lack of fit 
was found to be statistically insignificant (p > 0.05). The 
linear and quadratic effects of the solid-solvent ratio and 
pH on extraction yield were determined to be statistically 
significant (p < 0.05). On the other hand, it was observed 
that the solid-solvent ratio-pH interaction did not have a 
statistically significant effect on the extraction yield (p > 
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0.05) (Table 2). The model equation, written in terms of 
the real values of the factors, is given in Eq. 9. 

Table 2. ANOVA table and statistical parameters 

Source	 Degrees	 Sum of	 Mean	 F Value	 p – Value
	 of freedom	 squares	 square

Model	 5	 3055.79	 611.16	 417.80	 < 0.0001
X1	 1	 378.55	 378.55	 258.79	 < 0.0001
X2	 1	 2041.64	 2041.64	 1395.72	 < 0.0001
X1X 2	 1	 5.00	 5.00	 3.42	 0.1069
X1

2	 1	 114.18	 114.18	 78.06	 < 0.0001
X2

2	 1	 286.98	 286.98	 196.19	 < 0.0001
Residual	 7	 10.24	 1.46		
Lack of Fit	 3	 7.62	 2.54	 3.88	 0.1118
Pure Error	 4	 2.62	 0.66		
Total	 12	 3066.03			 

R2: 0.9967, adj- R2: 0.9943, adequate precision: 64.234,  
PRESS: 60.10, C.V. (%): 1.58

X1: solid:solvent ratio (g/L), X2: pH, adj- R2: adjusted R2, PRESS: 
predicted residual error sum of squares, C.V. (%): coefficient of var-
iation

� (9)

The conditions at which maximum protein extrac-
tion yield was achieved were determined by the desirabili-
ty (d) function approach. The scale of the desirability func-
tion ranges from the completely unacceptable response 
(d=0) to the response corresponding to the target value 
(d=1), and the value of d increases as the desirability of the 
dependent variable increases. The response surface con-
tour plots of the predicted desirability values and the ex-
traction yields (%) are shown in Fig. 1a and Fig. 1b, respec-
tively. As seen in Fig. 1, the conditions where the maximum 
desirability value (d=1) was obtained (maximum extrac-

tion yield) were selected as the optimum extraction condi-
tions. The solid:solvent ratio was 34.5 g/L and pH was 
11.47, and the predicted extraction yield was 94.08% at the 
optimum conditions (Fig. 1b). For the experimental vali-
dation, the extraction process was performed in triplicate 
under the predicted optimum conditions, and no statisti-
cally significant difference (p>0.05) was determined be-
tween the experimental extraction yield (94.29 ± 0.26%) 
and the predicted one.
	

Fig 1. Counter plots of (a) desirability values and (b) predicted ex-
traction yields (%)

3. 2. Characterization of the Protein Isolates
The functional properties of the protein isolates ob-

tained under different extraction conditions are given in 
Table 3. The foaming properties of the fenugreek seeds 
protein isolates were determined by measuring the foam-
ing capacity and foam stability. While foaming capacity is 
defined by the increase in the volume of the solution in the 
foaming process, foam stability is defined as the ability to 
keep the air in the foams formed.28 The foaming capacity 
of fenugreek seed protein isolates was determined between 
10.67 and 18.00%, and the foam stability was determined 
between 51.92 and 69.67%. As a result of extractions per-

Table 1. Experimental design and extraction yields (%) 

Experi-	 Solid:solvent	 pH	 Extraction yield 
ment no	 ratio (g/L) (X1)	 (X2)	 (%)

1	 40	 9.0	 84.72 (± 0.68)
2	 20	 6.0	 58.62 (± 1.36)
3	 60	 9.0	 68.30 (± 0.72)
4	 40	 9.0	 83.76 (± 0.41)
5	 40	 9.0	 85.96 (± 0.27)
6	 20	 12.0	 93.13 (± 1.36)
7	 60	 12.0	 80.12 (± 0.63)
8	 40	 12.0	 91.71 (± 0.54)
9	 40	 9.0	 85.00 (± 0.54)
10	 40	 9.0	 84.43 (± 0.81)
11	 40	 6.0	 54.52 (± 1.08)
12	 20	 9.0	 85.46 (± 1.90)
13	 60	 6.0	 41.14 (± 0.27)
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formed at pH 12.0, it was determined that the highest 
foaming capacity and foam stability values were obtained 
(p < 0.05). Also, it was determined that the highest values 
were obtained in the extractions performed at a medium 
level (40 g/L) solid:solvent ratio (Table 3). Differences in 
the extraction conditions applied when obtaining the pro-
tein isolate caused the formation of different protein struc-
tures and fractions, affecting the foaming properties.29 The 
foaming capacity of the protein isolate obtained under op-
timum conditions was determined as 19.00 ± 1.00%, and 
the foam stability was determined as 74.13 ± 2.16%. 

The water and oil holding capacities are defined as the 
amount of water or oil absorbed per unit of protein, and the 
leakage of substances such as water or oil from the products 
can be prevented because of these properties of proteins 
during storage of the food. In addition, the oil holding ca-
pacity is important in terms of keeping the oil-soluble flavor 
substances and the texture of the product. The water and/
or oil holding capacity of protein isolates is related to the 
number of polar or nonpolar amino acids in the structure, 
surface hydrophobicity and conformation of the proteins.28 
The water holding capacities of fenugreek seed protein iso-
lates varied between 2.04 and 2.73 g/g. It was determined 
that the highest water holding capacity values belonged to 
the samples extracted at pH 12.0 (Table 3). In other studies, 
the water holding capacity value for fenugreek seed protein 
concentrate was 1.56 g/g17 and for fenugreek seed protein 
isolate 2.70 g/g 25. Liu et al.30 characterized the flaxseed pro-
tein isolates and reached water holding capacity values in 
the range of 0.83–1.05 g/g. Kaur and Ghosal31 reported the 
water holding capacity of protein isolate obtained from de-
fatted sunflower meal as 2.00 g/g, and Yancheshmeh et al.32 
reported the water retention capacity of the protein isolate 
obtained from vetch seed as 2.01 g/g. When compared to 
the studies conducted in the literature, it was observed that 
the determined water holding capacity value of 2.64 ± 0.04 
g/g of fenugreek seed protein isolate obtained under opti-
mum extraction conditions was higher than many plant-de-
rived protein isolates. It was determined that the oil holding 
capacity values of fenugreek seed protein isolates varied be-
tween 1.46 and 2.10 g/g. It was observed that the highest oil 

holding capacity values were obtained in the protein isolates 
produced as a result of extractions performed at pH 12.0 
(p<0.05) (Table 3). The oil holding capacity value obtained 
under optimum conditions was determined to be 2.00 ± 
0.01 g/g. El Nesri and El Tinay17 determined the oil hold-
ing capacity value of fenugreek seed protein concentrate as 
1.56 g/g. Feyzi et al.25 determined the oil holding capacity 
value of fenugreek seed protein isolate as 6.06 ± 0.28 g/g. It 
is thought that different oil retention capacity values may 
be related to the extraction conditions of the seeds and the 
climate in which they are grown.25

The coagulated protein (%) refers to the protein 
percentage of the total soluble protein that will coagulate 
when heated to 100 °C. Since the uncoagulated protein is 
in soluble form, it can leak out of the system, which is un-
desirable. However, non-coagulating proteins are advan-
tageous in forming viscous systems and increasing nutri-
tional value in liquid systems (e.g., in breakfast drinks). It 
was determined that the coagulated protein values of fenu-
greek seed protein isolates varied between 3.01 and 4.96%. 
A decrease in the coagulated protein values was observed 
at increasing pH values during extraction (p < 0.05) (Table 
3). Feyzi et al.25 determined the coagulated protein value 
as 3.17% and emphasized that the proteins can be used in 
the production of beverages with high nutritional value 
and protein-added fruit juices due to their low coagulated 
protein percentages.

Proteins can prevent agglomeration and creaming by 
forming a layer around oil droplets at the water-oil inter-
face, that are immiscible and thermodynamically unsta-
ble due to their amphiphilic structure. The emulsification 
properties of plant-derived proteins are of great importance 
for their use in the food industry. Emulsion properties of 
the proteins are affected by internal factors such as surface 
charge, hydrophobicity, solubility, molecular size, flexibility 
of the film formed, and external factors such as presence of 
other substances in the environment, pH, ionic strength, 
temperature, protein extraction methods and protein con-
centration.33 Emulsion capacity is defined as the maximum 
amount of oil that can be emulsified by a certain amount of 
protein and is expressed as a percentage.22 It was observed 

Table 3. Functional properties of the protein isolates

pH	Solid:solvent	 Foaming 	 Foam 	 Coagulated 	 Water holding)	 Oil holding
	 ratio (g/L)	 capacity (%)	 stability (%)	 protein (%)	 capacity (g/g	 capacity (g/g)

6	 20	 11.50 ± 0.71c	 52.80 ± 2.45d	 4.81 ± 0.26a	 2.13 ± 0.03d	 1.57 ± 0.02d

	 40	 11.50 ± 0.71c	 68.06 ± 1.20ab	 4.98 ± 0.26a	 2.04 ± 0.01e	 1.52 ± 0.03e

	 60	 10.67 ± 0.58c	 51.92 ± 2.72d	 5.06 ± 0.13a	 2.04 ± 0.03e	 1.46 ± 0.04f

9	 20	 14.00 ± 1.00b	 60.66 ± 2.60c	 3.69 ± 0.13c	 2.18 ± 0.02c	 1.91 ± 0.02c

	 40	 15.00 ± 1.00b	 63.33 ± 4.71bc	 4.02 ± 0.28bc	 2.18 ± 0.03c	 1.98 ± 0.02b

	 60	 14.00 ± 0.00b	 61.25 ± 1.77c	 4.15 ± 0.18b	 2.19 ± 0.01c	 1.89 ± 0.01c

12	 20	 17.00 ± 0.00a	 64.29 ± 0.00abc	 3.07 ± 0.27d	 2.66 ± 0.02b	 2.07 ± 0.04a

	 40	 18.00 ± 0.00a	 69.67 ± 1.30a	 3.08 ± 0.21d	 2.65 ± 0.04b	 2.09 ± 0.03a

	 60	 17.00 ± 0.00a	 69.44 ± 3.93a	 3.16 ± 0.18d	 2.73 ± 0.02a	 2.10 ± 0.02a

a–g Mean values given different letters in the same column are statistically different from each other (p < 0.05).
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that the emulsion capacities of the fenugreek seed protein 
isolates varied between 18.30 and 26.00% (Fig. 2a). It was 
determined that the emulsion capacities of the obtained 
fenugreek seed protein isolates were higher when extract-
ed at higher pH values (p < 0.05) (Fig. 2a). The emulsion 
capacity of fenugreek seed protein isolates obtained under 
optimum conditions was determined as 26.52 ± 0.26%. 
Emulsion activity is defined as the maximum emulsion sur-
face area per unit protein measured spectrophotometrical-
ly based on turbidity.34 It was determined that the emulsion 
activities of fenugreek seed protein isolates ranged between 
75.82 and 80.95 m2/g (Fig 2b). Furthermore, the emulsion 
activity of fenugreek seed protein isolates obtained under 
optimum conditions was determined as 78.21 ± 0.28 m2/g. 
Emulsion stability was determined based on the change 

in turbidity over time. The emulsion stability of fenugreek 
seed protein was observed to vary between 23.65 and 28.06 
minutes (Fig. 2c). The emulsion stability of fenugreek seed 
protein isolates obtained under optimum conditions was 
determined as 28.73 ± 0.35 minutes. 

Proteins exhibit maximum solubility in highly acid-
ic or basic conditions far from the isoelectric point. The 
results obtained in the study showed that the solubility 
properties of the fenugreek seed protein isolate obtained 
under optimum extraction conditions comply with this 
phenomenon. As seen in Fig. 3a, solubility values follow 
a characteristic U-shaped curve in the pH range of 2–12. 
While the solubility values of the samples ranged between 
0.27 and 8.46 g/L, the lowest solubility was observed at 
pH 4.0. This can be explained by the fact that fenugreek 
seed proteins have an isoelectric point in the pH range of 
4.0–4.5.22 Since an equilibrium occurs between negatively 
and positively charged ions at the isoelectric point, the net 
charge becomes zero. Thus, as the electrostatic repulsion 
forces decrease, proteins lose their solubility and collapse 
as a result of the hydrophobic interactions. On the other 
hand, the electrostatic repulsion force that occurs between 
the charged ions in acidic and alkaline conditions far from 
the isoelectric point, which may be different for each pro-
tein, ensures the dissolution of the proteins.35 When the 
solubilities at high pH values were examined, it was seen 
that the highest values were obtained at pH 11.0 and pH 
12.0 (Fig. 3a). The better solubility of the fenugreek seed 
proteins at high pH values can be explained by the inhibi-
tion of the formation of protein aggregates by the repulsive 
force of a larger number of negatively charged ions.25 Sim-
ilar results for some plant-derived proteins in the litera-
ture have been obtained for soy protein isolate, Moringa 
oleifera seed protein isolate, bitter melon protein isolate, 
flaxseed protein isolate, and chickpea protein isolate.36–40 
The molecular weight distribution of the fenugreek seed 
protein isolate was determined to be between ~175 kDa 
and ~22 kDa, and 10 bands with molecular weights of ap-
proximately 175, 159, 80, 59, 46, 38, 31, 27, 23, and 22 kDa 
were detected. However, 3 distinct bands were observed. 
These three most prominent bands were detected as ~80, 
59, and 46 kDa (Fig. 3b). The bands between 22 and 70 
kDa are found to be associated with globulins, specifically 
legumins and vicilins, which constitute the primary pro-
tein constituents in legumes.41 These proteins were fur-
ther fractionated into distinct subunits: β-legumin was 
observed at approximately 22 kDa, while α-legumin was 
observed at around 40 kDa.42 Hence, the bands obtained 
at ~38 and 46 kDa could be associated with α-legumin for 
the fenugreek seed protein isolate. Moreover, the visible 
bands at ~22 and 23 kDa could be associated with the pres-
ence of β-legumin. The bands ranging from 50 to 80 kDa 
have been attributed to vicilin and covicilin. Two of the 
predominant bands observed at ~59 and 80 kDa could be 
ascribed to the polypeptide constituents of vicilin and con-
vicilin.43,44

Fig 2. Emulsifying properties of fenugreek protein isolates (a) emul-
sifying capacity, (b) emulsifying activity, (c) emulsifying stability
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Fig. 4 shows the FT-IR spectra of the fenugreek seed 
protein isolates obtained under optimum conditions. As 
seen in Fig 4, the Amide I band is observed at the wave 
number of 1600–1700 cm–1. The region between wave 

numbers of 1480–1585 cm–1 is defined as the Amide II 
region, and around 40–60% N–H bending vibration and 
around 18–40% C–N stretching vibration are observed in 
this region. It was observed that the peaks obtained at the 

Fig 3. Characteristics of the protein isolates produced at optimum extraction conditions (a) solubility, (b) SDS-PAGE image 

(a) (b)

Fig 4. FT-IR spectra of the fenugreek seed protein isolate a) original spectrum, b) deconvolution in the Amide I region
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wave numbers of 1447, 1515, and 1532 cm–1 for the ob-
tained protein isolate were located in the Amide II region 
(Fig. 4a). The detection of Amide I and Amide II bands is 
considered an absolute indicator of the presence of protein 
structure.45 The Amide III region is observed at the wave 
numbers between 1200–1400 cm–1 and indicates the exist-
ence of interactions between protein and other macromol-
ecules such as carbohydrates. The presence of this region 
in proteins occurs depending on the side ring structure. 
C–N stretching vibrations and N–H bending vibrations 
are observed in this region.46 It was determined that the 
peaks obtained at the wave numbers of 1240–1394 cm–1 
for the fenugreek seed protein isolates were in the Amide 
III region (Fig. 4a). Secondary structures of the fenugreek 
seed protein isolates were determined using the peaks in 
the Amide I region (1600–1700 cm–1) in the FT-IR spec-
trum. There are α-helix, β-sheet, random coil, or β-turn 
conformations in the Amide I band of proteins.47 It has 
been reported that the β-sheet structure was observed in 
the wave numbers 1612–1640 cm–1 and 1689–1695 cm–1.48 
Furthermore, the α-helix was observed at 1651–1660 cm–1 

49,50, the random coil conformation was observed at 1641–
1650 cm–1 49 and the β-turn was observed at 1661–1688 
cm–1 50. In the FT-IR spectra, 13 peaks were observed in 
the Amide I region, and the ratio of the fractions in the 
protein secondary structure was determined by deconvo-
lution of the peaks in the Amide I region (Fig. 4b). As a 
result of the analysis, 38.69% of the secondary structure is 
β-sheet, 18.96% is α-helix, 10.39% is random coil, 26.76% 
is β-turn and 5.20% is side ring. The high presence of the 
β-sheet structures indicates that protein isolates have high 
thermal stability.50 To determine the thermal properties 
of the fenugreek seed protein isolates, denaturation tem-
peratures (Td) and denaturation enthalpies (ΔHd) were de-
termined using Differential Scanning Calorimetry (DSC). 
An endothermic peak was observed indicating that energy 
was required for denaturation to occur, and the denatura-
tion temperature of the fenugreek seed protein isolate was 
118.85 °C. In the literature, denaturation temperatures 
of 91 °C for cowpea protein isolate51, 95 °C for flaxseed 
protein isolate52, 103 °C for quince seed protein isolate53 
and 105 °C for fenugreek seed protein isolate have been re-
ported25. The denaturation enthalpy value (ΔHd) of the ob-
tained protein isolate was also calculated and determined 
as 28 mJ/g. 

4. Conclusion
The study aimed to extract proteins from fenugreek 

seeds using the alkaline extraction process at different pH 
values (pH 6.0–12.0) and solid:solvent ratios (20–60 g/L), 
and to determine the optimum conditions for the high-
est extraction yield. The optimum extraction conditions 
were determined as pH 11.47 and solid:solvent ratio 34.5 
g/L, and an extraction yield of 94.3% was achieved under 

these conditions. The protein isolates obtained under dif-
ferent extraction conditions have various properties, in-
cluding water holding capacity of ~2.0–2.7 g/g, oil holding 
capacity of ~1.5–2.1 g/g, coagulated protein content of 
~3.0–5.0%, foam capacity of ~11.0–18.0%, foam stability 
of ~%52.0–70.0, emulsion stability of ~24.0–28.0 minutes, 
emulsion activity of ~76.0–81.0 m2/g, and emulsion capac-
ity of ~18.3–26.0%. Solubility properties showed that the 
fenugreek seeds protein isolate was soluble both acidic and 
basic conditions, which makes it a good candidate for both 
types of drinks. The study also included secondary struc-
ture analysis and thermal property determination, which 
revealed the thermal stability of the protein isolates. As a 
result, the extraction process was optimized to achieve the 
highest extraction yield, which distinguishes it from other 
studies in the literature. The study also examined how each 
extraction condition affected the characteristics of protein 
isolates. In this study, unlike other studies in the litera-
ture, the extraction process was optimized to provide the 
highest extraction efficiency and it was revealed how each 
extraction condition affected the characteristics of protein 
isolates. The results showed that the functional properties 
of protein isolates obtained under different extraction con-
ditions are competitive or even better than other plant-de-
rived proteins in the literature. Based on these findings, 
fenugreek seed protein isolate, produced under optimum 
extraction conditions, may be an excellent alternative 
plant-based protein for several food applications. Its func-
tional, structural, and thermal properties make it suitable 
for use in different formulations in many food processes. 
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Povzetek
Namen študije je optimizacija postopka ekstrakcije in karakterizacija beljakovin, ki jih najdemo v semenih triplata. Zmo-
gljivosti zadrževanja vode in olja, vsebnost koaguliranih proteinov, penjenje in emulgiranje izoliranih proteinov so bile 
raziskane pri vseh pogojih ekstrakcije. Določene so bile tudi topnost, molekulske mase, strukturne in toplotne lastnosti. 
Pri ekstrakcijskih postopkih, izvedenih pri različnih pH (pH 6,0–12,0) in razmerjih trdna snov:topilo (20–60 g/L), je bilo 
ugotovljeno, da je bil največji izkoristek ekstrakcije (94,3 ± 0,3 %) dosežen pri pH 11,47 in razmerju med trdno snovjo 
in topilom 34,50 g/L. Določeni so bili trije različni pasovi (46, 59 in 80 kDa) v območju 22–175 kDa za proteinski izolat 
semena triplata, pridobljenega pri optimalnih pogojih ekstrakcije. Sekundarne strukture proteinov so bile določene z 
uporabo Fourierove transformacijske infrardeče spektroskopije (FT-IR) in ugotovljeno je bilo, da so bile dobro zastopane 
β-planarne strukture. Poleg tega sta bili izračunani temperatura in entalpija denaturacije kot ~119 °C, oziroma 28 mJ/g.

https://doi.org/10.1021/jf0619176
https://doi.org/10.1016/j.foodchem.2019.01.083
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Abstract
1H-Indole-2,3-dione 3-[4-(4-sulfamoylphenyl)thiosemicarbazones] 6a–j were evaluated against para-influenza-3, re-
ovirus-1, sindbis, coxsackie B4, and Punto Toro viruses. New 1-methyl-1H-indole-2,3-dione 3-[4-(4-sulfamoylphenyl)
thiosemicarbazones] 7a–c were synthesized to evaluate the contribution of methyl substitution at position 1 of the in-
dole ring to antiviral activity. The test results showed that 5-trifluoromethoxy substituted compound 6c (EC50 2–9 µM) 
and 5-bromo substituted 6f (EC50 2–3 µM) have non-toxic selective antiviral activity, while not all standards are active 
against reovirus-1. Molecular docking studies of 6c and 6f were carried out to determine the possible binding positions 
with reovirus-1. Trifluoromethoxy and bromine substitutions at position 5 of the indole ring provided selective antiviral 
activity, while methyl substitution at position 1 of the indole ring significantly decreased the activity against reovirus-1 
and increased toxicity.

Keywords: 1H-indole-2,3-dione; thiosemicarbazone; molecular modeling; antiviral activity; reovirus-1.

1. Introduction
Viral pathogenesis examines how a virus interacts 

with the host at multiple levels when a virus infects a host. 
Although the pathogenesis of each virus is different, there 
are many common points shared among all pathogenic 
viruses in the virus life cycle. When understanding the 
mechanism according to which the disease develops pro-
vides a significant benefit in the development of effective 
therapies. Virus mediated disease processes can be devel-
oped by taking into consideration the common aspects of 
some general concepts in viral pathogenesis.1,2

Reoviruses are useful models to understand the re-
lationship between viral entry and patogenesis.3,4 Reovi-
ruses are non-enveloped, double-stranded RNA viruses in 
the family Reoviridae. Most mammalian species, including 
humans, serve as hosts for reovirus infection. Reoviruses 
attach to host cells via the filamentous attachment protein 
σ1. The σ1 protein of all reovirus serotypes engages junc-

tional adhesion molecule-A (JAM-A). Reoviruses have 
3 major serotypes: reovirus type 1 (strain Lang) (T1L) 
(mammalian orthovirus 1), type 2 Jones (T2J) and type 3 
Dearing (T3D), which differ primarily in σ1 sequence.5–8 
The three serotypes share a common complement fixation 
antigen but can be distinguished by hemagglutination in-
hibition and neutralization techniques.4 The gastrointesti-
nal (GI) tract is a portal of entry for reoviruses. Reovirus 
serotype 1 strain Lang was shown to specifically infect 
the epithelial cells of the ileum and disrupt the intestinal 
immune homeostasis, while sparing the epithelial cells in 
the duodenum, jejunum, and colon.9,10 Advanced reovirus 
studies have provided much information about the mech-
anisms underlying viral replication and pathogenesis.11,12 
However, Reoviridae viruses have limited ability to make 
specific changes to the genome. Today, a specific treatment 
or protection measures cannot be recommended because 
of the lack of a definite relationship in the disease for peo-
ple with reovirus infections.
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1H-Indole-2,3-dione (isatin) is a heterocyclic com-
pound which has been known for nearly 150 years and is 
involved in many pharmacological activities. Isatin is also 
a highly versatile substrate that can be used in the prepara-
tion of a wide variety of heterocyclic compounds for drug 
synthesis and is a versatile precursor for many biologically 
active molecules. There are many studies on isatin 3-thio-
semicarbazone derivatives with antiviral activity, too.13–17 
Methisazone (1-methylisatin 3-thiosemicarbazone) (I) is 
the first compound approved by Food and Drug Admin-
istration (FDA) for treatment of the vaccinia virus causing 
smallpox.18,19 It has been determined that 1-methylisatin 
3-(4,4'-diethylthiosemicarbazone) (II) inhibits the moleney 
murine leukemia virus.20 II and 1-allylisatin 3-(4,4'-diall-
ylthiosemicarbazone) (III) show significantly selective an-
ti-HIV activity.21 Antiviral activities of isatin 3-thiosemicar-
bazone derivatives against HSV-1 and HSV-2 viruses were 
investigated, and SAR studies revealed that the thiourea 
group in the thiosemicarbazone structure and the nitrogen 
of the isatin ring play an important role in antiviral activ-
ity. As a result of the research, it was determined that de-
rivatives carring various substituents as methyl, ethyl, phe-
nyl and benzyl at position 1 of isatin do not show antiviral 
activity, and the most effective derivative (IC50 1.54 ± 0.21 
µM) against HSV-2 virus was the compound IV carrying a 
diethyl group at the thiosemicarbazone residue. The com-
pound V carrying a morpholinyl ring at the thiosemicar-
bazone residue showed the highest inhibition (IC50 1.30 ± 
0.16 and 2.74 ± 0.23 µM) against HSV-1 and HSV-2 viruses, 
respectively. Moreover, the compound VI (IC50 2.20 ± 0.34–
5.90 ± 0.26 µM) bearing a 5-methoxy or trifluoromethoxy 
group as R1 and a hydrogen, 3-methyl, 3-methoxy, 4-meth-
oxy, 4-chlorine or 4-bromine group as R2 were found to be 
selectively effective against HIV-1 virus.22 The antiviral ac-

tivities of a series of isatin 3-thiosemicarbazones were exam-
ined against vaccinia and cowpox viruses, and their effects 
were compared with metisazone and cidofovir. Among the 
tested compounds, the compound VII was found to be the 
strongest inhibitor against vaccinia (EC50 0.6 ± 6.8 µM) and 
cowpox (EC50 6.0 ± 2.9 µM) viruses and its antiviral activ-
ity was stronger than metisazone and cidofovir. Moreover, 
5-bromoisatin has been defined as the key pharmacophore 
for better antiviral activity (Figure 1).23

Many studies have been carried out to evaluate the 
broad-spectrum antiviral activities of 3-imino isatin deriva-
tives carrying the 4-sulfamoylphenyl residue. The inhibito-
ry activities of 4-[(1,2-dihydro-2-oxo-3H-indol-3-ylidene)
amino]-N-(4,6-dimethyl-2-pyrimidinyl)-benzenesulfona-
mide (VIII) and its derivatives against vaccinia and cow-
pox viruses that cause smallpox were tested in vitro. While 
5-methylisatin derivative (EC50 18 µM) showed the strong-
est activity against vaccinia virus, 1-acetylisatin derivative 
showed strong inhibitory effect against cowpox virus.24 VIII 
and its derivatives were tested against influenza A and B vi-
ruses. Among the compounds tested, VIII and its 5-chloro, 
5-bromo, 5-methyl and N-acetyl derivatives were found 
to be effective against the H1N1 (EC50 13.8–26.0 µg/mL), 
H3N2 (EC50 2.7–5.2 µg/mL) and H5N1 (EC50 3.1–6.3 µg/
mL) strains of influenza A, and influenza B (EC50 7.7–11.5 
µg/mL).25 VIII and its derivatives were also tested against 
the 2009 pandemic influenza (H1N1) virus and all com-
pounds were found to inhibit the replication of the virus and 
the most active compound was the 5-bromoisatin derivative 
(EC50 27 µM).26 In the study in which some derivatives of 
VIII were tested against HCV and SARS-CoV viruses, it 
was determined that the 5-fluoroisatin derivative inhibited 
the HCV RNA synthesis at 6 µg/mL and provided 45% pro-
tection against SARS-CoV replication. The results obtained 

Figure 1. Structures of 2-indolinone derivatives I–VIII with antiviral activity
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showed that sulfonamide side chain was important in VIII 
and its derivatives (Figure 1).27

In the present study, 1H-indole-2,3-dione 3-thio-
semicarbazones 6a–j carrying a 4-sulfamoylphenyl moiety 
were evaluated for in vitro antiviral activity against pa-
ra-influenza-3 virus, reovirus-1, sindbis virus, coxsackie 
virus B4, and Punto Toro virus. To investigate the contri-
bution of methyl substitution at position 1 of the indole 
ring to antiviral activity, new 5-substituted 1-methyl-1H-
indole-2,3-dione 3-[4-(4-sulfamoylphenyl)thiosemicarba-
zones] 7a–c were synthesized and tested.

2. Results and Discussion
2. 1. Chemistry

5-Substituted 1H-indole-2,3-diones 1 were reacted 
with methyl iodide to yield 1-methyl-5-substituted 1H-in-

dole-2,3-diones 2. (4-Sulfamoylphenyl)isothiocyanate (4) 
was obtained from the treatment of 4-aminobenzenesul-
fonamide (3) with thiophosgene. 4-(4-Sulfamoylphenyl)
thiosemicarbazide (5) was synthesized by the reaction of 
4 and hydrazine hydrate. New 5-substituted 1-methyl-1H-
indole-2,3-dione 3-[4-(4-sulfamoylphenyl)thiosemicarba-
zones] 7a–c were prepared by the condensation of 5 and 
2. The compounds 6a–j have been previously described in 
the literature.28 Analytical and spectral findings proving 
the analytical purity of the compounds 6a–j are given in 
the Supplementary Material. The structures of new com-
pounds 7a–c were confirmed by elemental analysis and 
spectral data (IR, 1H NMR, 13C NMR-APT and LCMS-
ESI) (Scheme 1, Experimental Section, and Supplementa-
ry Material).

IR spectra of 7a–c showed absorption bands in the 
3142–3358 cm–1 region for NH stretchings of the thioam-
ide and sulfonamide functions. The bands resulting from 

Scheme 1. Synthesis of 1H-indole-2,3-dione 3-[(4-sulfamoylphenyl)thiosemicarbazones] 6a–j and 7a–c. Reagents and conditions: i) DMF, K2CO3, 
KI, stirred, ii) H2O, HCl, stirred, iii) EtOH, stirred, cooled, iv) EtOH, H2SO4, reflux.
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lactam C=O and thioamide C=S stretchings appeared 
at 1680–1691 and 1253–1367 cm–1 regions, respective-
ly. S=O stretchings of sulfonamide groups appeared at 
1313–1336 and 1151–1166 cm–1 regions. 1H NMR spec-
tra of 7a–c displayed singlets at δ 7.37–7.40, 11.01–11.05 
and 12.65–12.71 ppm regions for sulfonamide, thiosem-
icarbazone N4 and N2 protons, respectively. The phenyl 
protons of 4-sulfamoylphenylthiosemicarbazone moiety 
which are deshielded by the electron-attracting action 
of the sulfonamide and thioamide groups, showed as 
a singlet in the δ 7.37–7.40 ppm area. The N-CH3 and 
indole proton resonances of 7a–c were assigned to the 
1-methyl-2-indolinone structure. The indole C4 and C6 
protons were deshielded by the anisotropic effect of the 
azomethine group at position 3 of the 2-indolinone ring. 
The indole C7 proton was shielded by the mesomeric 

effect of the anilid NH group in the 2-indolinone ring. 
The indole C4, C6 and C7 protons of 7a–c showed at δ 
7.67–8.04, 7.33–7.65 and 7.15–7.26 ppm regions, respec-
tively. 13C NMR-APT spectra of 7a–c displayed signals at 
δ 176.75–176.86, 160.94–161.41 and 131.00–131.70 ppm 
regions due to C=S, indole C2 and C3 signals, respective-
ly. The phenyl carbon signals were observed in the order 
of C3, C1, C5, C6, C4, and C2 starting from downfield. In-
dole C2 and C7a carbons showed the most downfield shift 
among the indole carbon signals. The indole C7 and C3a 
carbons in the ortho position of the lactam group were 
found to be the most shielded among the indole carbons. 
In the spectra, shifts were observed in the indole signals 
based on the nature of the substituents at position 5 of 
the 2-indolinone ring. The indole C3a, C4, C5, C6 signals 
in the spectra of the 5-fluorine substituted 7b, which 

Table 1. The MCC and EC50 values of the compounds 6 and 7 against different viruses in Vero cells.

Compound	 R1	 R2	 MCC			   EC50 (µM)b

	 		  (µM)a	 Para-influenza-3	 Reovirus-1	 Sindbis	 Coxsackie	 Punto
				    virus		  virus	 virus B4	 Toro virus

6a	 H	 H	 100	 >20	 >20	 >20	 >20	 >20	

6b	 5-CH3	 H	 100	 >20	 >20	 >20	 >20	 >20	

6c	 5-OCF3	 H	 >100	 >100	 2	 >100	 >100	 >100	 (test1)
			   100	 >20	 3	 >20	 >20	 >20	 (test2)
			   >100	 Not tested	 9	 Not tested	 Not tested	 Not tested	 (test3)

6d	 5-F	 H	 >20	 >20	 >20	 >20	 >20	 >20	

6e	 5-Cl	 H	 100	 >20	 >20	 >20	 >20	 >20	

6f	 5-Br	 H	 >20	 >20	 2	 >20	 >20	 >20	 (test1)
			   100	 >20	 3	 >20	 >20	 >20	 (test2)
			   100	 Not tested	 2	 Not tested	 Not tested	 Not tested	 (test3)

6g	 5-SO3Na	 H	 >100	 >100	 >100	 >100	 >100	 >100	

6h	 7-F	 H	 100	 >100	 >100	 >100	 >100	 >100	

6i	 7-Cl	 H	 100	 >100	 >100	 >100	 >100	 >100	

6j	 5,7-diBr	 H	 100	 >20	 >20	 >20	 >20	 >20	

7a	 5-OCF3	 CH3	 >20	 >20	 >20	 >20	 >20	 >20	

7b	 5-F	 CH3	 100	 >20	 >20	 >20	 >20	 >20	

7c	 5-Br	 CH3	 20	 >4	 >4	 >4	 >4	 >4	

	 DS-5000*		  >100	 >100	 >100	 4	 9	 9	 (test1)
			   >100	 >100	 >100	 4	 45	 20	 (test2
			   >100	 >100	 >100	 4	 20	 20	 (test3)

	 (S)-DHPA		  >250	 >250	 >250	 >250	 >250	 >250	 (test1)
		  	 >250	 >250	 >250	 >250	 >250	 >250	 (test2)
			   >250	 >250	 >250	 >250	 >250	 >250	 (test3)

	 Ribavirin		  >250	 126	 250	 >250	 >250	 112	 (test1)
			   >250	 250	 >250	 >250	 >250	 >250	 (test2)
			   >250	 250	 >250	 >250	 >250	 >250	 (test3)

a Minimum cytotoxic concentration: required to cause a microscopically detectable alteration of normal cell morphology.
b Required to reduce virus-induced cytopathogenicity by 50%.     * Concentration unit is µg/mL.
Note that the SI cannot be exactly calculated when the MCC is higher than the highest concentration tested.
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showed that the 13C–19F connections were observed as 
separate doublets. Electrospray ionization (ESI) mass 
spectra of 7a–c were obtained using the positive ioniza-
tion technique. 

2. 2. Antiviral Activity
1H-Indole-2,3-dione 3-[4-(4-sulfamoylphenyl)thi-

osemicarbazones] 6a–j were evaluated against para-in-
fluenza-3 virus, reovirus-1, sindbis virus, coxsackie virus 
B4, and Punto Toro virus. DS-5000, (S)-DHPA and riba-
virin were used as standards in the tests (Table 1). Among 
the compounds tested, the trifluoromethoxy substituted 
6c, and bromine substituted 6f at position 5 of the indole 
ring showed selective antiviral activity against reovirus-1. 
Three independent assays were performed to derive mean 
fifty percent effective concentration (EC50) values for 6c 
and 6f. The EC50 values of 6c were determined to be 2, 3 
and 9 µM and the EC50 values of 6f were determined to 
be 2, 3 and 2 µM. The minimum cytotoxic concentration 
(MCC) values of 6c and 6f were determined as >100 or 
100 µM, and 100 or >20 µM in Vero cells, respectively. In 
Table 1, data indicating antiviral activity are marked in 
yellow as the selectivity indexs (SI) (ratio of MCC to EC50) 
are higher than five. The SI values of 6c and 6f are in the 
range of 10–50 in Vero cells. However, in the presence of 
hydrogen, methyl, chlorine or fluorine substituents at po-
sition 5 of the indole ring, the activity against reovirus-1 
decreased to >20 µM. In the 5,7-dibromo substitution, the 
activity decreased to >20 µM, while the 5-sulfonic acid 
sodium or 7-fluorine and 7-chlorine substituted com-
pounds were found to be inactive. Moreover, none of the 
compounds used as standard were found to be effective 
against reovirus-1. The EC50 values of DS-5000, (S)-DH-
PA and ribavirin are >100, >250, and 250 or >250 µM, 
respectively.

To investigate the contribution of methyl substitu-
tion at position 1 of the indole ring to antiviral activity, the 
trifluoromethoxy substituted 7a, the fluorine substituted 
7b and the bromine substituted 7c at position 5 of the in-
dole ring were also evaluated against para-influenza-3 vi-
rus, reovirus-1, sindbis virus, coxsackie virus B4, and Pun-
to Toro virus in Vero cells. The EC50 values of 7a–c against 
all viruses tested were determined to be >20, >20 and >4 
µM, respectively. As seen in the Table 1, the MCC values of 
7a–c are >20, 100 and 20 µM in Vero cells, respectively. In 
compounds 7a and 7c, the introduction of a methyl group 
at position 1 of indole ring increased the cytotoxicity while 
decreasing the antiviral activity against reovirus-1.

The antiviral activities of 6c and 6f, which are selec-
tive and non-toxic against reovirus-1 in Vero cells, have 
also been investigated in HeLa cells against reovirus-1. 
Two independent assays were performed to derive mean 
fifty percent effective concentration (EC50) values for 6c 
and 6f. The EC50 values of 6c were determined to be 45 
and 20 M and the EC50 values of 6f were determined to be 
45 and 45 M. The MCC values were determined to be >100 
M for both 6c and 6f in HeLa cells. The SI value of 6c was 
calculated as 5, but the SI value of 6f was determined to be 
less than 5 (Table 2).

The results obtained show the importance of trifluo-
romethoxy and bromine substituents at position 5 of the 
indole ring, as well as the presence of hydrogen at position 
1 of the indole ring for the selective and nontoxic effect 
against reovirus-1. Whereas, with 5-hydrogen, methyl, 
fluorine, chlorine, sulfonic acid sodium, 5,7-dibromo, 
7-fluorine and 7-chlorine substitution at the indole ring, 
as well as 1-methyl substitution, the activity decreased or 
inactive derivatives were obtained. The introduction of a 
methyl group at position 1 of indole ring increased the 
cytotoxicity while decreasing the antiviral activity against 
reovirus-1.

Table 2. The MCC and EC50 values of the compounds 6c and 6f against reovirus-1 in 
HeLa cells.

Comp.	 R1	 R2	 MCC (M)a	 EC50 (M)b	

	 		
	 Reovirus-1	

6c	 5-OCF3	 H	 >100	 45	 (test1)
			   >100	 20	 (test2)
6f	 5-Br	 H	 >100	 45	 (test1)
			   >100	 45	 (test 2)
DS-5000*	 		  >100	 >100	 (test1)
			   >100	 >100	 (test2)
(S)-DHPA	 		  >250	 >250	 (test1)
			   >250	 >250	 (test2)
Ribarivin	 		  >250	 112	 (test1)
			   >250	 >250	 (test2)

a Minimum cytotoxic concentration: required to cause a microscopically detectable 
alteration of normal cell morphology.     b Required to reduce virus-induced cytopath-
ogenicity by 50%.      * Concentration unit is g/mL.
Note that the SI can not be exactly calculated when the MCC is higher than the high-
est concentration tested.
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Table 3. List of amino acids and interactions forming binding site of the compounds 6c and 6f and binding energies.

Ligand	 Binding	 Interaction	 Interacting atoms	 Binding
	 site	 type	 (protein-ligand)	 free energy
	 residues			   (kcal/mol)

6c	 Arg312	 H-Bonding	 NH1–F1	 –24.1
	 Arg312	 H-Bonding	 NH2–F2	
	 Arg312	 H-Bonding	 NH2–O3	
	 Tyr313	 T-shaped π-π Stacking	 Phenyl ring–Phenyl ring	
	 Val326	 Hydrophobic	 Side chain carbons–Indole ring	
	 Arg329	 H-Bonding	 NEH–O2	
	 Phe330	 Hydrophobic	 Phenyl ring–Indole ring	
	 Gly331	 Hydrophobic	 Side chain carbons–Phenyl ring	
	 Met332	 H-Bonding	 NH–O2	
	 Met332	 H-Bonding	 O–NH4	
	 Lys360	 Hydrophobic	 Side chain carbons–Aliphatic chain	
	 Asp362	 Hydrophobic	 Side chain carbons–Indole ring	
	 Asp363	 H-Bonding	 OD2–NH	

6f	 Trp350	 π-π Stacking	 Indole ring–Indole ring	 –14.4
	 Arg351	 Hydrophobic	 Side chain carbons–Indole ring	
	 Ala352	 Hydrophobic	 CB–Aliphatic chain	
	 Val354	 Hydrophobic	 Side chain carbons–Phenyl ring	
	 Ser370	 H-Bonding	 OGH–O2	
	 Gln371	 Hydrophobic	 Side chain carbons	
	 Met372	 Hydrophobic	 Side chain carbons–Phenyl rings	
	 Thr373	 H-Bonding	 NH–N4	
	 Thr374	 Hydrophobic	 Side chain carbons	
	 Asn375	 Hydrophobic	 Side chain carbons–Phenyl ring	
	 Ser376	 Hydrophobic	 Side chain carbons–Indole ring	

Figure 2. (A) The binding sites for 6c and 6f are shown (three monomers of T1L are in different colors), (B) Detailed view of binding site for 6c, 
interacting residues are labelled. (C) Detailed view of binding site for 6f, interacting residues are labelled.
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2. 3. Molecular Modeling
The lowest energy structures obtained from molecu-

lar dynamics (MD) simulations revealed the most proba-
ble binding sites for the compounds 6c and 6f (Figure 2A). 
Moreover, binding free energies from MD simulations re-
vealed that 6c binds with 9.7 kcal/mol lower free energy 
than 6f. 

Compound 6c was buried in between two homodi-
mers in the homotrimer structure of T1L protein (Figure 
2A). The binding pocket for 6c was formed by amino acid 
residues Arg312, Tyr313, Val326, Arg329, Phe330, Gly331, 
Met332, Lys360, Asp362 and Asp363 (Figure 2B). It bound 
to the protein mostly through hydrogen (H-) bondings in 
addition to few hydrophobic interactions (Table 3). Hy-
drophobic interactions were mainly governed by its indole 
ring. Reason for this placement was -OCF3 group, which 
interacts with the residue Arg312 of one monomer, which 
in return interacted with Gln325 residue of the second 
monomer at the body part of T1L protein. This must be 
the reason for lower binding energy for compound 6c. 

The binding site of compound 6f was located in the 
head domain of one of the monomers in the homotrimer 
structure of T1L protein (Figure 2A). It bound to the site 
formed by amino acid residues Trp350, Arg351, Ala352, 
Val354, Ser370, Gln371, Met372, Thr373, Thr374, Asn375 
and Ser376 (Figure 2C). Interactions were mainly hydro-
phobic, mostly governed by indole and phenyl rings of the 
ligand (Table 3). The trifluoromethoxy group in 6c, was re-
placed by bromine in 6f, which affects the binding site and 
nature of the interactions. This binding pocket was very 
similar to the GM2 glycan binding site.29 The potent in-
hibitory activity of this molecule observed in this present 
study might be due to this critical binding site.

3. Materials and Methods
3. 1. Chemistry
3. 1. 1. General

Melting points of the synthesized derivatives were 
recorded in open capillaries using a Büchi B-540 Melting 
Point apparatus and are uncorrected. IR spectra (as KBr 
discs) were measured with a Shimadzu IR Affinity-1 FTIR 
spectrophotometer. 1H and 13C NMR spectra were obtained 
on Varian UNITY INOVA 500 MHz and Bruker Avance 
NEO 500 MHz spectrophotometers in DMSO-d6. Mass 
spectra were recorded on a Thermo Finnigan LCQ Advan-
tage Max spectrometer. Analytical data were obtained on 
Thermo Finnigan Flash EA 1112 elemental analyzer.

3. 1. 2. �Synthesis of 1-methyl-5-substituted 
1H-indole-2,3-diones 230–32

1H-Indole-2,3-diones 1 (5 mmol) and 0.97 g of anhy-
drous potassium carbonate (K2CO3, MW: 138.21, 7 mmol) 

are stirred in 10 mL of N,N-dimethylformamide (DMF, 
MW: 73.09) at room temperature for 1 h. After the addi-
tion of methyl iodide (CH3I, MW: 141.94, 15 mmol) and 
0.17 g of anhydrous potassium iodide (KI, MW: 166.00, 
1 mmol) as a catalyst, the reaction is heated to 50–60 ºC 
until completed. The reaction mixture was evaporated to 
dryness under reduced pressure, washed with ice water 
and recrystallized from ethanol.

3. 1. 3. �Synthesis of 4-(isothiocyanato)
benzenesulfonamide (4)33

4-Aminobenzenesulfonamide (3) (MW: 172.20, 3 
mmol) was dissolved in 50 mL of water containing 12 mL 
of concentrated hydrochloric acid (HCl, MW: 36.46). To 
the solution, thiophosgene (CSCl2,  MW: 114.98, 3 mmol) 
was added in one portion. Stirring was begun immediate-
ly and continued until all of the red color of CSCl2 dis-
appeared and the product appeared as a white crystalline 
precipitate. The precipitate was filtered and washed thor-
oughly with water.

3. 1. 4. �Synthesis of 4-(4-sulfamoylphenyl)
thiosemicarbazide (5)28

To a solution of hydrazine hydrate (NH2NH2∙H2O, 
MW: 50.06, 5 mmol) in 10 mL of ethanol, a suspension of 
1.07 g of 4-(isothiocyanato)benzenesulfonamide (4) (MW: 
214.26, 5 mmol) in ethanol (10 mL) was added dropwise 
with stirring and cooling in an ice bath. The mixture was 
allowed to stand overnight. The crystals formed were 
recrystallized from ethanol.

3. 1. 5. �Synthesis of 5-(non)substituted 1H-indole-
2,3-dione 3-[4-(4-sulfamoylphenyl)
thiosemicarbazones] 6a–j28,34,35

0.86 g of 4-(4-sulfamoylphenyl)thiosemicarbazide 
(5) (MW: 246.3099, 3.5 mmol) was added to the solution 
of 1H-indole-2,3-diones 1a–j (3.5 mmol) in ethanol (20 
mL) containing a catalytic amount of concentrated sulfu-
ric acid (H2SO4, MW: 98.08). The mixture was refluxed on 
a water bath. The product formed after cooling was filtered 
and washed with ethanol or recrystallized from ethanol. 
The compounds 6a–j have been previously described by 
Karalı et al.33 Experimental information for these mole-
cules is given in the Supplementary Material.

3. 1. 6. �Synthesis of 1-methyl-5-
substituted 1H-indole-2,3-
dione 3-[4-(4-sulfamoylphenyl)
thiosemicarbazones] 7a–c28,34,35

0.86 g of 4-(4-sulfamoylphenyl)thiosemicarbazide 
(5) (MW: 246.3099, 3.5 mmol) was added to the solution 
of 5-substituted 1-methyl-1H-indole-2,3-diones 2 (3.5 
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mmol) in ethanol (20 mL) containing a catalytic amount 
of concentrated sulfuric acid (H2SO4, MW: 98.08). The 
mixture was refluxed on a water bath. The product formed 
after cooling was filtered and washed with ethanol or 
recrystallized from ethanol.

1-Methyl-5-(trifluoromethoxy)-1H-indole-2,3-dione 
3-[4-(4-Sulfamoylphenyl)-thiosemicarbazone] (7a). 
Orange powder (1.16 g, 70%), mp 241–243 °C; IR (KBr): 
3358, 3269 (NH), 1681 (C=O), 1616, 1573, 1519, 1479 
(C=N, C=C), 1336, 1151 (S=O), 1211 (C=S), 1151 (C-F). 
1H NMR (DMSO-d6, 500 MHz) δ 3.25 (s, 3H, NCH3), 7.26 
(1H, dd, J = 7.8, 1.0 Hz, ind. C7-H), 7.37 (2H, s, SO2NH2), 
7.48 (1H, d, J = 7.8 Hz, ind. C6-H), 7.78 (1H, s, ind. C4-
H), 7.86 (4H, s, phen.), 11.03 (1H, s, N4-H), 12.69 (1H, s, 
N2-H). 13C NMR (13C NMR-APT, DMSO-d6, 125 MHz) 
δ 26.44 (ind. N-CH3), 111.63 (ind. C7), 114.77 (ind. C4), 
120.68 (q, J = 256.1 Hz, OCF3), 121.08 (ind. C3a), 124.74 
(ind. C6), 126.04 (phen. C2,6), 126.54 (phen. C3,5), 131.34 
(ind. C3), 141.67 (phen. C4), 141.85 (phen. C1), 143.17 (ind. 
C7a), 144.48 (ind. C5), 161.41 (ind. C2), 176.86 (CS). LCMS 
(ESI (+)) C17H15F3N5O4S2 [M+H]+: 474.456761; found 
[M+H]+: 474.00. Anal. Calcd for C17H14F3N5O4S2.1/2H2O 
(482.4570096): C, 42.32; H, 3.13; N, 14.51; found: C, 42.41; 
H, 2.80; N, 14.85.

1-Methyl-5-fluoro-1H-indole-2,3-dione 3-[4-(4-Sulfa-
moylphenyl)thiosemicarbazone] (7b). Orange powder 
(1.21 g, 85%), mp 265–268 °C; IR (KBr): 3305, 3228, 3116 
(NH), 1680 (C=O), 1618, 1597, 1541, 1475 (C=N, C=C), 
1332, 1161 (S=O), 1217 (C=S), 1151 (C-F). 1H NMR (DM-
SO-d6, 500 MHz) δ 3.22 (s, 3H, NCH3), 7.19 (1H, dd, J = 
8.4, 4.0 Hz, ind. C7-H), 7.33 (1H, dt, J = 8.4, 2.8 Hz, ind. 
C6-H), 7.39 (2H, s, SO2NH2), 7.67 (1H, dd, J = 8.0, 2.4 Hz, 
ind. C4-H), 7.87 (4H, s, phen.), 11.01 (1H, s, N4-H), 12.71 
(1H, s, N2-H). 13C NMR (13C NMR-APT, DMSO-d6, 125 
MHz) δ 26.38 (ind. N-CH3), 108.71 (d, J = 26.1 Hz, ind. 
C4), 111.58 (d, J = 7.8 Hz, ind. C7), 118.03 (d, J = 24.2 Hz, 
ind. C6), 121.00 (d, J = 9.3 Hz, ind. C3a), 125.83 (phen. 
C2,6), 126.52 (phen. C3,5), 131.70 (ind. C3), 140.57 (ind. 
C7a), 141.69 (phen. C4), 141.73 (phen. C1), 159.16 (d, J = 
238.3 Hz, ind. C5), 161.29 (ind. C2), 176.75 (CS). LCMS 
(ESI (+)) C16H15FN5O3S2 [M+H]+: 408.4498546; found 
[M+H]+: 408.00. Anal. Calcd for C16H14FN5O3S2.1/2H2O 
(416.4501032): C, 46.14; H, 3.63; N, 16.81; found: C, 45.94; 
H, 3.07; N, 17.25.

1-Methyl-5-bromo-1H-indole-2,3-dione 3-[4-(4-Sulfa-
moylphenyl)thiosemicarbazone] (7c). Orange powder 
(1.42 g, 87%), mp 275–277 °C; IR (KBr): 3305, 3236, 3142 
(NH), 1680 (C=O), 1595, 1539, 1469 (C=N, C=C), 1328, 
1161 (S=O), 1217 (C=S), 831 (C-Br). 1H NMR (DMSO-d6, 
500 MHz) δ 3.21 (s, 3H, NCH3), 7.15 (1H, d, J = 8.4 Hz, 
ind. C7-H), 7.65 (1H, dd, J = 8.4, 2.0 Hz, ind. C6-H), 7.40 
(2H, s, SO2NH2), 8.04 (1H, d, J = 2.0 Hz, ind. C4-H), 7.87 
(4H, s, phen.), 11.05 (1H, s, N4-H), 12.65 (1H, s, N2-H). 

13C NMR (13C NMR-APT, DMSO-d6, 125 MHz) δ 26.38 
(ind. N-CH3), 112.39 (ind. C7), 115.33 (ind. C5), 121.73 
(ind. C3a), 123.93 (ind. C4), 125.95 (phen. C2,6), 126.51 
(phen. C3,5), 131.00 (ind. C3), 133.90 (ind. C6), 141.68 
(phen. C4), 141.76 (phen. C1), 143.33 (ind. C7a), 160.94 
(ind. C2), 176.76 (CS). LCMS (ESI-): m/z (%) 466, 468 
([M-H]-, 12, 11), 252, 254 (12, 14), 213 (100), 187 (12), 149 
(18), 115, 117 (14, 16). LCMS (ESI (+)) C16H15BrN5O3S2 
[M+H]+: 469.3554514; found [M+H]+: 469.90. Anal.  
Calcd for C16H14BrN5O3S2 (468.34806): C, 41.03; H, 3.01; 
N, 14.95; found: C, 40.79; H, 2.60; N, 14.74.

3. . Antiviral Activity
The compounds 6a–j and 7a–c were evaluated for 

antiviral activity against para-influenza-3, reovirus-1, 
sindbis virus, coxsackie virus B4, and Punto Toro virus in 
Vero cells and reovirus-1 in HeLa cells.36,37 The assays were 
performed in 96-well plates containing semicon-fluent cell 
cultures. At the same time with the virus, serial dilutions 
of the test or reference compounds (DS-5000, (S)-DHPA 
and ribavirin) were added. After the plates were incubated 
at 37 °C for 3–6 days, the antiviral activities of the com-
pounds [expressed as 50% effective concentration (EC50)] 
and cytotoxicity [expressed as minimum cytotoxic con-
centration (MCC)] were determined by microscopy (min-
imal changes in cell morphology).

3. 3. Molecular Modeling
3. 3. 1. Molecular Dynamics Simulations

Starting structure for reovirus type 1 (strain Lang) 
(T1L) protein was obtained from RCSB Protein Data Bank, 
which was obtained by X-ray diffraction with resolution of 
2.2 Å (PDB ID: 4xc5).11 It is a homotrimer structure. Three 
magnesium ions, which were coordinated to Asn375 and 
Thr454 residues of each monomer contributing to struc-
tural integrity were kept. Crystal water molecules were 
stripped. Sidechain atoms of some resiudes were missing 
so they were completed on YASARA Structure software.38 
Protonations states of each titratable residue were calculat-
ed on PROPKA server.39 Upon this calculation the Asp362 
residues of each monomer were protonated with pKa val-
ues 12.83, 11.74, and 14.15, respectively. Other titratable 
residues were calculated to be in their default protonation 
states, acidic residues were deprotonated and basic resi-
dues were protonated.

This T1L protein model was subjected to 20 ns long 
classical molecular dynamics (MD) simulations, utilizing 
GROMACS 5.1.4 program40–42 which was utilized with 
GROMOS force field GROMOS96 54A7.43 Protein, with 
Mg2+ ions, was placed in truncated, cubic boxes with di-
mensions of 10.0 × 10.0 × 10.0 nm. These dimensions en-
sured that at any point of the simulation the proteins stayed 
in the simulation box. Single point charge (SPC) water 
molecules were placed into the box and total of 27 sodium 
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and chloride ions were added to neutralize the system.44 
Firstly, starting system was subsequently energy-mini-
mized using the steepest descent method for 50,000 steps. 
Then, energy-minimized structures were taken for the 
production phase. MD simulation without any constraints 
was carried out using a constant number of particles (N), 
pressure (P), and temperature (T), i.e. NPT ensemble. The 
SETTLE algorithm was utilized to constrain the bond 
length and bond angle of the water molecules while the 
LINCS algorithm was used to constrain the bond length 
of the peptide.45,46 Particle-mesh Ewald (PME) method 
was utilized to treat long-range electrostatic interactions.47 
A constant pressure of 1 bar was applied with a coupling 
constant of 1.0 ps and water molecules/ions were coupled 
separately to a bath at 303 K with a coupling constant of 
0.1 ps. The equation of motion was integrated at 2 fs time 
steps using a leap-frog algorithm.48 The tools available in 
the GROMACS and VMD 1.9.1. software were utilized 
to analyze trajectories.49 The most representative struc-
ture of 20 ns simulation was obtained by clustering tool of 
GROMACS (g_cluster).

Docking poses, ligand bound structures, with the 
highest binding affinities, for ligands 6c and 6f, were sub-
jected to further 20 ns long classical MD simulations to 
test the stability of ligands in these binding pockets, utiliz-
ing YASARA Structure software, which utilized YASARA2 
force field.50,51 Exactly the same conditions described 
above for T1L protein MD simulation, including box sizes, 
were applied. Binding free energies were calculated with 
the same software, md_analyzebindenergy macro.38 This 
module calculates energies without the entropy term.

G = Ebind + Eel + EvdW + Gpolar + Gnonpolar

Here, the first three terms represent binding, electro-
static, and van der Waals interactions, respectively. Gpolar 
and Gnonpolar are polar and nonpolar contributions of sol-
vation free energies, respectively. It is very similar to MM/
PBSA for the entropy term, which can be neglected in the 
context of main goal of these calculations. Then, binding 
free energy is calculated by the following equation.

�Binding Energy = (GReceptor + GLigand) + (GsolvReceptor 
+ GsolvLigand) – (GComplex + GsolvComplex)

The first two terms stand for potential energies of 
the receptor and ligand, and the next two terms represent 
solvation energies of the receptor and ligand, and the last 
terms are potential and solvation energies of the complex.

3. 3. 2. Molecular Docking Simulations
All docking simulations were performed utilizing 

AutoDock Vina 1.1.2 software.52 Protein structures were 
put into a 7.6 × 7.2 × 7.2 nm grid box to occupy the whole 
ligand-protein systems and the spacing was kept at 1.00 Å, 

a standard value for AutoDock Vina. Each docking trial 
produced 20 poses with the exhaustiveness value of 20. 

Structures of ligands were optimized by using YAS-
ARA software with YAMBER force field.50,51 Binding pos-
es were grouped according to their binding affinity, high 
population of hits, and RMSD values. One binding pocket 
for each ligand, which produced the highest binding affin-
ity, was assessed. AutoDock Vina uses a stochastic optimi-
zation algorithm thus, for each ligand docking simulations 
were repeated twice. Repetition of simulations produced 
similar binding results with highly similar binding affini-
ties. Ligands in their most probable binding pockets were 
subjected to 20 ns long classical MD simulations, as de-
scribed above.

4. Conclusions
These results demonstrate the importance of posi-

tion 1 of the unsubstituted indole ring for selective activity 
against reovirus-1 as well as trifluoromethoxy and bro-
mine substitution at position 5 of the indole ring. In com-
pounds substituted with trifluoromethoxy and bromine 
at position 5 of the indole ring, 1-methyl substitution at 
position 1 of the indole ring caused a decrease in anti-re-
ovirus-1 activity as well as an increase in cytoxicity. With 
molecular modeling analyses, the mechanisms of action 
of selective and non-toxic compounds were determined 
against reovirus-1.

Supplementary Material
The data that support the findings of this study are 

available in the Supplementary Material file.
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Povzetek
Preučili smo aktivnost 1H-indol-2,3-dion 3-[4-(4-sulfamoilfenil)tiosemikarbazonov] 6a–j proti naslednjim virusom: 
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na antivirusno aktivnost. Rezultati kažejo, da sta 5-trifluorometoksi substituirana spojina 6c (EC50 2–9 µM) in 5-bromo 
substituirana 6f (EC50 2–3 µM) nestrupeni ter da kažeta selektivno antivirusno aktivnost; po drugi strani pa niti vsi 
standardi niso aktivni proti reovirusu-1. Študije molekulskega sidranja spojin 6c and 6f smo izvedli z namenom določan-
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selektivno antivirusno aktivnost; metilni substituent na položaju 1 indolnega sistema pa občutno zmanjša aktivnost proti 
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Abstract
A Quantitative structure-retention relationship (QSRR) analysis has been performed on the chromatography parameters 
of lipophilicity of selected spirohydantoins. Multiple linear regression (MLR) was applied to construct the QSRR mod-
els. The chromatographic parameters of lipophilicity were determined by reversed-phase thin-layer chromatography. 
Chromatographic analyses were performed on C-18 modified silica gel with a two-component mobile phase consisting 
of water and protic organic solvent (ethanol, n-propanol, i-propanol, or t-butanol) in different ratios. QSRR models were 
also created for additional four aqueous mobile phases: acetone-water, acetonitrile-water, tetrahydrofuran-water, and 
1,4-dioxane-water (results published before). In total, chromatographic lipophilicity parameters obtained for two types 
of organic solvents were subject of the QSRR. The predictive ability of each model was evaluated using internal and ex-
ternal validation. The best QSRR model for predicting the chromatographic parameter of lipophilicity was obtained for 
tetrahydrofuran as an organic solvent.

Keywords: QSRR modeling, lipophilicity, RP-TLC, spirohydantoins

1. Introduction

Spirohydantoins represent a pharmacologically 
important class of heterocyclic compounds.1 These com-
pounds are mostly small and lipophilic molecules, which 
easily reach the target cells. Derivatives of hydantoin ex-
hibit various pharmacological activities, such as anticon-
vulsant,2 antiarrhythmic,3 antiviral,4 anti-inflammatory,5 
and anti-HIV activity.6 Well known hydantoin-based drug 
is phenytoin (5,5-diphenylhydantoin, Dilantin), which is 
widely used in treating epilepsy and cardiac arrhythmias.7 
Derivatives of hydantoin can impact cancer metastasis, 
and for this reason, these derivatives have been recognized 
as promising therapeutic agents in cancer treatment.8–14

The main factor that determines the activity of the 
compound is chemical structure.15–17 Some structural pa-
rameters are more important for the activity than others. 
The selection of appropriate parameters that are important 
for the activity of compound is facilitated by an in silico 
approach. This approach is based on various models, such 

as QSARs (quantitative structure–activity relationships) or 
QSPRs (quantitative structure–property relationships).18 
These models allow quantitative assessment of molecu-
lar properties or compound activity based on structural 
characteristics (expressed by various molecular descrip-
tors). Understanding the relationship between the activ-
ity, structure and physicochemical properties of various 
compounds provides an opportunity to identify features 
that are important for the compound activities, as well as 
to identify potential bioactive compounds.19,20

In recent years the progress in the QSPR approaches 
has been increasing due to the fast-developing field of che-
mometrics.21 QSRR is a specific type of quantitative struc-
ture-property relationship. QSRR model is an important 
approach for assessing and interpreting retention data in re-
lation to the chemical structure of the analyzed substances 
which is numerically expressed by molecular descriptors.22 
The QSRR model can be used for identifying unknown 
compounds and understanding the molecular mechanism 
of separation operating in a specific chromatographic sys-
tem.23–29 The logarithm of the partition coefficient, log P, 
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which represents the ratio of equilibrium concentrations 
of the compound dissolved in the two phase system con-
sisting of two non‐soluble solvents (n‐octanol and water),30 
is very often included in models as a molecular descriptor. 
This is not surprising since log P is a quantitative expres-
sion of lipophilicity, widely used as a structural descriptor. 
Lipophilicity is one of the key properties associated with the 
transport and distribution of drugs in organisms, drug–re-
ceptor interactions, metabolism, and toxicity, and also plays 
a role in the onset and duration of the drug's effect.31

Reversed-phase thin-layer chromatography (RP-
TLC) is often used to determine the lipophilicity due to its 
simplicity, possibility of examination of a large number of 
samples in small quantities, reproducibility, and low-cost 
price.32–35 Measured values of chromatographic lipophilic-
ity can be used instead of log P values as independent vari-
ables in the QSAR/QSRR models. The QSRR models allow 
retention data prediction of the new, not yet synthesized 
compounds, using their molecular descriptors.36–38

The aim of this study was to establish new QSRR 
models, which will provide insight into which molecular 
properties are important for the lipophilicity of new spiro-
hydantoins.

2. Experimental
2. 1. �Investigated Compounds and Their 

Solutions

The analyzed compounds were three series of 
3-(4-substituted benzyl)-cycloalkylspiro-5-hidantoins, 

respectively derivatives of 3-(4-substitutedbenzyl)-cyclo-
pentanespiro-5-hydantoin, 3-(4-substituted benzyl)- cy-
clohexanespiro-5-hydantoin and 3-(4-substituted benzyl)- 
cycloheptanespiro-5-hydantoin. Chemical structures, 
substituents and numbering of the investigated spirohy-
dantoins are presented in Figure 1 and Table 1.

The solutions of the investigated compounds were 
prepared by dissolving 5  mg of each spirohydantoin in 
1 ml of ethanol. The 1 ml of each solution was spotted on 
high-performance thin-layer chromatographic (HPTLC) 
plates.

2. 2. �Reversed-Phase Thin-Layer 
Chromatography
Thin‐layer chromatography was performed on com-

mercially available 10×10  cm high‐performance RP-18 
modified silica gel (HPTLC plates) with fluorescent indi-
cator F254s (Merck, Darmstadt, Germany). Mobile phases 
used were mixtures of water and one out of four organic 
solvents: ethanol (Sigma-Aldrich) (φ(ethanol) = 0.5–0.70 
v/v), n-propanol (Sigma-Aldrich) (φ(n-propanol) = 0.5–
0.74 v/v), i-propanol (Lachema) (φ(i-propanol) = 0.5–0.70 
v/v), t-butanol (Sigma-Aldrich) (φ(t-butanol) = 0.5–0.70 
v/v).

Chromatograms were developed by the ascending 
technique at room temperature (22±2˚C) without pre-
vious saturation of the chromatographic chamber (CA-
MAG, Muttenz, Switzerland) with mobile phase vapor. 
The developing distance was approximately 45 mm. After 
development of chromatograms, the plates were dried at 
room temperature, and individual chromatographic zones 
were detected under UV light at 254 nm wavelength (CA-
MAG, Muttenz, Switzerland).

For subsequent calculations, the RM values were 
calculated for each investigated compound according to 
Bate-Smith and Westall’s equation:39

� (1)

In Eq. (1) RF is the retardation factor, which was cal-
culated as the ratio of the distance of a solute's target zone 
and the distance of the solvent front.

Table 1: Overview of substituents of the investigated 3-(4-substituted benzyl)cycloalkylspiro-5-hydantoins.

Cyclopentanespiro-5-hydantoins	 Cyclohexanespiro-5-hydantoins	 Cycloheptanespiro-5-hydantoins

No.	 n	 R	 No.	 n	 R	 No.	 n	 R

CI.1	 3	 H	 II.1	 4	 H	 III.1	 5	 H
I.2	 3	 CH3	 II.2	 4	 CH3	 III.2	 5	 CH3
I.3	 3	 OCH3	 II.3	 4	 OCH3	 III.3	 5	 OCH3
I.4	 3	 Cl	 II.4	 4	 Cl	 III.4	 5	 Cl
I.5	 3	 Br	 II.5	 4	 Br	 III.5	 5	 Br
I.6	 3	 CN	 II.6	 4	 CN	 III.6	 5	 CN
I.7	 3	 NO2	 II.7	 4	 NO2	 III.7	 5	 NO2

Figure 1: Molecular structure of the investigated 3-(4-substituted 
benzyl)cycloalkylspiro-5-hydantoins.
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The RM values of each compound are determined 
in the presence of different organic solvent content in the 
mobile phase. The linear relationship between the RM val-
ues and different mobile phase proportions is established, 
and the partition coefficient is calculated by extrapolating 
to a pure water mobile phase:40

� (2)

In Eq. (2), φ is the volume fraction of organic solvent 
in the mobile phase, RM

0 is the intercept and S is the slope 
of Eq. (2). Intercept, RM

0, correspond to retention extrap-
olated to 0 % (v/v) of organic solvent and represents the 
chromatographic lipophilicity parameter.41

2. 3. Molecular Descriptors Calculation
Molecular descriptors were calculated by Drag-

on42 (40 molecular descriptors in total: MW (molecular 
weight), Sv (sum of atomic van der Waals volumes), Se 
(sum of atomic Sanderson electronegativities), Sp (sum of 
atomic polarizabilities), Si (sum of first ionization poten-
tials), nAT (number of atoms), nBT (number of bonds), 
RBN (number of rotatable bonds), nH (number of Hydro-
gen atoms), nC (number of Carbon atoms), nN (number 
of Nitrogen atoms), nO (number of Oxygen atoms), nCl 
(number of Chlorine atoms), nHet (number of heteroa-
toms), nX (number of halogen atoms), ARR (aromatic 
ratio), nHAcc (number of acceptor atoms for H-bonds), 
nHDon (number of donor atoms for H-bonds), Hy (hy-
drophilic factor), AMR (Ghose-Crippen molar refractivi-
ty), TPSA(NO) (topological polar surface area using N,O 
polar contributions), TPSA(Tot) (topological polar surface 
area using N, O, S, P polar contributions), MLOGP (Mori-
guchi octanol-water partition coeff. (logP)), MLOGP2 
(squared Moriguchi octanol-water partition coeff. 
(logP^2)), ALOGP (Ghose-Crippen octanol-water par-
tition coeff. (logP)), ALOGP2 (squared Ghose-Crippen 
octanol-water partition coeff. (logP^2)), Vx (McGowan 
volume), VvdwMG, (van der Waals volume from Mc-
Gowan volume), VvdwZaz (van der Waals volume from 
Zhao-Abraham-Zissimos equation), PDI (packing density 
index), RBF (rotatable bond fraction), ECC (eccentric-
ity), DBI (Dragon branching index), SAtot (total surface 
area from P_VSA-like descriptors), SAacc (surface area 
of acceptor atoms from P_VSA-like descriptors), Uc (un-
saturation count), Ui (unsaturation index), Pol (polarity 
number), IAC (total information index on atomic compo-
sition) and ISIZ (information index on molecular size)), 
ChemDraw Ultra 7.043 (for calculation values of ClogP, 
logPCrippen, logPViswanadhan and logPBrotto), Molinspiration44 
(for miLogP), and ADMETlab45 (for calculation values of 
log P, log D (distribution coefficient), and log S (water sol-
ubility)). The calculated descriptors for each investigated 
compound are listed in Table S1 (Supplementary Materi-
als).

2. 4. QSRR Modeling
QSRR models were created using chromatographic 

lipophilicity parameters as dependent variables and cal-
culated molecular descriptors as independent variables. 
The methodology used for QSRR modeling was multiple 
linear regressions. All of the calculations were made using 
data analysis software Statistica v.14.0 (StatSoft (Europe), 
GmbH, Hamburg).

Before implementing MLR, the number of molecular 
descriptors was reduced. First, molecular descriptors with 
the same numerical value for all investigated compounds 
were excluded. Then, molecular descriptors whose values 
are not available for all investigated compounds were elim-
inated. The next step in the elimination of molecular de-
scriptors from the analysis was to exclude descriptors with 
a high mutual correlation (r>0.800), respectively only one 
of them was used.46 The final regression equations were 
obtained using two methods: the forward stepwise method 
and the backward stepwise method.

The developed models were validated by cross-val-
idation methodology. The predictivity of each model was 
measured by the cross-validated regression coefficient 
(Q2) defined as (Eq, 3):

Q2 = 1− Σ(Ypred − Yexp)2 ∕ Σ(Yexp − Ymean)2 � (3)

where Ypred, Yexp and Ymean are predicted, experimental, 
and mean values of the target properties (retention), re-
spectively. For a model to have a high predictive power, 
it is essential that Q2 has the high value. The accepted 
cross-validation of the Q2 value is considered to be Q2 > 
0.7.47

3. Results and Discussion
3. 1. �Chromatographic Lipophilicity 

Parameters

The lipophilicity was assessed using reversed-phase 
thin‐layer chromatography (RP-TLC).

The chromatographic lipophilicity parameters of 
cycloalkylspiro-5-hydantoins were determined using four 
different mixtures of mobile phase, which differ in organ-
ic component, i.e., ethanol, n-propanol, i-propanol, and 
t-butanol. Calculated chromatographic lipophilicity pa-
rameters, intercepts (RM

0), slopes (S) as well as coefficient 
of correlations (r), are listed in Table 2.

Relatively high correlation coefficients (r > 0.99) and 
low standard deviation indicate that calculated equations 
are statistically significant. Figure 2 shows the impact of 
the size of cycloalkyl group and the substituent R on RM

0 
values in mobile phase ethanol-water. Graphs showing the 
size impact of the cycloalkyl group and the substituent R 
on the values of RM

0 for other applied solvents are provid-
ed in Supplementary material (Figure S1-S3).
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Table 2: Intercepts, RM
0 , slopes, S, and correlation coefficients, r, of the equation (2) applied for the various mobile phase.

Investigated		  ethanol			   n-propanol
compounds	 RM

0	 −S	 r	 RM
0	 −S	 r

I.1	 1.926(±0.053)	 3.312(±0.090)	 0.999(±0.016)	 1.189(±0.060)	 2.732(±0.092)	 0.998(±0.017)
I.2	 2.528(±0.065)	 3.975(±0.110)	 0.998(±0.019)	 1.441(±0.036)	 2.880(±0.056)	 0.999(±0.011)
I.3	 1.985(±0.126)	 3.490(±0.213)	 0.993(±0.037)	 1.145(±0.044)	 2.679(±0.069)	 0.999(±0.013)
I.4	 2.665(±0.057)	 4.056(±0.096)	 0.999(±0.017)	 1.302(±0.056)	 2.740(±0.087)	 0.998(±0.016)
I.5	 2.783(±0.147)	 4.116(±0.248)	 0.993(±0.043)	 1.329(±0.051)	 2.757(±0.079)	 0.999(±0.015)
I.6	 1.776(±0.094)	 3.665(±0.159)	 0.996(±0.028)	 0.884(±0.047)	 2.611(±0.072)	 0.999(±0.014)
I.7	 2.033(±0.053)	 3.449(±0.089)	 0.999(±0.015)	 1.090(±0.010)	 2.609(±0.016)	 1.000(±0.003)
II.1	 2.523(±0.091)	 4.008(±0.154)	 0.997(±0.027)	 1.416(±0.029)	 2.860(±0.045)	 1.000(±0.009)
II.2	 3.057(±0.057)	 4.537(±0.097)	 0.999(±0.017)	 1.354(±0.034)	 2.771(±0.052)	 0.999(±0.010)
II.3	 2.169(±0.087)	 3.551(±0.147)	 0.997(±0.026)	 1.219(±0.038)	 2.757(±0.059)	 0.999(±0.011)
II.4	 3.046(±0.070)	 4.468(±0.118)	 0.999(±0.021)	 1.408(±0.043)	 2.799(±0.067)	 0.999(±0.013)
II.5	 2.925(±0.070)	 4.162(±0.118)	 0.998(±0.021)	 1.532(±0.022)	 2.900(±0.034)	 1.000(±0.006)
II.6	 2.129(±0.072)	 3.934(±0.121)	 0.998(±0.021)	 1.362(±0.106)	 3.285(±0.164)	 0.996(±0.031)
II.7	 2.513(±0.054)	 4.034(±0.092)	 0.999(±0.016)	 1.095(±0.038)	 2.645(±0.060)	 0.999(±0.011)
III.1	 2.988(±0.045)	 4.489(±0.076)	 0.999(±0.013)	 1.366(±0.065)	 2.806(±0.101)	 0.998(±0.019)
III.2	 3.159(±0.118)	 4.526(±0.200)	 0.996(±0.035)	 1.464(±0.025)	 2.843(±0.038)	 1.000(±0.007)
III.3	 2.729(±0.081)	 4.215(±0.136)	 0.998(±0.024)	 1.267(±0.086)	 2.796(±0.134)	 0.996(±0.025)
III.4	 3.196(±0.115)	 4.495(±0.194)	 0.996(±0.034)	 1.518(±0.039)	 2.867(±0.061)	 0.999(±0.011)
III.5	 3.390(±0.110)	 4.715(±0.186)	 0.997(±0.032)	 1.621(±0.041)	 3.000(±0.064)	 0.999(±0.012)
III.6	 2.466(±0.092)	 4.268(±0.155)	 0.997(±0.027)	 1.189(±0.092)	 2.998(±0.142)	 0.996(±0.027)
III.7	 2.692(±0.103)	 4.085(±0.174)	 0.996(±0.030)	 1.259(±0.045)	 2.749(±0.069)	 0.999(±0.013)

TABLE 2 Continuation

Investigated		  i-propanol			   t-butanol
compounds	 RM

0	 −S	 r	 RM
0	 −S	 r

I.1	 1.146(±0.037)	 2.420(±0.062)	 0.999(±0.010)	 1.248(±0.075)	 2.697(±0.125)	 0.997(±0.021)
I.2	 1.334(±0.051)	 2.482(±0.084)	 0.998(±0.014)	 1.574(±0.092)	 3.055(±0.152)	 0.996(±0.025)
I.3	 1.140(±0.047)	 2.488(±0.078)	 0.999(±0.013)	 1.222(±0.049)	 2.667(±0.082)	 0.999(±0.013)
I.4	 1.365(±0.025)	 2.517(±0.042)	 1.000(±0.007)	 1.464(±0.035)	 2.843(±0.059)	 0.999(±0.010)
I.5	 1.510(±0.060)	 2.679(±0.100)	 0.998(±0.016)	 1.626(±0.051)	 3.061(±0.084)	 0.999(±0.014)
I.6	 0.948(±0.043)	 2.386(±0.071)	 0.999(±0.012)	 1.513(±0.084)	 3.203(±0.138)	 0.997(±0.023)
I.7	 1.161(±0.056)	 2.518(±0.093)	 0.998(±0.015)	 1.393(±0.015)	 2.952(±0.025)	 1.000(±0.004)
II.1	 1.430(±0.029)	 2.742(±0.049)	 1.000(±0.008)	 1.423(±0.067)	 2.808(±0.112)	 0.998(±0.018)
II.2	 1.376(±0.093)	 2.531(±0.154)	 0.995(±0.025)	 1.623(±0.066)	 3.067(±0.110)	 0.998(±0.018)
II.3	 1.266(±0.064)	 2.573(±0.105)	 0.998(±0.017)	 1.494(±0.081)	 2.976(±0.134)	 0.997(±0.022)
II.4	 1.664(±0.060)	 2.846(±0.100)	 0.998(±0.016)	 1.603(±0.026)	 3.036(±0.043)	 1.000(±0.007)
II.5	 1.678(±0.080)	 2.806(±0.133)	 0.997(±0.022)	 1.646(±0.045)	 3.088(±0.075)	 0.999(±0.012)
II.6	 1.265(±0.091)	 2.799(±0.151)	 0.996(±0.025)	 1.521(±0.077)	 3.264(±0.127)	 0.998(±0.021)
II.7	 1.399(±0.046)	 2.735(±0.076)	 0.999(±0.013)	 1.404(±0.036)	 2.877(±0.060)	 0.999(±0.010)
III.1	 1.760(±0.087)	 3.083(±0.145)	 0.997(±0.024)	 1.597(±0.043)	 3.027(±0.071)	 0.999(±0.012)
III.2	 2.053(±0.063)	 3.309(±0.104)	 0.998(±0.017)	 1.674(±0.071)	 3.098(±0.117)	 0.998(±0.019)
III.3	 1.646(±0.067)	 2.933(±0.110)	 0.998(±0.018)	 1.663(±0.056)	 3.168(±0.093)	 0.999(±0.015)
III.4	 1.857(±0.094)	 3.007(±0.156)	 0.996(±0.026)	 1.802(±0.075)	 3.222(±0.124)	 0.998(±0.020)
III.5	 1.913(±0.075)	 3.033(±0.124)	 0.997(±0.020)	 1.830(±0.057)	 3.281(±0.095)	 0.999(±0.016)
III.6	 1.582(±0.122)	 3.196(±0.201)	 0.994(±0.033)	 1.578(±0.050)	 3.377(±0.082)	 0.999(±0.014)
III.7	 1.528(±0.027)	 2.820(±0.045)	 1.000(±0.007)	 1.603(±0.037)	 3.118(±0.061)	 0.999(±0.010)

Compared to the nonsubstituted derivate, the reten-
tion of spirohydantoins with nonpolar methyl substituent R 
in most cases is higher. Higher retention was also observed 
in the presence of halogens; the highest retention was ob-
served for bromide as a substituent.The type of organic sol-
vent used additionally influence the RM

0 value. Generally, 

properties of solvent are described by Hansen’s solubility 
parameters,48 i.e. dipole interactions (δp), dispersion inter-
actions (δd), and the ability of the solvent to form hydrogen 
bonds (δh), as well as the dielectric constant (ε).49

Based on the values in Table 2 can be noticed that the 
higher the polarity of the organic solvent (δp and ε) is, the 
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higher are RM
0 values. Generally, solvents increase the RM

0 
in the following order:

n-propanol < t-butanol < i-propanol < ethanol.

The highest RM
0 values are observed with ethanol 

and the lowest with n-propanol. This can be explained by 

the fact that ethanol is the most polar of all used solvents, 
and has the greatest tendency toward polar interactions of 
all used organic solvents. Compared to other solvents, eth-
anol has the highest dipole interactions, the ability to form 
hydrogen bond, as well as the dielectric constant.

3. 2. QSRR
In order to describe the quantitative relationship be-

tween chromatographic lipophilicity parameters and mo-
lecular descriptors QSRR modeling was performed. QSRR 
models were also created for additional four aqueous 
mobile phases: acetone-water, acetonitrile-water, tetrahy-
drofuran-water, and 1,4-dioxane-water - aprotic organic 
solvents (results published before).50 In total, chromato-
graphic lipophilicity parameters obtained for two types 
of organic solvents: four protic and four aprotic organic 
solvents were analyzed using QSRR. The obtained mod-
els are listed in Tables 3 and 4. The statistical quality of 
the models was assessed by the coefficient of adjusted de-
termination R2

adj, the standard error of estimate (s), the 
probability value (p), the Fisher test for significance of the 
equation (F-value), and the predictive ability of the models 
(Q2). The acceptance level for the individual independent 
variables was set at the 95% significance level.

Table 3: QSRR equations obtained for protic solvents.

	 Regression equations	 Q2	 No. models

	 RM
0

ethanol = 0.747(±0.121) + 0.649 (±0.041)ClogP
	 p(intercept) = 0.000; p(ClogP) = 0.000	 0.929	 1
	 R2

adj = 0.925; F = 247.928; p = 0.000	

	 RM
0

ethanol = 0.437(±0.164) + 0.776 (±0.058)miLogP
	 p(intercept) = 0.015; p(miLogP) = 0.000	 0.905	 2
	 R2

adj = 0.900; F = 181.297; p = 0.000	

	 RM
0

n-propanol = 1.330(±0.274) + 0.244 (±0.030)ClogP – 0.012(±0.005)IAC
	 p(intercept) = 0.000; p(ClogP) = 0.000; p(IAC) = 0.026	 0.784	 3
	 R2

adj = 0.760; F = 32.628; p = 0.000	

	 RM
0

n-propanol = 0.906 (±0.423) – 0.345 (±0.074)Sv + 0.343(±0.067)Sp
	 p(intercept) = 0.046; p(Sv) = 0.000; p(Sp) = 0.000	 0.609	 4
	 R2

adj = 0.565; F = 13.990; p = 0.000	

	 RM
0

i-propanol = 0.166(±0.111) + 0.469 (±0.039)miLogP
	 p(intercept) = 0.150; p(miLogP) = 0.000	 0.885	 5
	 R2

adj = 0.878; F = 145.597; p = 0.000	

	 RM
0

i-propanol = 0.380(±0.101) + 0.384 (±0.035)ClogP
	 p(intercept) = 0.001; p(ClogP) = 0.000	 0.867	 6
	 R2

adj = 0.860; F = 123.471; p = 0.000	

	 RM
0

t-butanol = 0.832(±0.092) + 0.256 (±0.032)ALOGP
	 p(intercept) = 0.000; p(ALOGP) = 0.000	 0.767	 7
	 R2

adj = 0.755; F = 62.655; p = 0.000	

	 RM
0

t-butanol = −0.374 (±0.292) – 0.087 (±0.019)Se + 0.209(±0.033)Sp
	 p(intercept) = 0.217; p(Se) = 0.000; p(Sp) = 0.000	 0.749	 8
	 R2

adj = 0.721; F = 26.835; p = 0.000	

Figure 2: The impact of the size of cycloalkyl group and the substit-
uent R on RM

0 values in mobile phase ethanol-water.



231Acta Chim. Slov. 2024, 71, 226–235

Tot et al.:   QSRR Modeling of Lipophilicity of New Spirohydantoin   ...

Table 4: QSRR equations obtained for aprotic solvents.

	 Regression equations	 Q2	 No. model

	 RM
0

acetonitrile = 1.926(±0,098) + 0.187(±0.019)MLOGP2
	 p(intercept) = 0.000; p(MLOGP2) = 0.000	 0.834	 9
	 R2

adj = 0.825; F = 95.135; p = 0.000	

	 RM
0

acetonitrile = −1.084 (±0.992) + 0.527 (±0.109)Sp – 0.244 (±0.060)nAT
	 p(intercept) = 0.255; p(Sp) = 0.000; p(nAT) = 0.000	 0.589	 10
	 R2

adj = 0.543; F = 12.904; p = 0.000	

	 RM
0

acetone = 0.301(±0.154) + 0.891(±0.057)logP
	 p(intercept) = 0.066; p(logP) = 0.000	 0.927	 11
	 R2

adj = 0.924; F = 242.976; p = 0.000	

	 RM
0

acetone = –2.842 (±1.005) + 0.615 (±0.119)Sp – 0.261 (±0.065)nAT
	 p(intercept) = 0.011; p(Sp) = 0.000; p(nAT) = 0.000	 0.662	 12
	 R2

adj = 0.624; F = 17.609; p = 0.000	

	 RM
0

THF = −4.185(±0.494) + 0.791(±0.034) miLogP + 1.516(±0.171)Uc – 0.029(±0.006)Pol
	 p(intercept) = 0.000; p(miLogP) = 0.000; p(Uc) = 0.000; p(Pol) = 0.000	 0.985	 13
	 R2

adj = 0.980; F = 322.182; p = 0.000	

	 RM
0

THF = −1.993(±0.422)+0.005(±0.002)Vx−0.555(±0.117)logS+0.072(±0.625)logD
	 p(intercept) = 0.000; p(Vx) = 0.012; p(logS) = 0.000; p(logD) = 0.264	 0.926	 14
	 R2

adj = 0.898; F = 59.766; p = 0.000	

	 RM
0

1,4-dioxane = −2.477(±0.800) + 0.999(±0.052)logP + 0.748(±0.227)Uc
	 p(intercept) = 0.006; p(logP) = 0.000; p(Uc) = 0.000	 0.957	 15
	 R2

adj = 0.952; F = 198.896; p = 0.000 	

	 RM
0

1,4-dioxane = 1.442(±0.101) + 0.241(±0.020)MLOGP2
	 p(intercept) = 0.000; p(MLOGP2) = 0.000	 0.885	 16
	 R2

adj = 0.879; F = 146.809; p = 0.000	

From Tables 3 and 4 can be seen that the calculated 
logarithm of the partition coefficient, log P (ClogP, miLogP, 
ALOGP, MLOGP2, logP) is the dominant descriptor in the 
most of the QSRR models. Moreover, half of the models are 
monoparametric (namely models nos. (1), (2), (5), (6), (7), 
(9), (11), and (16)) with partition coefficient as a descrip-
tor; the most of them calculated for protic solvents.

The regression coefficients of the descriptor log P in 
monoparamertic as well as multiparametric QSRR models 
were always positive. As expected the higher the chroma-
tographic lipophilicity, calculated log P increases. Besides 
log P in some of the models was present Sp (sum of atomic 
polarizability) (nos. (4), (8), (10), and (12)). Furthermore, 
two more descriptors are present in the models namely 
nAT (number of atoms) (models nos. (10) and (12)) and 
Uc (number of unsaturated bonds) (models nos. (13) and 
(15)). In five out of eight QSRR models the partition coef-
ficient (log P) was no present. These are models nos. (4), 
(8), (10), (12), and (14). These five models are obtained 
for the following organic solvents: n-propanol, t-butanol, 
acetonitrile, acetone, and THF.

The value of the adjusted coefficient of determination 
(R2

adj) ranging from 0.755 to 0.980 indicates that in QSRR 
models (1-3), (5-7), (9), (11), (13), (15) and (16) exist strong 
dependence between the variables. High F-parameter values 

indicate good data compatibility. The predictive ability of the 
QSRR models is described in the validation coefficient Q2. 
The calculated models are valid if the value of Q2 is greater 
than 0.7, while low values for Q2 indicate a low predictive 
ability of the model. The values of the validation coefficient 
Q2 (Tables 3 and 4) for these QSRR models range from 0.767 
to 0.985. A high value of R2

adj, F, and p indicates that all pro-
posed QSRR models are statistically significant. High values 
of the validation coefficient Q2 indicated that the models are 
reliable for predicting the chromatographic lipophilicity of 
similar compounds and their chromatographic behavior.

Based on the value of the statistical parameter Q2 can 
be concluded that models nos. (4), (10), and (12) are eval-
uated as models with poor predictive characteristics. The 
values of the Q2 parameter indicate that models nos. (8) 
and (14) have good predictive capabilities. However, in the 
model no. (8) it is observed that the regression coefficient 
describing the intercept is not statistically significant (p > 
0.05), while in the model no. (14), it is noticed that the 
regression coefficient describing the molecular descriptor 
logD is not statistically significant (p>0.05). Therefore, 
QSRR models nos. (4), (8), (10), (12), and (14) are less 
suitable for the prediction of the chromatographic lipo-
philicity parameter. Accordingly, the mentioned models 
will be omitted from further consideration.
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The multiparametric QSRR model no. (3) for the 
chromatographic system with n-propanol as an organic 
solvent include molecular descriptors ClogP (partition co-
efficient) and IAC (total information index on atomic com-
position). The negative value of the coefficient for IAC indi-
cates that the dependent variable and molecular descriptor 
of IAC are negatively correlated. The coefficient value of the 
molecular descriptor of IAC is very small. However, based 
on the values of molecular descriptors in Table S1, it can be 
concluded that the contribution to lipophilicity of a molec-
ular descriptor of IAC is almost identical as it is the contri-
bution of the molecular descriptor of ClogP.

Based on the values of the statistical parameters R2
adj 

and F, it can be noticed that the QSRR model no. (13) is the 
best-rated of all the presented models (Tables 3 and 4). The 
QSRR model no. (13) calculated for tetrahydrofuran as an 
organic solvent is multiparametric. This model is described 
with three molecular descriptors (miLogP, Uc, and Pol). 
The regression coefficient next to the molecular descriptor 
of Pol is negative and this indicates a negative correlation 
with dependent variable. The molecular descriptor Uc and 
miLogP display much higher contribution to lipophilicity 
than the molecular descriptor of Pol. Besides, Q2 indicates 
that this model has the best predictive characteristics sug-
gesting that solvents such as THF, which is seldomly used 
as a modifier, should be considered more often.

The multiparametric QSRR model no. (15) calculated 
for the 1,4-dioxane contains molecular descriptors logP (par-
tition coefficient) and Uc (unsaturation count). The regres-
sion coefficients of both molecular descriptors are positive. 
The values of the regression coefficients indicate that both 
molecular descriptors significantly contribute to lipophilicity.

The experimental and predicted RM
0 values using 

QSRR models are compared and presented in Figure 3.
Figure 3 shows linear dependence of the best QSRR 

model for predicting the chromatographic parameter of 
lipophilicity.

3. 3. External Validation of QSRR Models
In order to evaluate the validity of the obtained 

QSRR models additional external validation was done. 
The investigated set of 21 compounds was split into the 
training (76%) and test (24%) sets. The training set is con-
sisted of 16 compounds namely I.2, I.4, I.5, I.6, I.7, II.1, 
II.2, II.3, II.4, II.7, III.1, III.2, III.3, III.5, III.6, and III.7; 
the test set includes 5 compounds (I.1, I.3, II.5, II.6, and 
III.4).

The calculated QSRR equations, using the training 
set, are listed in Table 5. The statistical quality of the mod-
els was assessed by the coefficient of adjusted determina-
tion R2adj, the standard error of estimate (s), the proba-
bility value (p), and the Fisher test for significance of the 
equation (F-value). The acceptance level for the individual 
independent variables was set at the 95% significance level. 
Further, the statistical quality of the models was judged us-
ing different validation parameters like Q2 and R2

pred, and 
also some novel metrics like rm

2
(test). The calculated models 

are valid if the value of Q2 is greater than 0.7. The values of 
R2

pred and rm
2

(test) for an acceptable model should be more 
than 0.5.51 The values of validation parameters Q2, R2

pred, 
and rm

2
(test) are provided in Table 5.

The Q2 value (Table 5) range from 0.728 (for ace-
tonitrile) to 0.980 (for THF). Also, the accuracy of models 
19-24 was checked using validation parameters R2

pred and 
rm

2
(test) (Table 5). The R2

pred value for all QSRR models is 
equal and greater than 0.727, which shows good predictive 
ability of the model. Values of rm

2 metrics (rm
2

(test)) more 
than 0.5 imply the goodness of predictions of these mod-
els. In general, high values of the statistical parameters (Q2, 
R2

pred, rm
2

(test), R2
adj, F, and p) indicate that the models are 

statistically significant and convenient for predicting chro-
matographic lipophilicity.

The QSRR models listed in Tables 5 and 3 are very 
similar. Both methods (without and with splitting the 
data) give the models with almost identical molecular de-
scriptors. Also, the calculated QSRR equations do not have 
significant variations of the statistical parameters. Slightly 
better statistical data of QSRR equations were obtained 
using internal validation, compared to external validation. 
This is due to the larger dataset (21 compounds), which is 
used for calculating equations in internal validation unlike 
to 16 compounds in the external validation

4. Conclusion
QSRR modeling is an important tool for processing 

and evaluation of the experimental chromatographic data 
in biomedical and chemical research.

Most calculated QSRR models include partition 
coefficient log  P as molecular descriptor with the most 
significant influence on the chromatographic behavior of 
investigated compounds. Internal validation confirmed 
that most of the calculated QSRR models have good pre-

Figure 3: Comparison of experimental and predicted RM
0 values 

calculated from the QSRR model no. (13) for the THF-water mobile 
phase.
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Table 5: QSRR equations obtained for all applied solvents.

Regression equations	 Q2	 R2
pred	 rm

2
(test)	 No. models

	 RM
0

ethanol = 0.672(±0.123) + 0.591 (±0.041)ClogP + 0.133(±0.045)logD
	 p(intercept) = 0.000; p(ClogP) = 0.000; p(ClogP) =0.012	 0.955	 0.898	 0.922	 17
	 R2

adj = 0.949; F = 139.232; p = 0.000	

	 RM
0

n-propanol = 1.043(±0.161) + 0.238 (±0.028)ClogP – 0.002(±0.001)ECC
	 p(intercept) = 0.000; p(ClogP) = 0.000; p(ECC) = 0.006	 0.969	 0.937	 0.537	 18
	 R2

adj = 0.849; F = 43.189; p = 0.000	

	 RM
0

i-propanol = 0.097(±0.160) + 0.496 (±0.056)miLogP
	 p(intercept) = 0.553; p(miLogP) = 0.000	 0.849	 0.963	 0.843	 19
	 R2

adj = 0.838; F = 78.80; p = 0.000	

	 RM
0

t-butanol = 1.267(±0.049) + 0.037 (±0.006)ALOGP2
	 p(intercept) = 0.000; p(ALOGP2) = 0.000	 0.743	 0.727	 0.623	 20
	 R2

adj = 0.724; F = 40.45; p = 0.000	

	 RM
0

acetonitrile = 2.031 (±0.139) + 0.168 (±0.027) MLOGP2
	 p(intercept) = 0.000; p(MLOGP2) = 0.000	 0.728	 0.931	 0.770	 21
	 R2

adj = 0.709; F = 37.55; p = 0.000	

	 RM
0

acetone = 0.508 (±0.158) + 0.826 (±0.058) logP
	 p(intercept) = 0.006; p(logP) = 0.000	 0.934	 0.900	 0.787	 22
	 R2

adj = 0.929; F = 199.09; p = 0.000	

	 RM
0

THF = −1.419(±0.212)+0.025(±0.003)AMR−0.682(±0.036)MLOGP
	 p(intercept) = 0.000; p(AMR) = 0.000; p(MLOGP) = 0.000	 0.980	 0.986	 0.959	 23
	 R2

adj = 0.977; F = 325.23; p = 0.000		

	 RM
0

1,4-dioxane = −2.348(±0.896) + 0.965(±0.068) logP + 0.731(±0.243)Uc
	 p(intercept) = 0.021; p(logP) = 0.000; p(Uc) = 0.010	 0.945	 0.964	 0.920	 24
	 R2

adj = 0.937; F = 112.739; p = 0.000		

dictive capabilities and that they potentially provide useful 
information about lipophilicity. This was additionally con-
firmed by external validation. The exceptions are models 
nos. (4), (8), (10), (12), and (14), whose values of statistical 
parameters indicate their poor predictive properties.

The best QSRR model for prediction of the chroma-
tographic lipophilicity parameter is model where the lipo-
philicity was determined using THF as an organic solvent. 
Therefore, solvents such as THF, which are rarely used as a 
modifier, should be considered more often in these kinds 
of studies. Since the models have good statistical param-
eters and high predictive accuracy the possibility of their 
application to predict the lipophilicity of new structurally 
similar compounds was confirmed.
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drofuran kot organsko topilo.
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Abstract
A new tetranuclear copper(II) complex [Cu4L2(N3)2(CH3OH)2](NO3)2·4CH3OH (1) and a new trinuclear zinc(II) com-
plex [Zn3L2(CH3COO)2] (2) have been prepared from the bis-Schiff base N,N’-bis(4-bromosalicylidene)-1,3-propane-
diamine (H2L) with copper nitrate and zinc acetate, respectively, in the presence of sodium azide. The complexes were 
characterized by elemental analysis, IR and UV-Vis spectroscopy. Molecular structures of both complexes were con-
firmed by single crystal X-ray determination. The Cu(II) atoms in complex 1 are bridged by phenolate oxygen atoms and 
end-on azide ligands. The Zn(II) atoms in complex 2 are bridged by phenolate oxygen atoms and acetate ligands. The 
Cu(II) atoms in complex 1 are in square planar and square pyramidal coordination. The Zn(II) atoms in complex 2 are in 
square pyramidal and octahedral coordination. The Schiff base ligand coordinates to the metal atoms through two phe-
nolate O and two imino N atoms. The biological assay reveals that the copper(II) complex has effective urease inhibition.

Keywords: Schiff base; copper(II) complex; zinc(II) complex; crystal structure; urease inhibition

1. Introduction
Urease, a Ni-containing enzyme, can catalyze the hy-

drolysis of urea to form ammonia rapidly.1 The product is 
harmful for environment, agriculture and animals. In the last 
few years, a number of compounds have been reported to 
have urease inhibitory activities.2 Schiff bases bearing azome-
thine groups (C=N) have widely biological applications like 
antibacterial,3 antioxidant,4 antitumor,5 anti-inflammatory6 
and cytotoxic,7 etc. In addition, Schiff bases readily coordinate 
to transition metal ions to form complexes with versatile 
structures.8 Recent research indicated that Schiff bases and 
their metal complexes have shown urease inhibitory activi-
ties.9 Copper and zinc are biological active trace elements in 
biological systems. In continuation of our work,10 and aiming 
at obtaining new urease inhibitors, a copper(II) complex 
[Cu4L2(N3)2(CH3OH)2](NO3)2·4CH3OH (1) and a zinc(II) 
complex [Zn3L2(CH3COO)2] (2), where L is deprotonated 

form of N,N’-bis(4-bromosalicylidene)-1,3-propanediamine 
(H2L) are present.

Scheme 1. H2L

2. Experimental
2. 1. Materials and Methods

4-Bromosalicylaldehyde, propane-1,3-diamine, copper 
nitrate, zinc acetate and sodium azide were purchased from 
Aldrich. Solvent and other chemicals were obtained from Xi-
ya Chemical Co. Ltd. CHN elemental analyses were per-
formed on a Perkin-Elmer 240C elemental analyzer. Infrared 
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spectra were recorded on a Jasco FT/IR−4000 spectropho-
tometer. Electronic absorption spectra were recorded with a 
Lambda 35 spectrophotometer. 1H NMR and 13C NMR spec-
tra for H2L were recorded on a Bruker 500 MHz spectrome-
ter. Single crystal X-ray diffraction was carried out with a 
Bruker Apex II diffractometer. The molar conductivities were 
measured at 25 °C with a Synstronics conductivity bridge.

2. 2. �Synthesis of N,N’-Bis(4-
bromosalicylidene)-1,3-propanediamine 
(H2L)
4-Bromosalicylaldehyde (4.0 g, 0.020 mol) was dis-

solved in 50 mL MeOH, to which was added dropwise 40 mL 
methanolic solution of propane-1,3-diamine (0.74 g, 0.010 
mol). The mixture was stirred for 30 min under reflux. The 
solvent was removed by distillation under reduced pressure. 
The yellow solid residue was recrystallized from MeOH to give 
yellowish crystalline product. Yield 3.8 g (86%). Anal. Calcd 
for C17H16Br2N2O2: C, 46.39; H, 3.66; N, 6.36%. Found: C, 
46.51; H, 3.73; N, 6.27%. FT−IR data (KBr, cm−1): ν(C=N) 
1645, ν(Ar−O) 1296. UV−Vis data [10–3 mol L–1 in MeOH, λ/
nm (ε/L mol–1 cm–1)]: 225 (17,530), 260 (12,380), 320 (4,535), 
406 (2,720). 1H NMR (500 MHz, d6-DMSO, ppm): δ 11.38 (s, 
2H, OH), 8.58 (s, 2H, CH=N), 7.53 (d, 2H, ArH), 7.35 (s, 2H, 
ArH), 7.15 (d, 2H, ArH), 3.72 (t, 4H, CH2), 2.07 (m, 2H, CH2). 
13C NMR (126 MHz, d6−DMSO, ppm) δ 163.23, 156.12, 
132.31, 125.02, 123.53, 120.38, 116.71, 59.71, 32.33.

2. 3. �Synthesis of [Cu4L2(N3)2(CH3OH)2]
(NO3)2·4CH3OH (1)

The Schiff base H2L (0.44 g, 1.0 mmol) was dissolved 
in MeOH (30 mL), to which was added a methanolic solu-
tion of copper nitrate trihydrate (0.48 g, 2.0 mmol). The 
mixture was stirred at room temperature for 10 min. Then, 
sodium azide (0.13 g, 2.0 mmol) was added to the mixture. 
The final mixture was further stirred at room temperature 
for 30 min and filtered. The filtrate was kept still in air for 
a week to give brown block-shaped single crystals. Yield: 
0.43 g (56%). Anal. Calcd for C40H52Br4Cu4N12O16: C, 
31.39; H, 3.42; N, 10.98. Found: C, 31.25; H, 3.50; N, 
10.87%. FT−IR data (KBr, cm−1): 2072 ν(N3), 1628, 1617 
ν(C=N), 1584, 1545, 1469, 1386, 1353, 1277, 1213, 1139, 
1072, 915, 820, 797, 689, 610, 596, 557, 467. UV-Vis data 
[10–3 mol L–1 in methanol, λ/nm (ε/L mol–1 cm–1)]: 225 
(18,270), 250 (13,550), 275 (8,335), 360 (3,127). ΛM  
(10–3 M in MeOH): 235 Ω–1 cm2 mol–1.

2. 4. Synthesis of [Zn3L2(CH3COO)2] (2)
The Schiff base H2L (0.44 g, 1.0 mmol) was dissolved 

in MeOH (30 mL), to which was added a methanolic solu-
tion of zinc acetate dihydrate (0.44 g, 2.0 mmol). The mix-
ture was stirred at room temperature for 30 min and fil-
tered. The filtrate was kept still in air for a week to give 
colorless block-shaped single crystals. Yield: 0.30 g (51%). 

Table 1. Crystal data for the complexes

	 1	 2

Formula	 C40H52Br4Cu4N12O16	 C38H34Br4N4O8Zn3
FW	 1530.74	 1190.44
Crystal shape/colour	 block/brown	 block/colorless
Crystal size /mm	 0.21 × 0.18 × 0.18	 0.33 × 0.32 × 0.32
Crystal system	 Triclinic	 Monoclinic
Space group	 PĪ	 C2/m
a (Å)	 10.838(2)	 15.6867(11)
b (Å)	 10.836(2)	 13.6689(10)
c (Å)	 12.548(2)	 10.9660(12)
α (º)	 75.559(1)	 90
β (º)	 75.559(1)	 107.335(1)
γ (º)	 85.902(1)	 90
V (Å3)	 1381.9(4)	 2244.5(3)
Z	 1	 2
λ (MoKα) (Å)	 0.71073	 0.71073
T (K)	 298(2)	 298(2)
μ (MoKα) (cm–1)	 4.482	 5.202
Rint	 0.0658	 0.0278
Reflections/parameters	 5521/351	 6057/141
Unique reflections	 4041	 2193
Observed reflections [I ≥ 2σ(I)]	 1348	 1787
Restraints	 1	 0
Goodness of fit on F2	 0.815	 1.077
R1, wR2 [I ³ 2s(I)]	 0.0887, 0.2053	 0.0275, 0.0616
R1, wR2 (all data)	 0.2055, 0.2463	 0.0367, 0.0639
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Anal. Calcd for C38H34Br4N4O8Zn3: C, 38.34; H, 2.88; N, 
4.71. Found: C, 38.46; H, 2.81; N, 4.80%. FT-IR data (KBr, 
cm–1): 1628 ν(C=N), 1580, 1529, 1473, 1453, 1425, 1402, 
1386, 1293, 1201, 1137, 1070, 915, 848, 786, 599, 537, 456. 
UV–Vis data [10–3 mol L–1 in methanol, λ/nm (ε/L mol–1 
cm–1)]: 240 (14,670), 270 (8,150), 345 (4,030). ΛM (10–3 M 
in MeOH): 32 Ω–1 cm2 mol–1.

2. 5. X-Ray Crystallography
X-ray diffraction data for the copper(II) and zinc(II) 

complexes were collected at 298(2) K with graphite–mon-
ochromated Mo Kα radiation (0.71073 Å). The collected 
data were reduced with SAINT.11 Multi-scan absorption 
correction was performed with SADABS.12 Structures of 
the complexes were solved by direct method with SHELX-
TL, and refined against F2 by full-matrix least-squares 
method.13 All non-hydrogen atoms the complexes were 
refined anisotropically. The H8 atom of complex 1 was lo-
cated from a difference Fourier map and refined with O−H 
distance restrained to 0.85(1) Å. The remaining H atoms 
were placed in calculated positions and constrained to ride 
on their parent atoms. Crystallographic data for the com-
plexes are summarized in Table 1. Selected bond lengths 
and angles are given in Table 2.

Table 2. Selected bond lengths (Å) and angles (º) for the complexes

1

Cu1–N1	 1.954(12)	 Cu1–N2	 1.891(13)
Cu1–O1	 1.957(10)	 Cu1–O2	 1.960(9)
Cu2–N3	 1.951(11)	 Cu2–O1	 1.988(9)
Cu2–O2	 1.993(10)	 Cu2–N3A	 2.003(11)
Cu2–O8	 2.273(12)		
N2–Cu1–N1	 99.5(5)	 N2–Cu1–O1	 170.6(5)
N1–Cu1–O1	 89.9(5)	 N2–Cu1–O2	 92.0(5)
N1–Cu1–O2	 167.9(5)	 O1–Cu1–O2	 78.7(4)
N3–Cu2–O1	 101.6(4)	 N3–Cu2–O2	 165.6(5)
O1–Cu2–O2	 77.2(4)	 N3–Cu2–N3A	 79.0(5)
O1–Cu2–N3A	 162.5(5)	 O2–Cu2–N3A	 97.8(4)
N3–Cu2–O8	 93.4(5)	 O1–Cu2–O8	 101.2(4)
O2–Cu2–O8	 100.9(4)	 N3–Cu2–O8A	 96.2(5)

Symmetry code for A: 1 – x, 1 – y, 1 – z			 

2

Zn1–O1	 2.0634(17)	 Zn1–O2	 1.998(3)
Zn1–N1	 2.058(2)	 Zn2–O3	 2.069(2)
Zn2–O1	 2.1275(17)		
O2–Zn1–N1A	 101.74(8)	 O2–Zn1–N1	 101.74(8)
N1–Zn1–N1A	 93.34(13)	 O2–Zn1–O1A	 99.14(8)
N1–Zn1–O1A	 158.21(9)	 O2–Zn1–O1	 99.15(8)
N1–Zn1–O1	 88.42(8)	 O1–Zn1–O1A	 82.18(10)
O3–Zn2–O3A	 180	 O3–Zn2–O1B	 92.06(7)
O3–Zn2–O1	 87.94(7)	 O1–Zn2–O1A	 79.20(9)
O1–Zn2–O1AA	 100.80(9)		

Symmetry codes: A: x, 1 – y, z; B: 1 – x, 1 – y, 1 – z; AA: 1 – x, y, 1 
– z.

3. Results and Discussion
3. 1. Synthesis

The Schiff base compound H2L was prepared by re-
action of 2:1 molar ratio of 4-bromosalicylaldehyde and 
propane-1,3-diamine in MeOH. The copper(II) and 
zinc(II) complexes were prepared by the self-assembly of 
H2L with metal salts in MeOH (Scheme 2). Single crystals 
of both complexes were generated from their methanolic 
solution. Molar conductivities of complexes 1 and 2 in 
methanolic solution at concentration of 1.0 × 10–3 mol L–1 
are 235 and 32 Ω–1 cm2 mol–1, respectively, indicating the 
1:2 electrolytic and non-electrolytic nature.14

Scheme 2. The synthetic procedure for the complexes

3. 2. Structure Description of Complex 1
Molecular structure of the tetranuclear copper(II) 

complex is shown in Figure 1. The compound contains a 
copper(II) complex cation, two nitrate anions and four 
methanol molecules of crystallization. The Cu∙∙∙Cu dis-
tances are 3.002(2) and 3.051(2) Å, respectively. The com-
pound possesses crystallographic inversion center sym-
metry. The center is located at the midpoint of the two 
inner Cu(II) atoms. The Schiff base ligand coordinates to 
the Cu(II) atoms through the imino N and phenolate O 
atoms, generating three six-membered chelate rings. The 
outer Cu1 atom is coordinated by two imino N (N1, N2) 
and two phenolate O (O1, O2) atoms, forming square pla-
nar coordination. The distance between the Cu1 atom and 
the O4 atom of a methanol molecule is about 2.45 Å. If 
consider this proximity, the geometry can be considered as 
square pyramidal. The Cu1 atom deviates from the least-
squares plane defined by the four donor atoms by 0.029(2) 
Å. The inner Cu2 atom is in square pyramidal coordina-
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tion, with two phenolate O (O1, O2) of the Schiff base li-
gand and two N atoms (N3, N3A) from two azide ligands 
defining the basal plane, and with the methanol O atom 
(O8) at the apical site. The Cu2 atom deviates from the 
least-squares plane defined by the four basal donor atoms 
by 0.273(2) Å. The τ value for Cu2 coordination is 0.05, 
which suggests a typical square pyramidal geometry.15 
There are three four-membered chelate rings (Cu1–O1–
Cu2–O2, Cu2–N3–Cu2A–N3A, Cu1A–O1A–Cu2A–
O2A) in the complex molecule, which leads to the devia-
tion of the square planar and square pyramidal geometries. 
The square pyramidal geometry is distorted, which is 
demonstrated from the cis and trans bond angles of 

77.2(4)–101.6(4)° and 162.5(5)–165.6(5)°, respectively at 
the basal plane, and from the angles among the apical and 
basal donor atoms of 93.4(5)–101.2(4)°. The outer and in-
ner Cu(II) atoms are bridged by two phenolate O atoms, 
and the two inner Cu(II) atoms are bridged by two end-on 
azide ligands. The bond lengths around the Cu(II) atoms 
are within normal values with the Schiff base copper(II) 
complexes.16 The dihedral angle between the two benzene 
rings is 35.5(5)°. The two four-membered chelate rings 
Cu1–O1–Cu2–O2 and Cu2–N3–Cu2A–N3A form a dihe-
dral angle of 32.3(4)°.

In the crystal structure of the compound, the com-
plex cations are linked by nitrate anions and methanol 
molecules through O–H∙∙∙O and O–H∙∙∙N hydrogen bonds 
(Table 3), to form one dimensional chain along the b axis 
(Figure 2).

3. 3. Structure Description of Complex 2
Molecular structure of the trinuclear zinc(II) com-

plex is shown in Figure 3. The Zn∙∙∙Zn distance is 3.0626(5) 
Å. The compound possesses crystallographic inversion 
center symmetry. The center is located at Zn2 atom. The 
Schiff base ligand coordinates to the Zn(II) atoms through 
the imino N and phenolate O atoms, generating three 
six-membered chelate rings. The outer Zn1 atom is in 
square pyramidal coordination, with two phenolate O 
(O1, O2) and two imino N (N1, N2) atoms of the Schiff 
base ligand defining the basal plane, and with acetate O 
(O2) atom at the apical site. The Zn1 atom deviates from 
the least-squares plane defined by the four basal donor at-
oms by 0.205(2) Å. The square pyramidal geometry is dis-

Figure 1. Molecular structure of complex 1, showing the at-
om-numbering scheme. Displacement ellipsoids are drawn at 30% 
probability level. Atoms labeled with the suffix A are related to the 
symmetry operation 1 – x, 1 – y, 1 – z. Hydrogen atoms except for 
OH groups are omitted for clarity.

Figure 2. Molecular packing structure of complex 1, viewed down the a axis. Hydrogen bonds are drawn as dotted lines.
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torted, which is demonstrated from the cis and trans bond 
angles of 82.18(10)–93.34(13)° and 158.21(9), respectively 
at the basal plane, and from the angles among the apical 
and basal donor atoms of 99.14(8)–101.74(8)°. The central 
Zn2 atom is in octahedral coordination, with four phe-
nolate O (O1, O1A, O1B, O1AA) atoms from two Schiff 
base ligands defining the equatorial plane, and with two 
acetate O (O3, O3A) atoms at the axial sites. There are two 

four-membered chelate rings (Zn1–O1–Zn2–O1A, 
Zn1A–O1AA–Zn2–O1B) in the complex molecule, which 
leads to the deviation of the square pyramidal and octahe-
dral geometries. The octahedral geometry is distorted, 
which is demonstrated from the cis bond angles of 
79.20(9)–100.80(9)° at the equatorial plane, and from the 
angles among the axial and equatorial donor atoms of 
87.94(7)–92.06(7)°. The outer and inner Zn(II) atoms are 
bridged by two phenolate O atoms and one acetate ligand. 
The bond lengths around the Zn(II) atoms are within nor-
mal values with the Schiff base zinc(II) complexes.17 The 
dihedral angle between the two benzene rings is 80.9(4)°. 
The two four-membered chelate rings Cu1–O1–Cu2–O2 
and Cu2–N3–Cu2A–N3A form a dihedral angle of 
32.3(4)°.

In the crystal structure of the compound, the com-
plex molecules are stack along the a axis (Figure 4).

Table 3. Hydrogen bond distances (Å) and bond angles (°) for com-
plex 1

D–H∙∙∙A	 d(D–H)	 d(H∙∙∙A)	 d(D∙∙∙A)	 Angle
				    (D–H∙∙∙A)

O3–H3A∙∙∙O5#1	 0.82	 2.15	 2.84(2)	 141(3)
O4–H4∙∙∙O3	 0.82	 1.89	 2.70(3)	 170(3)
O8–H8∙∙∙N6#2	 0.85(1)	 2.61(8)	 3.41(2)	 158(5)
O8–H8∙∙∙O5#2	 0.85(1)	 2.42(7)	 3.25(3)	 165(5)
O8–H8∙∙∙O6#2	 0.85(1)	 2.15(7)	 2.79(2)	 132(5)

Symmetry codes: #1: x, –1 + y, z; #2: 1 – x, 1 – y, 1 – z.

Figure 4. Molecular packing structure of the complex 2, viewed down the a axis. Hydrogen bonds are drawn as dotted lines.

Figure 3. Molecular structure of the complex 2, showing the at-
om-numbering scheme. Displacement ellipsoids are drawn at the 
30% probability level. Atoms labeled with the suffix A and unlabeled 
atoms are related to the symmetry operation –x, –y, 1 – z. The meth-
anol molecule is omitted for clarity.
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3. 4. IR and UV Spectra
The C=N absorption of the free Schiff base H2L is 

observed at 1645 cm–1. However, in the spectra of the 
complexes, the bands are shifted to lower wavenumbers, 
viz. 1628 and 1617 cm–1 for 1, and 1628 cm–1 for 2.18 
There are two absorptions for C=N bonds, which agree 
well with that determined by single crystal X-ray deter-
mination. In the crystal structure of complex 1, the bond 
lengths of the two C=N bonds are 1.26(2) and 1.33(2) Å, 
which are different from each other. The spectrum of 
complex 1 shows an intense band at 1386 cm–1 charac-
teristic of ionic nitrate.19 The intense band at 2072 cm–1 
of complex 1 can be assigned to the azide ligands.20 In 
the spectrum of complex 2, the asymmetric and sym-
metric stretching vibrations of the acetate groups appear 
at 1580 and 1425 cm–1, respectively. The difference be-
tween νasym(COO) and νsym(COO) (Δν = 155 cm–1), 
which is smaller than 164 cm–1 observed in ionic acetate, 
reflects the bidentate bridging coordination mode.21 The 
UV–Vis spectra of the free Schiff base and the complexes 
display bands in the region 250-320 nm, which are as-
signed to the n–π* transitions.22 The charge transfer 
LMCT bands of the complexes are located in the region 
345–360 nm.22

3. 5. Pharmacology Study
The assay for the urease inhibition was carried out 

with the literature method.23 The free Schiff base H2L has 
weak activity, with low percentage inhibition of 17.1 ± 1.6 
at concentration 100 μmol L–1. Interestingly, the copper(II) 
complex has strong activity than H2L, with percentage in-
hibition of 98.7 ± 2.3 at the same concentration, and with 
IC50 value of 0.21 ± 0.7 μmol L–1. The zinc(II) complex has 
medium activity with percentage inhibition of 33.6 ± 3.1. 
The copper(II) complex has obviously higher activity than 
acetohydroxamic acid (IC50 = 28.1 μmol L–1), which was 
used as a reference. As comparison, the copper(II) com-
plex has better activity than copper perchlorate (IC50 = 8.8 
μmol L–1). Thus, the copper(II) complex may be used as a 
new urease inhibitor.

4. Conclusion
In summary, a tetranuclear copper(II) complex and a 

trinuclear zinc(II) complex with the Schiff base ligand 
N,N’-bis(4-bromosalicylidene)-1,3-propanediamine have 
been prepared and characterized. The Cu(II) atoms in the 
copper(II) complex are in square planar and square py-
ramidal coordination. The Zn(II) atoms in the zinc(II) 
complex are in square pyramidal and octahedral coordina-
tion. The Schiff base coordinates to the metal ions through 
imino nitrogen and phenolate oxygen. The copper(II) 
complex has effective urease inhibitory activity, with IC50 
value of 0.21 ± 0.7 μmol L–1.

Supplementary Data
CCDC 2327652 (1) and 2327653 (2) contain the sup-

plementary crystallographic data for this paper. These data 
can be obtained free of charge via http://www.ccdc.cam.
ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 
1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@
ccdc.cam.ac.uk.
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Povzetek
Sintetizirali smo nov štirijedrni bakrov(II) kompleks [Cu4L2(N3)2(CH3OH)2](NO3)2·4CH3OH (1) in nov trijedrni cink-
ov(II) kompleks [Zn3L2(CH3COO)2] (2) iz bis-Schiffove baze N,N’-bis(4-bromosaliciliden)-1,3-propandiamin (H2L) in 
bakrovega(II) nitrata oziroma cinkovega(II) acetata v prisotnosti natrijevega azida. Kompleksa smo okarakterizirali z 
elementno analizo, IR in UV-Vis spektroskopijo. Molekularno strukturo obeh kompleksov smo potrdili z rentgensko 
monokristalno analizo. V kompleksu 1 so atomi Cu(II) mostovno povezani preko fenolatnih kisikovih atomov in termi-
nalnih azidnih ligandov. V kompleksu 2 so atomi Zn(II) mostovno povezani preko fenolatnih kisikovih atomov in ace-
tatnih ligandov. Cu(II) atomi v kompleksu 1 imajo kvadratno planarno in kvadratno piramidalno koordinacijo. Atomi 
Zn(II) v kompleksu 2 imajo kvadratno piramidalno in oktaedrično koordinaciji. Ligand Schiffove baze je na kovinske 
atome koordiniran preko dveh fenolatnih O atomov in dveh imino N atomov. Biološki test je pokazal, da kompleks 
bakra(II) učinkovito zavira ureazo.
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Abstract
Many conformers of 3-aminopropionitrile are known. Due to the biomedical importance of 3-aminopropionitrile a full 
investigation of structural, vibrational, and other associated properties of all possible conformers was performed. The 
geometrical structures, relative stability, and vibrational frequencies of the gauche and trans 3-aminopropionitrile con-
formers have been studied using ab initio (CCSD/6-311+G(d,p)) and DFT (B3LYP and M06 functionals at 6-311+G(d,p) 
and aug-cc-pVDZ basis set) calculations. The conformational and vibrational studies of 3-aminopropionitrile molecule 
were presented here are in very good interpretation of the calculated data compared with very poor interpretation in pre-
vious studies. The results showed that the gauche 2 conformer is more stable by 0.19 kcal/mol than gauche 1, outlined as 
enthalpy change ΔH between the conformers, at CCSD/6-311+G(d,p). Additionally, the population analysis shows that 
the gauche conformers are more prevalent than the trans conformers in the gas phase, present at 72.8%, with gauche 2 
being the dominating gauche conformer at 40.1%. These results are in good agreement with earlier experimental and the-
oretical conclusions. All minima conformers’ thermodynamic characteristics have also been studied. The relevant bond 
lengths, bond angles, and dihedral angles were calculated at a different level of theory for all possible conformers. The 
geometrical outcomes of the conformers agree very well with the previous experimental results. Electrostatic potential 
surface (ESP) has been used to interpret the structure-activity relationship. The atomic charges are examined, together 
with the energy difference between HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied 
Molecular Orbital). Additionally, the HOMO-LUMO energy gap and other relevant molecular properties are computed. 
The most stable conformers’ stabilization energy has been determined by the Natural Bond Orbital (NBO) analysis.

Keywords: 3-aminopropionitrile, HOMO-LUMO, ESP, conformer, vibrational frequencies, relative stability.

1. Introduction
Numerous chemical and physical properties of a 

chemical molecule with various functional groups are in-
fluenced by conformational isomerism. Examples include 
determining the phase of the substances under ambient 
conditions1,2 and determining the activity of particular en-
zymes.3–5 Nitriles play a significant role in both chemistry 
and astrochemistry. For instance, succinonitrile is a crucial 
component of research on solid state batteries6–9 and is 
utilized as a solvent of inorganic salts. Additionally, it has 
been utilized to improve the conductivity of composite 
polymers as succinonitrile-poly(methyl methacrylate).10 
Interstellar clouds are anticipated to contain some small 
chain nitriles, which are thought to react with water to cre-

ate amino acids.11–13 Numerous organoamines play crucial 
roles in biomolecules including proteins and amino acids. 
An organic substance possessing both amine and nitrile 
functional groups is 3-aminopropionitrile (BAPN), 
NH2CH2CH2CN (also called 2-cyanoethylamine). It is a 
colorless liquid. The compound is present naturally and is 
of interest to the biomedical field.14 As a result of 3-amino-
propionitrile significance in the biomedical field, it can be 
important for research to estimate its conformational sta-
bilities.

Organoamines play essential roles in biomolecules 
including proteins and amino acids. As an illustration, 
β-aminopropionitrile is injected into a tendon that has 
been wounded 30 to 90 days after the injury in order to 
bind to the lysyl oxidase enzyme and prevent lysine from 
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being deaminated. To forecast the result of these binding, 
one must have a thorough understanding of the β-amino-
propionitrile's structure, conformation, reactivity, and in-
teractions. The purpose of this study is to explain the the-
oretical methods that have been used to interpret the main 
characteristics of β-aminopropionitrile, particularly its 
structure.

The results of conformational analysis of 1,2-disub-
stituted ethane molecules are largely strange to free in-
tra-single-bond rotations. Over time, there have been 
some intriguing difficulties in determining the conforma-
tional stability of 1,2-disubstituted ethane molecules.15 
The 1,2-dihaloethane molecules served as good examples, 
with 1,2-difluoroethane16 having a gauche conformer that 
is (3.35 ± 0.36) kJ mol–1 more stable than the trans form 
and 1,2-dichloroethane having a trans conformer that is 
(3.87 ± 0.09) kJ mol–1 more stable than the gauche from a 
variable temperature infrared studies of xenon solutions.17 
Trans conformer of butyronitrile (CH3CH2CH2CN) is 
more stable than the gauche, according to a microwave in-
vestigation by Hirota,18 while IR investigation, claimed 
that the vapor phase of gauche conformer is dominant.19

Conformers' relative stabilities can be calculated by 
vicinal interactions between functional groups revolving 
around a single free-rotated bond. These interactions can 
be repulsive (destabilizing), as in the case of the me-
thyl-methyl strain energy in n-butane,20 or attractive (sta-
bilizing), as in the case of the gauche effect of 1,2-difluo-
roethane.21 Based on their relative free energies, which 
define their relative abundances according to the Boltz-
mann distribution, the conformers are in equilibrium with 
one another. The thermodynamic characteristics of the 
conformers exchange determine its dynamics. Whenever a 
chemical reaction occurs, the structure and shape of the 
product are influenced by reactants’ thermochemical 
properties.

Determining the appropriate 3-aminopropionitrile 
requires investigation, just like the molecules mentioned 
above, as it has more than one minima conformers (gauche 
and trans).22 The conformational study of 3-aminopropi-
onitrile has received little theoretical attention.15, 22, 23 The 
most recent one15 by James et al. employed just two mini-
ma for the MP2 (full) ab initio and B3LYP density func-
tional theory (DFT) computations. They discovered that 
the gauche conformer is 0.87 kcal/mol more stable than 
the trans conformer at their greatest level of theory, MP2 
(full)/aug-cc-pVTZ. Enthalpy15 is the only thermochemi-
cal data available for 3-aminopropionitrile.

Due to a lack of information, it is decided to investi-
gate the thermodynamics, structure, and stability of five, 
three gauche, and two trans minima conformers.15,22 In 
this research, the structural details and conformational 
stabilities of conformers of 3-aminopropionitrile were ex-
amined. Additionally, the conformers' thermodynamic 
data were computed. The results were compared to exper-
imental and theoretical data that had previously been pub-

lished. The outcomes of this research should aid in eluci-
dating conformational changes.

2. Computational Details
Gaussian09 software was used for all geometry opti-

mization and energy computations.24 Different theoretical 
levels, including CCSD,25 B3LYP and M06,24 have been 
employed. These basis sets include 6-311+G(d,p) and aug-
cc-pVDZ.24 Frequency calculations are used to describe 
the stationary points (minima and transition states; saddle 
point of first order). Mathematically, the transition states 
have one imaginary eigenvalue while the minima have 
none. The vibrational frequency and thermodynamic data 
were gained using the frequency calculations. The equa-
tion described in my earlier work26 is used to calculate the 
relative stability between the most stable conformer and 
the less stable ones or the transition states.

� (1)

� (2)

Where (Eo + Hcorr) and (Eo + Gcorr) are, respectively, 
the corrected electronic energy (Eo + enthalpy correction, 
Hcorr), and the corrected electronic energy (Eo + Gibbs cor-
rection, Gcorr), which includes the zero-point energy. Natu-
ral bond orbital (NBO) analysis was used to determine the 
electronic atomic charges.27 The data collected were utilized 
to determine the stabilization energy of the conformer that 
was determined to be the most stable. The Coulomb's po-
tential is used to calculate the electrostatic interaction be-
tween the staggered NH2 group and the point-charged N 
and C atoms of the nitrile group for this purpose.

� (3)

Where r is the distance between the point charges q 
of the nitrile group and the point charge of the closest H 
atom on the NH2 group (Q),  is Coulomb's constant.

In order to explain the orbital overlaps and the pos-
sibility for charge transfer inside the five minima conform-
ers, the energies of the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital 
(LUMO) were also calculated using the CCS-
D/6-311+G(d,p) level of theory.

3. Results and Discussion
3. 1. Geometry

Figure 1 displays the minima's and transition states' 
optimized structures. Tables 1 and 2 display the relevant 
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bond lengths, bond angles, and dihedral angles. At a different 
level of theory, all conformer bond lengths are comparable to 
one another, with a maximum variation of (0.023 Å). The 
C;N bond lengths of the minima and transition states are 
remarkably similar, with a maximum difference of 0.001 Å, 
at the same level of theory. With the exception of gauche 1, 2, 
and TS4, where there is a maximum difference of 0.001 Å, all 
minima and transition state conformers' C;N bond lengths 
are identical at the DFT (B3LYP/aug-cc-pVDZ, M06/aug-
cc-pVDZ) and CCSD/6-311+G(d,p) levels of theory. All lev-
els of theory's transition states have C1-C6 bond lengths that 
are longer than those of minima conformers. At both the 
B3LYP and M06 levels of theory of DFT, the gauche 2 con-
former's C1–C6 bond lengths are the identical. All conform-
ers' C1-C6 bond lengths vary slightly across levels of theory, 
with the largest differences (0.019 Å) occurring between 
B3LYP/6-311+G(d,p) and M06/aug-cc-pVDZ in TS3.

All conformers have somewhat varied C1-C4 bond 
lengths at the same levels of theory, with the M06/aug-cc-
pVDZ in TS1 and TS3 having the largest variance (0.011 
Å). The lengths of the C1-C4 bonds vary slightly depend-
ing on the level of theory, with the greatest difference 
(0.023 Å) between the M06/6-311+G(d,p) CCS-
D/6-311+G(d,p)  basis fixed for all conformers. The C1-C4 
bond's longest length is revealed via a CCSD/6-311+G(d,p) 
level of theory for all conformers. Out of all the different 
levels of theory, TS3 has the shortest C1-C4 bond lengths. 
In Gauche 1, Trans 1, TS1, and TS3 on the one hand, and 
in Gauche 2, Gauche 3, Trans 2, TS2, TS4, and TS5 on the 
other, the C6-N9 bond lengths of the various levels of the-
ory are quite closed. All conformers' C6-N9 bond lengths 
calculated using B3LYP are the ones that come closest to 
the lengths determined with the CCSD.

Table 2 lists the bond angles as well as the torsional 
(dihedral) angles. The bond angle C4-C1-C6 is smaller in 
the minima conformers of the various levels of theory than 
it is in the conformers of the transition state, particularly 
in the gauche conformers. The greatest values of the bond 
angles C1-C6-N9 for minima conformers are found in the 
gauche 1 and trans 1 conformers. The most conformer has 
bond angle C1-C4;N5 approaches 180º of all different 
levels of theory for minima is trans 1 and for transition 
states are TS2 and TS5. The differences between the bond 
angles C1-C4;N5 are between 0 and 1° for theories at dif-
ferent levels, and between 0 and 1.9° for theories at the 
same levels. The range of bond angle variances among the 
various levels of theory is 0 to 1.2°. By comparing the val-
ues of the dihedral angle N9-C6-C1-C4 obtained before 
optimization (gauche = 60°, trans = 180°, TS1, TS2, and 
TS5 = 120°, TS3 and TS4 = 0°) with those obtained after 
optimization, we can see that the conformers trans 1 and 
its interconversion transition state (TS3) had no deforma-
tion of any of the different levels of theory, whereas the 
maximum distortion that occurred on the minima and 
transition states conformers is in gauche 3 (B3LYP/aug-cc-
pVDZ) and TS5 (B3LYP/6-311+G(d,p)) respectively.

In general, all of the bond lengths, bond angles, and 
dihedral angles of the minimum conformers are compared 
to the theoretical results,22 and both the gauche 1 and 
gauche 2 conformers' parameters agree well with the mi-
crowave spectrum results.23 Given these values, it is obvi-
ous that the bond lengths discovered in this study are iden-
tical to or extremely close to those observed theoretically 
or empirically. C1-C6, C1-C4, C4;N5 and C6-N9 bond 
lengths of gauche 1 and gauche 2 conformers are 1.548 Å, 
1.463 Å, 1.157 Å and 1.475 Å, respectively, are in good 
agreement with my results. For gauche 1: C1-C6 of  
CCSD/6-311+G(d,p), C1-C4 of B3LYP/aug-cc-pVDZ,  
C4;N5 of B3LYP/6-311+G(d,p) and C6-N9 of  
CCSD/6-311+G(d,p) with difference 0.001 Å, 0.002 Å, 
0.003 Å and 0.018 Å, respectively. For gauche 2: C1-C6 of 
B3LYP/6-311+G(d,p) and aug-cc-pVDZ, C1-C4 of  
B3LYP/6-311+G(d,p), C4;N5 of B3LYP/6-311+G(d,p) 
and C6-N9 of CCSD/6-311+G(d,p) with difference 0.008 
Å, 0.001 Å, 0.003 Å and 0.012 Å, respectively. Unfortu-
nately, to my knowledge, in literature, there are no experi-
mental data about the other minima conformers (gauche 
3, trans 1 and trans 2) to compare my theoretical results 
with. But we can see the significant similarity between the 
results obtained theoretically 22 with the results of this 
study. The difference is in the arrange 0 – 0.023 Å.

If the bond angles are considered, the C4-C1-C6 and 
C1-C6-N9 bond angles in both gauche 1 and gauche 2 ob-
tained by microwave method are near more to the values 
obtained by M06/aug-cc-pVDZ in this study with differ-
ence (0.6°) for C4-C1-C6 and (1.8°) for C1-C6-N9 in each 
conformer. The C1-C4;N5 bond angle should be 180°, 
but there is a small deviations from linearity ranged from 
2.1° – 3.0° in gauche 1 and 1.7° – 2.7° in gauche 2. The di-
hedral angle N9-C6-C1-C4 in both gauche 1 and gauche 2 
conformers are closed to that obtained by microwave 
method especially through M06 and CCSD. For all differ-
ent levels of theory the difference is in the arrange 0° – 1° 
for gauche 1 and 3° – 1.7° for gauche 2.

3. 2. �The Relative Stability and Thermal 
Properties
The relative energies of the gauche 1, gauche 3, trans 

1, trans 2 and the transition states conformers (relative to 
the gauche 2 conformer), outlined by their ΔHrel and ΔGrel, 
are listed in Table 3. 3-aminopropionitrile has five possible 
minima conformers, three gauche conformers and two 
trans conformers as shown in Figure 1. Gauche 1 and 
gauche 2 are more stable than any one of gauche 3, trans 1 
and trans 2 by at least 0.23 kcal/mol between gauche 2 and 
trans 2 and up to 1.49 kcal/mol between gauche 2 and 
gauche 3 through B3LYP/6-311+G(d,p) and M06/aug-cc-
pVDZ, respectively. The enthalpy differences between 
gauche 2- gauche 1 and gauche 2-trans 1 conformers were 
determined in the range 0 – 0.19 kcal/mol and 0.23 – 0.70 
kcal/mol, respectively, through all different levels of theo-
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ry. This values were closed to that given by previous micro-
wave and infrared studies.15, 23

Through the highest level of theory used in this 
study, CCSD/6-311+G(d,p) and M06/aug-cc-pVDZ, 
the more stable conformer is gauche 2 by 0.19 kcal/mol 
than gauche 1. This is result is correspond with infrared 

study, where gauche 2 is more stable than gauche 1 by 
75 cm-1 (0.21 kcal/mol), outlined as enthalpy change H 
between the two conformers. Per N. Skancke 22 has 
studied the same system using ab initio with 4-21, 4-31G 
and 6-31G basis set, his results show that gauche 1 is 
more stable than gauche 2 by 1.8, 1.2 and 0.8 kJ/mol 

Figure 1. The optimized stationary points of 3-aminopropionitrile conformers. (A) Gauche 1(H8-C6-N9-H11 = –180°), (B) Gauche 2  
(H8-C6-N9-H11 = 60°) , (C) Gauche 3 (H8-C6-N9-H11 = –60°), (D)Trans 1(eclipsed H8-C6-N9-H11), (E) Trans 2 (staggered H8-C6-N9-H11), (F) 
TS1 (eclipsed H8-C6-N9-H11 (-180º), staggered C4-C1-C6-N9), (G) TS2 (staggered H8-C6-N9-H11, staggered C4-C1-C6-N9), (H) TS3 (eclipsed  
H8-C6-N9-H11, eclipsed C4-C1-C6-N9), (I) TS4 (staggered H8- C6-N9-H11, eclipsed C4-C1-C6-N9), (J) TS5 (eclipsed H8-C6-N9-H11 (0º), stag-
gered C4-C1-C6-N9). The related optimized parameters are shown in Table 1.
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(0.43, 0.29 and 0.19 kcal/mol), respectively, which con-
tradicts the infrared and my own results. This may be 
attributed to the use of low level of theory. Trans 2 con-
former is more stable than trans 1 conformer using all 
different levels of theory as shown in Table 3. The dif-
ference between two trances conformer determined by 
the theoretical side of the infrared study, using B3LY-
P/6-311+G(d,p), was 67 cm–1 (0.19 kcal) which is very 

closed to that obtained in this study (0.17 kcal/mol) 
through same level of theory.

Relative populations (Ni) (100%, 70.2%, 11.5%, 
21.2% and 46.8%) of the conformers (gauche 2, gauche 1, 
gauche 3, trans 1 and trans 2), respectively, were calculated 
using ΔGrel values [ΔGrel = –RT ln(Ni)]. The population 
distribution (Ni/Ntotal) at 298.15 K (ambient temperature) 
were calculated by the Boltzmann distribution.28

Table 1. Selected bond lengths (Å) of the optimized gauche, trans and transition states (TS) geometries of 3-aminopropionitrile at the B3LYP, M06, 
CCSD/6-311+G (d,p), (aug-cc-pVDZ) levels of theory.

Structure		  Bond (Å)		                              B3LYP		                               M06		  CCSD
		  Refa	 Refb	  6-311+G (d,p) 	 aug-cc-pVDZ	 6-311+G (d,p)	 aug-cc-pVDZ	 6-311+G (d,p)

 Gauche 1	 C1–C6	 1.548	 1.560	 1.555	 1.553	 1.539	 1.538	 1.547
	 C1–C4	 1.463	 1.460	 1.460	 1.465	 1.452	 1.456	 1.474
	 C4;N5	 1.157	 1.140	 1.154	 1.161	 1.152	 1.161	 1.162
	 C6–N9	 1.475	 1.460	 1.452	 1.454	 1.442	 1.445	 1.457

Gauche 2	 C1–C6	 1.548	 1.540	 1.540	 1.540	 1.527	 1.527	 1.536
	 C1–C4	 1.463	 1.470	 1.462	 1.467	 1.453	 1.458	 1.475
	 C4;N5	 1.157	 1.140	 1.154	 1.161	 1.152	 1.161	 1.161
	 C6–N9	 1.475	 1.470	 1.461	 1.462	 1.450	 1.452	 1.463

Gauche 3	 C1–C6		  1.540	 1.541	 1.540	 1.527	 1.526	 1.536
	 C1–C4		  1.460	 1.462	 1.467	 1.453	 1.458	 1.475
	 C4;N5		  1.140	 1.153	 1.161	 1.152	 1.160	 1.160
	 C6–N9		  1.460	 1.459	 1.461	 1.447	 1.450	 1.462

Trans 1	 C1–C6		  1.560	 1.555	 1.553	 1.538	 1.537	 1.546
	 C1–C4		  1.460	 1.460	 1.466	 1.451	 1.456	 1.474
	 C4;N5		  1.140	 1.154	 1.161	 1.152	 1.161	 1.161
	 C6–N9		  1.460	 1.453	 1.455	 1.443	 1.445	 1.458

Trans 2	 C1–C6		  1.540	 1.542	 1.541	 1.527	 1.527	 1.537
	 C1–C4		  1.460	 1.460	 1.466	 1.451	 1.456	 1.474
	 C4;N5		  1.140	 1.153	 1.161	 1.152	 1.161	 1.161
	 C6–N9		  1.470	 1.462	 1.464	 1.450	 1.453	 1.465

TS1	 C1–C6			   1.574	 1.572	 1.557	 1.572	 1.565
	 C1–C4			   1.459	 1.464	 1.450	 1.464	 1.473
	 C4;N5			   1.154	 1.161	 1.153	 1.161	 1.161
	 C6–N9			   1.453	 1.456	 1.442	 1.456	 1.459

TS2	 C1–C6			   1.558	 1.557	 1.543	 1.543	 1.553
	 C1–C4			   1.460	 1.465	 1.451	 1.456	 1.474
	 C4;N5			   1.154	 1.161	 1.152	 1.161	 1.161
	 C6–N9			   1.465	 1.467	 1.453	 1.456	 1.467

TS3	 C1–C6			   1.583	 1.581	 1.566	 1.564	 1.573
	 C1–C4			   1.457	 1.463	 1.449	 1.453	 1.472
	 C4;N5			   1.154	 1.161	 1.153	 1.161	 1.161
	 C6–N9			   1.450	 1.453	 1.441	 1.444	 1.456

TS4	 C1–C6			   1.562	 1.561	 1.548	 1.546	 1.558
	 C1–C4			   1.461	 1.466	 1.452	 1.457	 1.475
	 C4;N5			   1.153	 1.161	 1.152	 1.160	 1.160
	 C6–N9			   1.459	 1.461	 1.447	 1.450	 1.463

TS5	 C1–C6			   1.559	 1.558	 1.543	 1.543	 1.553
	 C1–C4			   1.460	 1.465	 1.451	 1.456	 1.473
	 C4;N5			   1.154	 1.161	 1.152	 1.161	 1.161
	 C6–N9			   1.463	 1.466	 1.452	 1.455	 1.467
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� (4)

The population distribution is approximately (40.1%, 
28.1%, 4.6%, 8.5% and 18.7%), respectively.

The Gibb’s free energies ∆G# of the transition 
states TS1, TS2, TS3, TS4 and TS5 are 4.92, 4.22, 4.84, 
6.29 and 4.77 kcal/mol obtained by CCSD/6-311+G(d,p), 

respectively, relative to the most stable gauche con-
former.

The results reveal that TS4 has a higher energy com-
pared to the other transition states through CCS-
D/6-311+G(d,p) and all other different levels of theory. 
TS4 Figure 1C has a higher strain than other transition 
states due to NH2 and CN eclipsing configuration. The in-
teraction between the electron rich CN region and the N9 

Table 2. Selected angles (°) and dihedral angles (torsion angles) (°) of the optimized gauche, trans and transition states (TS) geometries of 3-amino-
propionitrile at the B3LYP, M06, CCSD/6-311+G (d,p), (aug-cc-pVDZ) levels of theory.

Structure		  Angles (°)		                              B3LYP		                               M06		  CCSD
		  Refa	 Refb	  6-311+G (d,p) 	 aug-cc-pVDZ	 6-311+G (d,p)	 aug-cc-pVDZ	 6-311+G (d,p)

Gauche 1	 C4–C1–C6	 110.5	 111.0	 112.3	 112.2	 111.2	 111.1	 111.5
	 C1–C6–N9	 114.0±15	 114.8	 116.7	 116.5	 115.8	 115.8	 115.8
	 C1–C4;N5	 180.0	 178.3	 177.9	 177.7	 177.3	 177.0	 177.8
	 N9–C6–C1–C4	 59±3	 57.4	 60.2	 60.0	 59.2	 58.6	 59.0

Gauche 2	 C4–C1–C6	 110.5	 111.3	 112.3	 112.1	 111.2	 111.1	 111.2
	 C1–C6–N9	 108.0±15	 109.3	 110.5	 110.4	 109.9	 109.8	 109.8
	 C1–C4;N5	 180.0	 178.6	 178.3	 178.2	 177.6	 177.3	 177.9
	 N9–C6–C1–C4	 63±3	 64.2	 64.7	 64.5	 63.4	 63.3	 62.4

Gauche 3	 C4–C1–C6		  111.5	 111.4	 113.4	 112.6	 112.6	 112.4
	 C1–C6–N9		  109.8	 110.9	 110.8	 110.1	 110.1	 110.0
	 C1–C4;N5		  179.1	 178.3	 178.3	 178.4	 178.5	 178.2
	 N9–C6–C1–C4		  61.0	 65.1	 65.7	 63.8	 64.3	 62.9

Trans 1	 C4–C1–C6		  112.0	 112.5	 112.4	 112.1	 ( 112.1	 111.9
	 C1–C6–N9		  113.1	 115.0	 114.9	 114.7	 114.6	 114.6
	 C1–C4;N5		  178.7	 178.1	 178.0	 177.9	 177.8	 178.3
	 N9–C6–C–C4		  180	 180.0	 180.0	 180.0	 180.0	 180.0

Trans 2	 C4–C–C6		  112.0	 112.5	 112.4	 112.2	 112.1	 111.8
	 C1–C6–N9		  108.0	 109.2	 109.1	 109.0	 108.9	 108.9
	 C1–C4;N5		  179.1	 178.9	 178.8	 178.6	 178.5	 178.8
	 N9–C6–C1–C4		  179.9	 179.4	 179.4	 180.0	 179.7	 179.9

TS1	 C4–C1–C6			   113.4	 113.3	 113.1	 113.3	 112.6
	 C1–C6–N9			   116.5	 116.4	 116.3	 116.4	 116.0
	 C1–C4;N5			   178.4	 178.2	 178.3	 178.2	 178.7
	 N9–C6–C1–C4			   121.1	 121.3	 121.0	 121.3	 120.7

TS2	 C4–C1–C6			   113.6	 113.5	 113.3	 113.2	 112.8
	 C1–C6–N9			   110.2	 ( 110.0	 110.0	 109.9	 109.6
	 C1–C4;N5			   179.1	 179.0	 178.9	 178.7	 179.1
	 N9–C6–C1–C4			   123.0	 123.2	 122.9	 123.3	 122.2

TS3	 C4–C1–C6			   113.7	 113.6	 113.2	 113.0	 113.0
	 C1–C6–N9			   118.7	 118.5	 118.3	 118.1	 118.2
	 C1–C4;N5			   178.8	 178.6	 178.5	 178.0	 178.9
	 N9–C6–C1–C4			   0.0	 0.0	 0.0	 0.0	 0.0

TS4	 C4–C1–C6			   115.1	 115.1	 114.7	 114.6	 114.4
	 C1–C6–N9			   112.7	 112.5	 112.3	 112.1	 112.4
	 C1–C4;N5			   177.2	 177.2	 177.4	 177.5	 177.3
	 N9–C6–C1–C4			   2.5	 2.9	 2.8	 3.4	 2.4

TS5	 C4–C1–C6			   113.4	 113.3	 113.1	 113.1	 112.7
	 C1–C6–N9			   110.6	 110.3	 110.3	 110.2	 109.9
	 C1–C4;N5			   179.0	 178.9	 178.9	 ( 178.7	 179.1
	 N9–C6–C1–C4			   115.9	 116.6	 116.3	 116.8	 116.1

a Experimental value of gauche conformers are taken from reference 23     b Theoretical value of minima conformers are taken from reference 22
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lone-pair is clearly present in TS4, which is inferred by the 
high energy value. This interaction appears weaker in oth-
er transition states. Through all different levels of theory, 
except M06/aug-cc-pVDZ. TS2 has the lowest strain 
among all the transition states, indicated by the lower en-
ergy value (4.22 kcal/mol). The energies of the transition 
states are considered to be the energy barriers between 
gauche and trans conformers or the energy of the rotation 
around the N9-C6-C1-C4 dihedral angle.

According to more stable gauche conformer through 
CCSD/6-311+G(d,p), the rate constants k, of each rota-
tional step, are ~1.5 × 109 s–1, 5 × 109 s–1, 2 × 109 s–1, 1.5 × 
108 s–1 and 2 × 109 s–1 calculated by using ∆G#

TS1, ∆G#
TS2, 

∆G#
TS3, ∆G#

TS4 and ∆G#
TS5 respectively, in following equa-

tion.29

� (5)

Where the temperature is T=298.15 K and the con-
centration is c° = 1. The Boltzmann, Planck, and universal 
gas constants are denoted as kB, h, and R, respectively. The 
calculated rate constants indicate that at room tempera-
ture, the rotation around the dihedral angle occurs quite 
quickly.

The point charges of each atom have been deter-
mined using the NBO analysis by the CCSD/6-311+G(d,p) 
level of theory, Figure 2, to look more closely at the cause 
of the stabilization energy of the gauche 1 and gauche 2 
conformers. The contact between the CN group and the 
eclipsed hydrogen (H10 atom in gauche 1) and (H11 atom 
in gauche 2) is attractive and has a value of 0.26 and 0.23 
kcal/mol, respectively, according to Coulomb's potential 
in equation (3). This is taken to be the SE of the two gauche 
conformers' stabilization energy. These findings support 
the preceding relative energies discovery by demonstrat-
ing that the gauche 2 is somewhat more stable than the 
gauche 1. This is assumed to be the stabilization energy SE 
of the gauche 2 conformer.

Additionally, the electrostatic potential ESP contours 
in Figure 3 also depict the alluring contact between the ni-
trile group on the one hand, and the H10 atom in conform-
er 1, and the H11 atom in conformer 2. Due to the absence 
of appealing interactions between functional groups, the 
SE is missing in gauche 3 and trans conformers.

Additionally, the electrostatic potential ESP contours 
in Figure 3 demonstrate the attractive interaction between 
the nitrile group and the H10 (gauche 1) and H11 (gauche 
2) atoms. The other conformers lack the SE because there 
are no alluring interactions between functional units. With 

Table 3. The relative energies of each conformer compared with conformer (gauche 2).

Geometry	 Method	 Basis set	 ∆Ha
rel	 ∆Ga

rel	 Geometry	 Method	 Basis set	 ∆Ha
rel	 ∆Ga

rel

Gauche 1	 CCSD	 6-311+G(d,p)	 0.19	 0.21	 TS2b	 CCSD	 6-311+G(d,p)	 3.7	 4.22
	 M06	 6-311+G(d,p)	 –0.07	 –0.16		  M06	 6-311+G(d,p)	 3.71	 4.18
		  aug-cc-pVDZ	 0.07	 0.02			   aug-cc-pVDZ	 3.62	 4.08
	 B3LYP	 6-311+G(d,p)	 –0.12	 –0.1		  B3LYP	 6-311+G(d,p)	 3.16	 3.65
		  aug-cc-pVDZ	 0	 –0.01			   aug-cc-pVDZ	 3.15	 3.66

Gauche 3	 CCSD	 6-311+G (d,p)	 1.35	 1.28	 TS3b	 CCSD	 6-311+G(d,p)	 4.39	 4.84
	 M06	 6-311+G (d,p)	 1.38	 1.27		  M06	 6-311+G(d,p)	 3.74	 4.14
		  aug-cc-pVDZ	 1.49	 1.37			   aug-cc-pVDZ	 3.57	 3.99
	 B3LYP	 6-311+G (d,p)	 1.32	 1.22		  B3LYP	 6-311+G(d,p)	 3.66	 4.13
		  aug-cc-pVDZ	 1.33	 1.23			   aug-cc-pVDZ	 3.71	 4.17

Trans 1	 CCSD	 6-311+G(d,p)	 0.97	 0.92	 TS4b	 CCSD	 6-311+G(d,p)	 5.87	 6.29
	 M06	 6-311+G (d,p)	 1.07	 1.02		  M06	 6-311+G(d,p)	 5.5	 5.92
		  aug-cc-pVDZ	 1.01	 0.9			   aug-cc-pVDZ	 5.29	 5.76
	 B3LYP	 6-311+G(d,p)	 0.4	 0.39		  B3LYP	 6-311+G(d,p)	 5.48	 5.91
		  aug-cc-pVDZ	 0.46	 0.44			   aug-cc-pVDZ	 5.35	 5.79

Trans 2	 CCSD	 6-311+G(d,p)	 0.65	 0.45	 TS5b	 CCSD	 6-311+G(d,p)	 4.32	 4.77
	 M06	 6-311+G(d,p)	 0.68	 0.61		  M06	 6-311+G(d,p)	 4.22	 4.58
		  aug-cc-pVDZ	 0.7	 0.61			   aug-cc-pVDZ	 4.15	 4.55
	 B3LYP	 6-311+G(d,p)	 0.23	 0.18		  B3LYP	 6-311+G(d,p)	 3.7	 4.13
		  aug-cc-pVDZ	 0.25	 0.2			   aug-cc-pVDZ	 3.63	 4.08

TS1b	 CCSD	 6-311+G(d,p)	 4.42	 4.92					   
	 M06	 6-311+G(d,p)	 4.14	 4.61					   
		  aug-cc-pVDZ	 4.16	 4.66					   
	 B3LYP	 6-311+G(d,p)	 3.47	 4.01					   
		  aug-cc-pVDZ	 3.5	 4.03					   

a All energies are in kcal/mol.     b ∆Hrel ; ∆H # and ∆Grel ; ∆G# for transition state.
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the help of the CCSD/6-311+G(d,p) method, the SE of 
gauche 2 was calculated as follows: SE = Hrel + ZPE + Hcorr 
= 0.12 kcal/mol. This also took into account the addition of 
the difference between the zero-point energy and the ther-
mal enthalpy correction. This number and the one deter-
mined using Coulomb's potential agree rather well.

3. 3. Vibrational Analysis
To show the 3-aminopropionitrile's conformational 

dynamics at ambient temperature, five minima conform-

ers' vibrational frequencies were calculated using the high 
accuracy ab initio method CCSD with 6-311+G(d,p) basis 
sets,30,31 since CCSD demonstrated greater accuracy in the 
prediction of the geometrical parameters, it is used as the 
primary computational method in this vibrational analy-
sis. In Table 4, the calculated (CCSD/6-311+G(d,p)) vibra-
tional modes wavenumbers for the five minima conform-
ers (Fig. 2( and an assignment of the observed bands are 
also presented. The main experimental infrared intensities 
are also presented. The computed frequencies of more sta-
ble conformer are uniformly scaled by 0.934 for a better 

Figure 2. The NBO analysis of atomic charge distributions of the gauche and the trans 3-aminopropionitrile conformers using CCSD/6-311+G(d,p) 
method.
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comparison of the calculated frequencies with the ob-
served frequencies.32

3-aminopropionitrile molecule has 11 atoms which 
create 27 internal normal vibrational modes. It has been 
clearly shown in various earlier research on organic-inor-
ganic and hydrogen-bonded materials that the NH3 torsion 
mode is extremely sensitive to changes in hydrogen bonds 
and conformational states.33–35 Several conclusions from 
this study about the NH3 vibrational modes are important 
to note: The bands that appear at 1603 cm–1 are thought to 
be the result of the NH3 groups deforming symmetrically. 
This vibrational mode occurs at 1572, 1569, and 1565 cm–1 
for the gauche 1, gauche 2, and gauche 3, respectively, ac-
cording to the CCSD/6-311+G(d,p) calculations. Modes at 
3317 and 3380 cm–1 described as symmetric and anti-sym-
metric deformation modes of the NH3 groups, respectively. 
This modes are observed at (3304, 3302, and 3307 cm–1) 
and (3384, 3382 and 3389 cm–1) for the gauche 1, gauche 2, 
and gauche 3, respectively, according to this study. The NH3 
rocking and NH3 twisting modes are at 856 cm–1 and 

1313cm–1 respectively. These modes are observed at 830, 
839, and 851 cm–1 and 1281, 1273, and 1257 cm–1 for the 
gauche 1, gauche 2, and gauche 3, respectively, according to 
my CCSD/6-311+G(d,p) calculations.

The more appropriate vibrations of the three con-
formers with respect to experimental vibrations are that of 
the conformer 1 as we can see from the difference between 
the scaled vibrations by CCSD/6-311+G(d,p) and the ex-
perimental vibrations (Table 4). Vibrational modes of NH2 
anti-symmetric stretch, α–CH2 symmetric stretch, defor-
mation, rocking, twisting and wagging, β–CH2 anti-sym-
metric stretch, symmetric stretch and wagging, C–N 
stretch, C–C–C, C –C –N bending and C–C;N out-of-
plane bending of gauche 2 are closer to the experimental 
vibrations than others conformers.

3. 4. Frontier Molecular Orbitals
The frontier molecular orbitals (FMOs) of the high-

est occupied molecular orbital (HOMO) and lowest unoc-

Figure 3. The NBO analysis of the electrostatic potential (ESP) of the gauche and the trans 3-aminopropionitrile conformers using CCS-
D/6-311+G(d,p) method.
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Table 4: Calculated vibrational frequencies (cm–1) at the CCSD/6-311+G(d,p) levels of theory. 

				   Vibration (cm–1)/ 6-311+G(d,p)			   Vibration  (cm–1)
Approximate description	 Gau 1	 Scaleda	 Gau 2	 Scaleda	 Gau 3	 Scaleda	 Trans 1	 Trans 2	 Experimentalb

NH2 anti-symmetric stretch	 3623	 3384	 3621	 3382	 3629	 3389	 3625	 3623	 3380
NH2 symmetric stretch	 3537	 3304	 3536	 3302	 3541	 3307	 3537	 3537	 3317
β–CH2 anti-symmetric stretch	 3131	 2924	 3142	 2935	 3127	 2921	 3138	 3140	 2994
α–CH2 anti-symmetric stretch	 3118	 2912	 3109	 2904	 3110	 2905	 3114	 3112	 2967
β–CH2 symmetric stretch	 3078	 2875	 3088	 2884	 3078	 2875	 3084	 3083	 2937
α–CH2 symmetric stretch	 3073	 2870	 3022	 2822	 3018	 2819	 3074	 3030	 2840
C;N stretch	 2338	 2184	 2338	 2184	 2344	 2189	 2338	 2341	 2244
NH2 deformation	 1683	 1572	 1680	 1569	 1676	 1565	 1682	 1679	 1603
α–CH2 deformation	 1513	 1413	 1535	 1434	 1534	 1433	 1519	 1539	 1474
β–CH2 deformation	 1494	 1395	 1489	 1391	 1494	 1395	 1496	 1500	 1423
α–CH2 rock	 1418	 1324	 1454	 1358	 1452	 1356	 1430	 1461	 1386
β–CH2 rock	 1415	 1322	 1383	 1291	 1399	 1307	 1411	 1371	 1334
NH2 twist	 1372	 1281	 1363	 1273	 1346	 1257	 1329	 1343	 1313
β–CH2 twist	 1274	 1190	 1259	 1176	 1299	 1213	 1322	 1290	 1216
α–CH2 twist	 1191	 1112	 1195	 1116	 1184	 1106	 1174	 1185	 1155
C–C(–N) stretch	 1142	 1067	 1134	 1059	 1130	 1055	 1134	 1125	 1085
C–N stretch	 1040	 971	 1093	 1021	 1046	 977	 1054	 1089	 1044
C–C(; N) stretch	 977	 913	 986	 921	 1001	 935	 989	 1004	 973
NH2 rock	 889	 830	 898	 839	 911	 851	 956	 948	 856
β–CH2 wag	 868	 811	 876	 819	 869	 812	 856	 883	 850
α–wag	 809	 756	 829	 774	 819	 765	 770	 793	 801
C–C–C bend	 574	 536	 574	 536	 574	 536	 519	 527	 572
C–C–N bend	 386	 361	 401	 374	 383	 358	 378	 390	 419
C–C;N out-of-plane bend	 372	 347	 371	 347	 368	 344	 376	 372	 375
NH2 torsion	 312	 291	 268	 250	 248	 232	 287	 229	 –
C–C;N in-plane bend	 190	 177	 195	 182	 178	 166	 164	 166	 –
C;C(N) torsion	 118	 110	 118	 110	 122	 114	 107	 105	 –

a Scaling coefficient =0.934.32      b Observed vibrations.15

Fig. 4 Frontier molecular orbital of gauche 1, gauche 2, gauche 3, trans 1 and trans 2 conformers.
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cupied molecular orbital (LUMO) of chemical species (us-
ing CCSD/6-311+G(d,p)) are essential pointers for 
chemical reactivity together with the stability of conform-
ers (Figure 4). The results revealed that the gauche 2 con-
former showed higher energy gap (ELUMO – EHOMO = 1.592 
eV – (– 11.228 eV), Egap = 12.820 eV. This implies superior 
stability and lower chemical reactivity compared to its oth-
er conformers. The chemical potential (μ) = 0.5 * (ELUMO + 
EHOMO); showed negative values for the gauche 1, gauche 
2, gauche 3, trans 1 and trans 2: −4.806, −4.818, −4.872, 
−4.895 and –4.853 eV conformers, respectively.

The phases of the lobes are indicated by the red and 
green colors. The molecular orbital wave function's posi-
tive and negative signs are represented by the colors red 
and green, respectively. Although there is a minor similar-
ity in the frontier molecular orbitals of the gauche con-
formers and trans conformers individually, their HOMO 
and LUMO spatial positions are different. Using HOMO 
and LUMO orbital energies, the hardness η = 0.5*(ELUMO–
EHOMO) is as follows; gauche 1, gauche 2, gauche 3, trans 1 
and trans 2: 6.366, 6.41, 6.381, 6.3585 and 6.4005 eV, re-
spectively. The softness S = 1/η; gauche 1, gauche 2, gauche 
3, trans 1 and trans 2: 0.1571, 0.1560, 0.1567, 0.1573 and 
0.1562 eV, respectively. Chemical hardness is a good indi-
cator of probable chemical stability. A smaller energy gap 
results in a molecule with a higher softness value. Global 
electrophilicity index ω = µ2/2η for gauche 2 is less electro-
philic than another conformers with the lowest electro-
philicity index of 1.811eV. High softness and low hardness 
values from the result's electrophilicity index are predic-
tors of a good electrophile.

4. Conclusion
The geometry and relative stability of the 3-amino-

propionitrile have been calculated theoretically using ab 
initio (CCSD/6-311+G(d,p)) and DFT (B3LYP and M06 
functionals at 6-311+G(d,p) and aug-cc-pVDZ basis sets. 
The results show that 3-aminopropionitrile has five con-
formers, three gauche and two trans conformers. The ge-
ometrical outcomes of the gauche conformer agree very 
well with the experimental microwave and infrared results. 
Also, the thermal properties of the five conformers have 
been studied in the gas phase. Gauche 2 is the most stable 
conformer, according to recent study results, which agree 
with the accumulated experimental results. The results of 
the geometrical optimizations also closely match previous 
results that have been described in the literature. The vi-
brational modes of the five conformers were then comput-
ed and compared to past experimental results published in 
the literature, and the obtained results are in good agree-
ment with the reported data with and without using scal-
ing factor. As HOMO–LUMO gap implies high stability 
for a molecule, gauche 2 has a high HOMO-LUMO gap 
(12.820 eV), implies high stability for gauche 2 in the sense 

of its lower reactivity in chemical reactions. The positive 
potential sites are found close to the hydrogen atoms, 
while the negative potential sites are on the nitrile group, 
according to the ESP map.
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Povzetek
Poznanih je veliko konformer 3-aminopropionitrila. Zaradi biomedicinske pomembnosti smo obširno preiskali struk-
turne, vibracijske in druge lastnosti možnih konformer. Geometrijske strukture, relativna stabilnost in vibracijske 
frekvence konformer 3-aminopropionitrila v gauche in trans obliki smo preučili z ab initio računi (CCSD/6-311+G(d,p)) 
in DFT (B3LYP in M06 ter bazna seta 6-311+G(d,p) in aug-cc-pVDZ). Interpretacija predstavlja znatno izboljšanje 
preteklih študij. Izračun CCSD/6-311+G(d,p) pokaže, da je gauche 2 konformera za 0,19 kcal/mol bolj stabilna od gauche 
1 (izraženo v razliki entalpij med konformerama). Analiza verjetnostne porazdelitve kaže, da so v plinski fazi gauche 
konformere pogostejše kot trans konformere (72,8 % delež) pri čemer je gauche 2 prevladujoča gauche konformera (40,1 
% delež). Ti rezultati se dobro ujemajo s prejšnjimi eksperimentalnimi in računskimi študijami. Proučili smo tudi ge-
ometrijske značilnosti vseh optimiziranih konformer, ki se zelo dobro ujemajo z prejšnjimi eksperimentalnimi rezultati. 
Zvezo med strukturo in aktivnostjo smo opisali z izračunom ploskve elektrostatskega potenciala. Analizirali smo tudi 
atomske naboje ter energijsko vrzel med najvišjo zasedeno in najnižjo nezasedeno molekulsko orbitalo (HOMO-LUMO 
vrzel). Elektronsko strukturo najbolj stabilnih konformer smo analizirali z metodo naravnih veznih orbital (NBO).
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Abstract
Breast cancer cell growth is often dependent on the presence of steroidal hormones. The 17β-hydroxysteroid dehydro-
genase type 1 isoform (17βHSD1) catalyzes NADPH-dependent conversion of estrone to estradiol, a more potent estro-
gen, and represents potential drug target for breast cancer treatment. To provide active enzyme for inhibitor screening, 
17βHSD1 is usually expressed in insect or mammalian cells, or isolated from human placenta. In the present study we 
describe a simple protocol for expression and purification of active human 17βHSD1 from Escherichia coli BL21(DE3) 
cells. Soluble human 17βHSD1 was expressed using a pET28a(+)-based plasmid, which encodes a hexahistidine tag 
fused to the N-terminus of the protein, and purified by nickel affinity chromatography. The enzyme activity of purified 
17βHSD1 was verified by three methods: thin-layer chromatography, an alkali assay and a spectroscopic assay. These 
non-radioactive enzyme assays require only standard laboratory equipment, and can be used for screening compounds 
that modulate 17βHSD1 activity.

Keywords: Steroid hormone; 17β-Hydroxysteroid dehydrogenase; 17βHSD1; breast cancer; alkali assay; TLC

1. Introduction
Endogenous steroid hormones are derived from a 

cholesterol precursor by a series of successive, coordinated 
enzymatic reactions in a biosynthetic pathway known as 
steroidogenesis.1 Steroidogenic enzymes can be classified 
into two groups: cytochrome P450 (CYP450) enzymes and 
steroid dehydrogenases.2 17β-Hydroxysteroid dehydroge-
nases (17HSDs) catalyze the last step in the biosynthesis of 
the active forms of androgen and estrogen hormones2, by 
stereospecific hydrogenation at the C17β position, while in 
the opposing direction oxidation results in inactivation of 
these C18 and C19 steroids.3 In mammalian cells, 17HSDs 
regulate ligand availability for steroid receptors, acting as 

a molecular "switch" responsible for catalyzing conver-
sion between the active and inactive forms of steroid hor-
mones.4 These multifunctional enzymes are characterized 
by different cofactors (NAD(P)H), substrates (e.g. steroid 
hormones, bile acids, fatty acids) and tissue expression 
specificities.5

The 17β-Hydroxysteroid dehydrogenase type 1 iso-
form (17βHSD1) catalyzes: 1) NAD(P)H-dependent re-
duction of estrone to estradiol, a more potent estrogen, 
predominantly in the breast, ovaries and placenta4,5; 2) 
conversion of dehydroepiandrosterone (DHEA) to an-
drostenediol; and 3) inactivation of dihydrotestosterone.6 
Mutations and changes in intracellular NAD(P)(H) cofac-
tor abundance and redox state affect the equilibrium ratio 
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of E2 to E1 catalyzed by 17βHSD1.7 Imbalances in ste-
roid biosynthesis and signaling are often associated with 
the development of endocrine disorders, as well as hor-
mone-sensitive cancers.8 Due to urbanization, changes in 
lifestyle and increased exposure to endocrine disruptors, 
the incidence of hormone-dependent malignancies, such 
as breast and prostate cancer is rising and continues to 
represent a global health problem.9 Compared to normal 
breast tissue, expression of 17βHSD1 is higher in tumor 
cells6 and is associated with poor prognosis.10 Thus, inhi-
bition of this steroid-converting enzyme and reduction of 
estrogen levels could potentially be a promising treatment 
strategy. The pentose-phosphate pathway is active in met-
astatic breast cancers, potentially leading to increased E2 
synthesis through the action of 17βHSD1. Therefore, ex-
ploring inhibition of interconnected signaling pathways, 
such as glucose metabolism, could also reduce estrogen 
levels and become approach for treating estrogen-depen-
dent diseases.7 Possibly due to its roles in the regulation 
of intracellular estradiol levels and involvement in breast 
carcinogenesis and other estrogen-dependent diseases, 
17βHSD1 was the first human steroidogenic enzyme to be 
studied by protein X-ray crystallography. Ghosh et al. re-
ported the X-ray structure of human 17βHSD1 (PDB ID: 
1BHS), enabling rational structure-based design of selec-
tive 17βHSD1 inhibitors.11,12 Inhibitors of 17βHSD1 based 
on steroidal (especially estrone derivatives) 13, nonsteroi-
dal and flavonoid scaffolds have been identified, but have 
not yet been clinically approved. 10

Our group is interested in the synthesis and charac-
terization of steroidal inhibitors of steroidogenic enzymes, 
as well as steroidal ligands of hormone-receptors for use 
against hormone-dependent cancers or other disorders. As 
part of this effort, here we report a simple protocol to ob-
tain active human 17βHSD1 for screening steroidal deriv-
atives as potential inhibitors. Previous studies have relied 
on heterologous expression of 17βHSD1 in insect or mam-
malian cells13,14; or purification of endogenous 17βHSD1 
enzyme from the cytosolic fraction of human placenta.15,16 
However, human placenta is difficult to obtain while insect 
and mammalian expression systems require special equip-
ment and are considerably more challenging and expen-
sive than bacterial expression systems. To date, only one 
previous study reported the expression and purification of 
human 17βHSD1 from E. coli. 17 In that study, the cod-
ing sequence for 17βHSD1 was cloned into a pET28a(+) 
plasmid and expression in E. coli was induced during low 
temperature (13°C) incubation by addition of 0.25 mM 
Isopropyl β-d-1-thiogalactopyranoside (IPTG). Unfortu-
nately, the majority of the expressed 17βHSD1 protein was 
located in the insoluble fraction, and attempts to refold the 
protein from inclusion bodies yielded inactive, misfolded 
enzyme.17 However, recombinant 17βHSD1 isolated from 
the soluble fraction was demonstrated to be folded by cir-
cular dichroism spectroscopy and was shown to be able to 
catalyze oxidation of estradiol with a pH optimum of 9.3.17 

Mass-spectrometric and radiometric detection are gener-
ally used for measuring the enzyme activity of 17βHSDs, 
with the first method being recommended as more sen-
sitive and accurate.18 However, this powerful analytical 
method requires specialized equipment and radioassays 
are based on the use of tritium-labeled substrates, which 
limits their application.

In the present study, we optimize the methods orig-
inally reported in Chang et al. to obtain soluble 17βHSD1 
from this pET28a(+)-17βHSD1 plasmid using induction 
at 23°C and purification by nickel affinity chromatogra-
phy. Reduction of estrone to estradiol by recombinant hu-
man 17βHSD1 is shown using thin-layer chromatography 
(TLC). The activity of 17βHSD1 was also measured using 
an alkali and fluorometric assay, which represent alterna-
tive, non-radioactive approaches to measure 17HSD activ-
ity that are inexpensive and require only standard laborato-
ry equipment. The methods described in the present study 
should facilitate production of active human 17βHSD1 
from E. coli and provide a set of simple in vitro screening 
tools for identification of novel 17βHSD1 inhibitors.

2. Experimental
2. 1. Materials

The plasmid vector pET28a(+)-17bHSD1 was a 
generous gift from Dr. Chi-Ching Hwang, Department of 
Biochemistry, Faculty of Medicine, College of Medicine, 
Kaohsiung Medical University, Taiwan.17 The host Esche-
richia coli strain BL21(DE3) was obtained from Novagen 
(Merck KGaA, Germany). All chemicals were of analytical 
grade and were used without further purification. Compo-
nents for the preparation of LB media were obtained from 
Torlak Institute (Belgrade, Serbia). Isopropyl β-D-1-thio-
galactopyranoside (IPTG) was obtained from Fisher Sci-
entific (ThermoFisher Scientific). Lysozyme, tris-hydro-
chloride and mono- and dibasic potassium phosphate 
were purchased from Sigma-Aldrich. Kanamycin sulfate, 
imidazole and NADPH were purchased from Carl Roth. 
All organic solvents used were from Lach-Ner. HisTrap 
HP columns were obtained from Cytiva and TLC plates 
(Silica gel 60 F254) from Merck.

2. 2. Expression and Purification of 17βHSD1
A pET28a(+) plasmid containing the coding se-

quence for human 17b-HSD1 (pET28a-17bHSD1) was 
used to transform chemically competent Escherichia coli 
BL21(DE3) cells using a calcium chloride heat shock 
method.19 Plasmid DNA (pET28a(+)-17bHSD1) was 
purified according to the manufacturer's instructions us-
ing a QIAprep Spin Miniprep Kit (QIAGEN), yielding 
approximately 80 ng/µl of plasmid. Purified plasmid was 
verified by restriction digestion using EcoRI (40,000 U/
μl) according to the manufacturer's instructions (Sigma) 
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and 1% agarose gel electrophoresis. Chemically competent 
Escherichia coli BL21(DE3) cells that had been stored at 
–80 °C were thawed on wet ice in 1.5 mL microcentrifuge 
tubes, and 2 μl of plasmid DNA was gently mixed with 90 
μl of thawed cells and incubated on ice for 40 min. Cells 
were then transferred into a 42 °C water bath (heat-shock) 
for 45 seconds, followed by recovery on ice for 2 minutes. 
Afterwards, 900 μl of LB media was added to the transfor-
mation mixture, and cells were gently mixed for 1 hour 
at 37 °C. Cells were then spread onto LB agar plates con-
taining kanamycin (50 μg/mL) and incubated overnight 
at 37 °C. The following day, a single colony was picked, 
inoculated into 10 mL of fresh LB media containing ka-
namycin (50 μg/mL) and incubated at 37 °C overnight in 
a Biosan orbital shaker-incubator ES-20/60. An aliquot of 
bacterial cells was then transferred into 1 L of fresh media 
(1:100) and grown at 37 °C to an optical density at 600 nm 
(OD600) of approximately 0.4. Protein expression was then 
induced by addition of IPTG at a final concentration of 
0.25 mM and incubation was continued at room tempera-
ture (23 °C) for 18 hours. Cells were collected by centrif-
ugation at 5000 × g for 10 minutes at room temperature 
and the supernatant was discarded. The resulting cell pellet 
was resuspended in 20 mL of 20 mM TrisHCl pH 7.95, 0.3 
M NaCl, 5 mM imidazole. Lysozyme was added at a final 
concentration of 1 mg/mL and the cell suspension was fro-
zen in an ethanol-dry ice bath and stored at –80 °C. Cell 
lysis was done using a combination of lysozyme treatment, 
three freeze-thaw cycles and sonication using a Soniprep 
150 sonicator set at 50% amplitude and 30 seconds pulse 
settings. A single freeze-thaw cycle consists of freezing 
cells in an ethanol-dry ice bath followed by thawing in a 
37 °C water bath. Cells were then sonicated at a frequency 
of 14 kHz. Seven sonication steps of 30 seconds each were 
performed, coupled with a recovery interval on ice of 30 
seconds between each sonication step. Following sonica-
tion, lysed cells were clarified by centrifugation at 12000 
× g for 45 minutes at 4 °C, to separate the soluble and in-
soluble fractions. His-tagged 17βHSD1 was then purified 
from the soluble fraction by nickel-affinity chromatogra-
phy using a 1 mL HisTrap HP column (Cytiva) connect-
ed to peristaltic pump Pharmacia LKB P-1 following the 
manufacturer's instructions with slight modifications. A 1 
mL HisTrap HP column was equilibrated with 10 column 
volumes (CV) of binding buffer (20 mM TrisHCl pH 7.95, 
0.5 M NaCl) and the soluble fraction was applied. The col-
umn was then washed with 10 CVs of binding buffer, and 
then with 5 CVs of binding buffer plus 20 mM imidazole. 
17βHSD1 protein was eluted with 5 CVs of elution buffer 
(20 mM TrisHCl pH 7.95, 0.5 M NaCl, 400 mM imidazole 
pH 8.3). Eluted protein was further desalted and excess of 
residual imidazole was removed by size-exclusion chro-
matography column packed with Bio-Gel P-10 (Bio-Rad, 
exclusion limit 20 000 daltons). Protein containing frac-
tions were pooled and buffer was exchanged into 20 mM 
TrisHCl pH 7.95, 0.1 M NaCl. Samples of fractions from 

all expression and purification steps were collected and 
analyzed by SDS-PAGE using a 12% (w/v) polyacrylamide 
gel. Concentration of total protein was measured by the 
Bradford method.20

2. 3. �Enzyme Assay Coupled with TLC 
Detection
Enzyme activity assays for 17βHSD1 were carried 

out immediately after purification, because we observed a 
substantial loss of enzyme activity after storage of the en-
zyme at –80 °C. Steroid substrates were freshly dissolved 
in dimethyl sulfoxide (DMSO) at a concentration of 100 
mM. Estrone at a final concentration 178 μM was incubat-
ed at 37 °C for 90 min in a 560 μl assay mixture containing 
50 μl of purified 17βHSD1 enzyme (70 μg), NADPH (fi-
nal concentration 178 μM) and 100 mM potassium phos-
phate buffer pH 6.0. In control reactions, 17βHSD1 enzyme 
was omitted. The reaction was stopped by adding 500 μl 
of methylene chloride and steroid reaction products were 
extracted by vortexing for 5 minutes. Phase separation was 
performed by centrifugation at low speed. The lower organ-
ic layer was carefully aspirated and evaporated to dryness at 
room temperature. Dry residue was then dissolved in 50 μl 
of methylene chloride and spotted on a 60 F254 TLC Silica 
gel plate. TLC plates were developed using a toluene and 
ethyl acetate (2:1) solvent system as a mobile phase. After 
drying, spots were sprayed with 50% H2SO4 and heated at ~ 
120 °C before images of the plate were captured in Biometra 
gel imaging system BDAdigital. Concentration of estradiol 
formed in the reaction was obtained from standard curve 
after densitometric analysis and specific enzyme activity 
was expressed as nmol E2 formed min−1 mg−1.

2. 4. Alkali Assay
A modified alkali assay that was previously reported 

for testing the activity of human aromatase21 was used to 
evaluate 17βHSD1 activity. This assay is based on the forma-
tion of a fluorescence product between a strong alkali and 
NADP+ produced during NADPH-dependent reduction of 
substrate. Initially, a reaction mixture containing 70 μg of 
protein, 40 μM estrone and 200 μM NADPH in up to 500 μl 
100 mM potassium phosphate buffer pH 6.0 was incubated 
at 37 °C for 90 minutes. Upon completion of the reaction, 
100 μl of product mixture was transferred to a 96-well mi-
croplate (Greiner Bio-One MICROLON) and mixed with 
80 μl of 0.3 M HCl at room temperature for 15 minutes in 
order to eliminate excess unoxidized NADPH. In the next 
step, 80 μl of this mixture was transferred into a new well 
and 270 μl of 10 M NaOH was added. Fluorescence intensity 
was measured at the beginning of the reaction (0 min) using 
a Fluoroskan Ascent FL with excitation and emission wave-
lengths of 340 and 460 nm, respectively. To prevent degra-
dation of the resulting fluorescent alkali product, incubation 
was carried out in the dark at 30 °C for 2 hours. Finally, 10 



259Acta Chim. Slov. 2024, 71, 256–263

Bekić et al.:   Expression and Purification of Active Human 17β-Hydroxysteroid   ...

mM imidazole was added and fluorescence intensity was 
measured again (120 min) under identical conditions. Par-
allel control experiments were conducted with 17βHSD1 
enzyme that was previously denatured by boiling at 100 oC 
for 10 min. All experiments were performed in duplicate. 
Results are expressed as the mean value of the change in flu-
orescence intensity (ΔF = F120' – F0'). Concentration of NA-
DPH consumed in the reaction was obtained from standard 
curve and specific enzyme activity was expressed as nmol 
NADPH consumed min−1 mg−1.

2. 5. Fluorimetric NADPH Assay
Because 17βHSD1 is an NADPH-dependent en-

zyme, reduction of estrone by 17βHSD1 was also assayed 
indirectly by measuring the decrease in NADPH fluores-
cence at excitation/emission wavelengths of 340/460 nm 
using a Fluoroskan Ascent FL fluorimeter. Reaction mix-
tures contained 67 μM estrone and 167 μM NADPH in 100 
mM potassium phosphate buffer pH 6.0. Reactions were 
initiated with the addition of 50 μl of 17βHSD1 containing 
fraction (70 μg total protein by Bradford assay). Substrates 
were freshly dissolved in DMSO and the concentration of 
DMSO solvent did not exceed 1% in any well. Kinetic mea-
surement of NADPH consumption was performed in a 96-
well microplate (Greiner Bio-One MICROLON) at 37 °C 
and reactions were monitored at 15 seconds-intervals for 
20 minutes. A control, blank assay was conducted without 
17βHSD1 enzyme to assess non-enzymatic NADPH con-
sumption. Fluorescence vs. time data was plotted in Origin 
Pro8 after slope normalization.

3. Results and Discussion
In humans, the 17βHSD1 isoform is mainly re-

sponsible for the final step of estrogen biosynthesis in 
pre-menopausal women, and is therefore considered to be 
a potential therapeutic target for estrogen-sensitive can-

cers and other hormone-dependent disorders.22 Previous 
studies have shown that human placental microsomes are 
rich source of 17βHSD1 for experiments15, and that Sf9 
insect cell expression systems can provide active 17βHSD1 
enzyme in high yield.13,23 However, experiments using hu-
man placental tissue require special ethical approval, while 
heterologous expression of proteins in insect cell systems 
is technically more challenging and more expensive than 
use of bacterial expression systems.

Few published reports have described use of human 
17βHSD1 expressed from Escherichia coli.10 In the present 
study we expressed and purified human 17βHSD1 from 
Escherichia coli and optimized three simple non-radioac-
tive assays for in vitro measurement of enzyme activity. Ex-
pression of 17βHSD1 was induced by addition of 0.25 mM 
IPTG in mid-logarithmic phase of growth of BL21(DE3) 
Escherichia coli cells transformed with pET28a(+) 
17b-HSD1 plasmid. After induction with IPTG and incu-
bation of cells at 23 °C for 18 h, a new band corresponding 
to ~ 40 kDa was detected by SDS-PAGE gel electrophore-
sis, consistent with the predicted molecular weight of 39.2 
kDa for His-tagged 17βHSD1 (Figure 1, Panel A).

Following induction, cells were lysed by three freeze-
thaw cycles and sonication, and the resulting cell lysate was 
clarified by centrifugation. Comparison of the soluble and 
insoluble fractions shows that a portion of the expressed 
17βHSD1 protein appeared to be localized in the soluble 
fraction (Figure 1 Panel A). This soluble fraction was ap-
plied to a 1 mL HisTrap HP column equilibrated in bind-
ing buffer (20 mM TrisHCl pH 7.95, 0.5 M NaCl), washed 
once in binding buffer, and again in binding buffer plus 20 
mM imidazole. Protein was eluted in binding buffer plus 
400 mM imidazole (Figure 1 panel B). As measured by 
Bradford assay, a final yield of 1.4 mg/mL total protein was 
obtained from 1 L culture of E. coli cells, which was suffi-
cient for enzymatic activity studies. Using densitometric 
analysis of SDS-PAGE gel to quantify protein bands it was 
determined that 17βHSD1 protein amounts to 10% of the 
total protein content.

Figure 1. Analysis of the expression and purification of human His-tagged 17βHSD1 by SDS-PAGE electrophoresis. Panel A) Induction of expres-
sion of human 17βHSD1 in BL21(DE3) E. coli cells with 0.25 mM IPTG followed by 18h incubation at room temperature (23 °C): M-molecular 
weight marker; U – uninduced cell control; 1h – protein expression 1 hour after IPTG induction at room temperature; 18h – protein expression 18 
hours after IPTG induction at room temperature; L – lysate; S – soluble fraction; IS – insoluble fraction. B) M-marker (ROTI®Mark STANDARD); 
wash fractions (lanes 1, 2) and elution fractions (lanes 3–7) from a 1 mL HisTrap HP nickel column.

A B
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In agreement with Chang et al., in our hands the ma-
jority of 17βHSD1 was also localized to the insoluble frac-
tion in inclusion bodies. Chang et al were not able to refold 
and recover functional, catalytically active 17βHSD1 fol-
lowing solubilization of these inclusion bodies using 6 M 
urea.17 In addition to refolding, yield of soluble protein can 
sometimes be improved by use of different host Escherich-
ia coli strain and/or plasmid vector combination.24 Motti-
nelli et al obtained active human 17βHSD1 from a differ-
ent plasmid vector (pQE30) and different BL21 Escherichia 
coli host (BL21-CodonPlus DE3 RIL), using a 2 hour in-
duction period at 37 °C and 0.5 mM IPTG.10 Resulting 
cells were immediately harvested by centrifugation, resus-
pended in phosphate buffered saline and lysed by sonica-
tion before direct use in enzyme activity assays. Because 
cell homogenates were not clarified and no further puri-
fication steps were employed, the level of 17βHSD1 pro-
tein in the soluble fraction following this protocol remains 
unknown. Interestingly, although not explicitly mentioned 
by the authors, it appears that in Mottinelli et al. the whole 
cells and resulting cell homogenate were never frozen be-
fore measurement of 17βHSD1 activity. Considering that 
we observed significant loss of 17βHSD1 activity upon 
storage of purified protein at –80 °C, consistent with ob-
servations also reported by Chang et al17, it is possible that 
freezing itself could be detrimental to 17βHSD1 activity. It 
may be possible to improve upon the results of the present 
study by optimizing or eliminating freezing steps during 
expression and purification of human 17βHSD1.

The majority of 17βHSD1 was located in the 3rd elu-
tion fraction (lаne 5). Pool of fractions 4–6 was immedi-
ately applied to a desalting size-exclusion column and new 
pooled eluates with the highest protein content were used 
as a source of enzyme for in vitro assays. Since we observed 
loss of 17βHSD1 activity after freezing, all enzyme assays 
were performed immediately after purification. Cold in-
activation of 17HSDs from human placenta was previous-
ly reported and protective effects of addition of glycerol, 
substrate and cofactor were investigated by Jarabak et al.25 
We did not notice that freezing in the presence of glycerol 
improved enzyme stability after storage at –80 °C.

Published procedures for measuring 17HSD activ-
ity usually rely on detection of radioactivity10,13,16 carry-
ing health risks and requiring use of labeled probes and 
expensive antibodies26. With this in mind, to overcome 
the hazards of handling radioisotopes, reduce costs and 
simplify experimental design, we optimized alternative 
non-radioactive screening assays for the characterization 
of 17βHSD1 modulators. Although Chang et al reported 
optimal enzymatic activity at a relatively high pH value of 
9.3 in the reaction mixture and a temperature optimum of 
25 °C17; we performed our activity measurements at pH 
6.0 and temperature (37 °C), similarly to Motinelli et al10 
and reflecting physiological conditions.

High performance liquid chromatography (HPLC) 
is considered to be an analytical procedure of choice for 

the separation and quantification of steroid products of 
enzymatic reactions catalyzed by 17HSDs or other ste-
roidogenic enyzmes.10,13,27 Taking into consideration the 
relatively high costs of HPLC for preliminary screening, 
we coupled our enzymatic assay with a more inexpensive 
and fast TLC detection method. As shown in TLC chro-
matograms (Figure 2.A and B.) conversion of estrone (E1) 
to estradiol (E2) was catalyzed by addition of purified 
17βHSD1 protein. Confirmation was based on the iden-
tical mobility of reaction product (R) and reference stan-
dard, estradiol (E2). Moreover, in control reactions in the 
absence of 17βHSD1 enzyme, no conversion of estrone 
to estradiol was observed by TLC. Results from TLC also 
suggest that freezing affects the stability and activity of re-
combinant 17βHSD1: complete loss of 17βHSD1 activity 
was observed after storage at –80 °C for several days (Fig-
ure 2.C). In order to quantify zones from TLC chromato-
grams, programs for densitometric image analysis, such as 
Image J have been used.28–30 Formation of 17β-hydroxys-
teroids was previously analyzed by TLC only in the context 
of biotransformation studies, where steroid molecules un-
dergo metabolic transformations over different time inter-
vals.31,32 Specific enzyme activity of 17βHSD1 was deter-
mined by measuring formation of estradiol. Densitometric 
analysis of TLC plates and quantification of the amount of 
product formed was performed using open-source ImageJ 
software. TLC chromatogram of estradiol at different con-

Figure 2. TLC chromatograms of reactions catalyzed by addition of 
human 17βHSD1 immediately after purification (A and B) or after 
freezing the enzyme at –80 °C for several days (C). Reaction mix-
tures consisted of 178 μM estrone, 70 μg of an enzyme, 178 μM NA-
DPH and 100 mM potassium phosphate buffer (pH 6.0). After incu-
bation at 37 °C for 90 minutes steroid metabolites were extracted by 
vortexing with methylene chloride. Toluene and ethyl acetate (2:1) 
solvent were used for development and spots were visualized by 
spraying with 50% H2SO4 and heating. Some of the samples were 
spotted in duplicate. R – Product of enzyme reaction; C – control in 
the absence of an enzyme; E1 – reference standard estrone; E2 – ref-
erence standard estradiol.
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centration range and standard curve of peak areas from 
TLC-densitometry vs. concentrations of estradiol (25, 50, 
75, 100 and 125 μM) are provided in Supplemental file 
1. (Figure S1 and Figure S2). Specific enzyme activity of 
17βHSD1 was 10 nmol min−1 mg−1.

Recombinant 17βHSD1 activity was also evaluat-
ed by an alkali assay, which was initially developed to test 
modulators of aromatase activity.21 This alkali assay is 
based on fluorimetric detection of an alkali product formed 
after exposure of NADP+ to a strong alkali, where fluores-
cence intensity is directly proportional to enzyme activity. 
NAD(P)H-linked enzymatic activity of 17βHSD1 results in 
release of NADP+ during reduction of estrone. A potential 
drawback of this assay appears to be the light sensitivity of 
the alkali product, which is overcome by adding a stabiliz-
ing agent, imidazole.33 To our knowledge, this is the first 
report describing use of an optimized alkali assay to study 
the catalytic properties of purified recombinant 17βHSD1. 
Tsotsou et al used a similar assay to identify novel CYP450 
enzymes substrates in high throughput format using whole 
Escherichia coli cells, confirming that the assay is substrate 
independent.34 Using the alkali assay, we detected a 9-fold 
increase in fluorescence intensity in reactions conducted in 
the presence of active 17βHSD1 enzyme versus heat-treat-
ed, denatured enzyme (Figure 3). Our results are in accor-
dance with previous findings, where the fluorescence inten-
sity measured by the alkali assay in the presence of active 
aromatase was approximately 10-fold higher than in the 
presence of heat-inactivated aromatase enzyme.21 Specific 
enzyme activity of 17βHSD1 was determined by measur-

ing the consumption of NADPH. Standard curve of fluo-
rescence intensity of alkali product vs. NADPH concentra-
tions (2.5, 25, 62.5, 125, 250 μM) for alkali assay is provided 
in Supplemental file 1. (Figure S3). Specific enzyme activity 
of 17βHSD1 was 12 nmol min−1 mg−1.

The activity of recombinant human 17βHSD1 was 
also measured by monitoring NADPH consumption using 
fluorescence spectroscopy. Fluorimetric and spectropho-
tometric assays for measuring formation or consumption 
of cofactor in NAD(P)(H)-dependent reactions are rou-
tinely used to determine the activity of many oxideore-
ductases.35,36 Fluorescence vs. time data for reactions cat-
alyzed by 17βHSD1 and control reactions conducted in 
the absence of enzyme is shown in Figure 4. A decrease 
in fluorescence intensity over time was observed for reac-
tions conducted in the presence of recombinant human 
17βHSD1, corresponding to a loss of NADPH. In contrast, 
no fluorescence changes were observed in control reac-
tions conducted in the absence of enzyme (Figure 4).

Figure 4. Reaction mixture containing 67 μM estrone, 167 μM NA-
DPH and 70 μg of recombinant 17βHSD1 in 100 mM potassium 
phosphate buffer (pH 6.0) was incubated at 37 °C for 20 minutes 
and fluorescence intensity was recorded at 15 seconds-intervals. Re-
actions were initiated by addition of enzyme fraction and fluores-
cence was measured over time using an excitation wavelength of 
340 nm and emission wavelength of 460 nm. The observed decrease 
in NADPH fluorescence is consistent with NADPH-dependent 
conversion of estrone to estradiol catalyzed by recombinant 
17βHSD1. In the control reaction, enzyme was omitted. Fluores-
cence vs. time data was plotted in Origin Pro8 after slope normali-
zation.

4. Conclusion
Reduction of estradiol levels in ovaries by inhibition 

of 17βHSD1 indirectly reduces estrogen-dependent acti-
vation of estrogen receptors, and represents a promising 
prevention or treatment strategy in premenopausal women 
diagnosed with estrogen-sensitive breast cancer, ovarian 
cancer or endometriosis. Although inhibitors of 17βHSD1 
have been identified, none of these has yet reached clini-

Figure 3. Measurement of the activity of recombinant human 
17βHSD1 by alkali assay. A reaction mixture containing 40 μM es-
trone, 200 μM NADPH and 70 μg of recombinant 17βHSD1 in 100 
mM potassium phosphate buffer (pH 6.0) was incubated at 37 °C 
for 90 min. Formation of NADP+ was monitored by measuring flu-
orescence of alkali product using an excitation wavelength of 340 
nm and emission wavelength of 460  nm. All experiments were 
performed in duplicate. Results are expressed as the mean differ-
ence in fluorescence signal ΔF (F120’ – F0’) 120 minutes after addi-
tion of strong alkali. Control experiments were conducted in the 
presence of heat-inactivated, denatured enzyme. Histograms were 
plotted in Origin Pro8 after slope normalization.
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cal trials. Here we provide a simple protocol for expression 
and purification of human 17βHSD1 from E. coli, and for 
the first time demonstrate 17βHSD1 activity using three 
independent in vitro assays. Catalytic conversion of es-
trone to estradiol was confirmed directly by detection of 
product formation or indirectly monitoring consumption 
of cofactor during reaction. While the current work rep-
resents valuable insight into the production of active hu-
man 17βHSD1 from E. coli, purification requires further 
improvement and optimization. The present study could 
be useful for researchers interested in preliminary  in vi-
tro screening of candidate compounds for 17βHSD1 inhi-
bition using non-radioactive methods.
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jemo preprost protokol za izražanje in čiščenje aktivnega človeškega 17βHSD1 iz celic Escherichia coli BL21(DE3). Topen 
človeški 17βHSD1 je bil izražen z uporabo plazmida na osnovi pET28a(+), ki kodira heksahistidinsko oznako, združeno 
z N-koncem proteina, in prečiščen z nikljevo afinitetno kromatografijo. Encimsko aktivnost prečiščenega 17βHSD1 smo 
preverili s tremi metodami: tankoslojno kromatografijo, alkalnim testom in spektroskopskim testom. Ti neradioaktivni 
encimski testi zahtevajo le standardno laboratorijsko opremo in se lahko uporabljajo za presejanje spojin, ki modulirajo 
aktivnost 17βHSD1.
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Abstract
Combined in silico strategy for molecular mechanisms exploration of a series 3H-thiazolo[4,5-b]pyridin-2-ones exhibit-
ing strong anti-exudative action through QSAR analysis, molecular docking and pharmacophore modelling is reported. 
GA-ML technique was used for QSAR models generation with 2D autocorrelation descriptors. One- and two-parameter 
regressions revealed that certain structural patterns or heteroatoms contribute mutually to the anti-exudative activity po-
tentiation. Possible action mechanisms were discovered through flexible docking simulations with cyclooxygenase path-
way enzymes (COX-1, COX-2, mPGES-1). Docking results indicated the possibility of stable complexes formation with 
the effective docking scores and proper orientation of ligands within the enzymes active sites. Pharmacophore modelling 
was carried out using protein-ligand interaction fingerprints methodology. Two- and three-centre 3D pharmacophore 
queries were constructed. Their analysis indicated the functionality of bicyclic thiazolopyridine scaffold proved by the 
steric placement of heteroatoms in the corresponding pharmacophore centres.

Keywords: Thiazolo[4,5-b]pyridines, COX inhibitors, mPGES-1 inhibitors, QSAR analysis, docking, pharmacophore 
modelling

1. Introduction
The development of anti-inflammatory drugs occu-

pies an important role in the field of modern pharmacolo-
gy. Among the different signalling molecules involved in 
inflammatory stage arachidonic acid (AA) and its metabo-
lites contribute strongly to the development of inflamma-
tory and related symptoms.1 Arachidonic acid, formed 
during the release of phospholipids from cell membranes, 
can be metabolised by the cyclooxygenase or lipoxygenase 
pathways. The cyclooxygenase pathway of AA metabolism 
leads to prostaglandin H2 (PGH2) formation via two suc-
cessive steps both catalysed by COXs. PGH2 serves as a 
precursor for different PG biosynthesis including PGD2, 
PGE2, PGI2, and TXA2 depending on the expression of 
specific terminal synthases. Cyclooxygenases (COX-1 and 
COX-2) are the key emzymes involved in the arachidonic 
acid cascade.2 Classical non-steroidal anti-inflammatory 

drugs (NSAIDs) are diverse group of compounds used for 
the treatment of inflammation.3 The first generation of 
NSAIDs exert anti-inflammatory, analgesic, and antipyret-
ic effects through the non-selective inhibition of both 
COX isoforms. Their use is associated with side effects 
such as gastrointestinal and renal toxicity.4 Selective COX-
2 inhibitors (rofecoxib, celecoxib, valdecoxib etc.) were 
developed as the second generation of NSAIDs with im-
proved gastric safety profile and therefore more safe. Mi-
crosomal prostaglandin E synthase-1 (mPGES-1) is the 
terminal enzym in PG biosynthesis pathway and catalyses 
the conversion of PGH2 to PGE2.5 PGE2 is a well-charac-
terized mediator of inflammation and pain. Therefore  
mPGES-1 is a novel attractive target with a low risk of side 
effects. Very few inhibitors of mPGES-1 were identified in 
experimental screening efforts. Some novel synthetic  
mPGES-1 inhibitors among different classed of compounds 
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were identified in the recent decades by using high-through-
put screening (HTS) strategy.6 Thus, it is highly desirable to 
design and discover novel mPGES-1 inhibitors with differ-
ent scaffolds in order to develop next-generation therapeu-
tics for anti-inflammatory diseases treatment.

Thiazole-based derivatives are actually a considera-
ble group of heterocyclic compounds possessing a signifi-
cantly broad spectrum of pharmacological actions and 
therapeutic effects against many pathological states. In the 
last years the scaffold consisting of thiazole ring linked to 
pyridine one and functionalized with different fragments 
has attracted considerable interest due to diverse activi-
ties.7 A great number of publications have been currently 
reported thiazolopyridines biological evaluations as po-
tent antihypertensive,8 antioxidant,9 antifungal,10 antimi-
crobial,11 antidiabetic,12 anti-inflammatory,13 tuberculo-
static,14 herbicidal15 and anticancer agents.16 Furthermore, 
fused thiazolopyridine analogues are also known as H3 re-
ceptor antagonists,17 phosphoinositide 3-kinase inhibi-
tors18 and glucokinase activators.19

In the past decade fused thiazole-based derivatives 
became an integral part of new anti-inflammatory agents’ 
discovery. A wide range of synthetic thiazole-bearing de-
rivatives have been studied for their anti-inflammatory 
properties including COX-1/COX-2 inhibitory action.20 
Mohareb et al.21 reported the synthesis of eleven series of 
novel fused thiazoles derived from 2-(2-oxo-2H-chromen-
3-yl)thiazol-4(5H)-one and their anti-inflammatory activ-
ity evaluation using a carrageenan-induced paw oedema 
model. All synthesized compounds showed anti-inflam-
matory activity in the range of 33–96%. Development of 
novel benzothiazole moiety compounds as promising 
COX-1/COX-2 inhibitors was reported by El-Kerdawy et 
al.22 They synthesized a series of new 3-methylbenzo[4,5]
imidazo[2,1-b]thiazol-2-yl)nicotinoyl)-N-substituted de-
rivatives with the aim to evaluate their anti-inflammatory 
activity and mechanism of action. The anti-inflammatory 
activity of this compounds performed by carrageenan-in-
duced mouse paw oedema was in range of 49.0–79.5%. 
Also, evaluation of COX-1/COX-2 inhibition was per-
formed which revealed non-selective inhibitory activity of 
benzimidazothiazoles towards both COX isoforms with 
some compounds being more potent compared to celecox-
ib and naproxen. Some novel benzyloxybenzo[d]thiazole 
and phenoxylethoxylbenzo[d]thiazole analogues were 
synthesized and evaluated in vivo as potential anti-inflam-
matory and analgesic agents.23 These derivatives were rec-
ognized as promising starting points for the development 
of COX-2 selective inhibitors.

Thiazole scaffold may be also looked through as an 
attractive pharmacological profile for the further rational 
design and discovery of novel mPGES-1 inhibitors as safe 
and potent NSAIDs. Ongoing efforts are made to identify 
alternate action modes of thiazole-scaffold bearing com-
pounds which may feasibly lead to reduced PGE2  level. 
Smith et al.24 reported the inhibitory activity of 2-amino-

thiazole derivatives directed to PGE2 production decreas-
ing. A series of 2-aminothiazole congeners was synthe-
sized and tested for the ability to reduce the production of 
PGE2  in HCA-7 cells. A total of 36 aminothiazoles were 
evaluated, and active compounds with limited COX-2 in-
hibition were identified. One of the derivatives exhibited 
the most potent cellular PGE2 reducing activity of the en-
tire series (EC50 = 90 nM) with IC50 value for COX-2 inhi-
bition of >5 μM in vitro. Identification of novel dual LOX/
mPGES-1 inhibitors as 2-aminothiazole-featured pirinixic 
acid derivatives was also reported,25 one compound among 
them suppressed mPGES-1 (IC50 = 0.4 μM) and 5-LOX 
(IC50 = 0.3 μM) in cell-free assays.

In the present study we propose a combined in silico 
approach, based on efficient multistep virtual screening 
workflow, which may accelerate and facilitate the identifi-
cation of novel selective COX-2 and mPGES-1 inhibitors 
among fused thiazole-scaffold bearing compounds.

2. Materials and Methods
2. 1. QSAR Study

2D structures of all molecules were drawn with ACD/
ChemSketch chemical drawing software package. Later on, 
they were converted to 3D structures using Hyper-Chem 
7.5 software.26 Energy minimization of all compounds was 
performed with MM+ force field, and repeated minimiza-
tion was performed using semi-empirical AM1 quan-
tum-chemical method until the root-mean-square (rms) 
deviation of 0.01 kcal/mol would be achieved. Conforma-
tions of compounds were optimized through semi-empiri-
cal AM1 method with the global minimum selection among 
all energy-minimal conformers. 3D globally minimized 
structures as hin HyperChem output were converted into 
smi format, SD file was prepared with E-BABEL on-line ver-
sion and utilized as the input for E-DRAGON software.27 
Molecular descriptors were calculated within 20 subsets, 
constant and near constant values of descriptors were dis-
carded, and finally over 1666 descriptors were saved and 
further analyzed. Descriptors with pairwise correlation co-
efficient exceeding 0.5, determined based on the correlation 
matrix analysis, were excluded from the descriptor general 
set. Before starting the construction of the models, the de-
scriptor normalization procedure was carried out, the val-
ues of all generated descriptors were scaled as (1):

� (1)

where Xij and Xij
n are the original and normalized values of 

the descriptor j (j = 1, 2, … , К) for ith compound (i = 1, 
2,…, 32), respectively; Xj,min and Xj,max are the minimal 
and the maximal values for the jth descriptor. Thus, for all 
normalized descriptors the following criteria are true:  
min (Xij

n) = 0 and max (Xij
n) = 1. As a result, a set of 482 

normalized descriptors for all compounds was prepared.



266 Acta Chim. Slov. 2024, 71, 264–287

Klenina:   In Silico Exploration of Molecular Mechanisms   ...

In order to obtain a validated and predictive QSAR 
models, we splitted the parent data set into the training 
and test (validation) ones with the activity ranking algo-
rithm28 in the ratio 27:9, that is the training set consisted of 
27 compounds (75% of all) while the validation set con-
tained 9 compounds (25%).

The training set was used in developing QSAR mod-
els with BuildQSAR software application29 where the bio-
logical activity as % protection to inflammation converted 
to logarithmic value (log %) served as the dependent vari-
able, and the normalized molecular descriptors were inde-
pendent variables. In this work, the selection of the opti-
mal set of molecular descriptors was carried out using 
genetic algorithm (GA) for searching the best models and 
was processed in the terms of the highest correlation coef-
ficient and F-test as well as the lowest standard deviation. 
Variables selection was carried out within each of descrip-
tors` modules namely 0D‐,1D‐, 2D, 3D and module “Oth-
er” using previously reported approach.30 Multiple Linear 
Regression (MLR) method was applied to perform the sta-
tistical processing of the QSAR structure-anti-exudative 
activity models generation.

The statistical significance of the generated models 
was determined by examining the coefficient of determi-
nation R2, standard deviation s, the value of the Fisher test 
F. Adjusted regression coefficient R2

adj was used to ensure 
that all independent variables (predictors) contribute with 
the equal significance to explain dependent (target) varia-
ble. R2

adj was defined as (2):31

� (2)

where n is the total set size (the total number of observa-
tions), p is the number of independent variables (the num-
ber of descriptors in the model), and n-p-1 is the residual 
degree of freedom.

Sum of squares for the regression (SSregression or SSR) 
was estimated as the sum of the differences between 
the predicted value of the activity Yi pred and the mean of 
the  dependent variable for the training set compounds  
Y‒training (3), while the Mean square for the regression (MSre-

gression or MSR) was an estimate of the variance of the re-
gression (4):

� (3)

� (4)

where DFregression is the degree of freedom for the regres-
sion: DFregression = p.

As the cross-validation coefficients are used as crite-
ria of both robustness and predictive ability of the generat-
ed QSAR models, we performed both internal and exter-
nal cross-validation procedure in the present study. The 
internal validation of the models was examined using the 
leave-one-out (LOO) cross-validation method with the 

training set compounds. In the LOO cross-validation pro-
cedure, every compound was eliminated from the training 
dataset once and its activity was then predicted as a weight-
ed average of the activities of its nearest neighbours using 
formula 5:32,33

�
(5)

where Yi exp and Yi calc are the experimental and calculated 
values of biological activity for molecule i of the training 
set, respectively; Y‒exp is the mean value of the dependent 
variable (log %). The summation in this and all the follow-
ing equations are done over all n compounds of the train-
ing set.

For the external validation, the group-one-out 
cross-validation coefficient QL

2
GO with the test set com-

pounds was calculated using formula 6:34

�
(6)

where Yi exp(test) and Yi calc(test) are the activity values for the 
validation set compounds, observed and predicted with 
the corresponding model, respectively; and Y‒training is the 
mean value of the experimantal activity of the training set 
compounds only.

2. 2. Molecular docking studies
All the computational studies were carried out using 

Molecular Operating Environment Suite 2012.10 (MOE); 
Chemical Computing Group Inc. software.35,36

Construction and preparation of ligands database
The minimized 3D geometries of all compounds ob-

tained using the HyperChem 7.5 software for QSAR anal-
ysis were then converted into SD File format with Open 
Babel version 2.3.237 and were used as the input into MOE 
with a database import function. We firstly generated mul-
tiple conformations of each ligand in the database on the 
systematic search basis. We applied the grid search by ro-
tating each rotatable bond by a fixed angle increment (15° 
for cyclic, 60° or 120° for acyclic bonds) followed by the 
conformations` energy minimization with MMFF94x 
force field and duplicate geometries rejection. The maxi-
mum allowed conformations per compound was set to 200 
and the energy window (the value used to discard high-en-
ergy conformations) was set to 7 kcal/mol. The RMS gra-
dient level was defined as 0.01 kcal/mol/Å2, RMSD limit 
was fixed at 0.25 kcal/mol/Å2 while 200 MM iterations 
were allowed. A data set of 2545 conformations was pre-
pared in the way of systematic search.

Proteins processing and preparation
The X-ray crystallographic structures of the recep-

tors were retrieved from Protein Data Bank (www.rcsb.



267Acta Chim. Slov. 2024, 71, 264–287

Klenina:  In Silico Exploration of Molecular Mechanisms   ...

org/pdb): 2.0 Å resolution structure of ovine prostaglan-
din H2 synthase-1 (COX-1) in complex with α-me-
thyl-4-biphenylacetic acid (PDB code 1Q4G),38 1.73 Å 
resolution structure of naproxen-COX-2 complex (PDB 
entry 3NT1), 39 and 1.2 Å resolution structure of human 
mPGES-1 in complex with glutathione (GSH) (pdb code 
4AL0).40 They were then loaded into MOE working envi-
ronment.

The enzymes were prepared for docking studies in a 
few steps. The receptors’ structures were prepared in the 
way of the partial charges calculation, hydrogens were as-
signed with the “Protonate3D” function at pH 7.4. There-
after, residues within a radius of 3 Å around the ions were 
minimized (AMBER99 force field; RMS gradient 0.01 
kcal/mol/Å2). Thus the “Protonate3D” application auto-
matically optimized the hydrogen orientations so as to 
maximize H-bond networks and minimize the overall 
self-energy. The binding sites of the proteins were defined 
by using the “Site Finder” tool in MOE. The co-crystalized 
ligands were removed from protein-ligand complexes and 
corresponding ligands locations were set as docking site 
locations. Site Finder tool was applied for the defined 
pockets, and „dummy atoms” were created.

Docking studying and scoring
The standard MOE Docking protocol was utilized 

for the docking studies of the ligands database with COX-1 
and COX-2. Residues within a radius of 4.5 Å of the gener-
ated “dummy atoms” were selected, Alpha Triangle Poses 
were generated by superposition of ligand atom triplets 
and triplets of receptor site points. At each iteration a ran-
dom conformation was selected, a random triplet of ligand 
atoms and a random triplet of alpha sphere centres were 
used to determine the pose. The following docking calcu-
lations were performed by means of the DOCK tool imple-
mented in MOE, all obtained docking poses were refined 
using MMFF94x force field as the default for small mole-
cules in MOE. To reduce the number of poses obtained in 
this way (865 for COX-1 and 880 for COX-2), the pharma-
cophore queries were generated. For COX-1 the pharma-
cophore query with projected H-acceptor feature defined 
on NH2 group of Arg 120 residue was generated while two 
pharmacophore queries with projected H-acceptor fea-
tures defined on NH2 and NE groups of Arg 120 side chain 
residue were consequently generated for COX-2. The 
docking run procedure was repeated with the first rescor-
ing function setting as “London dG”, the refinement scor-
ing function fixing to “GBVI/WSA dG”. 357 COX-1-ligand 
complexes and 412 COX-2-ligand complexes were ob-
tained in this way. The molecular docking studies of the 
ligands database with mPGES-1were utilized by setting 
“GBVI/WSA dG” function for the first rescoring, followed 
by the addition of a refinement of the resulting complexes 
with MMFF94x force field and London dG for a second 
rescoring. 786 mPGES-1-ligand complexes were obtained 
in this way.

Thereafter, the minimized complexes were scored by 
the four scoring functions available in MOE: Affinity dG 
Scoring estimated the enthalpic contribution to the free 
energy of binding, Alpha HB Scoring evaluated the ge-
ometric fit of the ligand to the binding site and hydrogen 
bonding effects, London dG Scoring and GBVI/WSA dG 
Scoring (forcefield-based) estimated the free energy of 
binding of the ligand from a given pose. The unit for all 
scoring functions was kcal/mol. For all scoring functions, 
lower scores indicated more favourable poses. The docking 
poses were then expected manually with an eye towards 
the most proper binding modes verification.

2. 3. Pharmacophore Queries Generation
Protein-ligand interactions fingerprints (PLIF) tool 

and 3D pharmacophore models generation tool imple-
mented in MOE software were used as a post-processing 
procedure of docking studies for thiazolo[4,5-b]pyridin-2-
one derivatives as probable COX-1,2 and mPGES-1 inhib-
itors. Automatized pharmacophore query generation 
based on the structural data of protein-ligand complexes 
obtained from docking studies was a two-step procedure. 
Firstly, the identification of a protein residues interacting 
with the ligand was fulfilled, and their summarizing was 
resulted in the barcode diagram construction in which dif-
ferent types of interactions were given as fingerprints bits. 
Afterwards MOE`s pharmacophore modelling tool deter-
mined the most common pharmacophoric feature charac-
teristics that were essential for the binding of ligands to the 
receptor and their spatial arrangement in 3D. On the final 
step we validated the fingerprint pharmacophore model-
ling approach by screening the test database as alignments 
of molecules on high-scoring pharmacophore queries.

3. Results and Discussion
Recently we reported novel N3 substituted 5,7-dime-

thyl-6-phenylazo-3Н-thiazolo[4,5-b]pyridin-2-ones syn-
thesis41 as the integral part of scaffold-based drug-like 
small molecules design and discovery using traditional 
organic synthesis protocols and pharmacological screen-
ing methodologies.42 In vivo evaluation of novel thi-
azolo[4,5-b]pyridines over the carrageenin induced rat 
paw oedema revealed strong anti-exudative activity of 
some compounds which were comparable or exceeded the 
effects of Diclofenac and Ibuprofen in their effective ther-
apeutic doses which were tested in parallel as an activity 
references.

As the focus of our systematic research is aimed at 
developing the molecular pattern based on 3H-thi-
azolo[4,5-b]pyridine scaffold for novel drug candidates 
construction, the objective of the present study was to per-
form ligan-based and structure-based virtual screening for 
recently synthesized 3H-thiazolo[4,5-b]pyridin-2-ones in 
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order to apprehend the importance of certain structural 
features, which are critical for their biological activity ac-
centuation. Thus, a three-step virtual screening protocol 
was proposed in this work, which included QSAR analysis, 
molecular docking and protein-ligand complex-based 
pharmacophore search post-processing.

The set of compounds used in the present study 
comprises a series of 36 N3 substituted 5,7-dimethyl-6-phe-
nylazo-3Н-thiazolo[4,5-b]pyridin-2-one derivatives eval-
uated as anti-exudative agents. Their structures are depict-
ed in Figure 1, while the substituent R structures are listed 
in Table 1. The biological activity data as % protection to 
inflammation were converted to logarithmic value and 
subsequently used as the response variable for QSAR anal-
ysis.

Table 1. Structures of substituents and anti-exudative effect of 5,7-dimethyl-6-phenylazo-3Н-thiazolo[4,5-b]pyridin-2-ones in vivo evalu-
ation, given as % and log % protection from inflammation

Compound ID	 R	 % Inhibition	 log %	 Compound ID	 R	 % Inhibition	 log %

1	 H	 57.2	 1.76	 20	 NO2 	 42.0	 1.62

2	 N 	 54.2	 1.73	 21	

NO2

	 39.2	 1.59

3	
C H2

	 42.1	 1.62	 22	
Br

	 36.1	 1.56

4	
C H3

	 45.1	 1.65	 23	

O C H3

O H 	 38.4	 1.58

5	

C H 3

C H3
	 47.2	 1.67	 24	

F
	 42.0	 1.62

6	
C H 3

	 50.2	 1.70	 25	
Cl

OH

	 45.1	 1.65

7	 C H3

C H3

	 48.1	 1.68	 26	
N

C H 3

C H3 	 39.3	 1.59

8	
Cl

	 36.5	 1.56	 27	 O C H3

O C H 3

	 37.1	 1.57

9	 	 35.0	 1.54	 28	
Cl

	 55.3	 1.74

10	

O2N

	 28.1	 1.45	 29	

C H3

O

O H 	 41.1	 1.61

11	

NO2

	 31.2	 1.49	 30	

HOOC

	 36.3	 1.56

12	
NO2

	 33.2	 1.52	 31	

Cl

	 50.5	 1.70

13	
C H3

	 29.0	 1.46	 32	
N

O

O

O 	 47.2	 1.67

14	

OH

	 32.2	 1.51	 33	 O 	 45.1	 1.65

Fig. 1. General structures of N3 substituted 5,7-dimethyl-3H-thi-
azolo[4,5-b]pyridine-2-ones
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3. 1. �QSAR Analysis of N3 Substituted 
5,7-dimethyl-3H-thiazolo[4,5-b]pyridin-
2-one derivatives
The structures of thiazolo[4,5-b]pyridin-2-ones un-

der study were subjected to energy minimization with 
MM+ force field followed by the repeated minimization 
with semi-empirical AM1 method. Molecular descriptors 
for 3D optimized structures of the compounds were calcu-
lated with E-DRAGON software. Descriptors with the 
constant and near constant values were discarded. De-
scriptors with high pairwise correlation, determined based 
on correlation matrix analysis, were excluded from the 
multidimensional descriptor space. As a result, the set of 
482 descriptors was obtained for both training and test sets 
compounds. The descriptor normalization procedure was 
carried out, the values of all generated descriptors were 
scaled in the range of 0÷1.

Activity sampling method was used for splitting 
overall dataset into the training and validation (test) sets. 
The main steps of the technique included sorting com-
pounds by activity. Then the size of a group of compounds 
was specified by including the specified number of the 
most active compounds into the first group, the same 
number of the next most active compounds into the sec-
ond group, etc. Then the number of compounds in each 

group, which would be included into the training and test 
sets, was determined. Thus, all compounds were divided 
into 6 groups, the numbers of compounds with low, mod-
erate, and high levels of activity in each group were ap-
proximately the same. Then a few compounds from each 
group were assigned to the validation set, and the rest 
compounds formed the training set. The results of the da-
taset splitting are given in Table 2.

The selection of the optimal set of molecular descrip-
tors was carried out using genetic algorithm within each of 
descriptors` modules namely 0D‐,1D‐, 2D, 3D and mod-
ule “Other” firstly. The most significant descriptors from 
each dimensionality module were introduced to the final 
data set. Multiple Linear Regression (MLR) was used to 
generate QSAR models as a multivariate linear regression 
within the training set compounds with BuiltQSAR soft-
ware.

Among the generated models 1 one-parameter and 2 
two-parameter QSAR models were selected with the high-
est statistical characteristics and predictive ability:

log % = –0.3423 GATS7m + 1.8669� (Model 1);
log % = 0.1315 MATS4e – 0.2781 GATS7m + 1.7706
� (Model 2);
log % = 0.1318 MATS4m – 0.2998 GATS7m + 1.7961
� (Model 3).

Compound ID	 R	 % Inhibition	 log %	 Compound ID	 R	 % Inhibition	 log %

15	

O H

	 39.3	 1.59	 34	 F
F

F

Cl
O 	 53.0	 1.72

16	

N H2

	 33.2	 1.52	 35	
Cl

Cl
O

	 67.5	 1.83

17	 C H 3 	 39.3	 1.59	 36	

Cl

Cl

N
	 71.2	 1.85

18	

O

C H3O 	 44.1	 1.64	 Ibuprofen	 	 40.2	 1.60

19	

O

N
H

N H2

	 40.2	 1.60	 Diclofenac 	 	 52.4	 1.72

Table 2. The number of compounds in training and test sets constructed by the ranking of com-
pounds activities 

Group	 Size of	 Number of 	
number	 a group	 compounds assigned	                 Compounds ID
		  to the training set	 Training set	 Test set

I	 6	 4	 1, 28, 34, 36	 2, 35
II	 5	 4	 5, 6, 31, 32	 7
III	 7	 5	 4, 18, 20, 24, 33	 25, 3
IV	 6	 5	 17, 19, 21, 26, 29	 15
V	 6	 5	 8, 9, 23, 27, 30	 22
VI	 6	 4	 10, 11, 12, 14	 13, 16
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Models 1-3 were constructed using 2D autocorrela-
tion descriptors GATS7m (Geary autocorrelation of lag 7 
weighted by mass), MATS4e and MATS4m (Moran auto-
correlations of lag 4 weighted by atomic Sanderson elec-
tronegativity and by mass, respectively) with low pairwise 
correlation. The normalized values of molecular descrip-
tors for both training and test sets compounds are listed in 
Table 1S of the Supplementary materials. To ensure the 
accuracy in predicting ability of the generated models, the 
prediction errors and the prediction error standard devia-
tions were calculated (Table 2S of the Supplementary ma-
terials).

Based on the validation parameters of the generated 
models (Table 3), all constructed models satisfied the sta-
tistical requirements for their goodness-of-fitting with no 
current overfitting. Goodness of fitting for QSAR models 
generated with p parameters for the training set consisting 
of 27 compounds was assured by maximizing the correla-
tion coefficient R and the determination coefficient R2, ad-
justed regression coefficient R2adj and F-test criterion 
while minimizing R2 – R2

adj and standard deviation s.
Pearson correlation coefficient R measures the 

strength of the linear relationship between dependent and 
independent variables with possible values between -1 and 
1. In regression, R-squared (R2, or the coefficient of deter-
mination) is a statistical measure of how well the regres-
sion predictions approximate the real data points provid-
ing the relative measure of the percentage of the dependent 
variable variance that the model explains. The higher val-

ues of R2 indicates the high fitness of the model as R2 of 1 
indicates that the regression predictions perfectly fit the 
data. Adjusted R-squared R2

adj considers and tests differ-
ent independent variables against the model. Its value may 
increase or decrease depending on the significance of the 
independent variable introduced to the regression. So, the 
higher value of R2

adj ensures the high significance of all 
variables introduces into the model. The standard devia-
tion (s) is a measure of the amount of variation or disper-
sion of a set of values. A low standard deviation indicates 
that the values tend to be close to the mean (also called the 
expected value) of the set. The F-test reflects the ratio of 
the variance explained by the model and the variance due 
to the error in the regression. High values of the F-test in-
dicate that the model is statistically significant.

The degree of freedom for the regression equals to 
the number of independent parameters: DFregression = p. It 
defines the number of values is a dataset having the free-
dom to vary. SSregression (SSR) means the Sum of squares 
for the regression while MSregression (MSR) means the 
Mean square for the regression. Regression sum of squares 
is interpreted as the amount of total variation that is ex-
plained by the model. SSR is variation in Yi associated with 
the regression line,  Y‒. It may be referred to as the measure 
that describes how well our line fits the data. MSregression is 

Fig. 2. Correlation between observed activity and activity predicted with Models 1 – 3 together with linear fit statistical parameters

Table 3. Statistical parameters for QSAR models 1 – 3

No	 Statistical	 Model 1	 Model 2	 Model 3
	 parameter

1.	 p	 1	 2	 2
2.	 R	 0.8117	 0.8772	 0.8728
3.	 R2	 0.6589	 0.7694	 0.7617
4.	 R2

adj	 0.6452	 0.7502	 0.7419
5.	 R2 – R2

adj	 0.0137	 0.0192	 0.0198
6.	 s	 0.0534	 0.0448	 0.0455
7.	 F	 48.2900	 40.0412	 38.3644
8.	 p	 0	 0	 0
9.	 DFregression	 1	 2	 2
10.	 SSR	 0.1377	 0.1608	 0.1592
11.	 MSR	 0.1377	 0.0804	 0.0796
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an estimate of the variance of regression, MSregression =  
SSregression / DFregression.

Thus generated QSAR models could approximate 
the experimental values properly according to their statis-
tical analysis performance parameters.

Predictive ability of the generated models was en-
sured by using leave-one-out (LOO) cross-validation pro-
cedure, when each object is removed from the original 
training dataset once in turn and the remaining reduced 
data set is converted into new training set used for a mod-
el generation and the response prediction for the excluded 
compound. The outcome from this procedure is leave-
one-out cross-validation coefficient Q2

LOO. The coeffi-
cients of determination between observed and predicted 
activities R2

(observed vs. predicted) for the training set com-
pounds were also estimated as an internal validation pre-
dictivity. Figure 2 shows the regression lines between ex-
perimental anti-exudative activity and activity predicted 
with Models 1-3.

The determination coefficients for observed end-
points versus experimental oner for the derived models 
were in the range between 0.6577 and 0.7693, so the linear 
models explained 65.77% – 76.93% of variation in experi-
mental activity. We evaluated the accuracies of QSAR 
models also using the difference |R2 – Q2

LOO | absolute val-
ue supposing that it tends to minimum for truly predictive 
model.

The values of Q2
LOO (0.6025 ÷ 0.6995) were reason-

able, showing that the models were significant and robust 
to predict the anti-exudative activity of the compounds 
under study. We also considered that the values of the dif-
ference between R2 and Q2

LOO (|R2 – Q2
LOO |) were with-

in the suggested limit of |R2 – Q2
LOO | < 0.3,43 which was 

the indication that the models had no data overfitting. 
SPRESS is the predicted residual sums of squares standard 
deviation, and SDEP is the standard deviation error in pre-
diction. Internal validation parameters are summarized in 
Table 4.

Table 4. Internal validation parameters for QSAR models 1 – 3

No	 Validation	 Model 1	 Model 2	 Model 3
	 parameter

1.	 R2(observed vs. predicted)	 0.6577	 0.7693	 0.7619
2.	 Q2

LOO	 0.6025	 0.6995	 0.6908
3.	 |R2 – Q2

LOO |	 0.0552	 0.0698	 0.0711
4.	 SPress	 0.0576	 0.0512	 0.0519
5.	 SDEP	 0.0565	 0.0491	 0.0519
7.	 DFerror	 25	 24	 24
8.	 SSE	 0.0713	 0.0482	 0.0498
9.	 MSE	 0.0029	 0.0020	 0.0021

For internal validation we also applied SDEP (stand-
ard deviation of error of predictions), which makes a dis-
tinguish between ‘predictions’ for new data points which 

were not involved into the model construction, and the 
standard deviation of the predicted residual error sum of 
squares SPRESS. SPRESS is a form of cross-validation used in 
regression analysis to provide a summary measure of the 
fit of a model to a sample of observations that were not 
themselves used to estimate the model. Both SPRESS and 
SDEP values display tendency to minimization to ensure 
that generated models possessed enough predictive power. 
We also applied SSE as the Sum of squares error and MSE 
as the Mean square error. MSE measures error in statisti-
cal models by using the average squared difference be-
tween observed and predicted values. Highly predictive 
linear regression should display minimized SSE. The de-
gree of freedom for residuals (errors) equals: DFerror = n – 
p – 1, where n is the number of observations in the train-
ing set. MSE is an estimate of the variance of errors: MSE = 
SSR / DFerror. If the regression model is “perfect”, SSE is 
zero. Thus, MSE is a measure of the quality of an estimator. 
As it is derived from the square of Euclidean distance, it is 
always a positive value that decreases as the error ap-
proaches zero.

To estimate the predictive power of QSAR models, we 
employed the test set compounds for their external valida-
tion. The following statistical characteristics are recom-
mended:44,45 (i) Q2

LGO; (ii) coefficient of determination R2
ext 

between the predicted and observed activities; (iii) coeffi-
cients of determination (predicted versus observed activi-
ties, and observed versus predicted activities) for regressions 
through the origin; (iv) slopes k and k⁄ of the regression lines 
through the origin. For acceptable QSAR predictive models, 
they should satisfy the following conditions:

�(i) Q2
LGO > 0.5; (ii) R2

ext > 0.6; (iii) (R2
ext − R2

0 ext)/
R2

ext < 0.1 and 0.85 ≤ k ≤ 1.15 or
�(R2

ext  – R`2
0 ext)/R2

ext  < 0.1 and 0.85 ≤  k` ≤ 1.15;  
(iv)| R2 – R`2

0 ext | < 0.1.
The values of the external validation criteria are 

summarized in Table 5.

Table 5. External validation criteria values for Models 1 – 3 

No.	 Validation		  Models	
	 criteria	 Model 1	 Model 2	 Model 3

(i)	 Q2
LGO	 0.6790	 0.9860	 0.6211

(ii)	 R2
ext	 0.7183	 0.7927	 0.7026

(iii)	 R2
0 ext	 0.9988	 0.9991	 0.9988

	 (R2
ext − R2

0 ext)/R2
ext	 −0.3905	 −0.2604	 −0.4216

	 k	 1.0118	 1.0239	 1.0172
	 k′	 0.9872	 0.9758	 0.9818
(iv)	 | R2 – R′20 ext |	 0.2805	 0.2064	 0.2962

Based on the statistical evaluation and predictive 
power of the developed models, it may be concluded that 
Model 2 is the most reliable with the highest good-



272 Acta Chim. Slov. 2024, 71, 264–287

Klenina:   In Silico Exploration of Molecular Mechanisms   ...

ness-of-fitting assuring, statistical significance, robustness 
and externally predictivity.

A mechanistic interpretation for a generated QSAR 
models was then done to make the interpretation of the 
possible mechanism of activity. All constructed models 
contain 2D autocorrelation descriptors. In particular, all 
models contain Geary autocorrelation coefficients with lag 
7, weighted by atomic masses (GATS7m). Models 2 and 3 
contain Moran autocorrelations of lag 4 weighted by atom-
ic Sanderson electronegativity and by mass (MATS4e and 
MATS4m, respectively). In general, 2D autocorrelation 
descriptors represent the topological structure of com-
pounds, describe the mutual correlation of certain proper-
ties of atoms in intervals equal to the sums of topological 
distances in the corresponding structural fragments. They 
are calculated from molecular graph G by summing the 
products of atom weights of the terminal atoms of all the 
paths of the considered path length (the lag). 2D autocor-
relation descriptors are calculated based on the value of 
the autocorrelation function ATS(d):46,47

∑∑
= =

⋅⋅=
A A

j
djiijd

1i 1
)(  )ATS( ωωδ

�
(7)

where d is the corresponding lag, or the number of topo-
logical distances in a single fragment of the molecular 
graph, can have the values between 1 and the maximal top-
ological distance in the molecule; A is the number of at-

oms in the molecule; 





=

≠
=

)0( 1
 )( 0

  
ij

ij

d
dd

ijδ  – Kronecker's delta; ωi, ωj 
– physicochemical properties of the atoms i and j (atomic 
masses m, polarizability p, electronegativity e, van-der-
Waals volume υ).

The Moran autocorrelation descriptors (MATSdw) 
are given by:

� (8)

where ω̄ is the average value of the property for the mole-
cule, and ∑=∆ ijδ is the number of vertex pairs at distance 
equal to d. The computation of these descriptors involves 
summing different autocorrelation functions correspond-
ing to different fragment lengths, thereby leading to differ-
ent autocorrelation vectors according to the lengths of the 
structural fragments. Also, weighting components in 
terms of physicochemical properties has been considered, 
and therefore these descriptors address the topology of the 
structure or parts of its merged with a selected physico-
chemical property. Moran autocorrelations usually have 
values in the interval of [–1, +1] with the positive autocor-
relations corresponding to positive values of Moran indi-
ces, while the negative autocorrelations correspond to neg-
ative values of these indices.

The Geary autocorrelation descriptors (GATSdw) are 
given by:

� (9)

2D Geary autocorrelation coefficients are the func-
tions of distances and may vary between 0 and ∞. At the 
same time, strong mutual correlations of atomic properties 
correspond to low values of the Geary autocorrelation, 
usually in the range between 0 and 1, while negative mutu-
al correlations correspond to values of the Geary coeffi-
cient higher than 1, i.e., the statement "no autocorrelation" 
corresponds to the equality С(d) = 1.

The presence of lags 4 2D Autocorrelations in QSAR 
regressions 2 and 3 may be reviewed as the association of 
activity information content with structural fragments of 
such size. It should be noted that mass weighted Moran 
autocorrelation coefficient MATS4m made a positive con-
tribution to the activity. Based on these models’ interpreta-
tion, it can be stated that the presence of structural frag-
ments with the sum of topological distances (lag) equal to 
4 in the molecules of the training set substances, whose 
terminal atoms have high atomic masses and electronega-
tivities, corresponds to the activity enhancing. All generat-
ed regressions also utilize 2D Geary autocorrelation 
GATS7m descriptor with the negatively signed regression 
coefficients. Based on the interpretation and analysis of 
Geary autocorrelations contribution into anti-exudative 
activity it can be asserted that the presence of structural 
fragments with sums of topological distances (lags) equal 
to 7, whose terminal atoms have high atomic masses, is 
undesirable. The possible structural fragments with lags 4 
and 7 are depicted in Figure 3.

Fig. 3. Possible structural fragments with lags 4 and 7 in the mole-
cules of N3 substituted 5,7-dimethyl-6-phenylazo-3H-thi-
azolo[4,5-b]pyridin-2-one derivatives which may contribute to 
their anti-exudative action mechanism

It may be concluded that small structural patterns 
which include heteroatoms of fused thiazole and pyridine 
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core, and also one of the azo-group nitrogen atoms and 
closest scaffold heteroatom, may contribute mutually to 
the anti-exudative action mechanism, while the presence 
of large motifs started with azo-group nitrogen and ending 
at oxygen or nitrogen atoms of thiazolidin-2-one, cannot 
be involved into the activity mechanism realization.

3. 2. Molecular Docking
Suppression of prostaglandin synthesis is associated 

with inhibition of cyclooxygenase enzyme activity that ca-
talyses the deoxygenation of arachidonic acid (AA) to 
form prostaglandin G2 (PGG2), then prostaglandin H2 
(PGH2), and finally the resultant prostaglandins and 
thromboxane A2 (TxA2).48 The mechanism of traditional 
non-steroidal anti-inflammatory drugs (NSAIDs) action 
is based on non-selective inhibition of both cyclooxygen-
ase isoforms (COX-1 and COX-2) and preventing prosta-
glandin synthesis. It is supposed that the therapeutic effect 
of these substances is due to the inhibition of COX-2, but 
their effect on COX-1 causes damage to the mucous mem-
brane of the gastrointestinal (GI) tract and disorders in 
regulation of renal and platelet activity.49 Selective COX-2 
inhibitors (coxibs) inhibit the COX-2 isoform while spare 
COX-1 at clinical doses. This greatly mitigates the adverse 
effects in the GI tract as well as bleeding secondary to di-
minished platelet function.50 Additional importance of 
COX-2 specific drugs discovering relates to their broader 
therapeutic applications as the biological role of COX-2 
extends beyond inflammation and pain. It is known that 
COX-2 plays a key role in early female reproductive func-
tion, implantation and decidualization are dependent on 
COX-2.51 Recent reports suggest that COX-2 may be an 
effective antitumor therapeutic target as COX-2 overex-
pression has been reported in several human cancers in-
cluding lung, colon, prostate, and bladder cancer.52-54 Se-
lective COX-2 inhibitors, although characterized by a 
much lower negative effect on the digestive system, also 
have undesirable side effects, in particular, their effect on 
the cardiovascular system increases the risk of myocardial 
infarction, heart failure, stroke, etc.55 In the light of these 
complications, it was proposed to identify other drug tar-
gets downstream of COX for pain and inflammation ther-
apy. One of the promising new targets for finding bioactive 
substances that exhibits anti-inflammatory effect is micro-
somal prostaglandin E synthase-1 (mPGES-1) – the final 
enzyme in the cascade of arachidonic acid transforma-
tions. mPGES-1  is able to convert the cyclooxygenase 
(COX)-derived unstable prostaglandin H2 (PGH2) to the 
bioactive prostaglandin E2 (PGE2).56 mPGES-1 belongs to 
a superfamily of Membrane-Associated Proteins (MAPEG 
family), involved into Eicosanoid and Glutathione metab-
olism, therefore it is useful for the development of anti-in-
flammatory and anticancer drugs interfering with prosta-
glandin and leukotriene biosynthesis.57 mPGES-1 is 
regarded as a promising target for selectively suppressing 

PGE2  production during inflammation and nociceptive 
processing owing to its preferential coupling with COX-
2.58 But, contrary to the classical non-steroidal anti-in-
flammatory drugs (NSAIDs), the inhibition of mPGES-1 
does not affect the biosynthesis of the other physiological-
ly important PGs.59 Possible mechanisms of mPGES-1 in-
hibitors activity are competitive interaction with active 
centres of cofactor or substrate. Inhibition of mPGES-1 
has been shown to result in systemic shunting of PGH2 to 
PGI2 formation, leading to anti-inflammatory and vasodi-
latory effects, while preventing platelet activation.60

We utilized the standard MOE-Dock architecture for 
the molecular docking studies of N3 substituted 5,7-dime-
thyl-6-phenylazo-3Н-thiazolo[4,5-b]pyridin-2-ones with 
the selected receptors included the following major com-
ponents: ligand conformations generation followed by 
partial charges calculation and energy minimization, re-
ceptors preparation, the binding sites definition, the li-
gand-receptor pose generation with alpha triangle as the 
placement algorithm, docking and scoring proceeding, 
receptor-ligand complexes refinement with re-scoring by 
filtering queries application, the lowest energy complexes 
extraction with the resulting complexes minimization. A 
data set of 2545 conformations for 36 compounds under 
study was prepared in this way. Docking poses were pro-
duced from the placement and the minimized receptor-li-
gand complexes obtained were then scored by the four 
scoring functions available in MOE: Affinity dG, Alpha 
HB, London dG, and GBVI/WSA dG Scorings.

3.2.1. Docking Results with COX-1 and COX-2
Both COX-1 and COX-2 isoforms are dimers con-

sisting of 576 and 581 amino acids, respectively, while both 
iso-enzymes share the same molecular mass of 70 kDa/
monomer. Each COX monomer consists of three structur-
al domains:61 a short N-terminal epidermal growth factor 
domain, a membrane binding domain, and a large, globu-
lar C-terminal catalytic domain. The cyclooxygenase and 
peroxidase active sites are located on opposite sides of the 
catalytic domain with inhibitor bound only in the cycloox-
ygenase active site. COX-1 and COX-2 isoforms present a 
high degree of homology.62 The entrance to the COX ac-
tive site occurs at the base of the membrane binding do-
main and leads to a long hydrophobic channel that extends 
deep into the interior of the catalytic domain.63 The COX 
channel is composed of three residues (Arg-120, Tyr-355, 
and Glu-524) that separates the channel from the active 
site. The hydrophobic catalytic pocket contains catalytic 
Tyr-385 as well as Ser-530 at the top of the pocket, and also 
Trp-387, Phe-518, Ala-201, Tyr-248 and Leu-352. The 
COX-1 and COX-2 active sites are very similar but differ 
in the presence of a side pocket with larger solvent accessi-
ble surface in COX-2 located above the Arg-120/Tyr-355/
Glu-524 constriction. This COX-2 side pocket is bordered 
by Val-523 (Ile-523 in COX-1) and contains His-90 and a 
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conserved Arg-513 (His-513 in most COX-1) at the base 
of the side pocket.64 Most NSAIDs act inhibiting non-se-
lectively both COX-1 and COX-2 iso-enzymes in a com-
petitively reversible noncovalent manner. Aspirin is the 
only clinically used inhibitor modifies covalently and irre-
versibly both COX-1 and COX-2 through acetylation of 
Ser-530.65 Aspirin analogues, like 2-bromoacetoxybenzoic 
acid and o-acetylsalicylhydroxamic acid, also bind in the 
COX-1 active site channel, acetylate Ser-530, and hydro-
gen-bond with Arg-120 at the constriction of the site.66 In 
the existing crystal structures of COX with aspirin ana-
logues, a hydrogen bond is formed between the carbonyl 

oxygen of the acetyl adduct and the phenolic hydrogen of 
Tyr-385, thus the presence of Tyr-385 across the active site 
from Ser-530 appears to be a critical determinant of acetyl-
atio.67 Phenylpropionic and arylacetic acid inhibitors 
(naproxen, diclofenac, indomethacin, ibuprofen, flurbi-
profen, mefenamic acid, and meclofenamic acid) form a 
two-step binding mode for COX inhibition forming an ion 
pair and/or hydrogen bond with Arg-120 (this interaction 
is critical for inhibition) and a hydrogen bond with Tyr-
355.68 The unique binding mode of diclofenac with COX-2 
is based on its inverted binding with the carboxylic acid 
moiety via hydrogen-bonded to Ser-530 and Tyr-385. The 

Table 6. Calculated docking scores for 36 N3 substituted 5,7-dimethyl-6-phenylazo-3Н-thiazolo[4,5-b]pyridin-2-one derivatives in complexes with 
COX-1 and COX-2

Com		  COX-1				    COX-2
pound	 GBVI/	 London	 Alpha	 Affinity	 GBVI/	 London	 Alpha	 Affinity
ID	 WSA dG	 dG	 HB	 dG	 WSA dG	 dG	 HB	 dG

1	 −3.5721	 −8.9854	 −102.5757	 −4.5784	 −4.7093	 −11.2232	 −75.6134	 −4.0763
2	 −3.4101	 −10.2535	 −88.3039	 −5.6864	 −0.5564	 −12.4995	 −74.2815	 −4.9970
3	 −3.5094	 −10.1962	 −86.8319	 −5.7342	 −2.0131	 −12.8897	 −78.0022	 −6.4081
4	 −2.0678	 −9.9628	 −107.7880	 −6.7700	 −2.0915	 −11.6763	 −76.0573	 −4.6654
5	 −3.6256	 −8.1085	 −87.9495	 −5.4172	 −2.4295	 −11.9037	 −75.1318	 −4.7097
6	 −2.0591	 −10.1058	 −108.9735	 −7.3861	 −5.0659	 −12.7828	 −90.2685	 −7.1683
7	 −2.1836	 −10.1408	 −118.3711	 −7.3602	 −5.0118	 −12.7031	 −78.0846	 −6.5735
8	 −3.5894	 −9.0593	 −86.7782	 −5.7160	 −0.5586	 −12.0557	 −65.6218	 −5.1219
9	 −3.3979	 −9.8344	 −135.8003	 −7.8005	 −5.5785	 −13.8054	 −83.1410	 −6.8872
10	 −3.9388	 −10.5867	 −144.8922	 −8.6517	 −4.9257	 −14.6358	 −93.0085	 −7.5152
11	 −3.8215	 −8.9786	 −135.7580	 −8.4577	 −6.2059	 −15.1357	 −85.5426	 −8.2501
12	 −3.8334	 −9.8577	 −129.3662	 −8.4110	 −5.7290	 −14.7253	 −86.3963	 −7.7120
13	 −3.7142	 −12.4254	 −129.5875	 −7.8616	 −4.1096	 −13.8382	 −78.8016	 −7.4252
14	 −4.3321	 −10.3371	 −155.4785	 −8.1072	 −5.7120	 −15.0507	 −79.7068	 −7.9452
15	 −2.4523	 −11.0348	 −136.3768	 −7.3664	 −5.7441	 −14.0444	 −80.4431	 −7.0865
16	 −3.3274	 −11.6665	 −143.5742	 −6.9413	 −5.6076	 −14.0993	 −86.9043	 −7.1747
17	 −3.9379	 −11.9141	 −129.8906	 −8.0258	 −4.7478	 −14.1567	 −84.6444	 −8.3579
18	 −2.3838	 −10.2205	 −124.5617	 −6.8422	 −3.6734	 −11.9241	 −78.3305	 −4.6454
19	 −1.2252	 −9.0904	 −132.0742	 −4.9922	 −4.7933	 −13.8596	 −94.6653	 −5.1191
20	 −2.6893	 −14.1219	 −135.4255	 −8.8465	 −4.6539	 −16.0134	 −64.9250	 −9.7737
21	 −2.6710	 −13.1721	 −132.7236	 −8.1597	 −5.2945	 −17.3721	 −98.9472	 −8.8459
22	 −4.4923	 −10.5589	 −137.0937	 −8.4308	 −5.4785	 −13.4701	 −89.1642	 −5.8359
23	 −2.3580	 −12.8478	 −172.6101	 −8.5650	 −3.9622	 −15.0712	 −87.9949	 −6.0371
24	 −2.2812	 −10.5789	 −137.5367	 −8.1755	 −4.1854	 −16.2461	 −87.2868	 −8.1194
25	 −2.8548	 −10.7060	 −132.2015	 −7.8614	 −4.3432	 −14.3780	 −81.6798	 −7.8906
26	 −3.7227	 −12.1064	 −128.3981	 −8.0519	 −5.2332	 −16.7522	 −96.1670	 −8.7652
27	 −3.4848	 −8.9993	 −144.0276	 −7.9182	 −4.6807	 −18.3361	 −97.7554	 −8.6181
28	 0.1975	 −11.4950	 −126.1505	 −6.7385	 −6.0431	 −14.7884	 −76.8276	 −6.6816
29	 −6.7684	 −12.0197	 −140.5306	 −5.6753	 −7.1984	 −16.2490	 −84.0470	 −8.4898
30	 −2.8618	 −11.1192	 −186.8507	 −8.2221	 −5.1307	 −17.3107	 −108.0430	 −8.6079
31	 −2.8262	 −8.7345	 −149.1720	 −7.4661	 −2.2133	 −16.3997	 −89.4604	 −8.0642
32	 −7.6292	 −11.5782	 −151.1346	 −9.9868	 −5.7125	 −18.2977	 −93.5176	 −10.1135
33	 −0.6069	 −11.8933	 −127.6375	 −6.3678	 −6.6209	 −14.8906	 −90.3635	 −8.3991
34	 1.6951	 −12.7936	 −177.5706	 −9.8437	 −7.0093	 −16.0785	 −107.9989	 −10.7538
35	 −4.0370	 −3.9965	 −135.4871	 −9.4130	 −3.4646	 −17.2437	 −85.9848	 −8.6887
36	 −5.0688	 −7.1341	 −155.8307	 −8.3196	 −4.0012	 −19.3118	 −97.8379	 −10.0296
Diclofenac 	 −0.6979	 −10.5624	 −95.7075	 −6.0407	 −3.9428	 −9.2298	 −107.4595	 −7.3823
Naproxen	 −	 −	 −	 −	 −7.2959	 −13.9041	 −94.5634	 −6.0959
α -methyl-4-	 −7.6663	 −13.9861	 −102.8187	 −7.7516	 −	 −	 −	 −
biphenyl-acetic acid
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inhibitor also forms extensive van der Waals interactions 
with several hydrophobic residues within the active 
site. Indomethacin binds deeply within the COX-2 active 
site with its p-chlorobenzoyl group projects up into the ac-
tive site channel, and the chlorine atom interacts with Leu-
384 at the top of the active site, while the benzoyl oxygen 
interacts with Ser-530. The benzoyl group itself is stabi-
lized by hydrophobic interactions with Leu-384, Tyr-385, 
Phe-381, and Trp-387. The carboxylate of indomethacin 
forms a salt bridge with Arg-120 and makes additional 
contacts with Tyr-355. The o-methoxy group protrudes in-
to a large cavity provided by Ser-353, Tyr-355, and Val-
523. The indole ring interacts with Val-349 and the 2‘-me-
thyl group projects  into a small hydrophobic pocket 
formed by Val-349, Ala-527, Ser-530, and Leu-531, this 
interaction is supposed as a key interaction responsible for 
the time-dependent inhibition of COX enzymes by this in-
hibitor.69 When turning to COX-2 selective inhibitors, it 
was shown, for instance, that lumiracoxib also binds in the 
COX-2 active site in an inverted orientation: its carboxy-
late forms hydrogen-bonding interactions with Ser-530 
and Tyr-385 at the top of the active site, similar to di-
clofenac while the methyl group on the phenylacetic acid 
ring projects into a small groove near Leu-384 in the COX-
2 active site. For diaryl heterocycle class of COX-2 selec-
tive inhibitors (celecoxib, rofecoxib, valdecoxib, etoricox-
ib) structure-activity analysis revealed that the 
fundamental factors responsible for the potent and selec-
tive inhibition of COX-2 include (1) two aromatic rings on 
adjacent positions on a central scaffold and (2) the pres-
ence of a sulfonamide or methyl sulfone group on one of 
the phenyl rings.

Docking calculations for N3 substituted 5,7-dime-
thyl-6-phenylazo-3Н-thiazolo[4,5-b]pyridin-2-ones were 
performed considering the X-ray crystallographic data of 
oCOX-1 and mCOX-2 with high resolutions downloaded 
from PDB (PDB entry codes 1Q4G, 3NT1 respectively). 
The most probable binding sites within the macromole-
cules were detected by means of MOE Site Finder, the al-
pha triangle as the placement algorithm was selected, run-
ning by superposition of ligand atom triplets and triplets 
of receptor site points. The receptor site points were repre-
sented by alpha sphere centres. At each iteration, a random 
ligand conformation was selected. A random triplet of li-
gand atoms and a random triplet of alpha sphere centres 
were used to determine the pose. The following docking 
calculations were performed by means of the DOCK tool 
implemented in MOE with the first rescoring function set-
ting as “London dG”, and the obtained poses were refined 
and rescored based on the refinement scoring function fix-
ing to “GBVI/WSA dG”. The values of the calculated dock-
ing scores for the compounds under study in their com-
plexes with COX-1,2 are listed in Table 6. Also, 
co-crystallized ligands (α-methyl-4-biphenylacetic acid in 
case of COX-1 and naproxen for COX-2) and diclofenac 
were docked to the receptors as references.

The calculated values of the docking scores for the 
most energetically favourable receptor-ligand complexes 
suggest the possible inhibitory activity of 3Н-thi-
azolo[4,5-b]pyridin-2-ones against both COX iso-forms 
expressed non-selectively. Alpha HB Scoring as a measure 
the geometric fit of the ligand to the binding site and hy-
drogen bonding effects, has significantly higher negative 
values for ligand-COX-1 complexes in comparison with 
the ligands complexed with COX-2 including reference 
drugs. Affinity dG Scoring, which estimated the enthalpic 
contribution to the free energy of binding, are comparable 
for both COX-1 and COX-2 complexes with a correspond-
ing ligand.

In case of COX-1 complexes, the values of London 
dG Scoring, which estimates the free energy of binding of 
the ligand from a given pose, are close in values to that one 
for diclofenac while London dG Scoring for α-methyl-4-bi-
phenylacetic acid-COX-1 complex has higher negative 
value. In case of ligans-COX-2 complexes London dG 
Scoring is comparable with that one for naproxen-COX-2 
complex and has considerably higher negative values as 
compared with the corresponding ligand-COX-1 and di-
clofenac-COX-2 complexes, indicating higher thermody-
namic probability of inhibitory activity towards COX-2 
isoform.

We further analysed the detailed binding modes for 
COX-1,2 complexes with ligands keeping in mind that the 
compounds under study starting from 9 contain bulky 
substituents in their N3 position and phenyl-azo group in 
C6 position while they have no carboxylic group for cata-
lytic Tyr-385 H-binding or Ser-530 acetylation.

It is well known that arylacetic acid inhibitors while 
binding to COX-1 and COX-2 active sites show two differ-
ent binding modes with their acidic groups position either 
coordinating to the catalytic Tyr-385 as well as Ser-530 at 
the apex of the pocket or to the constriction residues  
Arg-120 and Tyr-355 at the base of the active site.  
α-Methyl-4-biphenylacetic acid, the defluorinated ana-
logue of flurbiprofen, binds to COX-1 at the entrance of 
the long channel which leads into the enzyme active site, 
forming H-bonding interactions with Arg-120 and Tyr-
355. Binding at this site presumably blocks access of sub-
strate to Tyr-385, a residue essential for catalysis.38 Similar-
ly, the X-ray crystallographic structure of COX-2 in 
complex with naproxen39 adopts that naproxen is bound 
entirely within the main channel of the COX-2 active site 
in the opposite binding mode: the carboxylate group of 
naproxen participating in hydrogen-bonding interactions 
with Arg-120 (2.8 Å) and Tyr-355 (2.5 Å) at the base of the 
active site while p-methoxy group is oriented toward the 
top of the hydrophobic channel. The remainder of the in-
teractions between the compound and protein are van der 
Waals contacts.

The inspected binding modes of 5,7-dimethyl-6-phe-
nylazo-3Н-thiazolo[4,5-b]pyridin-2-ones within COX-1,2 
active sites revealed that two main ligands orientations are 
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possible: the N3 position substituent may be directed both 
inside and outside of the hydrophobic binding channel of 
the receptor. Figure 4 shows the binding modes of com-
pound 6 with COX-1 and COX-2.

The binding orientations and interaction mecha-
nisms in ligand-COX-1,2 complexes for the most active 
compounds are shown in Table 7.

The majority of top ranked poses of N3 substituted 
thiazolo[4,5-b]pyridin-2-one derivatives docked into 
COX-1 active site are oriented with their phenylazo group 
directed inside the hydrophobic pocket with the complex 
formation maintaining on account of mainly Nitrogen of 
pyridine core hydrogen-bonding interaction with Arg-
120. In some complexes additional stabilization on ac-
count of π-cation interaction between thiazole ring and 
Arg-120 (compounds 4, 7, 15, 16, 18, 25, 26, 30 and 31), 
also H-binding of Oxygen of N3-substituent acetamide 
moiety with Arg-120 and Tyr-355 amino acid residues 
(compounds 14, 20). Also compound 20 has been shown 
to make π-H interaction of phenyl moiety of the substitu-
ent with Ile-89 which is thought to be one of the important 
residues in the lobby region of the protein active site. 
H-binding between Nitrogen of phenylazo group and Arg-
120 is preferable for compounds 1, 2, 3, 5, 8 and 21 in their 
complexes with COX-1. In compound 2 - COX-1 complex 
Nitrogen of nitrile group forms additional binding with 
Arg-120. Additional hydrogen bond between Oxygen of 
thiazolidine ring and Arg-83 is forming for compounds 3, 
5, 8, 21. Oxygen of acetamide moiety is forming hydro-
gen-bonding interactions with both Arg-120 and Tyr-355 
for docking poses of compounds 19, 23, 24, 34 in COX-1 
active site. The same binding between Oxygen of aceta-
mide moiety with both Arg-120 and Tyr-355 is observed 
for compound 34 while the ligand in this case has the op-
posite orientation with the N3 position substituent orient 
towards the apex of the catalytic pocket. The same ligand 
orientation is displayed by compound 36 while the bind-
ing with COX-1 in this case is achieved via H-bonds be-
tween Nitrogen of methylene amino moiety of the substit-
uent and Arg-120, Nitrogen of phenylazo group and 

Arg-83 and additional π-H interaction between pyridine 
ring and Ile-89.

Similarly, the majority of top ranking poses of N3 
substituted thiazolo[4,5-b]pyridin-2-ones docked into 
COX-2 active sites show that phenylazo group is directed 
inside the hydrophobic pocket with the complex forma-
tion maintaining on account of mainly Nitrogen of pyri-
dine core hydrogen-bonding interactions with Arg-120 
or Tyr-355, located at the base of the active site. Some 
compounds bind deeply with COX-2 active site forming 
hydrogen bonds between Oxygen of N3-substituent 
acetamide moiety and Arg-120 amino acid residue as a 
single binding (compounds 20, 22, 24, 26, 27, 30) or in 
combination with N of pyridine cycle – Tyr-355 H-bind-
ing (compounds 10, 11, 28). Additional complexes stabi-
lization may be achieved on account of π-cation interac-
tion between thiazole ring and Arg-120 or π-H interaction 
between pyridine ring and Tyr-355. While for a few de-
rivatives the opposite orientation in COX-2 active site 
with the N3 position substituent orientation towards the 
apex of the catalytic pocket allowed to form more favour-
able complexes. For compounds 13 and 19 their opposite 
orientation still does not prevent the H-bonds formation 
between pyridine cycle ring and Arg-120. At the same 
time compound 3 forms hydrogen bonds between Oxy-
gen of thiazolidine ring with catalytic Ser-530 and be-
tween Nitrogen of phenylazo group with Arg-120. Com-
pounds 23 and 34 form complexes with COX-2 on 
account of Nitrogen of phenylazo group and Oxygen of 
acetamide moiety with Arg-120 and Tyr-355. The com-
plex between compound 34 and receptor is additionally 
stabilized by π-H interactions between both thiazolidine 
and pyridine rings with the lobby residue Leu-93. Com-
pound 35 is deeply bonded within COX-2 active site and 
therefor Oxygen of acetamide moiety is forming hydro-
gen-bonding interactions with both Arg-120 and Tyr-
355. Finally, compound 36 displays H-bonding interac-
tions between acetamide Oxygen with Arg-120 and 
Chlorine of dichlorophenyl moiety with Glu-524 at the 
base of the active site.

Fig. 4. Three-dimensional binding models of compound 6 in the active sites of COX-1 and COX-2: a) Compound 6 (magenta) overlayed with 
co-crystallized 2-(1,1’-biphenyl-4-yl)propanoic acid (green) in COX-1 active site; b) Compound 6 (magenta) overlayed with co-crystallized naprox-
en (green) in COX-2 active site
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3. 2. 2. Docking Results with mPGES-1
mPGES-1 is an inducible and glutathione-depend-

ent enzyme with molecular weight of 15-16 kDa, located 
on the endoplasmic reticulum. It is a transmembrane ho-
motrimer consisting of 152 amino acid residues long-
chain.70 Each asymmetric monomer is characterized by a 
four-helix bundle motif. Thus, the quaternary structure of 
mPGES-1 consists of a homotrimeric protein complex 
with twelve membrane-spanning alpha helices, and three 

equivalent active site ~15-Å-deep cavities with an opening 
measuring 12 × 9 Å within the membrane-spanning re-
gion at each monomer interface. The mPGES-1 homotri-
mer binds three glutathione (GSH) molecules in “U”-
shaped geometry due to the strong interactions between 
its two terminal carboxylic functions and the positively 
charged residues in the deeper part of the binding site 
(B:Arg-38, A:Arg-73). The GSH is coordinated by hydro-
gen bonds involving the side chains of Arg-73, Asn-74, 

Table 7. Interaction mechanisms, amino acid residues of the receptors active centers, interactions types and energy for complexes of thiazolo[4,5-b]
pyridin-2-ones with COX-1 and COX-2

Compound
ID			   СОХ-1			   СОХ-2

	 Ligand atoms	 Amino acids 	 H-bond	 Interac-	 Ligand atoms	 Amino acids 	 Bond	 Interac
	 and groups	 residues of	 distance, 	 tion 	 and groups	 residues of	 distance, 	 tion
	 participating in	 the receptor	 Å	 energy, 	 participating in	 the receptor	 Å	 energy, 
	 the interaction 			   kcal/	 the interaction			   kcal/
	 with the receptor, 			   mol	 with the receptor, 			   mol
	 and interaction types			   and iuteraction types

1	 =N-Ph, 	 Arg-120: NE	 2.67	 0.1	 N (pyridine core),	 Arg-120: NE	 3.41	 −0.7
	 H-acceptor				    H-acceptor
	 =N-Ph, 	 Arg-120: NH2	 2.76	 −1.6	 Thiazolidine core,	 Arg-120: NE	 4.70	 0.9
	 H-acceptor				    π-cation
	 −	 −	 −	 −	 Pyridine core, π-H	 Tyr-355: OH	 4.43	 −0.7

 2	 =N-Ph, 	 Arg-120: NH1	 3.05	 −1.2	 N (pyridine core),	 Arg-120: NE	 2.59	 0.1
	 H-acceptor					     H-acceptor
	 ≡N (nitrile	 Arg120: NH2	 2.68	 −1.8	 Pyridine core, 	 Tyr-355: OH	 4.14	 −1.1
	 group),				    π-H
	 H-acceptor

6	 N (pyridine 	 Arg-120: NH2	 3.38	 −2.2	 N (pyridine core), 	 Arg-120: NE	 3.28	 −1.2
	 core), H-acceptor				    H-acceptor
	 −	 −	 −	 −	 Thiazolidine core,	 Arg-120: NE	 4.60	 −1.3
					     π- cation

28	 N (pyridine core),	 Arg-120: NH2	 3.13	 −5.2	 N (pyridine core), 	 Tyr-355: OH	 2.72	 −1.9
	 H-acceptor				    H-acceptor
	 −	 −	 −	 −	 =O acetamide group,	 Arg-120: NE	 2.39	 8.5
					     H-acceptor
	 −	 −	 −	 −	 Pyridine core,	 Arg-120: NH2	 4.84	 −1.0
					     π-cation

35	 N (pyridine 	 Arg-120: NH2	 3.54	 −1.6	 =O acetamide group, 	 Arg-120: NH2	 2.49	 2.2
	 core),H-acceptor				    H-acceptor
	 −	 −	 −	 −	 =O acetamide group, 	 Tyr-355: OH	 2.59	 −0.9
					     H-acceptor
	 −	 −	 −	 −	 Ph of phenylazo 	 Lys-83: NZ	 3.59	 −1.8
					     group, π- cation

36	 -N= phenylazo	 Arg-83 NH1	 3.20	 −0.7	 Cl dichloro-	 Glu-524: OE1	 3.00	 −2.4
	 group, H-acceptor				    phenylpyrrole fragment, 
					     H-donor
	 -N= hydrazide	 Arg-120 NE	 3.05	 −3.9	 =O acetamide group, 	 Arg-120: NE	 2.67	 −5.3
	 group, H-acceptor				    H-acceptor
	 Pyridine core,
 	  Ile-89: CG2	 3.86	 −0.8	 −	 −	 −	 −	
	 π-H
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Glu-77, His-113, Tyr-117, Arg-126, and Ser-127 from hel-
ices II and IV, and the side chain of Arg-38 from helix I in 
a symmetry-related monomer. In addition to the hydrogen 
bonds, the phenol group of Tyr-130 forms a π-stacking in-
teraction with the gamma peptide linkage between the 
cysteine and the glutamate side chain of GSH. Several re-
gions in the binding site of mPGES-1 were disclosed which 
could be targeted by potential ligands. Firstly, it is the 
binding groove which is located between the GSH binding 
site and a molecular surface nearby the cytoplasmic part of 
the protein, mainly composed by aromatic (C:Phe-44, 
C:His-53) and polar (C:Arg-52) residues. The second 
binding region is located in a profound cavity correspond-
ing to GSH binding site which is mainly characterized by 
polar residues. In this area except the side chains residues 
which coordinate GSH, A:Tyr-130 is a important as its 
phenol group in the side chain is involved in a π-stacking 
with the gamma peptide linkage between the cysteine and 
the glutamate of GSH. This key residue could be targeted 
by a binder through a π-π interaction and/or polar/H-bond 
interactions with the phenol hydroxyl moiety in the side 
chain.71 Also Arg-126 and Ser-127 of chain A represent 
another fundamental residues in this binding area since 
they may play a critical role in catalytical isomerization 
mechanism from PGH2 to PGE2. Finally, moving from 
the external part of endoplasmic reticulum membrane to 
the cytoplasmic part of the protein, a binding groove is 
identifiable at the intersection between chain B and chain 
A, with polar (A:Gln-134), aliphatic (B:Val-24) and aro-
matic (B:Tyr-28) residues, and could be bound by long 
molecular functions.

In recent years a number of synthetic compounds 
with the property of mPGFES-1 inhibition were devel-
oped. Significant amount of them belong to fused hetero-
cycles-based derivatives. Among them some mPGES-1 
inhibitors also possessing anti-inflammatory action were 
discovered as phenanthrene imidazoles like MF63,72 ben-
zimidazoles,73 indole carboxylic acid derivatives like 
MK886,74 arylpyrrolizines (Licofelone derivatives),75 ben-
zoxazoles,76 aminobenzothiazoles77 and others.

However, despite the high number of inhibitors 
identified, to date, only two drug candidates are currently 
in Phase II clinical trials. GS-248 was initiated by Gesynta 
Pharma AB for treatment of microvascular diseases in 
chronic inflammatory conditions and is currently being 
tested in Phase II trial (https://www.clinicaltrials.gov/
search?cond=GS-248) with systemic sclerosis patients. In 
2023 GS-248 has been assigned the non-proprietary sub-
stance name vipoglanstat and introduced into clinical 
phase II development as a drug candidate for treatment of 
endometriosis. GRC 27864 (Glenmark Pharmaceuticals 
Ltd.) has successfully passed Phase I of clinical trials and 
has been adopted for Phase II as dose range finding study 
to evaluate the safety and efficacy in patients with moder-
ate osteoarthritic pain.78 Figure 5 shows chemical struc-
tures of some identified mPGES-1 inhibitors.

Fig. 5. Chemical structures of some known mPGES-1 inhibitors

In order to identify novel compounds that can inhib-
it mPGES-1 and to develop a predictive tool for the design 
of more potent mPGES-1 inhibitors based on thi-
azolo[4,5-b]pyridin-2-one scaffold, we performed docking 
studies for N3 substituted 5,7-dimethyl-6-phenyla-
zo-3Н-thiazolo[4,5-b]pyridin-2-one derivatives against 
mPGES-1 considering the X-ray high-resolution (1.2 Å) 
crystallographic structure of human mPGES-1 linked to 
GSH (PDB entry code 4AL0). We utilized molecular struc-
tures of three known mPGES-1 inhibitors, MK886 
(3-(1-(4-chlorobenzyl)-3-methyl-1H-indol-2-yl)-2,2-di-
methyl propanoic acid), MF63 ([2-(6-Chloro-1H-phenan-
thro[9,10-dlimidazol-2-yl)-isophthalonitrilel), and Li-
cofelon(2-[2-(4-chlorophenyl)-6,6-dimethyl-1-phenyl-
5,7-dihydropyrrolizin-3-yl]acetic acid) as reference 
ligands. The values of the estimated docking scores for 
5,7-dimethyl-6-phenylazo-3Н-thiazolo[4,5-b]pyridin-2-
one derivatives and reference drugs in their complexes 
with mPGES-1 are listed in Table 8.

GBVI/WSA dG, London dG and Alpha HB Scorings 
for all thiazolo[4,5-b]pyridin-2-ones in their complexes 
with mPGES-1 are comparable with that ones for referenc-
es, while some compounds exhibit more negative values: 
compound 21 has more negative values of all three scor-
ings, compounds 25 and 26 are more negative in London 
dG, compound 35 displays more negative GBVI/WSA dG, 
and compound 36 has more negative both GBVI/WSA dG 
and London dG. At the same time Affinity dG Scoring, 
which estimated the enthalpic contribution to the free en-
ergy of binding, has considerably higher negative values 

https://www.clinicaltrials.gov/search?cond=GS-248
https://www.clinicaltrials.gov/search?cond=GS-248
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for the complexes of reference drugs with mPGES-1 in 
comparison with thiazolo[4,5-b]pyridin-2-ones com-
plexed, the exceptions are compounds 1, 2 and 27 with 
more negative Affinity dG values.

We further analysed the detailed binding modes for 
mPGES-1 complexes with ligands. The binding orienta-
tions and interaction mechanisms in ligand-mPGES-1 
complexes for the most active compounds are shown in 
Table 9.

All ligands fit into the GHS-binding site of  
mPGES-1, as confirmed by the molecular docking results 
(Figure 6). Most complexes formation is maintained on 
account of Arg-126 amino acid residue of mPGES-1 active 
site interaction with the ligands while ligands` different 
atoms and functional groups are engaged. For instance, 
compounds 3, 5, 6, 8, 23 and 27 form hydrogen bonds be-
tween Arg-126 and Oxygen of thiazolidine-2-one ring. 
Additional complexes stabilization may be achieved on ac-

Table 8. The estimated scoring functions for 36 N3 substituted 5,7-dimethyl-6-phenylazo-3Н-thiazolo[4,5-b]pyridin-2-ones and reference drugs in 
complexes with mPGES-1

Compo-	 GBVI/	 London	 Alpha	 Affinity	 Compo-	 GBVI/	 London	 Alpha	 Affinity
und ID	 WSA dG	 dG	 HB	 dG	 und ID	 WSA dG	 dG	 HB	 dG

1	 −4.813	 −4.269	 −2.212	 −37.696	 21	 −5.309	 −8.062	 −5.589	 −0.361
2	 −3.954	 −5.206	 −1.289	 −54.498	 22	 −4.042	 −6.481	 −1.728	 −0.281
3	 −3.998	 −4.104	 −1.438	 −23.694	 23	 −4.811	 −7.741	 −2.422	 −24.917
4	 −3.376	 −4.074	 −1.329	 −13.094	 24	 −4.114	 −6.827	 −1.684	 −20.803
5	 −3.928	 −3.301	 −1.452	 −23.537	 25	 −4.017	 −10.518	 −1.628	 −12.337
6	 −4.139	 −6.594	 −1.582	 −19.431	 26	 −4.344	 −7.515	 −2.389	 −24.832
7	 −4.068	 −6.248	 −2.067	 −4.959	 27	 −4.942	 −9.528	 −1.801	 −39.510
8	 −3.955	 −5.837	 −1.566	 −19.205	 28	 −4.879	 −5.241	 −2.155	 −19.550
9	 −3.962	 −5.844	 −1.987	 −25.804	 29	 −5.059	 −8.500	 −2.345	 −15.018
10	 −3.656	 −6.773	 −1.329	 −28.648	 30	 −5.023	 −7.287	 −3.433	 −29.696
11	 −4.967	 −7.646	 −2.943	 −7.614	 31	 −4.950	 −6.732	 −2.172	 −14.517
12	 −5.479	 −6.173	 −3.163	 −14.754	 32	 −4.670	 −6.962	 −2.199	 −42.320
13	 −4.432	 −6.567	 −1.919	 −11.702	 33	 −3.500	 −7.511	 −0.692	 0.000
14	 −4.375	 −6.311	 −1.718	 −10.856	 34	 −4.474	 −8.059	 −2.675	 −13.970
15	 −4.209	 −8.831	 −2.367	 −13.734	 35	 −5.176	 −7.469	 −3.079	 −16.379
16	 −4.094	 −7.277	 −2.611	 2.194	 36	 −5.287	 −10.276	 −2.616	 −15.563
17	 −4.607	 −6.219	 −1.972	 −12.391	 MK886	 −4.040	 −7.472	 −2.326	 −34.163
18	 −3.914	 −6.593	 −1.588	 −1.719	 MF63	 −4.068	 −4.599	 −1.919	 −36.495
19	 −4.205	 −7.136	 −2.109	 −31.410	 Licofelon	 −3.996	 −7.811	 −2.741	 −33.234
20	 −4.986	 −7.152	 −3.149	 −14.257					   

Table 9. Interaction mechanisms, amino acid residues of the receptors active centers, interactions types and energy for complexes of thiazolo[4,5-b]
pyridin-2-one derivatives with mPGES-1

Compo-	 Ligand atoms and groups participating in the	 Amino acids residues 	 Bond distance, 	 Interaction energy, 
und ID	 interaction with the receptor, and interaction	 of the receptor	 Å	 kcal/mol
	 types

1	 N (pyridine core), H-acceptor	 Arg-126: NE 	 3.53	 −0.8
	 N (pyridine core), H-acceptor	 Arg-126: NH2 	 3.16	 −1.2
	 =O of thiazolidine-2-one core, H-acceptor	 Arg-73: NH2 	 2.90	 −5.7
	 =O of thiazolidine-2-one core, H-acceptor	 Tyr-117: OH 	 2.87	 −3.2
	 -CH3 in pyridine core 5th position, H-π	 Tyr-130: 6-ring 	 4.18	 −0.6
2	 =O of thiazolidine-2-one core, H-acceptor	 Arg-126: NE 	 2.99	 −6.6
	 =O of thiazolidine-2-one core, H-acceptor	 Arg-126: NH2 	 3.10	 −2.3
	 ≡N (nitrile group), H-acceptor	 Arg-73: NH1 	 3.38	 −2.7
	 ≡N (nitrile group), H-acceptor	 Arg-73: NH2 	 3.11	 −5.7
	 ≡N (nitrile group), H-acceptor	 Tyr-117: OH 	 3.33	 −2.0
6	 =O of thiazolidine-2-one core, H-acceptor	 Arg-126 NH2 	 3.02	 −4,0
28	 -NH- of hydrazide moiety, H-donor	 Thr-131: OG1 	 3.10	 −2.3
35	 Cl dichlorophenyl-furyl fragment, H-donor	 Ser-127: OG 	 3.90	 −0.6
	 Pyridine core, π-π	 Tyr-130: 6-ring 	 3.93	 −0.0
36	 =N-Ph, H-acceptor	 Arg-126: NH2 	 3.36	 −1.3
	 Thiazolidine core, π-H	 Ser-127: CD	 3.87	 −1.5
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count of H-binding between Nitrogen of nitrile group with 
Arg-127 and Tyr-117 (compound 2), hydrogen-bonding 
interaction between nitro group Oxygen of nitrophenyl 
moiety in N3 position substituent and Tyr-130 (compound 
10), π-H interaction between pyridine ring and Ser-127 or 
H-π interaction between Nitrogen in acetamide moiety 
and Tyr-130 (compounds 4 and 32, respectively).

Also, H-bond formation with Arg-126 may be 
achieved by its interaction with Oxygen of N3-substituent 
acetamide moiety like in compound 18 complex with  
mPGES-1. The same Oxygen atom can form hydrogen 
bonds with Ser-127 (compounds 9, 31). For compound 33, 
besides Oxygen of acetamide moiety binding with Arg-
126, thiazole ring can form π-cation interaction with Arg-
126 while compound 19 can form additional hydrogen 
bond between Oxygen of thiazolidine-2-one ring with 
Tyr-130. Some compounds are forming hydrogen bonds 
between Nitrogen of phenyl-azo moiety and Arg-126 ami-
no acid residue as a single binding (compounds 26, 34) or 
in combination with π-H interaction between thiazoli-
dine-2-one ring and Ser-127 (compounds 25, 36) accom-
panied by H-π interaction between Carbon of methyl 
group in thiazolo[4,5-b]pyridin-2-one fused core C5 posi-
tion and Tyr-130 (compounds 13, 17, 24). Arg-126 togeth-
er with Ser-127 and His-113 may act as H-donors for nitro 
group Oxygen of nitrophenyl moiety in N3 position sub-
stituent (compounds 11, 12, 20, 21), while additional 
complexes stabilizing is maintained on account of π-H in-
teractions between thiazolidine-2-one ring (compound 
11), pyridine ring (compound 12) or phenyl in phenyl-azo 
fragment (compound 20) and Tyr-130. Compound 1 can 
form H-binding with Arg-126 on account of its Nitrogen 

of pyridine core. Also hydrogen bonds between Oxygen of 
acetamide moiety with two amino acids residues – Arg-73 
and Tyr-117 exist together with H-π interaction between 
Carbon of methyl group in thiazolo[4,5-b]pyridin-2-one 
fused core C5 position and Tyr-130. For compound 35, its 
complex with mPGES-1 is formed on account of hydrogen 
bonding between Arg-126 and carbonyl Oxygen in benzo-

ic acid moiety accompanied by H-binding between Oxy-
gen of acetamide moiety with Tyr-130 and π-H interaction 
between thiazolidine-2-one ring with Tyr-130. Some com-
pounds can form π-H interaction between phenyl in phe-
nyl-azo fragment and Arg-126 (compounds 7, 15, 22). In 
complexes of compounds 15 and 28 with mPGES-1 
H-bond is formed between Nitrogen of acetamide moiety 
and Thr-131, while for compounds 7 and 15 additional 
π-H interaction between pyridine ring and Ser-127 can 
stabilize corresponding complexes.

In the complex of compound 22 H-bonding with 
Thr-131 is forming on account of thiazole core Sulfur at-
om. Similar S-Thr-131 hydrogen bond is formed for com-
pound 29 in its complex with mPGES-1. Thus compounds 
28 and 29 have no interactions with Arg-126. Similarly, 
compounds 14, 16 and 35 do not form binding with Arg-
126. Compound 14 form H-π interaction between Carbon 
of methyl group in thiazolo[4,5-b]pyridin-2-one fused 
core C5 position with Tyr-130 in combination with π-H 
interaction between thiazolidine-2-one ring and Ser-127. 
Compound 16 can form H-bond between Oxygen of 
acetamide moiety and Tyr-130 in combination with π-H 
interaction between thiazolidine-2-one ring and Tyr-130. 
For compound 35 in its complex with mPGES-1 hydrogen 
bond between Chlorine of dichlorophenyl-furyl fragment 

Fig. 6. a) Three-dimensional binding models of compound 6 (magenta) in the GHS-binding site of mPGES-1. The protein is depicted by ribbons 
(chain A). Glutathione (green) and ligand are represented by sticks; b) Sticks representation of the superposition of GHS (green), compounds 6 
(magenta) and 36 (cyan) in mPGES-1 active site
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with Ser-127 is accompanied by pyridine ring – Tyr-130 
π-π interaction.

Active dock poses of thiazolo[4,5-b]pyridines within 
the binding pocket of mPGES-1 analysis ensured the ac-
ceptor-ligand interaction possibility via hydrogen binding 
between oxygen of thiazole ring, Oxygen of N3-substituent 
acetamide moiety, Nitrogen atom of phenyl-azo moiety or 
Oxygen of nitrophenyl moiety in N3 position substituent 
of ligands and key side-chains residues of mPGES-1, con-
firmed with the effective docking scores.

3. 3. �Protein-ligand Interaction 
Pharmacophore Modelling
A pharmacophore is an abstract description of mo-

lecular features that are necessary for molecular recogni-
tion of a ligand by a biological macromolecule. The term 
pharmacophore was coined by Paul Ehrlich in 1909 to 
mean "a molecular framework that carries the essential 
features responsible for a drug's biological activity".79  
IUPAC defines a pharmacophore to be "an ensemble of 
steric and electronic features that is necessary to ensure the 
optimal supramolecular interactions with a specific bio-
logical target and to trigger (or block) its biological re-
sponse".80 So we may consider a pharmacophore as a 3D 
model describing the type and location of the binding in-
teractions between a ligand and its target receptor. A phar-

macophore model explains how structurally diverse lig-
ands can bind to a common receptor site. Furthermore, 
pharmacophore models can be used to identify through de 
novo design or virtual screening novel ligands that will 
bind to the same receptor.

As a predictive tool for the design of more potent in-
hibitors discovery we performed 3D pharmacophore 
modelling for thiazolo[4,5-b]pyridines using protein-li-
gand interaction fingerprints (PLIF) tool implemented in 
MOE software. PLIFs may be considered as strings that 
convert protein–ligand interactions from 3D information 
into 1D representations.

There are two categories of interaction in which a 
residue may participate in a protein-ligand complex: po-
tential (energy-based) contacts and surface (patch) con-
tacts. For potential contacts, the value is that of the strong-
est interaction between any pair of atoms in the residue 
and ligand, whereas for surface contacts the value is the 
total contact area of each type between a residue and the 
other molecule.

PLIF possesses a composition of seven visible finger-
print bits: side-chain hydrogen bond donor (D), side-chain 
hydrogen bond acceptor (A), backbone hydrogen bond 
donor (d), backbone hydrogen bond acceptor (a), solvent 
hydrogen bond (O), ionic attraction (I) and surface con-
tact (C). The hydrogen bond fingerprints are calculated 
using a method based on protein contact statistics, where-

Fig. 7. Barcode representation of the docking interactions between researched compounds and COX-1 (a) and COX-2 (b) isoforms
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by a pair of atoms is scored by distance and orientation. 
Ionic interactions are scored by calculating the inverse 
square of the distance between atoms with opposite formal 
charge (e.g. a carboxylate oxygen atom and a protonated 
amine). Surface contact interactions are determined by 
calculating the solvent-exposed surface area of the residue, 
first in the absence of the ligand, then in presence of the 
ligand.81,82

Receptors interaction fingerprints were generated 
firstly from the docked poses of the virtual screening hits. 
Affinity dG < −4 was used as a query for active poses. A 
"barcode" is a matrix image of fingerprints, in which each 
column corresponds to the formed interaction of a certain 
type (bit) with the corresponding amino acid residue, ami-
no acid residues are marked on the x-axis. Each line in the 
"barcode" indicates the active conformational position of 
the ligand that forms an interaction with the correspond-
ing amino acid residue.

As the interactions summarizing between ligands 
and both COX isoforms, the barcode diagrams were con-
structed for the virtual screening hits which depict the 
most frequent interactions between ligands and the side 
chains residues of COX-1,2 (Figure 7).

Barcodes for both COX isoforms contain five finger-
prints with Arg-83 in COX-1 being changed to Lys-83 in 
COX-2, also Ile-89 being replaced with Tyr-115. Arg-83 
fingerprint in COX-1 barcode consists of 3 bits – AAC, 
that is it can act as two hydrogen bonds acceptor and may 
form a surface contact with the ligand. At the same time 
Lys-83 fingerprint in COX-2 barcode is a two-bits one – 
AC, acting as hydrogen bond acceptor and forming a sur-
face interaction. Ile-89 fingerprint is one of the most fre-
quently populated in COX-1 barcode while it has just one 
bit – surface contact. Tyr-115 in COX-2 contains two bits 
– AC (H-bond acceptor and surface contact). The majority 
of compounds in the dataset showed interactions with 
Arg120 residue (99.4% of docking poses for COX-1 and 
97.6% of docking poses for COX-2), its fingerprint con-
sists of three bits for both COX isoforms – AAC: it may 
form two hydrogen bonds with the complexed compound 
on account of its sidechain nitrogen atoms action as accep-
tors in the donor-acceptor interactions, and the contact 

surface interaction is also possible. The most frequently 
populated interacting residues are also Tyr355 and Ser-
530, both are two-bits fingerprints – AA - acting as two 
hydrogen bonds acceptors.

The pharmacophore query generator option in the 
PLIF module was used to generate pharmacophore-3D 
models from the fingerprint bits with the input setting of 3 
Å maximum radius and feature coverage 50% threshold.

Generated pharmacophore models for both COX 
isoforms included two features (Figure 8).

Each generated model includes one common phar-
macophoric feature, which performs a single function in 
providing binding between ligands and the protein: fea-
ture F1 as hydrogen bond acceptor centre (Acc) with the 
radius of 1.855 Å for COX-1 and hydrophobic centre fea-
ture F1 (HydA) with the radius of 2.986 Å for COX-2. The 
second pharmacophore centre F2 in both obtained queries 
can perform a dual function: it is a region with the radius 
of 1.968 Å (COX-1) or 2.259 Å (COX-2) containing an 
H-acceptor or a hydrophobic atom (Acc&ML|HydA for 
COX-1 or HydA|Acc&ML for COX-2). Acc&ML means a 
combination of hydrogen bond acceptor feature and a 
metal ligation site. The distances between the pharmaco-
phoric centres are 2.81 Å in the model for COX-1 and 6.28 
Å in the model for COX-2.

Constructed pharmacophoric models for COX-1,2 
were then validated by screening the test compounds data-
base over them. Compounds overlaying with two-points 
pharmacophore queries (Figure 9) suggests that H-accep-
tor feature is commonly overlayed with the steric arrange-
ment of the nitrogen atom of the pyridine heterocycle, ni-
trogen in hydrazide group, or the oxygen atom of the 
acetamide fragment in N3 substituent moiety. Thiazoli-
dine-2-one core, the carbon atom connected to nitrogen in 
the 3rd position of the thiazolidine ring, or the carbon at-
oms of the alkyl substituent in N3 position can act as hy-
drophobic regions.

Performed pharmacophore search ensured that the 
pharmacophore queries summary at 357 docking entries 
obtained for COX-1 are able to describe correctly the ab-
solute hits number of 310 docking conformations (86.83%) 
with 33 of 36 structures (91.67%) without additional steric 

Fig. 8. Two-points pharmacophore queries generated with PLIF tool for thiazolo[4,5-b]-pyridin-2-one derivatives in complexes with COX-1 (a) and 
COX-2 (b) 
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modifications of the ligands structure. The correctness of 
pharmacophore query obtained for COX-2 revealed 23 
compounds (63.89%), or 219 conformations (53.16%) out 
of 412 obtained by docking as the absolute hits. The rela-
tive hits number for both COX iso-forms was found 
100.00% with the active poses of 36/36 compounds 
(100.00%).

Receptor interaction fingerprints were generated 
from the docked poses of the virtual screening hits with 
mPGES-1 active sites coordinates depicting the interac-
tions between compounds from the dataset and the fol-
lowing receptor amino acids residues: Arg73, His113, 
Tyr117, Arg126, Ser127, Tyr130, and Thr131 (Figure 10).

Arg-73 fingerprint consists of 2 bits – AC, that is it 
can act as side-chain hydrogen bond acceptor and may 
form a surface contact with the ligand. His-113 and Tyr-
117 are one-bit fingerprints both acting as hydrogen bond 
acceptors. The most highly populated Arg-126 amino acid 
residue and Ser-127 are two-bits fingerprints - AA - both 
acting as two side-chain hydrogen bonds acceptors. Tyr-
130 fingerprint contains 3 bits – AAC, that is it can act as 
two hydrogen bonds acceptor and may form a surface con-
tact with the ligand. Thr-131 is also a three-bits fingerprint 
– DDA, while it can act as two side-chain hydrogen bonds 
donor and may form a surface contact with the ligand.

The generated 3D pharmacophoric model obtained 
as a result of PLIF identification for thiazolo[4,5-b]pyri-
dine-2-one derivatives in mPGES-1 active site contains 
three common features (Figure 11a): hydrogen bond ac-

ceptor feature with the radius of 2.915 Å and two hydro-
phobic center features with the radii of 2.768 Å and 2.893 
Å. The distances between the H-acceptor and two hydro-
phobic centres are 6.18 Å and 4.01 Å, and the distance be-
tween the hydrophobic pharmacophoric centres is 6.79 Å. 
The data set compounds were virtual screened over the 
developed pharmacophore query in order to validate its 
correctness (Figure 11b). Compounds overlaying with the 
constructed pharmacophore query for mPGES-1 suggests 
that H-acceptor feature is commonly overlayed with the 
nitrogen atom of the pyridine core or the oxygen atom of 
the acetamide fragment in N3 substituent moiety. Thiazo-
lidine core, the part of pyridine core together with methyl 
substituents in its 5th or 7th positions, or phenyl moiety 
connected to azo group can act as hydrophobic regions.

The correctness of pharmacophore queries was con-
firmed in the way of pharmacophore search performing. 
The summary at 786 entries showed the absolute hits num-
ber of 467 docking conformations (59.41%) with 25 of 36 
structures (69.44%). The relative hits number for con-
structed mPGES-1 pharmacophoric model was found as 
786 entries (100.00%) for 36/36 compounds (100.00%).

The analysis of all obtained pharmacophore models 
indicates the functionality of the condensed bicyclic thi-
azolopyridine scaffold, which is ensured by the steric 
placement of atoms of at least one of these heterocycles in 
the corresponding pharmacophore centers. The generated 
models can be used to screen virtual compound libraries 
for potentially active molecules.

Fig. 9. Two-points pharmacophore queries overlaying with compounds 1 (grey) and 6 (magenta) for COX-1 (a) and COX-2 (b)

Fig. 10. Barcode representation of the docking interactions between active dock poses of the researched compounds and mPGES-1
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4. Conclusions
Condensed thiazolopyridine heterocyclic system can 

be considered as a promising scaffold for the combinatori-
al libraries construction of potential biologically active 
small molecules. This conclusion is based on the diversity 
of biological actions possessed by their derivatives and in-
hibitory properties of this system towards several enzymes, 
revealed with virtual screening tools, what is typical for 
privileged structures.

Firstly, the combination of two heterocycles to 
form a bicyclic condensed system as the scaffold for 
further functionalization, provides a small number of 
rotational bonds. Secondly, the affinity of the com-
pounds under study towards several receptors proved 
by molecular docking results was ensured by the com-
plementarity of the electrostatic and steric surfaces of 
receptors and ligands in general and the core scaffold in 
particular, as it was shown that the number of fused bi-
cyclic core heteroatoms were able to form energetically 
favourable non-covalent interactions with proposed re-
ceptors. And, thirdly, the existing possibilities for thi-
azolopyridine core functionalization, in particular in its 
3rd and 6th positions, allow to increase the inhibitory 
selectivity and specificity of the corresponding deriva-
tives as well as their affinity towards certain receptors 
by introducing the appropriate substituents into the 
molecular structure.

The proposed virtual screening results provide an 
excellent starting point for rational design and de novo 
synthesis of novel thiazolo[4,5-b]pyridine-2-one scaffold 
based potential drug candidates.
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Povzetek
Poročamo o kombinirani in silico strategiji za raziskovanje molekulskih mehanizmov serije 3H-tiazolo[4,5-b]piri-
din-2-onov, ki kažejo močno protieksudativno delovanje. Pri raziskavi smo uporabili metode QSAR, molekularnega 
sidranja in modeliranja farmakoforov. Pri generiranju QSAR modelov z deskriptorji 2D avtokorelacije smo uporabili 
tehniko GA-ML. Eno- in dvo-parametrska regresija je razkrila, da določeni strukturni vzorci ali heteroatomi vzajemno 
prispevajo k povečanju protieksudativne aktivnosti. Možne mehanizme delovanja smo določili s fleksibilnimi simulaci-
jami sidranja v encime, ki nastopajo v poti ciklooksigenaze (COX-1, COX-2, mPGES-1). Rezultati kažejo na možnost 
tvorbe stabilnih kompleksov z dobrimi ocenami sidranja in pravilno orientacijo ligandov znotraj aktivnih mest encimov. 
Modeliranje farmakoforov je bilo izvedeno z uporabo metodologije prstnih odtisov interakcij med proteinom in ligan-
dom. Napravili smo 3D farmakoforne preiskave z dvema in tremi centri. Njihova analiza je nakazala funkcionalnost 
bicikličnega tiazolopiridinskega ogrodja, kar dokazuje, da so heteroatimi sterično umeščeni v ustrezne farmakoforne 
centre.
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Abstract
Two new oxidovanadium(V) complexes, [VO2L1] (1) and [V2O2(μ-O)2L2)] (2), where L1 and L2 are the deprotonat-
ed form of 5-bromo-2-(((2-(pyrrolidin-1-yl)ethyl)imino)methyl)phenol (HL1) and 5-bromo-2-(((2-((2-hydroxyethyl)
amino)ethyl)imino)methyl)phenol (HL2), respectively, have been synthesized and structurally characterized by phys-
ico-chemical methods and single crystal X-ray determination. X-ray analysis indicates that the V atom in complex 1 
is in square pyramidal coordination, and those in complex 2 are in octahedral coordination. Crystal structures of the 
complexes are stabilized by hydrogen bonds. The catalytic property for epoxidation of styrene by the complexes was 
evaluated. 

Keywords: Vanadium complex, Schiff base, crystal structure, catalytic property

1. Introduction
Schiff bases bearing typical –CH=N– group repre-

sent one of the most attractive series of ligands in coordi-
nation chemistry.1 The compounds can coordinate to var-
ious transition and rare earth metal atoms through the 
imino nitrogen, and/or other oxygen and nitrogen atoms, 
to form complexes with versatile structures and properties 
like antibacterial, enzyme inhibition, magnetism, catalytic 
and photoluminescence.2 In the past years, a number of 

complexes with Schiff base ligands have been reported to 
have fascinating catalytic properties, such as oxidation of 
sulfides, polymerization and asymmetric epoxidation.3 
Among the complexes those with V centers are of particu-
lar interest for their catalytic applications.4 There are a 
number of mononuclear and dinuclear vanadium com-
plexes with Schiff base ligands have been reported.5 How-
ever, there is no reasonable explanation on what kind of 
structures can be obtained. In pursuit of new vanadium 

Scheme 1. The Schiff bases HL1 and HL2. 
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complexes with Schiff base ligands, and investigating the 
influence on the formation of mononuclear and dinuclear 
species, we report herein two new oxidovanadium(V) 
complexes, [VO2L1] (1) and [V2O2(μ-O)2L2)] (2), where L1 
and L2 are the deprotonated form of 5-bromo-2-(((2-
(pyrrolidin-1-yl)ethyl)imino)methyl)phenol (HL1) and 
5-bromo-2-(((2-((2-hydroxyethyl)amino)ethyl)imino)
methyl)phenol (HL2), respectively (Scheme 1). 

2. Experimental
2. 1. Materials

4-Bromosalicylaldehyde, N-(2-aminoethyl)pyrroli-
dine, N-hydroxyethyl-1,2-ethylenediamine and VO(acac)2 
were purchased from Aldrich. All other reagents with AR 
grade were used as received. The Schiff bases HL1 and HL2 
were prepared by reaction of equimolar quantities of 
4-bromosalicylaldehyde with N-(2-aminoethyl)pyrrolidi-
ne and N-hydroxyethyl-1,2-ethylenediamine, respectively 
in methanol according to the literature method.6 

2. 2. Physical Measurements
Infrared spectra (4000–400 cm–1) were recorded as 

KBr discs with a FTS-40 BioRad FT-IR spectrophotome-
ter. The electronic spectra were recorded on a Lambda 35 
spectrometer. Microanalyses for C, H and N of the com-
plexes were carried out on a Carlo-Erba 1106 elemental 
analyzer. Solution electrical conductivity was measured at 
298K using a DDS-11 conductivity meter. GC analyses 
were performed on a Shimadzu GC-2010 gas chromato-
graph.

2. 3. X-ray Crystallography
Crystallographic data of the complexes were col-

lected on a Bruker SMART CCD area diffractometer with 
graphite monochromated Mo-Kα radiation (λ = 0.71073 
Å) at 298(2) K. Absorption corrections were applied by 
using the multi-scan program.7 Structures of the com-
plexes were solved by direct methods and successive Fou-
rier difference syntheses, and anisotropic thermal pa-
rameters for all nonhydrogen atoms were refined by 
full-matrix least-squares procedure against F2.8 All 
non-hydrogen atoms were refined anisotropically. The 
amino and hydroxyl H atoms of complex 2 were located 
from a difference Fourier map and refined isotropically, 
with N‒H and O‒H distances restrained to 0.90(1) and 
0.85(1) Å, respectively. The remaining hydrogen atoms 
were located at calculated positions, and refined isotrop-
ically with Uiso(H) values constrained to 1.2 Uiso(C). The 
C11 and C12 atoms in complex 1 are slightly disordered 
and were refined isotropically. The crystallographic data 
and experimental details for the structural analysis are 
summarized in Table 1. 

Table 1. Crystallographic data for the single crystal of the complex-
es

	 1	 2

Empirical formula	 C13H16BrN2O3V	 C22H28Br2N4O8V2
Formula weight	 379.13	 738.18
Temperature (K)	 298(2)	 298(2)
Crystal system	 Monoclinic	 Triclinic
Space group	 P21/c	 P–1
a (Å)	 13.2544(16)	 6.8311(6)
b (Å)	 10.5573(14)	 11.6180(10)
c (Å)	 10.7724(14)	 17.2478(13)
α (º)	 90	 76.8550(10)
β (º)	 102.5040(10)	 79.1930(10)
γ (º)	 90	 89.7430(10)
V (Å3)	 1471.6(3)	 1308.30(19)
Z	 4	 2
F(000)	 760	 736
μ, mm–1	 3.397	 3.823
Rint	 0.0350	 0.0540
Collected data	 7690	 14314
Unique data	 2741	 4864
Observed data 	 2045	 3680
   [I > 2σ(I)]
Restraints	 12	 4
Parameters	 182	 355
Goodness-of-fit	 1.050	 1.011
   on F2

R1, wR2 indices 	 0.0563, 0.1643	 0.0421, 0.1145
   [I > 2σ(I)]
R1, wR2 indices	 0.0767, 0.1816	 0.0627, 0.1267
   (all data)

2. 4. Synthesis of [VO2L1] (1)
HL1 (1.0 mmol, 0.30 g) and [VO(acac)2] (1.0 mmol, 

0.26 g) were mixed and stirred in methanol (50 mL) for 30 
min at 25 ºC. The brown solution was evaporated to re-
move three quarters of the solvents under reduced pres-
sure, yielding deep brown solid of the complex. Yield: 0.22 
g (58%). Well-shaped single crystals suitable for X-ray dif-
fraction were obtained by re-crystallization of the solid 
from methanol. Analysis calculated for C13H16BrN2O3V: 
C, 41.18; H, 4.25; N, 7.39%; found: C, 41.07; H, 4.32; N, 
7.30%. IR data (KBr, cm–1): 1630 (vs, νC=N), 943 and 927 
(m, νV=O). UV-Vis data (λmax, nm): 228, 366. 

2. 5. Synthesis of [V2O2(μ-O)2L2)] (2)
HL2 (1.0 mmol, 0.29 g) and [VO(acac)2] (1.0 mmol, 

0.26 g) were mixed and stirred in methanol (50 mL) for 30 
min at 25 ºC. The brown solution was evaporated to re-
move three quarters of the solvents under reduced pres-
sure, yielding deep brown solid of the complex. Yield: 0.25 
g (68%). Well-shaped single crystals suitable for X-ray dif-
fraction were obtained by re-crystallization of the solid 
from methanol. Analysis calculated for C22H28Br2N4O8V2: 
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C, 35.80; H, 3.82; N, 7.59%; found: C, 35.63; H, 3.76; N, 
7.51%. IR data (KBr, cm–1): 3372 (w, νOH), 3206 (w, νNH), 
1632 (vs, νC=N), 935 and 967 (m, νV=O). UV-Vis data (λmax, 
nm): 225, 260, 363. 

2. 6. Styrene Epoxidation
The epoxidation reaction was carried out at room 

temperature in acetonitrile under N2 atmosphere with 
constant stirring. The composition of the reaction mixture 
was 2.00 mmol of styrene, 2.00 mmol of chlorobenzene 
(internal standard), 0.10 mmol of the complexes (catalyst) 
and 2.00 mmol iodosylbenzene or sodium hypochlorite 
(oxidant) in 5.00 mL freshly distilled acetonitrile. When 
the oxidant was sodium hypochlorite, the solution was 
buffered to pH 11.2 with NaH2PO4 and NaOH. The com-
position of reaction medium was determined by GC with 
styrene and styrene epoxide quantified by the internal 
standard method (chlorobenzene). All other products de-
tected by GC were mentioned as others. The reaction time 
for maximum epoxide yield was determined by withdraw-
ing periodically 0.1 mL aliquots from the reaction mix-
ture. This time was used to monitor the efficiency of the 
catalyst on performing at least two independent experi-
ments. Blank experiments with each oxidant and using the 
same experimental conditions except catalyst were also 
performed. 

3. Results and Discussion
3. 1. Chemistry

Complexes 1 and 2 were prepared by reaction of 
VO(acac)2 with HL1 and HL2, respectively in methanol 
(Scheme 2). Complex 1 is a mononuclear vanadium com-
pound, while complex 2 is an oxido bridged dinuclear 
compound. There are two N−H···O hydrogen bonds be-
tween the two [VO2L2] units in complex 2, which make the 
two molecules close to each other. However, in the mono-

nuclear complex 1, there is no such hydrogen bond. Thus, 
the formation of mononuclear or dinuclear vanadium 
complexes depends on whether there are additional inter-
actions like hydrogen bonding between the molecules. The 
Schiff bases were deprotonated during the coordination. 
The oxidation of V(IV) in VO(acac)2 to V(V) in both com-
plexes during the reaction in air is not uncommon.9 The 
molar conductivities are 35 Ω–1 cm2 mol–1 (1) and 30 Ω–1 
cm2 mol–1 (2), which are consistent with the values expect-
ed for non-electrolyte.10 

3. 2. �Crystal Structure Description of 
Complex 1
Selected bond lengths and angles for the complex are 

listed in Table 2. Single crystal X-ray analysis indicates that 
the complex is a mononuclear oxidovanadium(V) com-
pound. The ORTEP plot of the complex is shown in Fig. 1. 
The V atom in the complex is in square pyramidal geome-
try, with the phenolate oxygen (O1), imino nitrogen (N1) 
and pyrrolidine nitrogen (N2) of the Schiff base ligand and 
one oxo oxygen (O2) defining the basal plane, and with the 
other oxo oxygen (O3) locating at the apical position. The 
V atom displaced towards the apical oxygen by 0.471(1) Å. 
The geometry can be evidenced by the τ value of 0.44, 
which indicates it a distorted square pyramidal coordina-
tion.11 The distortion of the coordination can also be ob-
served from the bond angles related to the V atom. The 
cis- and trans- angles at the basal plane are 76.75(16)–
115.25(18)° and 132.94(19)–159.31(15)°. The deviation 
from the ideal square pyramidal geometry are mainly ori-
gin from the strain created by the five-membered chelate 
ring V1–N1–C8–C9–N2 and the repulsive force between 
the two oxo oxygen. The bond lengths of V1–O1 of 
1.910(4) Å, V1–N1 of 2.137(4) Å and V1–N2 of 2.170(4) Å 
are comparable to those observed in Schiff base oxidova-
nadium(V) complexes.12 The terminal V1–O2 and V1–O3 
are 1.621(4) and 1.615(4) Å, which agree well with the cor-
responding values reported for related systems.9 

Scheme 2. The synthetic procedure of the complexes. 
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In the crystal structure of the complex, the molecules 
are linked by C13–H13B∙∙∙O3 hydrogen bonds (Table 3), to 
form one-dimensional chains running along the c axis. 
The chains are further linked through C3–H3∙∙∙O2 hydro-
gen bonds at the b axis, generate two-dimensional network 
(Fig. 2). 

Fig. 1. ORTEP diagram of complex 1 with 30% thermal ellipsoid. 

Fig. 2. Molecular packing structure of complex 1 linked by hydro-
gen bonds (dashed lines). 

3. 3. �Crystal Structure Description of 
Complex 2
Selected bond lengths and angles for the complex are 

listed in Table 2. Single crystal X-ray analysis indicates that 
the complex is an oxido bridged dinuclear oxidovanadi-

um(V) compound. The molecule possesses crystallo-
graphic inversion center symmetry. The ORTEP plot of the 
complex is shown in Fig. 3. The V atoms in the complex 
are in octahedral geometry, with the phenolate oxygen 
(O1), imino nitrogen (N1) and pyrrolidine nitrogen (N2) 
of the Schiff base ligand and one bridging oxo oxygen (O2) 
defining the equatorial plane, and with one terminal oxo 
oxygen (O3) and the other bridging oxo oxygen (O2A) lo-
cating at the axial positions. The V atom displaced towards 
the axial oxygen (O3) by 0.312(1) Å. The distortion of the 
coordination can be observed from the bond angles relat-
ed to the V atom. The cis- and trans- angles at the equato-
rial plane are 75.86(13)–106.68(14)° and 155.19(13)–
173.35(12)°, respectively. The deviation from the ideal 
octahedral geometry is mainly caused by the five-mem-
bered chelate ring V1-N1-C8-C9-N2 and the repulsive 
force between the two oxo oxygen. The bond lengths of 
V1–O1 of 1.918(3) Å, V1–N1 of 2.149(3) Å and V1–N2 of 
2.182(3) Å are similar to complex 1, and comparable to 
those observed in Schiff base oxidovanadium(V) complex-
es.13 The bond lengths agree well with the corresponding 
values reported for related systems.12,13 

In the crystal structure of the complex, the molecules 
are linked by N2–H2∙∙∙O1, O4–H4∙∙∙O8, N4–H4A∙∙∙O5, 
O8–H8∙∙∙O2, C19–H19A∙∙∙O6 and C20–H20B∙∙∙O4 hydro-
gen bonds, to form two-dimensional network (Fig. 4). 

Fig. 4. Molecular packing structure of complex 2 linked by hydro-
gen bonds (dashed lines). 

Fig. 3. ORTEP diagram of complex 2 with 30% thermal ellipsoid. Atoms labeled with the suffix A and B are related to the symmetry operations ‒x, 
‒y, ‒z, and ‒x, 1 ‒ y, 1 ‒ z. 
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Table 2. Selected bond distances (Å) and bond angles (º) for the 
complexes

1			 

V1‒O1	 1.910(4)	 V1‒O2	 1.621(4)
V1‒O3	 1.614(4)	 V1‒N1	 2.137(4)
V1‒N2	 2.169(4)		
O3‒V1‒O2	 110.5(2)	 O3‒V1‒O1	 101.28(19)
O2‒V1‒O1	 98.20(18)	 O3‒V1‒N1	 115.25(18)
O2‒V1‒N1	 132.95(19)	 O1‒V1‒N1	 83.41(15)
O3‒V1‒N2	 92.52(18)	 O2‒V1‒N2	 91.16(19)
O1‒V1‒N2	 159.32(15)	 N1‒V1‒N2	 76.75(16)

2			 

V1‒O1	 1.918(3)	 V1‒O2	 1.692(3)
V1‒O3	 1.600(3)	 V1‒N1	 2.149(3)
V1‒N2	 2.182(3)	 V1‒O2A	 2.328(3)
V2‒O5	 1.925(3)	 V2‒O6	 1.660(3)
V2‒O7	 1.615(3)	 V2‒N3	 2.161(3)
V2‒N4	 2.163(3)	 V2‒O6A	 2.365(3)
O3‒V1‒O2	 106.68(14)	 O3‒V1‒O1	 98.29(14)
O2‒V1‒O1	 102.97(13)	 O3‒V1‒N1	 95.99(14)
O2‒V1‒N1	 155.19(13)	 O1‒V1‒N1	 83.14(12)
O3‒V1‒N2	 94.18(14)	 O2‒V1‒N2	 92.26(13)
O1‒V1‒N2	 156.56(13)	 N1‒V1‒N2	 75.86(13)
O3‒V1‒O2A	 173.35(12)	 O2‒V1‒O2A	 79.22(12)
O1‒V1‒O2A	 83.09(11)	 N1‒V1‒O2A	 77.68(11)
N2‒V1‒O2A	 82.38(12)	 O7‒V2‒O6	 107.54(15)
O7‒V2‒O5	 101.54(14)	 O6‒V2‒O5	 98.45(13)
O7‒V2‒N3	 98.71(15)	 O6‒V2‒N3	 152.54(14)
O5‒V2‒N3	 83.76(13)	 O7‒V2‒N4	 92.25(15)
O6‒V2‒N4	 93.52(13)	 O5‒V2‒N4	 158.02(13)
N3‒V2‒N4	 77.23(13)	 O7‒V2‒O6B	 170.70(13)
O6‒V2‒O6B	 77.58(13)	 O5‒V2‒O6B	 85.08(12)
N3‒V2‒O6B	 75.34(11)	 N4‒V2‒O6B	 79.55(12)

Symmetry operations: A: ‒x, ‒y, ‒z; B: ‒x, 1 ‒ y, 1 ‒ z. 

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

D–H∙∙∙A	 d(D–H)	 d(H∙∙∙A)	 d(D∙∙∙A)	 Angle 
(D–H∙∙∙A)

1	 			 
C3–H3∙∙∙O2#1	 0.93	 2.49(3)	 3.338(5)	 151(5)
C13–H13B∙∙∙O3#2	 0.97	 2.38(3)	 3.314(5)	 162(5)

2	 			 
N2–H2∙∙∙O1#3	 0.90(1)	 2.34(4)	 3.137(4)	 148(5)
O4–H4∙∙∙O8#4	 0.85(1)	 1.88(1)	 2.735(5)	 178(7)
N4–H4A∙∙∙O5#5	 0.90(1)	 2.38(5)	 3.073(5)	 134(5)
O8–H8∙∙∙O2#6	 0.85(1)	 2.17(1)	 3.016(4)	 172(6)
C19–H19A∙∙∙O6#7	 0.97	 2.54(2)	 3.115(4)	 118(5)
C20–H20B∙∙∙O4#6	 0.97	 2.48(2)	 3.442(4)	 171(5)

Symmetry codes: #1: 1 – x, –y, 1 – z; #2: x, ½ – y, –½ + z; #3: –x, –y, 
–z; #4: 1 + x, y, –1 + z; #5: –x, 1 – y, 1–z; #6: x, y, 1 + z; #7: 1 + x, y, z. 

3. 4. �IR and UV-vis Spectra of the Complexes
The weak absorption at 3372 cm–1 and the sharp ab-

sorption at 3206 cm–1 of complex 2 are attributed to the 
stretching vibrations of O‒H and N‒H bonds, respectively. 
The intense bands at 1630 cm–1 for 1 and 1632 cm–1 for 2 are 
assigned to the vibrations of the azomethine groups, 
ν(C=N).14 The characteristic of the spectra of both complex-
es is the exhibition of bands at 943 and 927 cm–1 for 1, and 
935 and 967 cm–1 for 2, corresponding to the V=O stretch-
ing vibrations.15 This agrees well with the bond lengths of 
C=N bonds in the crystal structures determined by single 
crystal X-ray diffraction. The two bands are close to each 
other in the spectrum of 1, while those in complex 2 are not 
too close. The weak bands in the range 400–650 cm–1 are 
assigned to the vibrations of the V–O and V–N bonds. 

In the UV-Vis spectra of the complexes, the bands at 
360–370 nm are attributed to the azomethine chromo-
phore π-π* transitions. The bands at higher energy (220–
260 nm) are associated with the benzene π-π* transitions.16 

3. 5. Catalytic Properties of the Complexes
The percentage of conversion of styrene, selectivity 

for styrene oxide, yield of styrene oxide and reaction time 
to obtain maximum yield using both the oxidants are giv-
en in Table 4. The data reveals that the complexes as cata-
lysts convert styrene most efficiently in the presence of 
both oxidants. Nevertheless, the catalysts are selective to-
wards the formation of styrene epoxides despite the for-
mation of by-products which have been identified by GC-
MS as benzaldehyde, phenylacetaldehyde, styrene epoxides 
derivative, alcohols etc. From the data it is also clear that 
the complexes exhibit excellent efficiency for styrene epox-
ide yield. When the reactions are carried out with PhIO 
and NaOCl, styrene conversions of complexes 1 and 2 
were about 88% and 84%, and 83% and 80%, respectively. 
It is evident that between PhIO and NaOCl, the former 
acts as a better oxidant with respect to both styrene con-
version and styrene epoxide selectivity. The epoxide yields 
for the complexes 1 and 2 using PhIO and NaOCl as oxi-
dants are 87% and 83%, and 79% and 75%, respectively. 

Table 4. Catalytic epoxidation results of complexes 1 and 2*

	 1	 1	 2	 2

Oxidant	 PhIO	 NaOCl	 PhIO	 NaOCl
Conversion (%)	 88	 84	 83	 80
Epoxide yield (%)	 87	 83	 79	 75
Selectivity (%)	 97	 95	 89	 91

* The time is 2 h for PhIO, and 3 h for NaOCl. 

4. Conclusion
A new mononuclear oxidovanadium(V) complex 

and a new dinuclear oxidovanadium(V) complex derived 
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from tridentate Schiff bases have been synthesized and 
characterized. Single crystal X-ray analysis indicates that 
the V atoms in the mononuclear and dinuclear complexes 
are in distorted square pyramidal and octahedral coordi-
nation, respectively. The complexes have effective catalytic 
property for the epoxidation of styrene, with conversions 
over 80% and selectivity over 89%. 

Supplementary Material
CCDC 2334633 for 1 and 2334634 for 2 contain the 

supplementary crystallographic data for this paper. These 
data can be obtained free of charge via http://www.ccdc.
cam.ac.uk/conts/retrieving.html, or from the Cambridge 
Crystallographic Data Centre, 12 Union Road, Cambridge 
CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: depos-
it@ccdc.cam.ac.uk. 
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Abstract
A new phenanthroline derivative bearing imidazole group, (2-(3,5-di(pyridin-4-yl)phenyl)-1-p-tolyl-1H-imidazo[4,5-f]
[1,10]phenanthroline) has been devised. The derivative serves as a multifunctional probe, exhibiting a highly sensitive 
colorimetric response to Fe2+ ion and a selectively ratiometric fluorescent response to Zn2+ ion in a buffer-ethanol solu-
tion. The colorless-to-red visual color change upon addition of Fe2+ accompanied by enhanced absorption makes this de-
rivative a suitable naked-eye sensor for Fe2+ ion. Moreover, the derivative displayed a Zn2+-induced red-shift of emission 
(44 nm), showing a color change from blue to light cyan under a 365-nm UV lamp. Its practical imaging applicability for 
intracellular Zn2+ was confirmed in HeLa cells using a confocal microscope. The improved emission properties and cell 
imaging capability would provide a new approach to fluorescence sensation for Zn2+.

Keywords: Colorimetric sensor; ratiometric sensor; phenanthroline-imidazole; iron(II) ion; zinc ion 

1. Introduction
Metal ions play vital roles in biological and environ-

mental processes. For instance, iron ion (Fe2+/Fe3+), the 
most abundant transition metal in cellular systems, exists 
widely in enzymes, proteins, and transcriptional events.1 
Compared to stable Fe3+, the presence of labile Fe2+ holds 
particular significance due to its involvement in oxygen 
metabolism and intracellular electron transfer processes, 
which are crucial for various biological functions.2 Either 
excess or deficiency of Fe2+ can disturb cellular homeosta-
sis and metabolism, leading to severe diseases,3–5 such as 
anemia, cardiovascular diseases, and cancer. Zinc ion 
(Zn2+), the second most abundant metal in the human 
body, plays a crucial role in modulating brain excitability 
and is essential for various physiological processes, includ-
ing immune system function, cell division, wound healing, 

and synaptic plasticity.6–8 Moreover, the level abnormality 
of Zn2+ is associated with retarded growth in children, 
high blood cholesterol, and neurodegenerative disorders 
such as Alzheimer’s and Parkinson’s diseases.6,7 In natural 
environment, the accumulation of excess Zn2+ can reduce 
the soil microbial activity and result in phytotoxic effects. 
Therefore, the concentrations of metal ions must be regu-
lated. 

At present, a variety of techniques are available for 
quantitative analysis of metal ions, including atomic ab-
sorption/emission spectroscopy, polarography, voltamme-
try, flow injection, fluorescent probe, etc.2,3,9–11 Among 
these detection methods, fluorescent sensors possess sev-
eral advantages including simplicity, high sensitivity, rapid 
response to fluorogenic and colorimetric changes and 
cost-effectiveness. Optical cellular imaging with fluores-
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cent probes has been an efficient approach for detecting 
metal ions in living cells. Therefore, highly selective and 
sensitive fluorescent sensors that use color and fluores-
cence intensity or shift are widely used in studies of biolog-
ical analytes.12–14 Ratiometric fluorescent probes have gar-
nered increasing attention due to their exceptional 
properties, including signal read-out independent of in-
struments and environment, minimal auto-fluorescence, 
rapid response time, high spatial resolution, and remarka-
ble contrast.15–18 Additionally, compared to one-to-one 
chemosensors, using a single chemosensor for detecting 
multiple targets through differential responses, such as 
colorimetric or fluorescent spectral changes, offers en-
hanced efficiency and cost-effectiveness.19–22 In this con-
text, many of fluorescent probes for Zn2+ have been devel-
oped.6–9,23 However, most of them suffer from the 
interference of Cd2+ due to their similar properties as these 
two metal ions belong to the same group in the periodic 
table.6,24,25 Moreover, achieving selective sensing of iron in 
both oxidation states (Fe2+/Fe3+) using a colorimetric 
probe that provides distinct signals easily visualized by the 
naked eye has posed a significant challenge.10, 26 Therefore, 
there is an urgent need for the development of a highly 
selective, facile, simple, and efficient probe capable of de-
tecting Fe2+ and Zn2+. 

The 1,10-phenanthroline (phen) framework serves 
as an excellent platform for the construction of chemosen-
sors due to its favorable electro- and photoactive proper-
ties.27–29 Nawaz et al. have previously reported a cellu-
lose-based sensor incorporating phen, enabling selective 
detection of Fe2+ through both visual observation and flu-
orescent dual modes.30 Additionally, a polyacrylamide-im-
mobilized phen has been developed as a visual strip sensor 
to determine Fe2+ ion precisely.31 Moreover, phen deriva-
tives can function as both fluorophores and ionophores for 
Zn2+, exhibiting discernible changes in fluorescence inten-
sity and specific emission shift upon binding with Zn2+ 

ion.32–34 Considering these factors, we prepared a hybrid 
fluorescent sensor derived from the Debus-Radziszewski 
reaction, namely (2-(3,5-di(pyridin-4-yl)phenyl)-1-p-tol-
yl-1H-imidazo[4,5-f][1,10]phenanthroline) (1) (Scheme 
1). The spectroscopic properties and potential application 
of the compound were systematically investigated. It was 
observed that compound 1 exhibited a rapid chromogenic 

response to Fe2+ in the EtOH-HEPES buffer, transitioning 
from a colorless state to red. Additionally, compound 1 
demonstrated highly selective and ratiometric fluores-
cence signals for Zn2+ compared to other tested metal ions. 
The imaging capability of compound 1 for Zn2+ was con-
firmed through microscopic imaging in living cells. 

2. Experimental
2. 1. Materials and Apparatus

All chemical reagents were commercially available 
and of analytical grade. The various metal ions were pur-
chased from Aladdin (Shanghai, China), 1,10-phenanth-
roline-5,6-dione was purchased from TCI (China). The 
intermediate 3,5-di(pyridin-4-yl)benzaldehyde was syn-
thesized according to the reported procedure.35 1H NMR 
were measured by a Bruker DRX-400 spectrometer. IR 
spectra were taken on a Vector22 Bruker spectrophotome-
ter (400–4000 cm–1) with KBr pellets. UV-vis absorption 
spectra were recorded on Hitachi U-3300 spectrophotom-
eter. Fluorescence emission spectra were determined on 
Hitachi F-4500. The pH values of sample solutions were 
monitored by a PHS-3 system. Electrospray mass spectra 
(ESI-MS) were recorded on a Thermo Fisher LCQ-Fleet 
mass spectrometer. 

2. 2. Synthetic Procedure
1,10-phenanthroline-5,6-dione (2.10 g, 10 mmol), 

3,5-di(pyridin-4-yl)benzaldehyde (2.60 g, 10 mmol), 
p-toluidine (1.61 g, 15 mmol), NH4OAc (3.85 g, 50 mmol) 
were mixed in a 40 mL glacial acetic acid at room temper-
ature. The mixture was heated at 120 oC for 20 h under 
stirring. After pouring the mixture into the water (30 mL), 
the red precipitation was filtered and purified by column 
chromatography using dichloromethane/methanol (20: 1, 
v/v) as eluent to afford 1 as gray-white powder with yield 
of 60%. IR (KBr, cm–1): 3379, 2980, 2923, 1590, 1560, 1551, 
1518, 1492, 1452, 1433, 1400, 1379, 1318, 1294, 1223, 1155, 
1217, 1087, 1017, 992, 890, 864, 833, 815, 791, 738, 721, 
699, 689, 667, 643, 612, 539, 504, 485. 1H NMR (400 MHz, 
CDCl3) δ: 2.63 (s, 3H), 7.32 (dd, J = 4.0, 8.4 Hz, 1H), 7.37 
(d, J = 6.0 Hz, 4H), 7.51–7.61 (m, 5H), 7.72–7.75 (dd, J = 

Scheme 1. Synthesis of 1.
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4.4, 8.0 Hz, 1H), 7.81 (s, 1H), 7.92 (d, J = 1.6 Hz, 2H), 8.68 
(d, J = 6.0 Hz, 4H), 9.05 (dd, J = 1.6, 4.4 Hz, 1H), 9.13 (dd, 
J = 1.6, 8.0 Hz, 1H), 9.18 (dd, J = 1.6, 4.4 Hz, 1H). ESI-MS: 
541.4200 (M+). Anal. Calcd for C36H24N6: C, 79.98; H, 
4.47, N, 15.55. Found: C, 79.75; H, 4.46, N, 15.61%.

2. 3 Single-Crystal X-Ray Diffraction
Colorless single crystals of 1 were obtained by evap-

oration of its methanol solution at room temperature. 
Crystal diffraction data were collected on a Bruker SMART 
APEX CCD-based diffractometer (Cu-Kα radiation, λ = 
1.54184 Å). Multi-scan absorption corrections were ap-
plied by SADABS.36 The structure was solved by direct 
methods and refined on F2 by full-matrix least-squares 
with the Bruker’s SHELXS program.37 All the non-hydro-
gen atoms were located in the Fourier maps and refined 
with anisotropic parameters. Hydrogen atoms were placed 
in their geometrically idealized positions and constrained 
to ride on their parent atoms. Crystallographic data in CIF 
format has been deposited in the Cambridge Crystallo-
graphic Data Centre (CCDC) under deposition number 
2042300. Details of crystallographic data are summarized 
in Table S1.

2. 4. �General Methods for Spectroscopic 
Analysis
The stock solutions (6 mM) of metal ions (Mn(NO3)2 

· 4H2O, Pb(NO3)2, Co(NO3)2 · 6H2O, Zn(NO3)2 · 6H2O, 
Cu(NO3)2  3H2O, Ni(NO3)2 · 6H2O, Cd(NO3)2 · 4H2O,  
HgCl2, FeSO4 · 7H2O, Fe2(SO4)3, CaCl2 · 2H2O, MgCl2,  
NaCl, and KCl) were prepared in doubly distilled water. 1 
was dissolved in spectroscopic pure ethanol to give the 
stock solution (5 mM). The measurements of both UV-vis 
absorption and fluorescence spectra were conducted in the 
solution of HEPES buffer with pH 7.2 containing 50% eth-
anol (v/v 50 μM) at room temperature. For the metal ions 
titration, aliquots of 25 μL aqueous metal cation solution 
were added to the 3 mL diluted 1 solution. The measure-
ments were carried out in 1 min after the addition. 

2. 5. Cell Culture and Fluorescence Imaging
HeLa cells were cultured in Dulbecco’s Modified Ea-

gle Medium, which was supplemented with 10% fetal bo-
vine serum, penicillin (100 units/mL), streptomycin (100 
mg/mL) and 5% CO2 at 37 °C. After removing the incuba-
tion media and rinse with PBS for three times, the cells 
were treated with 1 (10 µM) for additional 60 min at room 
temperature. Then the cells were washed three times with 
PBS before observation. The fluorescence images were 
captured on Zeiss LSM 710 microscope equipped with a 
63×oil-immersion objective. For the imaging of HeLa cells 
with exogenous Zn2+, the exogenous Zn2+ was introduced 
by incubating the cells with 5µM ZnSO4/ pyrithione solu-

tion. After imaging, the cells of exogenous Zn2+ were fur-
ther treated with 50 µM TPEN (N, N, N, N-tetrakis(2-pyrid-
ylmethyl)ethylenediamine) solution (prepared by diluting 
the TPEN stock solution with PBS) to scavenge the intra-
cellular Zn2+. Then the cells were rinsed with PBS and im-
aged. For all imaging, the samples were excited at 405 nm, 
and the band pass is 440–520 nm.

3. Results and Discussion
3. 1. Synthesis and Characterization

The probe was constructed by conjugating 
3,5-di(pyridin-4-yl)benzene into a fused imidazole/phen 
system via a one-step Debus-Radziszewski reaction. The 
enlarged conjugated system in 1 and the chelating effect of 
phenanthroline are expected to report the presence of 
specific metal cation by triggering the emission change.

The structure of 1 was characterized using FT-IR, 1H 
NMR, and ESI-MS techniques (Figures. S1-S3). The mo-
lecular structure of 1 was also confirmed by single-crystal 
X-ray diffraction analysis. The crystal structure of 1 with 
the atom numbering scheme is shown in Figure 1.

Figure 1. Crystal structure of 1.

1 was crystallized in the triclinic system with the 
space group P1-. Each unit cell contains two molecules (Z = 
2). 1 features a non-planar structure. The dihedral angle 
between the para-toluene ring and the imidazole ring is 
80.03(1)°; the dihedral angle between the two pyridine 
rings is 37.52(1)°. The C14‒N3 bond length (1.44 Å) is 
shorter than the standard C‒N single bond length (1.47 
Å), which may be attributed to the existence of ICT transi-
tion between the para-toluene ring and the phen subu-
nit.38,39 

The intramolecular hydrogen bond is formed via 
C22‒H22∙∙∙N4; meanwhile, the molecules of 1 are connect-
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ed by C30‒H30∙∙∙N1i (symmetry code: (i) 1+x, 1+y, z) (Fig-
ure S4). As shown in Figure S5, the free methanol mole-
cules are located between these 1D supramolecular chains 
and serve as hydrogen bonding acceptors and donors, 
linking these chains into a 2D sheet structure extended in 
crystallographic ac plane. via C4‒H4∙∙∙O1ii, C35‒H35∙∙∙O1i-

ii, O1‒H1∙∙∙N5iv (symmetry code: (ii) –1+x, y, 1+z; (iii) x, 
1+y, z; (iv) x, –1+y, –1+z).

3. 2. Visual Detection

The selectivity of a fluorescent sensor is a crucial fac-
tor for evaluating its performance. The selectivity of a flu-
orescent sensor is a crucial factor for evaluating its perfor-
mance. The visual method was employed to investigate the 
metal ion recognition capability of compound 1. 1 was 
treated with 14 kinds of different metal ions (Na+, K+, 
Ca2+, Mg2+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, 
Pb2+ and Hg2+) to study its sensitivity and selectivity to-
wards particular metal ions. Upon adding an equivalent 
amount of respective metal ion into compound 1, only the 
presence of Fe2+ resulted in an instantaneous colorimetric 
response from colorless to pink under visible light (Figure 
2a), which can be easily distinguished by naked-eye. How-
ever, no change in color was observed when other cations, 
including excess amounts of Fe3+ ions (5 equiv), were add-
ed. Probe 1 was coated on nitrocellulose papers to obtain 
the test papers. Figure 2a confirms the visual color change 
phenomena of indicator paper with different concentra-
tions of Fe2+. Consequently, when coating substrate 1, the 
resulting materials can be utilized as a qualitative analysis 
tool for metal ions, serving as a test paper. We also noted 

that it was visual by a solution color change from blue to 
light cyan under a UV lamp only when Zn2+ was added 
into the 1 solution (Figure 2b). The visual detection obser-
vation indicated the selectivity towards Fe2+ and Zn2+ ions, 
prompting us to conduct further investigations on the 
metal ion recognition capability using different spectral 
techniques. 

3. 3. �Investigations Using UV-VIS 
Spectrophotometry
The colorimetric sensing performance of sensor 1 

was investigated through UV-vis titration with various 
transition metal cations. A 50 μM solution of the sensor 
was utilized in the presence of 1 equiv of different metal 
ions for each experiment. The resulting UV-vis titration 
spectra are presented in Figure 3. In the HEPES buffer 
solution, sensor 1 exhibited strong absorption bands be-
low 400 nm, corresponding to the π–π* transitions (245 
nm, ε = 5.9 × 104 L mol–1 cm–1; 270 nm, ε = 6.3 × 104 L 
mol–1 cm–1; 320 nm, ε = 2.1 × 104 L mol–1 cm–1) (Figure 
3a). With the addition of Fe2+ into 1, a new band centered 
at 528 nm appeared in the spectra (Figure 3a) and in-
creased linearly with the [Fe2+]total (Figure 3b). The ab-
sorption enhancement reached saturation when the quan-
tity of Fe2+ reached 0.5 equiv of sensor 1, implicating a 
complexation ratio 2:1 between 1 and Fe2+ (Figures. 3b 
and 3c). Further increments in [Fe2+] did not yield any ad-
ditional enhancements. Other metal ions did not cause 
any significant changes at 528 nm under identical condi-
tions (Figure 3a). The distinct color change might be as-

Figure 2. (a) Photograph of 1 test strips wetted by solutions containing 1.0×10–2, 5.0×10–3, 1.0×10–3, 5.0×10–4, 1.0×10–4, 1.0×10–5, 0 M of FeCl2 (from 
left to right). (b) Photograph of 1 (50 μM) in EtOH-HEPES buffer (1:1, v:v, pH 7.2) solutions containing different metal cations (1 equiv) under 
visible light (upper row) and UV lamp (lower row). 
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cribed to the metal-to-ligand charge-transfer (MLCT) 
band at 528 nm due to the Fe2+ coordination to the phe-
nanthroline moiety. 

To better understand the stoichiometry of 1-Fe2+ 
complex, Job’s plot analysis was performed. The total sum 
of the concentration of 1 and the Fe2+ was kept constant, 
and the Fe2+ mole fraction was varied between 0.0 and 0.9. 
As shown in Figure 4a, the appearance of maximum A528 
around the 0.3 molar fractions indicates that the stoichi-
ometry of the complex formed between 1 and Fe2+ would 
be 2:1. The proposed coordination mechanism is shown in 
Scheme S1. 

Competitive experiments were also carried out by 
adding 1.0 equiv of Fe2+ to solutions containing 5.0 equiv 
of other chosen metal ions in EtOH-HEPES buffer (1:1, 
v:v, pH 7.2). The results shown in Figure 4b indicated that 
the competitive metal ions had no substantial interference 
with detecting Fe2+. Therefore, it is clear that 1 can detect 
Fe2+ selectively. The colorimetric limitation of detection 
(LOD) for Fe2+ is determined as 1.0 × 10–6 M (3σ/slope).24 

As stated above, the UV-vis titration spectra characteris-
tics are consistent with the results of visual detection. 

3. 4. Fluorescence Spectral Study
To gain insight into the fluorescent sensing capabili-

ty of 1 towards metal ions, fluorometric titration was con-
ducted in EtOH-HEPES buffer (1:1, v:v, pH 7.2) at room 
temperature. Free 1 exhibited an emission band centered 
at 412 nm upon exciting at 350 nm. As shown in Figure 5a, 
cations such as Na+, K+, Ca2+ and Mg2+ lead to an almost 
silent fluorescent response, while Fe3+, Cu2+, Mn2+ and 
Co2+ triggered emission quenching. Different degrees of 
fluorescent intensity reduction were observed when Cd2+, 
Fe2+, Pb2+, Ni2+ and Hg2+ were added to the system con-
taining sensor 1. Additionally, the addition of Zn2+ result-
ed in a distinct red-shifted emission from 412 to 456 nm. 
These observations substantiated the results of the visual 
detection experiment (Figure 2b) that 1 is highly selective 

Figure 3. (a) UV-vis titration of 1 (50 μM) with different transition metal cations (1.0 equiv) in EtOH-HEPES buffer (1:1, v:v, pH 7.2) media. (b) 
UV-vis spectra of 1 (50 μM) upon Fe2+ (6 mM) titration in EtOH-HEPES buffer (1:1, v:v, pH 7.2) media. (c) The titration profile of the absorbance 
at 528 nm.

Figure 4. (a) Job’s plot for the interaction of 1 with Fe2+ ions in EtOH-HEPES buffer (pH = 7.2). The total molar concentration of 1 and Zn2+ is 50 
μM. (b) Absorbance at 528 nm of 1 (50 μM). Black bars represent the absorbance of free sensor or in the presence of different metal cations. Red bars, 
the absorbance determined after the addition of 1.0 equiv of competitive metal ions followed by the addition of 1.0 equiv of Fe2+.
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towards Zn2+. The fluorescence bathochromic shift can be 
attributed to the intraligand transitions (π–π* transitions).

The dose-dependent fluorescence responses of 1 to 
Zn2+ were also measured. The fluorescence intensity de-
creased by 30% when 0.1 equiv Zn2+ was added into solu-
tion 1. Meanwhile, the maximum peak of the fluorescence 
red-shifted with an increase of Zn2+ dosage. Upon gradu-
ally adding of 0.3 equiv Zn2+, the fluorescence emission 
peak shifted to 456 nm. The fluorescence intensity at 456 
nm continued to increase until 0.5 equiv Zn2+ was added. 
The ratio of the emission intensity at 456 and 412 nm (F456/
F412) also showed a linear enhancement with the increas-
ing [Zn2+]total until the ratio of [Zn2+]total/[1] reached 1:2 
(Figures. 5b, 5c). After that, the emission spectra of 1 be-
came stable. The remarkable bathochromic shift made 1 a 
potential ratiometric sensor for Zn2+. In particular, 1 can 
distinguish Zn2+ from the chemically similar Cd2+, where-
as the discrimination of Zn2+ from Cd2+ is well known to 
be a major obstacle in many cases.24,25 The atomic radius of 

Cd2+(0.97 Å) is much larger than that of Zn2+(0.74 Å), and 
probably does not fit well into the chelate cavity of phenan-
throline. The fluorimetric LOD of 1 for Zn2+ is 7.1×10–7 M.

The stoichiometry between 1 and Zn2+ was also de-
termined using Job's continuous variation method. Results 
demonstrate that the fluorescence intensity F456/F412 ratio 
of the solution reaches the maximum at a mole fraction of 
approximately 0.34 for Zn2+ (Figure 6a), indicating a 2:1 
complexation stoichiometry between 1 and Zn2+. The pro-
posed coordination mechanism is also depicted in Scheme 
S1. 

 To investigate the applicability of 1 as a Zn2+ selec-
tive fluorescence sensor, competition experiments were 
carried out by mixing Zn2+ with various common metal 
ions. The results shown in Figure 6b indicated that no sig-
nificant alteration in the fluorescence intensity ratio F456/
F412 was observed in the presence of other selected metal 
ions. Furthermore, the presence of Na+, K+, Ca2+, and 
Mg2+, abundant in cells, did not interfere with the ratiom-

Figure 5. (a) Emission spectra of 1 (50 μM) in presence of various metal ions (1.0 equiv) in EtOH-HEPES buffer (v/v, 1/1, pH 7.2) (b) Emission 
spectra of 1 (50 μM) obtained upon Zn2+ (6 mM) titration. (c) The titration profile based on the emission ratio at 456 and 412 nm, F456/F412.

Figure 6. (a) Job’s plot of Zn-1 complex in EtOH-HEPES buffer (1:1, v:v, pH 7.2). The total molar concentration of 1 and Zn2+ is 50 μM. (b) Emission 
ratio at 456 and 412 nm (F456/F412) of 1 (50 μM) in EtOH-HEPES buffer (1:1, v:v, pH 7.2). Black bars represent the F456/F412 ratio of the free sensor 
or in the presence of different metal cations. Red bars represent the F456/F412 ratio of 1 determined after the addition of indicated metal ions followed 
by the addition of 1 equiv of Zn2+. The final concentration is 50 μM for Zn2+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Cd2+, Pb2+ and Hg2+, for Na+, K+, 
Ca2+ and Mg2+ is 50 mM.
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etric response to Zn2+, even though their concentration 
was 1000 times higher than [Zn2+]. These results indicated 
that the recognition of Zn2+ by 1 remained unaffected by 
the coexistence of other metal ions.

The pH value of environment may affect the perfor-
mance of sensor in the practical application. The pH de-
pendency of 1 toward the detection of Zn2+ was investigat-
ed (Figure S6). Fluorescent pH titration of 1 and 1+Zn2+ 
complex showed a relatively stable F456/F412 ratio from pH 
4.0−8.0, making it suitable for physiological detection ap-
plications.

3. 5. Cell Imaging
Zn2+ is a crucial metal ion the human body requires 

in various fundamental biological processes. Therefore, 
the practical application of 1 in the biological system was 
further checked with HeLa cells for fluorescence imaging 
studies. In order to reduce irradiation damage, a 405 nm 
laser was selected as the excitation source. Because the 
emission wavelength of 1 (412 nm) is close to 405 nm, on-
ly the single green channel (band path 440–520 nm) was 
employed. The imaging experiment selected TPEN as the 
fluorescence quenching reagent toward 1-Zn2+. Before im-
aging, the cells were incubated with 1 (10 μM) for 60 min.

The results of fluorescence imaging were presented 
in Figure 7. After incubation with 1 solution (10 µM in 
PBS, DMSO/water = 1:99, v/v) at 25 °C for 60 min, the 
bright fluorescence inside the cells indicated that 1 can be 
loaded into cells, suggesting the membrane permeability 
of 1. When exogenous Zn2+ was introduced via incubation 
with 5µM ZnSO4/ pyrithione solution, an image of obvi-
ous fluorescence enhancement was observed inside the 

cell. According to the relative fluorescence intensity ana-
lyzed by Image Pro-Plus 6.0, the average fluorescence in-
tensity of cells before introducing exogenous Zn2+ is 8.25, 
while that for cells with exogenous Zn2+ is 17.15. The result 
suggests that 1 can bind to intracellular Zn2+, enhancing 
fluorescence emission. When 50 μM TPEN was intro-
duced into media, a more stable complex was formed be-
tween TPEN and Zn2+ generating the fluorescence reduc-
tion. The average fluorescence intensity of cells recovered 
to 8.13. Cell imaging experiment results indicate that 1 can 
be used for fluorescence imaging of Zn2+ in living cells.

4. Conclusion
In summary, we successfully synthesized and char-

acterized phenanthroline-modified chemosensor 1. Our 
results demonstrate that sensor 1 exhibits remarkable col-
orimetric sensing ability towards Fe2+ ions. Moreover, it is 
an excellent sensitive and selective ratiometric fluores-
cence probe for Zn2+ in buffer-ethanol solutions. The coor-
dination mode between 1 and Fe2+ or Zn2+ was confirmed 
to be 2:1 based on titration profile analysis and Job's plot 
analysis. Notably, the proposed sensor displays high sensi-
tivity, selectivity for dual-sensing of Fe2+ or Zn2+, pH-in-

dependent emission behavior, and cell imaging capability. 
These findings highlight the potential of our developed 
sensor in facilitating the advancement of more efficient 
and practical methods for detecting Fe2+ or Zn2+ ions. Due 
to its limited water solubility, the current probe cannot be 
directly utilized in biological environments. As part of our 
ongoing research, we are investigating the feasibility of in-
corporating the probe onto water-soluble nanomaterials.

Figure 7. Confocal fluorescence imaging of intracellular Zn2+ in HeLa cells stained by 1 solution (10 µM in PBS) at 25 °C for 60 min. (a) HeLa cells 
preincubated in 10 µM 1 solution at room temperature (25 min). (b) Rinsed HeLa cells (1 × PBS, three times) in (a) were further incubated in 5 µM 
ZnSO4/ pyrithione (1:1) solution, followed by rinsing with 10 µM 1 solution. (c) HeLa cells in (b) rinsed with 50 µM TPEN solution. (d) overlay 
between (a) and bright field. (e) Relative fluorescence intensities of (a), (b) and (c) analyzed with Image Pro-Plus 6.0. ** P < 0.05, significantly differ-
ent compared with (b).
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Supplementary Material
Crystallographic data (excluding structure factors) 

for the structural analysis have been deposited with the 
Cambridge Crystallographic Data Center as supplementa-
ry publication Nos. CCDC 2042300 (1). Copies of the data 
can be obtained free of charge via www.ccdc.ac.uk/conts/
retrieving.html (or from The Director, CCDC, 12 Union 
Road, Cambridge CB2 1EZ, UK, Fax: +44-1223-336-033. 
E-mail: deposit@ccdc.cam.ac.uk).
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Povzetek
Sintetizirali smo nov derivat fenantrolina z imidazolno skupino, (2-(3,5-di(piridin-4-il)fenil)-1-p-tolil-1H-imida-
zo[4,5-f][1,10]fenantrolin). Spojina deluje kot multifunkcionalni senzor z visoko občutljivo kolorimetrično reakcijo na 
Fe2+ ione in selektivno fluorescenčno reakcijo na Zn2+ v raztopini pufer-etanol. Intenzivna barvna sprememba iz brez-
barvne v rdečo ob dodatku Fe2+ omogoča zaznavanje že s prostim očesom. Ob dodatku Zn2+ opazimo premik emisije (44 
nm) proti večjim valovnim dolžinam, kar pod obsevanjem z UV svetlobo valovne dolžine 365 nm povzroči spremembo 
barve iz modre v modrozeleno. Praktično uporabo za vizualizacijo intracelularnega Zn2+ smo preizkusili na HeLa celicah 
s konfokalnim mikroskopom. Izboljšane emisijske lastnosti in sposobnost opazovanja celic omogočajo nov pristop k 
fluorescenčnemu zaznavanju Zn2+.
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Abstract
Three new copper(II) complexes, [CuClL] (1), [CuBrL]n (2) and [CuL(NCS)]n (3), derived from the Schiff base 2,4-di-
chloro-6-((2-pyrrolidin-1-ylethylimino)methyl)phenol (HL) have been prepared and characterized by spectroscopic 
methods, as well as single crystal X-ray determination. The Cu atom in complex 1 is in square planar coordination, and 
those in complexes 2 and 3 are in square pyramidal coordination. The Schiff base ligand coordinates to the Cu atoms 
through phenolate oxygen, imino nitrogen and pyrrolidine nitrogen. The antibacterial activities of the Schiff base and 
the three copper complexes have been assayed on the bacteria Staphylococcus aureus and Escherichia coli and the yeast 
Candida parapsilosis.

Keywords: Schiff base; Copper complex; Crystal structure; Antibacterial activity

1. Introduction
Schiff base compounds have been widely used as 

preferred ligands in the construction of metal complexes 
with versatile structures due to their easy preparation and 
good metal-binding ability.1 The compounds with N, O 
and S atoms have structure similarities with some natural 
biological enzymes. Schiff bases and their metal complexes 
have a broad range of applications in pharmaceutical and 
biological fields.2 They have shown remarkable antifungal, 
antibacterial, anti-proliferative, antimalarial, antiviral, an-
tipyretic, and anti-inflammatory activities.3 Copper com-
plexes with Schiff base ligands have been extensively stud-
ied and are considered as excellent alternatives for classic 
organic antibacterial agents.4 Despite the presence of con-
siderable research on the antibacterial activities of Schiff 
base complexes, it is still necessary to search for new sam-
ples to find more effective agents as well as to better under-
stand the biological mechanisms of this type of com-
pounds. With an interest in the chemistry of biologically 
active compounds, this study aimed to synthesize new 
Schiff base copper(II) complexes. The newly synthesized 
complexes, [CuClL] (1), [CuBrL]n (2) and [CuL(NCS)]n 
(3), where L is the deprotonated form of 2,4-di-

chloro-6-((2-pyrrolidin-1-ylethylimino)methyl)phenol 
(HL; Scheme 1), are presented and examined for their an-
timicrobial activities.

Scheme 1. The Schiff base HL

2. Experimental
2. 1. Materials and Methods

3,5-Dichlorosalicylaldehyde and N-(2-aminoethyl)
pyrrolidine were purchased from TCI Chemical Reagent 
Co. Ltd. CuCl2·2H2O, CuBr2, Cu(CH3COO)2 and NH4NCS 
were purchased from Aladdin Chemical Reagent Co. Ltd. 
The solvent methanol was purchased from Kemiou Chem-
ical Reagent Co. Ltd. The Schiff base HL was prepared by 
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reaction of 1:1 molar ratio of 3,5-dichlorosalicylaldehyde 
with N-(2-aminoethyl)pyrrolidine in methanol, which 
was used to prepare the copper complexes without isola-
tion. IR spectra were recorded on a Jasco FT/IR-4000 spec-
trometer as KBr pellets in the 4000–400 cm–1 region. Ele-
mental analyses were performed on a Perkin-Elmer 240C 
elemental analyzer. UV-Vis spectra were recorded on a 
Lambda 900 spectrometer. Single crystal X-ray diffraction 
was carried out on a Bruker SMART 1000 CCD diffrac-
tometer.

2. 2. Synthesis of [CuClL] (1)
HL (29 mg, 0.10 mmol) and CuCl2·2H2O (17 mg, 

0.10 mmol) were mixed in methanol (30 mL). The mixture 
was stirred at room temperature for 30 min to give a brown 
solution. Single crystals of the complex, suitable for X-ray 
diffraction, were obtained after a week. Yield: 27 mg (71%). 
IR data (cm–1): 1638, 1550, 1462, 1396, 1312, 1263, 1187, 
1122, 1054, 1038, 985, 963, 870, 823, 751, 580, 530, 513, 
455. UV-Vis (MeOH; ε, L mol–1 cm–1): 220 (20,330), 240 
(18,720), 270 (13,730), 305 (9,890), 380 (3,210). Anal. Cal-
cd. (%) for C13H15Cl3CuN2O: C, 40.54; H, 3.93; N, 7.27. 
Found (%): C, 40.38; H, 4.01; N, 7.36. ΛM (1×10–3 mol L–1 
in methanol): 31 Ω–1 cm2 mol–1.

2. 3. Synthesis of [CuBrL]n (2)
HL (29 mg, 0.10 mmol) and CuBr2 (23 mg, 0.10 

mmol) were mixed in methanol (30 mL). The mixture was 

stirred at room temperature for 30 min to give a brown 
solution. Single crystals of the complex, suitable for X-ray 
diffraction, were obtained after a week. Yield: 33 mg (77%). 
IR data (cm–1): 1638, 1550, 1461, 1420, 1360, 1313, 1305, 
1260, 1187, 1130, 1072, 1045, 980, 867, 831, 750, 715, 580, 
535, 517, 496, 445. UV-Vis (MeOH; ε, L mol–1 cm–1): 220 
(21,150), 240 (17,035), 272 (14,020), 312 (10,720), 385 
(4,055). ΛM (1×10–3 mol L–1 in methanol): 28 Ω–1 cm2 
mol–1.

2. 4. Synthesis of [CuL(NCS)]n (3)
HL (29 mg, 0.10 mmol), Cu(CH3COO)2·H2O (20 

mg, 0.10 mmol) and ammonium thiocyanate (7.6 mg, 0.10 
mmol) were mixed in methanol (30 mL). The mixture was 
stirred at room temperature for 30 min to give a brown 
solution. Single crystals of the complex, suitable for X-ray 
diffraction, were obtained after a week. Yield: 26 mg (63%). 
IR data (cm–1): 2120, 1639, 1589, 1510, 1453, 1416, 1321, 
1208, 1162, 1079, 1023, 966, 887, 860, 756, 686, 569, 511, 
475. UV-Vis (MeOH; ε, L mol–1 cm–1): 236 (19,370), 270 
(8,935), 297 (5,053), 380 (4,650). ΛM (1×10–3 mol L–1 in in 
methanol): 36 Ω–1 cm2 mol–1.

2. 5. X-ray Crystallography
Single crystal X-ray data for the complexes were col-

lected on a Bruker SMART 1000 CCD diffractometer us-
ing the SMART/SAINT software.5 Intensity data were col-
lected using graphite-monochromatized MoKα radiation 

Table 1. Crystallographic data and refinement parameters for the complexes

	 1	 2	 3

Chemical Formula	 C13H15Cl3CuN2O	 C13H15BrCl2CuN2O	 C14H15Cl2CuN3OS
Fw	 385.16	 429.62	 407.79
T (K)	 298(2)	 298(2)	 298(2)
Crystal system	 Orthorhombic	 Orthorhombic	 Orthorhombic
Space group	 Pca21	 Pca21	 Pbca
a (Å)	 8.614(2)	 8.8300(13)	 11.7060(15)
b (Å)	 11.068(2)	 11.1081(17)	 12.3149(15)
c (Å)	 15.461(3)	 15.322(2)	 24.367(2)
α (º)	 90	 90	 90
β (º)	 90	 90	 90
γ (º)	 90	 90	 90
V (Å3)	 1474.0(5)	 1502.9(4)	 3512.8(7)
Z	 4	 4	 8
μ (Mo Kα) (cm-1)	 2.020	 4.463	 1.669
Dc (g cm-3)	 1.736	 1.899	 1.542
Reflections collected	 16379	 19017	 40889
Unique reflections	 3489	 3760	 4333
Observed reflections [I ≥ 2≥(I)]	 3228	 3491	 2634
Parameters	 181	 182	 199
Restraints	 1	 1	 0
Rint	 0.0378	 0.0273	 0.0732
R1, wR2 [I ≥ 2σ(I)]	 0.0259, 0.0636	 0.0206, 0.0534	 0.0387, 0.0912
R1, wR2 (all data)	 0.0300, 0.0659	 0.0241, 0.0565	 0.0839, 0.1092
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(0.71073 Å) at 298(2) K. The structures were solved by di-
rect methods using SHELX.6 Multi-scan absorption cor-
rections were applied with SADABS.7 All non-hydrogen 
atoms were refined with anisotropic displacement coeffi-
cients. The hydrogen atoms bonded to carbon were includ-
ed in geometric positions and given thermal parameters 
equivalent to 1.2 and 1.5 times those of the atom to which 
they were attached. Complex 2 has been refined as a twin 
model. Crystallographic data and refinement parameters 
are given in Table 1, and important interatomic distances 
and angles are given in Table 2.

Table 2. Selected bond distances (Å) and angles (º) for the complex-
es

1			 

Cu1–Cl1	 2.250(1)	 Cu1–O1	 1.943(3)
Cu1–N1	 1.958(3)	 Cu1–N2	 2.078(3)
O1–Cu1–Cl1	 92.62(7)	 O1–Cu1–N1	 91.41(11)
O1–Cu1–N2	 174.47(9)	 N1–Cu1–Cl1	 162.19(9)
N1–Cu1–N2	 84.29(11)	 N2–Cu1–Cl1	 92.62(7)

2			 
Cu1–Br1	 2.3915(6)	 Cu1–O1	 1.934(2)
Cu1–N1	 1.955(3)	 Cu1–N2	 2.085(3)
Cu1–Br1A	 3.051(3)		
O1–Cu1–N1	 91.17(11)	 O1–Cu1–N2	 175.10(11)
N1–Cu1–N2	 84.28(11)	 O1–Cu1–Br1	 92.19(7)
N1–Cu1–Br1	 162.73(9)	 N2–Cu1–Br1	 92.69(8)
N1–Cu1–Br1A	 88.85(10)	 N2–Cu1–Br1A	 85.65(10)
O1–Cu1–Br1A	 92.50(10)	 Br1–Cu1–Br1A	 107.80(10)
Symmetry code for A: ½ + x, 1 – y, z.			 

3
Cu1–O1	 1.9188(19)	 Cu1–N1	 1.937(2)
Cu1–N2	 2.063(2)	 Cu1–N3	 1.952(3)
Cu1–S1A	 2.927(3)		
O1–Cu1–N1	 92.84(9)	 O1–Cu1–N3	 89.21(10)
N1–Cu1–N3	 165.57(11)	 O1–Cu1–N2	 177.08(9)
N1–Cu1–N2	 84.27(9)	 N3–Cu1–N2	 93.69(10)
N1–Cu1–S1A	 93.41(10)	 N2–Cu1–S1A	 94.33(10)
N3–Cu1–S1A	 100.99(10)	 O1–Cu1–S1A	 85.43(10)

Symmetry code for A: ½ + x, y, ½ – z.

2. 6. Biological Assay
The antibacterial property of the compounds was 

evaluated by a macro-dilution method using Staphylococ-

cus aureus, Escherichia coli, and the yeast Candida parapsi-
losis. The cultures of bacteria and yeasts were incubated 
under vigorous shaking. The compounds were dissolved in 
small amount of DMSO. Concentration of the tested com-
pounds ranging from 0.010 to 2.5 mmol L–1 for the bacte-
ria and yeasts was used in all experiments. The antibacteri-
al activity was characterized by IC50 and MIC values. MIC 
experiments on subculture dishes were used to assess the 
minimal microbicidal concentration (MMC). Subcultures 
were prepared separately in Petri dishes containing com-
petent agar medium and incubated at 30 ºC for 48 h. The 
MMC value was taken as the lowest concentration, which 
showed no visible growth of microbial colonies in the sub-
culture dishes.

3. Results and Discussion
3. 1. Chemistry

The Schiff base HL was prepared by reaction of 1:1 
molar ratio of 3,5-dichlorosalicylaldehyde and N-(2-ami-
noethyl)pyrrolidine in methanol (Scheme 2). The three 
copper complexes were facile synthesized by reaction of 
equimolar quantities of the Schiff base HL with copper 
chloride, copper bromide and copper acetate, respectively 
in the presence of ammonium thiocyanate in methanol 
(Scheme 3). Complexes 1 and 2 have no thiocyanate lig-
ands, while complex 3 has one. In fact, complexes 1 and 2 
can also be obtained by reaction of HL with copper chlo-
ride and copper bromide, respectively. Single crystals of 
the complexes were formed by slow evaporation of their 
methanol solution at room temperature.

3.2. �Crystal Structure Description of the 
Complex 1
Molecular structure of complex 1 is shown in Fig. 1. 

The complex is a mononuclear copper(II) species. The Cu 
atom in the complex is coordinated by one phenolate oxy-
gen, one imino nitrogen and one pyrrolidine nitrogen of 
the Schiff base ligand, and one Cl ligand, forming a square 
planar geometry. The trans and cis bond angles are 
162.19(9)–174.47(9)° and 84.29(11)–92.62(7)°, respective-
ly. Thus, the square planar coordination is slightly distort-
ed, which is mainly caused by the five-membered chelate 
ring Cu1–N1–C8–C9–N2. The Cu−O and Cu−N bonds in 

 Scheme 2. The synthetic procedure of the Schiff base HL
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the complex are comparable to those observed in Schiff 
base copper(II) complexes.8 In the crystal structure, the 
molecules are linked through intermolecular hydrogen 
bonds of C‒H···Cl (Table 3), to form two-dimensional 
sheets parallel to the ab plane (Fig. 2).

3. 3. �Crystal Structure Description of the 
Complex 2
Molecular structure of complex 2 is shown in Fig. 3. 

The complex is a bromide bridged polymeric copper(II) 

Fig. 2. Molecular packing diagram of complex 1, viewed along the a 
axis. Hydrogen bonds are shown as dashed lines.

Fig. 1. A perspective view of the molecular structure of complex 1 
with the atom labeling scheme. Thermal ellipsoids are drawn at the 
30% probability level.

Scheme 3. The synthetic procedure of the complexes
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tively. The bond angles among the apical and basal donor 
atoms are 85.43(10)–100.99(10)°. Thus, the square pyram-
idal coordination is slightly distorted, which is mainly 
caused by the five-membered chelate ring Cu1–N1–C8–
C9–N2. The Cu−O and Cu−N bonds in the complex are 

species. The Cu atom in the complex is in a square pyram-
idal coordination, with the basal plane defined by one phe-
nolate oxygen, one imino nitrogen and one pyrrolidine 
nitrogen of the Schiff base ligand, and one Br ligand, and 
with the apical position occupied by one symmetry related 
Br ligand at the symmetry position ½ + x, 1 – y, z. The 
trans and cis bond angles in the basal plane are 162.73(9)–
175.10(11)° and 84.28(11)–92.69(8)°, respectively. The 
bond angles among the apical and basal donor atoms are 
107.80(10)°. Thus, the square pyramidal coordination is 
slightly distorted, which is mainly caused by the five-mem-
bered chelate ring Cu1–N1–C8–C9–N2. The Cu−O and 
Cu−N bonds in the complex are comparable to those ob-
served in Schiff base copper(II) complexes.9 In the crystal 
structure, the molecules are liked by Br ligand and inter-
molecular hydrogen bonds of C‒H···Br (Table 3), to form 
one-dimensional chains running along the a axis (Fig. 4).

3. 4. �Crystal Structure Description of the 
Complex 3
Molecular structure of complex 3 is shown in Fig. 5. 

The complex is a thiocyanate bridged polymeric copper(II) 
species. The Cu atom in the complex is in a square pyram-
idal coordination, with the basal plane defined by one phe-
nolate oxygen, one imino nitrogen and one pyrrolidine 
nitrogen of the Schiff base ligand, and one N atom of a 
thiocyanate ligand, and with the apical position occupied 
by one S atom of a symmetry related thiocyanate ligand. 
The trans and cis bond angles in the basal plane are 
165.57(11)–177.08(9)° and 84.27(9)–93.69(10)°, respec-

Fig. 3. A perspective view of the polymeric structure of complex 2 
with the atom labeling scheme. Thermal ellipsoids are drawn at the 
30% probability level. Repeated molecule is related to the symmetry 
operation ½ + x, 1 – y, z.

Fig. 4. Molecular packing diagram of complex 2, viewed along the b 
axis. Hydrogen bonds are shown as dashed lines.

Fig. 5. A perspective view of the polymeric structure of complex 3 
with the atom labeling scheme. Thermal ellipsoids are drawn at the 
30% probability level. Repeated molecule is related to the symmetry 
operation ½ + x, y, ½ – z.
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comparable to those observed in Schiff base copper(II) 
complexes.10 In the crystal structure, the molecules are 
linked by thiocyanate ligand, to form one-dimensional 
chains running along the a axis. The chains are further 
linked through intermolecular hydrogen bonds of C‒H···S 
(Table 3) at the b axis, to form two-dimensional sheets par-
allel to the ab plane (Fig. 6).

Table 3. Geometrical parameters for hydrogen bonds for the com-
plexes

	           Distance, Ǻ		  Angle
D–H···A	 D–H 	 H···A 	 D···A 	 D–H···A, º

1	 			 
C11–H11B∙∙∙Cl2i	 0.97	 2.80(3)	 3.715(4)	 157(5)
C13–H13A∙∙∙Cl1ii	 0.97	 2.79(3)	 3.420(4)	 123(5)

2	 			 
C10–H10A∙∙∙Br1iii	 0.97	 2.88(2)	 3.500(4)	 122(4)
C12–H12B∙∙∙Cl1iv	 0.97	 2.80(2)	 3.709(4)	 156(4)

3	 			 
C7–H7∙∙∙S1iii	 0.93	 2.86(3)	 3.785(5)	 171(5)

Symmetry transformation used to generate the symmetry related 
atoms: i –½ + x, 1 – y, z; ii x, 1 + y, z; iii –½ + x, 1 – y, z; iv x, –1 + y, z; 
v ½ – x, ½ + y, z.

3. 5. IR and UV-Vis Spectra
The strong absorption bands at 1638–1639 cm–1 for 

the complexes are assigned to the azomethine groups, 

ν(C=N).11 The intense band at 2120 cm–1 for complex 3 
can be assigned to the stretching vibration of thiocyanate 
ligand.12 The weak bands in the low wave numbers 440–
550 cm–1 are due to the vibration of the Cu–O and Cu–N 
bonds.13

In the UV-Vis spectra of the complexes, the intense 
bands observed at 220–280 nm are assigned to intra-li-

gand π–π* transitions. The complexes displayed bands 
centered at 290–315 nm, which can be assigned to the 
n–π* transition.14 The charge transfer LMCT bands are lo-
cated at 380–385 nm.15

3. 6. Antibacterial Activity
The antimicrobial results are summarized in Table 

4. The free Schiff base HL showed medium activity 
against E. coli, while no activity on S. aureus and C. par-
apsilosis. Interestingly, the three copper complexes have 
higher activities than HL. This is caused by the greater 
lipophilic nature of the complexes than the free ligands. 
The increased biological activity of the complexes can 
be explained with the chelating theory.16 The chloride 
coordinated mononuclear copper complex 1 and bro-
mide bridged polymeric complex 2 have similar activi-
ties, which showed strong activity against S. aureus and 
E. coli, and medium activity against C. parapsilosis. The 
thiocyanate bridged polymeric copper complex 3 
showed strong activity against S. aureus and E. coli, 
while weak activity against C. parapsilosis. In general, 

Fig. 6. Molecular packing diagram of complex 3, viewed along the a axis. Hydrogen bonds are shown as dashed lines.
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complex 3 has a litter weaker activity against the bacte-
ria and yeast than the other two. Notably, complex 1 has 
the most activity against E. coli, with IC50 and MIC val-
ues of 0.26 and 0.13 mmol L–1, which deserves further 
study. The present three complexes have similar anti-
bacterial activities against S. aureus and C. parapsilosis, 
while stronger activities against E. coli as compared to 
the copper(II) complexes (Cu-1, Cu-2) with the Schiff 
base ligand N,N’-bis(4-bromosalicylidene)pro-
pane-1,2-diamine.17 The present three complexes have 
similar antibacterial activities against the bacteria 
strains with the copper(II) complex (Cu-3) with the 
Schiff base N,N’-bis(4-bromosalicylidene)pro-
pane-1,3-diamine, while have stronger activities against 
the bacteria strains with the zinc(II) complex (Zn-1) 
with the same ligand.18

4. Conclusion
In summary, three new copper(II) complexes de-

rived from 2,4-dichloro-6-((2-pyrrolidin-1-ylethylimino)
methyl)phenol with different co-ligands were prepared. 
The complexes were characterized by physico-chemical 
methods. Structures of the complexes were confirmed by 
single crystal X-ray determination. The Schiff base ligand 
coordinates to the metal atoms through the phenolate ox-
ygen, imino nitrogen and pyrrolidine nitrogen. The com-
plexes have effective antibacterial activities on the bacteria 
Staphylococcus aureus and Escherichia coli, and the yeast 
Candida parapsilosis.

Supplementary Material
CCDC 2333475 (1), 2333476 (2) and 2333477 (3) 

contain 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, 12 Union Road, 
Cambridge CB2 1EZ, UK; fax: +44(0)1223-336033 or 
email: deposit@ccdc.cam.ac.uk.
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Povzetek
Sintetizirali smo tri nove bakrove(II) komplekse [CuClL] (1), [CuBrL]n (2) in [CuL(NCS)]n (3) s Schiffovo bazo 2,4-dik-
loro-6-((2-pirolidin-1-iletilimino)metil)fenol (HL) in jih okarakterizirali s spektroskopskimi metodami ter z rentgensko 
monokristalno analizo. Atom Cu v kompleksu 1 je v kvadratno planarni koordinaciji, v kompleksih 2 in 3 pa v kvadratno 
piramidalni koordinaciji. Ligand Schiffove baze je na Cu centralne atome koordiniran preko fenolatnega kisikovega 
atoma, imino dušikovega atoma in pirolidinskega dušikovega atoma. Antibakterijske aktivnosti Schiffove baze in treh 
bakrovih kompleksov smo določili na bakterijah Staphylococcus aureus in Escherichia coli ter kvasovkah Candida par-
apsilosis.
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Abstract
Four bifunctional, noncovalent amine-squaramide organocatalysts were prepared from camphor in five steps. The ste-
reochemistry of the prepared catalysts was thoroughly analyzed using various spectroscopic techniques. Their organo-
catalytic activity was investigated in the Michael addition of acetylacetone to trans-β-nitrostyrene. The addition product 
was formed in complete conversion and with an enantioselectivity of up to 77% ee. In the reactions catalyzed by the 
2-exo-3-endo catalysts, the major (S)-enantiomer was formed, whereas in the presence of 2-endo-3-endo catalysts, the 
(R)-enantiomer was formed as the major product.

Keywords: Camphor, Enaminone, Asymmetric organocatalysis, Bifunctional noncovalent organocatalysts, Squaramide 
organocatalysts, Michael addition

1. Introduction
The noncovalent bifunctional organocatalyst with 

thiourea H-bond donor introduced by Takemoto in 20031 
and the squaramide catalyst developed by Rawal in 20082 
and their numerous analogs have become the workhorses 
of noncovalent organocatalysis,3–7 as they enable the si-
multaneous activation and coordination of both electro-
philic and nucleophilic reactants.7,8 A typical and most 
commonly used organocatalyst of this type is a derivative 
of a chiral 1,2-diamine based on cyclohexane-1,2-diamine9 
or privileged cinchona alkaloids.10–12 Although several 
H-bond donors have been described in the literature,13–15 
thiourea and squaramide remain the most common and 
best H-bond donors.3–7,16,17 Hydrogen bond donors based 
on thiourea and squaramide have been very successfully 
introduced into noncovalent bifunctional quaternary am-
monium salt phase-transfer organocatalysts.18–21

In the course of our extensive research on cam-
phor-diamine building blocks and their application for the 
synthesis of noncovalent bifunctional organocatalysts with 
thiourea or squaramide double H-bond donors,22–24 we 
were able to develop highly efficient squaramide organo-
catalysts based on camphor-derived 1,3-diamine for the 
addition of 1,3-dicarbonyl nucleophiles and heterocyclic 

pyrrolone nucleophiles to nitroalkene acceptors.25,26 In 
contrast, their thiourea analogs proved to be inferior to the 
squaramide organocatalysts.22 While amine-thiourea or-
ganocatalysts derived from 3-((dimethylamino)methyl-
ene)camphor have already been reported,23 the corre-
sponding squaramide analogs have not yet been prepared 
and their organocatalytic activity has not yet been investi-

Figure 1. 3-((Dimethylamino)methylene)camphor-derived thiou-
rea and squaramide organocatalysts.
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gated (Figure 1). In this work, we present the synthesis of 
camphor-derived noncovalent bifunctional squaramide 
organocatalysts 8a,b and 9a,b and their catalytic activity in 
the addition of acetylacetone to trans-β-nitrostyrene.

2. Experimental
2. 1. Materials and Measurements

Solvents for extractions and chromatography were of 
technical grade and were distilled prior to use. Extracts 
were dried over technical grade anhydrous Na2SO4. Melt-
ing points were determined on a Kofler micro hot stage 
and on SRS OptiMelt MPA100 – Automated Melting Point 
System (Stanford Research Systems, Sunnyvale, Califor-
nia, USA). The NMR spectra were obtained on a Bruker 
UltraShield 500 plus (Bruker, Billerica, MA, USA) at 500 
MHz for 1H and 126 MHz for 13C nucleus, using CDCl3 
and DMSO-d6 with TMS as the internal standard, as sol-
vents. Mass spectra were recorded on an Agilent 6224 Ac-
curate Mass TOF LC/MS (Agilent Technologies, Santa 
Clara, CA, USA), IR spectra on a Perkin-Elmer Spectrum 
BX FTIR spectrophotometer (Perkin-Elmer, Waltham, 
MA, USA). Column chromatography (CC) was performed 
on silica gel (silica gel 60, particle size: 0.035–0.070 mm 
(Sigma-Aldrich, St. Louis, MO, USA)). HPLC analyses 
were performed on an Agilent 1260 Infinity LC (Agilent 
Technologies, Santa Clara, CA, USA) using CHIRALPAK 
AD-H (0.46 cm ø × 25 cm) as chiral column (Chiral Tech-
nologies, Inc., West Chester, PA, USA). Catalytic hydro-
genation was performed on a Parr Pressure Reaction Hy-
drogenation Apparatus (Moline, IL, USA). The optical 
rotation of optical active substances was measured on a 
Perkin-Elmer 241 MC Polarimeter (Perkin-Elmer, 
Waltham, MA, USA) equipped with a Na lamp (sodium 
emission lines at 589.0 nm) at 20 °C. All the commercially 
available chemicals used were purchased from Sig-
ma-Aldrich (St. Louis, MO, USA).

2. 2. �Synthesis of 3-((3,5-Bis(trifluoromethyl)
benzyl)amino)-4-(((1S,2S,3R,4R)-
3-((dimethylamino)methyl)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-yl)
amino)cyclobut-3-ene-1,2-dione (8a) and 
3-((3,5-Bis(trifluoromethyl)benzyl)amino)-4-
(((1S,2S,3R,4R)-3-((dimethylamino)methyl)-
1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl)
amino)cyclobut-3-ene-1,2-dione (8b)

To a solution of diamine 5 (1.21 mmol, 254 mg) in 
anhydrous CH2Cl2 (3 mL) under argon at 25 °C was added 
3-((3,5-bis(trifluoromethyl)benzyl)amino)-4-ethoxycy-
clobut-3-ene-1,2-dione (6) (1.1 equiv., 1.331 mmol, 489 
mg). The resulting reaction mixture was stirred at 25 °C for 
24 h. The volatiles were evaporated in vacuo and the resi-

due was purified by column chromatography. First column 
chromatography: silica gel 60; (i) EtOAc/MeOH/Et3N = 
20:1:0.5 to elute less polar impurities; (ii) EtOAc/MeOH/
Et3N = 10:1:0.5 to elute the combined products 8a and 8b. 
The fractions containing products 8a and 8b were com-
bined and the volatiles were evaporated in vacuo. The resi-
due was purified by a second column chromatography: 
silica gel 60; CH2Cl2/MeOH/Et3N = 40:1:1 to separate 
products 8a and 8b. The fractions containing the pure sep-
arated products were combined separately and the vola-
tiles were evaporated in vacuo.

Compound 8a. Elutes first from the column. Yield: 
296 mg (0.557 mmol, 46%) of white solid; m.p. 248–253 °C. 
[α]D

r.t. = –149.6 (0.26, CHCl3). EI-HRMS: m/z = 532.2390 
(MH+); C26H32F6N3O2 requires: m/z = 532.2393 (MH+); IR 
νmax 3293, 2959, 2770, 1801, 1673, 1580, 1539, 1467, 1379, 
1348, 1277, 1167, 1132, 1046, 902, 874, 843, 816, 726, 703, 
682 cm–1. 1H NMR (500 MHz, DMSO-d6): δ 0.71 (s, 3H), 
0.83 (s, 3H), 0.95 (s, 3H), 1.00–1.09 (m, 1H), 1.34–1.44 (m, 
1H), 1.46–1.57 (m, 2H), 1.69 (s, 1H), 2.12 (s, 6H), 2.16 (s, 
1H), 2.21–2.30 (m, 1H), 2.34–2.41 (m, 1H), 3.47–3.57 (m, 
1H), 4.88 (dd, J = 15.6, 5.9 Hz, 1H), 4.98 (dd, J = 15.4, 6.8 
Hz, 1H), 7.15 (br s, 1H), 7.85 (br s, 1H), 8.07 (s, 3H). 13C 
NMR (126 MHz, DMSO-d6): δ 11.58, 19.60, 19.80, 20.68, 
35.32, 45.37, 45.08, 45.68, 46.82, 47.25, 50.08, 60.26, 66.71, 
121.29, 123.30 (q, J = 272.9 Hz), 128.52, 130.54 (q, J = 32.6 
Hz), 142.65, 166.82, 168.42, 182.48, 182.62.

Compound 8b. Elutes second from the column. 
Yield: 109 mg (0.205 mmol, 17%) of yellowish semisolid. 
[α]D

r.t. = –27.5 (0.28, CHCl3). EI-HRMS: m/z = 532.2391 
(MH+); C26H32F6N3O2 requires: m/z = 532.2393 (MH+); IR 
νmax 3236, 2949, 1797, 1658, 1583, 1534, 1480, 1379, 1346, 
1277, 1170, 1130, 902, 843, 813, 704, 682 cm–1. 1H NMR 
(500 MHz, DMSO-d6): δ 0.72 (s, 3H), 0.89 (s, 3H), 0.94 (s, 
3H), 1.24–1.37 (m, 2H), 1.45–1.56 (m, 1H), 1.59–1.67 (m, 
2H), 2.16 (br s, 6H), 2.38–2.46 (m, 3H), 4.44 (t, J = 10.5 Hz, 
1H), 4.89 (dd, J = 15.5, 6.0 Hz, 1H), 4.99 (dd, J = 15.6, 7.0 
Hz, 1H), 7.82 (br s, 1H), 8.07 (s, 3H), 8.39 (s, 1H). 13C NMR 
(126 MHz, DMSO-d6): δ 13.74, 18.15, 19.50, 19.97, 26.29, 
36.07, 44.79, 45.67, 46.35, 47.58, 49.95, 56.63, 58.92, 121.19, 
123.31 (q, J = 272.8 Hz), 128.34, 130.50 (q, J = 33.0 Hz), 
142.83, 167.25, 169.44, 182.55, 182.61.

2. 3. �Synthesis of 3-((3,5-Bis(trifluoromethyl)
phenyl)amino)-4-(((1S,2S,3R,4R)-
3-((dimethylamino)methyl)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-yl)
amino)cyclobut-3-ene-1,2-dione (9a) and 
3-((3,5-Bis(trifluoromethyl)phenyl)amino)-4-
(((1S,2S,3R,4R)-3-((dimethylamino)methyl)-
1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl)
amino)cyclobut-3-ene-1,2-dione (9b)

To a solution of diamine 5 (1.21 mmol, 254 mg) in 
anhydrous CH2Cl2 (3 mL) under argon at 25 °C was added 
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3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-ethoxycy-
clobut-3-ene-1,2-dione (7) (1.1 equiv., 1.331 mmol, 470 
mg). The resulting reaction mixture was stirred at 25 °C for 
24 h. The volatiles were evaporated in vacuo and the resi-
due was purified by column chromatography. First column 
chromatography: silica gel 60; (i) Et2O/MeOH/Et3N = 
20:1:0.5 to elute less polar impurities; (ii) Et2O/MeOH/
Et3N = 10:2:0.5 to elute the combined products 9a and 9b. 
The fractions containing products 9a and 9b were com-
bined and the volatiles were evaporated in vacuo. The resi-
due was purified by a second column chromatography: 
silica gel 60; CH2Cl2/MeOH/Et3N = 40:1:1 to separate 
products 9a and 9b. The fractions containing the pure sep-
arated products were combined separately and the vola-
tiles were evaporated in vacuo.

Compound 9a. Elutes first from the column. Yield: 
125 mg (0.242 mmol, 20%) of yellowish semisolid. [α]D

r.t. 
= –88.3 (0.3, CHCl3). EI-HRMS: m/z = 518.2237 (MH+); 
C25H30F6N3O2 requires: m/z = 518.2237 (MH+); IR νmax 
2956, 1792, 1690, 1600, 1550, 1436, 1376, 1329, 1276, 1178, 
1130, 933, 879, 847, 826, 700, 678, 619 cm–1. 1H NMR (500 
MHz, DMSO-d6): δ 0.77 (s, 3H), 0.87 (s, 3H), 1.04 (s, 3H), 
1.07–1.13 (m, 1H), 1.38–1.45 (m, 1H), 1.49–1.60 (m, 2H), 
1.72–1.76 (m, 1H), 2.15 (s, 6H), 2.20–2.34 (m, 2H), 2.35–
2.43 (m, 1H), 3.57 (d, J = 5.5 Hz, 1H), 7.59 (br s, 1H), 7.66 
(s, 1H), 8.11 (s, 2H), 10.37 (br s, 1H). 13C NMR (126 MHz, 
DMSO-d6): δ 11.67, 19.82, 19.90, 20.66, 35,46, 44.96, 
45.46, 46.83, 47.36, 50.22, 60.23, 67.39, 114.71, 118.14, 
123.20 (q, J = 272.7 Hz), 131.33 (q, J = 32.9 Hz), 141.13, 
162.09, 169.84, 180.29, 184.38.

Compound 9b. Elutes second from the column. 
Yield: 50 mg (0.0968 mmol, 8%) of yellowish semisolid. 
[α]D

r.t. = –37.1 (0.07, CHCl3). EI-HRMS: m/z = 518.2235 
(MH+); C25H30F6N3O2 requires: m/z = 518.2237 (MH+); 
IR νmax 3355, 2955, 1793, 1685, 1606, 1567, 1505, 1472, 
1441, 1375, 1329, 1275, 1173, 1129, 1007, 932, 903, 881, 
846, 798, 703, 686, 671 cm–1. 1H NMR (500 MHz, DM-
SO-d6): δ 0.75 (s, 3H), 0.91 (s, 3H), 0.98 (s, 3H), 1.24–1.31 
(m, 1H), 1.34–1.43 (m, 1H), 1.49–1.59 (m, 1H), 1.71 (s, 
1H), 1.87–1.95 (m, 1H), 2.45 (br s, 6H), 2.52–2.62 (m, 3H), 
4.52 (t, J = 10.2 Hz, 1H), 7.62 (s, 1H), 8.27 (s, 2H), 8.96 (br 
s, 1H), 12.05 (br s, 1H). 13C NMR (126 MHz, DMSO-d6): δ 
13.61, 18.24, 19.46, 20.08, 35.52, 44.23, 46.65, 47.64, 50.44, 
56.44, 59.86, 114.28, 117.42, 123.23 (q, J = 272.8 Hz), 
131.38 (q, J = 32.9 Hz), 141.79, 162.75, 168.80, 180.23, 
184.11 (one signal missing).

2. 4. �Organocatalyzed Addition of 
Acetylacetone to trans-β-Nitrostyrene
To a solution of trans-β-nitrostyrene (A) (14.9 mg, 

0.1 mmol) in anhydrous CH2Cl2 (1 mL) or anhydrous tol-
uene (1 mL) under argon, a catalyst (10 mol%) was added, 
followed by the addition of acetylacetone (B) (15.4 μL, 
0.15 mmol). The resulting reaction mixture was stirred un-
der argon for 24 h at 25 °C. After 24 h, an aliquot of 100 μL 

of the reaction mixture was withdrawn to determine the 
reaction conversion by 1H NMR (in CDCl3). The remain-
der of the reaction mixture was used to isolate the addition 
product C. The residue was purified by column chroma-
tography (silica gel 60, EtOAc/petroleum ether = 1:2). The 
reaction mixture was transferred directly to the top of the 
column without prior evaporation of the volatile compo-
nents. The fractions containing product C were combined 
and the volatiles were evaporated in vacuo. The enantiose-
lectivity was determined by chiral HPLC analysis (chiral 
column CHIRALPAK AD-H, mobile phase: n-hexane/i-
PrOH = 90:10, flow rate: 1.0 mL/min; λ = 210 nm).

2. 5. X-Ray Crystallography
Single-crystal X-ray diffraction data was collected on 

Agilent Technologies SuperNova Dual diffractometer with 
an Atlas detector using monochromated Mo-Kα radiation 
(λ = 0.71073 Å) at 150 K. The data was processed using 
CrysAlis PRO.28 Using Olex2.1.2.,29 the structures were 
solved by direct methods implemented in SHELXS30 or 
SHELXT31 and refined by a full-matrix least-squares proce-
dure based on F2 with SHELXT-2014/7.32 All nonhydrogen 
atoms were refined anisotropically. Hydrogen atoms were 
placed in geometrically calculated positions and were re-
fined using a riding model. The drawings and the analysis of 
bond lengths, angles and intermolecular interactions were 
carried out using Mercury33 and Platon.34 Structural and 
other crystallographic details on data collection and refine-
ment for compound 8a have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary pub-
lication number CCDC Deposition Number 2336641. 
These data are available free of charge at https://www.ccdc.
cam.ac.uk/structures/, accessed on 04 March 2024 (or from 
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 
1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

3. Results and Discussion
The starting diamine 5 was prepared as a mixture of 

diastereomers in four steps (Scheme 1) in 57% yield fol-
lowing the procedures from our previous work.23 Thus, 
(1R)-(+)-camphor (1) was treated with Bredereck’s reagent 
to give enaminone 2, which was catalytically hydrogenated 
in the presence of anhydrous hydrochloric acid in ethanol 
to give amino-ketone hydrochloride 3 as a mixture of two 
diastereomers in the ratio 76:24. The subsequent reaction 
with hydroxylamine gave oxime 4 (dr = 90:10), while the 
final reduction with sodium in n-propanol gave an insepa-
rable mixture of diastereomeric diamines 5 in the ratio 
62:28:10.23 Treatment of the diastereomeric mixture of 
amine 5 with squaramate 635 and 736 gave, after extensive 
purification by column chromatography, diastereomeri-
cally pure catalysts 8a (46% yield)/8b (17% yield) and 9a 
(20% yield)/9b (8% yield), respectively (Scheme 1).
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The structures of compounds 8a,b, and 9a,9b were 
confirmed by spectroscopic methods (1H and 13C NMR, 
2D NMR, IR, and high-resolution mass spectrometry). 
The 2-exo-3-endo stereochemistry of compounds 8a and 
9a was determined by NOESY spectroscopy (Figure 2). 
Based on cross peaks in NOESY spectra the exo stereo-
chemistry on the C(3) position was determined (cross 
peak between H-C(2) and H3-C(10) as well as NH and 
H3-C(8)). The endo stereochemistry on the C(2) position 
was determined based on the cross peak between H-C(3) 
and H3-C(8). The 2-endo-3-endo stereochemistry of com-

Scheme 1. Synthesis of camphor-derived bifunctional amine-squar-
amide organocatalysts 8 and 9.

pounds 8b and 9b was also determined by NOESY spec-
troscopy in combination with the cross-correlation of the 
chemical shifts of the protons H-C(2). Based on the cross 
peak between NH and H3-C(10), the endo stereochemistry 
was determined on C(2) position, notable cross peak be-
tween H-C(3) and H3-C(8) confirmed the endo stereo-
chemistry on C(3) position (Figure 2). In addition, the 
close chemical correlation of protons H-C(2) of com-
pounds 8a/9a (3.52 ppm / 3.57 ppm) and compounds 
8b/9b (4.44 ppm / 4.52 ppm) is consistent with NOESY 
data and previously published data.23 Details can be found 
in the Supporting Information. The structure of com-
pound 8a was confirmed by single crystal X-ray diffrac-
tion analysis (Figure 3).

The organocatalytic activity (conversion, enantiose-
lectivity) of camphor-derived organocatalysts 8a,b and 
9a,b was investigated in the 1,4-addition of acetylacetone 
(B) to trans-β-nitrostyrene (A).25,27 The reactions were 
carried out in anhydrous dichloromethane at 25 °C for 24 
h with 10 mol% of the catalyst (Scheme 2). The 2-exo-3-
endo catalysts 8a and 9a afforded the addition product C 
in complete conversion and with good (S)-enantioselectiv-
ity, i.e. 77% ee and 71% ee, respectively. In contrast, incom-
plete conversion (94% and 30%, respectively) with re-
versed (R)-enantioselectivity (62% ee and 4% ee, 
respectively) was obtained with the 2-endo-3-endo cata-
lysts 8b and 9b. The catalytic performance of the best cat-
alyst 8a was additionally carried out in anhydrous toluene, 
where 40% conversion and 57% ee were obtained. The 
squaramide-based catalysts 8a and 9a outperformed the 
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previously reported thiourea-based catalysts (up to 60% 
ee).23

4. Conclusion
The bifunctional noncovalent squaramide organo-

catalysts 8a,b and 9a,b, prepared from camphor in five 
steps, were fully characterized and their organocatalytic 
activity in the addition of acetylacetone to trans-β-ni-
trostyrene was evaluated. The best performing catalyst 8a 
gave the addition product C in 77% ee with (S)-enantiose-
lectivity and complete conversion.

Supplementary Material
Crystal data and structure refinement for compound 

8a and copies of IR, HRMS, 1H NMR, 13C NMR and 2D 
spectra of the products are presented in the supporting in-
formation.
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Povzetek
V petih sinteznih korakih so bili iz kafre pripravljeni štirje bifunkcionalni, nekovalentni amin-skvaramidni organokatal-
izatorji. Stereokemija pripravljenih katalizatorjev je bila temeljito analizirana z različnimi spektroskopskimi tehnikami. 
Organokatalitska aktivnost katalizatorjev je bila ovrednotena v modelni reakciji Michaelove adicije acetilacetona na 
trans-β-nitrostiren. Adicijski produkt je nastal s popolno konverzijo in z enantioselektivnostjo do 77 % ee. Pri reakciji 
acetilacetona na trans-β-nitrostiren se v prisotnosti 2-ekso-3-endo katalizatorjev tvori večinski (S)-enantiomer, v prisot-
nosti 2-endo-3-endo katalizatorjev pa večinski (R)-enantiomer.
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Abstract
Quinoline and its derivatives are a family with unique medicinal properties, including antibacterial effects. It was as-
sumed that the four quinoline derivatives 1, 2, 3 and 4 had significant activity against pathogenic bacteria. These com-
pounds were synthesized and characterized by TLC, IR, 1H NMR, and 13C NMR analyses. The biological activity of 
compounds was determined as inhibition zone (IZ) in mm. For compound 1 IZ was 19 ± 0.22 against Klebsiella pneumo-
niae, IZ was 18 ± 0.22 against Bacillus subtilis, and IZ was 17 ± 0.22 against Staphylococcus aureus. 2 displayed IZ of 18 
± 0.22 against both Klebsiella pneumoniae and Bacillus subtilis. 3 showed IZ of 17 ± 0.22 against Staphylococcus aureus. 
4 displayed IZ of 21 ± 0.22, thus showing a higher inhibitory activity against Escherichia coli, than ciprofloxacin. These 
results demonstrate the potential of the synthesized compounds to work as antibacterial drugs against these strains by 
inhibiting or deactivating the target proteins.

Keywords: Quinoline derivatives; drug-resistant; pathogenic bacteria; Klebsiella pneumoniae; Escherichia coli.

1. Introduction
Bacteria are single-celled micro-organisms that ex-

hibit great morphological diversity with dimensions rang-
ing from 0.5–5 µm. There are only a few types of bacteria 
that cause disease. These types are called pathogens. Bacte-
ria that inhabit the body naturally and peacefully can 
sometimes cause disease by producing harmful substanc-
es, invading tissues, or both. Among the most important 
bacterial diseases that may affect some individuals are 
cholera, diphtheria, dysentery, plague, pneumonia and tu-
berculosis. The most common and deadly bacterial diseas-
es are respiratory infections and tuberculosis infection, 
which alone kill two million people each year.1 Antibacte-
rial drugs are antimicrobial compounds covering a range 
of effective medications that fight bacterial infections by 
killing or stopping them from reproducing.

The resistance to antibacterial drugs develops in 
some types of bacteria due to the acquisition of genes from 
other bacteria that have become resistant to antibacterial 
drugs or by mutations in the genes. Genes that enable bac-
teria to resist antibacterial drugs can be passed on to sub-

sequent generations of the same bacteria, or sometimes to 
other types.2 The more an antibacterial drug is used, the 
greater is the risk of developing resistance to it. For this 
reason, doctors try not to use antibiotics, unless necessary. 
Antibiotic-resistant bacteria can also be passed from per-
son to person, becoming widespread globally in a relative-
ly short period. They can also be transmitted from humans 
to animals, including those on farms.3

Among the various medicines, herbs,4 nanoantibiot-
ics,5 and heterocyclic organic compounds, quinoline is an 
important building block in the construction of new me-
dicinal drugs. It is nontoxic to humans by oral absorption 
and inhalation.6 Quinolones are one of the most signifi-
cant groups of antibacterial agents discovered in the last 50 
years.7 The development of quinolones dates back to the 
1960s, when George Lesher discovered nalidixic acid by 
accident during the production of the antimalarial com-
pound chloroquine. Then FDA (Food and Drug Adminis-
tration) approved this compound for the urinary tract in-
fections and against Gram-negative bacteria.8 By adding 
fluorine, the fluoroquinolone family appeared, then FDA 
documented more than twenty compounds of this family 

https://orcid.org/0000-0001-6671-0417
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circulating in the market with antimicrobial effects 1000 
times stronger than nalidixic acid.9 Fluorine's key features, 
at the position 6 (Figure 1), can influence pharmacologi-
cal, pharmacodynamic and pharmacokinetic effects, as 
well as biological activity. Due to its electronic, lipophilic, 
and steric properties, including its strong electronegativity, 
low polarizability, solubility, hydrogen-bonding, tiny size, 
and steric effects, the fluorine atom is a significant constit-
uent generally in drug design, particularly in quinolones.10

The incorporation of nitrogen into the ring at the 
position 7, fluoroquinolones have potent activity against 
Gram-positive respiratory pathogens. The use of a small 
additional groups at the position 8, such as methoxy and 
halide, increases the water solubility and anaerobic activ-

ity; in some cases it is even possible to switch from intra-
venous to oral application. When phototoxicity is consid-
ered, the methoxy group is preferred over the halide to 
avoid side effects as well as it is possible that its effective-
ness lasts longer, thus reducing the effects of mutations.11 
Finally, the significant effect of the cyclopropyl group 
cannot be neglected for improve activity of the com-
pounds.12

Because of the side effect of antibiotic drugs like 
quinoline compounds, there is a need for continuous de-
sign and development towards the goal of reducing these 
side effects (emerging of antibacterial resistance) hence 
the synthesis of novel quinoline derivatives is becoming 
increasingly essential.

Figure 1. Enzymatic activity center in the fluoroquinolones.

Scheme 1. The synthesis of compounds 1–4.
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In this study, four quinoline derivatives: 1, 2, 3 and 4 
were synthesized, being part of our theoretical study in the 
research (Kassar and Ezzat, 2023).13 Characterization of 
the synthesized compounds was carried out by using melt-
ing point determination, pH, TLC, IR, 1H NMR and 13C 
NMR spectroscopy and then the study of the biological 
activity was performed.

2. Materials and Methods
All of the chemicals used in this research were of the 

maximum purity obtainable, and they were used directly 
from the producers without any further processing.

2. 1. Synthesis
281.67 mg (1 mmol) of 7-chloro-1-cyclopropyl-6- 

fluoro-1,4-dihydro-4-oxoquinoline-3-carboxylic acid (A) 
were weighed with a sensitive balance, then placed in a 
round-bottom flask with 10 mL of methanol. To synthesize 
1, 153.14 mg (1 mmol) of 2-amino-5-hydroxybenzoic acid 
were weight and added to A. The solution was heated un-
der reflux while stirring for 2 h. Compound 2 was synthe-
sized by weighting and adding 151.17 mg (1 mmol) of 
4-aminobenzoic hydrazide to A to yield 2, followed by the 
same steps as for the synthesis of 1. Compound 3 was ob-
tained by adding 153.14 mg (1 mmol) of 4-aminosalicylic 
acid to A followed by the same steps as for the synthesis of 
1. To yield product 4, 0.17 mL of 4-butylaniline was used, 
followed by the same steps as for the synthesis of 1 (Scheme 
1). After the reaction was finished, the product was placed 
in a blast drying oven FCD-3000 at 50 °C with a fan for 1 h 
to allow the methanol to evaporate and the product to dry. 
The experiment was repeated with dimethyl sulfoxide 
(DMSO) as the solvent, and the products were allowed to 
precipitate for 15 days.14

2. 2. Characterization
Thin-layer chromatography (TLC). Several solvent 

systems were tested for TLC on Echo silica gel F254 plates 
to monitor the reaction. The most suitable were tetrahy-
drofuran : cyclohexane 7 : 3 (solvent system I), and acetone 
: cyclohexane 5 : 5 (solvent system II). The spots were de-
tected by using a UV lamp. Retention factors (Rf) and rela-
tive lipophilicities (Rm) being log [1 – Rf/Rf]) were deter-
mined.

Melting point measurements. The melting points of 
the products was determined by Electro-thermal Stuart 
melting point apparatus of finely powdered samples in 
open capillary tubes with one side closed with a heat 
source.

Infrared spectroscopy (IR). 2 mg of the products 
were dried in a blast drying oven at 50 °C. Then, from each 
compounds, an IR disc was prepared individually with 200 

mg of dried KBr. Subsequently, the IR spectrum was re-
corded within the range of 400 cm–1 to 4000 cm–1 in the 
Department of Chemistry's research lab at the University 
of Anbar's College of Education for Women.

Nuclear Magnetic Resonance (NMR) Spectrosco-
py. 1H and 13C NMR spectra for the prepared compounds 
were recorded in DMSO-d6 using a Bruker 400 MHz and a 
Jeol Lambda 500 MHz instrument at the research labora-
tory of the Department of Chemistry at the College of Ed-
ucation for Pure Sciences – University of Basra. Chemical 
shifts are given in ppm (δ). Multiplet, singlet, doublet, tri-
plet, and quartet are denoted by the letters m, s, d, t, and q, 
respectively.

2. 3. Biological Activity
Two kinds of bacteria were used, Gram-negative 

bacteria Escherichia coli and Klebsiella pneumoniae. As 
Gram-positive bacteria, Staphylococcus aureus and Bacil-
lus subtilis were used. These bacteria were diagnosed and 
cultured on eosin methylene blue (EMB) and nutrient agar 
medium for use in this experiment, and in measuring the 
deactivating capacity of the synthesized quinoline deriva-
tives.

The deactivating capacity of the isolated bacteria of 
the compounds prepared, was tested by using the holes 
method. In this method the holes were saturated with (10 
µL) of 1∙10–4 M of the compounds 1, 2, 3, 4 and cipro-
floxacin, then left for about 15 min in order to spread on 
the medium. Sequentially, incubated at 25 °C for 24 h. The 
deactivation diameters were measured by a special ruler 
designed for this purpose.

3. Results
3. 1. General Characteristics

Compound 1. C20H15FN2O6: greyish brown pow-
dery product, yield 3.226 g (81%); Rf = 0.85, Rm = –0.75 
(solvent system I). Rf = 0.61, Rm = –0.194 (solvent system 
II). m.p. 228–230 °C. FTIR: ν 2500–3080, 1726, 1610, 
1586, 1497, 1250–1400, 3227 cm–1. 1H NMR (400 MHz, 
DMSO-d6): δ 14.61 (s, 1H), 8.74 (s, 1H), 8.65–8.60 (m, 
2H), 8.50 (d, J = 6.1 Hz, 1H), 8.30 (s, 1H), 8.25 (s, 2H), 8.18 
(d, J = 9.0 Hz, 1H), 8.06 (s, 1H), 7.09 (d, J = 2.9 Hz, 2H), 
6.77 (dd, J = 8.7, 2.8 Hz, 2H), 6.60 (d, J = 8.8 Hz, 2H), 3.84 
(q, J = 5.4 Hz, 1H), 1.32 (t, J = 6.6 Hz, 2H), 1.21 (d, J = 4.2 
Hz, 2H). 13C NMR (101 MHz, DMSO-d6): δ 177.18, 
177.15, 169.86, 165.82, 156.82, 154.34, 149.73, 147.02, 
145.25, 138.65, 127.67, 127.47, 125.92, 125.85, 123.49, 
121.69, 118.13, 115.65, 112.44, 112.21, 110.38, 107.94, 
40.54, 40.33, 40.12, 39.91, 39.71, 39.50, 39.29, 36.78, 8.14.

Compound 2. C20H15FN2O6: yellowish brown pow-
dery product, yield 3.345 g (84%); Rf = 0.97, Rm = –1.50 
(solvent system I). Rf = 0.45, Rm = –0.087 (solvent system 
II). m.p. 193–196 °C. FTIR: ν 3094, 3385, 1726, 3499, 1610 
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cm–1. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 14.62 (s, 
1H), 11.38 (s, 1H), 8.75 (s, 1H), 8.52 (d, J = 6.1 Hz, 1H), 
8.19 (d, J = 9.0 Hz, 1H), 7.41 (d, J = 8.6 Hz, 1H), 6.11–5.89 
(m, 3H), 3.86 (tt, J = 7.6, 4.0 Hz, 1H), 1.33 (t, J = 6.5 Hz, 
2H), 1.21 (p, J = 5.1 Hz, 2H). 13C NMR (101 MHz, DM-
SO-d6) δ (ppm): 177.18, 177.16, 172.56, 165.81, 163.88, 
158.51, 156.82, 156.27, 154.34, 150.19, 149.75, 138.67, 
131.90, 129.87, 127.67, 127.48, 125.93, 125.86, 121.72, 
112.44, 112.22, 107.94, 106.67, 105.89, 103.77, 101.43, 
100.54, 98.94, 40.56, 40.35, 40.15, 39.94, 39.73, 39.52, 
39.31, 36.80, 8.15.

Compound 3. C20H17FN4O4: off white powdery 
product, yield 3.130 g (79%); Rf = 0.81, Rm = –0.62 (solvent 
system I). Rf = 0.61, Rm = –0.194 (solvent system II). m.p. 
208–211 °C. FTIR: ν 3434, 3355, 3306, 3227, 2600–3031, 
1734, 1610 cm–1. 1H NMR (400 MHz, DMSO-d6): δ 9.28 
(s, 2H), 8.75 (s, 1H), 8.51 (d, J = 6.1 Hz, 1H), 8.19 (d, J = 9.0 
Hz, 1H), 7.53 (d, J = 8.3 Hz, 4H), 6.52 (d, J = 8.4 Hz, 4H), 
5.59 (s, 3H), 3.89–3.82 (m, 1H), 1.33 (d, J = 6.7 Hz, 2H), 
1.21 (q, J = 4.0, 3.4 Hz, 2H). 13C NMR (101 MHz, DM-
SO-d6): δ 177.19, 177.16, 166.92, 165.83, 156.83, 154.35, 
151.99, 149.75, 138.68, 128.88, 127.68, 127.48, 125.94, 
125.87, 121.71, 120.37, 113.06, 112.45, 112.22, 107.96, 
40.57, 40.36, 40.15, 39.94, 39.74, 39.53, 39.32, 36.79, 8.15.

Compound 4. C23H23FN2O3. light brown powdery 
product, yield 2.997 g (76%); Rf = 0.93, Rm = –1.12 (solvent 
system I). Rf = 0.74, Rm = –0.454 (solvent system II). m.p. 
235–238 °C. FTIR: ν broad and very strong band 2800–
3500, 2967, 2858, 1614, 1561, 1395, 1313, 1211. 1H NMR 
(400 MHz, DMSO-d6): δ 8.81 (s, 1H), 8.57 (d, J = 6.1 Hz, 
1H), 8.25 (d, J = 8.9 Hz, 1H), 6.87 (d, J = 8.1 Hz, 1H), 6.53 
(d, J = 8.1 Hz, 1H), 3.92 (dt, J = 7.2, 3.3 Hz, 1H), 2.57 (d, J 
= 1.7 Hz, 2H), 2.43 (t, J = 7.6 Hz, 1H), 1.50 (p, J = 7.4 Hz, 
1H), 1.44–1.22 (m, 6H), 0.92 (t, J = 7.3 Hz, 2H). 13C NMR 
(101 MHz, DMSO-d6): δ 177.19, 177.16, 165.86, 156.83, 
154.35, 149.76, 146.69, 138.68, 138.66, 129.79, 129.03, 
127.69, 127.49, 125.93, 125.86, 121.72, 114.45, 112.44, 
112.21, 107.96, 40.52, 40.31, 40.10, 39.89, 39.68, 39.47, 
39.26, 36.79, 34.50, 34.10, 22.14, 14.29, 8.14.

4. Discussion
4. 1. Characterization of Compound 4

The synthesis of the selected fluroquinolones was 
demonstrated by IR analysis, which revealed significant ab-
sorption bands. Firstly, a broad and very strong band be-
tween 2800–3500 cm–1 belongs to the carboxylic group. 
Medium 2967 cm–1 to the stretching vibration of the me-
thyl group, while small 2858 cm–1 to the stretching of ethyl-
ene group. Medium band at 1614 cm–1 corresponds to the 
α,β-unsaturated ketone, 1561 cm–1 is N–H bending, 1395 
cm–1 O–H bending of carboxylic acid, 1313 cm–1 is C–F 
stretching, medium 1211 cm–1 C–N stretching (Figure S1).

The synthesized compounds were characterized us-
ing 1H NMR and 13C NMR spectroscopy, Characteristic 

signals for compound 4 in its 1H NMR spectrum are: δ 
0.93 to HC29 (t, 2H; H2C28), 1.25 to H2C17 (q, 3H; H2C16, 
HC15), 1.32 to H2C28 (m, 5H: H3C29, H2C27), 6.53 to 
HC22,24 (d, 1H; HC21,HC25), 8.24 to HC6 (d, 1F; FC1) 
8.8 to HC8 (s). Signals between δ 3.3–3.5 corresponds to 
water and may indicate sample wetting, as it is known that 
DMSO is very hygroscopic, while a signal at δ 2.5 is non-
deuterated DMSO. In this case, the NH signal either disap-
pears completely or may appear as a broad signal extreme-
ly close to the solvent signals (Figure S2).

Characteristic signals for compound 4 in its 13C 
NMR spectrum are: δ 177.19 and 165.86 to carbonyl C10 
and C12, (d, 156.83) to C1, 36.79 to C26, 34.10 to C27, 
22.14 to C28, 14.29 to C29, 8.14 to C16 and C17 (Figure 
S3).

4. 2. Characterization of Compound 1
The absorption bands in IR spectrum of 1 are depict-

ed in Figure S4: the broadened bands at lower frequencies 
from 2500 to about 3080 cm–1 are for the stretching vibra-
tion of carboxylic hydroxyl, the C=O bond is weakened by 
intermolecular hydrogen bonding, lowering the stretching 
frequency to 1726 cm–1. The band at 1610 cm–1 belongs to 
the cyclic carbonyl, at 1586 cm–1 is due to the stretching 
vibration of the aromatic C=C, and at 1497 cm–1 is due 
to the C–O. The variation in the electronic environment; 
causes the bond's absorption of C–N shift depending on 
its location, leading the band to expand from 1250 cm–1 
to 1400 cm–1. Finally, the characteristic 3227 cm–1 band is 
caused by the stretching vibration of para-hydroxyl, with 
the disappearance of the secondary N–H, often included 
within the domain of the carboxyl group.

Characteristic signals for compound 1 in its 1H NMR 
spectrum are: δ 3.88 to HC15 (m, 4H; H2C16, H2C17), 7.1 
to HC24 (s), 8.19 to HC6 (d, 1F; FC1), 8.50 to HC3 (d, 1H; 
NH), 8.63 to HO26 (s), 14.6 to HO28 carboxylic proton 
(Figure S5).

Characteristic signals for compound 1 in its 13C 
NMR spectrum are: 177.18 to C10, 169.86 to C27, 165.82 
to C12, 156.82 to C23, (d,154.34) to C1, 149.73 to C8, 
147.02 to C20 (Figure S6).

4. 3. Characterization of Compound 2
Despite having the same functional groups as 1, IR 

spectrum of compound 2 revealed considerable variances 
due to the varied site-substitution on the benzene ring. 
The intensity of the carboxylic hydroxyl band was reduced 
by the presence of the hydroxyl close to the carboxyl. The 
degree of H-bonding determines the position and shape 
of this band.

The original O–H bond is lengthened during hydro-
gen bonding. As a result, the bond is weakened, the bond 
force constant is reduced, as well as the stretching fre-
quency. The ortho-carboxylate hydroxyl is detected at 3094 
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cm–1, the secondary N–H (single band) is recorded at 3385 
cm–1, the carbonyl is noted at 1726 cm–1, and the overton 
band for the same group is noted at 3499 cm–1, while 1610 
cm–1 corresponds to the cyclic carbonyl (Figure S7).

Characteristic signals for compound 2 in its 1H NMR 
spectrum are: δ 1.20 to H2C17 (q, 3H; H2C16, HC15. 6.77 
to HO29, 8.51 to HC6 (d, 1F; FC1), 11.38 to HO13 (s) and 
14.62 to HO27 of carboxyl (s), 3.40 and 2.51 to water and 
DMSO, respecitvely (Figure S8).

Characteristic signals for compound 2 in its 13C 
NMR spectrum are: 177.18, 172.56 and 165.81 to C10, C26 
and C12 of carbonyl respectively, (d, 158.51) to C1, 36.80 
to C15, 8.15 to C16 and C17 (Figure S9).

4. 4. Characterization of Compound 3
IR spectrum of compound 3 (Figure S10) shows the 

band at 3434 cm–1 belonging to the N–H adjacent to the 
carbonyl, where the electronic withdrawal of the carbonyl 
increases the bond strength constant, pushing the band to-
wards a higher frequency. The primary amine on the ben-
zene ring at the para-site (dual band) is represented by the 
3355 cm–1 and 3306 cm–1 bands. The 3227 cm–1 is for N–H 
bound to the quinolone ring. The broad band extending 
from 2600–3031 cm–1 is for the quinolone's terminal car-
boxylate, 1734 cm–1 is due to the quinolone ring ketone, 
1610 cm–1 to the aniline ring-linked ketone.

Characteristic signals for compound 3 in its 1H 
NMR spectrum are: δ 1.20 to H2C17 (q, 3H; H2C16, 
HC15), 5.59 to HN29 (s), 6.53 to HC25 and HC27 (d, 1H; 
HC24, HC28), 9.28 to HN20 (s), 3.40 and 2.51 correspond 
to H2O and DMSO which cause H-N19 disappearance 
(Figure S11).

Characteristic signals for compound 3 in its 13C 
NMR spectrum are: 177.19 to C10, 166.92 to C12, 165.83 
to C21, 156.83 to C26, (d,154.35) to C1 (Figure S12).

5. Biological Activity
The antibacterial activity of the synthesized com-

pounds was studied on four previously diagnosed isolates 
of Gram-positive (S. aureus and B. subtilis) and Gram-neg-
ative (E. coli and K. pneumoniae) bacteria. Experimental 

results for the compound 1 showed the following inhibi-
tion zones (IZ): 19 ± 0.22 mm against K. pneumoniae, 18 
± 0.22 mm against B. subtilis, and 17 ± 0.22 mm against S. 
aureus. Compared with ciprofloxacin, the inhibitory activ-
ity of the compound 1 was higher against K. pneumoniae 
and S. aureus, but lesser against B. subtilis as shown in Ta-
ble 1. In designing drugs with fewer side effects, this means 
that the compound's influence on non-pathogenic bacteria 
is lessened, which is an important consideration.

For compound 2, experimentally, the effect was equal 
by IZ 18 ± 0.22 mm. Compared with ciprofloxacin, the in-
hibitory activity of 2 was higher against K. pneumoniae, 
and lesser against B. subtilis as shown in Table 1. Com-
pound 3 showed a higher inhibitory activity against S. au-
reus (IZ 17 ± 0.22 mm), than ciprofloxacin (Table 1). Com-
pound 4 showed a higher inhibitory activity against E. coli 
(IZ 21 ± 0.22 mm), than that of ciprofloxacin (Table 1).

These results demonstrate the potential of the syn-
thesized compounds as antibacterial drugs against these 
strains by inhibiting or activating the target proteins.

6. Conclusions
Four novel quinoline derivatives 1, 2, 3 and 4 were 

successfully synthesized and characterized by TLC, IR, 1H 
and 13C NMR spectroscopy confirming the success of the 
synthetic procedures. In comparison to ciprofloxacin, in 
vitro evalution of the synthesized compounds showed that 
two of them demonstrated good antibacterial activity, sug-
gesting the potential for their future use as an alternative 
treatment after undertaking the necessary research.

Supporting Information
Scans of IR, 1H and 13C NMR spectra of compounds 

1–4.
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Povzetek
Kinolin in njegovi derivati so družina spojin s posebnimi medicinskimi lastnostmi, vključno s protibakterijskimi učinki. 
Predvideli smo, da bodo štirje kinolinski derivati (spojine 1, 2, 3 in 4) imeli opazen učinek na patogene bakterije. Spojine 
smo sintetizirali in jih karakterizirali s TLC, IR, 1H NMR in 13C NMR spektroskopijo. Biološko aktivnost spojin smo 
določili kot območje inhibicije (IZ) v mm. Za spojino 1 je IZ proti Klebsiella pneumoniae znašal 19 ± 0.22, proti Bacillus 
subtilis je bil 18 ± 0.22, proti Staphylococcus aureus pa 17 ± 0.22. Spojina 2 je proti Klebsiella pneumoniae in proti Bacillus 
subtilis izkazala IZ 18 ± 0.22. Za spojino 3 je IZ proti Staphylococcus aureus znašal 17 ± 0.22. Spojina 4 je proti Echerichia 
coli izkazala IZ vrednost 21 ± 0.22, kar predstavlja večjo inhibitorno aktivnost kot ciprofloksacin. Rezultati kažejo, da 
so sintetizirane spojine potencialno uporabne proti tem vrstam bakterij, saj inhibirajo ali deaktivirajo izbrane proteine.

https://doi.org/10.1002/MED.21466
https://doi.org/10.52711/0974-360X.2021.01164
https://doi.org/10.22159/ijap.2022v14i3.43508
https://doi.org/10.2174/138955705774575246
https://doi.org/10.1016/S0223-5234(02)01355-7
https://doi.org/10.1039/C9MD00120D
https://www.jstor.org/stable/4463376
https://doi.org/10.1146/ANNUREV.BIOCHEM.70.1.369
https://doi.org/10.1016/j.bmc.2006.01.016
https://doi.org/10.21608/EJCHEM.2022.151949.6577
https://doi.org/10.1134/S1070363216120525


325Acta Chim. Slov. 2024, 71, 325–333

Džudžević-Čančaret al.:   Validation of an Isocratic HPLC Method for Simultaneous   ...

DOI: 10.17344/acsi.2023.8196

Scientific paper

Validation of an Isocratic HPLC Method for Simultaneous 
Estimation of Major Phytosterols in Prunus spinosa L. 

Extracts
Hurija Džudžević-Čančar,1,* Alema Dedić-Mahmutović,1  Amra Alispahić1   

and Ivan Špánik2 
1 Department of Chemistry in Pharmacy, Faculty of Pharmacy, University of Sarajevo, Zmaja od Bosne 8,  

71000 Sarajevo, Bosnia and Herzegovina

2 Institute of Analytical Chemistry, Faculty of Chemical and Food Technology, Slovak University of Technology in Bratislava, 
Radlinského 2101/9, 812 37 Staré Mesto, Bratislava, Slovakia

* Corresponding author: E-mail: hurija.dzudzevic-cancar@ffsa.unsa.ba

Received: 04-17-2023

Abstract
This study aimed to develop a rapid method for the separation of stigmasterol, campesterol and β-sitosterol in Prunus spi-
nosa L. (blackthorn) fruit extracts by HPLC system. Samples were prepared by Soxhlet extraction method and separated 
on a C18 column using acetonitrile-methanol mobile phase and photodiode array detector (PDA). The optimized meth-
od resulted in a linear calibration curve ranging from 1.70–130 µg mL–1 for all three phytosterols. Analyses of external 
phytosterol standards showed good linearity (R2 of 0.998 to 0.999); LOD and LOQ were determined to be 0.32–9.30 µg 
mL–1 and 0.98–28.1 µg mL–1, respectively. Repeatability and reproducibility precision analyses showed acceptable values 
of %RSD. β-sitosterol was the predominant phytosterol (51.53–81.03% of total) among all samples. Method validation 
parameters indicated that this analytical method can be applied for accurate and precise determination of campesterol, 
stigmasterol and β-sitosterol, in selected extracts.

Keywords: phytosterols; Prunus spinosa L. ethanolic extracts; HPLC; method validation.

1. Introduction
Prunus spinosa L., called blackthorn or sloe (Fig. 1), 

is a specie of flowering plant from the Rosaceae family. 
Blackthorn is a rather bushy tree with dark branches, 
hence the "black" thorn. In early spring it produces a 
five-petalled white flower, which is then replaced by deep 
blue-purple fruits. It blooms from March to April and rip-
ens in October. Blackthorn is native to Europe and western 
Asia, but can also be found in New Zealand and eastern 
North America. Traditionally, blackthorn flowers and 
fruits have been used in various medicines, including ton-
ics and syrups that "purify the blood", aid digestion and 
relieve rheumatism. Flowers, bark, leaves and fruits are as-
tringent, depurative, diaphoretic, diuretic, laxative and 
stomachic.1 Infusion of flowers is used in the treatment of 
diarrhoea (especially in children), bladder and kidney dis-
eases.2 Although not specifically mentioned for this spe-
cies, all members of the genus contain amygdalin and pru-

nasin, substances that break down in water to form 
hydrocyanic acid (cyanide or prussic acid). In small 
amounts, this highly toxic compound stimulates breath-
ing, improves digestion and gives a sense of well-being.3

Phytosterols are a group of cholesterol-like com-
pounds found naturally in plants. They differ from choles-
terol by their carbon side chains and the presence or ab-
sence of double bonds. So far, between 200–300 different 
types of phytosterols have been successfully isolated and 
identified in botanical sources, where campesterol, stig-
masterol and β-sitosterol (Fig. 2) have been found to be 
dominant and most frequently identified.4 Phytosterols 
have attracted much attention due to their nutritional 
properties and biological effects such as inhibition of in-
testinal cholesterol absorption, lowering of blood low-den-
sity lipoprotein (LDL), anti-inflammatory and anti-cancer 
effects. Today, they are widely used in pharmaceutical 
products, nutritional supplements and cosmetics.3–6

https://orcid.org/0000-0003-1920-7645
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mailto:hurija.dzudzevic-cancar@ffsa.unsa.ba
https://en.wikipedia.org/wiki/Flowering_plant
https://en.wikipedia.org/wiki/Rosaceae


326 Acta Chim. Slov. 2024, 71, 325–333

Džudžević-Čančaret al.:   Validation of an Isocratic HPLC Method for Simultaneous   ...

The official methods for the separation and quanti-
tative analysis of phytosterols are conventionally based 
on gas chromatography (GC). However, it usually re-
quires chemical derivatization for a favourable peak 
shape, better sensitivity and resolution, and higher sta-
bility for labile unsaturated sterols.7 In general, liquid 

chromatography (LC) has better operating conditions, 
including lower temperatures and pressure conditions 
for column separation, as well as several available detec-
tors and has been widely used for sterol separation.8–12 
Rocco and Fanali13 developed a nano-LC method for the 
determination of stigmasterol, campesterol and β-sitos-

Fig. 1. Prunus spinosa L. leaves, flowers and fruit

Fig. 2. Structural formulae of Prunus spinosa L. major phytosterols



327Acta Chim. Slov. 2024, 71, 325–333

Džudžević-Čančaret al.:   Validation of an Isocratic HPLC Method for Simultaneous   ...

terol in extra virgin olive oil, with good sensitivity and 
precision. Zarrouk et al.14 and Fibigr et al.15 reported on 
LC methods successfully applied to direct determination 
of sterols and lipids.

Until now, no studies on HPLC use for the separa-
tion of phytosterols from plant material and plant extracts 
in Bosnia and Herzegovina have been reported. The pres-
ent study aimed to develop and validate a simple and rapid 
method for simultaneous separation of three major phy-
tosterols, campesterol, stigmasterol and β-sitosterol, in 
plant extracts using HPLC system coupled to PDA detec-
tion. Furthermore, it was efficiently validated and used in 
phytosterol analysis in ethanolic extracts of Prunus spinosa 
L. fruit.

2. Materials and Methods
2. 1. Chemicals and Reagents

All reagents used in this study were of analytical 
grade. Standard compounds campesterol (99.6%), stig-
masterol (98.1%) and β-sitosterol (98.6%) were purchased 
from Sigma-Aldrich, Chemie GmbH, Germany. Acetoni-
trile (ACN), ethanol (EtOH) and methanol (MeOH) were 
of HPLC grade and were obtained from Merck, Darmstadt, 
Germany. High-purity deionized water was prepared by a 
Milli-Q ultrapure purification system (Millipore, Billerica, 
Massachusetts, USA).

2. 2. Plant Material
Prunus spinosa L. plant material was collected from 

three different locations in Bosnia and Herzegovina (Bori-
je, altitude 892 m, N43°51ʹ16.60ʹʹ, E18°28ʹ55.33ʹʹ, Vareš, 

altitude 739 m, N44°04ʹ40.82ʹʹ, E18°14ʹ46.41ʹʹ and Trnovo, 
altitude 935 m, N43°41ʹ19.37ʹʹ E18°22ʹ34.39ʹʹ) from March 
until November. Plant specimen was authenticated at the 
Department of Biology, Faculty of Science-University of 
Sarajevo, Sarajevo, Bosnia and Herzegovina.

2. 3. Sample Preparation
Blackthorn fruits were washed well, using tap water 

and distilled water. Extracts were prepared using Soxhlet 
extraction with ethanol as a solvent. In a Soxhlet appara-
tus, 100 g of fresh fruits were extracted at the boiling point 
of the solvent for 6 h. It was performed 12 extractions in 
total. The volumes of obtained extracts were reduced in a 
rotary evaporator (RV-10, IKA, Sigma Aldrich, 
Deutschland) to approximately 5–7 mL and evaporated to 
crude extracts in a vacuum concentrator (Thermo Fisher 
Savant, SPD1010, SpeedVac Concentrator). Extracts in 
triplicate were stored in glass vials at T ≈ 4.0 °C and used 
for the quantification of phytosterols and further determi-
nation of biological activities.

2. 4. Standard Solutions and Calibration
The working standard solutions of sterols were pre-

pared by dissolving the respective mass of phytosterols 
standard compounds in ethanol. A linear regression equa-
tion was prepared from seven increasing concentrations 
by diluting the stock solution in ethanol. A linear relation-
ship between peak area and concentrations (1.70–130 µg 
mL–1) was obtained, and the linear regression equation for 
each standard was used for phytosterol quantification in 
standard solutions during the method validation process 
and phytosterol quantification in samples.

Tab. 1. Optimization of chromatographic conditions

Mobile	 Ratio 	 Mode	 Column	 Flow rate	 λ	 Temp.	 tR [min]	 tR [min]	 tR [min]
phase	 [%, v/v]			   [mL min–1]	 [nm]	 [°C]	 S	 C	 B

ACN	 100	 Isocratic	 Symmetry C18	 1.00	 210	 30	 16.98	 17.9	 19.26
			   (4.6 mm × 150 mm, 5 µm)
MeOH	 100	 Isocratic	 Symmetry C18	 1.00	 210	 30	 13.10	 13.45	 14.00
			   (4.6 mm × 150 mm, 5 µm)
ACN:MeOH	 90:10	 Isocratic	 Symmetry C18	 1.00	 210	 30	 17.32	 18.19	 19.66
			   (4.6 mm × 150 mm, 5 µm)
ACN:MeOH*	 80:20	 Isocratic	 Symmetry C18	 1.00	 210	 30	 15.46	 16.18	 17.45
			   (4.6 mm × 150 mm, 5 µm)
ACN:EtOH	 95:5	 Isocratic	 Symmetry C18	 1.00	 210	 30	 16.98	 17.6	 19.3
			   (4.6 mm × 150 mm, 5 µm)
ACN:EtOH	 60:40	 Isocratic	 Inertsustain C18	 1.00	 210	 30	 11.45	 11.51	 12.65
			   (4.6 mm × 250 mm, 5 µm)
ACN:EtOH	 40:60	 Isocratic	 Inertsustain C18	 1.00	 210	 30	 11.48	 11.51	 12.66
			   (4.6 mm × 250 mm, 5 µm)
ACN:water	 95:5	 Isocratic	 Inertsustain C18	 1.00	 278	 40	 15.46	 16.11	 17.60
			   (4.6 mm × 250 mm, 5 µm)

* Optimized conditions for chromatographic separation; tR= Retention time; S-stigmasterol; C-campesterol; B- β-sitosterol.



328 Acta Chim. Slov. 2024, 71, 325–333

Džudžević-Čančaret al.:   Validation of an Isocratic HPLC Method for Simultaneous   ...

2. 5. HPLC System and Conditions
Chromatographic conditions were optimized using 

different columns, flow rates and mobile phase composi-
tions given in Tab. 1. In order to find the most suitable 
mobile phase and the most appropriate chromatogram for 
detection and separation of phytosterols in blackthorn ex-
tracts, it was necessary to optimize the method regarding 
the composition of the mobile phase. Several different mo-
bile phases were applied because those used in the study of 
Kakade and Magdum (2012)16 were not reproducible for 
the samples tested in this research. After optimization, the 
final solvent system ACN:MeOH (80:20, v/v) and a flow 
rate of 1.00 mL min–1 in the isocratic mode were selected 
because these gave good resolution and shape of the chro-
matographic peaks for the components of interest.

Phytosterols were qualitatively and quantitatively ana-
lysed using an Agilent HPLC system series 1200 (Agilent 
Technologies, USA), equipped with a solvent delivery unit, 
autosampler and column oven. A PDA detector was used to 
collect chromatograms and UV spectra. Chromatographic 
separation was performed using a Symmetry C18 column 
(Waters, USA) (150 × 4.6 mm, 5 μm) at 30.0 °C and an in-
jection volume of 20 μL. The mobile phase was filtered 
through a 0.45 µm hydrophilic polypropylene membrane 
filter and degassed in an ultrasonic bath prior to HPLC in-
jection. Quantification of campesterol, stigmasterol and 
β-sitosterol was performed using a PDA detector set at 210 
nm. Identification and quantification of chromatographic 
peaks were confirmed by comparison of the retention time 
(tR) of extracts and phytosterol standards. Calibration 
curves were constructed by analysing seven concentrations 
of phytosterol standards ranging from 1.70 to 130 µg mL–1. 
All analyses were performed at least in triplicate.

2. 6. �Validation of the HPLC Analytical 
Method
Method validation was performed according to the 

ICH (2013) guidelines.17 Compound identification was 
based on retention time matching and co-injection with 
authentic standards under identical analytical conditions.

Linearity: The linearity range was evaluated by plot-
ting the relative peak area of phytosterol versus the relative 
concentration. For phytosterol analysis, standard solutions 
were prepared in ethanol in concentration ranges of 1.70–
130 µg mL–1 for campesterol, stigmasterol and β-sitosterol. 
Three replicates were made for each of the seven solutions 
prepared. The correlation coefficient (R2) was calculated 
for linearity evaluation. LOD and LOQ were calculated ac-
cording to the following equations:

� (1)

� (2)

where, S is the slope of the calibration curve and SD is the 

standard deviation of the response (n = 10). The following 
method validation criteria were applied: curve equation (y 
= mx + b), correlation coefficient (R ≥ 0.999), coefficient of 
determination (R2 ≥ 0.980).18–21

Precision: Repeatability and reproducibility, two dif-
ferent levels of precision, were determined. Repeatability 
(intraday precision) was obtained by analysing standard 
solutions of phytosterols five times in the same day in trip-
licate. The same standard solutions were analysed five 
times in five independent days (once per day in triplicate) 
to obtain reproducibility (interday precision). Mean val-
ues, standard deviation and coefficient of variation were 
determined. The precision of the phytosterol analysis was 
assessed by the calculated relative standard deviation-RSD 
(recommended %RSD ≤ 3.9%).18–21

Accuracy: The accuracy of phytosterol analysis was 
evaluated by performing a recovery test. All phytosterols 
(campesterol, stigmasterol and β-sitosterol) were added to P. 
spinosa extract samples at three different concentration lev-
els (25, 50, 75 µg mL–1). Spiked samples were then analysed 
and recovery was calculated by the following equation:

� (3)

where,	  �Stotal phytosterols = total amount of specific analysed phytos-
terol in extract sample,

	� Sphytosterols present = amount of specific phytosterol present in 
extract sample,

	� Sspiked phytosterol = spiked amount of specific phytosterol.

2. 7. �Quantification of Phytosterols from 
Ethanolic Extracts of Blackthorn Fruit
The optimized HPLC method was used to estimate the 

phytosterols content in ethanolic extracts of P. spinosa L. fruit 
collected from three different locations in Bosnia and Herze-
govina. The solutions of each crude extract were prepared 
separately (10 mg mL–1) in ethanol, and sample of 20 μL was 
subjected to HPLC analysis. The peak area responses were 
recorded under the optimized and validated chromato-
graphic condition. The phytosterols content expressed as 
mass concentration was determined from the linear regres-
sion equations. The identification of campesterol, stigmaster-
ol and β-sitosterol in extracts was carried out by comparison 
of tR for phytosterol standard solutions and samples. Samples 
of standard solutions and extracts were stored in a dark and 
cold place (T ≈ 4.0 °C) to avoid oxidative degradation.

3. Results and Discussion
3. 1. �Optimization of Chromatographic 

Conditions – HPLC Method 
Development and Validation

In this work, a method based on HPLC separation 
combined with PDA detection has been optimised, vali-
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dated and applied for phytosterol analysis in Prunus spino-
sa L. ethanolic extracts. An isocratic elution was chosen 
since it is simple, requires only one pump and minimizes 
the variation of baseline and ghost peaks. Various columns 
are available for HPLC systems, but the Symmetry C18 
column (150 × 4.6 mm, 5 μm) was preferred because peak 
shape, selectivity, and resolution provided the best results 
using this column. Among the different mobile phases 
used, acetonitrile:methanol (80:20, v/v) was suitable for 
the analysis of campesterol, stigmasterol and β-sitosterol 
(Tab. 1), due to baseline normalisation and the best sepa-
ration of the each of three phytosterols (Fig. 3). Further-
more, a flow rate of 1 mL min–1 and an injection volume of 
20 μL, with UV detection at 210 nm, provided optimal 
conditions for the analysis of these phytosterols (Tab. 2).

Although various stationary phases and several iso-
cratic programs were tested, at least two phytosterols were 
not separated using the columns except for Symmetry 
C18, on which sterol standard solutions were fully separat-
ed. Different co-solvents (methanol, ethanol, acetonitrile, 
and water) and/or ratios were evaluated to enhance the 
separation of the three phytosterols. The results showed 
that the best peak shape and resolution were achieved 
when acetonitrile/methanol, 80:20, v/v mixture was ap-
plied, with an isocratic elution mode.

With optimized method conditions analytes were 
very good separated, with resolution values between the 
main peaks ranging from 0.97 to 1.43 (Tab. 3). The flow 
rate and column temperature were maintained at 1.00 mL 
min–1 and 30.0 °C, respectively.

The other mobile phases showed good results toward 
detected compounds too, but baseline separation was not 
reached and resolution was not appropriate.

The linearity of the HPLC method was investigated 
within the range of 1.70–130 μg mL–1 using seven different 
solutions with increasing concentrations. The calibration 
curves for investigated phytosterols were linear, with ex-

Fig. 3. HPLC chromatogram for phytosterol standards (β-sitosterol, campesterol and stigmasterol) on Symmetry C18 column with mobile phase: 
ACN:MeOH (80:20, v/v)

Table 2. HPLC system parameters for an optimised analytical meth-
od

Column	� Symmetry C18, 150×4.6 mm,  
5 μm particle size

Flow rate	 1 mL min–1

Mobile phase	 Acetonitrile:methanol (80:20, v/v)
Run time	 50 min
Wavelength	 210 nm
Temperature 	 30 °C
Injection volume	 20 μL
Sample solvent	 Methanol
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cellent correlation coefficients ranging from 0.998 to 0.999 
(Tab. 3). The results further revealed that the minimum 
concentration levels at which the analyte can be reliably 
detected (LOD) and quantified (LOQ) were 0.32 µg mL–1 
and 0.98 µg mL–1 for β-sitosterol, 9.30 μg mL–1 and 28.1 μg 
mL–1 for campesterol, 0.58 μg mL–1 and 1.75 μg mL–1 for 
stigmasterol, respectively, demonstrating good sensitivity 
of the method.

The system precision results indicated that the %RSD 
values were within the prescribed limit of %RSD < 2%, 
with the %RSD values of the peak area being 1.27% for 
βsitosterol, 0.98% for campesterol, and 0.56% for stigmas-
terol (Tab. 4). Similarly, the results obtained for the system 
precision showed that the %RSD values of the retention 
time were 1.15% for βsitosterol, 0.97% for campesterol, 
and 0.99% for stigmasterol (Tab. 4). The method precision 
results indicate that the %RSD values were also within the 
prescribed limit of %RSD < 2%, ranging from 1.03% for 
stigmasterol, 1.15% for campesterol, and 1.44% for β sitos-
terol, as shown in Tab. 4.

The precision of the validated method was expressed 
as repeatability and reproducibility with %RSD, and accu-
racy was evaluated by the recovery test. The %RSD values 

for intra-assay precision (repeatability) were in the range 
of 1.55% for stigmasterol to 2.50% for β-sitosterol (Tab. 5). 
Whereas the %RSD values for inter-assay (reproducibility) 
precision were in the range of 0.13% for β-sitosterol to 
2.56% for campesterol (Tab. 5). These observations suggest 
that the method provides highly reproducible results, as 
shown in Tab. 5.

3. 2. �Phytosterol Separation, Identification 
and Quantification in P. Spinosa L. Fruit 
Ethanolic Extracts
To assess the applicability of the validated method to 

the analysis of P. spinosa L. extracts, three ethanolic fruit ex-
tracts were obtained and analysed under the above estab-
lished conditions. One of the goals of the work was to per-
form a chemical characterization of extracts using the HPLC 
method in terms of determining the presence of phytosterols, 
considering their important role in the human body. The 
presence of β-sitosterol was determined and quantified in all 
extracts of blackthorn fruits, while stigmasterol content was 
not detected in all samples. Compared to the other two quan-
tified phytosterols, β-sitosterol stands out for its content.

Tabable 5. Precision of method expressed as repeatability and reproducibility with %RSD

Phytosterols	 tR	 Linearity	 Repeatability  	 Reproducibility 	 Recovery 	 %RSD
	 [min]	 [mg mL–1]	 %RSD	 %RSD	 [%]

Campesterol	 15.43	 0.0017–0.13	 2.18	 2.56	 99.86–100.5	 0.05–0.40
Stigmasterol	 16.13	 0.0017–0.13	 1.55	 0.38	 99.77–100.2	 0.02–0.08
β-Sitosterol	 17.41	 0.0017–0.13	 2.50	 0.13	 99.48–100.2	 0.01–0.48

n = 3; RSD – relative standard deviation.

Table 4. System and method precision data. 

Parameter			   System precision					     Method precision

	 βsitosterol	 Campesterol	 Stigmasterol	 βsitosterol	 Campesterol	 Stigmasterol
	 [10.7 μg mL–1]	 [10.7 μg mL–1]	 [10.7 μg mL–1]	 [10.7 μg mL–1]	 [10.7 μg mL–1]	 [10.7 μg mL–1]

	 Peak Area	 tR	 Peak Area	 tR	 Peak Area	 tR	 Peak Area	 Peak Area	 Peak Area

Mean	 70068.00	 17.41	 60251.00	 15.43	 113558.00	 16.13	 69180.00	 61250.00	 112929.00
SD	 888.00	 0.20	 590.00	 0.15	 638.00	 0.16	 995.50	 707.40	 1163.20
%RSD [%]	 1.27	 1.15	 0.98	 0.97	 0.56	 0.99	 1.44	 1.15	 1.03

n = 6; SD – standard deviation; RSD – relative standard deviation; tR – retention time in min.

Table 3. Calibration curve equations, tR, R2, LOD and LOQ values for phytosterols

Phytosterols	 tR [min]	 Equations of Calibration Curves	 R2	 LOD [µg mL–1]	 LOQ [µg mL–1]	 Resolution

Campesterol	 15.43	 y = 8×106x – 2.06×104	 0.9984	 9.30	 28.1	 0.97
Stigmasterol	 16.13	 y = 8×106x + 1.39×103	 0.9995	 0.58	 1.75	 1.43
β-sitosterol	 17.41	 y = 1×107x + 3.32×103	 0.9996	 0.32	 0.98

– In the calibration curve y = mx + b, y is the integrated peak area and x is the concentration; tR – retention time, R – correlation coefficient;  
LOD – limit of detection; LOQ – limit of quantification.
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Fig. 4. presents a characteristic chromatogram of the 
extract mixture where phytosterols of interest were identi-
fied by comparison of retention times with standard solu-
tions of phytosterols. HPLC chromatograms of campester-
ol, stigmasterol and β-sitosterol standard solutions were 
obtained under optimized chromatographic conditions by 
injecting 20 μL of solution. Retention times for campester-
ol, stigmasterol and β-sitosterol were found to be 15.43, 
16.13 and 17.41 min, respectively, which were in good 
agreement with data reported for the standard solutions.

The content of the three main phytosterols in select-
ed samples is summarized in Tab. 6. Fruit extracts from 
location Borije had the highest content of total sterols 
(campesterol, stigmasterol, and β-sitosterol) of 18.475 mg 
g–1, then extracts from Trnovo 8.774 mg g–1, while the ex-
tracts from Vareš had the lowest content of 3.82 mg g–1. 
The content of β-sitosterol in the sample from Borije was 
14.765 mg g–1, and the content of campesterol was 3.250 
mg g–1. The content of β-sitosterol, campesterol and stig-

masterol in the extracts of fresh blackthorn fruit from the 
location of Trnovo is significantly lower compared to the 
extracts from the location of Borije. As expected, β-sitos-
terol was the dominant phytosterol, and campesterol was 
present at a lower level. Stigmasterol was found in two of 
three samples at very low levels, which was in accordance 
with the results presented in previous studies concerning 
the content of phytosterols in different plant samples.7,9

Based on the results shown in Tab. 6, it can be ob-
served that the ethanolic extracts obtained by SE from all 
three localities had a high content of phytosterols, among 
which the extract from the Borije location is the leading 
one. There is no data available in the literature on the spe-
cific content of phytosterols (β-sitosterol, campesterol 
and stigmasterol) in the ethanol extracts of Prunus spino-
sa L., so the obtained values ​​cannot be compared with the 
results of other studies. The importance of determining 
phytosterols in plant extracts is related to their biological 
activities. One of the most important effects of phytoster-

Table 6. Estimation of campesterol, stigmasterol and β‑sitosterol in blackthorn fruit ethanolic extracts from three locations in Bosnia and Herzego-
vina

Sample	                    Campesterol		                          Stigmasterol		                              β-Sitosterol		  Sum of determined
location							        phytosterols 

	 Peak area	 Content	 Peak area	 Content	 Peak area	 Content	 Content
	 mean	 [mg g–1]±SD	 mean	 [mg g–1]±SD	 mean	 [mg g–1]±SD	 [mg g–1]±SD
			 

Borije	 18231	 3.250±0.000*	 6490	 0.460±0.012	 187753	 14.765±0.007	 18.475
Vareš	   3873	 1.850±0.002*	 –	 –	   26013	   1.970±0.005	   3.820
Trnovo	   1892	 1.641±0.010*	 1502	 0.023±0.004	   92164	   7.110±0.013	   8.774

Values are expressed as the mean of three determinations ± standard deviation.
*All standard deviation values less than 0.001 mg g–1.

Fig. 4. Chromatogram of the ethanolic extract of fresh blackthorn fruits from the Borije location obtained by Soxhlet extraction
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ols is antiproliferative activity. Previously published data 
suggest that the content of phytosterols in the diet is as-
sociated with a reduction in common cancers, including 
colon, breast and prostate cancers.22,23 Phytosterols affect 
host systems and potentially enable a stronger antitumor 
response. This includes the recognition of cancer and 
strengthening the immune response, influencing the 
hormonally dependent growth of endocrine cancers and 
changing the way of sterol biosynthesis. In addition, phy-
tosterols have direct inhibitory effects on cancer growth, 
including slowing of cell cycle progression, inducing ap-
optosis and inhibiting cancer metastases.24 It has been 
reported that β-sitosterol, the predominant phytosterol 
in plant foods, can inhibit various cancer cells, such as 
colon T-29, prostate LNCaP, PC-3, DU145, and MDA-
MB-23 breast cancer cells.23–27 Phytosterols are absorbed 
from the diet in small but significant amounts. Con-
sumption of 1.5–2.0 g of phytosterols per day reduces 
LDL cholesterol levels by 10–15% over a period of 3 
weeks in hyperlipidaemic populations.24,28 The recently 
updated US Code of Federal Regulations also states that 
foods containing at least 0.65 g per serving of plant sterol 
esters should be eaten twice daily with meals for a total 
daily intake of at least 1.3 g, as a diet low in saturated fat 
and cholesterol can reduce the risk of heart disease.29

4. Conclusions
Ethanol extract of blackthorn is generally used in 

folk medicine in Bosnia and Herzegovina as a natural en-
hancer of erectile function in men, which is also related to 
the proper function of the prostate. In order to prove the 
presence of phytosterols in ethanol extracts, considering 
their positive effect on prostate function, the goal was to 
validate a method that can detect phytosterols in P. spinosa 
and clarify its use in folk medicine. A simple, specific, pre-
cise, fast and reproducible HPLC method was developed 
for the quantification of phytosterols, relevant marker 
compounds, in ethanol extracts of P. spinosa. The method 
showed a good linear relationship between peak area and 
concentrations, acceptable reproducibility and high accu-
racy. The validation procedure confirms that this method 
is suitable for the qualitative and quantitative evaluation of 
the main phytosterols in ethanol extracts of P. spinosa, with 
a good separation of the components of interest. As for the 
best of our knowledge, there is no available literature data 
related to the determination of the presence of phytoster-
ols in crude ethanol extracts of blackthorn by a validated 
HPLC method, so in our case we cannot rely on literature 
values specifically for this plant species. The analysis of the 
content of β-sitosterol and accompanying phytosterols in 
this plant species provides insight into the proven medici-
nal properties of this plant, its use in phytotherapy, and 
confirms its traditional use to alleviate the effects of benign 
prostatic hyperplasia.
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Povzetek
Cilj te raziskave je bil razvoj hitre metode za HPLC separacijo stigmasterola, kampesterola in β-sitosterola v ekstraktih 
sadežev Prunus spinosa L. (črni trn). Vzorce smo pripravili s Soxhletovo ekstrakcijo in ločili na C18 koloni z mobilno 
fazo iz acetonitrila in metanola ter z uporabo detektorja na diodni niz (PDA). Z optimizirano metodo smo pridobili lin-
earno umeritveno krivuljo v območju 1,70–130 µg mL–1 za vse tri fitosterole. Analiza eksternih standardov fitosterolov 
je pokazala dobro linearnost (R2 od 0,998 do 0,999); LOD pa smo določili kot 0,32–9,30 µg mL–1 ter LOQ 0,98–28,1 µg 
mL–1. Določitev ponovljivosti in obnovljivosti je pokazala sprejemljive vrednosti %RSD. β-sitosterol je bil prevladujoči 
fitosterol (51,53–81,03 % od skupnega) v vseh vzorcih. Parametri validacije metode so pokazali, da se lahko to analizno 
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Abstract
The Re(I) organometallic compounds [(Re(CO)3L1–6)Cl], where ligands L are tryptanthrin derivatives, prepared and 
characterized by various spectroscopic techniques. To assess the binding capacities and binding manner, tests of calf 
thymus DNA under the impact of organometallic complexes were conducted using absorption titration and viscosity 
measuring techniques. Data from the research mentioned above point to an intercalation type of binding, which was ver-
ified by the docking study. Swiss ADME tools were used to carry out an ADME study. The work focuses on computing the 
molecular orbital energies for the synthesized compounds using the density functional theory (DFT). The compounds 
were tested against the MCF-7 cell line to determine their anticancer effects. It was observed that their IC50 values were 
equivalent to those of the standard medication, indicating that they had a similar antiproliferative impact.

Keywords: Re(I) organometallic compounds, DNA and BSA binding, DFT, Molecular docking, ADMET study, Antibac-
terial activity, Anticancer activity

1. Introduction
Research is heavily focused on creating new, more 

effective anti-cancer medications because there are draw-
backs to present metal-based anticancer drugs like cispla-
tin.1 Metal-containing compounds have been investigated 
recently as prospective possibilities for innovative phar-
maceuticals. The finding that apoptosis and the genes that 
control it considerably impact cancer phenotype has con-
tributed to important improvements in our understanding 
of cancer biology and genetics.2 Tryptanthrin, an alkaloid, 
and antibiotic has been found to have antibacterial, and 
anti-tumor activity and has been isolated from various 
sources including Candida lypolica, higher plants, and ma-
rine micro- and macro-organisms.3,4 Natural remedies 
have been used for centuries as sources of treatment and 
prevention for various illnesses including cancer. The an-
ti-cancer drug paclitaxel was first extracted from Taxus 
brevifolia and approved by the Food and Drug Analysis for 
the treatment of several types of cancer.5 Schiff base lig-
ands have been extensively explored in coordination 

chemistry and are significant in this area because of their 
stability, chelating properties, and capacity to form com-
plexes with transition metals.6,7 Tryptanthrin and its de-
rivatives, due to their broad spectrum of activity against 
various diseases, have become potential biologically active 
compounds.8 The quinazoline and indole core structures 
found in tryptanthrin serve as building blocks.9 Tryptan-
thrin’s unique indolo[2,1-b]quinazoline ring structure has 
attracted significant attention in chemical research due to 
its crucial role in the synthesis of natural products, materi-
als, and pharmaceuticals.10 Many plant species contain 
tryptanthrin and candidine, phaitanthrins A–E, methyli-
satoid, and cruciferane (Figure 1).

Nowadays one promising category of synthetic or 
naturally occurring chemicals that could be used in cancer 
treatment is quinazoline compounds.11 Tryptanthrin has 
been investigated for its potential use in cancer therapy 
due to its antitumor properties.12 Chemotherapy is the 
current standard treatment for cancer in clinical set-
tings.13,14 However, multidrug resistance affects effective-
ness for anticancer medications. One of the most popular 
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cytotoxic and antibacterial reagents is a quinazoline alka-
loid produced by sublimating natural indigo under re-
duced pressure.15

Density functional theory (DFT) has been increas-
ingly popular in biochemical and medicinal research. DFT 
is being used more and more in these domains to solve a 
variety of issues. Dipole moments and global characteris-
tics are one of the main areas of interest in this research 
since they are essential to understanding the reactivity and 
bioactivity of compounds, especially those designed for 
biomedical uses. A useful approach for determining the 
affinities of candidate compounds to their intended targets 
is molecular docking studies. This approach is crucial for 
optimizing potential compounds for medication develop-
ment and for understanding how ligands interact with 
their target proteins.16 Additionally, it is crucial for thera-
peutic development to estimate the lead compounds AD-
MET characteristics. These characteristics offer vital infor-
mation on a drug’s absorption, distribution, metabolization, 
excretion, and potential toxicity.17,18 Techniques like phar-
macokinetic parameter analysis and toxicity evaluation are 
effective tools in the field of in silico drug design. They al-
low researchers to examine novel chemicals’ physical and 
chemical properties and gauge their potential toxicity. 
These techniques are essential for swiftly selecting drugs 
that have potential for additional preclinical and clinical 
research.19

Chemotherapy is a widely used treatment option for 
cancer, but its lack of specificity towards malignant cells can 
result in adverse side effects and limit its effectiveness.20 To 
overcome this limitation, researchers have been working 
on developing and synthesizing organometallic com-
pounds with therapeutic potential, particularly those with 
anticancer properties.21 Platinum complexes, including cis-
PtX2L2, as well as palladacycles, dimeric, trimeric, te-
trameric, and heterobimetallic complexes, have been the 
focus of much research in the field of anticancer drugs.22 

Recent years have seen the development of a variety of 
Pt(II) compounds containing nitrogen atom donor ligands 
like alkyl and aryl type amines and imines. Such as azo, hy-
drazo, pyridine, and pyrimidine derivatives.23 Few of these 
complexes have demonstrated effective anticancer capabil-
ities both in vivo and in vitro. The tryptanthrin Schiff base 
and substituted phenyl hydrazine synthesized, character-
ized, and their interactions within DNA and BSA investi-
gated are presented in this study. In order to ascertain 
mechanism and type of interaction of organometallic com-
plexes with DNA, the molecular docking technique was 
also used. These findings could potentially increase the de-
velopment of the novel and effective anticancer agents with 
additionally improved specificity toward malignant cells.24

2. Experimental Section
2. 1. Materials and Methods

The reagents and solvents employed have high chem-
ical purity and reasonably priced. For spectral measure-
ments, spectroscopic-grade solvents were purchased from 
Sigma-Aldrich. The following items were acquired from 
Sigma-Aldrich: isatin, 5-chloroisatin, isatoic anhydride, 
triethylamine, pentacarbonylchlororhenium(I), dimethyl 
sulphoxide (DMSO), calf thymus (CT) DNA, and bovine 
serum albumin (BSA). The SRL was used to purchase the 
toluene, methanol, and glacial acetic acid. TCI supplied 
the following: phenylhydrazine hydrochloride, 4-chloro-
phenylhydrazine hydrochloride, and 2,4-dichlorophenyl-
hydrazine hydrochloride. We purchased Luria broth and 
ethidium bromide (EtBr) from Hi-media. Using Milli-Q 
water, all buffers and solutions are created.

Using a deuterated solvent and a Bruker Avance spec-
trometer the 1H NMR spectra were measured. The 13C NMR 
spectra were gathered using a Varian Inova spectrometer 
and a deuterated solvent. Samples were produced as pellets 

Figure 1. Tryptanthrin and related alkaloids
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of potassium bromide (KBr) for the IR spectral analysis, and 
an Anasys Fourier transform-infrared (FT-IR) spectropho-
tometer was used to obtain the spectra in the 4000–400 cm–1 
range. A EURO EA3000 elemental analyzer was used to as-
certain the elemental makeup of C, H, and N. Using a UV-
160A UV-visible spectrophotometer (Shimadzu, Kyoto, Ja-
pan), the absorption titration was carried out. A Horiba 
spectrofluorometer was used to conduct a study on the 
quenching of fluorescence. A specialized tool created to 
monitor and examine fluorescence phenomena is the Horiba 
spectrofluorometer. A study conducted on five bacterial cul-
tures, including two Gram-positive bacteria, Staphylococcus 
aureus (MTCC-3160) and Bacillus subtilis (MTCC-7193), 
and three Gram-negative bacteria, Serratia marcescens 
(MTCC-7103), Escherichia coli (MTCC-433), and Pseu-
domonas aeruginosa (MTCC-1688) was used to evaluate the 
antimicrobial activity of the synthesized compounds.

2. 2. �Synthesis of Ligands and Their Re(I) 
Organometallic Compounds

2. 1. 1. �Synthesis of Substituted Indolo[2,1-b]
quinazoline-6,12-dione

Substituted isatin (300 mg, 2.04 mmol) was dissolved 
in toluene (5 mL), and then triethylamine base (0.567 mL, 
4.07 mmol) was added. After 10 minutes isatoic anhydride 
(332 mg, 2.04 mmol) was added to the reaction mixture 

followed by reflux for 70–80 min. The substituted in-
dolo[2,1-b]quinazoline-6,12-dione products were collect-
ed, dried, and washed with methanol to remove impurities.

2. 1. 2. �Synthesis of Substituted Tryptanthrin 
Schiff-based Derivatives (L1–L6)

Synthesized product (300 mg, 1.21 mmol) was react-
ed with substituted phenylhydrazine hydrochloride (261 
mg, 2.42 mmol) derivatives by Schiff-base reaction in the 
presence of methanol (3 mL) and drops of glacial acetic 
acid (2–3 drops) at room temperature for 180–240 min 
with stirring. The substituted tryptanthrin Schiff base 
product (L1–L6) was obtained and collected using vacuum 
filtration. The resultant precipitates were then washed with 
a small amount of methanol followed by drying.

2. 1. 3. �Synthesis of Re(I) Organometallic 
Complexes C1–C6

Tryptanthrin Schiff base ligands L1–L6 (100 mg, 0.30 
mmol) dissolved in toluene and rhenium metal salt (107 
mg, 0.30 mmol) were added and refluxed at 95 °C for 8–9 
h with vigorous rapid stirring. Then, the reaction mixture 
was cooled to room temperature. The resulting precipitates 
were collected, rinsed with a minor amount of toluene and 
dried. The column chromatography method was used for 
the purification of these compounds (Scheme 1).

Scheme 1. The scheme for synthesizing L1–L6 and C1–C6.
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2. 3. �Characterization of Ligands and Re(I) 
Complexes

6-(2-Phenylhydrazono)indolo[2,1-b]quinazolin-
12(6H)-one (L1)

Yield: 82.56% (247.68 mg) of canary yellow amor-
phous solid; m.p. 220 °C; mol. wt.: 338.37 g/mol. Anal. cal-
cd. for C21H14N4O: C, 74.54; H, 4.17; N, 16.56. Found: C, 
74.41; H, 4.01; N, 14.65. 1H NMR (400 MHz, CDCl3) δ 
12.74 (1H, s, H2’), 7.98 (1H, d, J = 7.2 Hz, H5), 7.67 (1H, d, 
J = 7.6 Hz H10), 7.43–7.36 (4H, m, H3,4,8,9), 7.25 (1H, d, J = 
7.6 Hz, H2), 7.22 (1H, d, J = 7.6 Hz, H7), 7.21–7.01 (3H, m, 
H5’,6’,7’), 6.97 (1H, d, J = 7.6 Hz, H4’), 6.92 (1H, d, J = 8.0 Hz, 
H8’); 13C NMR (125 MHz, CDCl3) δ 159.53 (C8), 151.38 
(C16), 151.02 (C17), 145.47 (C2,3), 143.58 (C20), 133.41 (C4), 
131.80 (C12), 129.67 (C11), 129.49 (C22,24), 129.39 (C14), 
128.99 (C5), 126.58 (C3), 126.26 (C6), 124.29 (C13), 122.25 
(C23), 120.48 (C7), 117.74 (C15), 113.47 (C21,25); IR (KBr) ѵ 
3047 (=C–H)stretching, 1643 (C=O)stretching, 1550 (C=N)
stretching, 1465 (C=C)ar. stretching, 1164 (C–N)stretching, 740 
(C–H)bending cm–1; MS m/z (%): 338 (100) [M+].

8-Chloro-6-(2-phenylhydrazono)indolo[2,1-b]
quinazolin-12(6H)-one (L2)

Yield: 85.43% (256.29 mg) of golden yellow amor-
phous solid; m.p. 260 °C; mol. wt.: 372.81 g/mol. Anal. cal-
cd. for C21H13ClN4O: C, 67.66; H, 3.51; N, 15.03. Found: 
C, 67.53; H, 3.65; N, 14.89. 1H NMR (400 MHz, CDCl3) δ 
12.77 (1H, s, H2’), 7.67 (1H, d, J = 7.2 Hz, H5), 7.56 (1H, s, 
H10), 7.41–7.40 (4H, m, H4’,5’,7’,8’), 7.24 (1H, d, J = 6.8 Hz, 
H2), 7.21 (1H, d, J = 7.6 Hz, H8), 7.14 (1H, t, J = 7.1 Hz, 
H3), 7.12 (1H, t, J = 6.8 Hz, H4), 6.96 (1H, t, J = 7.6 Hz, 
H6’), 6.85 (1H, d, J = 8.4 Hz, H7); 13C NMR (125 MHz, 
CDCl3) δ 160.59 (C8), 151.85 (C16), 151.30 (C17), 145.43 
(C2), 143.79 (C10), 143.18 (C20), 133.47 (C4), 131.19 (C12), 
130.07 (C13), 129.51 (C14), 129.04 (C22,24), 127.21 (C5), 
126.79 (C3), 126.59 (C6), 124.43 (C11), 122.01 (C23), 120.48 
(C7), 119.13 (C15), 113.43 (C21,25); IR (KBr) ѵ 3062 (=C–H)
stretching, 1635 (C=O)stretching, 1550 (C=N)stretching, 1465 
(C=C)ar. stretching, 1164 (C–N)stretching, 655 (C-Cl)bending cm–1; 
MS m/z (%): 372 (100) [M+], 374 [M+2].

6-(2-(4-Chlorophenyl)hydrazono)indolo[2,1-b]
quinazolin-12(6H)-one (L3)

Yield: 80.84% (242.52 mg) of bright yellow amor-
phous solid; m.p. 270 °C; mol. wt.: 372.81 g/mol. Anal. cal-
cd. for C21H13ClN4O: C, 67.66; H, 3.51; N, 15.03. Found: 
C, 67.79; H, 3.52; N, 14.91. 1H NMR (400 MHz, CDCl3) δ 
13.49 (1H, s, H2’), 8.53 (1H, d, J = 8.4 Hz, H5), 8.47 (1H, d, 
J = 8.0 Hz, H10), 7.87–7.80 (3H, m, H2,7,3), 7.61–7.55 (1H, 
m, H8), 7.50–7.45 (3H, m, H4,4’,5’), 7.42 (1H, d, J = 7.6 Hz, 
H8’), 7.40 (1H, d, J = 6.8 Hz, H7’), 7.16 (1H, t, J = 7.2 Hz, 
H9); 13C NMR (125 MHz, CDCl3) δ 160.24 (C8), 151.88 
(C16), 150.75 (C17), 145.31 (C2,9), 141.66 (C20), 133.49 (C4), 
131.17 (C12), 129.71 (C11,24,22), 128.98 (C14), 127.45 (C23), 
126.99 (C5), 125.92 (C3), 125.11 (C6), 123.81 (C13), 120.57 

(C7), 118.19 (C15,25,21); IR (KBr) ѵ 3039 (=C–H)stretching, 
1674 (C=O)stretching, 1558 (C=N)stretching, 1512 (C–H)bend-

ing, 1465 (C=C)ar. stretching, 1164 (C–N)stretching, 655 (C–Cl)
bending cm–1; MS m/z (%): 372 (100) [M+], 374 [M+2].

8-Chloro-6-(2-(4-chlorophenyl)hydrazono)
indolo[2,1-b]quinazolin-12(6H)-one (L4)

Yield: 75.62% (226.86 mg) of lemon yellow amor-
phous solid; m.p. 275 °C; mol. wt.: 407.25 g/mol. Anal. cal-
cd. for C21H12Cl2N4O: C, 61.39; H, 2.97; N, 13.76. Found: 
C, 61.76; H, 2.84; N, 13.90. 1H NMR (400 MHz, CDCl3) δ 
13.39 (1H, s, H2’), 8.54 (1H, d, J = 8.0 Hz, H5), 8.43 (1H, d, 
J = 8.0 Hz, H7), 8.04 (1H, s, H10), 7.82–7.74 (2H, m, H3,4), 
7.56 (1H, d, J = 7.6 Hz, H2), 7.51 (1H, d, J = 8.4 Hz, H8), 
7.45–7.29 (4H, m, H4’,5’,7’,8’); 13C NMR (125 MHz, CDCl3) δ 
162.05 (C8), 153.95 (C16), 152.83 (C17), 145.87 (C2), 143.51 
(C10), 142.25 (C20), 133.85 (C4), 131.39 (C12), 130.62 (C13), 
129.79 (C24,24), 129.20 (C14), 127.64 (C23), 127.04 (C5), 
125.62 (C3), 124.77 (C6), 122.51 (C11), 120.59 (C7), 119.04 
(C21,25), 117.89 (C15); IR (KBr) ѵ 3055 (=C–H)stretching, 
1643 (C=O)stretching, 1558 (C=N)stretching, 1504 (C–H)bend-

ing, 1465 (C=C)ar. stretching, 817 (C–Cl)bending cm–1; MS m/z 
(%): 406 (100) [M+], 408 [M+2], 412 [M+4].

6-(2-(2,4-Dichlorophenyl)hydrazono)indolo[2,1-b]
quinazolin-12(6H)-one (L5)

Yield: 81.44% (244.32 mg) of honey yellow amor-
phous solid; m.p. 265 °C; mol. wt.: 407.25 g/mol. Anal. cal-
cd. for C21H12Cl2N4O: C, 61.39; H, 2.97; N, 13.76. Found: 
C, 62.08; H, 2.86; N, 13.89. 1H NMR (400 MHz, CDCl3) δ 
12.99 (1H, s, H2’), 7.81 (1H, d, J = 7.2 Hz, H5), 7.68 (1H, d, 
J = 7.2 Hz, H10), 7.57 (1H, s, H7’), 7.51–7.43 (3H, m, H3,4,8), 
7.40 (1H, d, J = 7.6 Hz, H2), 7.32 (1H, d, J = 6.4 Hz, H7), 
7.30 (1H, d, J = 6.8 Hz, H5’), 7.14 (1H, t, J = 7.2 Hz, H9), 
6.93 (1H, d, J = 8.0 Hz, H4’); 13C NMR (125 MHz, CDCl3) 
δ 161.42 (C8), 155.82 (C16), 153.83 (C17), 148.09 (C2,10), 
147.31 (C20), 133.76 (C4), 131.98 (C22,12), 130.79 (C11), 
130.58 (C14), 129.14 (C24), 128.55 (C5), 126.84 (C3), 126.14 
(C6,21), 125.33 (C13), 122.47 (C23), 120.48 (C25), 119.51 
(C15), 117.92 (C7); IR (KBr) ѵ 3055 (=C–H)stretching, 1620 
(C=O)stretching, 1558 (C=N)stretching, 1512 (C–H)bending, 
1465 (C=C)ar. stretching, 1164 (C–N)stretching, 655 (C–Cl)bend-

ing cm–1; MS m/z (%): 406 (100) [M+], 408 [M+2], 412 
[M+4].

8-Chloro-6-(2-(2,4-dichlorophenyl)hydrazono)
indolo[2,1-b]quinazolin-12(6H)-one (L6)

Yield: 78.38% (235.14 mg) of butter yellow amor-
phous solid; m.p. 268 °C; mol. wt.: 441.70 g/mol. Anal. cal-
cd. for C21H11Cl3N4O: C, 57.11; H, 2.51; N, 12.68. Found: 
C, 57.23; H, 2.38; N, 12.81. 1H NMR (400 MHz, CDCl3) δ 
13.47 (1H, s, H2’), 8.52 (1H, d, J = 8.0 Hz, H5), 8.47 (1H, d, 
J = 8.0 Hz, H7), 7.99 (1H, s, H10), 7.83 (1H, d, J = 7.6 Hz, 
H2), 7.71 (1H, d, J = 7.2 Hz, H8), 7.58 (1H, t, J = 6.8 Hz, 
H3), 7.48 (1H, s, H5’), 7.40 (1H, d, J = 8.4 Hz, H8’), 7.16 
(1H, t, J = 7.2 Hz, H4), 7.07 (1H, d, J = 7.6 Hz, H7’); 13C 
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NMR (125 MHz, CDCl3) δ 160.35 (C8), 152.51 (C16), 
151.25 (C17), 148.15 (C2), 147.44 (C20), 143.09 (C10), 
139.31 (C4), 138.25 (C12), 136.92 (C22), 133.77 (C13), 
132.90 (C14), 132.14 (C24), 132.04 (C5), 131.91 (C3), 131.85 
(C6,21), 129.18 (C23), 124.85 (C11), 120.52 (C7), 118.03 
(C25,15); IR (KBr) ѵ 3078 (=C–H)stretching, 1627 (C=O)stretch-

ing, 1558 (C=N)stretching, 1512 (C–H)bending, 1450 (C=C)ar. 

stretching, 1172 (C–N)stretching, 655 (C–Cl)bending cm–1; MS 
m/z (%): 440 (100) [M+], 442 [M+2], 446 [M+4], 452 [M+6].

[(Re(CO)3L1)Cl] (C1)
Yield: 54.32% (54.32 mg) of caramel brown amor-

phous solid; m.p. >300 °C; mol. wt.: 644.06 g/mol 
(C24H14ClN4O4Re); 1H NMR (400 MHz, DMSO-d6) δ 
12.75 (1H, s, H2’), 7.56 (1H, d, J = 7.6 Hz, H2), 7.46–7.33 
(5H, m, H3,5,7,8,10), 7.30–7.22 (2H, m, H4,9), 7.09–6.99 (3H, 
m, H5’,6’,7’), 6.97–6.81 (2H, m, H4’,8’); 13C NMR (125 MHz, 
DMSO-d6) δ 198.59 (C28, M-CO), 197.36 (C27,29, 2M-CO), 
163.72 (C8), 159.53 (C17), 148.11 (C20), 147.43 (C10), 
143.58 (C16), 141.41 (C2), 138.20 (C4), 131.80 (C7), 129.67 
(C22,24,11), 129.49 (C14,12), 129.39 (C5), 129.10 (C6), 126.26 
(C3), 124.29 (C13), 122.25 (C23), 120.48 (C15), 117.74 
(C21,25); IR (KBr) ѵ 3078 (=C–H)stretching 2036, 1944, 1920 
(Re–CO)stretching, 1666 (C=O)stretching, 1550 (C=N)stretching, 
1458 (C=C)ar. stretching, 1249 (C–N)stretching cm–1; MS m/z 
(%): 645 (100) [M+], 647 [M+2].

[(Re(CO)3L2)Cl] (C2)
Yield: 52.43% (52.43 mg) of tawny brown amor-

phous solid; m.p. >300 °C; mol. wt.: 678.50 g/mol 
(C24H13Cl2N4O4Re); 1H NMR (400 MHz, DMSO-d6) δ 
12.77 (1H, s, H2’), 7.57 (1H, d, J = 7.2 Hz, H2), 7.49 (1H, d, 
J = 7.6 Hz, H5), 7.40–7.37 (2H, m, H3,4), 7.28 (1H, d, J = 7.2 
Hz, H7), 7.26 (1H, d, J = 7.6 Hz, H8), 7.20 (1H, s, H10), 
7.13–7.02 (3H, m, H5’,6’,7’), 6.99–6.87 (2H, m, H4’,8’); 13C 
NMR (125 MHz, DMSO-d6) δ 198.31 (C28, M-CO), 197.21 
(C27,29, 2M-CO), 163.09 (C8), 161.12 (C17), 152.55 (C20), 
148.16 (C10,16), 145.43 (C2), 138.18 (C4), 131.19 (C7), 
129.51 (C13), 129.04 (C22,24), 128.82 (C12), 127.21 (C14), 
126.79 (C5), 126.59 (C6), 125.48 (C3), 124.43 (C11), 122.01 
(C23), 120.48 (C15), 117.53 (C21,25); IR (KBr) ѵ 3062 (=C–
H)stretching, 2036, 1913, 1874 (Re–CO)stretching, 1635 (C=O)
stretching, 1550 (C=N)stretching, 1450 (C=C)ar. stretching, 1188 
(C–N)stretching, 694 (C–Cl)bending cm–1; MS m/z (%): 679 
(100) [M+], 681 [M+2], 683 [M+4].

[(Re(CO)3L3)Cl] (C3)
Yield: 54.23% (54.23 mg) of red amorphous solid; 

m.p. >300 °C; mol. wt.: 678.50 g/mol (C24H13Cl2N4O4Re); 
1H NMR (400 MHz, DMSO-d6) δ 12.71 (1H, s, H2’), 7.56 
(1H, d, J = 7.2 Hz, H2), 7.49–7.45 (2H, m, H7,5), 7.46 (1H, 
d, J = 7.6 Hz, H10), 7.34–7.17 (2H, m, H3,8,), 7.15–6.98 (2H, 
m, H4,9), 6.95–6.89 (4H, m, H4’,5’,7’,8’); 13C NMR (125 MHz, 
DMSO-d6) δ 198.66 (C28, M-CO), 197.51 (C27,29, 2M-CO), 
164.80 (C8), 160.58 (C17), 150.75 (C10), 147.13 (C20), 
145.31 (C16), 141.66 (C2), 137.17 (C4), 133.49 (C7), 131.17 

(C22,24), 129.71 (C11), 128.98 (C12,14), 127.45 (C5), 126.99 
(C23), 125.92 (C6), 125.11 (C3), 123.81 (C13), 120.57 (C15), 
118.19 (C21,25); IR (KBr) ѵ 3047 (=C–H)stretching, 2036, 
1944, 1920 (Re–CO)stretching, 1666 (C=O)stretching, 1550 
(C=N)stretching, 1458 (C=C)ar. stretching, 1242 (C–N)stretching, 
648 (C–Cl)bending cm–1; MS m/z (%): 679 (100) [M+], 681 
[M+2], 683 [M+4].

[(Re(CO)3L4)Cl] (C4)
Yield: 52.96% (52.96 mg) of bright red amorphous 

solid; m.p. >300 °C; mol. wt.: 712.94 g/mol  
(C24H12Cl3N4O4Re); 1H NMR (400 MHz, DMSO-d6) δ 
12.70 (1H, s, H2’), 7.58 (1H, d, J = 7.6 Hz, H2), 7.56–7.52 
(3H, m, H 5,7,8), 7.45–7.39 (3H, m, H3,4,10), 7.32–7.20 (2H, 
m, H5’,7’), 6.95–6.86 (2H, m, H3’,8’); 13C NMR (125 MHz, 
DMSO-d6) δ 198.86 (C28, M-CO), 197.34 (C27,29, 2M-CO), 
162.05 (C8), 158.73 (C17), 148.13 (C20), 145.87 (C2), 143.51 
(C10,16), 138.28 (C4), 133.85 (C7), 131.39 (C13), 130.62 
(C22,24), 129.20 (C12), 127.64 (C14), 127.04 (C5), 126.56 
(C23), 126.09 (C6), 125.62 (C3), 124.77 (C11), 122.51 (C15), 
117.89 (C21,25); IR (KBr) ѵ 3055 (=C–H)stretching, 2036, 
1944, 1890 (Re–CO)stretching, 1658 (C=O)stretching, 1550 
(C=N)stretching, 1450 (C=C)ar. stretching, 1211 (C–N)stretching, 
686 (C–Cl)bending cm–1; MS m/z (%): 711 (100) [M+], 713 
[M+2], 715 [M+4], 717 [M+6].

[(Re(CO)3L5)Cl] (C5)
Yield: 58.66% (58.66 mg) of orange amorphous solid; 

m.p. >300 °C; mol. wt.: 712.94 g/mol (C24H12Cl3N4O4Re); 
1H NMR (400 MHz, DMSO-d6) δ 13.08 (1H, s, H2’), 7.80 
(1H, d, J = 7.2 Hz, H2), 7.67 (1H, d, J = 7.6 Hz, H7), 7.60 
(1H, d, J = 7.2 Hz, H5), 7.49 (1H, d, J = 7.6 Hz H10), 7.48 
(1H, s, H7’), 7.31 (1H, t, J = 7.6 Hz, H3), 7.27–7.14 (2H, m, 
H4,8), 7.09 (1H, t, J = 7.6 Hz, H9), 7.03–6.92 (2H, m, H4’,5’); 
13C NMR (125 MHz, DMSO-d6) δ 198.70 (C28, M-CO), 
197.32 (C27,29, 2M-CO), 161.42 (C8), 159.03 (C17), 153.83 
(C20), 148.09 (C10), 147.28 (C16), 141.76 (C2), 138.33 (C4), 
133.76 (C7), 131.98 (C22), 130.58 (C11), 129.14 (C12,14), 
128.55 (C5), 127.48 (C24), 126.84 (C6), 126.14 (C21), 125.85 
(C23), 125.33 (C3), 124.24 (C13), 120.48 (C15), 119.51 (C25); 
IR (KBr) ѵ 3047 (=C–H)stretching, 2028, 1920, 1882  
(Re–CO)stretching, 1643 (C=O)stretching, 1550 (C=N)stretching, 
1450 (C=C)ar. stretching, 1180 (C–N)stretching, 640 (C–Cl)bend-

ing cm–1; MS m/z (%): 711 (100) [M+], 713 [M+2], 715 
[M+4], 717 [M+6].

[(Re(CO)3L6)Cl] (C6)
Yield: 56.62% (56.62 mg) of carrot orange amor-

phous solid; m.p. >300 °C; mol. wt.: 747.38 g/mol 
(C24H11Cl4N4O4Re); 1H NMR (400 MHz, DMSO-d6) δ 
13.06 (1H, s, H2’), 7.87 (1H, d, J = 7.2 Hz, H2), 7.69 (1H, d, 
J = 7.6 Hz, H5), 7.63 (1H, d, J = 8.0 Hz, H7), 7.61–7.53 (2H, 
m, H3,4), 7.49 (1H, d, J = 8.0 Hz, H8), 7.48 (1H, s, H5’), 7.35 
(1H, s, H10), 7.32 (1H, d, J = 6.8 Hz, H8’), 6.96 (1H, d, J = 
7.2 Hz, H7’); 13C NMR (125 MHz, DMSO-d6) δ 198.90 
(C28, M-CO), 197.13 (C27,29, 2M-CO), 160.35 (C8), 158.28 
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(C17), 148.15 (C20), 147.44 (C10,16), 143.09 (C2), 139.31 
(C4), 138.25 (C7), 136.92 (C22), 133.77 (C13), 132.90 (C12), 
132.14 (C14), 132.04 (C5), 131.91 (C24), 131.85 (C6), 129.18 
(C21), 126.07 (C23), 124.85 (C3), 124.06 (C11), 122.39 (C15), 
118.03 (C25); IR (KBr) ѵ 3031 (=C–H)stretching, 2036, 1974, 
1882 (Re–CO)stretching, 1643 (C=O)stretching, 1550 (C=N)
stretching, 1458 (C=C)ar. stretching, 1180 (C–N)stretching, 640 (C–
Cl)bending cm–1; MS m/z (%): 746 (100) [M+].

2. 4. �Computational Study
2. 4. 1. �DFT Study

The optimal structural geometry of Re(I) complexes 
based on tryptanthrin was calculated using the DFT/
B3LYP approach with different base sets in Gaussian 09 
software.25 The molecular visualization tool Gauss View is 
used to display the Gaussian files. Quantum chemical pa-
rameters are estimated from the HOMO–LUMO energies 
based on the numerical pattern shown in the gas-phase 
view of the compounds. The optimized structures provid-
ed information on important bond lengths, excitation en-
ergies, and effective charges of coordinating groups. Fron-
tier molecular orbitals (FMOs) energy gap of the ligand 
and its metal complexes calculated to determine electronic 
properties related to dynamic stability and chemical reac-
tivity.26 In the Schiff base ligand, the π–π* electron transfer 
was facilitated by the HOMO and LUMO orbitals, which 
were mostly located on the donor site of the ligand. In the 
L–M complex, these orbitals are found around the metal 
center.27

2. 4. 2. �Molecular Docking Study
The process of molecular docking involves the crea-

tion of an optimal conformation for a protein and a drug, 
with their relative orientations optimized to minimize the 
free energy of the entire system. This process aims to repli-
cate the molecular recognition process that occurs in bio-
logical systems.28 In order to perform this process, various 
parameters such as interaction mode, connectivity, and 
connection energy are calculated using software tools such 
as Auto Dock. In this study, the Auto Dock-1.5.6 program 
was used in conjunction with DNA and BSA macromole-
cules to carry out molecular docking investigations on the 
ligand and rhenium metal complexes. The crystal struc-
tures of DNA and BSA were obtained from the Protein 
Data Bank, a global resource for processing and sharing 
3D biological macromolecular structure data. Water mol-
ecules were eliminated from the DNA/BSA structures, and 
the Kollman charges and necessary hydrogen atoms were 
added to the receptor structure. To study the bonding con-
dition, DNA was examined in a cube box with dimensions 
of 62 × 72 × 114 Å3 and 112 × 31 × 33 Å3. PDB files for 
each compound and DNA/BSA translated into PDBQT 
format using AutoDockTools-1.5.6. The command prompt 
used Auto Dock Vina to conduct a docking investigation 

between the substances and DNA/BSA.29,30 It required one 
run and produced output files that will be viewed using 
PyMOL. All compounds with DNA/BSA docked struc-
tures were stored in PDB format for further analysis. In 
summary, molecular docking was used to investigate the 
interaction between ligands and rhenium metal complexes 
with DNA and BSA macromolecules. This involved a de-
tailed process of preparing the receptor structures and 
running the docking simulations using Auto Dock soft-
ware. The results of this study provide insights into the po-
tential binding modes and energies of these compounds 
with DNA and BSA, which could have important implica-
tions for drug design and development.

2. 4. 3. �ADME Study
The field of medicinal chemistry is rapidly expand-

ing, but the development of a new medication is a complex 
and expensive process that can take more than a decade 
and costs billions of dollars. With thousands or even mil-
lions of compounds to consider, only a small fraction will 
meet the rigorous requirements necessary to become an 
approved medication. In order to increase the efficiency 
and success of drug development, assessments such as 
ADMET properties are used to predict the likelihood of a 
compound’s success.31 These assessments focus on the five 
processes: absorption, distribution, metabolism, excre-
tion, and toxicity (ADMET) to determine how a chemical 
substance will behave inside the human body. By evaluat-
ing a substance’s physicochemical properties, ADMET as-
sessments can help identify compounds that are more like-
ly to succeed in clinical trials. The Swiss ADME web server 
is a valuable tool in this process, as it provides free calcula-
tions of physicochemical parameters based on a sub-
stance’s structure.

2. 5. Biological Study
2. 5. 1. �Binding of the DNA Study by Absorption 

Titration
A popular technique for studying the nucleic acids 

with nucleic acid interaction of ligands or metal com-
pounds is UV-VIS spectroscopy. The UV-VIS absorbance 
spectra and DNA-mediated hypochromism of ligands or 
metal compounds is determined in a series to evaluate met-
al complex binding to CT-DNA. By calculating the absorb-
ance at 260–280 nm and evaluating εa of 6600 M–1cm–1 the 
concentration of the calf thymus DNA will be ascertained. 
CT-DNA and the method outlined in the pertinent litera-
ture are both employed to assess the interaction of binding 
synthesized ligands with Re(I) metal compounds.32

2. 5. 2. �Viscosity Measurement
The binding mechanism of the synthesised com-

pounds with calf thymus DNA was assessed using a viscos-
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ity measuring method. The viscosity of the DNA solution 
increases as molecules intercalate between DNA base 
pairs.33 On other hand, when compounds bind to the 
grooves of DNA, the viscosity increases due to the reduc-
tion in the double helix length of DNA. A trend for in-
creasing viscosity can distinguish the intercalation-bind-
ing mode from the groove-binding mode. In this study, 
metal complexes showed a higher increase in viscosity 
compared to the corresponding ligands, indicating strong-
er binding of the metal complexes to the ligands.34

2. 5. 3. �Fluorescence Quenching Analysis by DNA 
Binding

A fluorescence spectrometer is a highly precise, 
quick, and sensitive tool for analyzing DNA binding activ-
ity even at very low concentrations of compounds and 
DNA. This study uses the fluoromax-4, HORIBA spectro-
fluorometer to perform fluorescence-quenching analysis, 
which provides relevant results related to the binding ca-
pacity of the synthetic chemicals within DNA. The studies 
focuses on explaining how chemicals bind with DNA via 
the intercalation, with traditional intercalating agent EtBr 
used as a fluorescence marker.35,36

2. 5. 4. �BSA Binding Study by Absorption Spectra
The protein BSA is essential for the movement of 

both endogenous and foreign materials in plasma. Plasma, 
though, can be bad for our molecules. Two important 
things occur when our molecules bind to BSA in the plas-
ma: (1) the toxicity of the drug is decreased, and (2) the 
bioavailability of the chemical is raised.37 The absorption 
spectra of proteins change when our compounds, referred 
to as quenchers, engage with BSA.38 This alteration pro-
vides information about the binding affinities and modes 
of all synthetic compounds toward BSA. By understanding 
this interaction, we can design and develop effective and 
safe anticancer drugs.39

2. 5. 5. �Fluorescence Quenching Analysis by BSA 
Binding

Tryptophan, phenylalanine, and tyrosine are only a 
few of the particular amino acid residues that give BSA 
its luminous features. BSA is a good fluorescent marker 
for analyzing conformational changes brought on by 
drug interactions thanks to these residues. Tryptophan 
has the highest fluorescence intensity of these residues 
and is crucial in suppressing the fluorescence of BSA. 
Trp-213 and Trp-134, both residues of the tryptophan 
found in the BSA, are respectively placed on the surface 
and within the hydrophobic pocket of the molecule.40 A 
total 100 µL of BSA and 2400 µL of phosphate buffer were 
used for the protein binding experiment. The experiment 
comprised employing varying quantities of ligands L1–L6 

and complexes C1–C6 in a room temperature environ-
ment (0, 10, 20, 30, 40, and 50 µL). Utilizing a spectro-
fluorometer with a 4.5 nm slit width and covering the 
wavelength range of 280–550 nm, emission spectra were 
captured. For BSA, 280 nm was chosen as the excitation 
wavelength.

2. 5. 6. �Antibacterial Activity
Broth dilution method was used to evaluate the anti-

bacterial properties of the synthesized compounds. Anti-
bacterial properties of these compounds were tested 
against two Gram positive bacterial strains, namely Staph-
ylococcus aureus (MTCC 7193), and Bacillus subtilis 
(MTCC 3160) and three Gram negative bacterial strains: 
Escherichia Coli (MTCC 433), Serratia marcescens (MTCC 
7103), and Pseudomonas aeruginosa (MTCC P09). An es-
tablished and standardized approach for assessing a com-
pound’s antibacterial activity is the broth dilution meth-
od.41,42 In this procedure, test compounds are serially 
diluted in a liquid growth medium.43,44 The effectiveness 
of a drug in suppressing bacterial growth can be evaluated 
by measuring the MIC (minimum inhibitory concentra-
tion).45 This method is useful in evaluating the efficacy of 
antimicrobial compounds against different bacterial 
strains and in comparing the relative effectiveness of dif-
ferent compounds.46

2. 5. 7. �Brine Shrimp Lethality Bioassay (BSLB)
To study cytotoxicity for the produced compounds, 

the most significant BSLB was used as reported by R. A. 
Dabhi et al. (2022).47 The cytotoxicity assay employed in 
the study is cost-effective and requires less time compared 
to other assays, making it advantageous for determining 
the cytotoxicity of drugs. In accordance with the protocol, 
the assay involved the preparation of a saline water (2.5%) 
solution for hatching of Artemia cysts type eggs.48 Further 
nauplii (10) were added to the test-tube already containing 
the brine water (5 mL) and additionally freshly made sa-
line water (5 mL) for the assay. The percentage of Artemia 
cyst mortality was seen to grow in step with the increase in 
chemical concentration (2, 4, 8, 12, 16, and 20 µM).49 The 
resulting graph showed a linear relationship, making it 
possible to calculate the compounds’ LC50 values.

2. 5. 8. �Anticancer Activity
Cancer patients benefit greatly from chemotherapy, 

and the IC50 values of synthesised compounds are used to 
evaluate their efficacy as chemotherapeutic agents.50 To 
determine whether a substance has the potential to be 
used in the treatment of cancer, its capacity to suppress cell 
proliferation must be evaluated.51,52 The cytotoxicity in vit-
ro experiment was performed on the breast cancer cell line 
MCF-7 to assess their anticancer effectiveness.53
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3. Result and Discussion
3. 1. �NMR, IR, Mass, Conductivity 

Measurements, and Electronic Spectra
It was found that the ligands’ aromatic protons reso-

nate between δ 6.85 to 8.54 ppm. The ligands’ NH proton 
signals are visible in the δ 12.77 to 13.49 ppm range. The 
NH proton signal, notably in the range from δ 12.70 to 
13.08 ppm, were shifted into the up-field region in the or-
ganometallic complexes. The presence of an aromatic envi-
ronment is indicated by signals in the range of δ 110–170 
ppm that are found in the 13C NMR data for ligands L1–L6 
and complexes C1–C6. In Re(CO)5Cl crystal structure the 
four CO ligands are positioned equatorially, while one CO 
ligand is positioned axially which is exactly opposite to the 
Cl atom.46,54 Re(I) complexes are formed when the hetero-
cyclic bidentate ligand approaches from the equatorial po-
sition and then displaces two CO ligands.55,56 The 13C NMR 
spectra show that the facial arrangement has two different 
low-field signals in the regions of δ 195–199 and 196–198 
ppm, respectively, which reflect the configuration of the 
CO ligands in the Re(I) complexes. The facial isomer is re-
sponsible for the biological activity.57 It has a high distribu-
tion and polarity as compared to the meridional isomer.58

IR spectroscopy was used to further comprehend the 
Re(I) complexes’ characteristics. The stretching bands seen 
in the spectra, which ranged from 1735–2021 cm–1, con-
firm the presence of three coordinated carbonyl ligands. 
This indicates that they are present in the rhenium metal 
complexes. It is interesting to note that the stretching fre-
quencies of the CO group in complexes are lower than the 
stretching frequencies of free CO (2143 cm–1). This result 
is explained by the back-bonding phenomena, in which 
electrons are given from the metal→CO π back donation 
into the π* CO orbital. The total bond strength of CO in 
the complexes decreases because of this interaction, which 
also increases the Re–CO bonds.

The mass spectra and fragmentation pattern of the 
ligands based on tryptanthrin are included in the electronic 
supplementary information. The molecular ion peak [M]+ 
is represented by the m/z 372.0 peak, while the appearance 
of the m/z 374.0 and [M + 2]+ peaks are due to the chlorine 
substitution in the ligand L2, respectively. The molecular 
ion peak [M]+ for the ligand L6 is found at m/z 440.0. Addi-
tionally, separate peaks with intensities of 0.9:1:0.3:0.1 are 
found at [M + 2]+ m/z 442.0, [M + 4]+ m/z 446.0, and m/z 
[M + 6]+ 452.0, respectively. Three chlorine substitutions 
are involved, according to these peaks. All synthesized 
compounds’ 1H, 13C NMR, mass, and IR spectra are shown 
in the electronic supplementary information (ESI 1).

Conductance was used to examine the ionic and 
electrolytic characteristics of synthesized compounds. At a 
temperature of 30 ± 5 °C, the complexes’ conductance was 
measured in DMSO solutions. The complexes demon-
strate a non-ionic and non-electrolytic character, as evi-
denced by the conductance values (10.5–18.2 Ω–1 cm2 
mol–1). A µeff. value zero B. M. indicates that all of the com-
plexes are diamagnetic and have the low spin configura-
tion d6 (t2g6 eg0). Electronic spectra of the complexes tak-
en in DMSO solution reveal a band in the 250–270 nm 
region that corresponds to the π–π* transition and a peak 
in the 300–400 nm region that denotes the MLCT. These 
results support the hypothesis that the Re(I) metal com-
plexes have a distorted octahedral geometry.

3. 2. DFT Theory
The electron density cloud revealed by surface-mapped 

charges is consistent with the results of biomolecular dock-
ing, which suggests that the most electronegative compo-
nents form hydrogen bonds with biomolecules and can be 
used to determine the binding sites. In order to understand 
biological processes requiring an electron transport chan-
nel, the HOMO–LUMO energy difference is essential. Tran-

Table 1. Summary of the HOMO–LUMO energy differences and docking energy of ligands and tryptan-
thrin-based Re(I) complexes.

	                              DFT Study			   Docking Energy
Compounds	 HOMO	 LUMO	 HOMO–LUMO	 DNA	 BSA	 TOPO II
	 (eV)	 (eV)	 energy	 kcal/mol)	 kcal/mol)	 kcal/mol)
			   differences

L1	 6.0276	 3.4060	 2.6215	 –8.3	 –9.9	 –11.8
L2	 6.1928	 3.5168	 2.6760	 –8.6	 –10.4	 –10.7
L3	 6.1724	 3.5035	 2.6689	 –8.5	 –9.6	 –11.9
L4	 6.3294	 3.6107	 2.7187	 –9.2	 –9.6	 –11.6
L5	 6.3106	 3.4583	 2.8523	 –8.5	 –10.6	 –12.6
L6	 6.4744	 3.5688	 2.9056	 –8.7	 –9.8	 –12.1
C1	 5.6352	 3.9559	 1.6793	 –8.1	 –9.9	 –9.7
C2	 5.7582	 4.1053	 1.6529	 –8.5	 –9.1	 –10.0
C3	 5.7633	 4.0759	 1.6874	 –8.2	 –8.9	 –10.0
C4	 5.8817	 4.2332	 1.6485	 –8.6	 –10.1	 –9.7
C5	 5.8561	 4.2109	 1.6452	 –8.0	 –8.9	 –9.9
C6	 5.9704	 4.3600	 1.6104	 –7.9	 –9.6	 –10.2
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sition metal complexes’ kinetic stability, chemical reactivity, 
and biological activity are all predicted using the energy dif-
ference between the HOMO–LUMO orbitals (Table 1). The 
energy gaps for complexes C1–C6 are 1.6793, 1.6529, 1.6874, 
1.6485, 1.6452, and 1.6104 eV, respectively (Figures 2 and 3). 
A smaller energy gap promotes smoother electron trans-
port, which is important for bioactivity through electron 
transfer. Compound C6 has the smallest energy gap and ex-
hibits strong antibacterial and anticancer properties. In Ta-
ble 2, the Mulliken charges of quinoxaline-based Re(I) com-
plexes C1–C6 and ligands L1–L6 are summarised (the most 
positive and the most negative five atom charges). The bond 
length, bond angle, and Mulliken charges for ligands L1–L6 
and complexes C1–C6 are shown in electronic supplementa-
ry information (ESI 2).

3. 3. Docking Study
The goal of computational docking research using 

the widely-used software program AutoDock Vina is to 

forecast the preferred binding mode and interaction loca-
tions of small molecules or ligands with target macromol-
ecules like proteins or nucleic acids.54 In order to deter-
mine binding energy of possible receptor-like ligands and 
compounds, this program combines molecular mechanics 
with empirical scoring functions. Based on this energy 
evaluation, it predicts the most stable conformation. Stud-
ies have shown that the binding energies of ligands L1–L6 
with DNA, as predicted by AutoDock Vina, typically fall in 
the range between –8.3 to –9.2 kcal/mol. This range of val-
ues indicates a strong binding affinity between the ligands 
and DNA, which is desirable for potential drug candidates. 
Similarly, Re(I) complexes C1–C6 have also been studied 
using AutoDock Vina, and their binding energies with 
DNA all fall within the range of –7.9 to –8.6 kcal/mol. Al-
though binding energies for Re(I) complexes with DNA 
are slightly lower than those of ligands, they still indicate a 
strong binding affinity, which could be useful in applica-
tions such as imaging or therapeutics. In the context of 
computational docking studies, a negative binding energy 

Table 2. Mulliken charges of ligands L1–L6 and rhenium(I) metal complexes C1–C6. 

	 Most negative	 Most positive		  Most negative	 Most positive
	 charge	 charge		  charge	 charge

L1	 24N (–0.35335)	 13N (0.07782)	 C1	 4C (–0.36207)	 12C (0.12663)
	 27C (–0.32411)	 14C (0.14410)		  1C (–0.31561)	 2C (0.20970)
	 30C (–0.31968)	 3C (0.16510)		  13N (–0.30104)	 3C (0.27875)
	 5C (–0.29061)	 2C (0.22322)		  23N (–0.29971)	 37Re (0.28489)
	 1C (–0.28117)	 26C (0.29198)		  27C (–0.28049)	 38Cl (0.28758)

L2	 23N (–0.35247)	 12N (0.07935)	 C2	 1C (–0.30591)	 11C (0.13612)
	 26C (–0.32197)	 13C (0.14476)		  4C (–0.30586)	 2C (0.209034)
	 29C (–0.31943)	 3C (0.18246)		  12N (–0.30256)	 37Cl (0.23384)
	 1C (–0.26943)	 2C (0.21980)		  22N (–0.29183)	 36Re (0.29485)
	 10N (–0.26317)	 25C (0.29264)		  26C (–0.28169)	 3C (0.29771)

L3	 23N (–0.35163)	 12N (0.07844)	 C3	 4C (–0.35620)	 11C (0.13945)
	 29C (–0.31503)	 13C (0.14441)		  1C (–0.31318)	 36Cl (0.16812)
	 26C (–0.30206)	 3C (0.16518)		  12N (–0.30220)	 2C (0.21322)
	 5C (–0.29016)	 2C (0.22402)		  22N (–0.27595)	 3C (0.27825)
	 1C (–0.28042)	 25C (0.29738)		  23N (–0.27324)	 35Re (0.30050)

L4	 23N (–0.35083)	 12N (0.07995)	 C4	 12N (–0.30723)	 11C (0.14675)
	 29C (–0.31482)	 13C (0.14509)		  1C (–0.30386)	 25C (0.15633)
	 26C (–0.29992)	 3C (0.18256)		  4C (–0.30263)	 2C (0.21277)
	 1C (–0.26893)	 2C (0.220697)		  23N (–0.28844)	 3C (0.29942)
	 10N (–0.26290)	 25C (0.29791)		  22N (–0.28706)	 35Re (0.30789)

L5	 23N (–0.34009)	 12N (0.07801)	 C5	 4C (–0.35094)	 37C (0.10036)
	 5C (–0.29133)	 13C (0.14346)		  12N (–0.31432)	 11C (0.14383)
	 26C (–0.28880)	 3C (0.16764)		  1C (–0.31239)	 2C (0.21318)
	 1C (–0.28240)	 2C (0.22197)		  22N (–0.30076)	 3C (0.28067)
	 10N (–0.26667)	 25C (0.40708)		  23N (–0.28999)	 34Re (0.31642)

L6	 23N (–0.33941)	 12N (0.07948)	 C6	 12N (–0.31386)	 11C (0.14926)
	 26C (–0.28670)	 13C (0.14414)		  1C (–0.30514)	 2C (0.21142)
	 1C (–0.27076)	 3C (0.18446)		  4C (–0.30112)	 34Re (0.30523)
	 10N (–0.26241)	 2C (0.21886)		  22N (–0.29900)	 3C (0.30545)
	 29C (–0.25226)	 25C (0.40823)		  23N (–0.28821)	 25C (0.32456)
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Figure 2. The HOMO (A), LUMO (B), ESP (C) and optimized structures (D) displayed for ligands L1–L6.
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Figure 3. The HOMO (A), LUMO (B), ESP (C) and optimized structures (D) displayed for rhenium(I) metal complexes C1–C6.
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indicates the most favourable interaction between a small 
molecule or ligand and a macromolecule such as a protein 
or nucleic acid. This negative value represents the energy 
released or gained during the formation of the ligand–
macromolecule complex and is an essential factor for de-
termining stability and affinity of the compounds.

Complex C6 has very low binding energy of all the 
compounds examined, –7.9 kcal/mol, showing a better af-
finity for binding DNA than the other compounds. Table 1 
displays the binding energy information for all synthe-
sized compounds. Using a Discovery studio visualizer, the 
results of the docking research used to determine. Figure 4 
displays the docked structure of complex C2 with DNA, 
BSA, and TOPO II. Docking images for each of the syn-
thesized compounds are displayed in the electronic sup-
plementary information (ESI 3).

3. 4. ADME Study
Numerous parameters are provided by Swiss ADME, 

such as the number of H-bond acceptors, donors and spe-
cific atom counts, and molecular refractivity. The partition 
coefficient between water and n-octanol (log Po/w), the 
topological polar surface area (TPSA), blood-brain barrier 
permeability (BBB), and bioavailability score.55 On the ba-
sis of their examination of the physicochemical character-

istics of 2245 drugs in the World Drug Index (WDI) data-
set that were authorized for clinical studies in phase II, 
Lipinski et al. proposed a set of five rules in 1997, empha-
sizing the significance of physicochemical and drug-like-
ness properties in drug design.56 TPSA value of 59.28 Å2 
for the ligands L1–L6 indicates a comparatively small polar 
surface area, smaller than for carboplatin and larger than 
cisplatin. The ligands L1–L6 have too much smaller values 
than topotecan, so, this indicates better activities than to-
potecan. The ligands L1–L6 have higher molar refractivity 
values than cisplatin and carboplatin, and lower than to-
potecan, therefore showing higher activity than topote-
can.57,58

All the ligands have strong permeability and bio-
availability because these values are also below 140 Å2. In 
other words, these substances are most favourable to be 
capable to pass via biological membranes with ease and 
have a higher potential of being absorbed into the blood-
stream, suggesting favourable traits for their potential as 
therapeutic candidates.

The log Po/w values, which measure lipophilicity, 
range between 2.89 and 3.76 for all the ligands. All of the 
ligands meet the range of values for lipophilicity that is 
generally accepted because these values are less than 5.

Quantitative classes of solubility in water are defined 
as insoluble (< –10), poorly (–10 to –6), moderately (–6 to 

Figure 4. DNA, BSA, and TOPO II binding pose of the complex C2.
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–4), soluble (–4 to –2), very (–2 to 0), and highly soluble 
(>0).55 According to the obtained results, ligand L1 demon-
strated a solubility rating as “moderately soluble” with a 
value of –5.1. The solubility ratings for the other ligands, 
which ranged from –5.1 to –6.8, were within the “soluble” 
range. It was discovered that there were 3 hydrogen bond 
donors and one hydrogen bond acceptor in each of the li-
gands. All of the developed derivatives were found to have 
molecular weights around 400, suggesting that they could 
move, diffuse, and absorb easily (Table 3). Good oral bio-
availability is influenced by the rotatable bonds and it is 
essential that this number be lower than 10. There are two 
rotatable bonds in each of the ligands.

3. 5. �UV-visible Absorption Titration 
Experiment

3. 5. 1. DNA Binding

The efficacy of a target molecule in treating a disease is 
partially dependent on its ability to bind tightly to DNA. For-
tunately, anticancer drugs are designed to target DNA, which 
can be broken down in multiple ways, including through in-
teractions with specific drug molecules. Moreover, cancer 
cells typically experience DNA damage first, which can po-
tentially halt cell division and induce cell death.59

The literature describes a technique using CT-DNA 
to evaluate the binding interaction of synthetic com-
pounds. This technique involves using UV-visible spec-
troscopy experiments to study how tiny medicinal mole-
cules interact with DNA.60 The resulting UV-visible 
binding spectra of the compound intercalating in DNA 
show hypochromicity and bathochromic changes due to 
the stacking engagement of the ligand to DNA base pairs 
and aromatic chromophore.52 The compound’s absorption 
bands display clear hypochromism at 380 nm with a small 
redshift as the amount of CT-DNA is increased, confirm-
ing an intercalation pattern that involves a stacking con-
tact between the quinazoline ring and DNA base pairs.61

Tryptanthrin-based ligands L1–L6 and the related 
rhenium(I) complexes C1–C6 were studied for their bind-
ing mechanisms. The bathochromic and hypochromic 
shifts noticed, suggest that intercalation, a non-covalent 

contact, was involved in the binding process. The com-
plexes’ binding constants (Kb) ranged from 0.98∙105 to 
1.77∙105 M–1, whereas the ligands’ binding constants (Kb) 
ranged from 0.8∙105 to 1.33∙105 M–1. Examining how the 
compounds interacted with DNA, it was discovered that 
adding a DNA solution caused clear spectroscopic chang-
es. The spectra shifted by 3–5 nm as a result of these mod-
ifications which included hypochromism and bathochro-
mic effect. The sequence of strength in which the ligands 
L1–L6 and complexes C1–C6 attach to CT-DNA was: C6 > 
C4 > C5 > C2 > C3 > C1 > L6 > L4 > L5 > L2 > L3

 > L1. Equa-
tion ∆G = –RTlnKb was used to evaluate the Gibbs free 
energy (∆G) at 298 K. Negative ∆G values showed that the 
compounds and DNA adduct formation were spontane-
ous. All complexes C1–C6 displayed (Figures 5A and B) 
higher binding constant than the corresponding ligand, 
which is similar to previously reported Re(I) complexes.62

3. 5. 2. Viscosity
The physical characteristics of the interaction can be 

investigated in order to identify the sort of binding that 
occurs between DNA and metal complexes. Increased 
solution viscosity indicates the intercalation-type binding, 
while decreased solution viscosity suggests the groove 
binding. Ethidium bromide is commonly used as an inter-
calator. When synthesized compounds interact with DNA, 
DNA solutions viscosity changes. Then flow time increases 
with each addition of the metal complex solution (Figures 
5C and D). This demonstrates an interactive mode of 
binding, as confirmed by related research findings.63

3. 5. 3. BSA Binding
It is essential to look into how medication molecules 

interact with blood plasma proteins in order to assure the 
targeted distribution of those molecules. Given that HSA 
(human serum albumin) and BSA (bovine serum albumin) 
share 78% of their structural similarities, BSA is randomly 
used as a reference group of amino acids in this research.64 
Here, the binding constant value of ligands L1–L6 is ob-
tained in the range of 0.9–1.4∙104 M–1, and in the case of 
complexes C1–C6 is obtained in the range of 1.43–1.86∙104 

Table 3. ADME properties of the synthesized compounds.

Ligands	 L1	 L2	 L3	 L4	 L5	 L6	 Cisplatin	 Carboplatin	 Topotecan

Molecular weight	 338.37	 372.81	 372.81	 407.25	 407.25	 441.70	 300.05	 371.25	 457.90
H-Bond acceptors	 3	 3	 3	 3	 3	 3	 2	 6	 7
H-Bond donors	 1	 1	 1	 1	 1	 1	 2	 2	 2
TPSA (Å2)	 59.28	 59.28	 59.28	 59.28	 59.3	 59.3	 6.48	 59.08	 104.89
log Po/w	 2.89	 2.97	 3.15	 3.38	 3.53	 3.76	 —	 –0.63	 1.85
Molar Refractivity	 102.86	 107.87	 107.87	 112.88	 113	 118	 21.16	 38.49	 114.81
log S	 –5.08	 –5.67	 –5.67	 –6.25	 –6.25	 –6.84	 –0.826	 –1.657	 –3.02
Rotatable bonds	 2	 2	 2	 2	 2	 2	 0	 0	 2
Lypinski’s rule	 0	 0	 0	 0	 1	 1	 —	 0	 0
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M–1. For both BSA and DNA interaction, the complexes’ 
C1–C6 binding constants exhibit a consistent pattern. Fig-
ure 6 displays a typical spectrum for the BSA binding. The 
results of the docking investigation also show that the inter-
action of the substance with BSA has an almost the same 
pattern in the energy for binding, corroborating the exact 
binding predicted by theoretical binding predictions.

3. 6. Fluorescence Titration
3. 6. 1. �Fluorescence Quenching Studies with DNA

The most efficient and sensitive method for analyzing 
the interaction between CT-DNA, EtBr (ethidium bro-
mide), and compounds is the use of fluorescence meth-

ods.65 EtBr one of the most delicate fluorescent probes, has 
a flat shape that intercalates with DNA to bind to it. It is 
frequently used to investigate DNA structural changes 
brought on by interactions with proteins or tiny chemicals. 
When present in an aqueous environment, EtBr typically 
exhibits modest fluorescence efficiency; however, the pres-
ence of DNA significantly increases its fluorescence inten-
sity. Upon excitation at 520 nm, the CT-DNA-EtBr system 
exhibited a peak emission at 602 nm, indicating the pres-
ence of a maximum emission wavelength. As the concen-
tration of the compound increases, the fluorescence inten-
sity of the CT-DNA-EtBr system diminishes, while the 
wavelength of the emission maximum remains relatively 
unchanged; there are three possible explanations. Firstly, it 

Figure 5. (A) and (B) The Kb value graph and DNA binding spectra of L1 and C1. Viscosity (C) of ligands L1–L6 and (D) of complexes C1–C6.

Figure 6. BSA binding spectra, and Kb value graph of L1 and C1.
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Cell viability was variable and increased with sample con-
centration for both the tryptanthrin-based ligand and 
Re(I) complexes.69 After calculating the IC50 values and 
looking at the % viability-concentration graph, we discov-
ered that the ligands had greater IC50 values than the 
equivalent Re(I) complexes. The IC50 values for the Re(I) 
complexes are between 92.62 to 110.04 µg/mL, while those 
for the tryptanthrin-based ligands are between 142.54 to 
175.81 µg/mL. The fact that the complex C6 had the lowest 
IC50 value is noteworthy, and this is because of the pres-
ence of chlorine group on the tryptanthrin ring. The com-
plexes show the IC50 values that closely resemble that of 
cisplatin (80.00 µg/mL) and outperform the effectiveness 
of the widely used medication carboplatin (165.28 µg/mL), 
indicating that the molecule has a moderate level of cyto-
toxicity.70,71 IC50 of the ligands L1–L6 and Re(I) complexes 
C1–C6 is shown as a bar plot (Figure 8).

Figure 8. IC50 of the ligands L1–L6 and Re(I) complexes C1–C6.

3. 8. Antibacterial Activity
To combat infectious diseases, it is crucial to control 

the growth of microorganisms, and this requires effective 

could be due to the binding of compounds with EtBr, lead-
ing to fluorescence quenching. Secondly, the compounds 
might compete with EtBr for binding sites on the CT-DNA, 
thereby displacing intercalated EtBr from the complex and 
reducing the concentration for EtBr bound to CT-DNA 
(Figure 7A). Finally, it is possible that a new complex com-
prising compounds CT-DNA and EtBr will have formed as 
a result of the interaction between compounds and CT-
DNA-EtBr. While the complexes C1–C6 displayed Ksv rang-
ing in between 0.50 to 0.68∙104 M–1, the ligands L1–L6 dis-
played values between 0.35 to 0.54∙104 M–1.

3. 6. 2. �Fluorescence Quenching Study with BSA
Proteins are vital macromolecules widely distributed 

in cells and essential for maintaining biological processes. 
Bovine serum albumin (BSA) is a large part of plasma pro-
tein and is essential for the body’s transportation and me-
tabolization of a variety of substances.66 This study aims to 
better understand how the target protein molecule, BSA, 
interacts with its environment. BSA was chosen because of 
its crucial attributes for medicine, exceptional binding ca-
pabilities, ease of accessibility, and structural resemblance 
to human serum albumin (HSA).67,68 The complexes C1–
C6 Stern–Volmer binding constant (Ksv) ranged from 1.58 
to 1.95∙104 M–1, while the ligands L1–L6 showed values be-
tween 0.85 to 0.149∙104 M–1. The representative fluores-
cence spectra, I0/I plot, and log I0–I/I vs. log [Q] graph for 
complex C1 is shown in Figure 7B.

3. 7. Anticancer Activity
In the MCF-7 cell line, we used a colorimetric tech-

nique to evaluate the compounds anticancer potential. 

Figure 7. The fluorescence quenching spectra of DNA (A) and BSA (B), I0/I versus [Q] and log I0–I/I versus log [Q] plot for complex C1.
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antibacterial agents. The potency of a newly synthesized 
molecule against various microorganisms can be assessed 
by measuring its antibacterial activity. Nutrient agar is 
commonly used to culture bacteria, and DMSO is used to 
prepare the testing compound’s solution.72 Non-turbid re-
sults shows that the specific concentration of the tested 
compound inhibits the growth of the microorganism.73

The antibacterial activity of complexes C5 and C6 is 
noteworthy and attributed to the presence of 3 and 4 chlo-
rine atoms, respectively, in their aromatic moiety, which 
may have an electron-donating effect.74 Moreover, metal 
complexes tend to exhibit higher antibacterial activity 
than their ligands, possibly due to the activation of the li-
gand by the metal ion during complex formation and an 
increase in lipophilicity; it improves medication molecule 
penetration across the bacterial membrane.69,75,76 The 
compounds’ MIC (minimum inhibitory concentration) 
values are displayed in a bar graph in Figure 9. It is evident 
that complexes C5 and C6 have lower MIC values than the 
other compounds, indicating their stronger antibacterial 
activity.

Figure 9. The MIC values for each compound displayed as a bar 
plot.

3. 9. Cytotoxicity on Brine Shrimp

Brine prawns are an essential component of fish’s di-
et. These small creatures will be studied in a test tube be-
cause of their brief seven-day life cycle. They are common-
ly used to test the cytotoxicity of chemicals on marine 
species because of their extraordinary ability to thrive in a 
variety of environmental situations.77 This research makes 
use of lab-grown Artemia cysts. Analyzing the graph of the 
mortality percentage versus the logarithm of concentra-
tion allows one to determine a substance’s lethal concen-
tration (LC50). The minimum concentration necessary to 
kill 50% of the prawn population under study is known as 
the lethal concentration.49,51

Compound C6 has a lower LC50 value because it con-
tains a four-chlorine (-Cl) group, which indicates that it is 
more cytotoxic than other synthesized compounds. The 
chlorine substituent, which raises the compounds’ lipo-
philicity and therefore raises its permeability, is to blame 
for this increased cytotoxicity. All compounds have LC50 

values that are higher than the widely used anticancer 
drug, cisplatin (LC50 = 3.16 µg/mL). However, compound 
C6 has an LC50 value that is rather closer to cisplatin (Fig-
ure 10).

4. Conclusion
UV-Vis absorption titration, and docking assays 

showed that the synthesised compounds had a high affini-
ty for CT-DNA and participated in intercalation-type 
binding. The IC50 values for all the compounds against 
MCF-7 cells in a cellular investigation range from 90 to 
176 µg/mL, indicating substantial anticancer activity. The 
synthesized rhenium(I) complex C6 shows an IC50 value 
comparable to that of cisplatin and all rhenium complexes 
exhibit better IC50 values than carboplatin. The in vitro cy-
totoxicity tests of synthesized compounds also show how 
well they work against Artemia cysts. The LC50 values of 
complex C6 is closed to the LC50 value of cisplatin. The 
result for the evaluation of the antimicrobial activities on 
Gram-positive and Gram-negative microorganisms show 
that all the complexes have better antibacterial activity. Ac-
cording to the ADME analysis all the compounds have an 
excellent pharmacokinetic profile. DFT simulations reveal 
that the electronic distribution predominately resides over 
the metal ion in the HOMO orbital, which is extremely 
near to the actual results. Notably, the complex C6 has sub-
stantial antibacterial and anticancer activity and has the 
lowest HOMO–LUMO energy gap (1.6104 eV).
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Povzetek
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jih karakterizirali z različnimi spektroskopskimi tehnikami. Da bi ugotovili jakost in načine vezave, smo v prisotnosti 
omenjenih organokovinskih kompleksov izvedli test z DNA telečjega timusa z uporabo absorpcijske titracije in merjenja 
viskoznosti. Zbrani rezultati kažejo, da gre za interkalacijski tip vezave, kar smo dodatno potrdili s študijami molekuls-
kega sidranja. Švicarsko ADME orodje smo uporabili za izvedbo ADME študije. Osredotočili smo se na izračun energij 
molekulskih orbital sintetiziranih spojin z uporabo teorije gostotnega potenciala (DFT). Da bi ugotovili morebitne proti-
rakave učinke, smo pripravljene spojine testirali na MCF-7 celični liniji. Ugotovili smo, da so IC50 vrednosti naših spojin 
ekvivalentne vrednostim za standardne učinkovine, kar kaže, da imajo naše spojine podobne antiproliferativne učinke.
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Abstract
The coupling reaction of diazonium ion of 2-amino-6-nitrobenzothiazole at 0–5 °C with distinctly substituted 2-amin-
obenzothiazole derivatives produced new 1,2,3,5-tetrazine derivatives. It was found that diazotized 2-amino-6-nitroben-
zo[d]thiazol reacts with the ring nitrogen atom of variously substituted 2-aminobenzothiazole derivatives to yield tetra-
zine nucleus. The benzene ring of benzothiazole bearing electron donor group and annulated to the tetrazine was further 
substituted in situ by other (6-nitrobenzo[d]thiazol-2-yl)diazinyl to yield the final product. The structure of the prepared 
compounds was elucidated using their physical data, elemental analyses, and spectroscopic data. The synthesized com-
pounds were tested for their antimicrobial and antibiofilm activities against Staphylococcus aureus and Escherichia coli 
bacteria. Two of the synthesis tetrazine derivatives exhibited interesting antibiofilm potential.

Keywords: 1,2,3,5-tetrazine, 2-aminobenzothiazole, azo dye, antibiofilm activity, antibacterial activity

1. Introduction
Tetrazine is one of the most renowned and efficient 

pharmaceutical class of compounds.1,2 Tetrazines are fre-
quently labelled in terms of their biological activities, such 
as possessing antibacterial,3,4 antifungal,5,6 anti-cancer7,8 
properties and some of them are currently used in com-
mercially accessible products.9 The thermal decomposi-
tion of tetrazine leads to the opening of the ring, which 
results in the formation of nitriles and nitrogen molecules. 
That is why tetrazines are also used in material sciences to 
make high-density energy compounds.10–12 A wide range 
of methods for the synthesis of tetrazines can be found in 
the literature.13 Searching for the best synthetic methodol-

ogy, we decided to use the coupling reaction of diazonium 
ion of 2-aminobenzothiazole with other 2-aminobenzo-
thiazole derivatives since a similar approach was recently 
applied successfully in the preparation of analogous sys-
tems containing 1,2,3,5-tetrazine framework.14 A synthet-
ic pathway designed in such a manner would confirm the 
versatility of the applied methodology. Tetrazine has three 
isomeric structures: 1,2,3,4-tetrazine, 1,2,3,5-tetrazine and 
1,2,4,5-tetrazine, among which, 1,2,3,5-tetrazine and its 
derivatives are not often reported in the literature.

In medicinal chemistry, benzothiazole derivatives 
are well-known for their therapeutic applications. An ap-
praisal of the recent literature showed that many effective 

mailto:tsemeugne@yahoo.fr
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antimicrobial drugs contain benzothiazole moiety within 
their structure.15,16 The benzothiazole ring system is above 
all a structural constituent of the marketable benzothi-
azole drug Riluzole.17

Compounds containing the azo functional group 
have revealed a wide range of medicinal applications in-
cluding antibacterial, antifungal, antioxidant and antican-
cer, among others.18–20 Based on the above considerations, 
one can assume that hybrid molecular architectures con-
taining 1,2,3,5-tetrazine, benzothiazole and azo moieties 
would likely combine the interesting features of all the 
components to exhibit much better biological profiles.21–23

2. Results and Discussion
2. 1. Chemistry

The in situ generated intermediate diazonium sul-
phate 2 (Scheme 1) was prepared by reacting 2-ami-
no-6-nitrobenzothiazole (1) with nitrosylsulfuric acid at 
low temperature (0–5 °C). 

π* transition of the benzene ring. The broad additional 
absorption band appearing around 350 nm is also due to 
an n → π* transition.24

In Table 2 are given the important IR data of com-
pounds 4. One can notice the bands at 883 and 1334 cm–1 
which are due to the presence of tetrazine skeleton in the 
structures 4.25 The bands at 1118 and 1209 cm–1 result 
from skeletal vibrations of the 1,3-thiazole heterocycle.26

Table 2. Assigned IR bands of the compounds 4

Frequency (cm–1)	 Type of vibration	 Functional group
	 and bond

3065–2920	 νCAr–H	 benzyl
1614–1651	 νC=N	 1,3-thiazole
1514–1599	 νC=C	 benzyl
1441–1487	 νN=N	 azo group
1118–1209	 νC-S	 1,3-thiazole
883–1334	 νN–Ntetrazine	 tetrazine

Table 1: Absorption maxima (λmax in nm) of the compounds 4 in methanol

Solvent	                4a	                 4b	                4c	               4d

	 λ (nm)	 lg εmax	 λ (nm)	 lg εmax	 λ (nm)	 lg εmax	 λ (nm)	 lg εmax

MeOH	 277.9	 3.85	 273.8	 4.45	 270.4	 4.41	 277.0	 4.15
	 296.9	 3.74	 285.3	 4.43	 295.2	 4.28	 295.2	 4.04
	 343.9	 3.86	 297.7	 4.34	 335.6	 4.44	 300.1	 4.04
	 400.0	 3.67	 345.6	 4.43	 347.1	 4.44	 341.4	 4.20
	 470.1	 3.98	 396.7	 4.29	 367.4	 4.41	 364.5	 4.20
			   475.1	 4.64	 387.6	 4.35	 392.6	 4.06
					     442.9	 4.45	 465.2	 4.24

Scheme 1. Synthesis of the diazonium intermediate 2.

The newly prepared diazonium solution, was then 
coupled with other 2-aminobenzothiazole derivatives 3. 
The subsequent mixture was worked up as usual to yield 
tetrazine derivatives 4 (Scheme 2). The structure of the 
newly synthesized compounds 4a–d was elucidated by IR, 
UV, and NMR spectroscopy, as well as mass spectral data 
and elemental analysis data.

The UV–Vis absorption spectra of compound 4 were 
recorded in the range 270–475 nm, and the results are giv-
en in Table 1. All compounds displayed the two usual ab-
sorption bands of tetrazines: a weak absorption in the vis-
ible range centered around 450 nm due to the combined 
n→π* transitions of the imine functionalities and a strong-
er one in the UV around 270 nm corresponding to the π → 

During the coupling reaction between the diazoni-
um ion of 2-amino-6-nitrobenzothiazole (2) with 2-amin-
obenzothiazole (3a), it was established that no substitution 
reaction occurred between the two components as antici-
pated. Instead, the condensation product 4a was isolated 
from this reaction, probably from the subsequent nucleop-
hilic addition of the heteroaromatic nitrogen atom of the 
benzothiazole ring as displayed in Scheme 3.

Compound 4a was obtained as a red powder with a 
sharp melting point in the range 213–215 °C. The elemen-
tal analysis and the HREIMS experiments were used to 
establish the bruto formula as C14H7N5O6S3, showing that 
the coupling product crystallized with one sulfate ion 
SO4

2–. The HRMS showed an ion peak at m/z 437 corre-
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Scheme 2. Reactions’ sequences to compounds 4a–d

Scheme 3. T﻿he plausible mechanism for the formation of compound 4a.
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sponding to [M+. + H] and characteristic fragment ion 
peaks at m/z: 374 (M+. + H – 2S), 329 (M+. + 2H – 2S – 
NO2), 313 (M+. + 2H – 2S – NO2 – O), 285 (M+. + 3H – 2S 
– NO2 – O – N2), 165 (M+. + 2H – 2S – NO2 – O –C6H4 – 
C6H2).

High-resolution mass spectrum reveals the surface 
SO4

2– exchange of compounds 4a by methanol used as a 
model primary alcohol for the analysis.14 The presence on 
the HRMS spectrum of peaks at m/z 437 (M+. – SO4

2– + 
3CH3OH), 374 (M+. + H+ + CH3OH – SO4

2–), 329 (M+. + 
2H+ + CH3OH – SO4

2– – NO2), 263 (M+. + 2H+ + CH3OH 
– SO4

2– – NO2 – H2S2) proves that the sulfate of the tetraz-
inium salt 4a is completely exchanged by methanol to give 
numerous peaks, confirming the aforementioned struc-
tural hypothesis.

The presence of the tetrazine nucleus in 4a was fur-
ther confirmed in the FTIR spectrum by the presence of 
the characteristic stretching bands at 1332 and 883 cm–1.25 
The 1H NMR spectrum of compound 4a gave signals at δH 
8.90 (d, J = 0.7 Hz, 1H, H-7'), 8.20 (d, J = 8.6 Hz, 1H, H-5'), 
7.85 (d, J = 8.5 Hz, 1H, H-4') and 8.26 (d, J = 8.7 Hz, 1H, 

H-4), 8.01 (d, J = 8.2 Hz, 1H, H-7), 7.49 (dd, J = 7.6 and 7.5 
Hz, 1H, H-5) and 7.41 (dd, J = 7.4 and 7.6 Hz, 1H, H-6) 
attributable to one ABX system of nitrobenzothiazole and 
one ABCD system of benzothiazole 3a, respectively. These 
observations confirm the proposed regio-orientation of 
the nucleophilic addition of the heteroaromatic N of the 
benzothiazole 3a on the diazonium ion function of 2 in-
stead of the electrophilic substitution on the benzene ring 
as initially anticipated. 

The 13C NMR spectrum of compound 4a shows 14 
relevant signals, out of which seven [127.4, 126.0, 123.1, 
122.6, 122.4, 120.9, 119.0] were assigned to the tertiary ar-
omatic CH based on the HSQC experiments. The remain-
ing seven signals [170.2 (C-2), 155.0 (C-6'), 144.2 (C-7a'), 
143.4 (C-3a'), 132.6 (C-2'), 127.3 (C-3a), 119.6 (C-7a)] 
were assigned without ambiguity to the seven quaternary 
C-atoms thanks to the HMBC experiment (Table 3) and 
the comparison with simulated values.

The powder XRD spectrum of tetrazine 4a shows 
many peaks which are well structured due to the good 
crystalline nature of compound 4a in which atoms are or-
ganized in a regular manner.

Compound 4b is probably formed through two-step 
reaction, via the hypothetical non isolated intermediate 
4b' over a mechanism similar to that of the formation of 4a 
(Scheme 3). Favorable electronic and steric factors enable 
further addition of another diazonium electrophile 2 at 
position 7 on the electron rich benzene ring of 4b' bearing 
the methyl groups (Scheme 6).

The structure of compound 4b was elucidated by 
means of various spectroscopic techniques such as 1H and 
13C NMR spectra and elemental analysis. 

Compound 4b was obtained as a brown powder with 
a sharp melting point in the range 216–218 °C. The ele-
mental analysis and the HREIMS experiments were used 
to establish the bruto formula as C23H13N9O8S4 showing 
that the coupling product crystallized with one sulfate ion 
SO4

2–. 
The structure of compound 4b is further strongly 

supported by its HRMS (ESI+ mode), which shows the 
pseudo-molecular ion peak at m/z 717 (1%) correspond-
ing to [M+ + 2Na+] and characteristic fragment ion peaks 

Table 3. Important HMBC correlations in compound 4a; 1H and 
13C chemical shifts (δ/ppm) in DMSO-d6 as the solvent (25 °C).

C-atom	 δ13C	 HMBC (H → C)

7’	 119.08	 H -5’ (8.21)
6’	 155.08	 H -5’ (8.21)
3a’	 143.87	 H -4’ (7.85)
2’	 132.56	 H -4’ (7.85)
3a	 127.34	 H -6 (7.41)
7	 123.2	 H -5 (7.49)

Scheme 6. Synthesis of compounds 4b.
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at m/z 538 (1%, [M+ + 2Na+ – C7H3N2O2S]), 466 (3%, [M+ 
+ 2Na+ + 2H – C7H3N2O2S – NO2 – N2]), 375 (2%, [M+ + 
2Na+ + 2H – C7H3N2O2S – NO2 – N2 – 2S – C2H4]) and 
181 (1%, [M+ + 2Na+ + 2H – C7H3N2O2S – NO2 – N2 – 2S 
– C2H4 – 2Na+ – 2C6H3]) and were assigned as shown in 
Scheme 7, confirming the above structural hypothesis.

The infrared spectrum of compound 4b showed ab-
sorption bands due to the stretching vibrations of the aro-
matic C–H at 2920 cm–1, while those of N=N appeared at 
1444 cm–1. Two other bands belonging to the tetrazine 
group appear at 1334 and 881 cm–1.25 The structure of syn-
thesized tetrazine was determined based on the 1H and 13C 
NMR chemical shifts and on the proton–proton coupling 
constants. On the 1H NMR spectrum, the methyl protons 
on the benzothiazole ring resonated at δH 2.53 and 2.32 
ppm, respectively as singlets.14 In the aromatic region, two 
ABX proton systems are exhibited at 8.88 (poorly resolved 
d, 1H, H-7''), 8.21 (dd, J = 8.8 and 2.2 Hz, 1H, H-5''), 7.84 
(d, J = 8.8 Hz, 1H, H-4'') and 8.42 (dd, J = 8.4 and 2.3 Hz, 
1H, H-5'), 8.28 (d, J = 9.0 Hz, 1H, H-4'), 7.96 (poorly re-
solved d, 1H, H-7') and a singlet at 7.76 (s, 1H, H-4) con-
firming the proposed regio-orientation of the electrophilic 
substitution of the benzothiazole diazonium ion at posi-
tion 7 in the 2-amino-5,6-dimethylbenzothiazole reagent.

The 13C NMR spectrum of the tetrazine 4b shows 23 
signals attributable to the 23 carbon atoms of the molecule. 
In addition, the characteristic signals of two methyl groups 
(CH3) appearing at δ 20.2 and 20.1 ppm, are in agreement 
with the presence of a 5,6-dimethylbenzothiazole unit in 
the assigned structure of 4b. 

The structures of compounds 4c and 4d were as-
signed based on their analytical and spectral data by fol-
lowing similar reasoning as above.

The investigation into the thermal stability of tetrazine 
derivatives reveals that, in most instances, their stability pri-
marily hinges on the decomposition of the substituent they 
carry, rather than the tetrazine ring itself.27 Consequently, a 
subsequent examination will delve into the impact of various 
substituents present in compounds 4 on their stability. It is 
worth noting that combining two heterocyclic systems, such 
as benzothiazole and tetrazine as observed in compounds 4, 
may lead to enhanced molecular stability.28 Conversely, the 
literature suggests that tetrazine energetic materials with 
limited or no oxygen content tend to yield high enthalpy spe-
cies during combustion, thereby impeding the complete re-
lease of stored energy.27 To address this, active oxygen can be 
introduced into the molecule by synthesizing tetrazine salts 
using inorganic oxidizing acids.29 Compounds 4, crystalliz-
ing in salt form with sulphate ions as counter ions and featur-
ing the oxygen-rich nitro function in the cationic compo-
nent, could play a pivotal role in achieving complete energy 
release from the material. Furthermore, optimal energy per-
formance could be attained by bringing together the endo-
thermic cycle of tetrazine and active oxygen within the cati-
onic segment of compounds 4.27

2. 2 Antibacterial and Antibiofilm Activity
S. aureus and E. coli are among the most frequent 

causes of biofilm-associated infections. With the emer-

Scheme 7. Some important ESI+ mode fragments of compound 4b.
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gence of antibiotic-resistancy, there is an urgent need to 
discover novel inhibitory compounds against these clini-
cally important pathogens. In this study, newly synthe-
sized 1,2,3,5-tetrazine were tested for antibacterial and 
antibiofilm activity against S. aureus and E. coli strains.

The antibacterial effect of the synthesized com-
pounds and reference antibiotic gentamicin against the 
two bacterial strains tested, is presented in Table 4. The 
MIC values range from 256 µg/mL to 1024 µg/mL for test-
ed compounds and were 2 µg/mL and 4 µg/mL for gen-
tamicin, respectively, against S. aureus and E. coli. The re-
sults indicate that the tested compounds had moderate to 
weak antibacterial activity. Even though previous studies 
reported the activity of some tetrazine derivatives against 
bacterial strains, this was not the case in this study.30 A 
plausible explanation to our findings is that the antibacte-
rial activity of compounds might result from the basic 
skeleton of the molecules as well as from their nature, the 
number of nitrogen and sulfur atoms, and the presence of 

NO2 substituents.31 Similarly to the bactericidal nature of 
the reference antibiotic gentamicin, all the tested com-
pounds showed also bactericidal activity with MBC/MBIC 
ratio ≤4.

The result of the antibiofilm activity of the synthe-
sized compounds and reference antibiotic gentamicin 
against S. aureus and E. coli strains is presented in Table 5, 
revealing that all the compounds showed the ability to in-
hibit biofilm formation to various extents. The percentage 
of biofilm formation inhibition varied from 11.54% to 
85.53% in S. aureus and from 14.47% to 74.83% in E. coli. 
Compounds 1, 3d, 4a, 4b, 4c, and 4d showed more than 
50% of inhibition against E. coli and two compounds (3d 
and 4b) against S. aureus. Compound 4b had the highest 
percentage of inhibition (85.53%) and MBIC50 value of 64 
µg/mL against S. aureus, while compound 4d showed the 
highest percentage of inhibition against S. aureus (74.83%) 
and MBIC50 value of 128 µg/mL. Compounds 4b and 4d 
showed the lowest MBIC50 value (64 µg/mL) for S. aureus 
and E. coli, respectively. Although several works have re-
ported the ability of tetrazine derivatives to inhibit the 
growth of bacterial pathogens, studies focusing on their 
capacity to interfere with the formation of biofilm in bac-
teria are very scarce. To the best of our knowledge, this is 
the first study reporting the antibiofilm potential of syn-
thesized tetrazine derivatives. 

	 Although no rational structure-activity correla-
tion could be established from this study, some structural 
features that might have predisposed the antibacterial ac-
tivity of these azo compounds can be drawn from the 
comparison of the chemical structures of compounds wi-
th different activity. The 2-aminobenzothiazole derivati-
ves 3c and 3d are differ only in position 6 with ethoxy 
group in compound 3c and methoxy group in compound 
3d. Compounds 3c and 3d show moderate antibacterial 
activity in S. aureus and weak antibacterial activity in E. 
coli (Table 4). This difference could be linked to the diffe-
rent mechanisms of action of these two compounds con-

Table 4. MIC and MBC values of the synthesized compounds and the reference antibiotic against 
Staphylococcus aureus and Escherichia coli strains.

Compounds	                     S. aureus ATCC1026		  E. coli ATCC 10536
	 MIC	 MBC	 MBC/MIC	 MIC	 MBC	 MBC/MIC

1	 512	 1024	 2	 512	 >1024	 —
3a	 512	 1024	 2	 1024	 >1024	 —
3b	 1024	 1024	 1	 1024	 >1024	 —
3c	 1024	 1024	 1	 1024	 >1024	 —
3d	 512	 1024	 2	 1024	 >1024	 —
4a	 512	 512	 1	 512	 1024	 2
4b	 256	 1024	 2	 512	 >1024	 —
4c	 512	 512	 1	 256	 1024	 4
4d	 512	 512	 1	 256	 1024	 4
Gentamicin	 2	 4	 2	 4	 8

2

—: not determined.

Table 5. Percentage of the inhibition of biofilm formation (%) and 
the minimum biofilm inhibitory concentration (MBIC50) values of 
the synthesized compounds against S. aureus and E. coli strains.

Compounds	               S. aureus		                            E. coli
	 Inhibition (%)	 MBIC50	 Inhibition (%)	 MBIC50

1	 34.87	 —	 51.68	 256
3a	 41.09	 —	 48.18	 —
3b	 11.54	 —	 14.47	 —
3c	 20.12	 —	 29.22	 —
3d	 71.76	 128	 62.45	 256
4a	 32.87	 —	 52.78	 256
4b	 85.53	 64	 64.34	 128
4c	 31.22	 —	 71.14	 128
4d	 34.56	 —	 74.83	 64
Gentamicin	 83.66	 8	 79.21	 16

—: not determined.
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sidering that, the main difference between the two tested 
bacteria is the structure of their cell wall which might ch-
ange their susceptibility to the compounds. In contrast, 
the two reaction products obtained from these two re-
agents, namely compounds 4c and 4d, show both moder-
ate antibacterial activity on the two microorganisms tes-
ted. The improvement in the activity of compounds 4c 
and 4d on the microorganism E. coli could be enlightened 
by the improved antibacterial profiles of the hybrid com-
pounds due to the synergetic interactions of the primary 
potent pharmacophores combined in the single molecular 
platform.

3. Experimental Section
3. 1. Chemistry
3. 1. 1. General 

A Büchi melting point apparatus was used to meas-
ure uncorrected melting points. Progress of the reaction 
was monitored by thin-layer chromatography and the 
purity of compounds was checked by TLC on Eastman 
Chromatogram Silica Gel Sheets (13181; 6060) with flu-
orescent indicators. A mixture of hexane (Hex) and ethyl 
acetate (EA) (4:6) was used as the mobile phase and 
spots were visualized by iodine vapors or irradiation 
with UV light (254 nm). IR spectra (KBr, cm–1) were re-
corded with a Fourier Transform Infrared spectrometer 
JASCO FT/IR-4100 and a Perkin-Elmer FT-IR 2000 
spectrometer. The absorption spectra of the compounds 
were recorded with a Beckman U-640 Spectrophotome-
ter, using samples’ solutions of concentration 5∙10−5 
mol∙L−1. Elemental analyses were determined using a 
Euro EA CHNSO analyser from Hekatech company, and 
the results were found to be in good agreement (±0.3%) 
with the calculated values. Positive ion electrospray 
mass spectra were recorded on a 6200 series TOF/6500 
series Q-TOF (11.0.221.1) mass spectrometry system 
running in ESI_pos_ACN_below1000_CD.m, 1 minute 
of acquired spectra were combined and centroided. 1H 
NMR spectra were recorded in DMSO-d6 with a 400 and 
600 MHz spectrometer NMR Bruker Avance-III. 13C 
NMR spectra were recorded in DMSO-d6 with a 100 and 
150 MHz spectrometer NMR Bruker Avance-III. Te-
tramethylsilane (TMS) was used as the internal refer-
ence. Simulated 1H and 13C(1H) NMR spectra were per-
formed using http://www.nmrdb.org/ spectral 
simulation software.

3. 1. 2. �Preparation of the Reagents and Starting 
Materials

All chemicals mentioned in this work were pur-
chased from commercial sources and were used without 
further purification. 

3. 1. 3. Preparation of Diazonium Salt Solution

Diazonium solution 2 was prepared according to the 
reported procedure.14

3. 1. 4. �General Procedure for the Preparation of 
the Coupling Products 4 

To a solution of 2-aminobenzothiazole derivatives 
3a–d (10 mmol) in DMSO (10 mL) in a 500 mL conical 
flask cooled in an ice-bath at 0–5 °C was added drop wise 
over 1 h the previously prepared diazonium solution of 2 
maintained at 0–5 °C. After stirring for 30 min, 15 mL of 
sodium acetate solution (10%) was added to the mixture. 
The pH of the mixtures was kept in the range 9–11. The 
crystals obtained were filtered on a Büchner funnel. The 
product was crystallized from methanol.

3-Nitrobenzo[4,5]thiazolo[3,2-c]benzo[4,5]thiazolo 
[3,2-e][1,2,3,5]tetrazine-8,14-diium Sulfate (4a). Ob-
tained in 48% yield (1.74 g) as a red powder; m.p. 213–215 
°C. UV/Vis (MeOH) λmax (lg εmax) see Table 1. IR (KBr) 
νmax /cm–1 see Table 2. 1H NMR (600 MHz, DMSO-d6, 25 
°C, TMS) δ 8.90 (d, J = 0.7 Hz, 1H, H-7'), 8.26 (d, J = 8.7 
Hz, 1H, H-4), 8.20 (d, J = 8.6 Hz, 1H, H-5'), 8.01 (d, J = 8.2 
Hz,1H, H-4), 7.85 (d, J = 8.5 Hz, 1H, H-4'), 7.49 (dd, J = 7.6 
and 7.5 Hz, 1H, H-5), 7.41 (dd, J = 7.4 and 7.6 Hz, 1H, 
H-6). 13C NMR (150 MHz, DMSO-d6) δ 170.2 (C-2), 155.0 
(C-6'), 144.2 (C-7a'), 143.4 (C-3a'), 132.6 (C-2'), 127.5 (C-
5), 127.2 (C-3a), 125.9 (C-6), 123.2 (C-7), 122.6 (C-4), 
122.4 (C-5'), 120.9 (C-4'), 119.6 (C-7a), 119.2 (C-7'). 
HRMS ((+)-ESI) m/z (%) 437 (2), 374 (1), 329 (3), 314 
(10), 285 (1), 263 (1), 200 (1), 162 (12). Anal. calcd. for 
C14H7N5O6S3: C, 38.44; H, 1.61; N, 16.01; S, 21.99. Found: 
C, 38.43; H, 1.59; N, 16.00; S, 22.01. Rf 0.48 (Hex/EA 4:6).

10,11-Dimethyl-3-nitro-12-((6-nitrobenzo[d]thiazol-
2-yl)diazenyl)benzo[4,5]thiazolo[3,2-c]benzo[4,5]thi-
azolo[3,2-e][1,2,3,5]tetrazine-8,14-diium Sulfate (4b). 
Obtained in 41% yield (2.75 g) as a brown powder; m.p. 
216–218 °C. UV/Vis (MeOH) λmax (lg εmax) see Table 1. IR 
(KBr) νmax /cm–1 see Table 2. 1H NMR (600 MHz, DM-
SO-d6, 25 °C, TMS) δ 8.88 (poorly resolved d, 1H, H-7''), 
8.42 (dd, J = 8.4 and 2.3 Hz,1H, H-5'), 8.28 (d, J = 9.0 Hz, 
1H, H-4'), 8.21 (dd, J = 8.8 and 2.2 Hz, 1H, H-5''); 7.96 
(poorly resolved d, 1H, H-7'), 7.84 (d, J = 8.8 Hz, 1H, 
H-4''), 7.76 (s, 1H, H-4), 2.52, 2.33 (2×s, 6H, CH3). 13C 
NMR (150 MHz, DMSO-d6) δ 172.2 (C-2), 157.0 (C-2'), 
147.5 (C-4), 145.1 (C-2''), 144.08 (C-6''), 143.7 (C-6'), 
126.9 (C-6), 139.7 (C-7a'), 136.5 (C-7a''), 136.1 (C-3a'), 
133.1 (C-5), 132.9 (C-3a''), 123.6 (C-3a), 123.1 (C-7'), 
122.6 (C-7''), 122.2 (C-5'), 122.1 (C-5''), 120.9 (C-4'), 
120.1 (C-4''), 119.5 (C-7), 118.8 (C-7a), 20.2 (CH3), 20.1 
(CH3). HRMS ((+)-ESI) m/z (%) 717 (1), 538 (1), 456 (1), 
410 (1), 374 (2), 360 (3), 269 (1), 144 (3). Anal. Calcd. for: 
C23H13N9O8S4: C, 41.13; H, 1.95; N, 18.77; S, 19.09. 
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Found: C, 41.11; H, 1.94; N, 18.78; S, 19.10. Rf 0.30 (Hex/
EA 4:6). 

11-Ethoxy-3-nitro-12-((6-nitrobenzo[d]thiazol-2-yl)di-
azenyl)benzo[4,5]thiazolo[3,2-c]benzo[4,5]thi-
azolo[3,2-e][1,2,3,5]tetrazine-8,14-diium Sulfate (4c). 
Obtained in 43% yield (3.31 g) as a red powder; m.p. 205–
207 °C. UV/Vis (MeOH) λmax (lg εmax) see Table 1. IR 
(KBr) νmax /cm–1 see Table 2. 1H NMR (600 MHz, DM-
SO-d6, 25 °C, TMS) δ 8.87 (poorly resolved d, 1H, H-7''), 
8.20 (dd, J = 8.7 and 1.0 Hz, 1H, H-5'), 7.90 (d, J = 8.7 Hz, 
1H, H-7'), 7.84 (d, J = 8.8 Hz, 1H, H-4'), 7.74 (dd, J = 6.7 
and 1.6 Hz, 1H, H-5''), 7.55 (d, J = 8.8 Hz, 1H, H-5), 7.16 
(d, J = 9.1 Hz, 1H, H-4), 7.08 (d, J = 8.8 Hz, 1H, H-4''), 4.10 
(s, 2H, CH2), 1.59 (s, 3H, CH3). 13C NMR (150 MHz, DM-
SO-d6) δ 174.0 (C-2), 157.2 (C-2'), 156.7 (C-2''), 146.2 (C-
6), 145.2 (C-6''), 143.8 (C-7a), 143.3 (C-6'), 137.1 (C-7a'), 
133.1 (C-7a''), 123.1 (C-7'), 122.8 (C-4), 122.1 (C-5'), 120.9 
(C-4'), 119.4 (C-3a''), 118.7 (C-7''), 117.1 (C-3a'), 116.5 
(C-3a), 116.2 (C-4''), 112.8 (C-7), 106.7 (C-5), 105.1 (C-
5''), 64.13 (O-CH2), 15.25 (CH3). HRMS ((+)-ESI) m/z (%) 
854 (4), 438 (3), 423 (11), 402 (17), 374 (11), 371 (7), 289 
(1), 191 (10), 167 (3). Anal. Calcd. for C23H23N9O14S4: C, 
35.52; H, 2.98; N, 16.21; S, 16.49. Found: C, 35.49; H, 2.99; 
N, 16.18; S, 16.53. Rf 0.41 (Hex/EA 4:6). 

11-Methoxy-3-nitro-10,12-bis((6-nitrobenzo[d]thiazol-
2-yl)diazenyl)benzo[4,5]thiazolo[3,2-c]benzo[4,5]thi-
azolo[3,2-e][1,2,3,5]tetrazine-8,14-diium Sulfate (4d). 
Obtained in 54% yield (4.94 g) as a brown powder; m.p. 
218–220 °C. UV/Vis (MeOH) λmax (lg εmax) see Table 1. IR 
(KBr) νmax /cm–1 see Table 2. 1H NMR (600 MHz, DM-
SO-d6, 25 °C, TMS) δ 8.87 (d, J = 1.7 Hz, 1H, H-7'), 8.28 (s, 
1H, H-4), 8.21 (dd, J = 8.8 and 2.2 Hz, 1H, H-5'), 7.94 (d, J 
= 8.8 Hz, 1H, H-4''), 7.75 (d, J = 2.5 Hz, 1H, H-7'''), 7.64 (d, 
J = 2.4 Hz, 1H, H-7''), 7.58 (d, J = 8.8 Hz, 1H, H-4'), 7.38 (d, 
J = 8.9 Hz, 1H, H-4'''), 7.20 (dd, J = 8.8 and 2.5 Hz, 1H, 
H-5''), 7.10 (dd, J = 8.8 and 2.3 Hz, 1H, H-5'''), 4.11 (s, 3H, 
OCH3). 13C NMR (150 MHz, DMSO-d6) δ 170.1 (C-2), 
158.3 (C-3'''), 158.2 (C-6), 157.9 (C-2''), 157.5 (C-2'), 156.8 
(C-3a'), 154.7 (C-3a''), 153.6 (C-3a'''), 150.8 (C-7a), 146.4 
(C-6'), 145.4 (C-6'''), 143.8 (C-6''), 143.4 (C-7), 137.4 
(C-7a'''), 137.1 (C-7a''), 133.0 (C-7a'), 123.2 (C-4''), 122.8 
(C-4), 122.1 (C-5'), 120.9 (C-5), 119.3 (C-3a), 118.8 (C-7'), 
118.3 (C-4'), 116.8 (C-5''), 116.0 (C-5'''), 112.2 (C-4'''), 106.2 
(C-7''), 104.7 (C-7'''), 56.3 (O-CH3). HRMS ((+)-ESI) m/z 
(%) 827 (10), 717 (4), 522 (5), 452 (5), 410 (6), 408 (25), 387 
(82), 196 (100), 152 (37). Anal. Calcd. for C29H17N13O13S5: 
C, 38.03; H, 1.87; N, 19.88; S, 17.50. Found: C, 37.99; H, 
1.85; N, 19.87; S, 17.48. Rf 0.32 (Hex/EA, 4:6).

3. 2. Antimicrobial Activity
3. 2. 1. Microorganisms and Culture Conditions

Two bacteria strains obtained from the American 
Type Culture Collection were used: Staphylococcus aureus 

ATCC1026 and Escherichia coli ATCC 10536. They were 
maintained on Mueller Hinton agar slant at 4 °C and sub-
cultured on fresh appropriate agar plates 24 h before anti-
bacterial assay.

3. 2. 2. �Minimum Inhibitory Concentration 
(MIC) and the Minimum Bactericidal 
Concentration (MBC) Determination

The minimum inhibitory concentration (MIC) and 
the minimum bactericidal concentration (MBC) of the 
synthesized compounds were determined by the broth mi-
crodilution method, as described by Bisso et al.32 Briefly, 
samples were prepared at 4096 µg/mL and serially diluted 
two-fold with Mueller Hinton agar (MHB) in a 96-well 
microplate at a volume of 100 µL. The concentration of the 
reference antibiotic and compounds ranged from 1024 to 8 
µg/mL. Then, wells were filled with 100 µL of inoculum 
(1.5∙106 CFU/mL) and the microplate was incubated at 37 
°C. Wells containing only bacteria inoculum were used as 
the negative control, while those containing 
microorganisms and standard drugs (gentamicin) were 
used as a positive control. After 24 h, 40 µL of iodonitro
tetrazolium chloride (INT) solution (0.2 mg/mL) was 
added to each well and the microplate was further 
incubated for 30 min. Viable bacteria cells turned the yel-
low dye of INT to a pink colour. The lowest concentration 
of compound preventing the colour change medium was 
considered as the MIC. The MBC was determined by add-
ing 50 µL from the wells that did not show growth after 
incubation for the MIC test to 150 µL of MHB. Then, the 
microplate was incubated at 37 °C for 48 h. The MBC was 
defined as the lowest concentration of compound that 
killed all bacteria. The MBC/MIC ratio was then calculated 
to determine the bactericidal (MBC/MIC ≤ 4) or bacterio-
static (MBC/MIC > 4).33

3. 2. 3. Biofilm Formation Inhibition Assay
The capacity of the synthesized compounds to inhib-

it the biofilm formation was determined using the micro-
titer plate method as previously described.34 Briefly, 100 
μL of compounds at half MIC concentration and reference 
antibiotic at 25 µg/mL were added in the wells of 96-well 
microtitre plates. Then 100 μL aliquots of bacterial cul-
tures (1.5∙106 CFU/mL) in Mueller Hinton broth supple-
mented with 2% glucose were added and incubated at 37 
°C for 24 h. Following incubation, plates were washed with 
phosphate-buffered saline (PBS, pH 7.2) to remove the 
planktonic cells. The remaining cells in biofilms were fixed 
with methanol, then stained with 150 µL of safranin (1%), 
incubated for 15 min. After that, the excess safranin was 
removed, the dye bound to the cells was solubilized with 
150 µL of ethanol (95%), and the optical density (OD) was 
measured at 570 nm using a microplate reader (Spectra-
max 190, Molecular Devices). The wells containing only 
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MHB broth supplemented with 2% glucose without bacte-
ria were used as blank while the untreated wells were the 
positive control. The percentage of biofilm inhibition was 
determined using the following formula:

Compounds showing more than 50% inhibition 
were further two-fold serially diluted in MHB. The mini-
mum biofilm inhibitory concentration (MBIC50) was de-
termined as the lowest concentration of compounds that 
reduces the biofilm biomass by 50%. All experiments were 
performed in triplicate.

4. Conclusion
An efficient procedure for the synthesis of new 

1,2,3,5-tetrazine derivatives linker with a 1,3-benzothi-
azole ring has been presented. The diazotized title 2-ami-
no-6-nitrobenzothiazole derivative 2 is a powerful electro-
philic reagent as initially anticipated which is first attacked 
by the ring nitrogen atom of benzothiazoles used as cou-
plers. Benzothiazole couplers with donor groups 3b–d fur-
ther participate in an in situ electrophilic substitution re-
action at its favourable non-substituted ring positions with 
another diazonium ion 2 to yield the corresponding 
1,2,3,5-tetrazine hybrid compounds 4b–d. Their structur-
al assignment was done based on the obtained analytic and 
spectroscopic data. This study revealed that compounds 
4b and 4d exhibited interesting antibiofilm potential and 
could be considered promising drug candidates for the de-
velopment of therapeutic molecules to overcome bio-
film-associated infections caused by S. aureus and E. coli.

Supplementary Information
UV spectra for compounds 4a–d, 1H and 13C NMR 

spectra for compounds 4a–d, IR spectra for compounds 
4a–d, HRMS ESI+ mode of compounds 4a–d and powder 
XRD patterns of compound 4a are provided.
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remove the planktonic cells. The remaining cells in biofilms were fixed with methanol, then 

stained with 150 µL of safranin (1%), incubated for 15 min. After that, the excess safranin was 

removed, the dye bound to the cells was solubilized with 150 µL of ethanol (95%), and the 

optical density (OD) was measured at 570 nm using a microplate reader (Spectramax 190, 

Molecular Devices). The wells containing only MHB broth supplemented with 2% glucose 

without bacteria were used as blank while the untreated wells were the positive control. The 

percentage of biofilm inhibition was determined using the following formula: 

 

% Inhibition � ��𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 –  𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂�– �𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 –  𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂�
�𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 –  𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂� � � 100 

 

Compounds showing more than 50% inhibition were further two-fold serially diluted in MHB. 

The minimum biofilm inhibitory concentration (MBIC50) was determined as the lowest 

concentration of compounds that reduces the biofilm biomass by 50%. All experiments were 

performed in triplicate. 

 

 

4. Conclusion 
An efcient procedure for the synthesis of new 1,2,3,5-tetrazine derivatives linker with a 1,3-

benzothiazole ring has been presented. The diazotized title 2-amino-6-nitrobenzothiazole 

derivative 2 is a powerful electrophilic reagent as initially anticipated which is first attacked by 

the ring nitrogen atom of benzothiazoles used as couplers. Benzothiazole couplers with donor 

groups 3b–d further participate in an in situ electrophilic substitution reaction at its favourable 

non-substituted ring positions with another diazonium ion 2 to yield the corresponding 1,2,3,5-

tetrazine hybrid compounds 4b–d. Their structural assignment was done based on the obtained 

analytic and spectroscopic data. This study revealed that compounds 4b and 4d exhibited 

interesting antibiofilm potential and could be considered promising drug candidates for the 

development of therapeutic molecules to overcome biofilm-associated infections caused by S. 

aureus and E. coli. 
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Povzetek
Z reakcijo pripajanja diazonijevega iona 2-amino-6-nitrobenzotiazola pri 0–5 °C na substituirane derivate 2-aminoben-
zotiazola smo pripravili nove 1,2,3,5-tetrazinske derivate. Ugotovili smo, da diazotirani 2-amino-6-nitrobenzo[d]tiazol 
reagira z obročnim dušikovim atomom različno substituiranih 2-aminobenzotiazolnih derivatov; ob tem nastane tetraz-
inski obroč. Benzenski obroč benzotiazolov, ki vsebuje elektron donorsko skupino in je pripojen k tetrazinskemu, smo 
dodatno in situ substituirali z drugimi (6-nitrobenzo[d]tiazol-2-il)diazinili, da smo dobili končni produkt. Strukture 
pripravljenih spojin smo določili glede na njihove fizikalne lastnosti, elementno analizo in spektroskopske podatke. 
Pripravljenim spojinam smo določili antimikrobno aktivnost ter aktivnost proti tvorbi biofilma z bakterijama Staph-
ylococcus aureus in Escherichia coli. Dva izmed pripravljenih tetrazinskih derivatov sta pokazala zanimiv potencial pri 
preprečevanju tvorbe biofilmov.
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Abstract
In this study, graphene oxide/polyamidoamine G4 was used as a biocompatible nanocomposite adsorbent to adsorb di-
chromate ions. In alkaline solutions, dichromate ions changed to chromate ions which were not adsorbed on the surface 
of adsorbent. Thus, experiments were carried out in acidic and neutral water solution. Under these conditions, adsorp-
tion sites of adsorbent were protonated by primary and ternary amine groups of adsorbent shown as –NH3

+ and –NHR2
+ 

respectively that adsorbed dichromate ions through electrostatic interactions. Adsorption isotherms of dichromate on 
graphene oxide/polyamidoamine G4 were obtained under various ionic strengths, pHs and temperatures. Isotherms 
were analyzed by the adsorption isotherm regional analysis (ARIAN) model. The highest observed adsorption capacity 
of this process was 246.7 mg g–1 at pH = 0 and 318 K. Tests at pH = 2 showed that this process was endothermic. Adsorp-
tion kinetic experiments were carried out under various initial dichromate concentrations, pHs, temperatures, shaking 
rates and ionic strengths and were analyzed by the kinetics of adsorption study in the regions with constant adsorption 
acceleration (KASRA) model and intraparticle diffusion, ideal-second-order (ISO) and non-ideal process of adsorption 
kinetics (NIPPON) equations. The four-region ARIAN and KASRA models using a series of equations can interpret ther-
modynamics and kinetics of interactions of adsorbent and adsorbate under different conditions, respectively. Pb2+, Cd2+, 
Cr3+ and tannic acid were separated by graphene oxide/polyamidoamine G4 from dichromate ions and the graphene 
oxide/polyamidoamine G4 was recycled by using an alkaline solution.

Keywords Graphene oxide/PAMAM4, ARIAN model, KASRA model, Separation

1. Introduction
The wastewater produced by industries like cosmet-

ics, tannery, petrochemistry, paper and food factories are 
dangerous for life and pollution of water sources by them 
is considered as one of most important threats for environ-
ment. There are different chemical, physical and biological 
techniques for wastewater treatment and some of them are 
filtration,1 adsorption,2 precipitation,3 coagulation,4 ion 
exchange,5 ozonisation,6 aerobic7 and reverse osmosis8 

which most of them are not economic and have a complex 
nature. Among them, adsorbents used in adsorption 
method are high efficient, mostly recyclable and low cost 
compared with other treatment methods.

Polyamidoamine (PAMAM) compounds are envi-
ronment friendly dendrimers9,10 and some application of 
them are using them as drug delivery vehicles,11 dendrim-
er-drug conjugates,12 dendrimer/gene complexation,13 

size adaptive dendrimer clustered nanoparticles,14 cancer 
gene therapy,15 as an anti-atrophic agent,16 anti-inflamma-
tory and anti-thrombotic agent,17 pulmonary drug deliv-
ery agents.18 PAMAM compounds are generally synthe-
sized from ethylenediamine and methyl acrylamide 
through a divergent method.19–22 These dendrimer struc-
tures grow outward by alternating between Michael addi-
tion reaction of the methyl acrylate molecule to amino-ter-
minated surface of a core initiator molecule 
(ethylenediamine) that leads to an ester-terminated outer 
layer (called half-generation) and then coupling of this 
compound with ethylenediamine to produce an ami-
no-terminated surface (called full-generation). In this 
work, the products of the subsequent syntheses were called 
G –0.5, G 0, G 0.5, G 1, G 1.5, G 2, G 2.5, G 3, G 3.5 and G 
4 which G is an abbreviation for generation. PAMAM gen-
eration 4 (PAMAM4) like other integer or full generations 
is an amino-terminated PAMAM dendrimer,23 Fig. 1.

mailto:babsamiey@yahoo.com
mailto:samiey.b@lu.ac.ir
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Fig. 1 A PAMAM4 dendrimer fragment

Graphene oxide (GO) films are two-dimensional 
structures which are composed from ultra-thin layers and 
have large surface areas. They were produced through the 
modified Hummer method.24,25 To produce GO, strong 
oxidizing agents, like permanganate, make oxygenated 
functionalities in the graphite structure and produce 
graphite oxide. Graphite oxide is a hydrophilic compound 
and can be exfoliated in water and some organic solvents 
by sonication26 and monolayer or few-layer oxygen-func-
tionalized flakes of GO are produced in its dispersion. In 
this work, GO was produced from sonication of graphite 
oxide in DMF and in spite of graphite oxide, GO is not 
toxic.27 GO has applications in catalysis,28 nanocom-
pounds,29 energy storage,30 biomedical usages31 and poly-
mer composite materials.32

PAMAM compounds are soluble in water and or-
ganic solvents like DMF and ethanol. Thus, in this re-
search, for using them as adsorbent, they should be im-
mobilized on an insoluble compound like GO. In this 
work, a GO suspension in DMF and a solution of 
PAMAM4 (an amino-terminated polyamidoamine) in 
DMF were mixed and interactions like electrostatic and 
dipole-dipole interactions between amine groups of 
PAMAM4 and carboxyl groups of GO,23 and hydropho-
bic and Van der Waals interactions between their func-
tional groups and physical entrapment of GO nanosheets 
in PAMAM4 dendrimers produced graphene oxide/pol-
yamidoamine G4 nanocomposite (abbreviated as GO/
PAMAM4) which was a stable precipitate in the used 
temperature and pH range.

Potassium dichromate that produces dichromate 
(DC) ions and in this work was considered as a pollutant, 
is an anionic dye used as an oxidizing agent and analytical 
reagent  in different laboratory applications, an etching 
material and for cleaning glassware, tannery,33 photogra-
phy and printing.34

As-synthesized GO/PAMAM4 was characterized by 
FTIR, XRD, BET, SEM and EDS techniques Authors ana-
lyzed effects of different parameters like pH, temperature, 
ionic strength, shaking rate, DC concentration and time 
on adsorption capacity of GO/PAMAM4 for DC. Kinetics 
and thermodynamics of adsorption of DC on GO/
PAMAM4 were studied by the KASRA and ARIAN mod-
els and ISO and NIPPON equations. Hereafter, in this 
work, neutral water is called water.

2. Materials and Methods
2. 1. Chemicals

Potassium dichromate (K2Cr2O7) (>99.9%), sodium 
nitrate (≥99%), potassium permanganate (>99%), sodium 
chloride (>99.5%), sodium hydroxide (>98%), hydrochlo-
ric acid (37%), concentrated sulfuric acid (98%), hydrogen 
peroxide (30%), methanol (≥99.9%), ethanol (≥99.9%), 
ethylenediamine (≥99%), methyl acrylate (≥99%), N,N-di-
methylformamide (DMF) (≥99.8%), lead nitrate 
(Pb(NO3)2) (99%), chromium nitrate (Cr(NO3)2.9H2O) 
(99%) and cadmium nitrate (Cd(NO3)2.4H2O) (98%) were 
purchased from Merck. Graphite powder (<20 µm) and 
tannic acid was purchased from Sigma-Aldrich. All chem-
icals were used without further purification.

2. 2. Instruments
Pore Size Micrometrics-tristar 3020 equipment (to 

obtain BET isotherms), Malvern Zetasizer instrument (to 
obtain zeta potential), PerkinElmer Frontier FTIR spec-
trophotometer, Rigaku D-max C III X-ray diffractometer 
(XRD) using Ni-filtered Cu-Kα radiation (λ = 1.5406 Å), 
MIRA3 TESCAN instrument at 15 keV used to take FES-
EM (field emission scanning electron micrograph) and 
EDS (energy dispersive X-ray spectroscopy) spectra.

2. 3. GO Synthesis
By following the published procedure,35,36 graphite 

oxide was prepared through a modified Hummer’s meth-
od.23,24 Then, GO was made by sonication of graphite ox-
ide for 30 min in DMF and at room temperature.

2. 4. PAMAM4 Dendrimer Synthesis
PAMAM4 dendrimer was synthesized using methyl 

acrylate and ethylenediamine, based on published meth-
ods.19–22 Similar to our earlier works with generation 2 of 
PAMAM,35,36 the first synthesized PAMAM generation 
was named G –0.5 and after that G 0, G 0.5, G 1, G 1.5, G 
2, G 2.5, G 3, G 3.5 and G 4 compounds were prepared.

2. 5. GO/PAMAM4 Synthesis
The GO/PAMAM4 was synthesized based on the 

procedure used for GO/PAMAM2 synthesis.35–37 5 g of 

https://en.wikipedia.org/wiki/Oxidizing_agent
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PAMAM4 was dissolved in 20 ml of methanol and then 
was poured dropwise to a round-bottomed flask including 
a solution of 1 g GO in 120 ml of DMF (formerly dissolved 
in DMF by 25 min sonication) stirred in 600 rpm. Then, 
the solution was refluxed at 80 ºC for 24 h. After this step, 
GO/PAMAM4 was separated from solution by centrifug-
ing its solution in 6000 for 10 min. Then, 50 ml ethanol 
was added to GO/PAMAM4 and was centrifuged in 6000 
rpm for 15 min. This step was carried out for four times.

2. 6. �The XTT Cell Viability Assay of GO/
PAMAM4
The XTT cell viability assay offers a straightforward 

technique for assessing cellular metabolic activity as a sign 
of cytotoxicity of GO/PAMAM4. The succinate-tetrazoli-
um reductase system, which is exclusive to metabolically 
active living cells, reduces XTT (2,3-Bis-(2-Methoxy-4-
Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide), 
a tetrazolium derivative, into a water-soluble orange prod-
uct. The quantity of live cells in the sample determines how 
much orange product is produced. The total amount of 
mitochondrial dehydrogenases in the sample decreases as 
the number of live cells decreases. The absorbance, which 
measures the quantity of orange formazan generated, di-
rectly coincides with this drop. Tumor cell lines used were 
Hep2, Vero cells and human hepatoma G2 (HepG2) 
cells.38,39 Details of this test were explained in Supporting 
Information, Fig. S1.

2. 7. Adsorption Isotherms and Kinetic Tests
Adsorption experiments were carried out by adding 

10 mL of DC solutions with different initial concentrations 
to 0.0015 g of GO/PAMAM4. The solutions were shaken at 
100 rpm in a temperature-controlled water bath shaker 
(Fater electronic Co., Persian Gulf model) at 308, 318 and 
328 K within ±0.1 K for 6 h to reach equilibrium. The ini-
tial concentration ranges of DC were 1 × 10–5–2 × 10–4 M. 
After completion of adsorption, DC concentrations were 
measured by a UV mini 1240V Shimadzu spectrophotom-
eter at its maximum wavelength values. The λmax value of 
DC at pHs of 0–6 (neutral water), was 350 nm. In alkaline 
pHs, DC ion changed to chromate ion and its λmax value 
was 375 nm. DC adsorption capacity on the GO/PAMAM4, 
qe (mg g–1), was calculated using the following relation

�
(1)

where c0 and ce are the initial and equilibrium concentra-
tions of adsorbate in each solution (M) respectively, M is 
the molecular weight of adsorbate (mg mole–1), v is the 
volume of solution (mL) and w is the weight of the used 
adsorbent (g).

To carry out adsorption kinetic experiments, 0.0015 
g GO/PAMAM4 samples were added to 10 mL of DC solu-

tions. In this series of experiments, initial concentrations 
of used DC solutions were 5 × 10–5, 1 × 10–4 and 2 × 10–4 
M. These solutions were shaken at 40, 70 and 100 rpm in a 
temperature- controlled water bath shaker (Fater electron-
ic Co., Persian Gulf model) at 308, 318 and 328 K and dif-
ferent ionic strengths and pHs. The DC residual concen-
trations in the solutions were measured at various contact 
times during the adsorption process, by a UV mini 1240V 
Shimadzu spectrophotometer at their values. To calculate 
adsorption capacity of DC on on GO/PAMAM4, qt (mg 
g–1), the following relation was used

� (2)

where ct and qt are adsorbate concentration (M) at time t 
and the adsorption capacity at time t (mg g–1), respectively.

2. 8. Adsorption Isotherms and Models
Thermodynamics of adsorption was analyzed using 

adsorption isotherms. Adsorption isotherms were studied 
by the ARIAN model which is an abbreviation for "ad-
sorption isotherm regional analysis model".40,41 This model 
was introduced by Samiey40 and is used for analysis of ad-
sorption isotherms up to four regions (I to IV). In this 
work, isotherms included regions I, II and IV, and we ex-
plained about them. A comprehensive explanation about 
the ARIAN model was written in Supplementary Infor-
mation. The region I of the ARIAN model is studied by 
the Henry’s law:

� (3)

where there is a linear relation between adsorbate concen-
tration and adsorption capacity and K is the binding con-
stant of adsorbate on the adsorbent surface. This equation 
studies the most active adsorption sites. In this model, re-
gion II starts from the starting second region concentration 
(abbreviated as ssc) point. In region II, monolayer adsorp-
tion happens and is analyzed by an appropriate isotherm 
such as the Temkin equation, etc. The Temkin equation42 
is written as

� (4)

where c1 is a constant and c2 is adsorption equilibrium 
constant.

The region IV of this model begins where the ad-
sorption capacity reaches the maximum, showing a pla-
teau on the isotherm, or where the isotherm starts to go 
down.40 Here, region IV showed the maximum. Depend-
ing upon the features of adsorbate and adsorption sites, 
two or more sub-regions may be observed in each of re-
gions II or III or IV of an adsorption isotherm. Each of 
these sub-regions are called a section and are character-
ized as IIA, IIB,… for the purpose of differentiation.
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Typical adsorption isotherm of DC on GO/PAMAM4 
based on the ARIAN model was shown in Fig. 2.

2. 9. �Adsorption Kinetic Models and 
Equations
There are several equations for study of adsorption 

kinetics. The intraparticle diffusion equation43 is written as

�
(9)

where kdif is the rate constant for intraparticle diffusion 
and I is the boundary layer thickness.

The KASRA model and KASRA equation44–46 were 
used for analysis of the adsorption kinetics, too. KASRA is 
an abbreviation for “kinetics of adsorption study in the re-
gions with constant adsorption acceleration”. The KASRA 
model is based on the three assumptions for adsorption of 
an adsorbate species on an adsorption site: (1) each time 
range that adsorption acceleration in it is constant, is 
called a "region", (2) there are two regions before reaching 
the plateau region, and (3) the boundary between the first 
and second regions is named starting second region (abbre-
viated as ssr) point and that of between the second and 
third (plateau) regions is named kinetics of adsorption ter-
mination (abbreviated as kat) point. ssr and kat points are 
determined by the KASRA equation44,45 which is given as 
follows:

� (10)

where q0, v0i and t0i are qt, velocity and time at the begin-
ning of the ith region, respectively and ai is the accelera-
tion of adsorption kinetics in the ith region whereas i = 
1–3. Each ai is a negative value because during adsorption 
process the adsorbate concentration decreases. In the first 
region, t01 and q01 are equal to zero. The second region be-
gins from ssr point which is assigned with the coordinates 
t02 and q02. Finally, plateau (third) region starts at the equi-

librium time, te, and equilibrium adsorption capacity, qe 
which are coordinates of kat point. In this region, v03 = a3 
= 0, t03 = te and q03 = qe and Eq. (10) is simplified to qt = qe. 
Due to different features of the first and second regions, 
parameters obtained for these two regions like rate con-
stants are different from each other.

In this work, to avoid confusion in relation to the re-
gions in isotherms and kinetic curves, kinetic regions are 
shown using numbers like region 1, etc. Typical adsorp-
tion kinetic curves of DC on GO/PAMAM4 based on the 
KASRA model were shown in Fig. 3.

Fig. 3. Typical adsorption kinetic diagrams of DC on mesoporous 
adsorption sites of GO/PAMAM4 at pH = 2 based on the KASRA 
model

The ideal-second-order (or abbreviated as ISO) equa-
tion45 is given as

� (11)

where kI = kI
2q.27 kI and kI

2 are the first- and second-order 
adsorption rate constants of the ISO equation in each re-
gion and are in M–1 mg g–1 min–1 and M–1 min–1, respec- 

tively and  (where ), v is the volume 
 
of solution (ml), w is the weight of the used adsorbent (g) 
and M is the molecular weight of adsorbate (mg mole–1).

As referred before, based on the KASRA model, 
there are two regions in adsorption kinetic curves before 
reaching the plateau which result from non-ideality in ad-
sorption process. In the first one, completely ideal adsorp-
tion happens on the bare surface of adsorbent. The pro-
gressively changes occurred on the surface of adsorbent in 
region 1 finally result in emerging another ideal region 
(region 2) in which adsorption carries out on a partly ad-
sorbate-covered surface. Using the ISO equation shows 
that region 2 is composed from two another ideal parts 
that are named 2a and 2b. The first part of the second re-
gion, 2a, begins after ssr point and the second one, 2b, 
starts after starting second part (or abbreviated as sp) point 

Fig. 2. Typical adsorption isotherms of DC on mesoporous adsorp-
tion sites of GO/PAMAM4 in different regions according to the AR-
IAN model
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and ends at the kat point.44 Detailed explanation of the 
ARIAN model equation was written in Supporting Infor-
mation.

If the ISO rate constant of a step obeys Arrhenius 
equation, that step is adsorption- or reaction-controlled 
and otherwise it is called diffusion-controlled. As referred 
above, in some adsorbents, there are two or more different 
adsorption sites which lead to observing two or more suc-
cessive adsorption kinetic curves in an adsorption kinetic 
diagram. In these cases, region 1, (completely ideal) is only 
observed in the first adsorption kinetic curve,35 Fig. 3. De-
tailed explanation of the ISO equation was written in Sup-
porting Information.

The NIPPON equation is used to determine the ex-
act nature of the boundary of adjacent regions obtained 
from the KASRA equation.47 The NIPPON equation is 
written as

� (12)

where cte = qN
ts + k ln(1 + ts). qN

ts, k and ts are adsorption 
capacity, rate constant and time in the starting point of the 
assumed time range, respectively. When t << 1 we have 
ln(1 + t) ≈ t and then

� (13)

Dimension of natural logarithm argument, 1 + t, is 

 in . Equation (12) was derived and introduced 

by Samiey,47 and was called “non-ideal process of adsorption 
kinetics equation” or abbreviated as the NIPPON equation. 
NIPPON is a Japanese name of Japan and means the origin 
of sun. By taking the first and second derivatives of the 
NIPPON equation, non-ideal velocity and non-ideal accel-
eration adsorption kinetic equations, Eqs. (14) and (15), 
were obtained respectively. These equations are as follows

�

(14)

�
(15)

where vN
t and aN

t were non-ideal velocity and acceleration 
of adsorption of adsorbate, respectively. On the other 
hand, at t = 0, vN

0 = k and aN
0 = –k and at t = te we have

� (16)

�
(17)

where vN
e and aN

e were non-ideal velocity and acceleration 
of adsorption of adsorbate at t = te, respectively. In initial 
time ranges of adsorption process, adsorption is ideal and 

may comply with the KASRA equation. Detailed explana-
tion of the NIPPON equation was written in Supporting 
Information.

3. Results and Discussion
3. 1. Characterization of GO/PAMAM4

BET nitrogen adsorption- based isotherms were 
used to calculate the surface area of as-synthesized GO/
PAMAM4 and DC-adsorbed GO/PAMAM4 BET samples 
obtained at pH = 2, Fig. S1. BET isotherms on these tests, 
were Type IV and based on them, GO/PAMAM4 was a 
porous material, Fig. S2.

Based on the BET isotherms, the BET surface area, 
adsorption average pore diameter (by BET) and pore vol-
ume were 17.41 m2 g–1, 5.52 nm, 0.033 cm3 g–1 for as-syn-
thesized GO/PAMAM4 and 13.33 m2 g–1, 5.47 nm and 
0.029 cm3 g–1 for DC-adsorbed GO/PAMAM4 at pH = 2, 
respectively. As reported before,48 the surface area of GO is 
9.10 m2 g–1 and doubling the surface area in GO/PAMAM4 
verified more exfoliation of GO layers during synthesis of 
GO/PAMAM4.

Data obtained from BET surface area measurements 
of GO/PAMAM4 showed that its pores were mesopore 
which involved in adsorption process. The obtained hys-
teresis loops of these BET isotherms were H3 which were 
ascribed to aggregates (loose assemblages) of platelike par-
ticles (GO layers) forming slit-like pores.49

IR spectra of as-synthesized GO, PAMAM4 and GO/
PAMAM4 compounds and GO/PAMAM4 samples were 
taken under various experimental conditions by using KBr 
pellet technique, Figs. 4(a)–4(h). In the IR spectrum of 
GO, peaks at 3090.0, 1727.3, 1653.8 and 1097.8 cm−1 were 
assigned to the vibration modes of –OH, –COOH, C=O 
and C–O groups,50 respectively, Fig. 4(a).

In FTIR spectrum of PAMAM4, Fig. 4(b), the peak 
at 3621.7 cm−1 was assigned to stretching vibration 
modes of –OH groups of methanol impurity and 3336.5 
cm−1 was attributed to –NH2 group and the peak at 
1564.2 cm−1 was assigned to the amide C=O group 
stretching vibration modes, respectively.23,51,52 The peaks 
at 2867.0 and 1488.9 cm−1 were assigned to the stretch-
ing and bending vibration modes of aliphatic CH2 group 
and peak at 1186.9 cm−1 was attributed to ternary amine 
stretching vibration modes respectively.51 Lack of peak 
at 1740.0 cm–1 assigned to carboxyl C=O group pro-
posed formation of PAMAM4 from its 3.5 half genera-
tion.

FTIR spectrum of GO/PAMAM4 showed peaks at 
1560.0 cm−1 (assigned to −CONH− of PAMAM4), 2839 
cm−1 (attributed to aliphatic CH2 group of PAMAM4)53 
and 3209.5 cm−1 (assigned to −OH group of GO) con-
firmed that the PAMAM4 was grafted onto the flakes of 
GO, Fig. 4(c). This information showed that GO/PAMAM4 
was synthesized successfully.
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Peaks of −NH− part of amide groups in FTIR spectra 
of DC-adsorbed GO/PAMAM4 at pHs of 1, 2, 3, water and 
11 appeared at 1563.9, 1567.5, 1565.0, 1563.3 and 1560.3 

cm–1 were approximately similar to those of as-synthe-
sized GO/PAMAM4 that confirmed that −NH− part of 
their amide groups didn’t interact with DC ions, Figs. 

Fig. 4. IR spectra of (a) as-synthesized GO, (b) PAMAM4, (c) GO/
PAMAM4 and DC-adsorbed GO/PAMAM4 samples at pHs of (d) 
1, (e) 2, (f) 3, (g) 6 (water) and (h) 11

Fig. 5. XRD spectra of (a) as-synthesized GO, (b) as-synthesized 
GO/PAMAM4 and DC-adsorbed GO/PAMAM4 samples at pHs of 
(c) 1, (d) 2, (e) 3, (f) 6 (water) and (g) 11
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Fig. 6. FESEM images of (a) pristine GO/PAMAM4 and DC-adsorbed GO/PAMAM4 at pHs of (b) 1, (c) 2, (d) 3, (e) 6 (water), (f) 11, (g) and (h) 
GO. The magnification of the SEM images from (a) to (g) is 100,000 x and that of (h) is 30,000 x
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4(d)–4(g) which was due to their involvement in reso-
nance forms of amide group. Also, as seen in Figs. 4(c)-
4(g), the IR spectra of the adsorbent in the pH range of 
1–11 were very similar to each other that confirmed that 
the GO/PAMAM4 was stable in the pH range of 1–11 in 
the presence of DC.

Crystalline structure of as-synthesized GO, GO/
PAMAM4 and GO/PAMAM4 and several DC-adsorbed 
GO/PAMAM4 samples were obtained under different ex-
perimental conditions, Figs. 5(a)–5(g). The weak peak of 
as-synthesized GO at 2θ of 9.9° was attributed to (002) 
crystal planes54 and broad peak appeared at 2θ of 21.3° was 
attributed to amorphous GO,53 Fig. 5(a). Broad peak of 
pristine GO/PAMAM4 and DC-adsorbed GO/PAMAM4 
samples at 2θ of 21.9° was assigned again to the amor-
phous exfoliated structure of graphitic layers of its GO part 
and peak observed at 2θ of 9.9° of its GO part disappeared 
due to its exfoliation after interaction with PAMAM4 den-
drimer, Figs. 5(b)-5(g). Peaks of XRD spectra of DC-ad-
sorbed GO/PAMAM4 at pHs of 1, 2, 3, water and 11 ap-
peared at 2θs of 21.9° and were similar to each other which 
confirmed that GO/PAMAM4 structure was stable under 
used conditions, Figs. 5(b)–5(g).

Images of as-synthesized GO/PAMAM4 and its sam-
ples were taken at various pHs, Figs. 6(a)–6(h) and Fig. S3. 
It was shown that average thickness of GO was 23.94 nm, 
Fig. 6(h) and that of PAMAM4-covered GO layers in pris-
tine GO/PAMAM4 was 20.32 nm which confirmed that 
GO/PAMAM4 was a two-dimensional nanocompound, 
Fig. 6(a). Decrease in thickness of GO layers of GO/
PAMAM4 and change in morphology and decrease in 
glossiness of GO/PAMAM4 layers, Fig. 6(a), compared to 
those of GO, Fig. 6(h), verified formation of GO/PAMAM4. 
It was observed that PAMAM4 dendrimers surrounded 
GO nanosheets surface and GO/PAMAM4 was formed 
through electrostatic, dipole-dipole and Van der Waals in-
teractions between their functional groups.23 Also, as seen 
in Figs. 6(a)–6(f), morphologies of GO/PAMAM4 in the 
pH range of 1–11 were similar to each other. 

EDS (energy dispersive X-ray spectroscopy) spectra 
of pristine GO, pristine GO/PAMAM4 and DC-adsorbed 
GO/PAMAM4 samples were taken under different experi-
mental pHs and confirmed that DC ions did not adsorb on 
GO/PAMAM at pHs upper than 6, Table 1.

Also, it was observed that treatment of Hep2, HepG2 
and Vero cells with GO/PAMAM4 in XTT assay had no 
toxic effect on the cells compared to the control group and 
showed that GO/PAMAM4 was an eco-friendly com-
pound, Supporting Information, Fig. S1.

Information obtained from IR, XRD, SEM, EDS and 
BET techniques verified synthesis of GO/PAMAM4 nano-
compound.

3. 2. �Adsorption Isotherms of DC on GO/
PAMAM4
As seen in Fig. 7, DC ions were changed to chromate 

ions in pHs higher than 6 (water) and our investigation 
showed that adsorption on the surface of GO/PAMAM4 
happened till pH of 6. It confirmed that only DC ions were 
adsorbed on the surface of GO/PAMAM4. Adsorption 
isotherms of this process were studied by the ARIAN 
model at 308–328 K, various ionic strengths and pHs, Ta-
bles 2 and 3 and Fig. 8.

Fig. 7. UV-Vis spectra of DC at pHs of 0, 2, 3 and 6 and those of 
chromate ions at pHs of 11, 12 and 13 at room temperature. All tests 
were carried out using 0.2 mM solutions of 

As referred before, Figs. 3(c)–3(g), amide groups of 
GO/PAMAM4, due to formation of resonance forms and 
involvement of their −NH− part in these forms did not 
interact with DC ions at pH range of 1–6.

In neutral aqueous (pH ≈ 6) and pH = 3 solutions of 
DC ions, only acidic form of primary amine groups of GO/

Table 1. Elements weight percentage (W%) of as-synthesized GO/PAMAM4 and DC-adsorbed GO/PAMAM4 samples under 
various pH conditions obtained from their EDS spectra

Element	 GO	 As-synthesized				   DC-adsorbed GO/PAMAM4 at
		   GO/PAMAM4	 pH = 1	 pH = 2	 pH = 3	 water	 pH = 11	 pH = 12	 pH = 13

C	 82.3	 61.2	 54.5	 62.5	 55.3	 64.4	 64.2	 62.9	 60.1
N	 –	 14.3	 21.4	 16.9	 22.1	 17.9	 20.6	 21.2	 22.1
O	 17.7	 24.5	 19.5	 18.5	 21.2	 17.3	 14.7	 15.1	 16.6
Cl	 –	 –	 4.1	 1.4	 0.9	 –	 –	 –	 –
Cr	 –	 –	 0.5	 0.7	 0.5	 0.4	 –	 –	 –
Na	 –	 –	 –	 –	 –	 –	 0.5	 0.8	 1.2
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PAMAM4, –NH3
+ groups, are its adsorption sites for DC 

ions. Hydrogen atom of these groups interact with oxygen 
atom of DC ions. Analysis of adsorption isotherms at these 
pHs by the ARIAN model showed that they were formed 
from regions I and II which were studied by the Henry and 
Temkin isotherms, respectively, Table 2.

At each pH value, due to steric hindrance of ad-
sorbed molecules and an increase in negative charge of 
adsorbent surface, adsorption equilibrium constants de-
creased from region I to region II. As reported before, 
PAMAM generations are positively charged at water55 and 
adsorbent surface potential became more positive with a 
decrease in pH of solutions.56 As measured at this work, 

pH of point of zero charge (pHPZC) of GO/PAMAM4 was 
3.9 and a decrease in pHs of DC solutions from pH of 6 
(water) to 3 made more positive the surface potential of 
GO/PAMAM4, Fig. 9 and resulted in an increase in ad-
sorption equilibrium constants in regions I and II of pro-
cess at pH of 3 compared to that at pH of 6. On the other 
hand, this caused stronger interactions between these pro-
tonated ternary amine and amide groups of PAMAM4 
dendrimers which made its structure more compact and 
decreased adsorbent capacity.36,57,58

At pH = 2, due to the repulsion between primary and 
tertiary amines of PAMAM4 dendrimer, its structure was 
opened59 and as observed, –NR2H+ groups could adsorb 

Table 2. Parameters obtained from the Henry and Temkin isotherms of different regions (I and II) and sscA, qsscA, sscB and qsscB values for adsorption 
of DC on GO/PAMAM4 in water, acidic and alkaline solutions at 308–328 K

Solvent	 T		  Henry (region I)			   Temkin (section IIA)			  Temkin (section IIB)
	 (K)	 K	 sscA	 qsscA	 c2	 sscB	 qsscB	 c2	 cmax	 qe,max
			   DC on –NH3

+ site			   DC on –NH3
+ site			   DC on –NHR2

+ site

pH = 0	 318	 2.06×106	 0.016	 46.8	 1.02×105	 0.029	 100.1	 5.66×104	 0.074	 246.7
pH = 1	 318	 5.58×106	 0.010	 58.6	 2.36×105	 0.039	 159.1	 2.07×105	 0.075	 206.2
pH = 2	 308	 4.09×106	 0.010	 39.8	 2.66×105	 0.034	  89.7	 1.05×105	 0.095	 165.2
	 318	 6.95×106	 0.006	 46.0	 3.44×105	 0.021	 114.7	 2.22×105	 0.086	 222.6
	 328	 2.44×107	 0.003	 72.5	 1.91×106	 0.013	 131.6	 3.69×105	 0.056	 242.7
0.1 M NaCl	 318	 1.20×106	 0.037	 45.1	 5.26×104	 0.073	 92.9	 2.87×104	 0.121	 154.9
pH = 3	 318	  3.43×106	 0.015	 50.1	 9.87×105	 0.028	 119.8	 –	 –	 –
Water	 318	  6.55×105	 0.066	 45.0	 2.14×104	 0.014	  141.1	 –	 –	 –

Units of K and c2 are in mg g–1 M–1 and M–1, respectively. Units of sscA, sscB and cmax are in mM. Units of qsscA, qsscB and qe,max are in mg g–1. At pHs 
of 2 (in 0.1 M NaCl), 3 and water, due to lack of section IIB, section IIA is region II and qsscB = qe,max and sscB = cmax.

Table 3. Equilibrium constants (K) and thermodynamic parameters for adsorption of DC on GO/PAMAM4 in 
water and at pH = 2 solutions at 308–328 K

pH	 308 K	 318 K 	 328 K	 ΔH	 ΔS
 	  K                  ΔG	 K                    ΔG	 K                ΔG

2 (region I)	 4.09×106      –39.0	 6.95×106     –40.3	 2.44×107     –43.6	 74.7	 367.9 
2 (section IIA)	 2.66×105      –32.0	 3.44×105      –32.6	 1.91×106      –37.0	  82.1	 368.4
2 (section IIB)	 1.05×105     –29.6	 2.22×105     –31.5	 3.69×105      –32.8	 52.9	 268.0

Fig. 8. Adsorption isotherms of DC on GOPAMAM4 (a) at pH = 2 and at d 308 K, m 318 K, e 328 K and h in 0.1 M NaCl at 318 K and (b) at pHs 
of s 0, r 1, + 3 and j 6 (water) at 318 K. All tests were carried out at 100 rpm
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DC ions. Due to steric hindrance of big R groups of –
NR2H+ groups, lower tendency for attachment to proton 
and more hydrophobicity character of ternary amines 
compared to primary amines, electrostatic interactions of 
DC ions with –NR2H+ groups (region I) were weaker than 
that with –NH3

+ groups (region II) of adsorbent, Table 2.
At this pH, isotherms were composed from regions I 

and section IIA for adsorption of DC ions on –NH3
+ and 

section IIB for adsorption of DC ions on –NR2H+ adsorp-
tion sites, respectively. The adsorption processes in all these 
three regions were endothermic that was due to hydropho-
bic interactions of DC ions with opened adsorbent structure 
and their entropy changes were large positive numbers 

which was due to disorder in the adsorbent structure and 
detaching water molecules from adsorption sites during ad-
sorption process, Table 3. In 0.1 M NaCl solutions of DC at 
pH = 2 and 318 K, the equilibrium adsorption constants and 
adsorption capacity of this adsorption process decreased 
compared to their values at pH = 2 and 318 K which was due 
to surrounding effect of Na+ ions on DC ions.

Like pH = 2, at pHs of 0 and 1, DC ions interacted 
with –NH3

+ (analyzed by the Henry and Temkin iso-
therms) and –NR2H+ (analyzed by the Temkin isotherm) 
groups of adsorbent and adsorption capacities of DC ions 
on GO/PAMAM4 decreased with a decrease in pH from 2 
to 1, due to formation of HCr2O7

– from a number of DC 
ions (pKa = 1.18)60 and increased with a decrease in pH 
from 1 to 0 which was due to a highly increase in positive 
charge of adsorbent surface59, Fig. 9. Mechanism of ad-
sorption of DC on GO/PAMAM4 in different pH ranges 
was shown in Fig. 10.

As seen from XRD and IR spectra and SEM images 
of pristine GO/PAMAM4 and DC-adsorbed GO/
PAMAM4 at different pHs, structure of adsorbent is stable 
under different conditions in these series of tests, Figs. 
4–6.

At the end, adsorption capacities of a number of ad-
sorbents for potassium dichromate were shown in Table 4 
and as it is evident, adsorption capacity of GO/PAMAM4 
for DC is higher than most of other adsorbents used for 
this purpose.61–67

Table 4. Maximum adsorption capacity (qe,max) of DC on a number of compounds

Adsorbent	 pH	 T (K)	 qe,max (mg g–1)	 Reference

Graphene oxide-magnetic 	 2	 298	  3.2	 61
Carboxyl-rich carbon nanocomposite	 1	 298	 142.9	 62
 Zr4+ cross-linked magnetic chitosan/polyaniline composite	 2	 298	 491.4	 63 
MCM-41–AEAPTMS–Fe(III)Cl 	 3	 298	  84.9	 64
Meidum black clay and pomegranate peel extract	 2	 323	  78.1	 65
Mag@LDH-ER	 7	 298	 54.7	 66
Chitosan 	 5	 298	  7.4	 67
GO/PAMAM4	 0	 318	 246.7	 This work

Fig. 9. Zeta potential vs. pH for GO/PAMAM4

Fig. 10. Schematic representation of adsorption of DC on GO/PAMAM4 in different pH ranges
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3. 3. �Adsorption Kinetics of DC on GO/
PAMAM4

Kinetics of DC adsorption on GO/PAMAM4 surface 
was studied in different initial DC concentrations, temper-
atures, ionic strengths, shaking rates and pHs. Kinetic 
curves were analyzed by the KASRA model and ISO, intra-
particle diffusion and NIPPON equations, as given in Figs. 
11 and 12 and Tables 5–7. Analysis of the kinetic curves by 
the KASRA model and intraparticle diffusion equation 
showed that they were composed from one or two curves 
and in each curve there were two regions (1 and 2) and 
their accelerations and velocities of adsorption and kdif val-
ues decreased from region 1 to region 2. This is due to a 
decrease in DC concentration and an increase in negative 
charge of adsorbent surface and spatial hindrance on ad-
sorption sites due to adsorbed DC ions.

As referred before, at pH = 6 (neutral aqueous solu-
tions) and pH = 3 DC solutions, –NH3

+ groups of GO/
PAMAM4 adsorbed DC ions. In each of these cases, the ini-
tial DC concentration was 0.2 mM which was on the plateau 
of their isotherm and was involved all interactions between 
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Fig. 11. Adsorption kinetic curves of DC on GOPAMAM4 at pHs of 
r 0, m 1 and + 3 at 318 K and at pH = 2 at e 308, − 318 and s 328 
K. All tests were carried out at 100 rpm and in [DC]0 = 0.2 mM

Fig. 12. Adsorption kinetic curves of DC on GOPAMAM4 r at pH 
= 6 and in [DC]0 = 0.2 mM and 100 rpm and h pH = 2 in 0.1 M 
NaCl and [DC]0 = 0.2 mM and 100 rpm and + at pH = 2, 70 rpm 
and in [DC]0 = 0.2 mM and s at pH = 2, 40 rpm and in [DC]0 = 0.2 
mM and d at pH = 2, in [DC]0 = 0.05 mM and 100 rpm and × at pH 
= 2, in [DC]0 = 0.1 mM and 100 rpm
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surface of adsorbent and DC ions. As referred before, with a 
decrease in pH from 6 (in water) to less than 4, tertiary amine 
groups of PAMAM4 started to be protonated and this made 
adsorbent surface more positive that increased ISO kinetic 
parameters in regions 1 and 2 (including kI1, kI2a and kI2b). 
ISO kinetic parameters are related to interaction of adsor-
bent surface and DC ions in the Stern layer. On the other 
hand, this caused stronger interactions between these proto-
nated ternary amine groups with amide groups of PAMAM4 
dendrimers which made its structure more compact and in-
creased the time of reaching to equilibrium.

Due to surrounding effect of H+ ions on DC ions at 
pH = 3, adsorption accelerations, velocities and kdif, related 
to moving DC ions toward the Gouy layer, at this pH were 
less than those at pH = 6.

As referred before, due to opening the structure of 
PAMAM4 part of adsorbent at pHs of 0, 1 and 2, in addition 
to –NH3

+ groups of PAMAM4 as regions 1 and 2a and/or 2b 
in the first kinetic curve, internal –NHR2

+ groups of 
PAMAM4 as region 2a and/or 2b in the second kinetic curve 
involved in adsorption process. As seen from Tables 5–7, ad-
sorption acceleration and velocities, kdif and kI1 of region 1 
increased with an increase in temperature from 308 to 328 K 
at 100 rpm and increasing shaking rate from 40 to 100 rpm 
at 318 K at 0.2 mM of DC and an increase in DC concentra-
tion from 0.05 to 0.2 mM of DC at 100 rpm and 318 K.

It was observed that only kI1 parameters of 0.2 mM of 
DC solution at 318–328 K and 100 rpm and pH of 2 obey 
from Arrhenius equation and their activation energy of ad-
sorption was 22.5 kJ mol–1. It showed that adsorption of 
DC ions on GO/PAMAM4 under these conditions was ad-
sorption-controlled in region 1 and thus in other regions of 
the first and second curves was diffusion-controlled.

At pH = 1, the time of reaching to equilibrium was 
much greater than that observed for pHs of 0 and 2 which 
was due to changing some of DC ions to of HCr2O–

7 ions.60 
At pH = 0 compared to pH = 1, in region 1, adsorption 
accelerations and velocities decreased and ISO equation 
kI1 rate constant of adsorption increased due to an increase 
in positively charged adsorbent surface.

At pH = 2 and 0.1 M of NaCl, adsorption accelera-
tions and velocities and ISO equation kI1 rate constant of 
adsorption of region 1 decreased compared to those at pHs 
of 1 (0.1 M of HCl) and 2 (0.01 M of HCl) at 318 K and 100 
rpm which confirmed that surrounding DC ions by Na+ 
ions was responsible for these observations.

Finally, kinetic data were analyzed with the NIPPON 
equation and compared to regions obtained from the KAS-
RA model. As seen from Table 7, there are at most three 
curves which can be considered correspondence to regions 
obtained from the KASRA model in Table 5. As seen from 
Table 7, based on the NIPPON equation, the boundaries of 
different regions of kinetic curve(s) at pHs of 1, 3 and 6 
(water) and also cases at pH of 2 and 0.2 mM of DC at 318 
and 328 K at 100 rpm and 318 K at 40 rpm were ideal and 
similar to those obtained from the KASRA model.Ta
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At pH = 0, a small movement was observed in bound-
aries of regions 1 and 2 in first curve and between the first 
and second curves obtained from the KASRA model.

Boundary between regions 1 and 2 of the only curve 
in 0.05 mM of DC at pH = 2 and 318 K and boundary be-
tween the first and second curves in 0.2 mM of DC at pH 
= 2 and 328 K obtained from the KASRA model disap-
peared which showed that in average the adsorption char-
acter of these regions were similar to each other. Also, 
boundary between regions of 1 and 2 of the first curve in 
0.1 mM of DC at pH = 2 and 318 K (obtained from the 
KASRA model) disappeared and the boundary of the first 
and second curves moved toward smaller time which 
showed the character of these two curves was similar to 
the second curve. In these three recent cases, boundaries 
disappeared and characters of those regions became simi-
lar to each other due to a decrease in DC concentration 
and an increase in temperature.

In 0.1 M NaCl of 0.2 mM of DC at pH = 2, inconsistent 
with ideal results obtained from the KASRA model, there 
were no boundaries between the first and second curves 
which showed these regions were similar to each other.

At pH=2 at 70 rpm, boundaries of the first and sec-
ond curves moved to smaller times compared to those ob-
tained from the KASRA model which showed that proper-
ties of their boundaries were more similar to region 2a 
than region 2b.

3. 4. �Using GO/PAMAM4 for Selective 
Separation of Metal Ions and Tannic Acid
In a series of tests, it was observed that some metal 

ions, including Pb2+, Cr3+ and Cd2+ and also tannic acid 
(TA) were not adsorbed by GO/PAMAM4 and was used 
for separation of them from DC ions. T﻿hese tests were car-
ried out at pH = 2 which resulted in a highly positively 

charged surface of GO/PAMAM4 that adsorbed severely 
DC ions and repelled the positively charged metal ions. 
Concentrations of Pb2+, Cr3+ or Cd2+ ions in mixed solu-
tions of these ions with DC before and after adding adsor-
bent to the solutions were measured by the Agilent 200 
series AA atomic absorption spectrophotometer and it was 
observed that only DC ions were adsorbed on GO/
PAMAM4. We used mixed solutions of 0.025 mM of DC 
and 0.01 mM of each of above-mentioned ions and 0.006 g 
of adsorbent at pH = 2. For example, the UV spectra of this 
process for selective separation of Cr3+ from its mixture 
with DC were shown in Fig. 13. Also, GO/PAMAM4 was 
used to separate DC from tannic acid (TA), Fig. 14. pKa of 
TA68 is nearly 6 and at pH = 2, its phenolic hydroxyl groups 
did not dissociate and thus was not negatively-charged and 
did not have affinity to be adsorbed on GO/PAMAM4. As 
seen from Fig. 15, due to adsorption of DC on GO/

Table 7. Non-ideal adsorption acceleration and velocity parameters for the NIPPON curves from analysis of adsorption of DC on GO/PAMAM4 at 
different temperatures, various pHs, shaking rates and in various initial DC concentration

Solvent	 T	 [DC]0	 rpm           	First NIPPON curve			  Second NIPPON curve		  Third NIPPON curve

	 (K)	 (mM)		  aN
fc	 vN

fc	 tsc	 qsc	 aN
sc	 vN

sc	 ttc	 qtc	 aN
tc	 vN

tc

pH = 0	 318	 0.20	 100	 –15.65	 15.65	 15	 41.9	 –0.03	 4.67	 45	 121.2	 –0.03	 1.15
pH = 1	 318	 0.20	 100	 –30.04	 30.04	 10	 72.6	 –0.28	 3.07	 120	 146.6	 –0.004	 0.51
pH = 2	 318	 0.05	 100	 –6.64	 6.64	 20	 20.1	 –0.05	 0.98	 –	 –	 –	 –
	 318	 0.10	 100	 –12.39	 12.39	  5	 21.3	 –0.62	 3.96	 90	 85.0	 –0.005	 0.48
	 308	 0.20	 100	 –16.81	 16.81	 20	 48.6	 –0.09	 1.83	 120	 115.6	 –0.003	 0.41
	 318	 0.20	 100	 –16.04	 16.04	  5	 28.7	 –0.86	 5.18	 90	 114.4	 –0.01	 0.86
	 328	 0.20	 100	 –21.20	 21.20	  5	 28.4	 –0.04	 1.26	 60	 130.3	 –0.02	 1.33
	 318	 0.20	  70	 –13.87	 13.87	 6	 24.6	 –0.98	 5.85	 60	 106.7	 –0.01	 0.84
	 318	 0.20	  40	 –12.87	 12.87	 10	 30.7	 –0.33	 3.68	 150	 134.2	 –0.003	 0.43
0.1 M NaCl	 318	 0.20	 100	 –15.67	 15.67	 20	 45.9	 –0.07	 1.50	 –	 –	 –	 –
pH = 3	 318	 0.20	 100	 –12.84	 12.84	 30	 43.4	 –0.04	 1.17	 –	 –	 –	 –
Water	 318	 0.20	 100	 –15.17	 15.17	 15	 42.5	 –0.18	 2.83	 –	 –	 –	 –

Units of aN
fc, aN

sc and aN
tc were in mg g–1 hour–2, vN

fc, vN
sc and vN

tc were in mg g–1 hour–1 and tsc and ttc were in min and qsc and qtc were in mg g–1, respec-
tively. Subscripts fc, sc and tc are abbreviations for starting first, second and third curves, respectively.

Fig. 13. UV-Vis  spectra of (1) 0.025 mM DC, (2) 0.01 mM Cr3+, (3) 
0.025 mM DC + 0.01 mM Cr3+, (4) 0.01 mM Cr3+ + 0.006 g GO/
PAMAM4 and (5) 0.025 mM DC + 0.01 mM Cr3 + 0.006 g GO/
PAMAM4.  The volume of solution in each bottle was 10 mL. In all 
solutions pH was 2 and tests were carried out at room temperature 
and during one hour
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PAMAM4, TA was separated completely from DC ions. 
Some practical applications of separation of metal ions 
and TA69 were explained in supporting information.

3. 5. Recycling the Used GO/PAMAM4
According to results of our experiments, in alkaline 

pHs, DC ions changed to chromate ions and as was ob-
served in the adsorption tests, chromate ions were not ad-
sorbed on GO/PAMAM4, Eq. (18). Thus, for recycling the 
used GO/PAMAM4, in a series of experiments at room 
temperature, 15 mL of 0.1 M NaOH solution was added to 
0.005 g used GO/PAMAM4 and after about half an hour, 
adsorbent was washed with distilled water and the solu-
tion turned in yellow. It was observed that after three times 
recycling, the adsorption capacities of the recycled GO/

PAMAM4 were about 92–95% of the as-synthesized GO/
PAMAM4. Details of this process were explained in sup-
porting information.

� (18)

where Cr2O7
2–  . ..GO/PAMAM4(S) and GO/PAMAM4(S) 

were the used and recycled adsorbents, respectively.

4. Conclusions
In this research, mesoporous GO/PAMAM4 nano-

compound was prepared from GO and PAMAM4 den-
drimer and was used as an eco-friendly adsorbent for di-
chromate (DC) ions. GO/PAMAM4 had two different 
types of various adsorption sites which at pHs of 0, and 2 
were protonated forms of primary and tertiary amine 
groups of GO/PAMAM4 which were shown as –NH3

+ and 
–NHR2

+, and at pHs of 3 and 6 were –NH3
+ groups. DC ions 

interacted with these adsorption sites through electrostatic 
interaction. It was observed that in alkaline solutions DC 
ions changed to chromate ions and chromate ions were not 
adsorbed on the GO/PAMAM4 surface.

Due to stronger interaction of –NH3
+ groups and 

their location on the end of PAMAM4 branches of adsor-
bent, at pHs of 3 and 6 DC ions interacted with them and 
analysis of their isotherms by the ARIAN model showed 
that they were composed from regions I and IIA and at 
pHs of 0, 1 and 2 interacted first with –NH3

+ (composed 
from regions I and IIA) and then with –NHR2

+ groups (re-
gion IIB) which was due to opening the structure of 
PAMAM4 at pHs of 0–2. Study of DC adsorption on this 
adsorbent at pH = 2 showed that adsorption capacity for 
DC ions increased with an increase in temperature and the 
process was endothermic. Maximum capacity for adsorp-
tion of DC ions was 246.7 mg g–1 at pH = 0 and 318 K.

Adsorption kinetics of DC on GO/PAMAM4 was 
studied by the KASRA model and intraparticle diffusion, 
ISO and NIPPON equations. At pHs of 3 and 6, kinetic 
curve was composed from regions 1 and 2 (due to adsorp-
tion on –NH3

+ sites) and at pHs of 0, 1 and 2 they were 
formed from regions 1, 2a and/or 2b (for adsorption on –
NH3

+ sites) and 2a and/or 2b (for adsorption on –NHR2
+ 

sites). At pH = 2, adsorption accelerations and velocities of 
regions 1 and 2a and/or 2b of the first curve (obtained 
from the KASRA model) and the value of kI1 rate constants 
of region 1 (obtained from ISO equation) for adsorption of 
DC on –NH3

+ sites increased with an increase in tempera-
ture, shaking rate and decreased with increasing ionic 
strength.

kI1 rate constants in the range of 308–328 K obeyed 
from Arrhenius equation and thus adsorption in region 1 
was adsorption-controlled. Analysis of kinetic data by us-
ing the NIPPON equation showed that boundaries of dif-

Fig. 14. Tannic acid structure

Fig. 15. UV spectra of (1) 0.025 mM DC, (2) 0.05 mM TA, (3) 0.025 
mM DC + 0.05 mM TA, (4) 0.05 mM TA + 0.006 g GO/PAMAM4 
and (5) 0.025 mM DC + 0.05 mM TA + 0.006 g GO/PAMAM4. pH of 
all solutions was 2 and tests were carried out at room temperature and 
during one hour. The volume of solution in each bottle was 10 mL
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ferent regions of kinetic curve(s), obtained from the KAS-
RA model, at pHs of 1, 3 and 6 (water) and also cases at pH 
of 2 and 0.2 mM of DC at 318 and 328 K at 100 rpm and 
318 K at 40 rpm were ideal and similar to those obtained 
from the KASRA model. By using data of this research, we 
can find the optimum condition for separating of DC from 
wastewater produced in labs and also removing DC stains 
from surfaces and clothes by this recyclable adsorbent. 
Thus, during a series of tests some metal ions like Pb2+, 

Cd2+ and Cr3+ and tannic acid (TA) were separated suc-
cessfully from their mixtures with DC ions. Finally, the 
DC-adsorbed GO/PAMAM4 was regenerated by using an 
alkaline solution.
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Povzetek
V študiji smo uporabili grafen oksid/poliamidoamin G4 kot biokompatibilen nanokompozitni adsorbent za adsorbci-
jo dikromatnih ionov. V alkalnih raztopinah so se dikromat ioni spremenili v kromatne ione, ki niso bili adsorbirani 
na površini adsorbenta. Tako so bili eksperimenti izvedeni v kisli in nevtralni vodni raztopini. Pri teh pogojih so bila 
adsorpcijska mesta adsorbenta protonirana s primarnimi in ternarnimi amino skupinami adsorbenta, prikazanimi kot 
–NH3

+ in –NHR2
+, ki so adsorbirali dikromatne ione z elektrostatsko interakcijo. Adsorpcijske izoterme dikromata na 

grafen oksidu/poliamidoaminu G4 so bile pridobljene pri različnih ionskih močeh, pH in temperaturah. Izoterme smo 
analizirali z modelom regionalne analize adsorpcijske izoterme (ARIAN). Najvišja opažena adsorpcijska kapaciteta tega 
procesa je bila 246,7 mg g–1 pri pH = 0 in 318 K. Testi pri pH = 2 so pokazali, da je ta proces endotermen. Adsorpcijski 
kinetični eksperimenti so bili izvedeni pri različnih začetnih koncentracijah dikromata, pH, temperaturah, hitrostih stre-
sanja in ionskih močeh ter analizirani s kinetiko študije adsorpcije v regijah s konstantnim adsorpcijskim pospeševalnim 
modelom (KASRA) in difuzijo delcev, z enačbo idealno-sekundarnega reda (ISO) in neidealnim procesom adsorpcijske 
kinetike (NIPPON). Štiriregijska modela ARIAN in KASRA z uporabo serije enačb lahko interpretirata termodinamiko 
in kinetiko interakcij adsorbenta in adsorbata pri različnih pogojih. Pb2+, Cd2+, Cr3+ in taninske kisline smo ločili z grafen 
oksidom/poliamidoaminom G4 iz dikromatnih ionov in reciklirali grafen oksid/poliamidoamin G4 z alkalno raztopino.

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
Two new lanthanide mercury materials, [Gd(IA)3(H3O)2Hg3Br6]nCl2n (1) and [La(IA)3(H3O)2Hg3Br6]nCl2n (2) (IA = 
isonicotinic anion), have been prepared under solvothermal conditions and characterized by single-crystal X-ray dif-
fraction techniques. They are isomorphic and characterized by a three-dimensional (3-D) framework structure. The 
lanthanide ions are bound by eight oxygen atoms to exhibit a square antiprismatic geometry. The solid-state photolumi-
nescence experiment discovers that compound 1 shows a strong emission in the red region. Compound 1 possesses CIE 
(Commission Internationale de I’Éclairage) chromaticity coordinates of 0.7347 and 0.2653. Its CCT (correlated color 
temperature) is 6514 K. Compound 2 displays yellow photoluminescence and it has CIE chromaticity coordinates of 
0.4411 and 0.5151. The CCT of compound 2 is 3633 K. Solid-state UV/Vis diffuse reflectance spectra revealed that their 
semiconductor band gaps are 2.16 eV and 2.85 eV, respectively.

Keywords: Lanthanide; mercury; photoluminescence; band gap; semiconductor 

1. Introduction
For several decades, lanthanide coordination com-

pounds have received more and more attention from 
chemical and material researchers, because lanthanide co-
ordination compounds generally exhibit useful physico-
chemical properties such as photoluminiscence, catalyst, 
magnet and biochemical sensors, which makes them at-
tractive in display, catalysis, medical and other applica-
tions fields.1–6 The interesting physicochemical properties 
of lanthanide coordination compounds dominantly rise 
from the rich 4f electron of the lanthanide ion. Among 
these attractive physicochemical properties, photolumi-
niscence is especially interesting. Lanthanide coordination 
compounds generally show strong photoluminescence 
emission if the 4f electron transition can efficiently occur. 

People have so far completed a lot of exploration about 
lanthanide coordination compounds, in order to find out 
their potential use in the areas of electrochemical displays, 
luminescent sensors, medicine, magnetic material, 
light-emitting diode, and so on.7–12

Zinc, cadmium and mercury are group 12 (IIB) ele-
ments and they have also attracted a lot of attention be-
cause of the following reasons: vital roles played by zinc in 
biological systems, various coordination motifs, attractive 
photoelectric and photoluminescence behavior, and so 
forth.13–16 Moreove, the IIB elements can also be applied 
for synthesizing semiconductor materials and, to this day, 
many semiconductor materials containing IIB elements 
have been documented.17–20 

Organic molecules with different functional groups 
are very useful in the construction of metal coordination 

mailto:wtchen_2000@
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compounds. N-containing heterocyclic molecules (for in-
stance, isonicotic acid, nicotic acid, 4,4’-bipy, 2,2’-bipy, 
etc.) have been widely applied for the preparation of metal 
coordination compounds because of their rich coordina-
tion sites and various coordination modes.21−23 To our 
knowledge, isonicotinic acid is an useful building mole-
cule because it possesses two carboxylic oxygen atoms at 
one side and one nitrogen atom at the other side. As a re-
sult, isonicotinic acid molecules can bind to different met-
al ions to form new compounds. Isonicotic acid molecules 
are deemed to be a nice chelating and bridging ligand to 
form metal coordination compounds with high dimen-
sional extended structures. Furthermore, the pyridyl ring 
of isonicotic acid molecule possesses delocalized π-elec-
trons which endow isonicotic acid molecules to be a good 
candidate to prepare luminescent materials in the fields of 
organic light emitting diode (OLED), chemical sensor, so-
lar energy conversion, and so forth.24−26

During these years, our group keeps exploring the 
photoluminescence, magnetism and semiconductor mate-
rials. We recently become interested in the crystal engi-
neering of lanthanide IIB materials. For the sake of inves-
tigating new lanthanide IIB materials with new structural 
motifs and attractive performance, we focus on the design 
and preparation of new lanthanide IIB materials with var-
ious organic molecules by means of solvothermal reac-
tions. In this research, we report the preparation, crystal 
structures, photoluminescence, CIE, CCT, FT-IR, PXRD 
(powder X-ray diffraction) and semiconductive investiga-
tion of two new lanthanide mercury compounds with a 
3-D framework structure, namely, [Gd(IA)3(H3O)2Hg3 
Br6]nCl2n (1) and [La(IA)3(H3O)2Hg3Br6]nCl2n (2) (IA = 
isonicotinic anion) which were prepared through solvo-
thermal reactions. 

2. Experimental
2. 1. Instruments and Chemicals 

All of the chemicals used for the reactions were com-
mercially bought and directly applied for the syntheses of 
the title compounds. The C, H and N elemental analyses 
were performed on an Elementar Vario EL elemental ana-
lyzer. The FT-IR spectroscopy were conducted on a PE 
Spectrum-One FT-IR spectrophotometer with a KBr pellet 
and the wavenumber is in the span of 400 cm−1 ~ 4000 cm−1. 
The PXRD pattern was obtained on a AL-Y3000 powder 
diffractometer with Cu-K (λ = 1.54056 Å), 10° ≤ 2θ ≤ 50°, 
0.1° step size, and one second of exposure time. The theoret-
ical powder curve was obtained from the X-ray single-crys-
tal diffraction data set and processed using the free version 
of Mercury v1.4 program software offered by the Cambridge 
Crystallographic Data Centre.The photoluminescence 
spectra were carried out on a F97XP photoluminescence 
spectrometer with the wavelength in the range of 200 nm ~ 
900 nm. The solid-state UV/Vis diffuse reflectance spectra 

were measured on a TU1901 UV /Vis spectrometer with the 
wavelength in the range of 190 nm ~ 900 nm. 

2. 2. �Synthesis of [Gd(IA)3(H3O)2Hg3Br6]nCl2n 
(1) 
The Gd(NO3)3·6H2O (0.5 mmol, 452 mg; Sig-

ma-Aldrich company, analytical reagent, CAS # 19598-
90-4), HgBr2(1.5 mmol, 540 mg; Sigma-Aldrich compa-
ny, analytical reagent, CAS # 7789-47-1), isonicotinic 
acid (1.5 mmol, 185 mg; Sigma-Aldrich company, ana-
lytical reagent, CAS # 55-22-1), concentrated hydro-
chloric acid (0.1 mL; Sigma-Aldrich company, analytical 
reagent, CAS # 7647-01-0) and distilled water (10 mL) 
were mixed into a 25 mL Teflon-lined stainless steel au-
toclave. The autoclave was heated at 433 K for ten days 
and powered off. After naturally cooling down to room 
temperature, yellow crystals suitable for the single-crys-
tal X-ray diffraction measurement were collected, 
washed with distilled water and dried in air. The yield 
was 41% (based on Gd(NO3)3.6H2O). C18H18Br6Cl2Gd 
Hg3N3O8: calc. C, 12.62; H, 1.06; N, 2.45; Found C, 

Fig. 1: FT-IR spectroscopy of 1 and 2.

Fig. 2: PXRD of 1.



382 Acta Chim. Slov. 2024, 71, 380–387

Liu et al.:   Preparation, Structures, Photoluminescence and Semiconductive   ...

12.69; H, 1.09; N, 2.51. FT-IR peaks (KBr, cm−1): 
3440(vs), 1950(w), 1607(vs), 1551(s), 1500(w), 1420(vs), 
1233(m), 1062(s), 864(w), 809(w), 768(s), 693(s), 
552(m) and 440(w), as shown in Fig. 1. The purity is 
confirmed by PXRD, as shown in Fig. 2.

2. 3. �Synthesis of [La(IA)3(H3O)2Hg3Br6]nCl2n 
(2)
The La(NO3)3·6H2O (0.5 mmol, 217 mg; Sig-

ma-Aldrich company, analytical reagent, CAS # 10277-
43-7), HgBr2(1.5 mmol, 540 mg; Sigma-Aldrich compa-
ny, analytical reagent, CAS # 7789-47-1), isonicotinic 
acid (1.5 mmol, 185 mg; Sigma-Aldrich company, ana-
lytical reagent, CAS # 55-22-1), concentrated hydro-
chloric acid (0.1 mL; Sigma-Aldrich company, analytical 
reagent, CAS # 7647-01-0) and distilled water (10 mL) 
were mixed into a 25 mL Teflon-lined stainless steel au-
toclave. The autoclave was heated at 433 K for ten days 
and powered off. After naturally cooling down to room 
temperature, colorless crystals suitable for the sin-
gle-crystal X-ray diffraction measurement were collect-
ed, washed with distilled water and dried in air. The 
yield was 34% (based on La(NO3)3·6H2O). C18H18Br6Cl-
2Hg3LaN3O8: calc. C, 12.75; H, 1.07; N, 2.48; Found C, 
12.80; H, 1.11; N, 2.52. FT-IR peaks (KBr, cm−1): 
3444(vs), 1950(w), 1596(vs), 1551(s), 1501(w), 1415(vs), 
1234(m), 1056(s), 865(w), 769(s), 688(s), 547(m) and 
438(w), as shown in Fig. 1. The purity is confirmed by 
PXRD, as shown in Fig. 3.

Fig. 3: PXRD of 2.

2. 4. X-ray structure determination
The crystal data sets of the title compounds were 

measured using a Rigaku Mercury CCD X-ray diffractom-
eter equipped with graphite monochromated Mo-Kα radi-
ation source with a wavelength being of 0.71073 Å. The 
measurements were conducted with the use of an ω scan 
mode. The data reduction and empirical absorption cor-
rections were performed by using the CrystalClear soft-
ware. The crystal structures were solved by means of the 
direct methods. The Siemens SHELXTLTM Version 5 soft-
ware packages were used to solve the structures. All of the 
non-hydrogen atoms were found based on the subsequent 
difference electron density maps and refined anisotropi-

Table 1: Crystallographic data and structural analyses for the title compounds

Compound	 1	 2

Formula	 C18H18Br6Cl2GdHg3N3O8	 C18H18Br6Cl2Hg3LaN3O8
Mr	 1713.73	 1695.39
Color	 yellow	 colorless
Crystal size/mm	 0.14 0.11 0.09	 0.19 0.04 0.03
Crystal system	 Monoclinic 	 Monoclinic 
Space group	 P21/n 	 P21/n 
a (Å)	 12.5309(6) 	 12.4632(4) 
b (Å)	 9.7214(3) 	 9.8237(3) 
c (Å)	 32.7114(8) 	 33.0857(8) 
β (°)	 94.253(3)	 94.448(3)
V (Å3)	 3973.9(2) 	 4038.6(2) 
Z	 4 	 4 
2θmax/°	 50 	 50
Reflections collected	 16417	 21697
Independent, observed reflections (Rint)	 5307, 4087 (0.0569) 	 6926, 5180 (0.0435)
dcalcd. (g/cm3)	 2.864 	 2.788 
μ/mm−1	 19.406 	 18.510 
T/K	 293(2)	 293(2)
F(000)	 3036	 3008
R1, wR2	 0.0787, 0.1746	 0.0629, 0.1447
S	 1.027 	 1.072 
Largest and mean Δ/σ	 0.002, 0.000 	 0.002, 0.000 
∆ρ(max, min) (e/Å3)	 1.731, –1.407 	 2.574, −1.785



383Acta Chim. Slov. 2024, 71, 380–387

Liu et al.:   Preparation, Structures, Photoluminescence and Semiconductive   ...

cally, while all hydrogen atoms were theoretically located. 
The final structures were refined by using the full-matrix 
least-squares refinement on F2. Crystallographic data and 
structural analyses for the title compounds are listed in Ta-
ble 1. Selected bond lengths and bond angles are presented 
in Table S1. 

3. Result and Discussions
The FT-IR spectroscopy of the title compounds were 

conducted at room temperature. The FT-IR peaks of the 
title compounds are mainly found in the frequency range 
of 500 cm–1 ~ 1600 cm–1, as shown in Fig. 1. The FT-IR 
spectroscopy of the title compounds are very similar, be-
cause they are isomorphic. The very strong intensity peaks 
at 3440 cm–1 and 3444 cm–1 can be assigned to the O–H 
asymmetric vibration of the water molecules. The very 
strong peaks at 1607 cm–1 and 1596 cm–1 should be as-
cribed to the stretching vibrations of the C=O bonds. The 
peaks at 1551 cm–1, 1420 cm–1, 1415 cm–1, 1233 cm–1 and 
1234 cm–1 can be ascribed to the stretching vibrations of 
the pyridyl ring of the isonicotinic ligands. The peaks lo-
cating in the range of 864 cm–1 ~ 1062 cm–1 can be as-
signed to the bending vibration of the pyridyl ring of the 
isonicotinic ligands. The peaks at 438 cm–1 ~ 769 cm–1 can 
be ascribed to the stretching vibrations of the Hg–Br 
bonds. 

Fig. 4: An ORTEP figure of 1 with 25% thermal ellipsoids. Hydro-
gen atoms were omitted for clarity.

As discovered by the single-crystal X-ray diffraction 
measurements, compounds 1 and 2 are isomorphic. They 
crystallize in the space group P21/n of the monoclinic sys-
tem with four formula units in one cell. In this section only 
the crystal structure of compound 1 is described herein as 
an example. The crystallographically asymmetric unit is 
comprised of one Gd3+ cation, three Hg2+ cations, six Br− 
anions, two isolated Cl− anions, three isonicotinic acid ani-
ons and two water molecules, as presented in Fig. 4. All of 
the crystallographic independent atoms are resided at gen-
eral positions. The Gd3+ cation is coordinated by eight oxy-

gen atoms, of which two come from two coordination water 
molecules and six are offered by six isonicotinic acid lig-
ands, to yield a square antiprismatic GdO8 motif. All water 
molecules are bound to the Gd3+ cation. The Gd−O bond 
length locates in the span of 2.304(7) Å ~ 2.538(9) Å with an 
average value of 2.392(10) Å, as listed in Table S1. The Gd−O 
bond lengths are in the normal range and comparable with 
the values documented in the references.27,28 The O−Gd−O 
bond angle is in the span of 69.2(3)° ~ 144.2(3)°. All of the 
isonicotinic acid molecule act as a μ3-bridging ligand with 
two oxygen atoms coordinating to two Gd3+ cations and one 
nitrogen atom binding to one Hg2+ cation (Fig. 4). The Gd3+ 

cations are linked by two or four isonicotinic acid ligands to 
form a one-dimensional (1-D) [Gd(IA)3(H3O)2]n chain 
running along the b axis, as presented in Fig. 5.

Fig. 5: A 1-D [Gd(IA)3(H3O)2]n chain of 1 in polyhedral and wires 
representation. The polyhedron is GdO8.

The three mercury ions are grouped into three types. 
The Hg1 is surrounded by four Br− anions to give a distort-
ed HgBr4 tetrahedron. The Hg3 is coordinated by three Br− 
anions and one nitrogen atom to form a distorted HgBr3N 
tetrahedron. Differently, the Hg2 is coordinated by three 
Br− anions and two nitrogen atoms to yield a distorted Hg-
Br3N2 pyramid. The bond lengths of Hg−Br are in the 
range of 2.4128(11) Å ~ 3.1143(10) Å with an average val-
ue of 2.8202(12) Å, as listed in Table S1. The Hg−Br bond 
lengths are in the normal range and comparable with the 
values documented in the references.29,30 The Br−Hg−Br 
bond angle is in the span of 89.23(3)° ~ 175.15(3)°. The 
Hg−Br−Hg bond angles are in the range of 82.11(3)° ~ 
178.45(3)°. The bond lengths of Hg−N are in the span of 
2.136(7) Å ~ 2.230(6) Å with an average value of 2.171(8) 
Å. The Hg−N bond lengths are in the normal range and 
comparable with the values documented in the referenc-
es.31,32 The N−Hg−Br bond angle is in the span of 
85.89(16)° ~ 156.81(19)°. The N(2)-Hg(2)-N(1) bond an-
gle is 162.7(3)° which is almost linear, as shown in Fig. 4. 
The mercury ions are connected by the Br− anions to yield 
a 1-D [Hg3Br6]n chain running along the b direction, as 
presented in Fig. 6. The 1-D [Hg3Br6]n chains and the 
above mentioned 1-D [Gd(IA)3(H3O)2]n chains are inter-
linked by the isonicotinic acid ligands to yield a two-di-
mensional (2-D) layer extending along the bc plane, as 
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displayed in Fig. 7. The 2-D layers are further intercon-
nected together to construct a three-dimensional (3-D) 
framework structure with the channel window size being 
of 8.057 Å × 14.879 Å, as shown in Fig. 8. 

It is well-known that many lanthanide coordination 
compounds can exhibit photoluminescence emissions. 
Therefore, both of the title compounds are possible to dis-

play photoluminescence performance because they have 
lanthanide ions. Based on such a thought, the powder 
samples of compounds 1 and 2 were adopted to carry out 
their photoluminescence measurements under room tem-
perature. The results of the photoluminescence measure-
ments are shown in Fig. 9 and Fig. 11. With regard to com-
pound 1, when it was excited by the 284 nm light, it 

Fig. 6: A 1-D [Hg3Br6]n chain in 1.

Fig. 7: A 2-D layer in 1.

Fig. 8: The 3-D framework structure of 1 in space-filling representation with the channel window size being of 8.057 Å × 14.879 Å. 
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displayed red photoluminescence with an emission band 
locating at 740 nm, as presented in Fig. 9. Compound 1 
possesses CIE (Commission Internationale de I’Éclairage) 
chromaticity coordinates of 0.7347 and 0.2653, as shown 
in Fig. 10. Its CCT (correlated color temperature) is 6514 
K. As a result, compound 1 is expected to be a potential 
red light photoluminescent material. As for compound 2, 
when it was excited by the 322 nm UV light, it shows yel-
low photoluminescence with the emission band locating at 
561 nm, as presented in Fig. 11. Compound 2 possesses 
remarkable CIE chromaticity coordinates of 0.4411 and 
0.5151, as displayed in Fig. 12. The CCT for compound 2 is 
3633 K. As a result, compound 2 is expected to be a poten-
tial yellow light photoluminescent material. The photolu-
minescence features of compounds 1 and 2 are clearly dif-

ferent, although they have isomorphic crystal structures. 
This suggests that the lanthanide ions plays important role 
for their photoluminescence performances. 

The photoluminescence performances, catalytic 
properties and magnetic behavior of lanthanide coordina-
tion compounds have thus far been broadly investigated, 
however, their semiconductor performances have been 
rarely studied. Because of such a reason and in order to 
more deeply investigate the physicochemical properties of 
both title compounds, the solid state UV/Vis diffuse re-
flection experiments were conducted with finely ground 
powder samples under room termperature. The solid state 
UV/Vis diffuse reflectance spectrum data sets for both title 
compounds were processed by means of the well-known 

Fig. 9: Solid state photoluminescence spectra of 1 with the red and 
green lines representing excitation and emission spectra, respectiely.

Fig. 11: Solid state photoluminescence spectra of 2 with the red and 
green lines representing excitation and emission spectra, respec-
tively.

Fig. 12: CIE diagram of 2.

Fig. 10: CIE diagram of 1.
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Kubelka-Munk formula α/S = (1−R)2/2R, of which the α is 
the absorption coefficient, S means the scattering coeffi-
cient, while R refers to the reflection coefficient. The trans-
ferred solid state UV/Vis diffuse reflectance spectra are 
shown in Fig. 13 and Fig. 14 for compounds 1 and 2, re-
spectively. The semiconductor band gap for both title com-
pounds were determined by means of the straight line ep-
itaxy method from the maximum absorption edge of the 
α/S versus energy curve. Based on such a method, the sem-
iconductor band gaps for compounds 1 and 2 can be de-
termined as 2.16 eV and 2.85 eV, respectively. Moreover, 
the solid state UV/Vis diffuse reflectance diagrams of both 
title compounds discover that their absorption edges are 
not steep. This suggests that both title compounds have 
gone through an indirect transition process.33 Therefore, 
the title compounds are probably candidates for wide band 
gap semiconductive materials. 

4. Conclusions 
In conclusion, we have prepared two new lanthanide 

mercury materials via a solvothermal reaction. They are 

isomorphic and characterized by a 3-D framework struc-
ture. They exhibit red or yellow photoluminescent emis-
sions with different CIE and CCT values. This suggests 
that they are a potential red or yellow light photolumines-
cent material in display and other imaging fields. The solid 
state UV/Vis diffuse reflectance spectrum reveals that they 
are probably candidates for wide band gap semiconductive 
materials. Both of the photoluminescence features and 
semiconductor performances for compounds 1 and 2 are 
obviously different, although they show isomorphic crys-
tal structures and only metal ions are different. This indi-
cates that the lanthanide ions play a very vital role for their 
photoluminescence features and semiconductor perfor-
mances. Therefore, using other lanthanide ions, similar 
compounds with new properties may be obtained. More 
explorations on the relationship between the crystal struc-
ture and the physicochemical performance in this field are 
in progress in our group.
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Povzetek
Pod solvotermalnimi pogoji smo sintetizirali dve novi koordinacijski spojini živega srebra z lantanoidi, [Gd(IA)3(H3O)2Hg-
3Br6]nCl2n (1) in [La(IA)3(H3O)2Hg3Br6]nCl2n (2) (IA = izonikotinatni anion). Produkta smo karakterizirali z monokris-
talno rentgensko analizo. Spojini sta izomorfni in tvorita tridimenzionalno (3-D) ogrodje. Lantanoidni ioni so osemšte-
vno koordinirani s kisikovimi atomi v obliki kvadratne antiprizme. Fotoluminiscenčne meritve v trdnem stanju kažejo, 
da ima spojina 1 močno emisijo v rdečem območju. Spojina 1 ima barvne koordinate CIE (Commission Internationale 
de I’Éclairage) 0.7347 in 0.2653. Njena vrednost korelirane barvne temperature (CCT) je 6514 K. Spojina 2 kaže rumeno 
fotoluminiscenco ter barvne koordinate CIE 0.4411 in 0.5151. Vrednost CCT za spojino 2 znaša 3633 K. Z meritvami 
UV/Vis v trdnem stanju smo določili širini prepovedanega pasu za obe spojini, ki znašata 2.16 eV in 2.85 eV.
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Abstract
The unused garbage which is accumulating the landfills, such as raw materials, could be reused for synthetic gasoline 
production. This study presents the multiple’s effect technique, which is based on the reusage of different non, party 
and sorted municipal solid wastes (MSW), or biogas for syngas, converted into synthetic gasoline. The novelties of this 
technique include a basic multiple’s effect parameter (MUW), which present a level of waste sorting, an effect of oxygen 
inhibition into different wastes, a simplified mathematical model and simulation with an Aspen Plus® simulator using the 
retrofitted methanol plan converted into the synthetic gasoline production. This technique includes a circular economy 
by using a circulated purified flue gas as raw material, co-products of hydrogen and water.
This technique was tested on an existing methanol process, replacing natural gas with different alternatives of wastes or 
biogas for the synthetic gasoline production. The best alternative was the sorted MSW, which could generate an addi-
tional profit of 4.8 MEUR/a, including the garbage and CO2 emission reductions of 0.106·106 t/a and of 0.084 ·106 t/a.

Keywords: Waste; biogas; gasoline production; multiple’s effect; circular economy

1. Introduction
Non-renewable petroleum resources could be re-

placed with gasification of sustainable resources, such as 
waste, intermediate raw materials, bio-waste, for gasoline 
or other synthetic fuels` production, using different cata-
lytic converters of Fischer-Tropsch (FT) synthesis, fixed-
bed reactors, plasma etc.

The Introduction includes in detail the literatures of 
the research of different synthetic production, such as gas-
oline and fuels, including the gasification technique. Lu et 
al. contributed the new research of the selective conversion 
of CO and H2 to gasoline products (iso-paraffin and ole-
fin), including the demonstrated effective H-USY zeolite 
supported nano-cobalt bifunctional catalysts for this cata-
lytic reaction, which are prepared by the novel physical 
sputtering process. Compared with H-Mor, H-Beta and 
other zeolite supported catalysts, the H-USY zeolite sup-
ported cobalt catalyst shows the clearest promotional ef-
fect on the activity of Fischer-Tropsch synthesis.1 Javed et 
al. presented new research of the high CO2 selectivity of 
Fe-based Fischer-Tropsch microcapsule catalysts for gaso-
line production. The novelties of this research were the in-
cluded Silicalite-1 shell turned the Fe/ZSM-5 core’s surface 

hydrophilicity to hydrophobicity, the hydrophobic nature 
of the silicalite-1 layer`s decreased water-gas shift reac-
tion’s kinetics, including CO2 selectivity, was decreased by 
suppressing the water-gas shift reaction activity. All zeolite 
supported Fe-based catalysts showed significantly high 
gasoline range hydrocarbons` selectivity (about 60%).2

Li et al. presented the novelties of the HZSM-5/
MnAPO-11 composite and the catalytic synthesis of 
high-octane gasoline from syngas in flow-type fixed-bed 
reactors, including the highest gasoline yield. The 
HZSM-5/MnAPO-11 composite was prepared via hydro-
thermal synthesis, and the catalytic synthesis of high-oc-
tane gasoline from syngas was studied in flow-type fixed-
bed reactors. The HZSM-5/MnAPO-11 composite showed 
the highest gasoline yield and iso-paraffin selectivity, due 
to the presence of more mesopores and moderate acid 
sites.3 Lu and co-workers stated the study of the produc-
tion of gasoline-range hydrocarbons from nitro-
gen-rich syngas over an Mo/HZSM-5 bi-functional cata-
lyst in a bench-scale continuous stainless steel fixed-bed 
reactor with different reaction conditions. The reaction 
conditions, i.e., temperature, pressure and gas hourly space 
velocity, affected the hydrocarbon selectivity significantly. 

mailto:anita.kovac@um.si
https://www.sciencedirect.com/topics/chemistry/synthesis-gas
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The novelties included that the nitrogen-rich syngas can 
be converted into gasoline-range hydrocarbon over Mo/
HZSM-5 in one step, and high nitrogen content in syngas 
was found to affect liquid hydrocarbon distribution.4

Zhang et al. developed the upgrade of the Ni/ASA 
catalysts with various Ni contents, which were prepared 
successfully through a wet impregnation method for the 
gasoline-range hydrocarbons` production from the oli-
gomerization of olefins-rich bio-syngas. The studies of this 
research, which contained the catalytic performance, may 
be relevant to the balance between acid and nickel ion sites 
and fuels, and the high Ni loading amount of Ni/ASA may 
enhance the hydrogenation reaction of olefins.5 Liu and 
co-workers presented the novelties of the catalytic perfor-
mance with cobalt nanoparticles embedded into zeolite 
crystals for the direct synthesis of gasoline from syngas. 
The highlights of the research were series CoZ-xN cata-
lysts with a novel cobalt-embedded zeolite structure, the 
coincidence of the rate of silica dissolving and zeolite 
growth was important, and the formation mechanism was 
proposed of the catalyst.6

Martin and Cirujano contributed the new research 
of the multifunctional heterogeneous catalysts for the tan-
dem CO2 hydrogenation Fischer-Tropsch synthesis of gas-
oline, including several iron-containing multifunctional 
catalysts based on metal oxides, carbon or zeolite materi-
als. The novelties of this research were the included advan-
tages of metal oxides, carbons or zeolites as support of the 
active Fe-catalyst, including Fe-support interactions, and 
the electronic and geometric properties of the active sites.7 

Li et al. presented the new research of the conversion of 
dimethyl ether to gasoline, using a series of nanocrystal 
H[Fe,Al]ZSM-5 zeolite samples with different SiO2/Al2O3 
ratios with a hydrothermal method. The highlights con-
tained zeolite acidity, which was related with the synergis-
tic effect of Al- and Fe-based acid sites, and a catalyst with 
an SiO2/Al2O3 ratio of 45 exhibited the best catalytic per-
formance for a dimethyl ether to gasoline reaction.8 Su et 
al. developed the upgrade of the catalysts for dimethyl 
ether conversion to iso-paraffin-rich gasoline, including 
nanosized ZSM-5 (NZ5) and zinc isomorphously substi-
tuted ZSM-5 ([Zenial]NZ5) zeolites with different Si/Me 
ratios in initial gels (Me = Al or Al and Zn). The novelties 
contained iso-paraffin selectivity in gasoline hydrocar-
bons, which was enhanced by Zn incorporation, and 
ZnOH+ species showed the excellent hydrogenation activ-
ity for a dimethyl ether to gasoline reaction.9

Magomedova et al. proposed the upgrade of the syn-
gas-to-gasoline technology for the synthesis of liquid hy-
drocarbons through oxygenates (methanol and dimethyl 
ether), giving a light synthetic oil with a low concentration 
of aromatic compounds (8–16 wt %). The study contained 
dimensionless criteria for heat and mass transfer, which 
were used for plant scaling, and the operation was carried 
out of a pilot plant for syngas to low-aromatic gasoline via 
DME.10 Szczygieł and Kułażyński contributed the research 

of the gasoline production from dimethyl ether and meth-
anol, including thermodynamic limitations of synthetic 
fuel production. Thermodynamic analysis of the classic 
methanol-to-gasoline process that employs CO as a raw 
material allowed a comparison with the modified version 
of the process, assessment of their effectiveness, and de-
ductions concerning the possible benefits and losses re-
sulting from replacing CO with carbon dioxide. The use of 
CO as a raw material was clearly more favourable in terms 
of the tendency towards a spontaneous reaction.11

Rabah presented the upgrade of syngas production 
from  biomass gasification as a potential energy source 
for power generation and manufacturing synthetic gaso-
line and diesel via Fischer-Tropsch synthesis. The operat-
ing conditions under which the objective function and the 
constraint were satisfied were the steam to biomass ratio, 
equivalent ratio, and gasification temperature.12 Shiying et 
al. contributed the upgrade of the dual-stage entrained 
flow gasification and CO2 cycling in biomass-to-gasoline/
diesel, including design and techno-economic analysis. 
The dual-stage entrained flow gasification avoided sepa-
rate torrefaction of biomass feedstock and provided higher 
cold gas efficiency, which made the addition of steam as a 
gasification agent feasible. The high efficiency of Fe-based 
slurry-phase Fischer-Tropsch synthesis reactors also en-
hanced the gasoline production.13 Borugadda et al. ex-
plored the new research of the techno-economic and 
life-cycle assessment of the integrated Fischer-Tropsch 
process in the ethanol industry for bio-diesel and bio-gas-
oline production, using syngas obtained from the gasifica-
tion of dry distillers’ grain. The lab-scale experiment using 
pelletised promoted iron supported on Carbon Nano 
Tubes (Fe/CNT) was used to simulate a plant for the pro-
duction of 1000 kg of syncrude/h.14

Mascal and Dutta presented the study of the synthe-
sis of highly-branched alkanes, such as iso-alkanes and 
cycloalkanes, for renewable gasoline production from bio-
oil and raw biomass using chemo-catalytic methods. Gas-
oline can be made from biomass pyrolysis gas via the Fis-
cher-Tropsch or methanol-to-gasoline processes, as well as 
the refining of bio-oil, raw biomass, etc.15 Hnich et al. in-
vestigated the study of the life cycle sustainability perfor-
mance of synthetic diesel and gasoline from Tunisian date 
palm waste, and compared it with that of conventional fos-
sil fuels. The potential environmental impacts of the bio-
mass-to-liquid system were concluded to be associated 
mainly with direct emissions and the system's demand for 
electricity and oxygen.16 Wang et al. designed the upgrade 
of the pilot plant for biomass converted to liquid fuels, in-
cluding gasification, direct synthesis of dimethyl ether 
(DME) and DME to gasoline. The operating results showed 
that both the pressure and gas hourly space velocity 
(GHSV) not only influenced the CO conversion and the 
DME yield, but also had a significant effect on the manip-
ulation of the reaction heat in the adiabatic reactor. High 
pressure and low GHSV favoured the high CO conversion 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/metal-oxide
https://www.sciencedirect.com/topics/engineering/zeolite
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and the DME yield.17 Navas-Anguita et al. presented the 
study of the simulation and life cycle assessment of a bio-
gas-to-liquid plant for the coproduction of synthetic fuels 
(diesel and gasoline) and electricity. The system comprised 
a biogas dry reforming process to produce syngas, Fis-
cher-Tropsch synthesis, and a combined-cycle process. In 
particular, the life-cycle environmental profile of synthetic 
biodiesel as the main product of the biogas-to-liquid plant 
was calculated, and compared with that of conventional 
diesel.18

Bahri et al. presented the novelties of the synergistic 
effect of a bifunctional mesoporous ZSM-5 supported Fe-
Co catalyst for selective conversion of syngas with a low 
riblet ratio into synthetic fuel. The Fe-Co bimetallic active 
metals were loaded on mesoHZSM-5 with varying Fe-Co 
ratios, with a constant total metal loading of 30%, using 
the sonication process to increase active metal dispersion. 
The catalytic activity was tested in the laboratory scale 
fixed bed reactor.19 Aluha and Abatzoglou contributed the 
study of the synthetic fuels from 3-φ Fischer-Tropsch syn-
thesis using syngas feed and novel nanometric catalysts. 
The research presented the novel carbon-supported Co-Fe 
bimetallic catalysts which were synthesised through plas-
ma. All the catalysts reduced in CO or H2 showed equal 
activity of about 40% CO conversion.20 Ali et al. defined 
the new research of the direct synthesis of liquid fuels and 
aromatics from syngas using the Fischer-Tropsch synthe-
sis reaction on hybrid catalysts containing a highly ordered 
mesoporous FeZrOx bimetal oxide mixed physically with 
Mo-modified ferrierite (Mo/HFER). The hybride FeZ-
rOx-Mo/HFER catalyst showed synergistic effects with a 
higher CO conversion to liquid fuels and aromatics. Opti-
mal hydrophobicity and acidic sites on the Mo/HFER were 
responsible for the enhanced catalytic stability.21

Selvatico et al. obtained the upgrade of the kinetic 
model, based on Langmuir–Hinshelwood–Hougen–Wat-
son for the Fischer-Tropsch synthesis of fuel, converting it 
into a well-established industrial process simulator. A low 
temperature Fischer-Tropsch process was modelled for the 
middle distillate production.22 Wu et al. reported the nov-
elties of the reformation of n-pentane (C5H12) using meth-
ane (CH4) or carbon dioxide (CO2) in a temperature-con-
trolled dielectric barrier discharge reactor to produce 
hydrogen and clean carbon-based fuels, by using low-tem-
perature plasma. A mechanistic study suggested that elec-
tron-induced chemistry dominates C5H12 and the added 
gas conversion, whereas the thermochemistry controls the 
product distribution.23 Liu and Larson described the study 
of two routes to produce liquid hydrocarbon fuels from 
solids via synthesis gas, Fischer-Tropsch (FT) synthesis 
and methanol-to-gasoline (MTG). This study compared 
the performance and cost of the Fischer-Tropsch and 
MTG processes on a self-consistent basis. In particular, FT 
and MTG production from coal and coal/biomass co-
feeds were compared, including detailed mass, energy and 
carbon balances.24 Dutta et al. provided the new research 

of an overview of producing fuel precursors from biomass 
components, and their catalytic transformation into avia-
tion-, diesel-, and gasoline-range hydrocarbon fuels 
(HCFs), including strategic applications of various organic 
transformations for the molecular design. Emphasis was 
also given to the process conditions and details of the cat-
alysts employed in these processes. The synthesis of HCFs 
was warranted to ensure the high quality and homogeneity 
of the properties, including minimizing the energy in-
put.25

Santos and Alencar presented the upgrade of the 
syngas production from biomass gasification and its sub-
sequent conversion into fuels through the Fischer-Tropsch 
synthesis. This study included a debate on the main cata-
lysts, industrial process requirements, and chemical reac-
tion kinetics and mechanisms of Fischer-Tropsch synthe-
sis. Lignocellulosic material of biomass would be 
considered a low-cost feedstock to the liquid biofuel pro-
duction on a large scale.26 Campanario and Ortiz contrib-
uted the upgrade of the Fischer-Tropsch biofuels` produc-
tion from syngas obtained by supercritical water reforming 
of the bio-oil aqueous phase, including the produced max-
imum biofuels and electrical power. The highlights of this 
research contained the upgraded production of syngas by 
using water-gas-shift, dry reforming and Fischer-Tropsch 
(FT) reactors, and followed the optimal conditions in the 
FT reactor: 220 °C, 40 bar and H2/CO ratio of 1.70.27

Gharibi et al. contributed the study of the meta-
heuristic particle swarm optimization for enhancing ener-
getic and exergetic performances of hydrogen energy pro-
duction from plastic waste gasification. The novelties 
contained were multi-objective particle swarm optimiza-
tion for plastic gasification, using grey relational analysis, 
and achieving lower heating for the polypropylene gasifi-
cation and higher efficiency of cold gas.28 Gharibi et al. 
prepared a few novel studies to predict polyethylene waste 
performance in gasification using multilayer perceptron 
(MLP) machine learning algorithms and interpreting 
them using multi-criteria decision-making methods. The 
main aims of this study were to develop MLP artificial 
neural networks and regression models to predict polyeth-
ylene gasification performance with high accuracy.29 Mo-
javer et al. prepared the novel thermodynamic assessment 
of an integrated solid oxide fuel cell with a steam biomass 
gasification and high-temperature sodium heat pipes for 
combined heating and power production. The modelling 
and analysis of the system were performed using mass and 
energy conservation laws and equilibrium constants. The 
results of the extended model were confirmed by the ex-
perimental results.30 Mojaver et al. defined the multi-ob-
jective optimization using response surface methodology 
and exergy analysis of a novel integrated biomass gasifica-
tion, solid oxide fuel cell and high-temperature sodium 
heat pipe system. Response surface methodology was uti-
lised to investigate the effect of the decision variables on 
the responses, i.e., the electrical power and the exergy effi-

https://www.sciencedirect.com/topics/engineering/biomass-gasification
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ciency.31 Hasanzadeh and Azdast defined the novel ma-
chine learning utilisation on air gasification of polyethyl-
ene terephthalate waste. The machine learning algorithms 
had good performance in predicting the performance. The 
models for lower heating values and cold gas efficiency 
showed excellent accuracy.32 Doniavi et al. improved the 
efficiency of polyethylene gasification. This research was 
focused on the energy, exergy, and environmental impact 
in relation to the material conditions. These models were 
then optimised using a general algebraic modelling sys-
tem. The results indicated that the ideal conditions consist 
of 84.40 % carbon content, 15 % hydrogen content, and no 
oxygen or nitrogen content.33

Hasanzadeh and Abdalrahman defined a novel re-
search, in which it was recognised that the processing pa-
rameters have a crucial impact on the assessment of poly-
vinyl chloride waste gasification. The study used data 
collected through a validated thermodynamic model, and 
three different regression models were tested and com-
pared in detail. Cold gas efficiency and normalised carbon 
dioxide emission were predicted using linear, quadratic, 
and quadratic with interaction algorithms.34 Khalilarya et 
al. contributed a new research, which combined a heat and 
power system which consisted of a gasifier, a micro gas 
turbine, an organic Rankine cycle, a heat exchanger and 
domestic heat recovery. Air, steam, and oxygen were con-
sidered as different gasification mediums. The Taguchi ap-
proach was employed to optimise the generated power in 
the air, steam and oxygen medium cases.35 Mojaver et al. 
researched the novel system of a fluidised bed gasifier with 
steam as the gasifying agent. The synthesis of gas composi-
tion and efficiencies of the system were investigated with 
respect to different biomasses considered as gasification 
fuels. The results indicated that the molar fractions of hy-
drogen and carbon dioxide were increased, and the molar 
fraction of carbon monoxide was reduced with the steam 
to biomass ratio.36

Hasanzadeh et al. improved the gasification model of 
polyethylene waste, by using the Gibbs free energy mini-
misation and Lagrange method of undetermined multipli-
ers. A central composite design was employed, to assess 
and optimise the polyethylene waste gasification. The find-
ings revealed that hydrogen production was improved sig-
nificantly by 48% by raising the steam to polyethylene 
waste ratio according to the water–gas shift and reforming 
reactions.37 Mojaver et al. compared the performances be-
tween biomass and plastic waste gasification. The impor-
tant novelty and contribution of this study was the analyt-
ical hierarchy process/technique for order performance by 
similarity to the ideal solution coupled method that was 
employed in gasification of conventional biomass and 
plastic waste, to prioritise the considered criteria and to 
select the best feedstock for gasification.38 Mojaver et al. 
presented a new study, in which the steam gasification was 
modelled of polyethylene, polypropylene, polycarbonate 
and polyethylene terephthalate waste. The effects of key 

features, including the steam to plastic waste ratio, temper-
ature, moisture content and pressure, were assessed on hy-
drogen-rich syngas compositions, and the exergy destruc-
tion rate. The Taguchi approach was utilised to investigate 
and optimise the process. The findings revealed that the 
gasification of polypropylene waste led to the highest hy-
drogen production at all the processing conditions.39

In this study, the gaps in the literature were covered 
about the usage of the different wastes for syngas, and fur-
ther into sustainable synthetic gasoline productions. The 
novelties of this study present the multiple’s effect tech-
nique, which uses the basic multiple’s effect parameter 
(MUW) for the different level of waste sorting, including 
the effect of oxygen inhibition into different wastes. The 
contributions of this research include the circular econo-
my by using a simple mathematical model for different 
municipal solid wastes (MSW) from non-sorted to sorted, 
or biogas. The objectives of this study contain the applied 
composition data of different wastes and the simulation 
model by using the Aspen Plus® simulator.

2. The Multiple’s Effect Technique
The nature source, such as petroleum, would be re-

placed by the non-sorted (WNS), partially sorted (WPS), 
or sorted (WS) wastes from landfill or biogas for the sus-
tainable synthetic gasoline production, by using the multi-
ple’s effect technique. This study presents the multiple’s ef-
fect technique, which is based on the reusage of different 
MSW or biogas, supported by a mathematical model and 
the Aspen Plus® simulator for syngas converted into syn-
thetic gasoline. This technique adapts the replacement of 
the existing methanol process to synthetic gasoline pro-
duction, by using the same process units. The simple 
mathematical model uses the basic multiple’s effect param-
eter (MUW), which presents the level of waste sorting 
(MUW; MUWNS = 0; MUWPS = 1; MUWS = 2). The sorted 
wastes include the highest value of the multiple’s effect pa-
rameter. The multiple’s effect parameter allows easy calcu-
lation of the product’s production and other important 
amounts from different wastes, including the sustainable 
co-produced raw materials, such as water, hydrogen and 
flue gas.

The synthetic gasoline would be produced from the 
different MSW by using the basic process units (Fig.1), 
which are very similar to methanol production, such as 
gasification of MSW (G-MSW), reforming (Ref), cooling 
(Coo), the first water removing (Rem1-H2O), compressing 
(Com), preheating to the reaction’s temperature (PreH-R), 
reacting (R), the first crude product cooling (Coo1-SG), 
the second water removing (Rem2-H2O), the second 
crude product cooling (Coo2-SG), the liquid product’s pu-
rification (P-SG), and hydrogen separation from nonreact-
ed gas with a pressure swing adsorption column (PSA-H2). 
The adapted process units include the optimal parameters, 
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effects and characteristics (Fig. 1). MSW should be gassed 
before reforming (G-MSW). The flue gas of gasification, 
such as raw material, would be purified and circulated into 
reforming (Cir-FG).

Different municipal solid wastes (MSW) would be 
converted into syngas by using combustion, gasification 
and reforming. The purified flue gas of combustion (with-
out particles, NOx, SOx, oxygen and nitrogen), including 
steam and carbon dioxide, is transported circularly into 
the gasification-reforming part, without releasing the out-
let exhaust into the atmosphere. The purified flue gas is 
used as sustainable raw material, which would reduce the 
emissions and amount of clean steam. The different MSW 
are presented with the basic components of C, H2, O2 and 
N2. The non-sorted MSW include lower plastics and 
woods (as components of C and H2), because of a higher 
content of rubbers, leathers, textiles, papers, etc (as com-
ponents of O2 and N2, too). The sorted MSW includes 
more plastics and woods because of the lower content of 
rubbers, leathers, textiles, paper, etc. The carbon and hy-
drogen (FC,W, FH2,W) are affected mostly by the reactions. 
The amount of oxygen is reducing the production of the 
synthetic gasoline and the neutral nitrogen is filling the 
process flows. The purified and circulated flue gas contains 
the components of CO2 and H2O, representing a circular 
economy system.

The basic simplified endothermic reaction of Re1 
takes place into the reformer (Ref), which is producing 
syngas with a yield of carbon monoxide (YCO,Re1 = 0.999) 
mostly from the waste's carbon. The circulated carbon di-
oxide from the flue gas (FG) is converted to carbon mon-
oxide with 80% conversion of Re2 reaction (XFG,CO,Re2 = 
0.8), and the remaining 20% (or (1 – XFG,CO,Re2)) flows into 
the product’s reactor (R).

C + H2 + H2O I CO + H2 + H2O� (Re1)

CO2 + H2 I CO + H2O� (Re2)

The syngas converts to the synthetic gasoline (SG) 
from wastes into the reactor (R) by using two basic exo-
thermic reactions (Re3, Re4) with the conversions of CO 
and CO2 (XCO,Re3 = 0.996, XCO2,Re4 = 0.56).

8 CO + 17 H2  I C8H18 + 8 H2O� (Re3)

8 CO2 + 25 H2  I C8H18 + 16 H2O� (Re4)

The carbon molar flow rates (FC,W) of different 
wastes (non-sorted, WNS or partially-sorted, WPS, or 
sorted, WS; W = WNS,WPS,WS) are dependent on the 
lowest inlet (FC,WNS = 600 kmol/h) and the difference in 
carbon amounts (ΔFC = 100 kmol/h), including the multi-

Figure 1: The process flow-diagram of the synthetic gasoline production for the different wastes including the parameters.

Figure 2: Flow-diagram of the graphical presentation the carbon 
molar flow rates (FC,W) for different wastes by using the multiple’s 
effect technique.
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ple’s effect parameter (MUW; MUWNS = 0; MUWPS = 1; 
MUWS = 2; Eq. 1).

FC,W = FC,WNS + ΔFC · MUW
W = WNS, WPS, WS� (1)

The carbon molar flow rates (FC,W) of different 
wastes can be presented graphically by using the multiple’s 
effect technique (Fig. 2).

The reacted synthesised gasoline molar flow rate 
(rFSG,W; Eq. 4) into reactor (R) from different wastes is de-
pendent on the reactions (Re1 and Re3) of CO reacting 
(rFSG,Re3,W; Eq. 2) and the circulated CO2 molar flow rate 
from the flue gas (FFG,CO2 = 240 kmol/h), which takes 
place at the reactions (Re2 and Re3) of CO and CO2, react-
ing for using the reaction of Re4 (rFSG,FG; Eq. 3), including 
eight gasoline’s molecules (M = 8).

rFSG,Re3,W = (FC,W · YCO,Re1 · XCO,Re3) /M
W = WNS, WPS, WS� (2)

rFSG,FG = [(FFG,CO2 · XFG,CO,Re2 · XCO,Re3) + 
(FFG,CO2 · (1 – XFG,CO,Re2) · XCO2,Re4)]/M� (3)
      
rFSG,W = (rFSG,Re3,W + rFSG,FG)
W = WNS, WPS, WS� (4)

The reacted synthesised gasoline (rFSG,W) is lost be-
cause of the oxygen in the non-sorted waste and the prod-
uct’s cleaning (P-SG) by 4% (Eq. 5; LP-SG,W = 0.04). The 
oxygen in the non-sorted waste acts as an inhibitor, with 
the different losses dependent on the sorting levels 
(LO2,WNS = 0.1, LO2,WPS = 0.05, LO2,WS = 0.0). The total pro-
duced synthesised gasoline (FSG,W) can be calculated by 
using Equation 5.

FSG,W = rFSG,W · (1 – LP-SG,W) · (1 – LO2,W)
W = WNS, WPS, WS� (5)

The hydrogen molar flow rate (FH2,W; Eq. 6) of dif-
ferent wastes, such as coproduct, separates from nonre-
acted gas using the pressure swing adsorption column 
(PSA-H2), which is calculated dependent on the lowest 
inlet (FH2,WNS = 1600 kmol/h), the difference of the inlet 
(ΔFH2,W = 100 kmol/h), the lowest reacted amount (rF-
H2,WNS = 1334 kmol/h) and the reacted difference of the 
hydrogen amount (ΔrFH2 = 87 kmol/h), including the 
multiple’s effect parameter (MUW; MUWNS = 0; MUWPS = 
1; MUWS = 2).

FH2,W = (FH2,WNS + ΔFH2 · MUW) – 
(rFH2,WNS + ΔrFH2 · MUW)   W = WNS, WPS, WS� (6)

The produced water molar flow rate (FH2O,W; Eq. 7) 
through the plant is determined with the lowest produced 
(FH2O,WNS = 815 kmol/h) and difference (ΔFH2O = 97 

kmol/h) amounts, including the multiple’s effect parame-
ter (MUW; MUWNS = 0; MUWPS = 1; MUWS = 2).

FH2O,W = FH2O,WNS + ΔFH2O · MUW
W = WNS, WPS, WS� (7)

The Re1 reaction needs the inlet steam molar flow 
rate (FH2O,Re1,W; Eq. 8) deriving from the flue gas, which is 
dependent on the lowest (FH2O,re1,WNS = 350 kmol/h) and 
difference (ΔFH2O,Re1 = 100 kmol/h) amounts, including 
the multiple’s effect parameter (MUW; MUWNS = 0; MUWPS 
= 1; MUWS = 2).

FH2O,Re1,W = FH2O,Re1,WNS + ΔFH2O,Re1 · MUW
W = WNS, WPS, WS� (8)

The simplified energy analysis includes the needed 
energy of gasification (ϕG = 25 MW), which is the same for 
all wastes, and reforming (ϕref,W; Eq. 9), including the 
available energy of the product’s reactor (ϕR,W; Eq. 10). The 
endothermal heat flow rate of the reformer (ϕref,W; Eq. 9) 
expresses with the lowest (ϕref,WNS = 24 MW) and differ-
ence (Δϕref = 3.7 MW) of the heat flow rates, including the 
multiple’s effect parameter (MUW; MUWNS = 0; MUWPS = 
1; MUWS = 2).

ϕref,W = ϕref,WNS + Δϕref · MUW
W = WNS, WPS, WS� (9)

The exothermal heat flow rate of the product’s reac-
tor (ϕR,W; Eq. 10) is dependent on the lowest (ϕR,WNS = 37 
MW) and difference (ΔϕR = 4.3 MW) of the heat flow 
rates, including the multiple’s effect parameter (MUW; 
MUWNS = 0; MUWPS = 1; MUWS = 2).

ΦR,W = ϕR,WNS + ΔϕR · MUW
W = WNS, WPS, WS� (10)

The objective function of the retrofit using different 
MSW (OBFW; Eq 11) maximises the additional profit. 
The additional income accounts for the product (InSG; 
with price of CoSG = 10 EUR/kmol) and co-product pur-
chases (InH2; with price of CoH2 = 3 EUR/kmol). The 
same applied costs, independent of the wastes, include 
the cost of the retrofit (Cret = 5 MEUR/a, including a 
new catalyst), the cost of gasification (Cgas = 3 MEUR/a), 
and the cost of the circulated flue gas (CFG = 1 MEUR/a). 
The applied costs, dependent on the wastes, contain the 
cost of sorting (Csor,W; Eq. 12) and the cost of energy 
analysis (Cen,W; Eq. 13), using 8,000 operating hours 
(O) per year.

�OBFW = InSG + InH2− (Cret + Cgas + CFG) − 
(Csor,W + Cen,W) = FSG,W · CoSG · O + FH2,W · CoH2 
· O − (Cret + Cgas + CFG) − (Csor,W + Cen,W)
W = WNS, WPS, WS� (11)
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The cost of sorting includes the constant (Csor = 1 
MEUR/a) and variable parts, which is dependent on the 
difference (ΔCsor = 0.4 MEUR/a) cost, including the multi-
ple’s effect parameter (MUW; MUWNS = 0; MUWPS = 1; 
MUWS = 2).

Csor,W = Csor + ΔCsor · MUW
W = WNS, WPS, WS� (12)

The cost of energy analysis determines the difference 
between endothermal (ϕref,W) and exothermal (ΦR,W) heat 
flow rates, temperatures into both units (Tref = 800 °C and 
TR = 300 °C) and the energy cost (Coen = 100 EUR/(MW  
°C a).

Cen,W = ϕref,W · Tref · Coen − ϕR,W · TR · Coen
W = WNS, WPS, WS� (13)

2. 1. The Multiple’s Effect Technique of Biogas
The simple mathematical model of biogas (BG) is 

even more simplified because of its not so different com-
position as the MSW, therefore, is not necessary use the 
multiple’s effect parameter. The biogas contents are mostly 
components of methane and carbon dioxide (FCH4,BG, 
FCO2,BG). The flow-diagram of synthetic gasoline produc-
tion from biogas is very similar to the flow-diagram from 
different wastes, only without the circulated flue gas and 
gasification, which is replaced with preheating biogas 
(preH-BG; Fig. 3). The basic reaction of Re5, producing 
syngas from biogas (as molar flow rates of FCH4,BG and 
FCO2,BG) takes place during the reformer (Ref), with yields 
of the carbon monoxide from methane (YCO,Re5,BG = 0.7).

CH4 + H2O I CO + 3H2� (Re5)

The syngas converts to synthetic gasoline from bio-
gas into the reactor (R) by using two basic exothermic re-
actions (Re3, Re4), with the conversions of CO and CO2 
(XCO,Re3,BG = 0.996, XCO2,Re4,BG = 0.56) .

The reacted synthesised gasoline molar flow rate 
(rFSG,BG; Eq. 16) from biogas (FCH4,BG = 650 kmol/h and 
FCO2,BG = 350 kmol/h) takes place during the reactions of 
Re3 (Eq. 14) and Re4 (Eq. 15).

rFSG,Re3,BG = (FCH4,BG · YCO,Re5,BG · XCO,Re3,BG)/M�(14)

rFSG,Re4,BG = (FCO2,BG · XCO2,Re4,BG)/M� (15)

rFSG,BG = rFSG,Re3,BG + rFSG,Re4,BG � (16)

The reacted synthesised gasoline (rFSG,BG) from bio-
gas is lost into the product’s purification unit (P-SG) by 4% 
(LP-SG,BG = 0.04), therefore, the amount of produced syn-
thesised gasoline (FSG,BG) is lower (Eq. 17).

FSG,BG = rFSG,BG · (1 – LP-SG,BG)� (17)

The other processed and energetic parameters are 
not so variable, mostly because of the constant composi-
tion of the biogas.

3. Case Study of The Multiple’s  
Effect Technique for the  

Different Wastes
The synthetic gasoline production of different mu-

nicipal solid wastes (MSW) has been tested by using the 
multiple’s effect technique, which was adapted from the 
existing methanol process for synthetic gasoline produc-
tion, because of very similar process units. The case study 

Figure 3: The process flow-diagram of the synthetic gasoline production for biogas including the parameters.



395Acta Chim. Slov. 2024, 71, 388–397

Kovač Kralj:   The Reusage of Different Wastes by Using the Multiple’s   ...

of simulated synthetic gasoline production was undertak-
en using the optimal parameters, effects and characteris-
tics from Figure 1, by using the Aspen Plus® simulation. 
The synthetic gasoline production3 from waste was simu-
lated by using the verified real thermodynamic method 
and rector model, such as Grayson and Requil from the 
Aspen Plus® simulator. The economic analyses were in-
cluded the applied purchase and operation costs for the 
retrofit.

The total produced synthesised gasolines from 
non-sorted to sorted wastes were determined as the 
amounts of 87, 104 and 121 kmol/h (FSG,WNS, FSG,WPS, FS-

G,WS; Eqs 1–5). The coproduct of hydrogen molar flow 
rates were estimated as the amounts of 266, 279 and 292 
kmol/h (FH2,WNS, FH2,WPS, FH2,WS; Eq. 6).

The produced water molar flow rates were assessed 
as the amounts of 815, 912 and 1009 kmol/h (FH2O,WNS, 
FH2O,WPS, FH2O,WS; Eq. 7). The inlet steam molar flow rates 
were calculated as the amounts of 350, 450 and 550 kmol/h 
(F H2O,Re1,WNS, FH2O,Re1,WPS, F H2O,Re1,WS; Eq. 8).

The reformer endothermal heat flow rates were ex-
pressed as energies of 24, 27.7 and 31.4 MW (ϕref,WNS, 
ϕref,WPS, ϕref,WS; Eq. 9). The reactor exothermal heat flows 
were estimated as energies of 37, 41.3 and 45.6 MW 
(ϕR,WNS, ϕR,WPS, ϕR,WS; Eq. 10).

The objective function of the retrofit generated prof-
its of 2.2, 3.6, and 4.8 MEUR/a using the non, partially and 
sorted MSW for synthesised gasoline productions (Eqs 11-
13). The best alternative was the synthesised gasoline pro-
duction of 0.127·106 t/a from sorted MSW, because of the 
highest profit of 4.8 MEUR/a and the garbage reduction of 
0.106·106 t/a into the landfill, including the flue gas and 
CO2 emission reductions of 0.164·106 and 0.084 ·106 t/a. 
The hydrogen and processed water coproducts of 4.6·103 
t/a and 0.145·106 t/a could justify the execution too. This 
alternative could be used to reduce the Russian natural gas 
and petroleum inflows into the industries and transports.	

3. 1. �Case Study of the Multiple’s Effect 
Technique for the Biogas
The simple mathematical model of biogas (BG) was 

simulated by using the parameters from Figure 3, which 
were contained mostly in the methane and carbon dioxide 
(FCH4,BG = 650 kmol/h and FCO2,BG = 350 kmol/h). The 
synthesised gasoline (FSG,BG) produced was the amount of 
78 kmol/h (Eqs. 14-17). The coproducts of hydrogen and 

processed water produced amounts of 120 and 780 kmol/h 
(FH2,BG, FH2O,BG). The Re5 reaction needed the amount of 
950 kmol/h (FH2O,Re5,BG). The preheating, endothermal 
and exothermal heat flow rates were the energies of 11, 37 
and 27 MW (ϕpreH-BG, ϕref,BG, ϕR,BG).

The objective function of the retrofit generated a 
profit of 1.0 MEUR/a for synthesised gasoline production 
of 0.08·106 t/a from biogas using Equation 11, without the 
costs of gasification, circulated gas and sorted waste, with 
those replacing with cost of biogas (CBG = 1 MUR/a).

The comparisons between all alternatives of different 
raw materials were collected into Table 1, which included 
the data of the synthetic gasoline production. The distinc-
tions between production and energetic molar and heat 
flow rates were fairly linear, because of using the multiple’s 
effect parameter (MUW), which was also the best approxi-
mation of the simulated data.

4. Conclusion
The study of synthetic gasoline production from dif-

ferent wastes, such as non, or partially, or sorted wastes, or 
biogas, would be one of the alternatives of petroleum com-
pensation and reductions of the CO2 emission and the 
wastes into landfill, by using the multiple’s effect technique. 
This technique bases on the multiple’s effect parameter 
(MUW), which presents the level of waste sorting (MUW; 
MUWNS = 0; MUWPS = 1; MUWS = 2), and the sorted waste 
represents the highest value of the multiple’s effect param-
eter. The multiple’s effect parameter could simplify the 
amount calculations of the product and co-product pro-
ductions, including the energies into process units and the 
effect of oxygen inhibition into different wastes. The sus-
tainable synthetic gasoline production would be worked 
according to the principle of the circular economy, includ-
ing that the purified flue gas of gasification would be circu-
lated back into the process.

The calculations of all the presented alternatives 
were performed by using the presented technique, and 
confirmed that the waste should be separated, because of 
the environmental reasons and more profitable synthetic 
gasoline production. The sustainable synthesised gaso-
line production from sorted waste generated the highest 
additional profit of 4.8 MEUR/a, synthesising the amount 
of 0.127 106 t/a of synthetic gasoline. The garbage from 
landfill was reduced by 0.106 106 t/a by using sustainable 

Table 1: The important results comparisons between all alternatives.

Raw.	 FSG,	 FH2,	 FH2O,	 ϕref,	 ϕR,	 Incomes,	 Costs,	 Profit,
material	 kmol/h	 kmol/h	 kmol/h	 MW	 MW	 MEUR/a	 MEUR/a	 MEUR/a

WNS	 87	 266	 815	 24.0	 37.0	 13.3	 11.1	 2.2
WPS	 104	 279	 912	 27.7	 41.3	 15.0	 11.4	 3.6
WS	 121	 292	 1009	 31.4	 45.6	 16.7	 11.9	 4.8
BG	 78	 120	 788	 37.0	 27.0	 9.1	 8.1	 1.0
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synthetic production. The outlet exhausts of the flue gas 
and CO2 emission have been lowered into the atmos-
phere by 0.164 106 and 0.084 106 t/a. The hydrogen and 
processed water coproduced the amounts of 4.6 103 t/a 
and 0.145 106 t/a.

This study could be ensured as environmentally sus-
tainable for the commercial synthetic gasoline production, 
because the raw materials will be coming from the garbage 
as useless MSW and flue gas. The feasibility of this project 
could be made more feasible because of the usage of the 
existing available process units. The existing methanol 
process could be replaced with the synthetic gasoline pro-
duction, because of increasing market demand. In this 
case the synthetic gasoline production would be a poten-
tial challenge for replacing the non-renewable petroleum. 
The long-term realisation view of the synthetic gasoline 
production is justified by using the multiple’s effect tech-
nique because of the environmental and economic aspects. 
The potential operation and environmental uncertainties 
of the synthetic gasoline production were low because of 
the usage real model. The multiple’s effect technique has 
simplified the calculation greatly and defined the optimal 
production of biogas from sorted MSW quickly. New re-
search aims to clean the flue gases after gasification and 
return them to the process by using the pressure swing ad-
sorption (PSA) columns with zeolites.
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Povzetek
Predstavljena je metoda večkratnega učinka, ki temelji na uplinjanju in ponovni uporabi trdnih komunalnih odpadkov 
(TKO) ter vključuje osnovni parameter večkratnega učinka (MUW; MUWNS = 0; MUWPS = 1; MUWS = 2), ki predstavlja 
stopnjo sortiranja od ne sortiranih do sortiranih TKO. Zaradi tega parametra in uporabe simulatorja Aspen Plus® se 
matematični model poenostavi za iskanje optimalne trajnostne surovine za proizvodnjo sinteznega plina, ki nadomešča 
netrajnosti zemeljski plin za nadaljnjo proizvodnjo metanola. Metodo smo testirali na obstoječem procesu in najboljša 
alternativa so sortirani TKO, s katerimi tudi proizvedemo največ metanola.
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Abstract
In this study, the crosslinking of PVA nanofiber was increased using solvent vapor treatment. Then, Fe3O4 nanoparticles 
were synthesized by a simple hot water technique and composited with the nanofiber. The study focuses on applying the 
modified PVA nanofibers to remove malachite green (MG) from water using different pH, contact times, and dye initial 
concentrations. The surface morphology of the nanofiber was determined using SEM, FTIR, and XRD techniques. SEM 
showed that the crosslinking was increased, and Fe3O4 nanoparticles appeared as agglomerates on the surface of the 
nanofiber. The removal percentages at optimal pH and contact time were 99.76%, and 99.5%, respectively. Thereafter, 
kinetics was studied by the linear pseudo-first order, pseudo-second order, Elovich equation, and Intraparticle diffusion 
models. Results demonstrated that the adsorption kinetics follow the pseudo-second order. Moreover, the adsorption 
isotherm was discussed using Langmuir and Freundlich equations. The Langmuir equation best described the adsorp-
tion with R2 value of 0.9771, and the maximum removal was 128.205 mg/g. As a result, the MG dye molecules covered the 
PVA nanofiber/Fe3O4 nanoparticles in a monolayer and homogenous coverage. The results of this study are significant 
for industries’ wastewater treatment as they provide a potential solution for the removal of MG dye from textile, paper, 
cosmetics, food, and aquaculture industries’ wastewater.

Keywords: Iron oxide nanoparticles, modification of nanofibers, adsorption, malachite green, hot water treatment.

1. Introduction
Population growth and industrial development have 

resulted in water pollution, which is one of the most seri-
ous problems nowadays. Many types of pollutants may 
cause water pollution, but toxic organic pollutants have 
become a severe problem to the human environment and 
cause serious health issues due to their hazardous effects, 
chemical stability, and difficulty to remove.1 One type of 
these organic contaminators is water-soluble organic dyes 
that show extensive applications in industries like paints, 
textiles, plastic products, and so on. Organic dyes can 
change the color and properties of water even at low con-
centrations because of the existence of aromatic com-
pounds and heavy metals in their structures.2,3 Also, they 
can reduce the transmission of light in aquatic systems, 
eventually decreasing the efficiency of the photosynthesis 
process of aquatic plants.4,5 In addition, the accumulation 

of dyes in animals and plants can result in skin irritation, 
allergic dermatitis, mutations, and cancer, thus being 
harmful to the brain, kidneys, liver, central nervous sys-
tem, and reproductive system in living organisms. There-
fore, dyeing wastewaters are the riskiest wastewaters and 
are hard to purify.6,7 Moreover, malachite green (MG) dye, 
which is the chemical structure seen in Figure 1: (a), is a 
tri-phenyl methane cationic dye that has been widely em-
ployed in industries for dyeing purposes. On the other 
hand, oral consumption of MG is harmful due to the pres-
ence of nitrogen in its chemical structure and would be 
carcinogenic for both humans and animals.8 Various phys-
ical, chemical, and biological techniques may be used for 
MG dye removal from wastewater, for instance, advanced 
oxidation processes, nanophotocatalysis, ceramic mem-
brane separation,9 electrochemical techniques,10 and aero-
bic granular sludge.11 Also, adsorption is widely used 
among these techniques and could be a predominant 
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method, since it’s simple, economical, flexible, and easily 
implemented. The high efficiency of adsorption and the 
development of practical processes require the complete 
and fast adsorption of coloring materials by adsorbents. 
For that reason, chemical or physical modifications in ad-
sorbents are beneficial to increase the kinetics and capacity 
of adsorption. In addition, the nanofiber’s structural mor-
phology has attracted considerable attention in various 
applications and fields. Electrospinning is a widely used 
technique to generate nanofibers with a broad range of 
characteristics and advantages. Porous webs of nanofibers 
with different sizes and shapes can result from this tech-
nique, which modifies and promotes the nanofiber’s prop-
erties and applications.12–14 For instance, porous struc-
tures have high specific surface area and can be used in oil 
clean up, and catalysis, grooved structures have surfaces 
with parallel lines and can be used in tissue engineering,12 
branched structures have large porosity, tiny diameters, 
excellent biological properties, and thermal insulation and 
can be utilized in air filtrations, energy storage and har-
vesting, photocatalysis, and oil cleanup.13 Also, crimped 
fibers that have spring-like behavior, notable surface area, 
and remarkable biological and piezoelectric properties are 
applied in tissue engineering, energy harvesting, wound 
dressing, drug delivery, and textile.14 One of these modifi-
cations is the use of nanoparticles to increase the process 
of adsorption.15,16 In general, nanoparticles have attracted 
wide interest recently because of their high efficiency, low 
consumption of energy, large surface area, catalytic poten-
tial, and high reversibility.17 Specifically, iron nanoparti-
cles have acquired massive scientific and technological  
attention as they have shown an outstanding capacity for 
the remediation of the environment.18 For example, iron 
nanoparticles have been utilized for the removal of chlo-
rinated organic materials,19–21 dyes,22–24 heavy metals 
from water,25 and nuclear contaminants degradation.26 
Furthermore, numerous ways have been applied for the 
synthesis of nanoparticles, such as gas condensation which 
was the first method to prepare nanoalloys and crystals, 
vacuum deposition, chemical precipitation, and electro-
deposition.27 Each of these methods may include many 
drawbacks like being specific to a few numbers of metals, 
being expensive, or requiring elevated temperatures that 
minimize their application. However, recently a simple 
process of using only hot water has been demonstrated as 
an alternative and novel method to produce iron nanopar-
ticles. Unlike the previous methods, hot water treatment 
(HWT) can be applied to plentiful materials and requires 
depressed temperatures and low-cost equipment. It is cat-
alyst-free, has a high yield of production, as well as is envi-
ronment-friendly because it uses water as the main mate-
rial that is non-toxic and safe to use.28 In this study, 
polyvinyl alcohol (PVA) nanofiber, Figure 1: (b), was used 
as a membrane for the adsorption of MG dye in aqueous 
solutions after it was modified by two steps. Firstly, im-
proving the mechanical properties, specifically increasing 

the crosslinking of the nanofiber through solvent vapor 
treatment (SVT). Secondly, synthesizing Fe3O4 nanoparti-
cles from Fe metal powder by hot water treatment (HWT) 
and composite these nanoparticles to the previously cross-
linked PVA nanofiber to ensure efficient dye isolation from 
water. Recent studies have shown that the mechanical 
strength of nanofiber mats can be enhanced by the solvent 
vapor technique without changing the dimension or the 
membrane morphology of the mats. Also, it is less aggres-
sive for fiber welding. In this technique, nanofiber mats are 
exposed to solvent vapors at a particular temperature ac-
cording to the solvent used, thus, the solvent vapor will 
facilitate fusion between fibers at their junction points and 
increase the crosslinking. In this instance, better adhesion 
between fibers can be achieved by utilizing solvents with 
high boiling points. Moreover, the crosslinking of the 
modified nanofibers will increase in a short time, and the 
porous structure of the alleged membranes can be con-
trolled easily.29–33

Figure 1: (a) chemical structure of malachite green (MG), (b) poly-
vinyl alcohol (PVA)

2. Materials and Methods
2. 1. Chemicals and Reagents

PVA nanofiber was purchased from Inovenso, N, 
N-Dimethylformamide (DMF), iron (Fe) powder, and 
Malachite green were from BDH Chemicals, NaOH from 
Sigma-Aldrich, and HCl was supplied by Ricca Chemical 
Company.

2. 2. Solvent Vapor Ttreatment (SVT)
Small coupons (approximately 9 cm × 3 cm) of PVA 

nanofiber mats were prepared and placed on the top of a 
petri dish (D = 9 cm). DMF (3 mL) was used as a solvent and 
placed in a beaker sealed properly with the petri dish that 
contains the nanofiber coupon. The solvent was then evapo-
rated on a hot plate stirrer at a temperature of 40 °C for 3 
hours. After treatment, that sample was air dried for 24 hours 
to remove all solvent residual before further treatment.29

2. 3. Hot Water Treatment (HWT)
At first, Fe metal powder was prepared for hot water 

treatment by removing native iron oxides that act as impu-
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rities and other organic contaminants using sanding paper 
polishing process. Then, the Fe powder was cleaned with 
acetone and deionized water (DI). The pre-washed Fe 
powder, along with the thermally treated PVA nanofiber 
membrane, was added to a glass beaker containing ul-
trapure DI water and then placed on the hot plate at a tem-
perature of 75 °C for 1.5 hours with stirring. This temper-
ature was selected as the standard temperature for water in 
this experiment, according to Nawzat. Saadi et al.25 Also, 
one hour was defined as the critical time for the complete 
formation of Fe3O4 nanoparticles, but we increased the 
time to 90 min. At last, the composited nanofiber mem-
brane was rinsed with DI water several times and air dried 
overnight, then delivered for SEM (Thermo Fisher Phen-
om Pro G6) and XRD (Bruker D8-Discover) to study the 
morphological, crystallographic, and chemical composi-
tion, respectively. On the other hand, Fourier transform 
infrared spectroscopy (FTIR) was performed for the water 
samples of the HWT as well as from the modified mem-
brane for the study of the presence of Fe3O4 nanoparticles 
in both.

2. 4. MG Adsorption Studies
The batch operations of adsorption were studied for 

MG by taking the experimental conditions: pH, contact 
time, and effect of concentration. Firstly, the influence of pH 
was tested in the range (5.0–9.0) that was adjusted using 0.1 
M NaOH and 0.1 M HCl solutions. A pH meter (JENWAY 
3505) was also used for the measurements of the pH. The 
study of the pH effect was carried out using the adsorbent 
0.003g and MG dye solution 5 ml of 10 mg/L concentration. 
The solutions were then stirred for 1 hour at room tempera-
ture. The MG absorbance was measured by using a UV-vis-
ible spectrophotometer (JANEWAY 7315) at 618 nm, which 
is the maximum absorbance wavelength of MG.34  The ex-

periment of contact time for adsorption of MG was investi-
gated, and the kinetic studies were performed at optimal 
circumstances: pH 8.0, adsorbent weight 0.003g, and 5 ml of 
MG solution 10 mg/L concentration. The batch tests were 
accomplished at room temperature with various time con-
tacts (5, 10, 15, 20, 25, 30, 35, 40, 45, and 50) min.

Moreover, the impact of initial concentrations on 
MG adsorption was carried out by mixing and stirring 5 
ml of different MG initial concentrations (10, 20, 30, 40, 
and 50) mg/L with pH 8 and 0.003 g of adsorbent for 20 
minutes at room temperature until reached equilibrium.6

The following equation is used for calculating the 
(qe) value, which is the equilibrium adsorption capacity 
and the removal percentage (R%) of MG.35

� (1)

� (2)

where; Ci= Initial concentration of MG (mg/L)
Ce= equilibrium concentration of MG (mg/L) in the solution.
V = Volume of dye solution (L)
W = adsorbent mass (g).	

3. Results and Discussion
3. 1. �Characterization of PVA Nanofiber/

Fe3O4 Nanoparticles
3. 1. 1. SEM

In this study, the morphology of the modified PVA 
nanofiber before and after both treatments, SVT and 
HWT, was investigated by scanning electron microscopy 
(SEM). Figure 2: (a), shows the PVA mats before treat-
ments, while, Figure 2: (b), represents the morphological 
and conformational changes that happened on the matt 

Figure 2: SEM of (a) untreated PVA nanofiber, (b) PVA nanofiber after SVT, (c) formation of PVA nanofiber/ Fe3O4 nanoparticles by HWT
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after SVT when the mats were exposed to DMF vapor for 
3 hours. It is obvious from the figures that in both 15µm 
and 50µm the crosslinking among the nanofibers has in-
creased. Furthermore, a significant swelling has appeared 
on nanofibers, that may occur as a result of the absorbance 
of an amount of solvent vapor by nanofibers as there is an 
affinity of nanofibers to solvent. Also, Figure 2: (c), indi-
cates the presence of iron oxide Fe3O4 nanoparticles on the 
PVA nanofiber surface that have irregular shapes that ad-
sorb like aggregates on the nanofiber surface. The forma-
tion of different particle sizes may be a result of the ag-
glomeration of nanoparticles on different sides of 
nanofiber during the sample preparation.36 The mecha-
nism by which Fe3O4 nanoparticles are present on the na-
nofiber’s surface can be explained by a combination of the 
Fe3O4 nanoparticle’s growth and deposition processes. In 
the first process, iron oxide ions can form on the Fe pow-
der surface during HWT, release into the water, and then 
grow on the nanofiber, forming nanoparticles. This pro-
cess, which is called plugging, is explained in more detail 
in the previous study.25 In the deposition process, Fe3O4 
nanoparticles grown on Fe metal powder can be detached 
from the powder surface and re-deposited on nanofibers.

3. 1. 2. �Characterization of Fe3O4 Nanoparticles by 
(FTIR)

Fourier transform infrared spectroscopy (FTIR) 
gives information on nanoparticle structures from the 

Fe3O4 nanoparticle’s bond vibrational modes. Although 
it is incapable of quantifying the generated nanoparti-
cles precisely in the samples, it provides a qualitative 
identification of the proportion of the produced nano-
particles. Figures 3 (a), and (b), show the infrared spec-
tra of Fe3O4 nanoparticles presented in water samples 
after HWT and PVA nanofiber/Fe3O4 nanoparticles, 
respectively. To indicate the presence of Fe3O4 nanopar-
ticles, the range of 800–400 cm–1 was a characteristic of 
the Fe–O bond. In Figure 3: (a), Fe3O4 showed charac-
teristic peaks at 469 cm–1 and a maximum peak at 569 
cm–1 with a shoulder at 745 cm–1 which was attributed 
to surface oxidation.37–39 Besides, Figure 3: (b), repre-
sents the formation of Fe3O4 on PVA nanofiber and 
shows additional peaks in the spectral range 501–575 
cm–1 with a broad spectrum at 723 cm–1 while no peaks 
appeared around the 400 cm–1 region. Moreover, the 
two peaks observed at 616 cm−1 and 636 cm–1 identify 
FeTh–O–FeOh stretching vibrations on PVA nanofiber, 
where, FeTh is iron tetrahedral and FeOh is iron octahe-
dral. The appearance of the broadband at 3397 cm–1 
corresponded to the O–H group stretching vibrations, 
2966 cm–1 was the peak for the C–H bond, and the 1088 
cm–1 peak referred to the Fe–O–C bond.40 The decrease 
in peak intensity in PVA nanofiber/Fe3O4 nanoparticles 
suggests the interaction between (C–H) and (O–H) 
groups of the nanofiber with Fe3O4 nanoparticles and 
indicates the well dispersion of the nanoparticles on the 
surface of the PVA nanofiber. 41

Figure 3: (a) FTIR spectrum of Fe3O4 nanoparticles in water samples synthesized by simple HWT, (b) FTIR spectrum of PVA nanofiber/ Fe3O4 
nanoparticles synthesized by simple HWT



402 Acta Chim. Slov. 2024, 71, 398–408

Abdulghafar et al.:   Modification of PVA Nanofiber by Simple Hot Water   ...

3.1.3 �Characterization of Fe3O4 Nanoparticles by 
X-ray Diffraction (XRD)

 The XRD charts of the Fe3O4 nanoparticles and 
composite with PVA nanofiber were compared and shown 
in Figure 4. The spectra of XRD of the nanoparticles 
showed three diffraction peaks of 11.46, 15.85, and 149.15. 
Also, the XRD pattern of PVA nanofiber/Fe3O4 nanoparti-
cles showed four peaks of 14.26, 54.10, 43.99, and 347.66. 
These peaks confirm the formation of Fe3O4 nanoparticles 
in both samples as related to (JCPD98-026-3010).42 The 
two XRD spectra show two sharp peaks that appeared with 
2θ of 72.565 and 72.515, which are identical to those of 
reference and indicate the presence of Fe3O4 nanoparti-
cles. These data also detected that the nanoparticles have 
crystalline and spinel structures.

Figure 4: XRD diffraction of Fe3O4 nanoparticles compared to PVA 
nanofiber /Fe3O4 nanoparticles

3.2 Effect of pH
It is substantial to examine the impact of pH on the 

adsorption of MG because pH has an essential role in ad-

sorption capacity. It has an influence on the surface charge 
of the adsorbent, the tendency of the existent compounds 
in the solution to ionize, the adsorbent’s active sites func-
tional groups dissociation, and also the solution dye chem-
istry.43 MG has pKa of 10.3 which protonates under acidic 
conditions and deprotonates at higher pH values and a 
high positive charge is detected on the dye molecule at 
lower pH due to its protonation.44,45 Also, it was perceived 
in this study that the adsorption is strongly dependent on 
pH and the superior adsorption was on pH 8 with a top 
removal rate of 99.76% which means that the electrostatic 
interactions between MG dye and the adsorbent are strong 
on this pH value that result in a high adsorption capacity. 
On the other hand, under acidic conditions low adsorp-
tion rates are observed and that is due to the excess availa-
bility and high concentrations of positive charge resulting 
from H+ protons and cationic dye molecules in the solu-
tion. Furthermore, the surface of the membrane may be 
positively charged, causing repulsions with the cationic 
dye molecules and decreasing the removal rates. The pH 
effect on the adsorption capacity of MG on PVA nanofib-
er/ Fe3O4 nanoparticles was examined over pH values (5.0, 
6.0, 7.0, 8.0, and 9.0) using 0.1N NaOH, and 0.1N HCl 
solutions to adjust pH. Figure 5 explains the amount of 
removal of MG as a function of pH for the adsorbent ini-
tial concentration of 10 mg/L. The adsorption capacity was 
high at pH 8, but at lower pH values (4–7) the adsorption 
was low, and at pH 9 it decreased again.

3. 2. Effect of Contact Time
Figure 6 exhibits the time effect on the removal of 

the MG dye process. It’s shown that the percentage of the 
removal of MG kept increasing with time until the maxi-
mum removal of color was seen at 20 min, with a maxi-
mum removal of 99.5%. The process of adsorption was fast 
from the beginning to 20 minutes when the removal of dye 
was achieved, which resulted from the attraction of charg-
es on the adsorbent surface to MG dye. After that, the ad-

Figure 5: The effect of pH on MG adsorption on PVA nanofiber/ Fe3O4 nanoparticles
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sorption capacity dropped significantly at 25 min, became 
steady, and reached equilibrium at 45 min, when no more 
dye removal was noted. Therefore, 20 minutes was chosen 
as the maximum time for MG adsorption on PVA nanofib-
er/ Fe3O4 nanoparticles.

3. 3. Adsorption Kinetic Studies
Four kinetic models evaluate the process of adsorp-

tion and interpret the kinetic results to examine the kinet-
ics of the mechanism of adsorption and select the opti-
mum conditions of the operation. Pseudo-first-order, 
Pseudo-second-order equations, as well as, Elovich, and 
Intraparticle diffusion equations, were applied and repre-
sented as the following equations respectively.46–49

3. 4. 1. Pseudo-first-order Model
� (3)

Where; qe represents the adsorption capacity at equi-
librium (mg/g), qt represents the adsorption capacity at 
time (t) (mg/g), t means time (min), and k1 is defined as 
the Lageragren rate constant of adsorption (min–1). The qe 
and k1 values were determined from the intercept and the 
slope of the linear equation of ln (qe − qt) against t as shown 
in Figure 7, and found to be 0.018, and 0.005, respectively. 
Also, the correlation coefficient for this kinetic model 
which represents the R2 value was 0.4147.

3. 4. 2. Pseudo-second-order Model

The pseudo-second-order model was then analyzed 
and given by the following equation:

� (4)

Here, k2 is known as the rate constant of adsorption 
(g/mg min) for pseudo-second-order. Also, for this model, 
k2 and qe were found from the slope and the intercept of 
the linear plot of (t/qt) against t, as shown in Figure 8, and 
found to be 9.12, and 16.55, respectively, while the R2 value 
for pseudo-second-order was 1.00. These results refer to 
the fact that the MG dye adsorption onto the modified 
membrane follows the pseudo-second-order model. This 
denotes that the chemical adsorption (chemisorption) of 
Fe3O4 nanoparticles on PVA nanofiber is the rate deter-
mining step, and the total rate of the adsorption process of 
MG may be controlled by the chemical attraction between 
the adsorbent and adsorbate.50

Figure 8: Pseudo-second-order kinetic model of adsorption of MG 
on PVA nanofiber/Fe3O4 nanoparticles

3. 4. 2. Elovich Kinetic Model
Elovich kinetic model for the adsorption of MG was 

also studied, which usually can be expressed as in equation 
5 and is dependent on the adsorption capacity qt plot ver-
sus ln t (Figure 9). This equation was first used in studying 
the kinetics of chemical adsorption of gasses on the sur-
face of solids, however, it has also been successfully applied 

Figure 6: The effect of contact time on MG adsorption on PVA nanofiber/ Fe3O4 nanoparticles

Figure 7: The pseudo-first-order kinetic model of adsorption of 
MG on PVA nanofiber/Fe3O4 nanoparticles
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for the solute adsorption from liquid solutions.51

� (5)

Where; the parameter a (mg/g min) is the initial 
sorption rate, and b (g/mg) is the extent of surface cover-
age and activation energy for chemical adsorption. The 
values are determined and displayed in Table 1.

Figure 9: Elovich kinetic for the adsorption of MG on PVA nanofib-
er/Fe3O4 nanoparticles

3. 4. 4. Intraparticle Diffusion

The intraparticle diffusion study is the most widely 
applied model for the identification mechanism in the 
process of adsorption, which is indicated as follows: 52

� (6)

Where; Kdif refers to the rate constant of the intrapar-
ticle diffusion (mg/g min), BL is the intercept that points to 
the boundary layer thickness (mg/g). The qt plot against 
t1/2 is represented in Figure 10. The value of Kdif =0.0008 
mg/g min, BL =16.569 mg/g, while the R2 values for the in-
traparticle diffusion is 0.866. The intercept value is directly 
proportional to the effect of the boundary layer, the higher 
the intercept value, the greater the effect the boundary lay-
er has. By other means, the amount of the adsorbate on the 
boundary layer rises.53

3. 5. Effect of Initial Concentration of MG
Adsorption studies with different initial concentra-

tions of 10 to 50 mg/L were carried out to calculate PVA 

nanofiber/Fe3O4 nanoparticles adsorption capacity to-
wards MG dye. The initial concentration of the dye plays 
an influential role in the adsorption capacity of the adsor-
bent. In this experiment, it was clear from the results that 
the adsorption capacity of the adsorbent increased with 
the increase of the initial concentration of dye from 10 to 
50 mg/L. The relationship of the adsorption coefficient (qe) 
against initial concentrations is given in Figure 11. Ad-
sorption isotherms, on the other hand, are graphical rep-
resentations that indicate the interaction of adsorbate mol-
ecules with adsorbent and provide information on 
proceeding with the adsorption system.54

Figure 11: The effect of concentration on MG on PVA nanofiber/
Fe3O4 nanoparticles

Two well-known adsorption mathematical equa-
tions were used to interpret the equilibrium adsorption 
data. The first one was the Langmuir model, and the sec-
ond was the Freundlich model, which is widely utilized to 
describe adsorption behavior. The Langmuir equation is:

Table 1: kinetic parameters of adsorption of MG on PVA nanofiber/Fe3O4 nanoparticles

	 Pseudo-first-order				   Pseudo-second-order

R2	 K1	 qe (calc.)	 R2	 K2	 h	 qe (calc.)
0.4147	 0.005	 0.018	 1	 9.12	 2500	 16.55

	 Elovich model			  Intraparticle diffusion

R2	 α	 β	 R2	 Kdif	 BL	
0.8129	 2.7182	 666.6	 0.866	 0.0008	 16.569	

Figure 10: Intraparticle diffusion for the adsorption of MG on PVA 
nanofiber/Fe3O4 nanoparticles
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� (7)

Here, qe is the equilibrium adsorption capacity of the 
adsorbent (mg/g), b is the Langmuir adsorption constant 
(L/mg), qm is the maximum capacity of the adsorbent 

(mg/g) and Ce is the equilibrium MG concentration in 
solution (mg/L). Moreover, heterogeneous adsorption sys-
tems can be described by the linear form of the Freundlich 
equation, which is represented as the following equation:

� (8)

Figure 12: (b) Freundlich plot indicating the linear change of ln qe on ln Ce.

Figure 12: (a) Langmuir plot indicates the linear change of 1/qe with 1/Ce

Table 3: Maximum adsorption capacity (qm) of MG dye onto different reported adsorbents.

Adsorbent	 qm (mg/g)	 Adsorbent dose/ dye volume	 Reference
		  (g/ml)

Alg-Fe3O4 NPs	 47.84	 0.03 g/ 50 ml	 6

PVA NF/Fe3O4 NPs	 128.205	 0.003g/ 5 ml	 This study
Coal fly ash / CoFe2O4	 90.9	 0.6 g/ 150 ml	 58

Wood apple shell	 35.84	 0.15 g/ 1000 ml	 59

Zein/Graphene oxide	 86.95	 0.01 g/ 10 ml	 60

CNF-Ag NPs	 142.8	 0.01 g/ 20 ml	 61

Au-NP-AC	 140.85	 0.015 g/ 50 ml	 62

Fe-Zn-PVA NCs	 92.59	 0.02 g/ 50 ml	 63

Fe3O4/ Sawdust Carbon	 41.66	 0.2–1 g/100ml	 64

Table 2: Adsorption isotherm constants for PVA nanofiber/Fe3O4 nanoparticles

	 Langmuir			   Freundlich

R2	 b (L/mg)	 qm (mg/g)	 R2	 kf (mg/g)	 n
0.9771	 3.39	 128.205	 0.9692	 169.76	 1.3460
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Where; Kf is the Freundlich constant (mg/g), n is the 
heterogeneity factor, and qe and Ce are described above. 
55,56 The values of qm and b were acquired from the inter-
cept and slope of the linear plot of 1/qe against 1/Ce (Figure 
12: a), while kf and n values were calculated from the inter-
cept and slope of the linear plot of ln qe versus ln Ce (Figure 
12: b), respectively. Table 2 lists the constants and coeffi-
cients of Langmuir and Freundlich adsorption isotherms. 
The results show that the data of equilibrium adsorption 
isotherms fit well in both Langmuir and Freundlich linear 
equations. The R2 value in Langmuir was 0.9771, and in 
Freundlich was 0.9692. These two values are close, but they 
are more fitted to Langmuir, and according to the Lang-
muir equation, the MG molecules adsorption happens on 
the surface of the homogeneous adsorbent as monolayer 
coverage.57 According to the Langmuir equation, the max-
imum adsorption capacity of PVA nanofiber/ Fe3O4 nano-
particle towards MG dye was calculated to be 128.205 
mg/g, which indicates a higher capacity than the previous-
ly stated adsorbents (Table 3). Moreover, the n value of 
1.3460 means that the adsorption of MG on PVA nanofib-
er/Fe3O4 nanoparticle is a favorable process.

4. Conclusions
To conclude, the significance of this study is to com-

posite PVA nanofiber with iron oxide nanoparticles by 
simple hot water treatment, which is a simple and efficient 
technique. This study proves that the PVA nanofiber/ 
Fe3O4 nanoparticles membrane is very efficient, and the 
preparation process is highly economical. This newly syn-
thesized material can be used as an adsorbent to remove 
MG dye from contaminated water. The study shows that 
the quantity of the adsorbed dye depends on the pH, ad-
sorbent contact time, and initial dye concentration. Fur-
thermore, the removal of dye is rapid, and the maximum 
removal is at 20 minutes then dropped to be steady and 
reach equilibrium. The adsorption rate follows pseu-
do-second-order kinetics and the Langmuir model of ad-
sorption isotherm. Thus, the main advantage of PVA na-
nofiber/ Fe3O4 nanoparticles is that the maximum 
adsorption capacity is in progress compared with other 
studies and the adsorption rate is fast. Also, the method of 
preparation is very appropriate and practical. Our results 
showed that utilizing the HWT to integrate PVA nanofiber 
with Fe3O4 nanoparticles modified and improved the 
crosslinking of nanofiber. Also, the enhanced removal per-
centage of MG dye is promising for an effective, low-cost, 
eco-friendly alternative method for the removal of MG 
dye from several industries wastewater.
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Povzetek
Študija opisuje uporabo hlapov topil za obdelavo in povečano zamreženje PVA nanovlaken. S preprosto tehniko vroče 
vode so bili sintetizirani nanodelci Fe3O4 v kompozitu z nanovlakni. Študija se osredotoča na uporabo modificiranih 
PVA nanovlaken za odstranjevanje malahitno zelene (MG) iz vode pri različnih pH, kontaktnih časih in začetnih kon-
centracijah barvila. Površinska morfologija nanovlaken je bila določena s tehnikami SEM, FTIR in XRD. SEM je poka-
zal, da se je zamreženje povečalo, Fe3O4 nanodelci pa so se pojavili kot aglomerati na površini nanovlaken. Odstotek 
odstranjevanja pri optimalnem pH in kontaktnem času je bil 99,76 % oziroma 99,5 %. Nato smo proučevali kinetiko z 
linearnimi modeli psevdo-prvega reda, psevdo-drugega reda, Elovicheve enačbe in modela notranje difuzije. Rezultati so 
pokazali, da kinetika adsorpcije sledi psevdo-drugemu redu. Poleg tega smo adsorpcijsko izotermo potrjevali z uporabo 
Langmuirjeve in Freundlichove enačbe. Langmuirjeva enačba je najbolje opisala adsorpcijo z vrednostjo R2 0,9771, naj-
večja odstranitev pa je bila 128,205 mg/g. Posledično so molekule barvila MG prekrile nanovlakna PVA/nanodelci Fe3O4 
v enoslojni in homogeni plasti. Rezultati študije so pomembni za čiščenje odpadne vode v industriji, saj zagotavljajo 
možno rešitev za odstranitev barvila MG iz odpadne vode v tekstilni, papirni, kozmetični, živilski in ribogojni industriji.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the  
Creative Commons Attribution 4.0 International License

62	� M. Roosta, M. Ghaedi, N. Shokri, A. Daneshfar, R. Sahraei 
and A. Asghari, Spectrochim. Acta. A. Mol. Biomol. Spectrosc., 
2014, 118, 55–65.   DOI:10.1016/j.saa.2013.08.082

63	� M. Saad, H. Tahir, S. Mustafa, O. A. Attala, W. A. El-Saoud, K. 

A. Attia, W. M. Filfilan and J. Zeb, Nanomaterials, 2023, 13, 
1747.   DOI:10.3390/nano13111747

64	� Z. Bonyadi, F. S. Khatibi and F. Alipour, Appl. Water Sci., 
2022, 12, 221.   DOI:10.1007/s13201-022-01745-w

https://doi.org/10.3390/nano13111747
https://doi.org/10.1007/s13201-022-01745-w


409Acta Chim. Slov. 2024, 71, 409–420

Abdullah et al.:   A Mat Based on PVA Doped with TiO2 Nanoparticles   ...

DOI: 10.17344/acsi.2023.8410

Scientific paper

A Mat Based on PVA Doped with TiO2 Nanoparticles  
for Removal of Methylene Blue Dye from Aqueous Solution 

and Improving the Carbon Footprint
Salah M. Abdullah,1,* Aseel F. Alwan,1 Atheer M. Majeed2 and Suhad A.Yasin3

1 Polymer Research Unit, College of Science, Mustansiriyah University, Baghdad, Iraq

2 College of Arts, Mustansiriyah University, Baghdad, Iraq

3 Chemistry of Department, College of Science, University of Duhok, Kurdistan Region, Iraq

* Corresponding author: E-mail: salah_md@uomustansiriyah.edu.iq

Received: 08-24-2023

Abstract
Water supply is the great challenge for climate change and overpopulation. A nanofiber mat consisting of polyvinyl alco-
hol (PVA), nanoTiO2, and citric acid (PTC) was prepared using an electrospinning technique at a constant flow rate (0.5 
ml/h). The morphology of the mat was detected using (FESEM) technique and image J software. The results show that 
the mat has a nanofiber morphology with an average diameter of 170 nm. This mat was used to remove methylene blue 
(MB) from water in two ways, the adsorption process and by photodegradation using UV light. The kinetic study of the 
adsorption of methylene blue MB on a PTC mat was carried out. Results show that the pseudo-second order is the best 
to describe the adsorption, of MB, and the intraparticle diffusion is the rate determining step. Seven isotherm models; 
four of two-parameters and three of three-parameters were used to examine the adsorption experimental data by ap-
plying linear and non-linear regression methods using six error functions. The results showed comparable data between 
linear and non-linear regression methods for two parameters isotherms, and the best isotherm fitting with the data were 
Freundlich and Temkin models. On the contrary, three parameters isotherms showed distracted data between linear and 
non-linear regression methods. In addition, the results appear that the best predictive error function was Chi-square.

Keywords: Electrospinning, Nanofibers, Adsorption, Photodegradation, Methylene blue, Carbon footprint

1. Introduction
Nanotechnology is one of the versatile fields which 

can be defined as the ability to control and manipulate na-
nomaterials and apply them in different fields of industry 
such as, the biomedical, and food industries.1,2 The interna-
tional standardization organization (ISO) defines the nano-
materials as a material that any one of the dimensions must 
be on a nanometric scale, either the surface or internal 
structure.3 The huge expansion in nanotechnology in the 
last decades contribute to the development of nanofibers 
with wide applications, especially in medical, agricultural, 
and environmental fields4,5,6 Many different methods are 
used to produce nanofibers such as melt-blown technology, 
centrifugal spinning, and template synthesis but the most 
used technique is electrospinning7which is a designed pro-
cess for manufacturing fibers with thin diameters and large 
surface area8,9. This process is proper for polymers (natural 

and synthetic)5, inorganic materials, and composites.10 The 
electrospinning method is based on the use of electrostatic 
forces to produce very fine continuous fibers with diame-
ters ranging from nano to micrometers under room tem-
perature and atmospheric conditions.11,12 The process be-
gins when a high voltage is applied to the polymeric 
solution that exists in the tip of the metallic needle which 
induces electrical charges in the polymer droplet leading to 
the form of a conical droplet which is known as the Tylor 
cone.13 When the electric forces overcome the surface ten-
sion of the solution, one or more jets are generated and 
travels towards the collector, the solvent evaporates and na-
nofibers consequently can be collected.14,15 The nanofibers 
resulting from the electrospinning process has a large sur-
face area and the overlapping between these nanofibers 
leads to the form of a pore structure which makes this fiber 
an ideal material to be used in a huge number of applica-

mailto:salah_md@uomustansiriyah.edu.iq
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tions such as in the biomedical field, tissue engineering, 
and textiles.16 Poly (vinyl alcohol) is a well-known polymer 
with remarkable properties; it is a highly hydrophilic poly-
mer17 with a high content of hydroxyl groups obtained 
from hydrolysis of poly (vinyl acetate).18 It has good chem-
ical, thermal stability19and good water solubility,20,21 PVA 
is also known as a biocompatible and biodegradable22,23 
polymer, these enthusiastic properties made the PVA one 
of the most favorable and widely used in the biodegradable 
materials industry like tissue engineering, drug delivery, 
and wrapping membrane used in the medical field. Dyes or 
pigments represent a major challenging problem in the en-
vironmental field, especially in developing countries be-
cause of their hazardous and toxic effect on living crea-
tures.24 In the industrial sector, these materials are 
indispensable due to their wide use in many vital industrial 
processing like textile, plastic, paper, and cosmetics.25 The 
increasing amounts of dyes waste have a bad impact on the 
ecosystem since dyes are mostly stable compounds against 
heat and light which means that they degraded slowly in 
the environment26,27 and that double the risk of their exist-
ence in the waste water. The traditional treatment systems 
include some techniques like ozonation, filtration, mem-
brane separation, and precipitation.28,29,30

The aim is to study the global warming performance 
or carbon footprint of water production for the residential 
sector for chemicals as polyvinyl alcohol used in water 
treatment.

However, some of these methods were highly cost and 
hard to use on an industrial scale, for example, electrochemi-
cal oxidation and coagulation.31 While the use of the adsorp-

tion method in water treatment has superior advantages are 
beginning from its simplicity, effectiveness low costs, and the 
possibility of the adsorbent being regenerated.32 Methylene 
blue (MB) C16H18N3SCl-3H2O is a cationic dye and the most 
commonly used dye in the textile industry, when this dye is 
found in waste water or sewage system it can cause health 
problems to animals and humans sometimes by inhalation, 
ingestion, or can cause eye burns by direct contact.33,34

In this study, the electrospinning technique used to 
prepare the PVA mat adopted with TiO2 nanoparticles and 
citric acid to enhance the ability of PVA to remove MB dye 
in two ways by the adsorption process and by photolytic of 
MB using UV light.

2. Experimental Section
2. 1. Materials

Both of PVA with code no. 63018, and Methylene 
blue supplied by (Rediel De Haen AG, Seelze, Germany), 
Titanium dioxide nanoparticles (TiO2 (with particle size 
(30 7 5) nm supplied by Changsha S and tech, Citric acid 
(CA) Chem- supply. Both NaOH granules and HCl with 
37% concentration were supplied by (Fluka).

2. 2. Equipment
A double nozzle syringe pump voltage 110-230AC, 

power frequency 50–60 Hz, (fig. s1), field emission scanning 
electron microscope (FESEM) supplied by (Hitachi S-570), 
power sonic410 supplied by Daihan lab tech Co. Ltd (Korea), 

Scheme 1: Synthesis of electrospun PTC mat
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UV /visible spectrometer lambda 25 Perkin Elmer. A com-
mercial type UV lamp (made in China) is usually used in 
reverse osmosis (RO) sterilized water purchased from the 
Al-Sinak region in Baghdad City, FTIR spectra were record-
ed on 4200 (JASCO) with a frequency range of (400–4000) 
cm–1. The pH was measured using a DZS-706A multi-meter 
(INESA Scientific Instrument Co., Ltd. Shanghai, China).

2.3 Preparation of PTC solution
7 g of PVA was dissolved in 100 ml of hot distilled 

water at 80 °C to prepare a 7% PVA solution. Equal 
amounts (0.105g) of both nano TiO2 and citric acid (CA) 
were dissolved in 25 ml of distilled water. (6:1) v/v of PVA 
to CA+TiO2 solutions were mixed using a sonicator to 
prepare the (PTC) solution. This solution; consists of 6% 
w/v of PVA and 1% w/w (TiO2 and CA) to PVA was used 
to prepare a PTC mat by electrospinning device.

2. 4. Preparation of PTC Mat Nanofiber
PTC solution was placed into a 5 ml plastic syringe 

(0.5mm internal diameter needle). The flow rate was 0.5 
ml h–1. The distance between the collector and the pump 
was 10 cm, the electrospinning device was set at 100rpm 
for the cylinder collector which was wrapped by alumi-
num foil (see fig. S2), and the applied voltage was adjusted 
to 25 kV using DC high voltage power source. After that, 
the produced mat was cured at 120 °C for 2 hours in an 
oven for crosslinking (See scheme 1 and fig. S3). The mor-
phology of the (PTC) mat was examined by FESEM.

2. 5. Batch Adsorption Study
The adsorption capacity of MB on the electrospun 

PTC mat was accomplished in a batch adsorption experi-
ment by studying the effect of two different experimental 
variables, the pH, and the initial MB concentration with a 
stable weight (0.03 g) of the PTC mat.

2. 5. 1. Study of pH Effect
The initial pH of the MB solutions was adjusted with 

0.1 M hydrochloric acid (HCl) and sodium hydroxide 
(NaOH) to (3, 4.0, 5.8, 6.7, 9.0, 9.8) using a pH meter. A 
0.03 g of the PTC electrospun mat was added to each of 10 
ml volumetric flasks containing 5 mL of MB solution at 
certain concentrations. All the solutions were agitating 
overnight at 25 °C, and 60 rpm. After the adsorption pro-
cess, the solutions were analyzed by UV spectrometer at 
664 nm to estimate the adsorption process.

2. 5. 2. Effect of MB initial concentration
The MB initial concentration (5, 8, 11, 13, 16, 21, 26, 

and 32 mg l–1) was used to study their effect on the adsorp-

tion process with fixed other parameters: the temperature 
at 25 °C, weight of PTC mat 0.03 g, and the MB solution 
volume is 10 ml. The amount of dye adsorbed on adsor-
bent (qe) and the removal percentage of dye were calculat-
ed, respectively, as follows35:

� (1)

Where qe is the amount of dye adsorbed on adsor-
bent at equilibrium (mg g–1), Ci and Ce (mg ml–1) are the 
liquid-phase concentrations of dye at the initial and equi-
librium, respectively. V (L) is the volume of the solution, 
and W (g) is the mass of the dry adsorbent used.

� (2)
�

2. 6. Kinetic Study
The kinetic studies were achieved at the pH of dis-

tilled water without any adjustment by immersing 0.03 g of 
the mat in 10 ml of 15 mg l–1 MB solution in a volumetric 
flask at room temperature with shaking in the shaker and 
the samples were collected at different time intervals. The 
decanted solutions were analyzed using a UV-visible spec-
trophotometer at 664 nm. The aqueous samples were tak-
en at preset time intervals, and the concentrations of dye 
were similarly measured.

To find the adsorption mechanism, the kinetic mod-
els; Elovich model, intra-particle

diffusion, pseudo-first order and pseudo-second-or-
der; were used under optimum conditions : the tempera-
ture degree is 25 °C, 10 ml of 15 mg l–1 MB solution, pH = 
6.5–7, and 0.03 g of absorbent.

linear Elovich model35� (3)

intra- particle diffusion35 � (4)

linear pseudo-first-order35 � (5)

linear pseudo-second-order35 � (6)

Where Kdif (mg g−1 min−1/2), K1 (min–1), and K2 (g 
mg–1 min–1) are the rates constant for the intra particle dif-
fusion, first-order and second-order respectively, α regard-
ed as the initial adsorption rate (mg g–1 min–1), β is the 
desorption constant (g mg–1), BL corresponding to the 
thickness of the boundary layer35.
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2. 7. Error Functions
The set of error functions is used to find non-linear 

equation parameters of adsorption isotherms models. 
These function errors are:

Chi- square test (χ2)36,37

� (7)

Sum of squares of the errors (SSE)38

� (8)

A Derivative of Marquard’s Percent Standard Devia-
tion(MPSD)39 :

� (9)

The Average Relative Error (ARE)40:

� (10)

Sum of Absolute Error (EABS)41:

� (11)

Coefficient of determination (R2)39:

� (12)

Where (qe,meas), (qe,calc), and (q-e,calc) are the amount in 
(mg) of MB absorbed at one gram of absorbent experi-
mentally, theoretically, and as average respectively. Try and 
error method was applied to find the parameters values for 
three isotherms parameters and also for the non-linear of 
two parameters isotherm’s equations using the Microsoft 
Excel solver Add-Ins. To solve the non-linear equations, 
one of the error functions was chosen (except R2) and 
fined the parameters of the selected isotherm which gives 

the minimum value of the choosing error function. Then 
the other corresponding error functions were calculated 
depending on the chosen error function. So we get a set of 
error functions’ values. The above process was repeated for 
other error functions, so each time we get a set of error 
functions and parameters values for the selected isotherm. 
To avoid the bias for which the values of parameters are 
dependent, we divided all the values of error functions to 
its corresponding maximum value, and this set of resulting 
values for the error functions was summited. So we get a 
set of summited values and the one that gives the mini-
mum value was dependent, this method is called the Sum 
of Normalized Error (SNE).

2. 8. Carbon Footprint
The climate change initiating the drought and the 

rapid growth of the population with the estimation around 
3.5 million people by the middle of the century.42 It is pre-
dicted that by 2030, there will be an imbalance between 
water supply and public demand if nothing is done to re-
duce water demand or improve water supply efficiency41. 
To meet future water demand, the demand for electricity 
and chemicals used to operate these treatment plants will 
rise. As a result of increased water treatment, GHG (Green-
house gases) emissions associated with increased energy 
and chemical consumption will rise.

3. Results and Discussion
3. 1. Characterization

The prepared mat was characterized by FESEM to 
provide a description of the morphology of the mats and 
to investigate the nanostructure. The FESEM images in 
Fig.1 shows that the mat has nanofibers with smooth and 
fine surface structure. The Image J software reveals that the 
average diameter of the produced fiber was 170 nm.

Fig. 1: FESEM images of the prepared (PTC) mat at different resolutions (135 KX), (70 KX) and (35 KX)
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FTIR spectra of the PTC mat before and after curing 
and pure PVA are exhibited in Fig.2 this figure shows the 
same peaks for all spectra at the studied range (500–
4000cm–1) because they have the same functional groups. 
Whereas the main peaks were observed at 3180–3400 cm–

1 this peak is related to O–H stretching vibration of the 
hydroxyl group, peaks 2926 cm–1, 2854 cm–1, assigned to 
CH2 asymmetric and symmetric stretching vibration re-
spectively, peak observed at1642 cm–1, peak at 1425 cm–1 
peak at 1172 cm−1, 1026 cm−1 related to C–O stretching of 
acetyl groups and C-C stretching vibration respectively,43 
A weak peak corresponding to Ti-O stretching appears at 
620 cm–1 in PTC mat before and after curing.44

3. 2. Effect of pH

The pH of the dye solution is an essential factor that 
plays an important role in controlling the whole adsorp-
tion process, especially in adsorption capacity.45 Fig.3 il-
lustrates the effect of pH on the adsorption of MB onto the 
PTC mat. The effect of the initial pH of the dye solution on 
the quantity of the dye absorbed was studied by using dif-
ferent pH values under other constant parameters.

When the pH increased from 4 to 6.4, the adsorption 
capacity increased from 0.3 to 0.77 mg g–1. The adsorption 
system contains three functional groups, amines from the 

methylene blue, hydroxyl, and carboxyl group from the 
PTC mat. In the acidic medium, the amine group in MB 
will interact with the H+ in the solution so there is a low 
chance to interact with the –COOH group in the PTC mat 
leads to low adsorption of MB, while, In the basic solution, 
there are free amine groups so it can interact very easy 
with –COO– group so the adsorption of MB will increase. 
When the pH gradually increased towards more basicity 
the adsorption of MB stays almost constant with a little 
decrease in the adsorption, this may refer to the bonding 
of amine groups in MB with OH groups in the solution 
due to decreasing MB adsorption.

3. 3. Effect of Initial MB Concentration
The initial concentration effect of the MB dye ad-

sorbing onto the (PTC) mat was studied between (5 to 32 
mg l–1). The adsorption capacity (qe) of the (PTC) mat in-
creased with the increase the initial MB, while the percent 
of adsorption (%R) increased with the increasing of the 
initial MB concentration and reached the maximum point 
at 15.75 ppm and after that R% gradually decreased with 
the increasing of MB concentration, as shown in fig. 4.The 
explanation of this behavior is with increasing of the MB 
concentration, the adsorption of the dye on the free sites of 
the mat increased leading to increasing the value of qe and 
%R (eqn.1and 2). Until reaching the sites fully saturated. 
The continuous increasing in MB concentration did not 
produce any other adsorption of the dye that conduct to 
decrease in %R value and continuous increasing of qe val-
ues (eqn. 1 and 2).

Fig.4: The relationship between MB concentration with (qe) and R%

3. 4. Effect of Contact Time

Contact time is also one of the important factors that 
deal with the removal of the dye from the waste water. Fig. 
5 shows the relationship between time with adsorption 
amount (qe) and the percent of adsorption (%R). In the 
beginning, the rate of the MB adsorption is very fast due to 
there being a lot of free sites on the mat until reaches 120 
min. after that, the number of free sites will decrease so the 

Fig. 2: FTIR spectra of (PTC) nanofibers mat before and after cur-
ing and pure PVA

Fig 3: The pH effect of the MB amount adsorbed onto (PTC) mat
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rate decreased until reaching the equilibrium point at 800 
min. which represents the best color removal, this behav-
ior is the most common in adsorption studies46.

3. 5. Find the Location of Adsorption Sites
To find out the sites that MB adsorb onto PTC mat, 

three types of mats were prepared which are: (A) PVA with 
TiO2 mat, (B) PTC mat without curing, and (C) PTC mat 
with curing at 120 °C for 2 hours. The adsorption process 
was carried out at optimum conditions (0.03 g of mat, 15 
ppm of MB concentration, and pH = 7 at ambient tempera-
ture) using these mats, the results showed that the PTC mat 
with curing gave the highest amount of MB adsorption while 
the other mats barely gave adsorption that indicates without 
any doubts, the adsorption of MB was carried out on the site 
of –COOH groups on the mat which earned from CA. 
Moreover, to improve the crosslinking was achieved, two 
pieces of (B) and (C) PTC mats were immersed in distilled 
water at 80 °C for two hours, and it was found that the (B) 
mat was completely dissolved while the (C) mat did not.

3. 6. Photolytic study
The photolytic study was carried out using a UV 

lamp in a quartz tube. A strip of PTC mat collected on an 

aluminum foil was immersed in a Pyrex tube containing 
100 ml of 15 mg l–1 of MB dye solution. The color of the 
MB solution (deep blue) disappeared gradually with irra-
diation time until reached a colorless solution after 24 
hours (see Figs S4, S5, and S6). This result agrees with 
many studies of TiO2/UV system for decolourization of 
(MB) from an aqueous solution.47

3. 7. Kinetic Study:
3. 7. 1 �Pseudo-first Order and Pseudo- Second 

Order
Table 2, figures S7 and S8 illustrate the obtained re-

sults of pseudo-first order and pseudo- second order for 
adsorptions of MB on (PCT) mat at optimization condi-
tion.

The pseudo-second order has a higher value of cor-
relation coefficient R2 (0.995) than for pseudo first-order 
is (0.961), also the value of qecal. for pseudo-second or-
der is (2.65 mg g–1), these values are very close to the qe 
meas. (2.66 mg g–1) while the value of qecal. for pseu-
do-first order (1.99 mg g–1) is too far from the qe. meas 
value so the system obeys without any doubt the pseudo 
second order.

3. 7. 2. Elovich Equation
The first one who proposed the Elovich equation was 

Roginsky and Zeldovich61. It is used satisfactorily for 
chemisorption kinetic and heterogeneous surface.62

In this, model when we plot (qt) against, ln(t) we 
get a straight line with intercept (–0.7213), slope equal 
to (0.4578), and the R2 value is 0.9697 (see figure S9). 
The desorption constant value (β) is 2.1841 g mg–1 and 
the initial adsorption rate (α) is 0.0947 mg g–1 min–1. 
(see table 2), these results showed a good match with the 
Elovich equation which that indicates to the adsorption 
is a chemical process and heterogeneous surface of the 
mat.

Fig. 5: The time effect for the MB adsorption onto PTC mat

Fig. 6: Illustrate the adsorption site of MB onto PTC mat
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3. 7. 3. Intra-particle Diffusion (IP) Model
The IP model was used to determine the rate limiting 

step. Table 2 shows the result of applying this model. Plot-
ting qt against ln(t) gives a straight line with R2 equal to 
0.9268 and the line does not pass through the origin. be-

cause the IP model includes a different mechanism that 
dominance the adsorption process for this reason there are 
two linear sections (see figure S10) part A: represents the 
adsorption process from the start to 300 minutes with a 
very small intercept (BL = 0.0099) and have high R2 value 

Table 2. Illustrate the kinetic parameter for the linear equation of the kinetic model at opti-
mum conditions and the qe meas. = 2.6647 mg g–1

Kinetic model		  Kinetic parameters

Pseudo-First order	 qecal. (mg.g–1)	 K1 (min1)	 R2

	 1.992	 0.0025	 0.961

Pseudo-Second order	 qecal. (mg.g–1)	 K2 (g.mg–1. min–1)	 R2

	 2.652481	 0.004228	 0.995

Elovich model	 α (mg.g–1 . min–1)	 β (g. mg–1)	 R2

	 0.0947	 2.1841	 0.9697

Intra-particle diffusion	 BL(mg.g–1)	 Kdif (mg g−1 min−1/2)	 R2

	 0.3258	 0.0755	 0.9268

Part A	 0.0099	 0.1213	 0.982

Part B	 1.4458	 0.0324	 0.954

Table 1: The previous works for MB batch adsorption

Adsorbent adsorption	 Capacity (mg g–1)	 References

Neem leaf (Azadirachtaindica) 	 8.76	 200548

Bamboo	 454.2	 200734

Kaolinite	 3.05	 200949

Bentonite	 9.12	 201150

Pea shell	 246.91	 201324

Corn husk	 662.25	 2013 51

Keratin	 170	 201427

cross-linked chitosan/bentonite
composite	 142.9	 201552

heteroatom-codoped porous carbon 	 100.2	 201853

**VACFF-1300	 256.1	 201954

VACFF-1600	 325.8	 201954

Activated carbon from coffee husk	 6.82	 202033

*DDAB-BC	 164	 202055

Polylactic acid membrane	 97	 202025

PLLA/PANI	 135	 202025

Polyaniline (PAN)	 115	 202025

PAN/PANI	 140	 202025

 Magnolia denudate
leaves(MDL)	 185.19	 202056

Magnolia grandiflora leaves (MGL)	 149.25	 202056

Michelia figo leaves
(MFL)	 238.10	 202056

PVA/CMC/halloysite nanoclay	 8.29	 202057

***Nano-Carbon adsorbent	 118.98	 202258

Molybdenum Disulfide nanomaterials	 200	 202259

Red mud	 147.71 	 202260

Nano cellulose	 4.5	 202235 
magnetized corn cobs (MCC)	 13.23	 202346

This work	 2.66	

* didodecyldimethylammonium bromide – brown clay.    **viscose activated carbon fib-
er felets.    ***zinc gluconate and citric acid
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(0.982), that represent the external surface adsorption or 
instantaneous adsorption stage, while part B: represent the 
adsorption process from 300 to1035 minutes, which at-
tributed to the gradual adsorption stage, where intra parti-
cle diffusion is rate-controlled.63 At this period the thick-
ness of the boundary layer increase (BL = 1.4458), so the 
resistance to the external mass transfer increase as the 
boundary layer increase.64 In addition, the rate constant of 
the intra-particle diffusion Kdif will decrease (from 0.1213 
to 0.0324) leading to a decrease in the rate of adsorption. 
At this part, the surface adsorption is more participative in 
the rate determining step.65

3. 8. The Adsorption Isotherm Models
The distribution of the solute molecules between two 

phases; sold phase (adsorbent) and the liquid phase; at an 
equilibrium state, can be represented by the isotherm models.

Table S1 shows the entire isotherm models used 
which include two and three parameters. The obtained re-
sults from the applied adsorption isotherm model using 
Error functions and SNE method for adsorption of MB on 
(PTC) illustrated in table 4.

a) Two parameter model:
1) Freundlich Isotherm:

Figures S11, S12, and Table 4 show the results of lin-
ear and nonlinear Freundlich isotherm equations for the 
adsorption of MB at ambient temperature. The results 
show high values of the coefficient of determination R2 
(0.975 and 0.994) for linear and non-linear equations re-
spectively.in addition, the values of Freundlich equations 
constants (n, Kf ) are very close to each other for linear and 
non-linear expressions. so that the adsorption of MB onto 
the (PTC) mat obeys the Freundlich isotherm model.

2) Langmuir Isotherm:
The plot of non-linear and linear equations for Lang-

muir isotherm is shown in figures S13 and S14 respective-
ly. Despite, the Langmuir Isotherm having a higher value 
of determination coefficient R2 (0.9998) for linear form 
(see Table 4) it is not suitable for our adsorption system 
due to unreasonable values (negative values) of qmax and 
KL. Also, there are big differences between these values for 
linear and non-linear forms.

3) Dubinin- Radushkevich isotherm:
Figures (S15-S16) and Table 4 show the results of 

non-linear and linear Dubinin-Radushkevich isotherm for 
the adsorption of MB at ambient temperatures. Investiga-
tion of these results leads to that the linear regression of 
Dubinin-Radushkevich isotherm has R2 values equal to 
0.91 for each linear and non-linear. Also, all other param-
eters are comparable to each other. In addition, the value 
of adsorption energy (E = 3.75 E + 2 J mol–1) indicates that 
MB adsorption is a physical adsorption process66. But un-

fortunately, the qmax is so small (2.5 mg g–1) and not con-
sistent with practical results.

4) Temkin Isotherm:
For the non-linear form of Temkin isotherm, we plot 

(qe) against (Ce), this plot is illustrated in figure (S17) 
while plot (qe) against (ln Ce) (figure S18) represents the 
linear regression of Temkin isotherm. The parameters val-
ues for Temkin isotherm (At, Bt, bt) for non-linear; which 
is obtained according to the SNE method; and linear re-
gression at ambient temperature are shown in Table 4. The 
values of these parameters are so close and comparable to 
each other for non-linear and linear regression. Also, the 
results show an acceptable value of the Coefficient of de-
termination R2 (0.936, 0.942) for non-linear and linear re-
gression respectively. These results prove that the Temkin 
isotherm model is a fit with our data.

b) Three parameter model:
The data for the three parameters model; Redlich-Pe-

terson, Sips, and Toth; for linear and non-linear regression 
at ambient temperature were obtained using trial and error 
in the solver add-in with Microsoft’s spreadsheet, Micro-
soft Excel. The results show big differences in values for 
these parameters for linear and non-linear regression for 
these isotherms that indicate the error does not obey the 
Gaussian distribution.67

1) The Redlich-Peterson Isotherm:
Figure S19 represents the non-linear regression 

based on the SNE method for the Redlich-Peterson iso-
therm, while Figure S20 represents the linear form. The 
values of Redlich-Peterson Isotherm’s parameters (K, a, b) 
for non-linear and linear regression at ambient tempera-
tures are shown in Table 4. In spite of the R2 value for line-
ar regression being high (0.995) but the exponent parame-
ter value (b) is negative; should be lies between 0 and 1.68 
So the Ridlich Peterson model is not suitable for the ad-
sorption of MB onto (PTC) mat.

2) Sips Isotherm:
The Sips isotherm model is a hybrid model and the 

most usable three-parameter model for monolayer ad-
sorption69. Figures (S21 and S22) represent the non-linear 
based on the SNE method and the linear regression of Sips 
isotherm. The results show that the parameters’ values 
(qmax, n, b) for the linear and non-linear equations of the 
Sips Isotherm model at ambient temperature are compara-
ble to each other (see Table 4) and the R2 values are high 
(0.995 for non-linear and 0.992 for linear regression). It 
seems a good fit with our data except the qm values are so 
high and not compatible with experimental data.

3) Toth Isotherm:
Figures S24 and S23 illustrate the linear form of the 

Toth equation which consist of plotting ln   
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against (ln Ce) and the non-linear form based on SNE 
method. (qmax, n, KT) represent the Toth isotherm param-
eters, and the values of these parameters using a linear and 
non-linear form of the Toth equation are shown in Table 4. 
The values of these parameters are so different from each 
other for linear and non-linear forms and the qmax value is 
very small for the linear form and very high for the 
non-linear form compared with what we expect from the 
experimental data, in addition, the Coefficient of determi-
nation R2 values for the linear and non-linear Toth equa-
tions are far away from 1 (R2 = 0.698, 0.865) respectively. 
So the Toth isotherm is not suitable for application in this 
adsorption system.

3. 9. Error function
Table 4 shows the value of the sum of the normal-

ized errors SNE for non-linear equations after analyzing 
five error functions, which are: Sum of squares of the er-
rors (SSE), Chi-square test (χ2), Derivative of Marquard’s 
Percent Standard Deviation (MPSD), the Average Relative 
Error (ARE), and Sum of Absolute Error (EABS) using 
Microsoft Excel solver Add-Ins for minimizing the re-
spective error function across the concentration range 
studied. Also, the Coefficient of determination R2 was cal-
culated for linear and non-linear isotherm model equa-
tions. The result signed Chi-square test (χ2) is the best er-
ror function according to the SNE method for all 
non-linear equations (except Dubinin-Radushkevich is 
MPSD and EABS). This result agrees with Lekan et al.70 

and Neera Singh et al.71

3. 10. Carbon Foot Print
The carbon footprint of the optimized composite 

was calculated using eq 13, where “CO2-e,” “Q,” and “F” 
represent the CO2 equivalent emission, material amount, 
and emission factor for producing 1 m3 of the resultant 
material, respectively72,73.

For the improved proposed composites based on cit-
ric acid and PVA as the main parameters, the CO2 equiva-
lent emission is summarized in Table 3. It is clear that all 
values of CO2-e is 1.98 kg CO2-e/m3. So PTC nanofiber 
mat is respond to Sustainable Development Goal 17 (SDG 
17), especially 6 Clean water and sanitation, 13 climate ac-
tion.

� 13

Table 3. CO2-e Emissions (kg CO2-e/m3) for the Proposed PTC

Sample	 Value	 Value	 Total value
type	 (kg CO2-e/m3)	 (kg CO2-e/m3) 	 (kg CO2-e/m3) 
	 for the PTC	 for the PTC

PVA 	 2	 2 × 0.98 = 1.96	
1.98
Citric acid	 20	 20 × 0.01 = 0.2	
TiO2	 0	 0.0 × 0.01 = 0.0	

3. 11. Future Prospective
Determination of the optimum conditions for the 

adsorption of methylene blue. Artificial intelligence (AI)-

Table 4. Parameters of linear and non-linear isotherm models 

Isotherm	 T	he parameters for Linear equation				   The parameters for nonlinear eqn.

Two parameters Isotherms

Frendlich	 KF (mg g–1) 	 N		  R2	 KF (mg g–1) 	 n		  R2	 Error 	 SNE
	 (L/mg)1/n				    (L/mg)1/n				    function	
	 0.0983	 0.673		  0.975	 0.08	 0.617		  0.994	 χ2	 3.683

Langmuir	 KL (L mg–1 )	 qmax (mg g–1)		  R2	 KL (L mg–1 )	 qmax (mg g–1)		  R2	 Error function	SNE
	 –0.0698	 –1.97		  0.9998	 0.0056	 42		  0.85	 χ2	 3.586

Dubinin-	 KDR (mol2 J–2)	 qmax (mg g–1)	 E (J mol–1)	 R2	 KDR (mol2 J–2)	 qmax (mg g–1)	 E (mol J–1)	 R2	 Error function	SNE
Radushkevich	 3.5E-06	 2.5	 3.75E+02	 0.91	 3.55E-06	 2.5	 3.75E+02	 0.91	 MPSD,EABS	 0.734

Temkin	 bt (J mol–1)	 At (L mg–1)	 Bt	 R2	 bt (J mol–1)	 At (L mg–1)	 Bt	 R2	 Error function	SNE
	 1384	 0.3916	 1.7897	 0.942	 1531	 0.413	 1.618	 0.936	 χ2	 4.100

Three parameters isotherms

Redlich-	 K(L mg–1)	 a (L mg–1)b	 b	 R2	 K(L mg–1)	 a (L mg–1)b	 b	 R2	 Error function	SNE
peterson	 25.78	 294.891	 –0.575	 0.992	 0.23	 1.00E-05	 8.77E-04	 0.865	 χ2	 3.611

Sips	 qmax(mg g–1)	 b(L mg–1)	 n	 R2	 qmax(mg g–1)	 b(L mg–1)	 n	 R2	 Error function	SNE
	 200	 7.67E-03	 0.6256	 0.992	 316.27	 6.15E-03	 0.61425	 0.995	 χ2	 2.221

Toth	 qmax(mg g–1)	 KT (L mg–1)	 n	 R2	 qmax(mg g–1)	 KT (L mg–1)	 n	 R2	 Error function	SNE
	 3	 0.117	 30	 0.698	 250	 9.18E-04	 3.14	 0.865	 χ2	 3.623
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based techniques have been proposed as effective methods 
for predicting treatment outcomes.

4. Conclusion
A PTC mat with a fiber diameter range of (170nm) 

was successfully achieved in the electrospinning process, 
this mat was appropriately used in removing MB dye in 
two ways; photolytic and adsorption process with opti-
mum conditions (0.03 g of mat, 15 ppm of MB concentra-
tion, and pH = 7 at ambient temperature). The Kinetic 
study of adsorption proves that the adsorption process 
obeyed the pseudo-second order and good fitting with the 
Elovich model which indicates the adsorption process is 
chemical adsorption. Also, the results show the adsorption 
mechanism follows intra-particle diffusion model. Seven 
isotherm models having two and three parameters with 
linear and non-linear regression were investigated and 
conducted different error functions. The results show that 
the Freundlich isotherm and Temkin models are the best 
fit for our data and the Chi-square (χ2) is the best error 
function according to the SNE method.
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Povzetek
Oskrba z vodo je velik izziv za podnebne spremembe in prenaseljenost. Podloga iz nanovlaken, sestavljena iz polivinil 
alkohola (PVA), nanoTiO2 in citronske kisline (PTC), je bila pripravljena s tehniko elektropredenja pri konstantnem 
pretoku (0,5 ml/h). Morfologijo podlage smo detektirali s tehniko (FESEM) in programsko opremo za slike J. Rezultati 
kažejo, da ima podlaga morfologijo nanovlaken s povprečnim premerom 170 nm. Ta podlaga je bila uporabljena za 
odstranjevanje metilen modrega (MB) iz vode na dva načina, s postopkom adsorpcije in s fotodegradacijo z uporabo 
UV svetlobe. Izvedena je bila kinetična študija adsorpcije metilen modrega MB na PTC podlago. Rezultati kažejo, da je 
psevdodrugi red najboljši za opis adsorpcije MB, in da je difuzija znotraj delcev korak, ki določa hitrost. Sedem izoter-
mnih modelov; štirje z dvema parametroma in trije s tremi parametri so bili uporabljeni za preučevanje adsorpcijskih 
eksperimentalnih podatkov z uporabo metod linearne in nelinearne regresije z napako šestih funkcij. Rezultati so poka-
zali primerljive podatke med linearnimi in nelinearnimi regresijskimi metodami za izoterme dveh parametrov, najboljše 
ujemanje izoterm s podatki pa sta bila modela Freundlich in Temkin. Nasprotno, izoterme treh parametrov so pokazale 
moteče podatke med linearnimi in nelinearnimi regresijskimi metodami. Poleg tega rezultati napovedujejo, da je bila 
najboljša funkcija napovedne napake chi-square test.
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Abstract
Diabetes mellitus is a chronic metabolic disorder marked by elevated blood sugar levels, leading to organ dysfunction. 
Curcumin, derived from turmeric, exhibits promise in managing type II diabetes. Amphipathic polymer prodrugs were 
synthesized by conjugating curcumin with chitosan through succinic anhydride. Nanomicelles, formed via dialysis of 
amphipathic polymer prodrug, were spherical with an average hydrodynamic size of 57 nm. In vitro release studies re-
vealed 97% curcumin release at pH 5 in 7 days. A 21-day experiment on diabetic mice compared nano micelles, standard 
drugs, and free curcumin’s impact on fasting blood glucose. The study showcased gradual, controlled curcumin release 
from nano micelles, suggesting their potential in type II diabetes treatment.

Keywords: Chitosan, Curcumin, nano micelles, polymer-prodrug, Type-II diabetic

1. Introduction
Diabetes mellitus (DM) is a chronic metabolic dis-

order marked by persistent high blood glucose levels, 
termed hyperglycemia. Prolonged hyperglycemia can 
cause significant harm to the body, impairing function 
and potentially leading to organ and tissue dysfunction. 

According to the International Diabetes Federation (IDF) 
in 2021, approximately 10.5% of adults aged 20 to 79 have 
diabetes, with nearly half undiagnosed. IDF predicts that 
by 2045, diabetes prevalence among adults will rise to 1 in 
8, affecting around 783 million people, marking a 46% in-
crease from current levels.1,2 Type 2 diabetes mellitus pre-
dominates among major diabetes categories, encompass-
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ing around 90% of global diabetes cases.3,4 Insufficiency 
of insulin production (Type 1 diabetes) or diminished 
cellular sensitivity to insulin (Type 2 and gestational dia-
betes) are the causes of prolonged hyperglycemia. Insu-
lin-producing β cells are autoimmunely destroyed in type 
1 diabetes; the destruction was previously linked to a 
T-cell-mediated attack. Nevertheless, the cause encom-
passes both environmental and genetic components, in-
cluding viral infections, altered intestinal microbiota, and 
dietary patterns, as well as HLA alleles.5 However, it is 
hypothesized to be associated with suboptimal dietary 
patterns characterized by high carbohydrate intake and a 
sedentary lifestyle. There is a gradual transition from a 
relative shortfall of insulin and lacking with its sensitivity 
leads to an absolute deficiency, which eventually requires 
the injection of exogenous insulin to regulate glucose lev-
els.3,6,7  Type 2 Diabetes Mellitus (T2DM) traditionally 
associated with the elderly, is now increasingly prevalent 
among children and young individuals. This rise is linked 
to inadequate dietary intake, sedentary lifestyles, and obe-
sity rates. The phytochemical compounds produce a sig-
nificant therapeutic response in the treatment of metabol-
ic disorders such as diabetes mellitus due to their low 
toxicity. Curcumin, (CCMN) a polyphenolic phytochem-
ical derived from the rhizome of the turmeric plant (Cur-
cuma longa), has several medicinal properties (like an-
ti-inflammatory, anti-cancer, antioxidant, wound healing, 
and anti-diabetic etc).8–10 It has a wide range of potential 
applications and therapeutic activity. Still, its use is limit-
ed due to its very low aqueous solubility, chemical insta-
bility, photosensitivity, first-pass metabolism, insufficient 
tissue distribution, and inadequate absorption, resulting 
in inadequate bioavailability.11–13 Studies have demon-
strated that CCMN regulates lipid metabolism by sup-
pressing key inflammatory transcription factors (MCP-1, 
IL-6, HbA1c, TNF-α), reducing hepatic lipogenesis, and 
enhancing lipid mobilization enzyme activity. In animal 
models of diabetes, curcumin exhibits anti-hyperglyce-
mic and anti-hyperlipidemic effects. Additionally, its anti-
oxidant properties mitigate oxidative stress, a factor in 
Type 2 Diabetes Mellitus development. Curcumin has an-
ti-inflammatory properties via its ability to reduce the lev-
els of inflammatory factors, as well as through blocking 
signalling pathways such as NF-κB.14,15  Moreover, it plays 
a crucial function in safeguarding heart health via its abil-
ity to mitigate apoptosis and inflammation in individuals 
with diabetic cardiomyopathy. The cumulative data indi-
cate that curcumin may have therapeutic advantages in 
managing T2DM and its related problems.16,17 A variety 
of approaches, including the encapsulation of CCMN in 
different lipid nanocarriers or the formation of poly-
mer-prodrug complexes, are intended to address these 
challenges. Polymer-drug conjugates represent a preva-
lent and efficacious method for the delivery of hydropho-
bic drugs. This concept, initially introduced by Ringsdorf 
et al. in 1975, facilitates controlled drug release, enhances 

therapeutic efficacy, reduces adverse effects, and improves 
patient compliance by increasing drug solubility in aque-
ous solvents.18,19

Chitosan (CHT), a biopolymer known for its bio-
compatibility, biodegradability, and ability to form gel-like 
structures in acidic conditions, is utilized in drug delivery 
applications. With its glucosamine unit containing hy-
droxyl and amine groups, chitosan enables the conjuga-
tion of many drugs and other substances.20 This property 
can improve the drug’s solubility, stability, and toxicity 
and  facilitate the delivery of the drug to specific cells or 
tissues.21–23 In this study, we proposed preparing the poly-
mer prodrug conjugate by chemically binding curcumin 
and chitosan. The conjugation was done in the presence of 
succinic anhydride, which could act as a bridge between 
the chitosan and curcumin. This conjugate was converted 
to nano micelles in an aqueous environment, which may 
increase CCMN solubility and stability.24,25 The in vitro 
hemocompatibility and physicochemical characteristics 
was investigated. The therapeutic potentiality, toxicity, and 
biochemical parameters of nano micelles was examined in 
in-vivo diabetic Balb/C mice induced by streptozotocin for 
21 days.

2. Experimental 
2. 1. Materials

Chitosan (low molecular weight ~ 50000 Da) pur-
chased from Sigma-Aldrich, curcumin, succinic anhy-
dride, dimethyl sulfoxide (DMSO), N, N΄dicyclohexylcar-
bodiimide (DCC), 4-dimethylamino pyridine (DMAP), 
pyrene, pyridine, mono-tetrazolium salt (MTT) and other 
compounds were purchased from SRL Chem Pvt. Ltd 
(Mumbai, India). The blood was purchased from the certi-
fied blood bank in Kolkata, India. All the chemicals are 
used as analytical grades.

2. 2. �Synthesis of Succinyl-Curcumin 
Conjugate (SUC-CCMN)
To synthesize SUC-CCMN, initially, CCMN (0.7368 

g, 2 mmoL) and succinic anhydride (0.2001 g, 2 mmoL) 
were dissolved in 30 mL benzene and then added 2mL 
pyridine consequently refluxed for 36 h at 80 °C. After re-
moval of the solvent under low pressure and lower temper-
ature, the residue was purified by column chromatogra-
phy, where hexane-ethyl acetate (95:5) was used as the 
mobile phase and silica gel as a stationary phase to get the 
final product SUC-CCMN (Yield = 0.32 g, 68.31%).26

2. 3. �Synthesis of CHT-di(SUC-CCMN) 
Conjugates
To synthesize CHT-di(SUC-CCMN) conjugate, in-

itially, in 20 mL DMSO carbohydrate polymer CHT 
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(1.52 gm, 1 mmoL) and SUC-CCMN (0.93 mg, 2 mmoL) 
were dissolved at room temperature. After both com-
pounds were dissolved entirely, DCC (412 mg, 2 mmoL) 
and DMAP (116 mg, 1 mmoL) were added to the mix-
ture while stirring continuously. This reaction was car-
ried out in the dark at room temperature for 24 h. Fol-
lowing the completion of the reaction, the product was 
filtered to precipitate the CHT-di(SUC-CCMN) conju-
gate. The filtrate was added into a 50 mL solution con-
taining a 1:1 (v/v) ratio of ethanol and ethyl ether to pre-
cipitate CHT-di(SUC-CCMN) conjugate. Figure 1 
depicts the schematic processes for CHT-di(SUC-
CCMN) synthesis.

2. 4. �Preparation of CHT-di(SUC-CCMN) 
Conjugates Micelles
For the preparation of CHT-di(SUC-CCMN) conju-

gated micelles (CDSCM), 1 mg/mL CHT-di(SUC-CCMN) 
was prepared with DMSO by proper mixing. Then CHT-
di(SUC-CCMN) mixture was taken into a dialysis bag 
(Mol.Wt 12 kDa), placed into double distilled water for 24 
h, and replaced in 4 h intervals. The solvent remained in 
the reaction process, and other components were eliminat-
ed through dialysis. After completion of dialysis, it was 
passed through a filter of 0.45 μm pore size to avoid the 
large particles, then lyophilized the product. The final mi-
celles were stored in a cool and dry place for further use.27 
The yield of CDSCM was about 81±6%.

2. 4. �Physicochemical Characterizations of 
CDSCM

2. 4. 1. Characterizations of CDSCM

The structure of synthesized CHT-di(SUC-
CCMN) was confirmed by different instrumental anal-
yses, like an FTIR spectrophotometer (Shimadzu Corp 
No. 01988) with a spectral range of 4000 cm−1 to 400 
cm−1. 1H-NMR (Bruker–500 MHz spectrometer) spec-
tral analysis was done with the solvent DMSO-d6 and a 
UV–vis spectrophotometer (Shimadzu, Japan) over 
200–700 nm. To know the morphology, hydrodynamic 
size, and zeta potential of the CDSCM, a zeta seizer 
(Nano-ZS 90, Malvern Instrument, UK), field emission 
scanning electron microscope; FEI, Quanta 200 (FE-
SEM). To make the SEM sample, 1 mg/mL of lyophilized 
CDSCM powder was mixed with 1 mL of double dis-
tilled water. Then, the dispersion was placed on an alu-
minum sheet to make the thin film. The air-dried film 
was then coated with gold and evaluated under the 
SEM. A high-resolution transmission electron micro-
scope (HR-TEM) (JEOL Japan, JEM-2100 Plus) was 
used, and TEM samples were prepared by placing a 
0.001 mg/mL drop of CDSCM dispersion on the car-
bon-coated copper grid.  

2. 4. 3. �Critical Micelle Concentration (CMC) 
Determination

To determine the CMC of CHT-di(SUC-CCMN), 
different concentrations of CHT-di(SUC-CCMN) solu-
tions ranging from 0.004 mg/mL to 2.5 mg/mL were vor-
texed with diluted fluorescent probe pyrene  (used as fluo-
rescent dye ) solution. The CHT-di(SUC-CCMN) mixture 
was left overnight to record fluorescence using a fluores-
cence spectrophotometer at 390 nm emission (Infinite 
M200, TECAN).28

2. 5. Drug Loading Capacity
A specified high concentration of CCMN solution 

was prepared, and various concentrations of CCMN solu-
tion were prepared using the serial dilution procedure us-
ing DMSO as a solvent. The absorption was measured at 
435 nm, and a standard curve was prepared. Absorption 
was measured after preparing a known concentration 
(1mg/mL) of CHT-di(SUC-CCMN) conjugate micelle 
(CDSCM) in DMSO solvent. The quantity of CCMN in 
the CHT-di(SUC-CCMN) conjugate micelle was deter-
mined using the standard line (equation). The following 
equation was used to compute the CCMN loading capacity 
of the CHT-di(SUC-CCMN) conjugate in micelles:

� (1)

2. 6. �Stability of free CCMN and CDSCM in 
Physiological Conditions
The stability of the compound in different pH is dif-

ferent. The stability of free CCMN and CDSCM were ana-
lyzed in PBS buffer pH 7.4 for a specific incubation period 
at 37 °C, taken absorption by UV–vis spectrophotometer 
at 427 nm. The change of absorbance in the physiological 
condition of both compounds was noted and plotted 
graphically.29

2. 7. CCMN Release Study from CDSCM
In CDSCM, CCMN is conjugated with CHT through 

pH-sensitive succinyl ester bonds. The cumulative releases 
of CCMN from CDSCM were measured in PBS buffer pH 
5.0 and 7.4. A fixed quantity of CDSCM (10 mg) was dis-
persed in each 10mL of PBS buffer pH 5.0 and 7.4 solu-
tions. All those solutions were taken into two separate di-
alysis bags and transferred into 90 mL respective buffer 
solution containing beakers. Those were incubated at 37 
°C for 7 days with moderate shaking. During the incuba-
tion period, with an increasing time interval, 2 mL of the 
sample was withdrawn from each beaker and replaced 
with the respective buffer.30 A UV-vis spectrophotometer 
analyzed the concentration of CCMN at 427 nm. 
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2. 8. Blood Compatibility 

A hemolysis study monitored the hemocompatibility 
of CDSCMs using a blood sample obtained from a local 
blood bank. RBCs were separated from the blood sample by 
centrifugation at 2000 rpm for 5 min. The collected RBCs 
were washed three times in PBS buffer. The stock RBC solu-
tion was made by combining 100 µL of washed RBC with 10 
mL of PBS (pH 7.4) buffer. To determine the hemoglobin 
release from RBC by CDSCM, 100 µL of stock RBC solu-
tions were subjected to 100 µL different concentrations of 
CDSCM ranging from 0.5 to 2 mg/mL for 30 min at 37 °C. 
Then, all those solutions were centrifuged separately at 1500 
rpm for 5 min, and the supernatant was taken for UV–visi-
ble absorbance at 541 nm.31,32 PBS buffer pH 7.4 solution 
was utilized as a negative control, and distilled water as a 
positive control. The hemolysis percentage (Hp%) of CD-
SCM will be determined using the equation shown below:

� (2)

Where AS = absorbance of the sample, the absorb-
ance of the PBS buffer = An, and absorbance of distilled 
water = Ap. All the readings were taken in triplicate.

2. 9. In-vivo Experimental Protocol
2. 9. 1. Experimental Animals 

For the in vivo antidiabetic activity study, male Bal-
b/C mice weighing about 25–30 g were  obtained from 
Chakraborty Enterprises (North 24 Parganas PIN-743312 
West Bengal), registered breeders.33,34 Before the start of 
experiments, they were kept for seven days to adjust stand-
ard laboratory conditions with a standard diet according 
to protocols. This experiment followed the guidelines of 
the “Institutional Animal Ethics Committee (Registration 
number:  1805/GO/Re/S/15/ CPCSEA)”, Jadavpur Univer-
sity, India (Approval of project proposal No: JU/
IAEC-22/30), throughout the study, followed the National 
Institute of Health (NIH) recommendations.

 
2. 9. 2. Experiment Design of In vivo Study

A total of 30 Animals were taken and equally divided 
into five groups. Group I: Non-diabetic control animals 
(NDC) received a high fat-containing regular diet. Group II: 
Diabetic control (DC) received a high fat-containing regular 
diet with a single dose of diabetic inducer. Group III: Diabet-
ic control free CCMN (DC-FCUR) received a high fat-con-
taining regular diet with a single dose of diabetic inducer and 
treated orally with free CCMN at 100 mg/kg body weight for 
21 days. Group IV: Diabetic control drug-containing nano-
particle (DC-DCN) received a high fat-containing regular 
diet with a single dose of diabetic inducer and treated orally 
with CDSCM equivalent to 100 mg/kg CCMN payload for 
21 days. Group V: Diabetic control standard drug (DC-SD), 

which received a high fat-containing regular diet with a sin-
gle dose of diabetic inducer and treated orally with 2mg/kg 
b.w. glibenclamide for 21 days.

2. 9. 3. Induction of Type-II Diabetes Mellitus 
To induce Type-II diabetes mellitus, a single in-

tra¬peritoneal injection of STZ (45 mg/kg to overnight 
fasting animals) followed by a 110 mg/kg intraperitoneal 
injection of nicotinamide after 15 min.35–37 both solution 
was prepared separately by dissolving in citrate buffer pH 
4.5 and saline solution, respectively.  Non-diabetic control 
(Group I) animals were injected with saline instead of 
STZ. FBG levels of all animals were measured by an ac-
cu-check glucometer (Roche Diagnostics) on alternate 
days. Animals with FBG levels ≥ 200 mg/dl for three con-
secutive days after STZ injection were considered diabetic 
animals, and animals with blood glucose levels ≤ 145 mg/
dl were considered non-diabetic animals and were exclud-
ed from the experiment.

2. 9. 4. Sampling of Blood to Estimate FBG Level
Blood samples were collected by pricking the tail and 

then gently milking it with warm water to evaluate the FBG 
level of each animal. The direction of milking was from the 
body side to the tail tip to enhance bleeding. One drop of 
blood was placed on a strip of the accu-check glucometer to 
take blood glucose levels, and it was done in duplicate to 
ensure the consistency of glucometer readings.38

2. 9. 5. Measurement of Body Weight 
Every four days, the body weight of each animal in 

each group was measured. The variation in weight was 
documented. After 21 days, the liver weight of each animal 
was also recorded.

2. 9. 6. �Estimation of Biochemical Parameters 
Level 

For estimating the biochemical parameters, the 
blood of all animals was collected under mild anesthesia 
through cardiac puncture on the 21st day of the study. 
Blood samples were centrifuged for 15 min at 4000 rpm in 
a cooling centrifuge. Serums were correctly leveled and 
stored at –80 °C for further analysis. Auto-analyzer (USA) 
and ELISA kits for estimating the level of a lysosomal en-
zyme like alkaline phosphatase (ALP) (rAPid Alkaline 
Phosphatase; Roche), acid phosphatase (ACP) (CS0740, 
Sigma Aldrich ), lipid profile components like HDL, LDL, 
serum triglycerides (TGL), total serum cholesterol, liv-
er-specific enzymes like serum glutamate oxaloacetic 
transaminase (SGOT), serum glutamate pyruvic transam-
inase (SGPT), Hemoglobin A1c (HbA1c) (CS0740, Sigma 
Aldrich) and serum uric acid.38,39
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2. 9. 7. �Carbohydrate Metabolizing Enzymes 
Estimation

To estimate the level of hexokinase (HK), glu-
cose-6-phosphate dehydrogenase (G6PD), and lactate de-
hydrogenase (LDH) parameters in the pancreas, liver, and 
kidney, all animals were euthanized with thiopental sodi-
um after 21 days of treatment. Those tissues (0.3 g) were 
taken separately and homogenized in 3 mL of 0.01M Tris-
HCL centrifuged at 10000 rpm for 20 min at 4 °C. Super-
natants were treated with the corresponding colorimetric 
assay kits for HK, G6PD, and LDH.39,40

2. 10. Statistical Analysis 
For the statistical analysis, all the readings were tak-

en more than two times, standard deviation (SD) was cal-
culated from obtained data, and the actual value of the 
readings was represented as mean ± SD, were it possible. 
For the statistical processing of obtained results, one-way 
analysis of variance (ANOVA) with P-value < 0.05 was 
used to know the groups/category significant changes in 
another statistical tool, like a student t-test. Different soft-
ware like Origin Pro 9.0 and GraphPad Prism 6.0 are used 
for the graphical representation of statistically processed 
data.

3. Results
The primary objective of our investigation was to 

synthesize the CHT-CCMN conjugate, which was subse-
quently synthesized and characterized using various in-

strumental methods.  After confirming the synthesis of the 
conjugate, it was found that the conjugate was freely solu-
ble in an aqueous and non-aqueous solvent. The tri-mo-
lecular conjugated polymer-prodrug, consisting of a hy-
drophilic polymer and hydrophobic drugs, can enhance 
aqueous solubility, improve drug targeting, prevent drug 
resistance, and minimize the toxic effect of the desired 
drug.41,42 This study used CHT as a hydrophilic polymer, 
CCMN as a hydrophobic drug, and succinic anhydride as 
a bi-molecular pH-sensitive linker. CCMN, when conju-
gated with CHT via a succinyl ester link, creates an amphi-
philic polymer-prodrug known as CHT-di (SUC-CCMN). 
This prodrug self-assembles into nano micelles when 
placed in an aqueous media. CHT has several hydroxyl 
groups that have the capability to form bonds with multi-
ple SUC-CCMN molecules, enabling the transportation of 
CCMN for drug delivery purposes.

For the formation of CHT-di(SUC-CCMN) prodrug 
conjugate, CCMN refluxes with succinic anhydride in the 
presence of pyridine to form SUC-CCMN, which consists 
of a carboxylic acid group that can further react with a hy-
droxyl group of CHT to form an ester bond by a conden-
sation reaction in the presence of pyridine, as shown in 
Figure 1. The FT-IR spectrum of CCMN clearly shows 
characteristic peaks of phenolic O-H stretching at 3507 
cm–1

, for aromatic moiety C=C stretching peak at 1625 
cm–1, benzene ring stretching vibrations peak at 1596 cm–

1, for C=O and C=C vibrations peak at 1504 cm–1, for C-H 
bending vibrations of olefinic (>C=C<) bond peak at 1424 
cm–1 and for stretching vibrations of the aromatic C-O 
bonding peak at 1276 cm–1 could identify CCMN (Figure 
2).43,44 The FT-IR spectrum of SUC-CCMN shows a peak 
for phenolic O-H stretching at 3505 cm–1, a peak for aryl 

Figure 1. The schematic reactions for synthesizing SUC-CCMN and CHT-di(SUC-CCMN) conjugate.
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(C-H) stretching at 2942 cm–1, peaks for C=O stretching 
frequencies of a conjugated succinic acid moiety at 
1697cm–1, peak for C=C of CCMN at 1627 cm–1, a peak 
for stretching frequencies of C=O and C-O (enol) groups 
of CCMN moiety at 1510cm–1  and 1281 cm–1. The peak at 
1028 cm–1 is attributed to the stretching frequencies of 
C-O-C. The presence of prominent peaks at 3505 cm–1, 
1697 cm–1, and 1510 cm–1 corresponding to the –OH, C=O 
, and C-O bands, respectively, represent the successful 
conjugation of CCMN to SUC.25 The FT-IR spectrum 
(Figure 2) of CHT-di(SUC-CCMN) conjugate exhibits a 
new peak at 1735 cm–1 corresponding to the stretching fre-
quency of the C=O group and a peak at 1510 cm–1 corre-
sponding to the C-O (enol) bands stretching frequencies 
in addition to peaks exhibited by CHT and SUC-CCMN, 
those peaks represent the existence of newly formed ester 
bond between CHT and SUC-CCMN.42 The FTIR analysis 
demonstrates that the procedure begins with the reaction 
of CCMN and succinic anhydride, which results in the for-
mation of SUC-CCMN with a reactive carboxylic acid 
group. The FTIR spectrum reveals that this acid group in-
teracts with the hydroxyl group of CHT in the presence of 
pyridine to form an ester bond, leading to CHT-di(SUC-
CCMN) prodrug-polymer synthesis. The enhanced solu-
bility of curcumin in CHT-di(SUC-CCMN) could poten-
tially be attributed to the formation of a tenuous hydrogen 
bond between the carbonyl group (C=O) in curcumin and 
the hydroxyl group in chitosan.45 

To assure the formation of the conjugated structure 
of CHT-di(SUC-CCMN), CHT, CCMN, and SUC-CCMN 

were initially analyzed through 1H-NMR spectroscopy. In 
Figure 3, it was observed that protons of CCMN show 
characteristic peaks between 5.4–9.4 ppm;45,46  CHT shows 
its distinct peaks between 3.0–4.6 ppm for the protons of 
β(1–4)-D-glucosamine units,47 including peak at 1.3 ppm 
for the presence of acetylated chitosan impurities; SUC-
CCMN shows peak at 2.2 and 2.4 ppm for protons of –
CH2-CH2- (Succinyl moiety) including the peaks at 9.4 
and 12.5 ppm for the –OH proton of CCMN and succinyl 
moiety respectively in addition to peaks of CCMN. CHT-
di(SUC-CCMN) conjugate exhibits its peaks consisting of 
characteristic peaks of CHT (3.0–4.6 ppm), CCMN (5.4–
9.4 ppm), and succinyl (2.0 and 2.5 ppm) moiety excluding 
the peaks 12.5 ppm of succinyl moiety –OH proton were 
demonstrated the successful synthesis of desire conju-
gate.46,48 Analysis of the CHT-di(SUC-CCMN) conjugate 
by 1H-NMR confirmed its successful synthesis. The char-
acteristic peaks of CCMN, CHT, and SUC-CCMN were 
evident in their respective spectra. Notably, the conjugate’s 
spectrum displayed peaks from all constituents except the 
-OH proton of the succinyl moiety. This absence and the 
presence of all other expected peaks  strongly supported 
the construction of the designed conjugate. 

To know the presence of CCMN in the CHT-di(-
SUC-CCMN) conjugate, CCMN and CHT-di(SUC-
CCMN) were analyzed by UV–vis and fluorescence spec-
trometer. Both CCMN and CHT-di(SUC-CCMN) 
conjugate show peak Uv-absorbance at 427 nm (Figure 4a, 
4b), but conjugate shows a broader peak than the CCMN 
peak. The fluorescence emission spectral peak (the excita-

Figure 2: FTIR spectra Curcumin, Curcumin-mono succinate, Chitosan, and CHT-di(SUC-CCMN)
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tion wavelength 427 nm) of CCMN and CHT-di(SUC-
CCMN) shows at 550 nm and 522 nm, respectively, which 
help to conclude the formation of the conjugation within 
CHT and CCMN.49

The CHT-di(SUC-CCMN) conjugate consists of a 
free hydroxyl group containing the CHT moiety, which is 
the hydrophilic part. The CCMN moiety, the hydrophobic 
domain, jointly helps the amphiphilic to self-assemble into 
micelles (CDSCM) in an aqueous medium where the hy-
drophobic part forms the core and the hydrophilic part 

remains outside of the micelle. Critical micelle concentra-
tion (CMC) signifies a concentration at which the amphi-
philic polymeric compound can self-assemble into mi-
celles in the solvent. The CMC of CDSCM was determined 
by employing the self-quenching agent pyrene as the fluo-
rescence probe in an aqueous medium, and it helps to pro-
duce fluorescence for the presence of a lipophilic part of 
the micellar core. The intensity ratio of pyrene’s (I335/
I332) peaks depends on the medium’s polarity.50,51 The flu-
orescence intensity changed rapidly when pyrene transited 

Figure 3: 1H-NMR of spectra of Curcumin, Curcumin-monosuccinate, Chitosan, and CHT-di(SUC-CCMN)
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from hydrophilic media to the lipophilic core of CDSCM. 
Plotting the logarithm concentration of conjugate vs. in-
tensity ratio constructs two straight lines intersecting at a 
point called CMC, which was 0.4644 mg/mL (Figure 5A). 
The lower CMC values signify its stability, prolonging 
blood circulation and accessibility to the drug’s targeting.52 

The hydrodynamic particle size and zeta potential of 
the CDSCM were determined by dynamic light scattering 
(DLS). The hydrodynamic particle size distribution of CD-
SCM is shown in Figure 5C, and zeta potential is shown in 
Figure 5B. It was observed that micelles were about 57± 6 
nm in size from and polydispersity index was found to be 
0.19 Figure 5C. The zeta potential of CDSCM was meas-

ured to be –34.8 mV, suggesting a significant negative 
charge. This negative charge is caused by the presence of 
unbound hydroxyl (-OH) groups in the glucosamine units 
of the CHT moiety on the surface of CDSCM. This accu-
mulation of hydroxyl groups results in the formation of a 
highly negatively charged CDSCM surface. This negative 
change serves to maintain the CDSCM’s stability. Higher 
negative surface charges repel each CDSCM from the oth-
er, thereby reducing nano-micelle  accumulation.53 The 
morphology of CDSCM was also determined through 
SEM and TEM (Figures 5D, 5E). Figure 5D indicates that 
CDSCM were roughly spherical and mostly uniform in 
size. The shape of the particle is distinguishable. For better 

Figure 4: (a) UV–vis and (b) fluorescence spectra of CCMN and CHT-di(SUC-CCMN) conjugate   

Figure 5. (A) CMC of CHT-di(SUC-CCMN) conjugate; (B) Zeta potential of CDSCM; (C) Particle size distribution of CDSCM; (D) FE-SEM Image 
of CDSCM; (E) TEM Image of CDSCM 
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morphological evaluation, another microscopic (TEM) 
study was done. Figure 5E shows that the CDSCM are 
spherical in shape and within the size range of 50 nm ±15 
nm. The selected area electron diffraction (SAED) pattern 
in the bottom left corner of the TEM image shows that the 
CDSCM samples don’t have any crystalline particles. 
Based on the data shown in Figure 5, it is evident that the 
CDSCM was produced with precision, exhibiting higher 
zeta potential and smaller particle size. The size of the Na-
no micelles seen in the TEM analysis was primarily con-
sistent with the hydrodynamic sizes of the Nano micelles 
determined by DLS analysis. Based on the aforementioned 
results, it is obvious that the CDSCM has the potential for 
use in the applications described above.

In physiological pH, the stability of free CCMN and 
CDSCM was compared. The stability of free CCMN and 
CCMN in CDSCM was evaluated at pH 7.4. The stability 
of free and formulated drugs at physiological pH is critical 
in drug delivery investigations. PBS was used to make a 
highly concentrated solution of free CCMN and CDSCM 
(pH 7.4). Absorbance was measured at 427 nm using a 
UV-vis spectrophotometer at set intervals from both solu-

tions up to a particular period. The percentage of degraded 
compounds for both compounds was calculated and pre-
sented in Figure 6a. It was observed that free CCMN was 
about to degrade entirely after 8 h, while more than 90% of 
CCMN in CDSCM was still present at the same time. As a 
result, conjugated CCMN exist in CDSCM and are much 
more stable than free CCMN. CCMN micelles developed 
by conjugation of CCMN with CHT significantly improve 
CCMN stability (Figure 6a). 

The CCMN release pattern from CDSCMs was stud-
ied at physiological pH 7.4 and acidic pH 5, as shown in 
Figure 6b. It was observed that 97% of CCMN was released 
from CDSCM within 7 days in an acidic (pH 5) condition, 
whereas 49% of CCMN was released from CDSCM within 
the same time in a physiological pH 7.4 condition. The 
complete drug release was observed after 8 days of study in 
acidic pH 5, and it was observed that the CCMN presence 
in the CDSCM was about 36.8±2%, calculated using Equa-
tion 1. The higher release rate of CCMN in the acidic me-
dium than in the basic medium is due to the acid-catalyz-
ed hydrolysis of the ester linkage.54,55 As a result, the rate of 
CCMN release in physiological pH is lower than in acidic 

Figure 6: (a) Stability studies of CCMN and CDSCM, (b) Release profiles of CCMN from CDSCM under different conditions, and (c) Hemocom-
patibility assay of CDSCM
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pH. Thus, CDSCM is applicable for sustained CCMN de-
livery and helps overcome first-pass metabolism.56,57 The 
mechanism of drug release from CDSCM may depend on 
the release pattern in specific pH mediums. Release kinetic 
models were established for both acidic and basic medi-
um, revealing that in the acidic medium, the release fol-
lowed the first-order kinetic model, identified by its high-
est R2 value of 0.943 (Table 1). This indicates that the rate 
of drug release decreases exponentially over time as the 
drug concentration in the delivery system decreases. This 
release mechanism likely involves diffusion through a ma-
trix or dissolution of the drug from a reservoir. The acidic 
pH may facilitate this diffusion by swelling the nanomi-
celles and breaking the ester bond, releasing CCMN into 
the medium. On the other hand, at pH 7.4, a basic medi-
um, CCMN was released from the CDSCM following the 
Higuchi release kinetic model with the highest R2 value of 
0.802 suggests the release of CCMN diffusion through pol-
ymeric matrix.

Table 1: The release kinetics from the CDSCM 

pH of the medium	 pH 5	 pH 7.4
	              R2 Value	

Zero Ordar Model	 0.5676	 0.516
1st Order model	 0.9432	 0.581
korsmayar peppas model	 0.5498	 0.722
Higuchi model	 0.8371	 0.802
Hixson Crowell model	 0.8313	 0.559

Hemocompatibility is an essential criterion for eval-
uating compatibility regarding hemoglobin release from 
RBC by drug-loaded nanoparticles for the safety and bio-
compatibility of nano-drug formulation. Drugs associated 
with nanoparticles can damage the RBC partially or fully. 

A hemolytic study determined the percentage of hemoglo-
bin released from RBC. After CDSCM and RBCs interact, 
hemoglobin from the damaged RBCs could be released. A 
UV-visible spectrophotometer measured the absorbance 
of hemoglobin30, and was calculated in percentage. After 
sufficient time of incubation of CDSCMs with RBC, it was 
observed that around 2.5% of hemoglobin was released at 
the highest concentration of CDSCM (2mg/mL), as shown 
in Figure 6c. This signifies that our nano-formulation of 
CDSCM is compatible with RBC and blood, so these nano 
micelles are also applicable in intravenous administra-
tion.58–60 

After three days of diabetic induction, it was ob-
served that most of the animals had FBG levels of 284±9 
mg/dL. Consider those animals as diabetic animals, and 
those with fasting blood glucose levels ≤145 mg/dL were 
not considered for the study. After the diabetic induction, 
a gradual body weight loss was observed (Figure 7C) in 
group II, but a slight increase in body weight in group III 
animals was observed. A significant increase in body 
weight of group-IV (CDSCM receiving group) was ob-
served compared to group-V (diabetic control/standard 
drug) animals. The findings above highlight the signifi-
cance of inducing diabetes about body weight and the pos-
sible contribution of CDSCM in addressing the alterations 
in body weight linked to diabetes.

The FBG level of overnight-fasted animals was meas-
ured every four days. A gradual increase in FBG level was 
observed (Figure 7A) in group II, but a gradual decrease in 
FBG level was observed in groups III, IV, and V. The 
non-diabetic control group I did not see any substantial 
alteration in fasting blood glucose (FBG) levels. The de-
crease in FBG level in users of CDSCM in group IV was 
substantially greater than in recipients of the conventional 
medicine in group V. The maximum decrease in blood glu-
cose level was observed (Figure 7B) after 21 days of treat-
ment in CDSCM recipients in group IV. The changes in 

Figure 7: (A) Fasting blood glucose level after 21 days. (B) Change of body weight in 21 days.
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FBG concentrations reflect the effect of interventions on 
glucose metabolism. The observed reduction in fasting 
blood glucose (FBG) levels across groups III, IV, and V 
provides evidence of the potential efficacy of these thera-
pies in managing diabetes. The observed difference in the 
rate of reduction in fasting blood glucose (FBG) level be-
tween group IV (the group receiving the CDSCM treat-
ment) and group V may be attributed to the unique mech-
anism of action of CDSCM. The faster rate of decrease in 
FBG levels in the CDSCM group (IV) compared to the 
conventional drug group (V) demonstrates the potential of 
CDSCM as a promising strategy for controlling glucose in 
diabetes management.  

Biochemical parameters of all the experimental an-
imals were measured on the 21st days after induction of 
diabetes and before induction of diabetes (Table 2), 
which shows that, the levels of HbA1c, serum creatinine, 
serum uric acid, serum cholesterol, serum triglycerides, 
SGPT, SGOT, HDL, LDL, ALP, Hexokinase, G6PD, and 
LDH have no unexpected changes in the non-diabetic 
control group I but significant increases (except for HDL 
and Hexokinase) in the group II. Mild increases were ob-
served in the group III animals, and significant inverse 
phenomena were observed in groups IV and V. Hexoki-
nase and HDL remarkably increased in CDSCM-receiv-
ing group IV compared to diabetic control group II and 
standard drug-receiving group V. The consistency of high 
FBG levels in the animal group indicates high glycated 
hemoglobin (HbA1c).61 After 21 days, the HbA1c levels 
of animals in group IV treated with CDSCM were lower. 
This decrease in HbA1c reflects the improved blood sug-
ar management made possible by the administration of 
CDSCM. In addition, the investigation revealed a corre-
lation between skeletal muscle mass and creatinine lev-
els. As body weight decreased, creatinine levels in-
creased,  associated with an increased risk of type II 
diabetes.37 Notably, animals treated with CDSCM had 

significantly lower creatinine levels than those treated 
with free CCMN and the standard drug. This phenome-
non suggests that CDSCM can potentially reduce the in-
cidence of type II diabetes. The uric acid levels  in the 
blood have emerged as valuable markers for various dis-
eases, including stroke, hypertension, cardiac complica-
tions, and diabetes.38,62 CDSCM also decreased serum 
uric acid levels, suggesting a potential improvement in 
the associated health risks. The investigation also ex-
plored diabetic dyslipidemia, a disorder characterized by 
abnormal lipid levels, including cholesterol, triglycerides, 
and distinct lipoprotein fractions. This condition is close-
ly associated with type II diabetes.38,63 Remarkably, ani-
mals treated with CDSCM exhibited fewer lipid abnor-
malities than the control group, indicating a potential 
function for CDSCM in diabetic dyslipidemia manage-
ment.

The enzymatic focus of the investigation was on hex-
okinase, an enzyme with a negative correlation to diabetes. 
Notable was the increase in hexokinase levels in animals 
treated with CDSCM, which may have contributed to en-
hanced glucose metabolism. G6PD, an enzyme relevant to 
type II diabetes, is typically characterized by decreased tis-
sue levels that contribute to increased blood levels due to 
metabolic alterations. Nonetheless, administration of CD-
SCM decreased blood levels of G6PD, indicating a return 
to metabolic equilibrium. Type II diabetes includes a vari-
ety of metabolic disorders involving enzymes such as hex-
okinase, G6PD, LDH, SGPT, SGOT, and ALP, among oth-
ers.64,65 These enzymes exhibit altered concentrations in 
associated tissues and blood. The CDSCM treatment sig-
nificantly decreased the blood levels of these enzymes 
compared to other treatments, according to the study’s 
findings. Our studies amalgamate chemical synthesis and 
nanotechnology to increase bioavailability and deliver 
poorly water-soluble, highly degradable phytochemical 
curcumin in treating type II diabetes.

Table 2. Biochemical parameters after 21 days of treatment

Parameter	 Group I: 	 Group II: 	 Group III: 	 Group IV: 	 Group V: 
	 NDC	 DC	 DC-FCUR	 DC-DCN	 DC-SD

HbA1c (%)	 5.70 ± 0.23	 11.03 ± 0.31	 8.55 ± 0.22	 6.04 ± 0.20	 6.89 ± 0.16
Serum creatinine (mg/dL)	 0.81 ± 0.05	 1.51 ± 0.04*	 1.11 ± 0.03*	 1.01 ± 0.04	 1.17 ± 0.04
Serum uric acid (mg/dL)	 3.10 ± 0.40**	 5.30 ± 0.20*	 4.12 ± 0.31**	 3.62 ± 0.27*	 4.51 ± 0.52
Serum cholesterol (mg/dL)	 83.0 ± 1.1**	 157.1 ± 1.7**	 109.0 ± 1.2**	 91.1 ± 0.9*	 124.0 ± 2.1*

Serum triglycerides (mg/dL)	 90.0 ± 1.2*	 156.3 ± 1.9**	 121.7 ± 2.2**	 95.0 ± 1.4*	 111.0 ± 3.1**

SGPT (IU/L)	 70.0 ± 1.1	 170.6 ± 3.8**	 92.6 ± 3.1**	 72.0 ± 1.0	 80.1 ± 1.0
SGOT (IU/L)	 121.2 ± 2.3**	 255.3 ± 4.4**	 200.3 ± 2.3**	 136.2 ± 2.4**	 140.3 ± 2.3**

HDL cholesterol (mg/dL)	 51.1 ± 1.3**	 32.1 ± 2.1**	 38.5 ± 1.4**	 44.5 ± 1.5*	 43.1 ± 1.4*

LDL cholesterol (mg/dL)	 21.0 ± 1.3*	 88.8 ± 2.4**	 44.2 ± 1.5*	 33.5 ± 1.6*	 61.8 ± 1.7**

ALP (IU/L)	 170.0 ± 1.5**	 233.0 ± 3.1**	 203.1 ± 2.5**	 185.1 ± 2.2**	 211.1 ± 2.2**

Hexokinase (U/mL)	 1.65 ± 0.11	 0.25 ± 0.03	 1.04 ± 0.12	 1.47 ± 0.21	 1.14 ± 0.32
G6PD (U/mL)	 22.6 ± 1.4**	 85.4 ± 2.1**	 62.6 ± 2.5**	 29.0 ± 2.8**	 38.8 ± 1.8*

LDH (U/mL)	 13.6 ± 0.7*	 26.8 ± 1.4**	 20.8 ± 0.8*	 15.8 ± 0.8	 17.7 ± 1.0

Data represent mean ± S.D (n = 3). **p < 0.05; *p < 0.01.
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4. Discussion

In this study, the CHT-CCMN conjugate was synthe-
sized successfully. The polymer prodrug molecule was then 
converted to the nano micelles form, a transformation that 
not only demonstrates the versatility of our research but al-
so its potential for practical applications. The FTIR and 
NMR evaluation confirms that the polymer and the drug 
curcumin were chemically conjugated, proving our suc-
cess. It was discovered that the conjugate was readily solu-
ble in both an aqueous and an organic solvent, a character-
istic that enhances its potential applications. After 
conjugation, the lipophilic compound CCMN and the hy-
drophilic polymer CHT form an amphiphilic conjugate, a 
unique feature that further enhances its potential. In an 
aqueous environment, the amphiphilic conjugate self-as-
sembled into a micelle at a concentration of 0.4644 mg/mL, 
a finding that underscores its stability and accessibility. Due 
to the low CMC value, the nano micelles signify its stability, 
prolonging blood circulation and making it accessible for 
the drug’s targeting. This feature in stills confidence in its 
potential for drug delivery systems.66 The nano micelles ex-
hibited an average hydrodynamic size range of 57 ± 6 nm, 
as measured by a zeta seizer. The majority of the particles 
were concentrated within a very limited range. The mi-
celle’s polydispersity index was found to be 0.19, which sig-
nifies the homogeneity of micelle size. From these, it is un-
derstood that micelles are not aggregated and create a 
proper dispersion in aqueous medium. The zeta potential 
of the micelle was –34.8 mV, which suggests that the mi-
celles’ surface are highly negatively charged, which could 
help them repel each other, accumulate into the aqueous 
medium, and provide better stability. These negative sur-
face charges and smaller sizes may help micelles escape re-
ticuloendothelial system internalization.67,68 The SEM and 
TEM examination were conducted to morphologically 
characterize the CDSC micelles by microscopic inspection. 
The scanning electron microscope (SEM) picture revealed 
that the lyophilized powder of the CDSCM formed a nearly 
spherical and aggregated thin film. However, in order to get 
a precise comprehension, these micelles are examined us-
ing transmission electron microscopy (TEM), revealing 
their spherical shape and particle sizes ranging from around 
50±10 nm. This provides the similarity with the hydrody-
namic size of the prepared nano micelles. The morphologi-
cal evaluation of the nano micelles provides a clear under-
standing of the size and shape of the nano micelles, which 
is acceptable for the in vivo characterization, and better 
homogeneous biodistribution will occur.69 

The degradation study found that at physiological 
pH 7.4, more than 90% of CDSCM remained to degrade 
within eight hours. In comparison, free CCMN degraded 
almost entirely under the same conditions. This contrast 
emphasizes the stability of CDSCM to maintain its struc-
tural strength in the physiological environment. Moreover, 
CDSCM showed a longer drug release duration at the 

physiological pH compared to the medium’s acidic pH lev-
el. This extended drug release profile presents the potential 
for achieving controlled drug delivery by assuring a con-
stant drug release from micelles. In addition, CDSCM’s 
ability to release drugs under acidic pH conditions enables 
its use in various medical conditions where drug release is 
required in acidic environments, thereby expanding its 
versatility in drug delivery systems. 70,71 The effect of fast-
ing blood glucose (FBG) levels on animals treated with 
CDSCM was significantly greater than that of unbound 
CCMN and the standard drug glibenclamide.

Interestingly, the effects of CDSCM on body weight 
in diabetic-induced animals were found to be less severe 
than those of free CCMN and the conventional drug. The 
difference suggests that CDSCM may have a more targeted 
and potent effect on glucose regulation, potentially allow-
ing for a more targeted method of treating elevated FBG 
levels. In addition, the consistent elevation of FBG levels in 
these animals suggests the presence of an elevated amount 
of glycated hemoglobin (HbA1c), highlighting the chronic 
nature of the diabetic condition under study.72 After 21 
days, HbA1c levels were significantly reduced in animals 
treated with CDSCM, according to this research. This cor-
relation can be explained by the direct relationship be-
tween skeletal muscle mass and creatinine levels, where 
creatinine levels progressively increase as body weight de-
creases,  increasing the risk of type II diabetes.73 Notably, 
the creatinine levels of CDSCM-treated animals were sub-
stantially lower than those of CCMN-free and stand-
ard-drug-treated animals. Notably, treatment with CD-
SCM increased hexokinase enzyme levels, which may have 
improved glucose metabolism. Glucose-6-phosphate de-
hydrogenase (G6PD) is an additional enzyme  associated 
with type II diabetes.

Nevertheless, administration of CDSCM re-
duced blood glucose-6-phosphate dehydrogenase (G6PD) 
levels, suggesting a restoration of metabolic equilibrium. 
Several metabolic disorders involving enzymes such as 
hexokinase, G6PD, LDH, SGPT, SGOT, and ALP, which 
exhibit altered concentrations in tissues and blood, are as-
sociated with Type II diabetes. Compared to other inter-
ventions, the CDSCM treatment substantially decreased 
blood enzyme levels. The above results could indicate that 
CDSCM restores the normal metabolic process in group 
IV more efficiently than in other diabetic groups. The ef-
fect of FBG on CDSCM capacity was significantly more 
than that of accessible CCMN and standard drug gliben-
clamide, and the impact on body weight of CDSCM-treat-
ed animals was less than that of free CCMN and standard 
drug-treated diabetic induced animals.

5. Conclusion
In this study, we have successfully synthesized a 

prodrug of chitosan-curcumin conjugate that self-assem-
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bled in an aqueous environment as nano-micelles, where 
chitosan provided the hydrophilic outer backbone and 
curcumin the lipophilic core of the micelles. The chitosan 
di-succinyl curcumin micelles have curcumin in their 
backbone and entrap curcumin in their inner core, en-
hancing the solubility and stability of curcumin in many 
folds. Curcumin is sustainably released from micelles at 
physiological and acidic pH because there are ester bonds 
between chitosan and curcumin. The micelles play a pivot-
al role in declining the fasting blood glucose level and nor-
malizing the related biochemical parameters of type II di-
abetic animals. The findings suggest that nano micelles 
have a notable effect in restoring the metabolic pathway 
that is disrupted in Type-II diabetes mellitus, as compared 
to both glibenclamide (the conventional treatment) and 
free curcumin. In future studies, these developments ex-
plore multidrug delivery in the form of conjugated prod-
rugs and entrapment in the micelle core. The amount of 
drug to be delivered can be increased as needed, prolong-
ing the delivery time, and can be used for multiple other 
chronic biomedical conditions.
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Povzetek
Sladkorna bolezen je kronična presnovna motnja, za katero je značilna povišana raven sladkorja v krvi, ki povzroča 
motnje v delovanju organov. Kurkumin, pridobljen iz kurkume, kaže obetavne lastnosti pri zdravljenju sladkorne bolezni 
tipa II. Amfipatska polimerna predzdravila so sintetizirali s konjugiranjem kurkumina s hitosanom prek sukcinil anhi-
drida. Nanomiceli, ki so nastali z dializo amfipatskega polimernega predzdravila, so bili sferični s povprečno hidrodi-
namsko velikostjo 57 nm. Študije sproščanja in vitro so pokazale 97-odstotno sproščanje kurkumina pri pH 5 v 7 dneh. 
V 21-dnevnem poskusu na diabetičnih miših so primerjali vpliv nanomicel, standardnih zdravil in prostega kurkumina 
na glukozo v krvi na tešče. Študija je pokazala postopno in nadzorovano sproščanje kurkumina iz nanomicel, kar kaže na 
njihov potencial pri zdravljenju sladkorne bolezni tipa II.
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Društvene vesti in druge aktivnosti

Tudi v letu 2023 je bilo društvo aktivno na številnih pod-
ročjih. Izvajali smo redne letne aktivnosti, pri katerih je bil glavni 
poudarek na rednem izdajanju društvene revije Acta Chimica 
Slovenica (ACSi) ter organizaciji največjega letnega dogodka 
društva, konference »Slovenski kemijski dnevi 2023«.

Društvo je v letu 2023 uvedlo stanovske nagrade društva, 
ki se bodo prvič podelile v letu 2024. Na 11. seji Glavnega odbora 
SKD je bil sprejet Pravilnik o nagradah in priznanjih SKD. Prvi 
mandat Komisije za nagrade in priznanja SKD so dobili Mirela 
Dragomir (IJS), Dušan Teslić (Lek), Maja Leitgeb (FKKT UM), 
Irena Kralj Cigić (FKKT LJ), Bogdan Znoj (Helios), Mladen 
Franko (UNG) in Jože Grdadolnik (KI).

14. septembra smo prav tako v sklopu omenjene konferen-
ce izvedli redni občni zbor društva, kjer smo spremenili vsebino 
statuta Slovenskega kemijskega društva. Poleg manjših spre-
memb je najpomembnejša v 45. členu, v katerem je zavedeno, da 
SKD podeljuje nagrade in priznanja le-te opredeljuje pravilnik, ki 
ga sprejme Glavni odbor.

Slovenski kemijski dnevi 2023 (https://skd2023.chem-soc.
si/) so bili organizirani v Portorožu, v Kongresnem centru Grand 
hotela Bernardin, in sicer v dneh od 13. do 15. septembra 2023. 
Programskemu in organizacijskemu odboru je predsedoval znan. 
svet. dr. Albin Pintar, skupaj s člani odbora v zasedbi prof. dr. 
Romana Cerc-Korošec, prof. dr. Iztok Devetak, prof. dr. Darja 
Lisjak, doc. dr. Matic Lozinšek, prof. dr. Zorka Novak Pintarič, 
dr. Alenka Ristić, prof. dr. Matjaž Valant, dr. Silvo Zupančič in 
Eva Mihalinec.

Na konferenci je bilo predstavljenih 196 prispevkov v obli-
ki predavanj in posterjev. Delo je potekalo plenarno in v treh 
vzporednih sekcijah. Udeleženci konference, bilo jih je 305 iz 
Slovenije in trinajstih drugih držav, so bili zelo zadovoljni s kako-
vostjo znanstvenih in strokovnih prispevkov ter družabnim pro-
gramom srečanja. Na konferenci je sodelovalo tudi 23 razstavljal-
cev laboratorijske in procesne opreme. Sponzorji dogodka so bili 
Lek (diamantni partner), Vigor (zlati sponzor), Analysis Adria, 
Chemass, Cinkarna Celje, Kefo, Kemomed, Laboratorij-um, Lab-
tim, LKB, Merck, Mettler Toledo, Optik Instruments, Primalab 
(srebrni sponzorji), Kemijski inštitut, Krka in Mikro+Polo (bro-
nasti sponzorji). Objavili smo zbornik povzetkov konference, ki 
je dostopen na USB ključu ter na voljo v NUK-u in strokovnih 
knjižnicah po Sloveniji.

Plenarni predavatelji na konferenci so bili prof. dr. Ewa 
Gorecka (University of Warsaw, Poljska), prof. dr. Timo Repo 
(University of Helsinki, Finska) in prof. dr. Ester Heath (Institut 
»Jožef Stefan«, Ljubljana). Poleg treh plenarnih predavanj so ude-
leženci poslušali šest »keynote« vabljenih predavanj, ki so jih iz-
vedli prof. dr. Matej Praprotnik (Kemijski inštitut, Ljubljana), izr. 
prof. dr. Blaž Likozar (Kemijski inštitut, Ljubljana), prof. dr. Nora 
Kulak (University of Potsdam, Nemčija), prof. dr. Dana Dvora-
nová (Slovak University of Technology in Bratislava, Slovaška), 
dr. Nataša Obermajer (Janssen Pharmaceutica, Beerse, Belgija) in 
dr. Gerhard J. Mohr (Joanneum Research, Gradec, Avstrija).

POROČILO PREDSEDNIKA SLOVENSKEGA KEMIJSKEGA DRUŠTVA  
O DELU DRUŠTVA V LETU 2023

Podelili smo tudi nagrade za najboljša študijska dela s pod-
ročja trajnostne kemije. Strokovno komisijo za izbor najboljših 
del so sestavljali prof. dr. Marjan Veber, Denis Jahić, dr. Vid 
Margon, dr. Ema Žagar, doc. dr. Irena Petrinić in doc. dr. Marija 
Zupančič, ki so se odločili, da nagrado za najboljše diplomsko 
delo prejme Nika Skušek, nagrado za najboljše magistrsko delo 
Mitja Kostelec, nagrado za najboljše doktorsko delo in nagrado 
za največji potencial prenosa v gospodarstvo pa je prejel Gian 
Claudio Faussone. Sponzor nagrad je bilo podjetje AquafilSLO.

Ob zaključku konference smo že tradicionalno podelili na-
grade doktorskim študentom za najboljša predavanja in poster-
ske predstavitve.

Leto 2023 je bilo za revijo Acta Chimica Slovenica jubilej-
no leto, saj smo obeležili 70-let izhajanja revije. Izdali smo 4 šte-
vilke revije, v katerih je bilo skupaj objavljenih 69 znanstvenih 
člankov na skupno 650 straneh z dvokolonskim tiskom. V tretji 
številki smo v rubriki Društvene novice objavili osem prispevkov 
ob 70-letnici. V prvem prispevku so zbrani nagovori in čestitke 
predsednika in častnega predsednika Slovenskega kemijskega 
društva ter dekanj, dekanov in direktorjev najpomembnejših slo-
venskih izobraževalnih in raziskovalnih inštitucij. Šest prispev-
kov podaja zgodovinski pregled delovanja revije, zadnji prispe-
vek pa podaja spomine in vtise področnih nekdanjih in sedanjih 
urednic in urednikov. 

Med objavljenimi članki je bil en Feature Articles (FA) in 
en Review Article (RA). FA članek je prispevek slovenske razi-
skovalne skupine, ki pod vodstvom prof. dr. Polonce Trebše z 
Univerze v Ljubljani raziskuje na področju sinteze, karakterizaci-
je in toksičnosti izbranih UV-A filtrov in ter vlogo antioksidan-
tov kot dodatka v kremah za zaščito pred soncem. RA članek je 
prispevek indijskih raziskovalcev pod vodstvom prof. dr. Satya-
naraya Pattnaika, ki proučuje nanodelce zlata kot nosilce za tera-
pevtske učinkovine.

Članki pokrivajo vsa področja kemije, kemije materialov 
in kemijskega in biokemijskega inženirstva ter kemijskega izo-
braževanja. Vseh člankov, ki so bili leta 2023 oddani v uredniški 
sistem, je bilo 628, kar pomeni, da jih je bilo na koncu sprejetih 
okoli 11 %. V letu 2023 je revija uvrščena tudi v repozitorij Porti-
co, kjer se v digitalni obliki shranjujejo vsi članki objavljeni v re-
viji Acta Chimica Slovenica. Z letom 2023 je delo glavnega in 
odgovornega urednika ACSi prevzel Franc Perdih.

V društvenih vesteh smo poleg prispevkov ob 70-letnici 
ACSi objavili prispevek A. Godca o uspehih slovenskih dijakov na 
55. mednarodni kemijski olimpijadi v Zürichu. Objavili smo tudi 
seznam diplomskih, magistrskih in doktorskih del FKKT UL, 
FKKT UM ter Podiplomskega študijskega programa Znanosti o 
okolju in Fakultete za znanosti okolju, UNG v letu 2022. Objavili 
smo koledar važnejših znanstvenih srečanj in letna poročila sekcij 
in author index. V letu 2023 so društvene vesti obsegale 131 strani.

Zahvaljujem se tudi vsem inštitucijam, ki so v letu 2023 
finančno podprle izdajanje revije Acta Chimica Slovenica. Te so 
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Fakulteta za kemijo in kemijsko tehnologijo Univerze v Ljubljani, 
Fakulteta za kemijo in kemijsko tehnologijo Univerze v Maribo-
ru, Univerza v Novi Gorici, Kemijski inštitut in Inštitut »Jožef 
Stefan«. Sponzorji revije so bili z objavo oglasa Krka d.d., Novo 
mesto, Donau Lab d.o.o. Ljubljana, Belinka Perkemija in Helios 
Domžale, d.o.o. 

Aktivne so bile tudi naše sekcije in podružnice, saj so nji-
hovi člani v letu 2023 sodelovali pri organizaciji mednarodnih in 
domačih konferenc, organizirali strokovna srečanja, predavanja, 
seminarje in webinarje, se udeleževali različnih izobraževanj in 
tekmovanj, sodelovali pa so tudi v strokovnih in znanstvenih 
združenjih. Poročila posameznih sekcij in podružnic so priloga 
temu poročilu.

V letu 2023 smo nadaljevali z aktivnostmi za pridobivanje 
novih članov. Medse smo jih privabili 20, od tega 12 študentov. 
Za komunikacijo s člani smo pogosteje uporabljali Facebook, 

Twitter in LinkedIn ter jih obveščali o dogodkih po elektronski 
pošti. 

V društvu smo ponovno objavili razpis za povezovanje di-
jakov s strokovnjaki kemijske stroke, pripravili pa smo 2 temi 
raziskovalnih nalog na različnih institucijah. Kot mentorji dija-
kom so se predstavili dr. Nina Kostevšek (Institut Jožef Stefan) ter 
Sebastjan Nemec in doc. dr. Slavko Kralj, Institut Jožef Stefan.

Člani Slovenskega kemijskega društva so bili aktivni tudi 
na področju mednarodnega sodelovanja. Predvsem je potrebno 
omeniti članstvo društva v mednarodnih združenjih IUPAC, 
ECTN, IUCr, EURACHEM, EuChemS, EFCE, EPF, ECA in EF-
CATS.

dr. Peter Venturini, predsednik društva
dr. Albin Pintar, predsednik organizacijskega odbora 

konference Slovenski kemijski dnevi
prof. dr. Franc Perdih, glavni urednik ACSi
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Komisija za slovensko kemijsko terminologijo in no-
menklaturo je tudi v preteklem letu sodelovala pri delu 
Tehniške komisije Sekcije za terminološke slovarje pri In-
stitutu za slovenski jezik ZRC SAZU. Člana tehniške 
komisije za področje kemije in kemijske tehnologije sta 
Andrej Šmalc z ljubljanske ter Peter Glavič z mariborske 
podružnice Slovenskega kemijskega društva.

V letu 2023 je bila končana strokovna redakcija 
gradiva s področja kemije, kemijske tehnologije in kemi-
jske tehnike za novo izdajo splošnega tehniškega slovarja, 
ki je trenutno v fazi dokončne slovaropisne in jezikovne 
redakcije

Obenem s sodelovanjem pri končni redakciji gradiva 
za Splošni tehniški slovar je potekalo nadaljnje zbiranje 
gradiva za novi Kemijski slovar, ki je že nekaj let na spletu in 
danes obsega že več kot 10 000 gesel ter predstavlja pomem-
bno dopolnitev bodočega Splošnega tehniškega slovarja 
predvsem s področja kemije kemijske tehnologije in kemi-

Poročilo Komisije za slovensko kemijsko terminologijo  
in nomenklaturo za leto 2023

jske tehnike, vključuje pa tudi osnovne pojme iz ekonomije 
in okoljske tehnike (https://www.fkkt.um.si/kslovar/index.
php: ali kar Google kslovar). Prednost spletne oblike slovar-
ja je prav v tem, da ga je mogoče stalno sproti dopolnjevati 
in po potrebi tudi popravljati. V letu 2023 je bilo obdelanih 
869 gesel, ki bodo v letu 2024 vnesena v slovar.

Poleg dela v zvez s Kemijskim slovarjem bomo še na-
dalje sodelovali pri prevodu prenovljenega mednarodnega 
standarda ISO 80000: Veličine in enote s strokovnim pre-
gledom novih prevodov, ki bodo nadomestili sedanje 
standarde SIST ISO 80000-1 do 80000-13 (dodatne tri dele 
ISO še razvija).

Ob tej priložnosti se spominjamo tudi sodelavcev 
skupine za pripravo kemijskega slovarja univ. dipl. inž. Le-
ona Čelika in prof. mag. Antona Stuška, ki sta zaslužna 
zlasti za zbiranje gradiva in sta žal preminila v letu 2023.

dr. Andrej Šmalc

V letu 2023 sta bili v Sekciji za okolje SKD najbolj 
aktivni dve delovni skupini, ki sta se ukvarjali s pripravo 
pregleda slovenskih izobraževalnih institucij, ki imajo v 
programu tematike s področja kemije okolja, ter s popi-
som stanja vseh onesnažil v slovenskem vodnem okolju.

Prva skupina pod vodstvom Ester Heath (Institut 
»Jožef Stefan«, Odsek za znanosti o okolju), v kateri sta 
sodelovala tudi Janja Vidmar (Institut »Jožef Stefan«, Od-
sek za znanosti o okolju) in Jan Hočevar (Univerza v Lju-
bljani, Fakulteta za kemijo in kemijsko tehnologijo), je 
pripravila pregled slovenskih študijskih programov s po-
dročja kemije okolja. Pregled je pokazal, da slovenske izo-
braževalne ustanove ponujajo veliko število (46) okoljskih 
študijskih programov, od tega smo jih po 10 identificirali v 
srednješolskem in višješolskem strokovnem izobraževanju, 
ter 9 na prvi stopnji (dodiplomski študij), 11 na drugi sto-
pnji (magistrski študij) in 6 na tretji stopnji (doktorski 
študij) visokošolskega izobraževanja. Opredeljeni okoljski 
programi z relativno nizkim deležem kemije (<30 %) v uč-
nem načrtu ponujajo širok in raznolik nabor predmetov, 
zlasti v visokošolskem izobraževanju, kar odraža njihovo 
interdisciplinarno naravo. Pregled ponuja celovito oceno 
trenutnega stanja študijskih programov s področja okolja 
in okoljske kemije v Sloveniji, ki bo koristil tako študentom 
in šolnikom kot tudi raziskovalcem, ki se zanimajo ali 
ukvarjajo z okoljskimi znanostmi. Omenjeno delo je bilo 
predstavljeno na Slovenskih kemijskih dnevih 2023 v Por-
torožu, na 16. Mednarodni konferenci o prenosu tehnologij 
v okviru Sekcije za povezovanje znanstvene in šolske sfere 
ter v obliki znanstvenega članka poslano v revijo Acta 
Chimica Slovenica, kjer je trenutno v postopku recenzije.

Poročilo o delu Sekcije za okolje SKD za leto 2023

Druga delovna skupina pod vodstvom Vesne Mislej in 
v sodelovanju z Ester Heath in Janom Hočevarjem, pa je na 
Slovenskih kemijskih dnevih 2023 predstavila prispevek v 
obliki posterja z naslovom »Quality status of Slovenian riv-
ers”, v katerem so sintetizirali razpoložljive podatke o kemi-
jskem in ekološkem statusu slovenskih površinskih voda, 
objavljene v uradnih Ocenah stanja voda v Sloveniji, ter s 
tem širši strokovni javnosti predstavili njihovo kakovost.

Ester Heath in Janja Vidmar sta se v lanskem letu 
udeležili konference ICCE 2023 Venice (18th EuChemS 
International Conference on Chemistry and the Environ-
ment) v Benetkah, kjer je Ester Heath v obliki predavanja 
predstavila delo ponovne uporabe prečiščene odpadne 
vode: privzem in tveganja povezana s kemikalijami, ki vz-
bujajo zaskrbljenost, Janja Vidmar pa predavanje pov-
ezano s privzemom nanoplastike v paradižnike.

Prav tako so se nadaljevale aktivnosti montaže filma o 
delovanju čistilne naprave, ki ga s svojimi študenti pripravlja 
režiserka Jasna Hribernik. Pri izvedbi tega projekta prihaja 
do zamude zaradi težav/pomanjkanja študentov.

V letu 2023 smo imeli tudi namen organizirati ogled 
Izobraževalnega centra na Igu konec junija 2023, vendar 
smo se zaradi majhnega odziva/interesa ostalih 
udeležencev odločili, da te aktivnosti ne bomo izpeljali.

Po podatkih tajništva SKD znaša število članov sek-
cije 38 na dan 30.1.2024, kar je za 11 več kot pred letom 
dni, od tega se jih je približno petina aktivno udeleževala 
in prispevala k aktivnostim sekcije v letu 2023.

dr. Marko Štrok
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Člani Sekcije za živilsko kemijo (SŽK) smo se aktiv-
no udeležili različnih znanstvenih in strokovnih srečanj, 
kjer smo predstavili svoje raziskovalne dosežke. Aktivni pa 
smo bili tudi na delavnicah in na področju izobraževanja 
in popularizacije kemije in še posebej živilske kemije. So-
delovali smo pri organizacijah mednarodnih znanstvenih 
srečanj.

Aktivno smo sodelovali tudi pri različnih dejavno-
stih Sekcije za živilsko kemijo (Food Chemistry Division, 
FCD) Evropskega kemijskega združenja (European Che-
mical Society - EuChemS), kjer predstavljamo Slovensko 
kemijsko društvo. V okviru FCD smo sodelovali pri izboru 
vabljenih predavateljev in oblikovanju programa medna-
rodnega kongresa »XXII EuroFoodChem Congress« 
(https://xxiieurofoodchem.com/), ki je bil od 14. do 16. 6. 
2023 v Beogradu. Na kongresu so bili predstavljeni pri-
spevki mednarodno uveljavljenih raziskovalcev in tudi 
večjega števila mlajših raziskovalcev. Predstavitve so bile s 
področij naslednjih aktualnih tematik: kakovost in varnost 
hrane; hrana in trajnostni razvoj (vključno z valorizacijo 
stranskih proizvodov); nova živila; hrana in zdravje, funk-
cionalna živila in sestavine s funkcionalnimi lastnostmi; 
kemijske reakcije in interakcije med sestavinami v živilih; 
kemijske spremembe v hrani med predelavo in skladišče-
njem; ponarejanje živil, avtentičnost in sledljivost; nove 
metode analize živil; kontaminanti v hrani. Po kongresu 
smo se udeležili tudi sestanka FCD, ki je bil 17. 6. 2023 v 
Beogradu. Na sestanku smo prestavili naše delo in z ostali-
mi člani FCD naredili načrt dela za prihodnje leto. Za ob-

V letu 2023 je mariborska podružnica uresničila ci-
lje, ki so bili zastavljeni v preteklem letu. Osrednji dogo-
dek je bila naša udeležba na konferenci Slovenski kemij-
ski dnevi v Portorožu, kjer smo se izkazali v več ključnih 
vlogah: kot predsedniki sekcij, aktivni predavatelji in av-
torji znanstvenih posterjev. Naša prisotnost in strokovni 
prispevki na konferenci so bili izjemno dobro sprejeti, 
kar odraža našo predanost in strokovnost na področju 
kemije.

V skladu z našo zavezo k nenehnemu izobraževanju 
in profesionalnemu razvoju naših članov, je

podružnica organizirala serijo strokovnih predavanj 
in seminarjev, ki so jih vodili priznani strokovnjaki s pod-
ročja kemije, tako iz Slovenije kot iz tujine. Ta dogajanja so 
pokrivala širok spekter tem od teoretične kemije, kemij-
skega inženirstva do kemijskega izobraževanja, s čimer 
smo zagotovili poglobljeno znanje in inovativne pristope 
našim članom.

Poročilo za aktivnosti v letu 2023, Sekcija za živilsko kemijo

Poročilo o delovanju in aktivnostih Mariborske podružnice v letu 2023

dobje 2024–2026 smo izvolili novo vodstvo FCD, ki ga 
sestavljajo prof. Joana Amaral (predsednica), prof. Cristi-
na Todasca (tajnica), dr. Irena Vovk (blagajničarka) in 
prof. Marco Arlorio (bivši predsednik).

V okviru FCD je potekalo tudi sodelovanje v medna-
rodni žiriji, ki je ocenjevala prijave na razpis za mednaro-
dno nagrado »The EuChemS Food Chemistry Division 
Young Researcher Award 2023« za mladega raziskovalca 
ali mlado raziskovalko za raziskave izvedene v okviru dok-
torske disertacije na področju živilske kemije in sorodnih 
področij. Nagrada je bila podeljena na kongresu »XXII Eu-
roFoodChem Congress«.

V okviru Skupine za organizacijo in izvedbo webi-
narjev, ki od leta 2021 deluje v okviru FCD, smo tudi leta 
2023 sodelovali pri izboru tematik in organizaciji webinar-
jev, pri čemer je bil izveden naslednji webinar:

• �»Neurobiological regulation of food intake: Unbia-
sed identification of food bioactives«, prof. dr. Mo-
nika Pischetsrieder s Friedrich-Alexander-Uni-
versität Erlangen-Nürnberg, Nemčija

V planu za leto 2024 smo predvideli aktivno udelež-
bo na mednarodnih simpozijih. V okviru FCD bomo so-
delovali pri izboru tematik mednarodnega kongresa »XXI-
II EuroFoodChem Congress«, ki bo od 11. do 13. 6. 2025 v 
Bratislavi. Sodelovali bomo pri izboru tematik in organiza-
ciji webinarjev FCD. Udeležili se bomo tudi sestanka FCD, 
kjer bomo prestavili naše delo in z ostalimi člani FCD na-
redili načrt dela za prihodnje leto.

dr. Irena Vovk

Poleg tega smo julija sodelovali pri izvedbi prestižne 
mednarodne poletne šole “ESS-HPT 2023” (The European 
Summer School in High Pressure Technology). Ta dogo-
dek, ki ga je soorganiziral naš Laboratorij za separacijske 
procese in produktno tehniko v sodelovanju s Tehniško 
Univerzo v Gradcu, je bil osredotočen na

visokotlačne tehnologije in je privabil številne emi-
nentne strokovnjake ter študente z vsega sveta.

Na področju medijske prisotnosti smo se odlikovali 
z aktivnim sodelovanjem v oddaji RTV Slovenija

Ugriznimo v znanost, kjer smo razpravljali o po-
membnosti biobank. Prav tako smo prispevali k članku o 
superračunalniku Vega in poudarili pomembnost raziskav 
UM FKKT, kar je dodatno utrdilo našo prisotnost v znan-
stveni skupnosti.

Izredni dosežek je predstavljala izvolitev red. prof. 
dr. Željka Kneza v rednega člana Slovenske akademije zna-
nosti in umetnosti (SAZU), kar je priznanje njegovemu 
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izjemnemu prispevku v znanstveni skupnosti. Poleg tega je 
izredni profesor dr. Matjaž Finšgar prejel Zoisovo prizna-
nje za njegove prispevke na področju analizne kemije, kar 
še dodatno potrjuje našo predanost znanstveni odličnosti.

Univerza Stanford je tudi letos objavila seznam 2 % 
najboljših znanstvenikov na svetu. Na to lestvico so se od 
sodelavcev UM FKKT uvrstili izr. prof. dr. Matjaž Finšgar, 
prof. dr. Željko Knez, izr. prof. dr. Maša Knez Marevci, 
prof. dr. Mojca Škerget in prof. dr. Zdravko Kravanja.

Mednarodno sodelovanje je bilo dodatno okrepljeno 
s prestižnim obiskom veleposlanika Kraljevine Nizozem-
ske v Sloveniji, kar odraža rastoči mednarodni vpliv in 

Glavni namen sekcije mladih kemikov je vzpostavi-
tev vezi med študenti, mladimi raziskovalci, mladimi dok-
torji, znanstveno-raziskovalnimi inštitucijami, kemijsko in 
farmacevtsko industrijo ter pedagoškimi delavci v šolah in 
fakultetah. Sekcija mladih kemikov je članica v European 
Young Chemists’ Network (EYCN) v okviru EuChemMS 
in International Young Chemists Network (IYCN) v okvi-
ru IUPAC, tako da je ena njenih pomembnejših nalog tudi 
povezovanje mladih kemikov in delovanje na skupnih pro-
jektih v mednarodnem merilu.

Članice in člani sekcije za katalizo smo bili angažira-
ni pri organizaciji mednarodne znanstvene konference z 
naslovom “9th Conference of the Federation of European 
Zeolite Associations (FEZA 2023), ki je potekala od 2. do 
6. julija 2023 v kongresnem centru Grand hotela Bernar-
din v Portorožu.

Prav tako smo članice in člani sekcije za katalizo an-
gažirani pri pripravah na izvedbo mednarodne znanstvene 
konference z naslovom “4th International Conference on 
Fundamentals and Applications of Cerium Dioxide in Ca-
talysis”, ki bo potekala od 17. do 20. septembra 2024 v kon-
gresnem centru Grand hotela Bernardin v Portorožu. Več 
informacij o dogodku je na voljo na konferenčni spletni 
strani: https://ceria2024.chem-soc.si/.

Izvajamo tudi aktivnosti za pridobitev organizacije 
mednarodne znanstvene konference “13th European Con-
ference on Solar Chemistry and Photocatalysis: Envi-

Poročilo sekcije mladih kemikov za leto 2023

Poročilo o delu sekcije za katalizo pri Slovenskem kemijskem društvu

ugled naše fakultete. Dr. Matja Zalar je z intervjujem za 
Slovensko tiskovno agencijo (STA) še dodatno poudarila 
naša znanstvena prizadevanja in dosežke.

Vrhunec našega mednarodnega sodelovanja je pred-
stavljal obisk direktorja največje evropske raziskovalne in-
frastrukture BBMRI-ERIC, prof. dr. Jens Habermanna. 
Njegov obisk je bil ključen za nadaljnje utrjevanje medna-
rodnih znanstvenih povezav in izmenjavo znanj, kar je za 
našo institucijo izjemnega pomena.

dr. Matjaž Finšgar

V letu 2023 smo izbrali nove predstavnike za združe-
nji EYCN in IYCN, kar sta postala Matjaž Dlouhy in Ervin 
Rems. V sodelovanju s Študentsko organizacijo UL FKKT 
smo organizirali ekskurzija v Cinkarno Celje in ekskurzijo 
v Salonit Anhovo. V sodelovanju s podjetjem Aquafil se je 
izvedel razpis za nagrade za študentske naloge na področju 
zelene kemije.

Sara Drvarič Talijan

ronmental Applications (SPEA)”, ki jo bomo v primeru 
potrditve kandidature (odločitev bo znana sredi junija 
2024) organizirali leta 2026.

Nataša Novak Tušar in Albin Pintar sta kot nacional-
na predstavnika sodelovala pri izvajanju aktivnosti pri 
Evropski federaciji katalitskih združenj (EFCATS). Nataša 
Novak Tušar je bila v EFCATS federaciji ponovno izvolje-
na za zakladničarko za naslednje mandatno obdobje.

V sekciji za katalizo smo v lanskem letu sodelovali 
pri organizaciji predavanj vabljenih tujih raziskovalcev, ki 
smo jih pripravili v sodelovanju z raziskovalnimi in aka-
demskimi inštitucijami, zelo angažirani pa smo bili pri or-
ganizaciji konference “Slovenski kemijski dnevi 2023”, ka-
kor tudi pri sodelovanju na dogodku s predstavitvami 
velikega števila prispevkov.

dr. Albin Pintar
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V letu 2023 je v Lyonu, Francija, od 2. do 6. julija 
potekala 18. Konferenca in razstava Evropskega keramič-
nega združenja (European Ceramic Society, ECerS). Pred 
dogodkom sta bila s strani organizatorja konference izpe-
ljana sestanka pridruženih držav članic ECerS in stalnega 
izvršilnega odbora ECerS. Prvi sestanek poteka enkrat, 
slednji pa dvakrat letno. Izr. prof. Andraž Kocjan je bil po 
predlogu predsednika ECerS, dr. Francisa Cambierja, ime-
novan za člana 6-članskega izvršilnega odbora ECerS za 
dobo dveh let, z možnostjo podaljšanja še za dodatni dve 
leti. Pred nastopom te funkcije je bil 6 let vodja delovne 
skupine »Young Ceramists and Training«.

ECerS je za leto 2023 podelil sledeče nagrade:
•	 Stuijts nagrada (raziskovalki / raziskovalcu, ki 

pripada državi članici društva, za izjemne pri-
spevke v keramični znanosti, tehnologiji in izo-
braževalni dejavnosti ali proizvodnji): Prof. Jan 
Dusza, Institute of materials research, SAS, Slo-
vaška.

•	 Richard Brook nagrada (raziskovalki / razisko-
valcu iz države zunaj Evrope za izjemen prispe-
vek k keramični znanosti ali tehnologiji ter za 
izboljšanje razumevanja in sodelovanja v med-
narodni keramični skupnosti): Prof. Tatsuki 
Ohji, National Institute of Advanced Industrial 
Science and Technology, Japonska.

•	 Nagrada »Mlad znanstvenik / Mlada znanstve-
nica« (raziskovalki / raziskovalcu, mlajši od 40 
let, zaradi izjemnih prispevkov k keramičnim 
znanostim): Prof. Jesus Gonzalez-Julian, RWTH 
Aachen University, Nemčija.

•	 Gian Nicolas Babini nagrada (raziskovalki / raz-
iskovalcu za izjemen tehnični prispevek k ra-
zvoju evropske keramične industrije): Dr. Mori-
tz von Witzleben, INMATEC Technologies 
GmbH, Nemčija.

Oana Andreea Condurache, doktorandka iz Odseka 
za elektronsko keramiko Instituta »Jožef Stefan«, se je ude-
ležila tekmovanja mladih keramikov ECerS »Student Spe-
ech Contest«. Tekmovanje je bilo izpeljano v okviru 18. 18. 
Konference in razstave ECerS v Lyonu, Francija. Na tek-
movanju svoje rezultate predstavijo mladi znanstveniki, 
kot predstavniki držav pridruženih članic ECerS. Zmagal 
je predstavnik Avstrije, Abdullah Jabr iz Montanuniversi-
tät Leoben, Avstrija.

Odsek za nanostrukturne materiale in Odsek za raz-
iskave sodobnih materialov Instituta »Jožef Stefan« ter Ka-
tedra za Stomatološko protetiko Medicinske Fakultete 
Univerze v Ljubljani so v letu 2023 pridobili najnaprednej-
ši 3D tiskalnik za keramične materiale CeraFab S65 doba-
vitelja Lithoz GmbH iz Avstrije. Tiskalnik deluje na podla-
gi sterolitografije, pri kateri keramične komponente 
oblikujemo s pomočjo foto-občutljive suspenzije z velikim 
deležem keramičnih delcev. Prednost metode je visoka lo-
čljivostjo (25-50 μm), ki omogoča izdelavo kompleksnih 
komponent in prototipov. Vrednost investicije je znašala 
350.000 €, sofinancirala pa jo je Javna agencija za znan-
stvenoraziskovalno in inovacijsko dejavnost Republike 
Slovenije v okviru Paketa opreme 21.

Izr. prof. Matjaž Spreitzer 
in Izr. prof. Andraž Kocjan

 V letu 2023 so se tudi dejavnosti Sekcije za kristalo-
grafijo, potem ko je izzvenela pandemija Korona virusa, 
vrnile v običajne tirnice.

Glavna dejavnost članov sekcije v letu 2023 je bila 
organizacija 29. slovensko-hrvaškega kristalografskega 
srečanja SCCM 2023, ki je potekalo od 14. do 18. junija 
2023 v Topolšici. Prijavljenih je bilo 60 udeležencev iz Av-
strije, Francije, Nemčije, Maroka, Ukrajine, Velike Britani-
je, Hrvaške in Slovenije.

Predstavljena so bila štiri plenarna predavanja: Kri-
stalno inženirstvo organskih in kovinsko-organskih 
večkomponentnih trdnih snovi s halogensko vezjo, Domi-
nik Cinčić, Univerza v Zagrebu, Hrvaška; Red iz nereda: k 
molekularni arhitekturi sklopa Z-disk mišic, Kristina Dji-
nović-Carugo, EMBL Grenoble; Visokotlačni fazni preho-
di v molekulskih kristalih, Simon Parsons, Univerza v 
Edinburgu, Združeno kraljestvo; in DFT modeliranje ma-

Poročilo Sekcije za kristalografijo pri Slovenskem kemijskem društvu  
za leto 2023

Poročilo Sekcije za keramiko za leto 2023

terialov in kristalnih struktur z uporabo periodičnih rob-
nih pogojev, Anton Kokalj, Institut Jožef Stefan, Slovenija.

Poleg tega je bilo podanih 45 kratkih ustnih predsta-
vitev, ki so obravnavale sodobne teme v kristalografiji: do-
ločanje strukture organskih, anorganskih in koordinacij-
skih spojin, kristalna arhitektura, inženiring in oblikovanje, 
fazni prehodi, razmerje med strukturo in lastnostmi, si-
nergija difrakcijskih in komplementarnih tehnik itd.

Ena od prednosti slovensko-hrvaških srečanj je, da 
vsi udeleženci svoje delo predstavijo v obliki kratkega 
ustnega prispevka, kar je še posebej pomembno za mlade 
znanstvenike, ki imajo tako možnost predstaviti svoje re-
zultate v prijateljskem, a strokovnem ozračju. Na letoš-
njem srečanju smo mladim znanstvenikom ponudili mož-
nost, da se prijavijo na tekmovanje za nagrado za najboljšo 
predstavitev. Prijavilo se je 28 tekmovalcev v treh različnih 
kategorijah (magistrski študenti / doktorski študenti / po-
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V avgustu smo za člane Sekcije za polimere organ-
izirali seminar na Kemijskem inštitutu, kjer je prof. dr. 
Junpeng Zhao, iz South China University of Technology, 
Kitajska, imel predavanje z naslovom: “Multidimensional-
ly Controlled Polyether Synthesis through Organocataly-
sis”. Člani sekcije so bili v oktobru povabljeni tudi na pre-
davanje prof. dr. Roberta Liske, iz TU Wien, Avstrija, ki je 
v sklopu Preglovih predavateljev na Kemijskem inštitutu 
imel predavanje z naslovom: “Advanced Applications of 

Na področju meroslovja v kemiji se počasi končuje 
izjemno dinamično obdobje razvoja konceptov in njihove 
implementacije, kar se odraža tudi na delu Eurachema in 
potrebah po novih publikacijah.

V Sloveniji je do sedaj večina preskusnih laboratori-
jev akreditiranih v skladu z ISO 17025, tako da večjih po-
treb po izobraževanjih za preskusne laboratorije s področ-
ja, ki ga pokriva Eurachem, ni več. Izjema so medicinski 
laboratoriji, za katere velja ISO 15189. ki se vsebinsko ne 
razlikuje bistveno od 17025.

Znanja o kakovosti meritev v kemiji in sorodnih ve-
dah pa so potrebne tudi v raziskovalnih in razvojnih labo-
ratorijih, za katere sicer akreditacija ni zakonsko predpisa-
na, tako da je sedaj večina udeležencev izobraževanj s tega 

doktorski raziskovalci, ki so zagovarjali svoje diplomske 
naloge pred največ petimi leti. Čeprav so bile vse predsta-
vitve odlične, je žirija soglasno nagradila naslednje:

Doktorandka Lea Čolakić (Univerza v Zagrebu, Hr-
vaška), Izbirčna halogenska vez v Wernerjevih kompleksih 
na osnovi izocianata; doktorand Erik Uran (Institut Jožef 
Stefan, Slovenija), Soli, adukti in kokristali, ki nastanejo 
pri reakcijah SO2 z organskimi amini, in podoktorski raz-
iskovalec Ivica Cvrtila (Institut Ruđer Bošković, Hrvaška), 
Kiralna kristalizacija hippurinske kisline iz karvona.

Posebno nagrado za izjemno predstavitev sodobnih 
tem v kemijski kristalografiji in napredka na področju kri-
stalografskih informacij o majhnih molekulah, ki jo je 
sponzoriral CCDC, je prejel Klemen Motaln (Institut Jožef 
Stefan, Slovenija) za prispevek Izmuzljiva kristalna struk-
tura XeOF2.

Predstavniki CCDC so izvedli tudi praktično delav-
nico, na kateri so se osredotočili na program Mercury in 
njegove nove funkcije, kot na primer predvidevanje oblike 
delcev.

Poročilo Sekcije za polimere za leto 2023

Poročilo sekcije EURACHEM

Photopolymerization: From Frontal Polymerization to 
new Monomers for 3D Printing”.

Na mednarodnem nivoju je predsednik Sekcije za 
polimere sodeloval pri izvajanju aktivnosti Evropske 
polimerne federacije (EPF), predsedovanje katere je v letu 
2023 prevzela prof. dr. Katja Loos (University of Gronin-
gen, Nizozemska).

dr. David Pahovnik

področja, ki jih organizira SIQ, prav iz takšnih laboratori-
jev. Za tiste, ki želijo pridobiti znanja s področja kakovosti 
merjenj v kemijskih/biokemijskih laboratorijh, je SIQ tudi 
v letu 2023 organiziral tako Šolo kakovosti za analitske 
laboratorije, kot tudi celodnevna izobraževanja za 
posamezne vsebine (meroslovna sledljivost, validacija 
merilnih postopkov, ovrednotenje merilne negotovosti, 
notranji in zunanji nadzor kakovosti meritev). Predavatel-
jici sva dr. Monika Inkret in jaz. Pri izvedbi teh izo-
braževanj uporabljava tudi gradivo pripravljeno v okviru 
evropskega sodelovanja v prejšnjem desetletju, pri oblik-
ovanju katerega smo imeli slovenski strokovnjaki vodilno 
vlogo.

dr. Nineta Hrastelj

Enako kot na vseh dosedanjih srečanjih kotizacije ni 
bilo, zato se sponzorjem in oglaševalcem, ki so to omogo-
čili (CCDC, Renacon, Rigaku, Aparatura, MettlerToledo, 
Vigor, Mitegen, Technobis, Dectris, Optik Instruments, 
Aparatura, Lek-Sandoz, Krka in Scan d.o.o.) iskreno zah-
valjujemo.

Slovensko-hrvaško kristalografsko srečanje bomo v 
Sloveniji spet organizirali v juniju 2025, trenutno pa pote-
kajo priprave na letošnje jubilejno 30. srečanje na Hrva-
škem (Veli Lošinj 12.-16. junija 2024). Kot običajno, smo 
predstavniki Sekcije za kristalografijo vključeni v organi-
zacijski odbor in se skupaj s hrvaškimi kolegi trudimo, da 
bi tudi to srečanje uspelo vsaj tako dobro, kot so vsa 
prejšnja.

Hvaležni smo vodstvu in tajništvu SKD, da lahko 
preko društva plačujemo članarino v evropski (ECA) in 
svetovni kristalografski zvezi (IUCr), za kar sicer od ARIS 
običajno dobimo povrnjena sredstva, vendar sta pri tem 
skrbnost in trud tajništva pri prijavi na ustrezen razpis 
neprecenljiva.

prof. dr. Anton Meden



S58 Acta Chim. Slov. 2024, 71, (2), Supplement

Društvene vesti in druge aktivnosti

Osnovna dejavnost sekcije za Analizno kemijo v ok-
viru Slovenskega kemijskega društva je organiziranje 
mednarodnih in domačih znanstvenih ter strokovnih 
srečanj, predavanj domačih in tujih strokovnjakov ter iz-
vedba različnih delavnic, seminarjev in simpozijev. Člani 
sekcije so aktivni tudi znotraj delovnih skupin Eurachem 
in drugih združenj v evropskem prostoru (DAC, FECS) in 
tako dodatno prispevajo k prepoznavnosti Slovenskega 
kemijskega društva.

Aprila smo v okviru Analizne sekcije povabili dr. To-
nya Edga iz podjetja VWR, ki je del skupine Avantor, da 
predstavi novosti in trende na področju kromatografije. 
Dobro obiskanega predavanja so se udeležili raziskovalci 
iz inštitutov in akademske sfere, študenti ter strokovnjaki 
iz industrije.

Med 25. in 28. 6. 2023 smo izvedli tradicionalno 28. 
mednarodno srečanje podiplomskih študentov in njihovih 
mentorjev YISAC (Young Investigators Seminar on Ana-
lytical Chemistry). Potekalo je na Fakulteti za kemijo Uni-
verze v Beogradu v Srbiji. Poudariti velja, da je med vsemi 
predstavitvami najboljše ocenjeno predavanje predstavil 
prav slovenski doktorski študent Maksimiljan Dekleva iz 

Poročilo Analizne sekcije v okviru Slovenskega kemijskega društva za leto 2023

Fakultete za kemijo in kemijsko tehnologijo Univerze v 
Ljubljani.

Med aktivnostmi sekcije v Sloveniji velja izpostaviti 
29. jubilejno konferenco »Slovenski kemijski dnevi 2023«, 
ki se je odvijala septembra 2023 v Portorožu. Področje 
analizne kemije je bilo tradicionalno zelo dobro zastopa-
no, konference se je udeležilo veliko kolegov iz različnih 
institucij, ki so predstavili številne zanimive raziskave s 
področij spektroskopije, kromatografije, elektrokemije, 
materialov in okolja. Veseli nas veliko število razstavl-
javcev analitske opreme, nekateri so bili na konferenci 
prvič ali po daljšem obdobju. Posledično je bilo predstavl-
jenih res veliko pomembnih novosti za področje analizne 
kemije.

V prihodnje si bo sekcija aktivno prizadevala za iz-
vedbo in organizacijo ter so-organizacijo domačih ter tu-
jih srečanj, predavanj in konferenc. Posebej želimo vključi-
ti mlade člane v delovanje sekcije ter okrepiti povezovanje 
in prenos znanja iz univerzitetnih in raziskovalnih labora-
torijev v industrijo.

prof. dr. Mitja Kolar
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2024

July 2024

1 – 5 	 50TH WORLD POLYMER CONGRESS – MACRO2024 
	 Coventry, United Kingdom
Information: 	 https://www.macro2024.org/ 

2 – 5 	� 7TH INTERNATIONAL CONGRESS CHEMISTRY FOR CULTURAL HERITAGE 2024 
(CHEMCH 2024)

	 Bratislava, Slovakia
Information: 	 https://chemch2024.educell.sk/ 

7 – 11	 9TH EUCHEMS CHEMISTRY CONGRESS (ECC9)
	 Dublin, Ireland
Information: 	 https://euchems2024.org/  

7 – 10	 BALTICUM ORGANICUM SYNTHETICUM 2024 (BOS2024)
	 Riga, Latvia
Information: 	 https://boschem.eu/

14 – 19	 29TH IUPAC SYMPOSIUM ON PHOTOCHEMISTRY 
	 Valencia, Spain
Information: 	 https://www.photoiupac2024.com/  

August 2024 
12– 16	� TRANSFORMING CHEMISTRY AND INTERDISCIPLINARY RESEARCH TO 

INNOVATION 
Online

Information: 	 https://sites.google.com/uom.ac.mu/vcca-2024  

September 2024

9 – 11 	� 26TH INTERNATIONAL SYMPOSIUM FOR HIGH-PERFORMANCE THIN-LAYER 
CHROMATOGRAPHY 
Budapest, Hungary

Information: 	 https://akcongress.com/hptlc2024/ 

9– 13	� 21ST INTERNATIONAL SYMPOSIUM ON SOLUBILITY PHENOMENA AND RELATED 
EQUILIBRIUM PROCESSES

	 Novi Sad, Serbia 
Information: 	 https://issp2024.pmf.uns.ac.rs/  

KOLEDAR VAŽNEJŠIH ZNANSTVENIH SREČANJ 
S PODROČJA KEMIJE IN KEMIJSKE TEHNOLOGIJE

SCIENTIFIC MEETINGS – 
CHEMISTRY AND CHEMICAL ENGINEERING

https://www.macro2024.org/
https://chemch2024.educell.sk/
https://euchems2024.org/
https://boschem.eu/
https://www.photoiupac2024.com/
https://sites.google.com/uom.ac.mu/vcca-2024
https://akcongress.com/hptlc2024/
https://issp2024.pmf.uns.ac.rs/
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17– 20	� 4TH INTERNATIONAL CONFERENCE ON FUNDAMENTALS AND APPLICATIONS OF 
CERIUM DIOXIDE IN CATALYSIS

	 Portorose, Slovenia 
Information: 	 https://ceria2024.chem-soc.si/ 
18– 20	 SCS ANNUAL MEETING 2024
	 Portorose, Slovenia 
Information: 	 https://skd2024.chem-soc.si/en/ 

18 – 20 	� 25TH CONGRESS ON ISOPRENOIDS 
Naples, Italy

Information: 	 https://isoprenoids25.org/ 

22 – 25	� 28TH INTERNATIONAL SYMPOSIUM ON SEPARATION SCIENCES (ISSS) 
Messina, Italy

Information: 	 https://www.sepscisoc.com/isss2024 

25	 3RD GLOBAL CONVERSATION ON SUSTAINABILITY
Information: 	 https://www.gcs-day.org/

25 – 28	� 27TH CONGRESS OF SCTM 
Ohrid, N. Macedonia

Information: 	 https://congress.sctm.mk/event/4/ 

23 – 27	� EUROPEAN FORUM FOR ENGINEERING AND CATALYSIS TOWARDS 
SUSTAINABILITY (EFFECTS) 
Karlsruhe, Germany

Information: 	 https://www.youngcatalysis.net/effects-2024 

https://ceria2024.chem-soc.si/
https://skd2024.chem-soc.si/en/
https://isoprenoids25.org/
https://www.sepscisoc.com/isss2024
https://www.gcs-day.org/
https://congress.sctm.mk/event/4/
https://www.youngcatalysis.net/effects-2024
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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
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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-
inal MS Word format (as a supplementary file for 
technical editing); diagrams and graphs are cre-
ated in Excel and saved in one of the file formats: 
TIFF, EPS or JPG; illustrations are also saved in 
one of these formats. The preferred position of 
graphic files in a document is to embed them close 
to the place where they are mentioned in the text 
(See Author guidelines for details).

  4. �The manuscript has been examined for spelling 
and grammar (spell checked).

  5. �The title (maximum 150 characters) briefly ex­
plains the contents of the manuscript.

  6. �Full names (first and last) of all authors together 
with the affiliation address are provided. Name of 
author(s) denoted as the corresponding author(s), 
together with their e-mail address, full postal ad-
dress and telephone/fax numbers are given.

  7. �The abstract states the objective and conclu­
sions of the research concisely in no more than 
150 words.

  8. �Keywords (minimum three, maximum six)   are 
provided.

  9. �Statement of novelty (maximum 100 words) 
clearly explaining new findings reported in the 
manuscript should be prepared as a separate 
Word file. 

10. �The text adheres to the stylistic and bibliographic 
requirements outlined in the Author guidelines.

11. �Text in normal style is set to single column, 1.5 
line spacing, and 12 pt. Times New Roman font is 

recommended. All tables, figures and illustrations 
have appropriate captions and are placed within 
the text at the appropriate points.

12. �Mathematical and chemical equations are provided 
in separate lines and numbered (Arabic numbers) 
consecutively in parenthesis at the end of the line. 
All equation numbers are (if necessary) appropri-
ately included in the text. Corresponding numbers 
are checked.

13. �Tables, Figures, illustrations, are prepared in cor-
rect format and resolution (see Author guideli­
nes).

14. �The lettering used in the figures and graphs do not 
vary greatly in size. The recommended lettering 
size is 8 point Arial.

15. �Separate files for each figure and illustration are 
prepared. The names (numbers) of the separate 
files are the same as they appear in the text. All 
the figure files are packed for uploading in a single 
ZIP file.

16. �Authors have read special notes and have accor
dingly prepared their manuscript (if necessary).

17. �References in the text and in the References are 
correctly cited. (see Author guidelines). All ref-
erences mentioned in the Reference list are cited 
in the text, and vice versa.

18. �Permission has been obtained for use of copy-
righted material from other sources (including the 
Web).

19. �The names, full affiliation (department, institution, 
city and country), e-mail addresses and referenc-
es of five potential referees from institutions other 
than (and countries other than) those of any of the 
authors are prepared in the word file. At least two 
relevant references (important recent papers with 
high impact factor, head positions of departments, 
labs, research groups, etc.) for each suggested re-
viewer must be provided. Authors declare no con-
flict of interest with suggested reviewers. Authors 
declare that suggested reviewers are experts in 
the field of submitted manuscript.

20. �Full-colour illustration or graph from the manu-
script is proposed for graphical abstract.

21. �Appendices (if appropriate) as supplementary 
material are prepared and will be submitted at the 
same time as the manuscript.
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