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This study introduces a series of innovative benzodioxepin-biphenyl 
amide derivatives, highlighting compound E4’s potent antibacterial 
activity against major bacterial strains through enzyme FabH 
inhibition. It combines synthetic optimization with thorough biological 
evaluation, promising advances in antimicrobial therapies. See more 
details on p. 509
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Abstract
The synthesis, characterization, and electronic properties of 4-((7-methoxyquinolin-4-yl)oxy), 4-(quinolin-2-ylthio), 
and 4-((7-(trifluoromethyl)quinolin-4-yl)thio) peripherally substituted oxo-titanium phthalocyanines are described for 
the first time. The structures of the compounds were determined by UV-Vis, FTIR, 1H NMR, and MALDI-TOF mass 
spectrometry. Electronic spectra and molecular and electronic properties of compounds were calculated by Density 
Functional Theory (DFT) and Time-Dependent Density Functional Theory (TD-DFT) methods. Solvent effects on the 
electronic, geometric, and reactivity properties of the compounds were also investigated. Global and local reactivity in-
dices and Molecular Electrostatic Potential surfaces of compounds were calculated. The reactivities and electronic struc-
tures of molecules vary depending on the solvent and substituents. It has been found that the synthesized compounds can 
be used for different purposes such as dye-sensitized solar cells and photodynamic therapy applications.

Keywords: Oxo-titanium phthalocyanine, synthesis, Density Functional Theory, solvent effect.

1. Introduction
Phthalocyanines (Pcs) are 18 π electron ring systems 

that are composed of four isoindole units bridged with aza 
nitrogen atoms.1 It has 18 delocalized electrons that are 
responsible for its strong absorption in the visible spect-
rum domain and also they have the high thermal and che-
mical stability.2 Thus, Pcs with their tunable chemical pro-
perties can be good candidates for use in photodynamic 
therapy, gas sensors, organic field transistors, or dye sensi-
tized solar cells.3,4 These in turn, lead to high interest to Pc 
compounds and studies about variation in the chemical 
structure of Pcs have been reported in the last years. In the 
literature, there are lots of Pc papers about different synt-
hesizing method and their applications.5–13 With the inc-
reasing popularity of theoretical methods there are also 
some studies that performed by using DFT to understand 
electronic properties of Pcs.14–17 Although, knowledge and 
understanding of different substituent and solvents effects 
on the Pcs properties are still not sufficient.

There is a need for experimental and theoretical 
studies on new types of Pcs for finding desired properties. 
One of the most desired properties of a compound is to 
have a red-shifted absorption spectrum. Because these 
types of compounds can be used in photodynamic therapy 
and dye sensitzed solar cell areas.18,19 The shift is more 

prominent with electron-donating substituents such as –
OR and –SR, etc. A closely related practical method of ob-
taining a red-shift is by introduction of special metal ions 
such as TiO2+.20 Quinoline is a heterocyclic compound 
containing aromatic nitrogen and water-soluble com-
pounds are obtained by methylation of nitrogen atoms in 
its structure using appropriate agents.20 It is also known 
that trifluoromethyl group is prominent for medicinal 
chemistry applications.21 Owing to the importance of dif-
ferent groups on the reactivity of compounds, a compre-
hensive research for quinolin and trifluoromethyl group 
containing compounds is desired.

The properties of compounds depend on their elec-
tronic structures. Various properties of compounds can be 
calculated with quantum chemical methods. Quantum 
chemical methods allow experimental results to be ex-
plained and information can be obtained in cases where 
some experimental data are not available. The usage of ex-
perimental and theoretical methods together lead to ob-
tain more robust scientific datas and new discoveries.22,23 
In recent years, Density Functional Theory (DFT) has 
been widely used to effectively find the optimum electron-
ic structure, structural parameters and various proper-
ties.24,25 It is very important to know the structural and 
electronic properties of newly synthesized compounds so 
that they can be used in different areas.

http://orcid.org/0000-0001-9691-3485
https://www.sciencedirect.com/topics/physics-and-astronomy/visible-spectrum
https://www.sciencedirect.com/topics/physics-and-astronomy/visible-spectrum
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The main purpose of this study is to determine the 
electronic, geometric and reactivity properties of Pcs con-
taining different quinoline-derived substituents. For this 
purpose, 4-((7-methoxyquinolin-4-yl)oxy), 4-(quino-
lin-2-ylthio) and 4-((7-(trifluoromehyl)quinolin-4-yl)
thio) phthalonitriles and their oxo-titanium phthalocya-
nine derivatives were synthesized and characterized. The 
effects of substituent and solvents on the spectral perfor-
mance properties of newly synthesized complexes were 
investigated. DFT and TD-DFT studies were used to un-
derstand the electronic transitions nature of compounds. 
We also conducted local reactivity descriptor analysis for 
deeper understanding prominent reactive sites of the com-
pounds. At the same time, the calculation results were 
used to interpret their possible usage areas.

2. Experimental
2. 1. �Materials and Equipment in the 

Experiments

All reagents and solvents were of reagent grade qual-
ity and were obtained from commercial suppliers. Absorp-
tion spectra in the UV-visible region were recorded with a 
Shimadzu 2001 UV spectrophotometer. FT-IR spectra 
were measured with a Perkin Elmer Spectrum One Spec-
trometer. The mass spectra were acquired on a Bruker Dal-
tonics (Bremen, Germany) Microflex mass spectrometer 
equipped with an electron spray ionization (ESI) source. 
1H-NMR spectra were recorded on a Varian 500 MHz 
spectrometer.

2. 2. Synthesis
2. 2. 1. �General Procedure for the Aynthesis of 

Phthalonitrile Derivatives (1-3)
Substituted quinoline derivatives 7-methoxyquino-

lin-4-ol (0.9 mmol), quinoline-2-thiol (1.24 mmol) and 
7-(trifluoromethyl)quinoline-4-thiol (0.8 mmol) were dis-
solved in dry DMF. To this reaction mixture 4-nitroph-
thalonitrile (1.25 mmol) and anhydrous K2CO3 (6.0 mmol) 
were added under Ar atmosphere. The resulting reaction 
mixture was stirred at room temperature for 24 h. The re-
action was monitored by TLC and then allowed to cool to 
room temperature. The reaction mixture was poured into 
cold water (100 mL) and filtered. The precipitate washed 
with H2O and diethyl ether, then dried. The residue was 
recrystallized from ethanol to obtain pure phthalonitrile 
derivatives.

4-(7-methoxyquinolin-4-yl)oxy)phthalonitrile (1)
Yield: 0.31 g (85%). FT-IR (ATR) (cm−1): 3073–3031 

(Ar. C–H), 2965- 2831 (Aliph. C−H), 2239 (C;N), 1272 
(C−O−C). 1H NMR (500 MHz, DMSOd6) (δ: ppm): 8.76 
(s, 1H, Ar-H), 8.22-8.06 (m, 3H, Ar-H), 7.74 (s, 1H, Ar-H), 

7.48 (s, 1H, Ar-H), 7.33 (s, 1H, Ar-H), 6.91 (s, 1H, Ar-H), 
3.95 (s, 3H). MALDI-TOF-MS (m/z): calcd. 301.298 for 
C18H11N3O2; found 301.687 [M]+.

4-(quinolin-2-ylthio)phthalonitrile (2)
Yield: 0.35 g (85%). FT-IR (ATR) (cm−1): 3114–3073 

(Ar. C–H), 2229 (C;N), 1498, 1421, 1292, 1137 (C−S− C). 
1H NMR (500 MHz, Chloroformd) (δ: ppm): 8.18-8.16 
(m, 2H, Ar-H), 8.01-7-97 (m, 2H, Ar-H), 7.89-7.84 (m, 
2H, Ar-H), 7.81.-7.78 (m, 1H, Ar-H), 7.65-7.61 (m, 1H, 
Ar-H), 7.42-7.41 (d, 1H, Ar-H). MALDI-TOF-MS (m/z): 
calcd. 287.338 for C17H9N3S; found 286.00 [M]+.

4-((7-(trifluoromethyl)quinolin-4-yl)thio)
phthalonitrile (3)

Yield: 0.26 g (88%). FT-IR (ATR) (cm−1): 3099-3027 
(Ar. C–H), 2235 (C;N), 1500, 1477, 1284, 1150 (C−S−C). 
1H NMR (500 MHz, Chloroformd) (δ: ppm): 9.02 (s, 1H, 
Ar-H), 8.55 (s, 1H, Ar-H), 8.30 (d, 1H, Ar-H), 7.83 (d, 1H, 
Ar-H), 7.74 (d, 1H, Ar-H), 7.63 (s, 1H, Ar-H), 7.57 (s, 1H, 
Ar-H), 7.53 (d, 1H, Ar-H). MALDI-TOF-MS (m/z): calcd. 
355.336 for C18H8F3N3S; found 355.341 [M]+.

2. 2. 2. �General Synthesis Procedure for 
Phthalocyanine Derivatives (TiPc1-3)

A mixture of the related phthalonitrile derivative 
(1–3) (0.28 mmol), DBU (0.50 mmol, 0.3 mL), and Ti(O-
Bu)4 (0.6 mmol, 0.2 ml) in n-pentanol (3 mL) were stirred 
at 1100C under Ar for 12 h. The dark-green product was 
cooled to room temperature, precipitated by the addition 
of n-hexane, collected by using a centrifuge and then 
washed with n-hexane, methanol and ethanol. The dark-
green product was purified performing column chroma-
tography on silica gel with CHCl3 as the eluent. The pure 
compounds were obtained as a mixture of four structural 
isomers.The obtained pure dark green crystal products 
(TiPc1-3) were characterized by applying different spec-
troscopic techniques (FT-IR, 1H-NMR and MS spectros-
copy).

{2,(3) 9(10),16(17),23(24)-tetrakis-(4-(7-methoxyquin-
olin-4-yl)oxy)- phthalocyaninato}oxo-titanium (IV) 
(TiPc1)

Yield: 0.025 g (44%). FT-IR (ATR) (cm−1): 3070 (Ar. 
C–H), 2930-2928 (Aliph. C−H), 1272-1018 (C−O−C), 923 
(Ti=O). 1H NMR (500 MHz, Chloroformd) (δ: ppm): 
8.88-8.40 (b, 13H, Ar-H), 8.26-8.08 (b, 6H, Ar-H), 8.00–
7.77 (b, 5H, Ar-H), 7.60-7.48 (b, 2H, Ar-H), 7.00-6.74 (b, 
6H, Ar-H), 4.07 (s, 12H). MALDI-TOF-MS (m/z): 
calcd.1269.061 for C72H44N12O9Ti; found 1269.767 [M]+.

{2,(3)9(10),16(17),23(24)-tetrakis-(4-(quinolin-2-
ylthio))-phthalocyaninato}oxo-titanium(IV) (TiPc2)

Yield: 0.05 g (58%). FT-IR (ATR) (cm−1): 3070 (Ar. 
C–H), 1497-1336 (C−S−C), 940 (Ti=O). 1H NMR (500 

https://www.sciencedirect.com/topics/chemistry/column-chromatography
https://www.sciencedirect.com/topics/chemistry/column-chromatography
https://www.sciencedirect.com/topics/materials-science/silica-gel
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MHz, Chloroformd) (δ: ppm): 9.73-9.12 (b, 8H, Ar-H), 
8.47-8.19 (b, 2H, Ar-H), 8.13-7.32 (b, 26H, Ar-H). MAL-
DI-TOF-MS (m/z): calcd. 1212.220 for C72H44N12O9Ti; 
found 1212.570 [M]+.

{2,(3)9(10),16(17),23(24)-tetrakis-(4-(7-(trifluorome-
thyl)quinolin-4-yl)thio))-phthalocyaninato oxo-titani-
um(IV) (TiPc3)

Yield: 0.025 g (50%). FT-IR (ATR) (cm−1): 3050 (Ar. 
C–H), 1368–1284 (C−S−C), 894 (Ti=O). 1H NMR (500 
MHz, Chloroformd) (δ: ppm): 9.00-8.60 (b, 10H, Ar-H), 
8.65-8.17 (b, 12H, Ar-H), 7.95-7.69 (b, 3H, Ar-H), 7.76–
7.42 (b, 6H, Ar-H), 7.06 (s, 12H) MALDI-TOF-MS (m/z): 
calcd. 1485.212 for C72H32F12N12OS4Ti; found 1421.762 
[M-(CF3)+5H]+ .

2. 3. Computational Details
Density Functional Theory (DFT) and Time Depen-

dent- Density Functional Theory (TD-DFT) methods are 
used for throught of the study with Gaussian09 software.26 
Conformational analyses and geometry optimizations of all 
the structures are performed to determine the most stable 
structures. Geometry optimizations of the most stable con-
formers are done using B3LYP/LANL2DZ basis set. Single 
point energies are calculated using Becke's three-parameter 
Lee-Yang-Parr functional (B3LYP) effective core potential 
calculation where 6-31g(d) basis set for C, H, N, O, S, F and 
LANL2DZ basis set are used for Ti. Stationary points veri-
fication of the molecular structures as a global minimum 
are performed by frequency calculation with no imaginary 
frequencies. The 1H NMR calculations are performed by 
gauge-independent atomic orbital (GIAO) approach. The 
Frontier Molecular Orbital (FMO) visualitions and Mole-
cular Electrostatic potential (MEP) surfaces are also obtai-
ned with mentioned method by using Gausview.27

Conductor like Polarizable Continuum Model 
(CPCM), an implicit solvent model, is used with the inten-
tion of understanding solvent effect. Solvents are DMSO, 
DMF, THF, CHCl3 with the dielectric constants values 
46.83, 37.22, 7.43 and 4.71 respectively.28

The global reactivity indices of molecules are calcu-
lated with using of Koopman’s Theorem. With this theo-
rem it is stated that ionization potential and electron affi-
nity are related to negative values of energies of Highest 
Occupied Molecular Orbital (EHOMO) and Lowest Unoccu-
pied Moldecular Orbital (ELUMO) respectively. Then, che-
mical potential (μ), hardness (η), electrophilicity index (ω) 
and softness (S) are calculated with equations 1–4.29

� (1)

� (2)

� (3)

� (4)

The local reactivity indices, fukui functions are ob-
tained by using finite diffrence method which proposed 
Yang and Mortier. The equations that given below are 
fukui functions for nucleophilic  electrophilic  
and radicalic  attack.30,31

� (5)

  �  (6)

� (7)

In these equations   are the 
calculated electron density of neutral, anionic and cationic 
molecule by using Mulliken Population Analysis. Local 
softness values are calculated by using the values of fukui 
functions as given below.31

� (8)

3. Results and Discussion
3. 1. Synthesis and Characterization

As shown in Scheme 1, by adding 4-nitrophthaloni-
trile to 7-methoxyquinolin-4-ol, quinoline-2-thiol, and 
7-(trifluoromethyl)quinoline-4-thiol, phthalonitrile deriv-
atives (1, 2 and 3) are achieved by the nucleophilic aromat-
ic substitution reaction in anhydrous K2CO3 and dry DMF 
medium.

The pure product resulting from the reaction to ob-
tain tetra-substituted Pc is predicted to be a mixture of 

Scheme 1. Synthesis pathway of phthalonitrile derivatives (1, 2 and 
3). Reaction conditions: i) i) K2CO3, DMF, rt, 24 h.
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four structural isomers of this tetra-substituted phthaloc-
yanine, differing in symmetry.32–35

Scheme 2 presents the synthesis route of the pure prod-
ucts TiPc1, TiPc2, and TiPc3, each obtained as a mixture of 
its four structural isomers via cyclotetramerization of com-
pounds the compounds 4-(7-methoxyquinolin-4-yl)oxy)
phthalonitrile (1), 4-(quinolin-2-ylthio)phthalonitrile (2) and 
4-((7-(trifluoromethyl)quinolin-4-yl)thio)phthalonitrile (3). 
As seen in Scheme 2, the reaction of starting compounds 1, 2 
and 3 with Ti(OBu)4 in the presence of DBU in n-pentanol 
produced TiPc1, TiPc2 and TiPc3. The main synthesis prod-
ucts peripherally tetra-substituted TiPc1, TiPc2 and TiPc3 
were isolated from the crude product mixture by column 
chromatography using CHCl3 as the eluent.

TiPc1, TiPc2 and TiPc3 are characterized by FT-IR, 
1H-NMR, MALDI-TOF and UV-Vis spectroscopic meth-

ods. The obtained results with these techniques are compa-
tible with the expected structures for all prepared Pcs.

Experimental and calculated results of the most cha-
racteristic corresponding assignments of compounds are 
listed in Table 1. The given FT-IR values, those in paren-
theses show the calculated results. The characteristic C;N 
vibrations for phthalonitriles 1, 2, and 3 are observed at 
2239 cm−1, 2229 cm−1, and 2235 cm−1 respectively. When 
the FT-IR spectrum of the TiPc1 compound is examined 
(Figure S1), the characteristic C;N vibration observed in 
phthalonitrile compounds disappears and peaks belong-
ing to aliphatic C-H groups appear in the range of 2928-
2930 cm−1 (approximately 2911.91 cm−1). C–O–C vibra-
tion is observed at 1018-1227 cm−1 (approximately 1387.38 
cm−1) for the TiPc1 compound. In addition, the formation 
of the characteristic Ti-O stretch peak around 923 cm−1 

Scheme 2. The synthesis pathways of Ti(IV) phthalocyanines (TiPc1-3) used phthalonitrile derivatives (1-3). Reaction conditions: i) Ti(OBu)4, 
n-pentanol, 110 oC, 12 h.
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(1031.57 cm−1), as well as the sharp peaks observed in the 
555–630 cm−1 range are indicative of TiPc1 formation. In 
the FT-IR spectra of TiPc2 and TiPc3 (Figure S1), the vi-
brations of the C–S–C groups at 1497–1336 cm−1 (1355.01 
cm−1) for TiPc2 and for TiPc3 at 1368–1284 cm−1 (1254.81 
cm−1).20 The vibrations of the characteristic C-F bond for 
TiPc2 are determined at 1150–1115 cm–1 (1173.12 cm–1). 
Experimental and calculated frequencies are in good 
agreement with each other and the literature.36 The sharp 
peaks of characteristic Ti-O stretching are observed 
around 940 cm−1 and 894 cm−1 for TiPc2 and TiPc3, re-
spectively. The corresponding Ti-O frequencies in the 
DFT calculations are to be 1032.22 cm−1 and 1034.75 cm−1 

for TiPc2 and TiPc3 respectively. These results are indica-
tive of the formation of TiPc2 and TiPc3.

In this study, the unharmonic corrections to calcula-
ted IR results are done by multiplying the calculated wave 
number value with scaling factors 0.983 and 0.958 for be-

In addition to 1H NMR spectrum results, the MAL-
DI-TOF MS data for the phthalonitrile derivatives (1, 2, 
and 3) and their titanium (IV) phthalocyanine derivatives 
(TiPc1, TiPc2, and TiPc3) are available for the formulati-
ons given. The molecular ion peaks of synthesized com-
pounds show parent ions at m/z: 301.687 as [M]+ for 1, 
286.00 [M]+ for 2, 355.341[M]+ for 3, 1269.767 [M+H]+ 
for TiPc1, 1212.570 [M]+ for TiPc2, 1661.878 [M+5K+6H]+ 
for TiPc3, respectively The molecular ion peak values of 
the fragmentation products of the obtained complexes are 
also indicated in the supplementary file (Fig. S4a-f).

3. 2. �Ground State Electronic Absorption 
Spectras
The phthalocyanine macrocyclic system is charac-

terized by quite strong absorption bands the Soret and Q 
bands corresponding to the π→π* transitions. The former 

Table 1. Comparison of experimental and calculated FTIR results (in cm–1).

	                            TiPc1		                       TiPc2		                         TiPc3	
	 Exp.	 Calc.	 Exp.	 Calc.	 Exp.	 Calc.

υstretchingC–H(aliphatic)	 2930–2928	 2911.91	 –	 –	 –	 –
υstretchingC–H(aromatic)	 3070	 3087.44	 3070	 3059.36	 3050	 3106.59
δbendingC–O–C	 1227–1018	 1387.38	 –	 –	 –	 –
υstretchingTi–O	 923	 1031.57	 940	 1032.22	 894	 1034.75
δbendingC–S–C	 –	 –	 1497–1336	 1355.01	 1368–1284	 1254.81
υstretchingC–F	 –	 –	 –	 –	 1150–1115	 1173.12

low and greater than 1700 cm−1.37 All the stretching and 
bending vibrations are anticipated range and Table 1 de-
monstrates the agreement between experimental and cal-
culated wavenumbers. The convergence of experimental 
and theoretical results reinforces the reliability of the iden-
tification of compounds.

The 1H NMR results provide acceptable data about 
the suggested configurations of the designed complexes. 
1H NMR results together with computationally obtained 
ones are given in the supplementary material with Table 
S1. The 1H-NMR spectrums of the phthalonitrile com-
pounds 1, 2, and 3 indicate signals with δ ranging from 
3.95 to 9.91 (for 1, integrating for 8H aromatic–CH pro-
tons and 3H aliphatic–CH3 protons), 7.20 to 8.18 (for 2, 
integrating for 9H aromatic–CH protons), 7.0 to 8.5 (for 3, 
integrating for 8H aromatic–CH protons) as expected 
(Fig. S2a-c). The signals with integrating for 12H aliphat-
ic-CH3 and 32H aromatic-CH protons of TiPc1 are ob-
served at 3.83 ppm and 6.95–9.06 ppm (Fig. S3a-c), re-
spectively and these results indicate the formation of this 
complex. In the 1H NMR spectrum of TiPc2 and TiPc3, 
the signals of the aromatic-CH are detected at the range of 
9.73–7.32 ppm (integrating for 36H) and 9.10–7.18 ppm 
(integrating for 32H), respectively, and confirming the for-
mation of TiPc2 and TiPc3 (Fig. S3).

is at 300–350 nm and the latter is observed in the visible 
region at 600–700 nm in the UV–Vis spectrum.38 With the 
central metal ion effect, metallophthalocyanines with D4h 
symmetry give a single Q band in the visible region, while 
non-metallic phthalocyanines with D2h symmetry show 
two bands with equal intensity in the same range in the 
visible region. The ground state electronic absorption 
spectra of Ti(IV) phthalocyanines for DMSO, DMF, THF, 
and chloroform solutions are recorded and the character-
istic Soret and single Q bands of newly synthesized phtha-
locyanines TiPc1, TiPc2 and TiPc3 are detected in their 
electronic spectra. Hence, the obtained results are one of 
the principal pieces of evidence for their formation. The 
obtained spectral datas confirm the structures of the tar-
geted Pcs are convenient with the electronic absorption 
spectra of other MPcs.39

The electronic spectra of TiPc1 bearing 4-(7-meth-
oxyquinolin-4-yl)oxy) isoindole moieties (Fig. 1) shows 
the characteristic absorption bands at around 690, 694 and 
697 nm for the Q band region which is characteristic of 
metallophthalocyanines in DMF, THF, and chloroform, 
respectively.20,39,40 Although TiPc1 has a high solubility in 
the previously mentioned organic solvents, its solubility in 
DMSO is very low, and no appreciable absorption spec-
trum is observed.
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Figure 1. Electronic absorption spectrum of TiPc1 in DMF, THF 
and chloroform.

Fig. 2 presents the absorption spectra of TiPc2 bea-
ring 4-(quinolin-2-ylthio) isoindole moieties in the menti-
oned solvents. The Q band of TiPc2 in DMSO, DMF, THF, 
and chloroform are observed at 689, 700, 703 ve 708 nm, 
respectively.

Figure 2. Electronic absorption spectrum of TiPc2 in DMSO, DMF, 
THF and chloroform.

Fig. 3 shows the Q bands of TiPc3 bearing 4-((7-(tri-
fluoromethyl) quinoline-4-yl)thio) isoindole in DMF, 
THF, and chloroform. The solubility of TiPc3 in the previ-
ously mentioned organic solvents is very high; however, its 
solubility in DMSO is very low, and an appreciable spec-
trum of absorption is not recorded. The Q band character-
istic for metalized phthalocyanine is observed at 683 nm 
in DMF solution. The Q-bands of the obtained TiPc3 are 
split into two components, Qx and Qy, which could result 
from the solvent effect decreasing symmetry.41

Figure 3. Electronic absorption spectrum of TiPc3 in DMF, THF 
and chloroform.

3. 3. TD-DFT Results and FMOs
TD-DFT calculations are used to interpret experi-

mental results. The comparison of experimental UV-Vis 
results with TD-DFT ones is done and given in Table 2. It 
is understood that the resulting wavelengths correspond 
with experimentally obtained maximum absorption wave-
lengths (λexp) results. The percentage of errors for calcula-
tions ranges between 1.44 % and 5.04 %. For TiPc2 com-
pound the calculated (experimental) maximum wavelen-
ght value is 672.33 (708) nm for chloroform phase (Fig S5). 
The small discrepancies between the experimental and 
calculated are the results of environmental factors of expe-
rimental conditions and quantum mechanical effect in a 
chosen computational model.

All the Q absorption bands of newly synthesized 
compounds are red-shifted. Red shifted absorption is a ne-
eded property to use them effectively as photosensitizers 
and dye-sensitized solar cells.18,19 Photochromic behavior 
that is seen in the absorption spectrums can lead to these 
compound's usage in photodynamic therapy. TiPc2 has 
the most red-shifted absorption peak. This result does not 
differ with the changing of solvents. Red-shift values of 
compounds differ from each other and differ with the 
changing of solvent medium. Thus, the polarity of the sol-
vent, metal atom in the Pc ring, and substituent can affect 
the red-shifted wavelength absorption of the Q band as 
stated in the literature.42 From Table 2, it is also understo-
od that the dominant transition occurs from the Highest 
Occupied Molecular Orbital (HOMO) to the Lowest 
Unoccupied Molecular Orbital (LUMO) which is a π–π* 
transition. As seen in Table 2, the π–π* transition of mole-
cules occurs with approximately the same energy (1.85 eV) 
in all solvents. However, only in TiPc1, the energy is 0.02 
eV higher than in other solvents except THF. In all mole-
cules, transitions from HOMO to LUMO occur with a 
probability of 96%.

The frontier molecular orbitals (HOMO, LUMO) 
structures and their energies are given in Fig. 4, Fig. S6-7 
and Table S2. It is understood from Fig. 4 that HOMO or-
bitals are all π type orbitals and LUMO orbitals are π* type 
orbitals. HOMO orbitals are mainly distributed at the Pc 
ring for TiPc1. For TiPc2, the HOMO orbital is mainly 
located at the metallic part of the compound. As seen from 
the molecular orbital structure of the compound TiPc3, 
electron-withdrawing fluorine atoms of substituent leads 
to changing of electrons location in the HOMO orbital. 
Unlike TiPc1 and TiPc2 compounds, the HOMO orbital 
of TiPc3 is not located in the metal atom or Pc ring but is 
distributed from the Pc ring to the sulfur linkage of the 
substituent. This may be the result of the highly electrone-
gative character of its substituent. Thus it is important to 
note that substitutions with different groups have contri-
buted to Frontier Molecular Orbital electronic structures. 
LUMO orbitals are distributed all over the Pc ring and me-
tal atoms in all three compounds. Except for the HOMO 
orbital of TiPc1 in DMSO, the HOMO and LUMO orbitals 
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of TiPc1, TiPc2, and TiPc3 in DMF, THF, CHCl3, and va-
cuum are distributed on the metallic part or Pc ring of the 
compounds. The HOMO of TiPc1 is located on the substi-
tuent part for the DMSO.

The energy values of HOMO and LUMO of com-
pounds are given in Table S2. The negative energy values of 
the HOMO and LUMO of the compounds indicate the 
chemical stability of the compounds in both aprotic and 

Table 2. Calculated UV Results of Compounds. 

	 ΔE (eV)	 λ (nm)	 ƒ	 Transition	 λexp (nm)	

DMSO					   
TiPc1	 1.87	 663.64	 0.66	 HOMO→LUMO (96.34%)	 –
TiPc2	 1.84	 672.63	 0.62	 HOMO→LUMO (96.74%)	 689
TiPc3	 1.84	 672.67	 0.64	 HOMO→LUMO (96.59%)	 –

DMF					   
TiPc1	 1.87	 664.16	 0.66	 HOMO→LUMO (96.39%)	 690
TiPc2	 1.84	 673.14	 0.62	 HOMO→LUMO (97.78%)	 700
TiPc3	 1.84	 673.13	 0.64	 HOMO→LUMO (96.62%)	 683

THF					   
TiPc1	 1.85	 669.90	 0.61	 HOMO→LUMO (96.17%)	 697
TiPc2	 1.85	 671.19	 0.61	 HOMO→LUMO (96.70%)	 703
TiPc3	 1.85	 670.17	 0.63	 HOMO→LUMO (96.52%)	 702

CHCl3					   
TiPc1	 1.87	 663.88	 0.66	 HOMO→LUMO (96.17%)	 694
TiPc2	 1.84	 672.33	 0.63	 HOMO→LUMO (96.80%)	 708
TiPc3	 1.85	 671.52	 0.65	 HOMO→LUMO (96.62%)	 707

Figure 4. Frontier orbitals energies of TiPc1, TiPc2 and TiPc3 in CHCl3.
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non-polar solvents. The lowest HOMO energy belongs to 
the TiPc3 compound and its values are –6.21, –6.20, –6.06, 
–6.09, and –5.96 eV for DMSO, DMF, THF, chloroform, 
and vacuum, respectively. HOMO energy values of TiPc3 
are lower in aprotic solvents. Energies of LUMO orbitals 
are, –5.13 eV, –5.28 eV, and –5.40 eV for TiPc1, TiPc2 and 
TiPc3 for chloroform medium respectively. As seen in Fig. 
4, the electron donor energy of TiPc3 is smallest in chloro-
form (–6.09 eV). We can conclude that the solvent not on-
ly affects the structures of the boundary molecular orbi-
tals, but also the energies.

For using a compound as a dye-sensitized solar cell 
some criteria like the red-shifted absorption spectrum and 
small ΔE values (near 1.4 eV) are needed.19,43 Light har-
vesting efficiency (LHE) is another important factor for 
examining a compound's optical usabilities as a dye-sensi-
tized solar cell. High LHE values play a pivotal role in get-
ting maximum photocurrent from a compound.44,45 The 
excited state lifetime (τ) is another factor for getting high 

charge transfer efficiency. When the excited state lifetime 
of a material increases, its optical stability as well as its 
charge transfer ability increases. LHE and the excited life-
time can be calculated as follows:44,46

�  (9)

� (10)

In Eq. 9 and 10 ƒ is the oscillator strength and Eex is 
excitation energy in cm–1 unit. LHE and τ values of the 
compounds are shown in Table 3. According to Table 3, 
the LHE and τ values of all compounds are greater than 
0.75 and 9.98 ns. So, TiPc1, TiPc2 and TiPc3 can absorb 
more photons from UV light.44 The highest LHE values of 
the compounds are in CHCl3 solvent and the LHE order is 
TiPc2 < TiPc1= TiPc3. It can be concluded that TiPc1, 
TiPc2 and TiPc3 are suitable compounds for dye-sensiti-
zed solar cell applications. With comparing literature de-

Figure 5. Optimized molecular geometries of TiPc1, TiPc2 and TiPc3.
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signing Pc with the oxo-titanium moiety may be also sui-
table method for obtaining higher excited state lifetimes.44

Table 3. Calculated LHE and τ values of TiPc1, TiPc2 and TiPc3. 

		  LHE			   τ (ns)		
	 TiPc1	 TiPc2	 TiPc3	 TiPc1	 TiPc2	 TiPc3

DMSO	 0.78	 0.76	 0.77	 9.98	 10.98	 10.63
DMF	 0.78	 0.76	 0.77	 9.98	 10.98	 10.63
THF	 0.75	 0.75	 0.77	 11.04	 11.04	 10.63
CHCl3	 0.78	 0.77	 0.78	 9.98	 10.80	 10.36

3. 4. Calculated Electronic Properties
To examine the effects of the substituent groups on 

the molecular structure and reactivity in TiPc1, TiPc2 and 
TiPc3 compounds, calculations are also made for TiPc0, 
which does not contain substituents. The optimum ge-
ometric structures and geometric parameters of the com-
pounds are given in Fig. 5 and Supplementary Material. As 
expected, the geometric parameters are very close to each 
other due to the planarity in the center of the complexes.

When the optimized compounds are viewed from 
the top position, it is seen that the peripherally substituted 

parts of the synthesized compounds disrupt the planarity 
of the compounds (Figure 5). 4-((7-methoxyquinolin-4-yl)
oxy), 4-(quinolin-2-ylthio) and 4-((7-(trifluoromehyl)
quinolin-4-yl)thio) peripheraly substituted parts of oxoti-
tanium phthalocyanines oriantates out of the plane when 
viewed from the side position. This orientation in the com-
pund causes the dipole moment and solubility of the com-
pound to increase. Thus, this result also verifies the exper-
imental part result for the solubility ability of compounds 
in the THF, DMF and CHCl3.

Geometric parameters of the compounds (Table S3) 
are also given. The bond lengths of Ti and pyrrole nitrogen 
are 2.08, 2.07, 2.08, and 2.08 Å for TiPc0, TiPc1, TiPc2, and 
TiPc3, respectively. Substituents containing oxygen bridge 
affects this bond length, but substituents with sulfur bridges 
do not affect this bond length. The bond length of Ti and 
meta nitrogen atoms is 3.47 Å for all compounds. The angle 
between the substituents and Pc ring is 122.020, 102.710 , 
and 102.520 for TiPc1, TiPc2, and TiPc3 respectively.

Electronic energies, dipole moments, energy diffe-
rences of FMOs, and global reactivity indices are given in 
Table 4. As seen in Table 4, TiPc3 is the compound with 
the smallest electronic energy and therefore the most stab-
le in all solvents. The order of stability decreases to TiPc3 
< TiPc2 < TiPc1 < TiPc0. The electronegative fluorine 

Table 4. Calculated energy (Energy (E), energy difference of the frontier orbital (ΔE)) and 
reactivity parameters (hardness (η), chemical potential (µ), electrophilic index (ω), and 
softness (S)) for complexes .

	 E (Hartree)	 D (Debye)	 ΔE (eV)	 η (eV)	 µ (eV)	 ω (eV)	 S (eV)

DMSO
TiPc0	 –2592.01	 4.85	 2.05	 1.03	 –4.28	 8.94	 0.49
TiPc1	 –4357.99	 13.97	 0.68	 0.34	 –5.73	 48.15	 1.47
TiPc2	 –5191.73	 14.10	 0.78	 0.39	 –5.79	 42.95	 1.28
TiPc3	 – 6539.90	 25.50	 0.80	 0.40	 –5.87	 43.14	 1.25

DMF
TiPc0	 –2592.01	 4.84	 2.05	 1.03	 –4.28	 8.93	 0.49
TiPc1	 –4357.99	 13.91	 0.68	 0.34	 –5.72	 47.93	 1.46
TiPc2	 –5191.73	 14.05	 0.77	 0.38	 –5.78	 43.46	 1.30
TiPc3	 –6539.90	 25.42	 0.79	 0.39	 –5.86	 43.52	 1.27

THF
TiPc0	 –2592.20	 4.63	 2.06	 1.03	 –4.25	 8.78	 0.49
TiPc1	 –4357.97	 12.54	 0.69	 0.35	 –5.66	 46.40	 1.45
TiPc2	 –5191.71	 12.96	 0.65	 0.32	 –5.62	 48.67	 1.54
TiPc3	 –6539.89	 23.92	 0.70	 0.35	 –5.78	 47.52	 1.42

CHCl3
TiPc0	 –2592.00	 4.48	 2.06	 1.03	 –4.23	 8.69	 0.48
TiPc1	 –4357.96	 11.61	 0.67	 0.34	 –5.61	 46.86	 1.49
TiPc2	 –5191.70	 12.15	 0.59	 0.29	 –5.58	 52.82	 1.70
TiPc3	 –6539.87	 22.91	 0.68	 0.34	 –5.75	 48.41	 1.46

Vacuum
TiPc0	 –2591.99	 3.43	 2.09	 1.04	 –4.09	 8.00	 0.48
TiPc1	 –4357.88	 6.72	 0.91	 0.46	 –5.22	 29.88	 1.10
TiPc2	 –5191.63	 7.32	 0.62	 0.31	 –5.17	 42.85	 1.60
TiPc3	 –6539.80	 16.52	 0.70	 0.35	 –5.72	 47.03	 1.44
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atom in the TiPc3 structure may lead to the stabilization of 
the compound. The energies of compounds are lower in 
solvents than in vacuum.

As seen in Table 4, the dipole moments of the com-
pounds are lower in vacuum. Dipole moment values of 
compounds are related to their molecular structures, as 
mentioned before. Generally, the large dipole moment ca-
uses the molecule to self-assemble47 TiPc3 contains more 
electronegative atoms than other compounds. Therefore, 
this may be the reason why TiPc3, which has the highest 
dipole moment among all phases, is also the most photoc-
hemically stable character. A high dipole moment is a de-
sired feature in the drug distribution process.48 Therefore, 
TiPc3 may be a suitable drug candidate. These results 
show that substituents of molecular structures have an im-
portant effect on the electronic nature. Therefore, theoreti-
cal calculations are essential to obtain substituent effects 
on molecular properties.

The energy difference of the frontier orbital (ΔE) de-
termines the reactivity of a compound. The small energy 
gap indicates that the molecule is more reagent.49 As seen 
in Table 4, the reactivity of the compounds changes as the 
solvent changes. The molecular reactivity of the compoun-
ds is highest in non-polar chloroform. A high electron po-
pulation in the conductive bond is a desired feature in the 
drug delivery system. Decreasing the energy difference 
between the boundary orbitals increases the electron po-
pulation in the conductive bond.50 As seen from the ΔE 
values s in Table 4, TiPc0 has the lowest reactivity among 

all compounds. Compared to TiPc0, it appears that TiPc1, 
TiPc2 and TiPc3 are candidates for drug delivery. This 
shows that adding new substituents to the molecular stru-
cture of Pcs increases their reactive properties.

Hardness is an important global reactivity indice to 
understand the chemical stability of compounds. While 
the TiPc1 compound is the most reactive compound in 
DMSO and DMF with the smallest hardness value of 0.34 
eV, TiPc0 is the most stable in vacuum with the highest 
hardness value of 0.46 eV. In chloroform, the chemical po-
tential value (–5.75 eV) of TiPc3 is the smallest while the 
chemical potential value (–4.23 eV) of TiPc0 is the hig-
hest. The electrophilic index value of TiPc0 is smaller than 
other compounds in all mediums. As the softness has an 
inverse relationship with hardness, it can be deduced from 
Table 4 that the softness values of TiPc0 and TiPc3 are the 
smallest ones in DMSO and DMF and vice versa with 
hardness results.

Thermodynamic parameters of the compounds are 
given in Table S4. Heat capacity, entropy, enthalpy, and 
Gibbs free energy calculations are conducted at 298.15 K 
and 1 atm. As seen from the table values, the substituent 
also affects the thermodynamic properties of the com-
pounds. The heat capacity of TiPc0 is 118.46 cal.mol−1K−1 
which is smaller than TiPc1 (171.52 cal.mol−1K−1), TiPc2 
(141.33 cal.mol−1K−1) and TiPc3 (194.38 cal.mol−1K−1) 
respectively. It is generally understood that the reactivity 
of Pcs can be regulated as a function of the electronic cha-
racter of the ring, substituents, and solvent.

Figure 6. The possible reaction sites of complexes.
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3. 5. �Mulliken Charges And Local Reactivity 
İndices
The Mulliken charges are essential for understanding 

the properties of compounds.21 The Mulliken charges of 
TiPc1, TiPc2, and TiPc3 are listed in the supplementary 
material (Table S5-7).

Titanium atoms of TiPc1, TiPc2, and TiPc3 are the 
most positively charged atom (1.17) for all compounds. In 
the TiPc1 structure, 19 C is the most negatively charged 
atom (–0.56). The phenyl carbon to which the substituent 
is connected to the ligand by an oxygen bridge is more 
positively charged than the other carbon atoms in the ring. 
Due to the electronegative character of the oxygen atom, 
the hydrogen atoms of methoxy groups are more positively 
charged than other hydrogen atoms. Meta nitrogen atoms 
are positively charged. The most negatively charged atom 
in TiPc2 is the 25 N atom in the pyrrole ring with a value 
of –0.49. In this compound, the sulfur bridge atoms have 
positive charges. In the TiPc3 compound, the sulfur bridge 
atoms are positively charged. The most negatively charged 
atom of TiPc3 is the pyrrole nitrogen atom (38 N) and its 
Mulliken charge is –0.49. As a result of the electronegativ-
ity of the fluoride atoms in TiPc3, the positive charge on 
the carbon atoms in the trifluoromethyl groups decreases.

The local reactivity indices are important to deter-
mine suitable sites of compounds for nucleophilic, electro-

philic, and radicalic attacks. With the help of these indices, 
possible reaction mechanisms of compounds can be pre-
dicted.51 Getting information about the nucleophilic and 
electrophilic regions is also important for complex and 
protein interactions.21 Fig. 6 and Table S8-10 provide in-
formation on the results of the local reactivity indices.

By examining the values of local reactivity descrip-
tors, it is clear that meta nitrogen atoms (27 N, 40 N, 14 N) 
of all compounds (TiPc1, TiPc2, TiPc3) are suitable sites 
for nucleophilic attack. The electrophilic attack regions of 
the compounds are 19 C, 72 S, and 75 S atoms of TiPc1, 
TiPc2, and TiPc3 respectively. The carbon atom of the 
benzene ring, and bridge sulfur atoms of compounds at-
tract to electrophilic chemicals. It is understood that 
changing the bridging atom of substituent groups affects 
the reactivity. The sulfur atom bridge is an important reac-
tion site for TiPc2 and TiPc3 in comparison with the oxy-
gen bridge in TiPc1. The radical attack sites of TiPc1, 
TiPc2, and TiPc3 are 41 C, 89 S, and 75 S atoms of the 
compounds, respectively. In general, bridge atoms and 
meta-nitrogen atoms of compounds are suitable sites for 
different types of reactants.

3. 6. Molecular Electrostatic Potential
The Molecular Electrostatic Potential (MEP) sur-

face is a pictorial demonstration of the distribution of 

Figure 7. The MEP plots for TiPc1, TiPc2 and TiPc3.
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electrons on the molecular structure. These surfaces are 
mainly used for determining the reactive sites of com-
pounds. On these surfaces, the blue color regions repre-
sent the electron-deficient areas, while the red color re-
gions represent electron-abundant areas.49 The MEP 
surfaces are simulated with the B3LYP method and given 
in Fig. 7.

As illustrated in Fig 7 the most negative parts of all 
compounds are over the oxygen atom of the oxotitanium 
part, while the most positive parts of compounds are tita-
nium atoms and hydrogen atoms. As can be observed, 
there are also some negative areas on the substituent parts 
of compounds, such as fluoride and nitrogen atoms, indi-
cating that substituent groups are affecting the electronic 
distribution of compounds. As seen on the MEP surfaces, 
TiPc3 has more negative parts than other compounds. 
This is because TiPc3 has fluoride atoms in its molecular 
structure.

4. Conclusions
In this study, new peripherally substituted oxo-tita-

nium phthalocyanines (TiPc1, TiPc2 and TiPc3) contai-
ning three different substituents were synthesized. Cha-
racterization of all compounds by spectroscopic methods 
(FT-IR, 1H-NMR, UV/Vis, and mass) was examined and 
their electronic properties were calculated by quantum 
chemical methods. The results of experimental and qu-
antum chemical calculations are consistent with each ot-
her. It has been found that the main electronic transition 
in molecules occurs between HOMO and LUMO orbi-
tals. The electron distributions in these orbitals are affec-
ted by the electron-withdrawing properties of the substi-
tuent groups. Experimentally, the Q-band of 
unsubstituted Ti(IV)Pc to the red shifted after the additi-
on of the substituent in all solvents, and this was confir-
med by the calculation results. Quantum chemical calcu-
lation results show that the electronegativity of the 
substituents leads to the formation of more stable com-
pounds. In addition, changing the solvent also affects the 
electronic structure, energies, and reactivity. The effect of 
substituents on solubility was investigated in DMSO, 
DMF, THF and CHCl3. Experimental and computational 
results showed that adding substituents to Ti(IV)Pc inc-
reased the solubility of the compounds in THF, DMF, and 
CHCl3. In non-polar chloroform, compounds become 
more reactive. Electrophilic, nucleophilic, and radical at-
tack sites of Pcs were also determined with the calculated 
local reactivity indices. In the complexes, the meta nit-
rogen atoms and the sulfur bridges connected by the 
substituent to the ligand are reactive centers where reac-
tions can take place. As a result, it can be said that the 
synthesized compounds are suitable for dye-sensitized 
solar cells, photodynamic therapy, and drug delivery 
applications.

Declaration of competing interest

Authors declare that they have no conflicts of inter-
est.

Acknowledgements
This study is supported by Yildiz Technical Universi-

ty Research Coordination with Project Number: FBA-
2020-4025.

Supplementary material
Supplementary material associated with this article 

can be found at ….

5. References
  1.	� J. D. Spikes, Photochem. Photobiol. 1986, 43, 691–699.
	 DOI:10.1111/j.1751-1097.1986.tb05648.x
  2.	� A. Q. Alosabi, A. A. Al-Muntaser, M. M. El-Nahass, A. H. 

Oraby, Opt. Laser Technol. 2022, 155, 108372.
	 DOI:10.1016/j.optlastec.2022.108372
  3.	� F. Ayaz, D. Yetkin, A. Yüzer, K. Demircioğlu, M. Ince, Photo-

diagnosis Photodyn. Ther. 2022, 39, 103035.
	 DOI:10.1016/j.pdpdt.2022.103035
  4.	� I. Paramio, T. Torres, G. de la Torre, Org. Chem. Front. 2023, 

11, 60–66.   DOI:10.1039/D3QO01630G
  5.	� R. Ağcaabat, C. Bilen Şentürk, Z. Odabaş, Polyhedron 2022, 

222, 115929.   DOI:10.1016/j.poly.2022.115929
  6.	� Ö. Güngör, Altinbaş G. Özpinar, M. Durmuş, V. Ahsen, Dal-

ton Trans. 2016, 45, 7634–7641.   DOI:10.1039/C6DT00874G
  7.	� S. Aydogdu, G. Yaşa-Atmaca, A. Erdoğmuş, A. Hatipoglu, 

Polyhedron, 2024, 256, 116989.   
	 DOI:10.1016/j.poly.2024.116989
  8.	� I. Gusev, M. Ferreira, M. Krzywiecki, A. Przybyła, S. Plucz-

yk-Małek, D. Nastula, A. Duda, K. Nastula, K. Erfurt, P. Data, 
A. Blacha-Grzechnik, Dyes and Pigm. 2023, 214, 111217.

	 DOI:10.1016/j.dyepig.2023.111217
  9	� X. Zhao, Q. Wang, X. Jia, J. Xue, J. A Chen, Dyes and Pigm. 

2022, 207, 110717.   DOI:10.1016/j.dyepig.2022.110717
10	� S. Bhattacharya, G. Reddy, S. Paul, S. S. Hossain, S. S. Kumar 

Raavi, L. Giribabu, A. Samanta, V. R. Soma, Dyes and Pigm. 
2021, 184, 108791.   DOI:10.1016/j.dyepig.2020.108791

11.	�M. Halaskova, A. Rahali, V. Almeida-Marrero, M. Machacek, 
R. Kucera, B. Jamoussi, T. Torres, V. Novakova, A. De La Es-
cosura, P. Zimcik, ACS Med. Chem. Lett. 2021, 12, 502–507. 

	 DOI:10.1021/acsmedchemlett.1c00045
12.	�J. Liu, D. W. Kang, Y. Fan, G. T. Nash, X. Jiang, R. R. Weich-

selbaum, W Lin, J. Am. Chem. Soc. 2024, 146, 849–857.
	 DOI:10.1021/jacs.3c11092
13.	�F. A. Kılıçarslan, A. Erdoğmuş, Ö. Budak, A. Koca, Inorg. Chim. 

Acta 2024, 561, 121870.   DOI:10.1016/j.ica.2023.121870
14.	�S. Aydogdu, A. Hatipoglu, A. Erdoğmuş, J. Comput. Biophys. 

Chem. 2022, 21, 599–609.   DOI:10.1142/S2737416522500235

https://doi.org/10.1111/j.1751-1097.1986.tb05648.x
https://doi.org/10.1016/j.optlastec.2022.108372
https://doi.org/10.1016/j.pdpdt.2022.103035
https://doi.org/10.1039/D3QO01630G
https://doi.org/10.1016/j.poly.2022.115929
https://doi.org/10.1039/C6DT00874G
https://doi.org/10.1016/j.poly.2024.116989
https://doi.org/10.1016/j.dyepig.2023.111217
https://doi.org/10.1016/j.dyepig.2022.110717
https://doi.org/10.1016/j.dyepig.2020.108791
https://doi.org/10.1021/acsmedchemlett.1c00045
https://doi.org/10.1021/jacs.3c11092
https://doi.org/10.1016/j.ica.2023.121870
https://doi.org/10.1142/S2737416522500235


449Acta Chim. Slov. 2024, 71, 437–450

Aydogdu et al.:   Synthesis, Characterization and DFT Study of Ti(IV)   ...

15.	�M. Murali krishnan, S. Baskaran, M. N. Arumugham, Inorg. 
Nano-Met. Chem. 2021, 51, 1165–1176.

	 DOI:10.1080/24701556.2020.1815775
16.	�M. Khazri, K. Sahra, A. Milet, B. Jamoussi, S. Messaoudi, J. 

Struct. Chem. 2020, 61, 844–851.
	 DOI:10.1134/S0022476620060025
17.	�J. M. Mir, N. Jain, P. S. Jaget, R. C. Maurya, Photodiagnosis 

Photodyn. Ther. 2017, 19, 363–374. 
	 DOI:10.1016/j.pdpdt.2017.07.006
18.	�M. Lamač, D. Dunlop, K. Lang, P. Kubát, J Photochem. Photo-

biol. A Chem. 2022, 424, 113619.
	 DOI:10.1016/j.jphotochem.2021.113619
19.	�M. Khalid, M. U. Khan, S. Ahmed, Z. Shafiq, M. M. Alam, M. 

Imran, A. A. C. Braga, M. S. Akram, Sci. Rep. 2021, 11, 21540.
	 DOI:10.1038/s41598-021-01070-3
20	� A. Erdoğmus, T. Nyokong, J. Mol. Struct. 2010, 977 (1–3), 

26–38.   DOI:10.1016/j.molstruc.2010.04.048
21.	�A. Ram Kumar, S. Selvaraj, G. P. Sheeja Mol, M. Selvaraj, L. 

Ilavarasan, S. K. Pandey, P. Jayaprakash, S. Awasthi, O. Albor-
mani, A. Ravi, J. Mol. Liq. 2024, 393, 123661.

	 DOI:10.1016/j.molliq.2023.123661
22.	�E. S. Aazam, R. Thomas, J. Mol. Liq. 2024, 395, 123820.
	 DOI:10.1016/j.molliq.2023.123820
23.	�A. A. Otlyotov, I. V. Ryzhov, I. A. Kuzmin, Y. A. Zhabanov, M. 

S. Mikhailov, P. A. Stuzhin, Int. J. Mol. Sci. 2020, 21, 2923.
	 DOI:10.3390/ijms21082923
24.	�M, Wierzchowski, L. Sobotta, D. Łażewski, Kasprzycki, P., 

Fita, P., Goslinski, T. J. Mol. Struct. 2020, 1203, 127371.
	 DOI:10.1016/j.molstruc.2019.127371
25.	�I. D. Karagöz, Y, Yilmaz, K. Sanusi, J. Fluoresc. 2020, 30, 

1151–1160.   DOI:10.1007/s10895-020-02584-1/Published.
26.	�M. J. Frisch, C. Adamo, A.J. Austin, et al. 2009, Gaussian 09 

Revision B.01. Gaussian Inc., Wallingford
27.	�R. Dennington, T. Keith, J. Millam, 2009, GaussView, Version 

5, Semichem Inc., Shawnee Mission, KS.
28.	�J. Foresman, E. Frish Exploring chemistry. 1996, Gaussian 

Inc, Pittsburg.
29.	�R. G. Parr, Y. Weitao, Density Functional Theory of Atoms and 

Molecules, 1995, Oxford University Press: New York.
30.	�R. K. Roy, N. Tajima, K. A Hirao, J. Phys. Chem. A, 2001, 105, 

2117–2124.   DOI:10.1021/jp0040087
31.	�R. K. Roy, S. Pal, K. Hirao, J. Chem. Phys. 1999, 110, 8236–

8245.   DOI:10.1063/1.478792
32.	�C. C. Leznoff, A. B. P. Lever, Phthalocyanines: Properties and 

applications, 1989, VCH, New York
33.	�O. Bakaroglu, Appl. Organomet. Chem. 1996, 10, 605–622.
	 DOI:10.1002/(SICI)1099-0739(199610)10:8<605::AID-AO-
C527>3.0.CO;2-U
34.	�N. B. McKeown, Phthalocyanine materials: Synthesis, structure 

and function, 1998, Cambridge University Press, Cambridge.
35.	�K. M. Kadish, K. M. Smith, R. Guilard, The Porphyrin Hand-

book Phthalocyanines: Spectroscopic and Electrochemical Cha-
racterization, 2003, Academic Press, Boston

36.	�G. Socrates, Infrared and Raman Characteristic Group Frequ-
encies: Tables and Charts, 2001, John Wiley and Sons: Chic-
hester.

37.	�N. Sundaraganesan, S. Ilakiamani, H. Saleem, P. M. Wojcie-
chowski, D. Michalska, Spectrochim. Acta A Mol. Biomol. Spe-
ctrosc. 2005, 61, 2995–3001.   DOI:10.1016/j.saa.2004.11.016

38.	�Ö. D. Kutlu, A. Erdoğmuş, P. Şen, S. Z. Yıldız, J. Mol. Struct. 
2023, 1284, 135375.   DOI:10.1016/j.molstruc.2023.135375

39.	�A. M. Sevim, H. Y. Yenilmez, M. Aydemir, A. Koca, Z. A. Ba-
yir, Electrochim. Acta 2014, 137, 602–615.

	 DOI:10.1016/j.electacta.2014.05.149
40.	�P. Tau, T. Nyokong, Electrochim. Acta 2007, 52, 3641–3650.
	 DOI:10.1016/j.electacta.2006.10.023
41	� P. Koza, T. Koczorowski, D. T. Mlynarczyk, T. Goslinski, Zinc 

(II) 	 Appl. Sci. 2022, 12, 6825.
	 DOI:10.3390/app12136825
42.	�T. Nyokong, Coord. Chem. Rev. 2007, 251, 1707–1722.
	 DOI:10.1063/1.334486
43.	�P. A Baruch, J. Appl. Phys. 1985, 57, 1347–1355.
	 DOI:10.1063/1.334486.
44.	�A. C. Yüzer, G. Kurtay, T. Ince, S, Yurtdaş, E. Harputlu, K. 

Ocakoglu, M. Güllü, C. Tozlu, M. Ince, Mater. Sci. Semicond. 
Process 2021, 129, 105777.

	 DOI:10.1016/j.mssp.2021.105777
45.	�S. Samiee, P. Hossienpour, Inorg. Chim. Acta 2019, 494, 13–

20.   DOI:10.1016/j.ica.2019.05.006
46.	�O. Britel, A. Fitri, A. T. Benjelloun, M. Benzakour, M. Mcharfi, 

Struct. Chem. 2023, 34, 1827–1842.
	 DOI:10.1007/s11224-023-02122-2
47.	�J. Zhang, S. Peng, S. Zheng, Mater. Chem. Phys. 2021, 263, 

124420.   DOI:10.1016/j.matchemphys.2021.124420
48.	�S. Aydogdu, A. Hatipoglu, Acta Chim. Slov. 2022, 69, 647–

656.   DOI:10.17344/acsi.2022.7522
49.	�I. Erden, A. Hatipoglu, C. Cebeci, S. Aydogdu, J. Mol. Struct. 

2020, 1201, 127202.   DOI:10.1016/j.molstruc.2019.127202
50.	�A. A. Piya, S. U. D. Shamim, M. N. Uddin, K. N. Munny, A. 

Alam, M. K. Hossain, F. Ahmed, Comput. Theor. Chem. 2021, 
1200, 113241.   DOI:10.1016/j.comptc.2021.113241

51.	�S. Aydogdu, A. Hatipoglu, J. Indıan Chem. Soc. 2022, 99, 
100752.   DOI:10.1016/j.jics.2022.100752

https://doi.org/10.1080/24701556.2020.1815775
https://doi.org/10.1134/S0022476620060025
https://doi.org/10.1016/j.pdpdt.2017.07.006
https://doi.org/10.1016/j.jphotochem.2021.113619
https://doi.org/10.1038/s41598-021-01070-3
https://doi.org/10.1016/j.molstruc.2010.04.048
https://doi.org/10.1016/j.molliq.2023.123661
https://doi.org/10.1016/j.molliq.2023.123820
https://doi.org/10.3390/ijms21082923
https://doi.org/10.1016/j.molstruc.2019.127371
https://doi.org/10.1021/jp0040087
https://doi.org/10.1063/1.478792
https://doi.org/10.1002/(SICI)1099-0739(199610)10:8%3C605::AID-AOC527%3E3.0.CO;2-U
https://doi.org/10.1002/(SICI)1099-0739(199610)10:8%3C605::AID-AOC527%3E3.0.CO;2-U
https://doi.org/10.1016/j.saa.2004.11.016
https://doi.org/10.1016/j.molstruc.2023.135375
https://doi.org/10.1016/j.electacta.2014.05.149
https://doi.org/10.1016/j.electacta.2006.10.023
https://doi.org/10.3390/app12136825
https://doi.org/10.1063/1.334486
https://doi.org/10.1016/j.mssp.2021.105777
https://doi.org/10.1016/j.ica.2019.05.006
https://doi.org/10.1007/s11224-023-02122-2
https://doi.org/10.1016/j.matchemphys.2021.124420
https://doi.org/10.17344/acsi.2022.7522
https://doi.org/10.1016/j.molstruc.2019.127202
https://doi.org/10.1016/j.comptc.2021.113241
https://doi.org/10.1016/j.jics.2022.100752


450 Acta Chim. Slov. 2024, 71, 437–450

Aydogdu et al.:   Synthesis, Characterization and DFT Study of Ti(IV)   ...

Povzetek
V prispevku opisujemo sintezo, karakterizacijo in elektronske lastnosti novih 4-((7-metoksikinolin-4-il)oksi), 4-(kino-
lin-2-iltio) in 4-((7-(trifluorometil)kinolin-4-il)tio) periferno substituiranih okso-titanovih ftalocianinov. Strukture spo-
jin smo določili z metodami UV-Vis, FTIR, 1H NMR in MALDI-TOF masno spektrometrijo. Elektronske spektre teh 
molekulske in elektronske lastnosti spojin smo izračunali z metodama teorije gostotnega funkcionala (DFT) in časovno 
odvisno teorijo gostotnega funkcionala (TD-DFT). Preučevali smo vpliv topila na elektronske in geometrijske lastnosti 
spojin in njihovo reaktivnost. Izračunali smo globalne in lokalne indekse reaktivnosti in molekularni elektrostatski po-
tencial na površinah spojin. Reaktivnost in elektronska struktura molekul se spreminja v odvisnosti od topila in substitu-
ent. Ugotovili smo, da so sintetizirane spojine uporabne na različnih področjih, npr. za solarne celice ali v fotodinamični 
terapiji.

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
This study examined how teachers teaching chemistry at different levels of education perceive their levels of technologi-
cal pedagogical content knowledge (TPACK) and examined the relationship of TPACK perceive levels with age, gender, 
teaching at different levels of education, time spent teaching chemistry, and frequency of information and communica-
tion technology (ICT) use. The study involved 261 teachers, 246 women and 15 men, from all over Slovenia, who have 
been teaching chemistry for an average of 18 years at different levels of education, with an average age of 45 years. The 
results showed that teachers teaching chemistry content perceive a high level of TPACK. There is a statistically significant 
correlation between age, time spent teaching chemistry, and frequency of ICT use with the perceived level of techno-
logical pedagogical content knowledge. Younger teachers, those with less professional experience and teachers who use 
ICT more frequently rated their TPACK higher. Based on the results of the survey, guidelines for planning the in-service 
teacher training that would support the development of TPACK of teachers teaching chemistry content were developed.

Keywords: Teacher demographic characteristics; information and communication technology; technological pedagogi-
cal content knowledge; chemistry teaching; in-service teacher training.

1. Introduction
In the information age, science teachers are constantly 

confronted with new opportunities and challenges resulting 
from the rapid pace of discovery in science and the remark-
able development of information and communication tech-
nology (ICT), both of which simultaneously provide new 
opportunities and are a source of new ideas that can be ef-
fectively implemented in the processes of learning and 
teaching in science,1 which also implies for chemistry edu-
cation being one of the science education disciplines. With 
the development of ICT, it has become imperative for teach-
ers to use modern technologies in the processes of learning 
and teaching, and it is necessary to transform pedagogical 
knowledge and redefine teachers’ qualifications according-
ly.2 The role of ICT should not be understood as a potential 
replacement for great teachers but as a valuable tool that can 
be used transformatively in their hands.3 Therefore, contin-

uous in-service teacher training that would support the de-
velopment of technological pedagogical content knowledge 
(TPACK) is crucial for successfully integrating teachers’ 
technological pedagogical content knowledge in the plan-
ning and delivering science content instruction. Research 
results have shown that teacher training positively affects 
the development of TPACK.4–7 It is important that the deliv-
ery of in-service teacher training that would support their 
development of TPACK is directly linked to teachers’ needs 
and the use of pedagogical approaches in the classroom and 
that training does not focus only on technological skills.8,9 
Thus, it is important to note that it is not only technological 
knowledge that suffices to bridge this gap, but the integra-
tion of pedagogical, content and technological knowl-
edge.10–12 In order to plan relevant in-service teacher train-
ing in chemistry education that would support their 
development of TPACK, it is, therefore, valuable to use 
teachers’ perceived level of technological pedagogical con-

mailto:vesna.ferk@pef.uni-lj.si
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tent knowledge as one of the indicators of teachers’ needs 
related to the efficient use of ICT in chemistry learning.

1. 1. TPACK
Technological pedagogical content knowledge 

(TPACK) is the integration of technological knowledge 
(TK), which includes knowledge of how to use different 
software and hardware; pedagogical knowledge (PK), 
which includes knowledge of learning processes, different 
strategies and methods of teaching and learning, and con-
tent knowledge (CK).13,14 Mishra and Koehler13 also in-
cluded technological knowledge in Shulman’s14 concept of 
pedagogical content knowledge (PCK). This was not an 
entirely new concept, but they were the first to clarify the 
links between all three components and their intersections 
in pairs.15 They emphasized that to integrate ICT and ped-
agogical knowledge into subject area teaching effectively, it 
is important to establish a dynamic relationship between 
all knowledge components.16

Because content knowledge (CK), pedagogical 
knowledge (PK), and technological knowledge (TK) are 
integrated, four new skills emerge: pedagogical content 
knowledge (PCK), technological content knowledge 
(TCK), technological pedagogical knowledge (TPK), and 
technological pedagogical content knowledge (TPACK).13 
Thus, a total of seven skills are summarized in Table 1 and 
schematically depicted in Figure 1.

In 2007, the TPCK model was renamed to make it 
easier to pronounce the acronym; ‘TPACK’ stands for 
‘Technological Pedagogical And Content Knowledge’.17 In 
2008, Koehler and Mishra added contexts to the TPACK 
model, with the intention that the TPACK model not exist 
in a vacuum but be placed in specific contexts, as repre-
sented by the outer dashed circle in the TPACK model in 
Figure 1.16 In 2019, the word ‘context’ in the basic TPACK 
model was replaced by ‘contextual knowledge’ (XK, de-
rived from ‘conteXtual Knowledge’. Contextual Knowl-
edge (XK) in the TPACK model is encompassed by a dot-
ted circle and represents the teacher’s knowledge of the 

context, which includes everything from the teacher’s 
awareness of the available technologies to the teacher’s 
knowledge of the school, state or national politics.18

Figure 1: TPACK Model.18

There are three levels of TPACK perception: low, av-
erage and high. According to research, teachers perceive a 
high level of TPACK.2,4,19–22 In a study involving pre-ser-
vice teachers found that for the factor (part of the items 
in the TPACK questionnaire) design, exertion and ethics, 
teachers perceived high level of TPACK, while for profi-
ciency, they perceived an average level of TPACK.21 Çoklar 
and Özbek also reached the same results for primary and 
secondary school teachers,19 while Arslan found that 
pre-service teachers perceived high TPACK in all four fac-
tors.4 The same results were reached by Şentürk et al., who 
found that primary and secondary school teachers and ed-
ucators perceived a high level of TPACK in all factors.22

Table 1: Description of TPACK.13

Knowledge	 Description

Content knowledge (CK)	 Knowledge of subject matter.
Pedagogical knowledge (PK)	� Knowledge of learning processes, different strategies and methods and 

techniques of teaching and learning.
Technological knowledge (TK)	� Knowledge of how to use different software and hardware.
Pedagogical content knowledge (PCK)	� Knowledge of strategies and methods for teaching and learning content with 

respect to subject matter content.
Technological content knowledge (TCK)	� Knowledge of how to use appropriate technology to present content in a 

subject area. 
Technological pedagogical knowledge (TPK)	� Knowledge of which technology to choose when using a teaching and 

learning strategy or method.
Technological pedagogical content knowledge (TPACK)	� It is the integration of technological knowledge, pedagogical knowledge and 

content knowledge.
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1. 2. �Teachers’ Demographic Characteristics 
and Association with Perceived Levels of 
TPACK
Older teachers find it more difficult than younger 

teachers to integrate TPACK into the classroom.23 Younger 
teachers are more likely to use ICT daily, making it easier 
to incorporate it into the classroom.24 Younger teachers 
are more confident and experienced in adapting to and us-
ing new technologies. Their greater confidence and expe-
rience allow them to pick up new tools more quickly and 
adapt them to the specific needs of their students. Age may 
affect ICT integration and TPACK because older teachers 
tend to perceive greater barriers to ICT integration.25 Ex-
isting research confirms that older teachers perceive lower 
TPACK levels than younger teachers.26,27

Research on the association of teachers’ gender with 
perceived levels of TPACK is inconsistent. Some research 
has shown no statistically significant gender differenc-
es in perceived TPACK.4,20,28–31 The gender difference in 
TPACK scores could be because male teachers tend to 
demonstrate more confidence and efficacy in ICT knowl-
edge and skills.32 In addition, male teachers are more 
interested in technology than female teachers are.33 In a 
study,34 it was found that male teachers perceived high-
er levels of TPACK than female teachers do. This finding 
suggests that researchers and practitioners must consider 
gender when designing training programmes to develop 
teachers–knowledge of integrating technology into the 
classroom.

Liu et al. found that teachers with less teaching expe-
rience (1–5 years and 6–10 years) perceived significantly 
higher levels of TPACK than those with more teaching ex-
perience (11–20 years and over 20 years).35 Teachers with 
less experience are also younger, having been introduced 
to ICT at a young age, and also use it more frequently in 
their daily lives, which allows them to integrate it more 
easily into the classroom.24 Less-experienced science and 
mathematics teachers tended to perceive their level of 
TPACK significantly higher than more experienced teach-
ers do.30 These findings were consistent with those of other 
researchers.26,36

Frequent ICT use is also related to teachers’ percep-
tions of TPACK levels.4 The frequency of ICT use increases 
perceptions of TPACK levels.2,4,21,37

However, unlike frequent ICT use, the level at which 
a teacher teaches is not related to the perceived level of 
TPACK.34,38

2. Research Problem and Research 
Questions

TPACK has become very important as technology 
has become integral to teaching and learning chemistry. 
In reviewing research on TPACK, the number of studies in 

this area increased from 2003 to 2013.39 More than half of 
the research on TPACK has focused on TPACK in teach-
ers in general, while relatively little research has examined 
TPACK in teachers of specific subject areas. However, 
most of the research was conducted in science and mathe-
matics education. Most research has been conducted with 
preservice teachers, followed by secondary, primary and 
university teachers.

The number of publications on TPACK in chemistry 
education increased slightly between 2018 and 2020, while 
it decreased in the 2020−2023 period. They selected 22 
publications from the Scopus database that were published 
between 2011 and 2022. No articles were published on the 
subject in 2012, 2013, 2016 and 2018, while the number 
of citations to articles increased during the 2018−2022 pe-
riod and fluctuated during the 2011−2018 period. In ad-
dition, most of the articles were published by Indonesian 
researchers.40

Despite a variety of research,4,5,7,39,41,42 the use of 
TPACK in teaching chemistry remains relatively unex-
plored, especially in terms of opportunities for more ef-
fective planning of training for teachers on the potential 
of ICT to support the learning and teaching of chemis-
try content, respectively. This area, therefore, represents 
a good opportunity for further research in the future. As 
technology has become an integral part of teaching and 
learning chemistry, ICT in chemistry has become impor-
tant, and therefore, teacher training in this area is essential. 
Before developing worthwhile training, examining the re-
lationship between teacher demographics and TPACK is 
essential in order to apply these findings to the design of 
training and to encourage, for example, age groups that are 
weaker in the integration of TPACK in the classroom to 
undertake in-service teacher training that would support 
their development of TPACK.

This study aims to investigate how teachers teaching 
chemistry content at different levels of education perceive 
their level of TPACK and to examine the factors that in-
fluence it.

The following two research questions were asked in 
the context of the study:

1. �Which of the three levels of TPACK are perceived 
by teachers teaching chemistry?

2. �Is there a statistically significant relationship be-
tween a teacher’s perceived level of TPACK and 
the teacher’s age, gender, the level of education 
they teach, the time spent teaching chemistry con-
tent and the frequency of ICT use?

3. Method
A quantitative research approach and a descrip-

tive research method were used to examine the overall 
TPACK status of chemistry teachers and the association 
of teacher-perceived TPACK levels with age, gender, level 
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of education, time teaching chemistry, and frequency of 
ICT use.

3. 1. Sample
The survey used a representative sample: 261 teach-

ers participated, 246 (94.25%) women and 15 (5.75%) men. 
Their ages ranged from 24 to 66 years, with mean age M 
= 45.30; SD = 9.72. Ten percent of primary and second-
ary schools in Slovenia were selected, equally represented 
from all 12 statistical regions, from a list published on the 
website of the Ministry of Education. The participants were 
teachers teaching chemistry at different levels of education. 
Sample included 18 (6.90%) secondary school chemistry 
teachers, 68 (26.05%) primary school chemistry teachers, 
44 (16.86%) science teachers and 131 (50.19%) classroom 
teachers. They have been teaching chemistry for between 1 
and 45 years, with an average of M = 18.10 and SD = 10.80.

3. 2. Instruments
We used two measuring instruments to collect the data:
1) �The ICTCHEM questionnaire on the use of ICT 

for teaching chemistry.
2) �The Technology Pedagogical Content Knowledge 

Questionnaire (TPACK) to measure the level of 
teachers’ perception of TPACK.43

The ICTCHEM questionnaire on the use of ICT for 
teaching chemistry was developed for the survey. Sensitiv-
ity was ensured by a multilevel or multiple-choice scale, 
and the objectivity of the performance was ensured by 
standardized instructions.

The questionnaire consists of questions to determine 
the following variables (gender, age, level of education, 
years of teaching chemistry). In addition, it contains a 
question on the frequency of use of ICT in teaching chem-
istry. For this question, a 5-point scale was used: ‘1 – nev-
er’, ‘2 – rarely (up to 25% of teaching hours)’, ‘3 – occasion-
ally (25% to 50% of teaching hours)’, ‘4 – often (50% to 
75% of teaching hours)’, and ‘5 – very often (75% to 100% 
of teaching hours)’.

To measure teachers’ perceptions of TPACK levels, we 
used the TPACK questionnaire.43 The questionnaire con-
tains 33 items that include four factors: design (10 items), ex-
ertion (12 items), ethics (6 items), and proficiency (5 items).

The design factor covers items 1–10, which include 
an analysis of the current situation prior to the teaching 
process, the selection of methods, techniques and tech-
nologies, and the preparation of activities, materials, and 
instruments to be used in the teaching process (e.g., I can 
plan the teaching and learning process according to avail-
able technological resources.).

The exertion factor includes items 11–22 on imple-
menting ICT-enhanced teaching and assessment plans 
(e.g., I can use technology to evaluate students’ achieve-
ment in related content areas).

The ethics factor includes items 23–28 on ethical 
behavior in the use of ICT (e.g., I can behave ethically re-
garding the appropriate use of technology in educational 
environments.).

The proficiency factor includes items 29–33 related 
to the teacher’s ability to integrate ICT into the teaching 
and learning process by demonstrating effective use of 
ICT. This factor refers to maintaining the teacher’s ca-
pacity to integrate technological knowledge with content 
and pedagogical knowledge to become an expert in the 
teaching profession, to put forward proposals for solving 
problems related to the subject area, the teaching process 
and technology, and to choose the most appropriate one 
among these proposed solutions (e.g., I can use technology 
to find solutions to problems (structuring, updating and 
relating the content to real life, etc.)).

For each item, the teachers chose the most appropri-
ate answer according to a 5-point Likert scale: ‘1 – strongly 
disagree’, ‘2 – disagree’, ‘3 – neither agree nor disagree’, ‘4 
– agree’, ‘5 – strongly agree’.

There are three levels of TPACK perception: a low lev-
el of TPACK perception has an arithmetic mean between 
1.00 and 2.33; an intermediate level of TPACK perception 
has an arithmetic mean between 2.34 and 3.67; and an ad-
vanced level of TPACK perception has an arithmetic mean 
between 3.68 and 5.00.21 In the study by Kabakçı Yurdakul 
et al.,43 the Cronbach alpha reliability coefficient is 0.95 for 
the overall questionnaire, 0.92 for the design, 0.91 for the 
exertion, 0.86 for the ethics and 0.85 for the proficiency fac-
tor. In our study, the Cronbach alpha reliability coefficient 
for the whole questionnaire is 0.96; for the design factor, the 
Cronbach alpha reliability coefficient is 0.90; for the exer-
tion factor, 0.92; for the ethics factor, 0.83; and for the pro-
ficiency factor, 0.85. Cronbach alpha reliability index values 
above 0.70 are acceptable, and values above 0.80 are defined 
as reliable.44 In our study, we obtained similar Cronbach 
alpha reliability index values as in the original study. The 
calculated values indicate that the questionnaire is reliable.

The KMO test value in Kabakçı Yurdakul et al.43 is 
0.96, while in our study, it is 0.94, indicating that the data 
are suitable for factor analysis. The KMO test value, which 
can be between 0 and 1, is interpreted as normal if it is 
between 0.50 and 0.70, as good if it is between 0.70 and 
0.80, as very good if it is between 0.80 and 0.90, and as ex-
cellent if it is above 0.90.45 Since the KMO test value is very 
high (close to 1), it is interpreted as excellent, which means 
that the data are very suitable for pooling into factors. In 
our study, as in the study by Kabakçı Yurdakul et al.,43 the 
four-factor structure of the TPACK questionnaire was val-
idated by confirmatory factor analysis (CFA). We used the 
method of principal axes and Warimax rotation.

3. 3. Data Collection
The survey was conducted from 21 August to 16 Oc-

tober 2021. Questionnaires were sent to a selected sample 
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of primary and secondary school teachers. Participants 
completed the measuring instruments in digital format. 
Anonymity was ensured by encrypting the measuring in-
struments.

For the first research question, the data were ana-
lysed using descriptive statistics and the results are pre-
sented in terms of relative frequencies (f %).

For the second research question, a chi-square test 
was used to determine whether age, gender, teaching at 
different levels of education, time spent teaching chemis-
try, and frequency of ICT use were statistically significant-
ly related to the teacher’s perceived level of TPACK, also 
for the individual TPACK factor (design, exertion, ethics, 
proficiency). To measure the effect size of the chi-square 
test, we used Cramar’s V. To determine whether the cor-
relation was highly proportional or inversely proportional, 
we used Kendall’s τ coefficients. Associations between re-
sults are given at the 5% risk level.44

The age of teachers was divided into five parts ac-
cording to the life stages published in the study:46 late ado-
lescence (17–25 years), early adulthood (26–35 years), late 
adulthood (36–45 years), early elderly (46–55 years) and 
late elderly (56–66 years).

The years of chemistry content teaching were divid-
ed into five parts according to the periods published in the 
study:19 1–5 years, 6–10 years, 11–15 years, 16–20 years, 
and 21 years and older.

The teaching of chemistry content was divided into 
four levels according to the level of education, depending 
on the grade or year taught by the teacher, to cover the 
vertical from the beginning of primary school to the end of 
secondary school: (Primary School – Classroom (Grades 
1–5), Primary School – Science (Grades 6–7), Primary 
School – Chemistry (Grades 8–9), and Secondary School 
– Chemistry (Grades 1–4)).

4. Results and Discussion
4.1. �Perceived Level of TPACK of Teachers 

Teaching Chemistry Content

Teachers teaching chemistry content perceive a high 
level of TPACK according to the value of the arithmetic 
mean (M = 3.68; SD = 0.60), which coincides with the 
results of other research.2,4,19–22 The majority of teachers 
teaching chemistry content perceive a high level of TPACK, 
while the least number of teachers teaching chemistry 
content perceive a low level of TPACK (Figure 2).

For the design factor, teachers teaching chemistry 
content perceive a high level of TPACK according to the 
value of the arithmetic mean (M = 4.35; SD = 0.63) which is 
consistent with other research.4,19,21,22 Most of the teachers 
teaching chemistry content perceive a high level of TPACK, 
while the least number of teachers who teach chemistry 
content perceive a low level of TPACK (Figure 3).

Within the design factor, the item ‘I can use technol-
ogy to appropriately design materials to the needs for an 
effective teaching and learning process (e.g., PowerPoint 
presentations)’ has the highest arithmetic mean (M = 4.36; 
SD = 0.75), followed by the item ‘I can plan the teaching 
and learning process according to available technological 
resources’ with the second highest arithmetic mean (M = 
4.18; SD = 0.64).

Within the design factor, the item ‘I can develop ap-
propriate assessment tools by using technology’ has the 
lowest arithmetic mean (M = 3.51; SD = 0.95), followed by 
the item ‘I can optimise the duration of the lesson by us-
ing technologies (educational software, virtual labs, etc.)’ 
with the second lowest arithmetic mean (M = 3.58; SD = 
0.89), with the third lowest arithmetic mean (M = 3.67; SD 
= 0.83) for the item ‘I can combine appropriate methods, 
techniques and technologies by evaluating their attributes 
in order to present the content effectively.’

Figure 3: Percentage of teachers teaching chemistry according to 
each TPACK perception level for the design factor (N = 261).

For the exertion factor, teachers teaching chemistry 
content perceive a high level of TPACK according to the 
value of the arithmetic mean (M = 3.72; SD = 0.62), which 

Figure 2: Percentage of teachers teaching chemistry according to 
each TPACK perception level for the whole TPACK questionnaire 
(N = 261).
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is consistent with other researchers.4,19,21,22 Most of the 
teachers teaching chemistry content perceive a high level of 
TPACK, while the least number of teachers teaching chem-
istry content perceive a low level of TPACK (Figure 4).

Within the exertion factor, the item ‘I can imple-
ment effective classroom management in the teaching and 
learning process in which technology is used’ has the high-
est arithmetic mean (M = 4.11; SD = 0.73), followed by the 
statement ‘I can use technology to keep my content knowl-
edge updated’ with the second highest arithmetic mean (M 
= 4.00; SD = 0.76).

Within the exertion factor, the item with the lowest 
arithmetic mean (M = 2.90; SD = 1.20) is ‘I can use inno-
vative technologies (Facebook, blogs, Twitter, podcasting, 
etc.) to support the teaching and learning process’, fol-
lowed by the second lowest (M = 3.49; SD = 1.00) item ‘I 
can guide students in the process of designing technolo-
gy-based products (presentations, games, films, etc.)’, fol-
lowed by the third lowest (M = 3.53; SD = 0.90) item ‘I 
can use technology for evaluating students’ achievement 
in related content areas.’

Figure 4: Percentage of teachers teaching chemistry according to 
each TPACK perception level for the exertion factor (N = 261).

For the ethics factor, teachers teaching chemistry 
content perceive an average level of TPACK according to 
the value of the arithmetic mean (M = 3.66; SD = 0.70), 
which does not coincide with other research in which 
teachers perceived a high level of TPACK.4,19,21,22 Most 
teachers teaching chemistry content perceive a high level 
of TPACK, while the least of the teachers teaching chemis-
try content perceive a low level of TPACK (Figure 5).

Within the ethics factor, the item ‘I can behave ethi-
cally regarding the appropriate use of technology in educa-
tional environments’ has the highest arithmetic mean (M 
= 4.00; SD = 0.80), followed by the item ‘I can behave eth-
ically in acquiring and using special/private information 
which will be used in teaching a subject area – via technol-
ogy (audio records, video records, documents etc.)’ with 
the second-highest arithmetic mean (M = 3.91; SD = 0.88).

Within the ethics factor, the item ‘I can provide each 
student equal access to technology’ has the lowest arith-

metic mean (M = 3.13; SD = 1.16), followed by the second 
lowest arithmetic mean (M = 3.60; SD = 1.06) for ‘I can fol-
low the teaching profession’s codes of ethics in online ed-
ucational environments (WebCT, Moodle, etc.)’ followed 
by the third lowest arithmetic mean (M = 3.62; SD = 0.92) 
item ‘I can use technology in every phase of the teaching 
and learning process by considering the copyright issues 
(e.g., license).’

Figure 5: Percentage of teachers teaching chemistry according to 
each TPACK perception level for the ethics factor (N = 261).

For the proficiency factor, teachers teaching chem-
istry content perceive an intermediate level of TPACK 
according to the value of the arithmetic mean (M = 2.98, 
SD = 0.80), which is consistent with the research of Çoklar 
and Özbek19 and Şentürk et al.,22 but not consistent with 
the research of Arslan4 and Kabakçı Yurdakul,21 in which 
teachers perceived an advanced level of TPACK. Most 
teachers teaching chemistry content perceive an average 
level of TPACK, while the least number of teachers teach-
ing chemistry content perceive a low level of TPACK (Fig-
ure 6).

Within the proficiency factor, the item ‘I can use 
technology to find solutions to problems (structuring, up-
dating and relating the content to real life, etc.)’ has the 
highest arithmetic mean (M = 3.55; SD = 0.90), followed 
by the item ‘I can cooperate with other disciplines regard-
ing the use of technology to solve problems encountered in 
the process of presenting content’ with the second-highest 
arithmetic mean (M = 3.44; SD = 0.99).

Within the proficiency factor, the item ‘I can become 
a leader in spreading the use of technological innovations 
in my future teaching community’ has the lowest arithme-
tic mean (M = 2.46; SD = 1.13), followed by the second 
lowest arithmetic mean (M = 2.70; SD = 1.04) for ‘I can 
troubleshoot problems that could be encountered with 
online educational environments (WebCT, Moodle, etc.)’ 
and with the third lowest arithmetic mean (M = 2.75; SD 
= 0.98) the statement ‘I can troubleshoot any kind of prob-
lem that may occur while using technology in any phase of 
the teaching-learning process.’
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Figure 6: Percentage of teachers teaching chemistry according to 
each TPACK perception level for the proficiency factor (N = 261).

The highest arithmetic mean (M = 4.36, SD = 0.75) of 
all the items in the questionnaire is ‘I can use technology 
to appropriately design materials to the needs for an effec-
tive teaching and learning process (e.g. PowerPoint pres-
entations)’, which is from the design factor, while Arslan 
had the highest value of arithmetic mean for the statement 
from the ethics factor in his study ‘I can behave ethically 
regarding the appropriate use of technology in educational 
environments’, which otherwise had the highest arithmetic 
mean within the ethics factor in our study.4

The lowest arithmetic mean (M = 2.46, SD = 1.13) 
is for the statement ‘I can become a leader in spreading 
the use of technological innovations in my future teach-
ing community’, which is from the proficiency factor; had 
the lowest arithmetic mean value for the proficiency factor 
item ‘I can troubleshoot problems that could be encoun-
tered with online educational environments (WebCT, 
Moodle, etc.)’,4 which has the second lowest arithmetic 
mean of all the items in our study.

According to the value of the arithmetic mean, 
teachers teaching chemistry content perceive a high level 
of TPACK for the design and exertion factor, while they 
perceive an average level of TPACK for the ethics and pro-
ficiency factor (Figure 7).

Figure 7: Arithmetic mean value for each factor of the TPVZ ques-
tionnaire.

Unlike the research in which teachers perceived 
a high level of TPACK,4,19,21,22 in our study, teachers 

teaching chemistry content perceived an average level of 
TPACK in the ethics factor. Similarly, in the proficiency 
factor, teachers teaching chemistry content perceived an 
average level, which coincides with the findings of Ka-
bakçı Yurdakul21 and Çoklar and Özbek,19 but not with 
those of Arslan4 and Kabakçı Yurdakul.21 For this rea-
son, in the organization of TPACK training, we would 
devote more hours to proficiency in ethical behavior in 
the use of ICT, in which we would present the recom-
mendations of the code of ethics for teachers in online 
educational environments. Therefore, more in-service 
teacher training hours should be devoted to the topics 
covered in the ethics and proficiency factor, as chemistry 
teachers perceived both factors as having an average lev-
el of TPVZ. We would also devote more TPACK training 
hours to the effective use of ICT in the classroom and, 
by presenting concrete examples of good practice, train 
teachers to link technological knowledge with content 
and pedagogical knowledge so that they become ex-
perts in the teaching profession, are able to put forward 
problem-solving proposals, and can become leaders in 
spreading the use of technological innovations in their 
teaching community.

4. 2. �Relation of Demographic Variables to 
the Perceived Level of TPACK Relation 
of Age of Teachers to Perceived TPACK 
Level
The correlation between the age of the teachers 

teaching chemistry and the perceived level of TPACK is 
statistically significant (χ2(8, N = 261) = 26.29, p = 0.001, V 
= 0.21). Teachers’ age is strongly correlated with teachers’ 
perceived TPACK level. The direction of the association 
is inversely proportional because Kendall’s τ coefficient is 
negative (τ = −0.21), implying that in our study, as in the 
findings of other researchers,23,24,26,27 older teachers per-
ceive a lower level of TPACK.

Teachers who perceive a low level of TPACK have a 
mean age of 54 years (M = 53.80; SD = 4.71), those who 
perceive an average level have a mean age of 47 years (M 
= 47.20; SD = 9.35), and those who perceive an advanced 
level have a mean age of 43 years (M = 43.30; SD = 9.71).

For the design factor (χ2(8, N = 261) = 7.10, p = 
0.53), exertion (χ2(8, N = 261) = 14.80, p = 0.063) and 
ethics (χ2(8, N = 261) = 13.18, p = 0.45), the correlation 
between the age of the teachers teaching chemistry con-
tent and the perceived level of TPACK is not statistically 
significant.

In the proficiency factor (χ2(8, N = 261) = 18.30, p 
= 0.00100, V = 0.23), the correlation between the age of 
teachers teaching chemistry content and the perceived lev-
el of TPACK is statistically significant. Age is strongly cor-
related with the perceived level of TPACK. The direction of 
the association is inversely proportional because Kendall’s 
τ coefficient is negative (τ = −0.23).
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We suggest more training for older teachers on inte-
grating TPACK in the classroom, encouraging them to use 
ICT more often, overcoming barriers (e.g., fear of change, 
use of novelty) and developing their competencies to trou-
bleshoot problems with online environments to become 
more flexible in implementing change.

The correlation of teachers’ gender with perceived 
TPACK levels

The gender of the teacher teaching chemistry con-
tent is not related to the teacher’s perceived level of TPACK 
(χ2 (2, N = 261) = 0.63, p = 0.73), which is consistent with 
the results of other research.4,20,28–31

For the design (χ2(2, N = 261) = 0.14, p = 0.69), ex-
ertion (χ2(2, N = 261) = 1.01, p = 0.60), ethics (χ2(2, N = 
261) = 0.90, p = 0.64) and proficiency factor (χ2(2, N = 
261) = 3.54, p = 0.17), the correlation of teacher gender 
with teacher perceived levels of TPACK is also not statis-
tically significant.

Therefore, there is no need to differentiate between 
male and female teachers when designing in-service 
teacher training programmes that would support their 
development of TPACK because they have the same per-
ceived level of TPACK.

The correlation of teaching at different levels of 
education with the perceived level of TPACK

Teaching at different levels of education is not re-
lated to teachers’ perceived levels of TPACK (χ2 (6, N = 
261) = 2,68, p = 0,85), which is consistent with the other 
research.34,38 Also for the design (χ2(6, N = 261) = 3.59, p 
= 0.73), exertion (χ2(6, N = 261) = 3.04, p = 0.80), ethics 
(χ2(6, N = 261) = 3.58, p = 0.73), and proficiency factor 
(χ2(6, N = 261) = 12.10, p = 0.060), teaching at different 
educational levels is not related to teachers’ perceived lev-
el of TPACK. Thus, teachers at varying levels of education 
(e.g., as a secondary school chemistry teacher, or as a pri-
mary school chemistry teacher, or as a science or classroom 
teacher) do not differ in their perceived level of TPACK.

The correlation of years of experience in teaching 
chemistry with perceived levels of TPACK

The experience in teaching chemistry is statistically 
significantly related to the teacher’s perceived TPACK level 
χ2(8, N = 261) = 17.91, p = 0.02, V = 0.17). It is also mod-
erately strongly related to the teacher’s perceived TPACK 
level.

In the proficiency factor (χ2(8, N = 261) = 29.30, p 
= 0.001, V = 0.23), years of experience in teaching chem-
istry is statistically significantly related to the teacher’s 
perceived level of TPACK. The correlation is strong. For 
the design factor (χ2(8, N =261) = 9.05, p = 0.34), exertion 
(χ2(8, N =261) = 9.84, p = 0.28) and ethics (χ2(10, N =261) 

= 14.02, p = 0.081), the correlation of time spent teach-
ing chemistry content with the teacher’s perceived level of 
TPACK is not statistically significant.

Teachers perceiving a low TPACK level have been 
teaching chemistry for an average of 25 years (M = 25.20; 
SD = 8.98), those perceiving an average level of TPACK 
teach for an average of 20 years (M = 20.40; SD = 11.10), 
and those who perceive a high level of TPACK teach chem-
istry for an average of 16 years (M = 15.80; SD = 10.10).

The more years a teacher has been teaching chem-
istry, the lower their TPACK perception. In their re-
search,26,30,35,36 the same findings were reached, that less 
experienced teachers tend to perceive their TPACK level 
significantly higher than more experienced teachers. This 
finding can be supported by the fact that less experienced 
teachers are also younger teachers who have been intro-
duced to ICT in childhood, and their ICT training was also 
different and also use it more frequently in their daily lives, 
which allows them to integrate it more easily into their 
classrooms.24 Teachers who have been teaching chem-
istry for a longer period should be encouraged to attend 
in-service teacher training that would support their devel-
opment of TPACK in teaching and suggested integrating 
more ICT in their lessons, which could help them improve 
their perception of TPACK and better adapt to modern ed-
ucational trends.

The correlation of frequency of ICT use with 
perceived TPACK levels

The frequency of ICT use is statistically significantly 
related to the teacher’s perceived level of TPACK (χ2(8, N 
= 261) = 44.55, p = 0.00100, V = 0.32). The frequency of 
ICT use is strongly related to the teacher’s perceived lev-
el of TPACK. Kendall’s τ coefficient is positive (τ = 0.28), 
meaning teachers who use ICT more frequently perceive a 
higher level of TPACK.

In the design (χ2(8, N = 261) = 39.41, p = 0.00100, 
V = 0.42), exertion (χ2(8, N = 261) = 23.54, p = 0.00300, 
V = 0.26), ethics (χ2(8, N = 261) = 30.77, p = 0.00100, V = 
0.32) and proficiency factors (χ2(8, N = 261) = 34.01, p = 
0.00100, V = 0.26), a statistically significant association of 
the frequency of ICT use with the teacher’s perceived level 
of TPACK exists. For all factors, the frequency of ICT use 
is strongly correlated with the perceived level of TPACK.

Teachers who use ICT more frequently perceive 
higher levels of TPACK, which is consistent with the re-
sults of other research.2,4,21,37 Teachers who use ICT fre-
quently also have more opportunities to collaborate with 
other teachers and exchange teaching ideas. This can help 
them to develop their TPACK as they can learn new ideas 
and examples of good use for teaching, which allows them 
to create more effective and engaging lessons for their stu-
dents. By gaining new knowledge and experience and by 
continuously improving their ICT use, teachers’ percep-
tion of the level of TPACK can increase over time.
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5. Conclusions and Implications for 
Planning of In-service  

Teacher Training in Chemistry 
Education

The aims of our study were to investigate how teach-
ers teaching chemistry at different levels of education per-
ceive their level of TPACK and to examine the factors that 
influence it.

It was found that teachers teaching chemistry con-
tent perceive a high level of TPACK. There is a statisti-
cally significant relationship between age, time teaching 
chemistry content and frequency of ICT use with teachers’ 
perceived TPACK, while there is no statistically signifi-
cant relation between teacher gender and teaching at dif-
ferent levels of education with teachers’ perceived level of 
TPACK. Therefore, when designing training to stimulate 
the development of teachers’ TPACK in chemistry educa-
tion, it is not necessary to design specific adjustments to 
the training according to teachers’ gender. Given the dif-
ferent levels of education, adjustments in promoting the 
development of teachers' TPACK are not really necessary 
in terms of technological and pedagogical knowledge. It 
is important to adapt in-service teacher training in a way 
that empowers teachers of a particular level of chemistry 
education in the use of ICT in a way that is most support-
ive of the acquisition of chemistry knowledge of the level 
of education at which teachers are teaching.

The survey results suggest that it makes sense to en-
courage more intensive in-service teacher training that 
would support the development of TPACK for older teach-
ers or those teachers who have been teaching chemistry 
for a longer period because they perceive a lower level of 
TPACK than younger teachers or those teachers who have 
been teaching chemistry for a shorter period. At the same 
time, it is important to continuously involve teachers in 
training sessions that promote the use of ICT and em-
power teachers with innovations, as research shows that 
teachers who use ICT more often perceive a higher level 
of TPACK. It would be better for these teachers to be in-
volved in longer training sessions in which they actively 
experiment with the use of TPACK, get ongoing feedback 
and try things out again in practice.

The results of the research on teachers’ perception 
of TPACK levels within the factor (design, exertion, ethics 
and proficiency) suggest that in-service teacher training 
in TPACK planning needs to include content and process 
skills that enable the development of appropriate assess-
ment tools (e.g., quizzes, online surveys, online tests, etc.) 
through ICT and to present ways to use ICT to optimize 
the duration of a lesson (e.g. use of videos, animations, in-
teractive multimedia, etc.) and to show, through concrete 
examples, how to combine appropriate teaching methods 
with the use of ICT to enable teachers to present the con-
tent effectively (e.g., use of multimedia, interactive assign-

ments, interactive textbooks, etc.).
As part of the support of the development of teach-

ers’ TPACK, in-service teacher training that would sup-
port their development of TPACK should include content 
and process skills that enable the use of innovative ICT 
(e.g., Facebook, blogs, Twitter, podcasts, etc.) to support 
the teaching and learning process, and teachers should 
be provided with guidelines to help them guide students 
in making products using ICT (e.g. presentations, games, 
films, etc.). In addition, in-service teacher training that 
would support their development of TPACK should pres-
ent teachers with effective and field-tested ways of using 
ICT to assess pupils’ achievement in related content are-
as and demonstrate appropriate teaching approaches and 
methods that consider individual differences between pu-
pils when using ICT.

As the majority of teachers in the survey perceived 
an average level of TPACK in the ethics factor, to improve 
the situation in in-service teacher training that would sup-
port their development of TPACK, we would add to the 
content design guidelines for teachers on how to guide 
students to valid and reliable electronic resources, present 
rules of ethical behavior when using ICT in the educa-
tional environment and when obtaining specific/personal 
information to be used in teaching the subject area us-
ing ICT (audio recordings, video recordings, documents, 
etc.). We would detail the recommendations of the code 
of ethics for teachers in online educational environments 
(WebCT, Moodle, etc.) and demonstrate through concrete 
examples how to use ICT in all phases of the teaching and 
learning process, considering the relevant copyright (e.g., 
permissions for use).

Most teachers perceived an average level of TPACK 
in the proficiency factor of the research, and in-service 
teacher training that would support their development of 
TPACK would therefore include content and process skills 
that enable teachers to be able to troubleshoot problems 
that might arise when using online learning environments 
or that might arise during the use of ICT at any stage of the 
teaching or learning process. Also, more hours of training, 
with the demonstration of concrete and proven examples 
of good practice and testing what has been learnt in prac-
tice, would enable teachers to link technological knowl-
edge with content and pedagogical knowledge so that they 
become experts in the teaching profession, able to use 
ICT to put forward proposals to find solutions to prob-
lems (structuring, updating and linking learning content 
to everyday life, etc.), to be able to collaborate with other 
disciplines in the use of ICT to solve the problems encoun-
tered in using online environments, and to be trained to 
become leaders in spreading the use of technological in-
novations in their teaching community.

The research also has the limitation that it was based 
on self-reported data derived from teachers’ perceptions. 
To overcome this limitation, further research could test the 
TPACK of teachers teaching chemistry content in real sit-
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uations where they could demonstrate their knowledge of 
specific subject areas. Therefore, to refine the design of the 
training further, further research would include a TPACK 
test consisting of practical tasks in the field of chemistry to 
test the TPACK of teachers teaching chemistry in real-life 
situations. One possibility is to have external assessors or 
students assess their TPACK as it is demonstrated in class-
room work.

In conclusion, we suggest that changes in teaching 
approaches are inevitable, and therefore, we recommend 
that teachers teaching chemistry content should be pre-
pared to adapt their teaching style to new challenges and 
to attend training courses, as improving technological 
pedagogical content knowledge is a process that requires 
time, openness to learning and adaptation. However, 
we recommend that the organizers of in-service teacher 
training courses that would support their development 
of TPACK in chemistry content areas check the teach-
er’s perception of the level of TPACK with the TPACK 
questionnaire and the technological pedagogical content 
knowledge with the TPACK test prior to the training and 
plan the training in detail based on the results of the sur-
vey, which show the gaps in teachers’ knowledge and in-
dicates their needs.
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Povzetek
V raziskavi smo preverjali, kako učitelji, ki poučujejo kemijske vsebine na različnih ravneh izobraževanja, zaznajo lastno 
raven tehnološko vsebinsko pedagoškega znanja ter preučili povezavo zaznane učiteljeve ravni tehnološko pedagoško 
vsebinskega znanja s starostjo, s spolom, s poučevanjem na različnih ravneh izobraževanja, s časom poučevanja kemi-
jskih vsebin in s pogostostjo uporabe informacijsko-komunikacijske tehnologije. V raziskavi je sodelovalo 261 učiteljev 
od tega 246 žensk in 15 moških iz vse Slovenije, ki poučujejo kemijske vsebine v povprečju 18 let na različnih ravneh 
izobraževanja s povprečno starostjo 45 let. Rezultati so pokazali, da zaznajo učitelji, ki poučujejo kemijske vsebine, vi-
soko raven tehnološko pedagoško vsebinskega znanja. Med starostjo, časom poučevanja kemijskih vsebin in pogostostjo 
uporabe informacijsko-komunikacijske tehnologije je statistično pomembna povezanost z zaznano ravnjo tehnološko 
pedagoško vsebinskega znanja. Na osnovi rezultatov raziskave so bile pripravljene smernice za načrtovanje strokovnega 
izobraževanja učiteljev, ki poučujejo kemijske vsebine.
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Abstract
Three mononuclear nickel(II), cadmium(II) and zinc(II) complexes, [NiL2]·2CH3OH·H2O (1), [CdI2(HL)]·CH3OH (2) 
and [ZnL2] (3), have been synthesized from 3-hydroxy-4-methoxy-N’-[(Z)-(pyridin-2-yl)methylidene]benzohydrazide 
(HL) by microwave irradiation method. All complexes were characterized by CHN elemental analyses and infrared 
spectra. Structures of the complexes were further studied by single crystal X-ray determination, which reveals that the Ni 
and Zn atoms in complexes 1 and 3 are in octahedral coordination, and the Cd atom in complex 2 is in square pyramidal 
coordination. The biological activity of the complexes on the bacterial strains Bacillus subtilis, Staphylococcus aureus, 
Pseudomonas aeruginosa and Escherichia coli was evaluated. As a result, the zinc complex has interesting antibacterial 
activities.

Keywords: Hydrazone; nickel complex; cadmium complex; zinc complex; antibacterial activity

1. Introduction
Microwave-assisted synthesis of various organic and 

coordination compounds has received much attention in 
recent years because it can accelerate their reactions.1 In ad-
dition, this method has obvious advantages in providing a 
cheap, clean and easy handling heating way in the synthesis 
of various types of compounds with higher yields and less 
reaction time by comparing with those heating at reflux in 
organic solvents or solvothermal method.2 Till date, micro-
wave irradiation is considered to be one of the robust and 
efficient techniques for the synthesis of Schiff base metal 
complexes. The greatest advantage of this technique is the 
extraordinary acceleration in reaction rate when compared 
to conventional method.3 Hydrazones can be prepared by 
reaction of aldehydes and aroylhydrazines. They and their 
metal complexes have various biological activities such as 
antibacterial,4 anticancer,5 antitubercular,6 as well as en-
zyme inhibition.7 When bioorganic molecules or drugs 
are bound to metal ions, there is drastic enhance in their 
biomimetic properties, therapeutic effects and pharmaco-
logical properties.8 Orojloo and coworkers reported some 
cobalt(II), nickel(II), copper(II) and zinc(II) complexes 
derived from the Schiff base ligands 4-((2,4-dichloro-
phenyl)diazenyl)-2-(3-hydroxypropylimino)methyl)phe-

nol and 2-((3-hydroxypropylimino)methyl)-4-(thiazol-2 
yldiazenyl)phenol. As a result, the complexes have higher 
activities as compared with the free Schiff bases.9 Nickel, 
cadmium and zinc complexes are reported to be biologi-
cal active like antimicrobial, anticancer, antioxidant, and 
DNA binding properties.10 As a continuation of our work 
on metal complexes with biological activities,11 in this 
study, the synthesis, characterization and antibacterial 
properties of three new complexes [NiL2]·2CH3OH·H2O 
(1), [CdI2(HL)]·CH3OH (2) and [ZnL2] (3), derived from 
3-hydroxy-4-methoxy-N’-[(Z)-(pyridin-2-yl)methylidene]
benzohydrazide (HL), are presented.

2. Experimental
2. 1. Materials and Physical Methods

Pyridine-2-carboxaldehyde, 3-hydroxyl-4-methoxy-
benzohydrazide, nickel acetate, cadmium iodide, and zinc 
acetate were obtained from TCI. The solvents were of AR 
grade and used as received. The microwave synthesis was 
carried out with a WX-4000 microwave digestion system. 
CHN elemental analyses were performed on a Perkin-Elm-
er 2400 Elemental Analyzer. Infrared spectra were recorded 
on a Bio-Rad FTS 135 spectrophotometer with KBr pellets. 



463Acta Chim. Slov. 2024, 71, 462–470

Zhang:   Synthesis, Crystal Structures and Antibacterial Activity   ...

X-ray single crystal structure diffraction was determined 
with a Bruker Smart 1000 CCD diffractometer.

2. 2. Synthesis of HL
Pyridine-2-carboxaldehyde (0.11 g, 1.0 mmol) and 

3-hydroxyl-4-methoxybenzohydrazide (0.18 g, 1.0 mmol) 
were mixed in methanol, and stirred at reflux for 30 min. 
The reaction mixture was evaporated to give colorless 
solid, which was recrystallized from methanol to give 
crystalline product. Yield: 0.24 g (89%). Anal. Calcd. for 
C14H13N3O3 (%): C, 61.99; H, 4.83; N, 15.49. Found (%): 
C, 62.23; H, 4.90; N, 15.37. IR data (KBr, cm–1): 3308, 
3272, 1684, 1621, 1569, 1507, 1461, 1425, 1331, 1305, 1273, 
1232, 1145, 1113, 1029, 885, 843, 817, 760, 713, 646, 578. 
1H NMR (500 MHz, d6-DMSO): δ 9.49 (s, 1H, OH), 9.12 
(s, 1H, NH), 8.63 (d, 1H, PyH), 7.87 (d, 1H, PyH), 7.81 (t, 
1H, PyH), 7.60 (t, 1H, PyH), 7.45 (s, 1H, CH=N), 7.29 (m, 
2H, ArH), 6.95 (d, 1H, ArH), 3.85 (s, 3H, CH3). 13C NMR 
(126 MHz, d6-DMSO): δ 165.8, 153.2, 150.0, 148.7, 145.9, 
144.3, 136.2, 128.1, 126.7, 125.6, 121.3, 120.1, 115.3, 55.6.

2. 3. Synthesis of the Complexes
The three complexes were prepared with the same 

method as described. Pyridine-2-carboxaldehyde (0.11 g, 
1.0 mmol), 3-hydroxyl-4-methoxybenzohydrazide (0.18 g, 
1.0 mmol), methanol (30 mL) and metal salts (1.0 mmol 
as follows) were placed in a Teflon-lined autoclave (30 

mL). The reaction mixture was maintained at 350 K and 
200 W for 10 min at the cavity of the microwave reactor. 
Then the reaction mixture was cooled to room tempera-
ture for about 60 min. The mixtures were filtered and with 
the filtrate to slow evaporate in air for a week. Well shaped 
single crystals were formed and collected by filtration and 
washed with cold methanol.

2. 3. 1. [NiL2]·2CH3OH·H2O (1)
Nickel acetate tetrahydrate (0.25 g, 1.0 mmol). Yield: 

0.22 g (65%). Anal. Calcd. for C30H34N6NiO9 (%): C, 52.89; 
H, 5.03; N, 12.34. Found (%): C, 52.73; H, 5.10; N, 12.17. 
IR data (KBr, cm–1): 1605, 1561, 1517, 1489, 1460, 1423, 
1365, 1351, 1328, 1268, 1243, 1217, 1180, 1134, 1118, 1072, 
1015, 971, 878, 855, 820, 765, 680, 643, 599, 555, 518, 493.

2. 3. 2. [CdI2(HL)]·CH3OH (2)
Cadmium iodide (0.37 g, 1.0 mmol). Yield: 0.41 g 

(61%). Anal. Calcd. for C15H17CdI2N3O4 (%): C, 26.91; 
H, 2.56; N, 6.28. Found (%): C, 27.05; H, 2.47; N, 6.22. IR 
data (KBr, cm–1): 1628, 1614, 1580, 1550, 1508, 1473, 1441, 
1358, 1293, 1229, 1212, 1146, 1125, 1083, 1010, 968, 878, 
827, 783, 767, 747, 638, 576, 532, 507, 472.

2. 3. 3. [ZnL2] (3)
Zinc acetate dihydrate (0.22 g, 1.0 mmol). Yield: 0.23 

g (74%). Anal. Calcd. for C28H24N6O6Zn (%): C, 55.50; H, 

Table 1. Crystallographic data for the complexes

Complex	 1	 2	 3

Formula	 C30H34N6NiO9	 C15H17CdI2N3O4	 C28H24N6O6Zn
Formula weight	 681.34	 669.52	 605.90
Crystal system	 Orthorhombic	 Monoclinic	 Triclinic
Space group	 Pbca	 P21/c	 P-1
a (Å)	 15.1673(10)	 8.3494(13)	 8.4352(10)
b (Å)	 19.8159(10)	 14.3589(15)	 11.4227(11)
c (Å)	 20.9173(13)	 17.4204(13)	 14.7073(15)
α (º)	 90	 90	 88.9880(10)
β (º)	 90	 95.9160(10)	 77.2480(10)
γ (º)	 90	 90	 74.8700(10)
V (Å3)	 6286.8(7)	 2077.4(4)	 1333.0(2)
λ (Å)	 0.71073	 0.71073	 0.71073
ρcalcd (g cm–3)	 1.440	 2.141	 1.510
Z	 8	 4	 2
μ (mm–1)	 0.680	 4.046	 0.977
θ ranges (º)	 1.95–25.50	 1.84–25.50	 2.28–25.50
Reflections collected	 32240	 11012	 13780
Independent reflections	 5852	 3868	 4953
Observed reflections (I ≥ 2σ(I))	 3587	 2927	 2871
Restraints	 25	 2	 2
Parameters	 437	 234	 380
Goodness-of-fit on F2	 1.027	 1.039	 1.018
Final R indices [I ≥ 2σ(I)]	 0.0500, 0.1057	 0.0321, 0.0607	 0.0586, 0.1283
R indices (all data)	 0.1028, 0.1293	 0.0491, 0.0673	 0.1180, 0.1513



464 Acta Chim. Slov. 2024, 71, 462–470

Zhang:   Synthesis, Crystal Structures and Antibacterial Activity   ...

3.99; N, 13.87. Found (%): C, 55.28; H, 4.07; N, 13.96. IR 
data (KBr, cm–1): 1605, 1563, 1515, 1489, 1462, 1420, 1356, 
1270, 1241, 1215, 1178, 1137, 1118, 1072, 1028, 1014, 973, 
929, 878, 853, 818, 763, 680, 641, 601, 556, 516, 488, 438.

2. 4. X-Ray Structure Determination
X-ray single crystal diffraction was performed on a 

diffractometer equipped with a graphite monochromated 
Mo-Kα radiation (λ = 0.71073 Å) at 298(2) K. The collect-
ed data were integrated and reduced with SAINT.12 Struc-
tures of the five complexes were solved by direct methods 
and refined by full-matrix least-squares based on F2 with 
SHELXL.13 The empirical absorption correction was ap-
plied with SADABS.14 All non-H atoms were anisotropi-
cally refined. The H atoms attached to O and N atoms in 
the complexes were located from difference Fourier maps 
and refined isotropically, with O−H, N−H and H···H dis-
tances restrained to 0.85(1), 0.90(1) and 1.37(2) Å, respec-
tively. Selected crystal data for the complexes are summa-

rized in Table 1. Coordinate bond lengths and bond angles 
are provided in Table 2.

2. 5. Antibacterial Assay
The hydrazone HL and the three complexes were 

assayed in vitro antibacterial activities against two 
Gram-positive bacteria strains Staphylococcus aureus and 
Bacillus subtilis, and two Gram-negative bacteria strains 
Escherichia coli and Pseudomonas aeruginosa by agar well 
diffusion method with the literature method.15 The nega-
tive and positive references are DMSO and Ciprofloxacin, 
respectively.

2. 6. �Determination of Minimum Inhibitory 
Concentration (MIC)
MIC values of the compounds was tested through a 

modified agar well diffusion method.16 A two-fold serial 
dilution of each compound was prepared by first recon-
stituting in DMSO followed by dilution in sterile distilled 
water to achieve a decreasing concentration range 256 μM. 
Each dilution (100 μL) was introduced into wells in the 
agar plates seeded with 100 μL of standardized inoculums 
(106 cfu mL−1) of the microbial strain. All test plates were 
incubated aerobically at 37 °C for 24 h and observed for 
the inhibition zones.

3. Results and Discussion
3. 1. Chemistry

Reaction of in situ formed HL with nickel acetate 
(for 1), cadmium iodide (for 2) and zinc acetate (for 3), 
respectively, afforded the complexes (Scheme 1).

3. 2. IR Spectra
In the IR spectra of complexes 1 and 3, the charac-

teristic imine stretching is observed at 1605 cm–1 as strong 
signals.17 In complex 2, the imine stretching is observed at 
1614 cm–1. This is in agreement with the different lengths 
of C=N bonds in these complexes. There is an obvious 
strong absorption at 1628 cm–1 in the spectrum of com-
plex 2, while absence in the other two complexes, which is 
assigned to C=O vibration.18 Coordination of the ligands 
is further confirmed by the appearance of weak bands in 
the low wave numbers 400–600 cm–1, corresponding to 
ν(M–N), ν(M–O) and ν(M–I).19

3. 3. Structure Description of Complex 1
The molecular structure of complex 1 is shown in Fig. 

1. The compound contains a mononuclear [NiL2] complex 
molecule, and one water and two methanol molecules of 
crystallization. The Ni atom is coordinated by two pyri-

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

1

Ni1–O1	 2.119(3)	 Ni1–O2	 2.067(3)
Ni1–N2	 1.974(3)	 Ni1–N3	 2.109(3)
Ni1–N5	 1.971(3)	 Ni1–N6	 2.117(3)
N5–Ni1–N2	 177.72(13)	 N5–Ni1–O2	 76.66(11)
N2–Ni1–O2	 101.20(12)	 N5–Ni1–N3	 102.44(13)
N2–Ni1–N3	 78.30(13)	 O2–Ni1–N3	 91.06(12)
N5–Ni1–N6	 78.28(13)	 N2–Ni1–N6	 103.84(13)
O2–Ni1–N6	 154.94(12)	 N3–Ni1–N6	 94.95(13)
N5–Ni1–O1	 103.53(12)	 N2–Ni1–O1	 75.69(12)
O2–Ni1–O1	 93.67(10)	 N3–Ni1–O1	 154.00(12)
N6–Ni1–O1	 91.51(11)		

2

Cd1–I1	 2.7147(5)	 Cd1–I2	 2.7441(6)
Cd1–O1	 2.445(3)	 Cd1–N2	 2.335(4)
Cd1–N3	 2.383(4)		
N2–Cd1–N3	 69.28(13)	 N2–Cd1–O1	 65.69(12)
N3–Cd1–O1	 134.54(12)	 N2–Cd1–I1	 125.52(9)
N3–Cd1–I1	 104.39(9)	 O1–Cd1–I1	 96.59(8)
N2–Cd1–I2	 115.26(9)	 N3–Cd1–I2	 103.18(9)
O1–Cd1–I2	 101.12(9)	 I1–Cd1–I2	 118.695(18)

3

Zn1–O1	 2.207(3)	 Zn1–O2	 2.141(3)
Zn1–N2	 2.067(4)	 Zn1–N3	 2.219(4)
Zn1–N5	 2.052(4)	 Zn1–N6	 2.291(4)
N5–Zn1–N2	 177.60(16)	 N5–Zn1–O2	 74.66(14)
N2–Zn1–O2	 106.23(14)	 N5–Zn1–O1	 105.27(13)
N2–Zn1–O1	 72.42(14)	 O2–Zn1–O1	 100.22(13)
N5–Zn1–N3	 106.92(15)	 N2–Zn1–N3	 75.27(16)
O2–Zn1–N3	 96.50(14)	 O1–Zn1–N3	 146.64(14)
N5–Zn1–N6	 74.60(15)	 N2–Zn1–N6	 104.71(15)
O2–Zn1–N6	 148.77(14)	 O1–Zn1–N6	 92.99(13)
N3–Zn1–N6	 87.25(15)		
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dine nitrogens (N3, N6), two imino nitrogens (N2, N5), 
and two enolate oxygens (O1, O2) from two hydrazone 
ligands, forming octahedral geometry. The octahedral co-
ordination is distorted from the ideal model, which can 
be evidenced by the bond angles, ranging from 75.69(12) 
to 103.84(13)º for the cis angles, and from 154.00(12) 
to 177.72(13)º for the trans angles. The distortion arises 
from the strain created by the four five-membered che-
late rings. The lengths of Ni‒O bonds (2.067(3)-2.119(3) 
Å) and Zn‒N bonds (1.971(3)-2.117(3) Å) are compara-
ble to those observed in Schiff base nickel complexes with 
octahedral coordination.20 The C1-C6 benzene ring and 
the C9-C13-N3 pyridine ring form a dihedral angle of 
19.6(5)°. The C15-C20 benzene ring and the C23-C27-N6 
pyridine ring form a dihedral angle of 2.3(5)°. In the crys-
tal structure, the complex molecules and the solvent mol-
ecules are linked through intermolecular hydrogen bonds 

Scheme 1. The synthetic procedure for HL and the complexes.

Fig. 1. Molecular structure of complex 1. Displacement ellipsoids 
are drawn at the 30% probability level. The solvent molecules are 
omitted for clarity.
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of O–H∙∙∙N, O–H∙∙∙O and C–H∙∙∙O, to form a three-dimen-
sional network (Fig. 2).

Fig. 2. Molecular packing diagram of complex 1, viewed along the a 
axis. Hydrogen bonds are shown as dashed lines. H atoms not in-
volved in hydrogen bonding are omitted for clarity.

3. 4. Structure Description of Complex 2
The molecular structure of complex 2 is shown in Fig. 

3. The compound contains a mononuclear [CdI2(HL)] com-
plex molecule and a methanol molecule of crystallization. 
The Cd atom is coordinated by one pyridine nitrogen (N3), 
one imino nitrogen (N2), and one carbonyl oxygen (O1) of a 
hydrazone ligand, and two I ligands (I1, I2), forming square 
pyramidal geometry. The basal plane is defined by N2, N3, 
O1 and I1 atoms, and the apical position is occupied by I2 
atom. The square pyramidal coordination is distorted from 
the ideal model, which can be evidenced by the bond angles. 
The angles in the basal plane are range from 65.69(12) to 
104.39(9)º for cis angles and from 125.52(9) to 134.54(12)º 
for trans angles. The angles among the apical and basal do-
nor atoms are 101.12(9)-118.695(18)º. The distortion arises 
from the strain created by the two five-membered chelate 
rings. The square pyramidal geometry is evidenced by the 
index value τ of 0.15.21 The lengths of Cd‒O bond (2.445(3) 
Å) and Cd‒N bonds (2.335(4)-2.383(4) Å) are comparable 
to those observed in Schiff base cadmium complexes.22 The  

C1-C6 benzene ring and the C9-C13-N3 pyridine ring 
form a dihedral angle of 11.1(3)°. In the crystal structure, 
the complex molecules and the solvent molecules are linked 
through intermolecular hydrogen bonds of N–H∙∙∙O, O–
H∙∙∙O and O–H∙∙∙I, to form a three-dimensional network 
(Fig. 4).

Fig. 4. Molecular packing diagram of complex 2, viewed along the b 
axis. Hydrogen bonds are shown as dashed lines. H atoms not in-
volved in hydrogen bonding are omitted for clarity.

3. 5. Structure Description of Complex 3
The molecular structure of complex 3 is shown in Fig. 

5. The Zn atom is coordinated by two pyridine nitrogens 
(N3, N6), two imino nitrogens (N2, N5), and two enolate 
oxygens (O1, O2) from two hydrazone ligands, forming 
octahedral geometry. The octahedral coordination is dis-
torted from the ideal model, which can be evidenced by 
the bond angles, ranging from 74.60(15) to 106.92(15)º for 
the cis angles, and from 146.64(14) to 177.60(16)º for the 
trans angles. The distortion arises from the strain creat-
ed by the four five-membered chelate rings. The lengths 
of Zn‒O bonds (2.141(3)-2.207(3) Å) and Zn‒N bonds 
(2.052(4)-2.291(4) Å) are comparable to those observed in 
Schiff base zinc complexes with octahedral coordination.23 
The C1-C6 benzene ring and the C9-C13-N3 pyridine ring 
form a dihedral angle of 40.3(6)°. The C15-C20 benzene 
ring and the C23-C27-N6 pyridine ring form a dihedral 
angle of 18.3(6)°. In the crystal structure, the complex 
molecules are linked through intermolecular hydrogen 

Fig. 3. Molecular structure of complex 2. Displacement ellipsoids 
are drawn at the 30% probability level.
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bonds of O–H∙∙∙N, O–H∙∙∙O, C–H∙∙∙N and C–H∙∙∙O, to 
form a three-dimensional network (Fig. 6).

Fig. 5. Molecular structure of complex 3. Displacement ellipsoids 
are drawn at the 30% probability level. Hydrogen bonds are shown 
as dashed lines.

Fig. 6. Molecular packing diagram of complex 3, viewed along the a 
axis. Hydrogen bonds are shown as dashed lines. H atoms not in-
volved in hydrogen bonding are omitted for clarity.

3. 6. Antibacterial Activities
The results of the antibacterial activities are given in 

Tables 4 and 5. All the complexes showed enhanced anti-
bacterial activities as compared with the free Schiff base 
HL. Ciprofloxacin produced significantly sized inhibition 
zones against the bacteria, while DMSO produced no 
inhibitory effect against any of the tested organisms. HL 
gave inhibition zones in the range of 1.9–6.5 mm against 
the bacteria. The MIC results showed that complex 1 has 
weak activity against Staphylococcus aureus and Pseu-
domonas aeruginosa, and medium activity against Bacil-
lus subtilis and Escherichia coli. Complex 2 has medium 
activity against Staphylococcus aureus, Bacillus subtilis and 
Pseudomonas aeruginosa, and strong activity agaisnt Es-
cherichia coli. Complex 3 has good activity against Staph-
ylococcus aureus and Pseudomonas aeruginosa, and strong 
activity against Bacillus subtilis and Escherichia coli. The 
results of this study agree well with those reported pre-
viously that metal complexes have higher activities than 
their precursors.24 The overtone’s concept25 and Tweedy’s 
chelation theory26 can explain the enhanced in antibacte-
rial activity of the metal complexes. In addition, the or-

der of antibacterial activities is 3 (Zn) > 2 (Cd) > 1 (Ni), 
which may be caused by the different cellular uptake of 
the metal ions.

4. Conclusion
Three nickel(II), cadmium(II) and zinc(II) complex-

es derived from 3-hydroxy-4-methoxy-N’-[(Z)-(pyridin-
2-yl)methylidene]benzohydrazide have been synthesized 
with microwave assisted heating method. Structures of the 
complexes have been confirmed by X-ray single crystal de-
termination, which reveals that the Ni and Zn atoms in the 
nickel and zinc complexes are in octahedral coordination, 
and the Cd atom in the cadmium complex is in square 
pyramidal coordination. The biological activity assay indi-
cates that the three complexes have enhanced antibacterial 
activities on the bacterial strains Bacillus subtilis, Staphy-
lococcus aureus, Pseudomonas aeruginosa and Escherichia 
coli as compared to the free hydrazone ligand. The order of 
antibacterial activities is 3 (Zn) > 2 (Cd) > 1 (Ni). The zinc 
complex has the most antibacterial activity against Escher-
ichia coli with MIC value of 4 μM, which deserves further 
study to explore new drugs.

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

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

1	 			 
O7–H7∙∙∙N5#1	 0.85(1)	 2.57(4)	 3.316(5)	 147(6)
O7–H7∙∙∙N4#1	 0.85(1)	 1.90(1)	 2.749(5)	 178(7)
O3–H3∙∙∙O9	 0.85(1)	 1.83(3)	 2.636(5)	 159(6)
O9–H9A∙∙∙O7#2	 0.85(1)	 1.90(2)	 2.724(5)	 163(6)
O5–H5∙∙∙O1#3	 0.85(1)	 1.85(2)	 2.671(4)	 164(6)
O9–H9B∙∙∙O8	 0.87(1)	 1.79(2)	 2.621(8)	 158(6)
C11–H11∙∙∙O5#4	 0.93	 2.54(2)	 3.074(7)	 117(6)
C14–H14A∙∙∙O2#5	 0.96	 2.39(2)	 3.306(7)	 160(6)

2	 			 
N1–H1∙∙∙O4	 0.90(1)	 1.87(3)	 2.743(6)	 162(8)
O4–H4∙∙∙I2#6	 0.82	 3.29	 3.869(7)	 130(8)
O2–H2∙∙∙I2#7	 0.85(1)	 3.09(4)	 3.820(4)	 146(6)
O2–H2∙∙∙O3	 0.85(1)	 2.22(6)	 2.649(6)	 111(5)

3	 			 
O3–H3∙∙∙O5#8	 0.85(1)	 2.06(5)	 2.828(5)	 149(9)
O5–H5∙∙∙N1#9	 0.85(1)	 1.84(2)	 2.660(5)	 161(5)
C13–H13∙∙∙N4#10	 0.93	 2.55(2)	 3.452(5)	 165(5)
C19–H19∙∙∙O1#11	 0.93	 2.60(2)	 3.506(5)	 165(5)
C25–H25∙∙∙O3#12	 0.9	 2.49(2)	 3.419(5)	 173(5)
C26–H26∙∙∙O3#13	 0.93	 2.48(2)	 3.204(5)	 135(5)

Symmetry codes: #1: –1/2 + x, 1/2 – y, 1 – z; #2: 1/2 + x, y, 1/2 – z; 
#3: 1 – x, 1 – y, 1 – z; #4: 3/2 – x, –1/2 + y, z; #5: –1/2 + x, y, 1/2 – z; 
#6: x, 1/2 – y, –1/2 + z; #7: –1 + x, 1/2 – y, –1/2 + z; #8: x, y, –1 + z; 
#9: 1 – x, 1 – y, 1 – z; #10: 2 – x, – y, 1 – z; #11: 1 – x, – y, 1 – z; #12: 
2 – x, – y, – z; #13: 1 + x, y, z.
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Supplementary Materials

The X-ray crystallographic data in the CIF format for 
the structures of the complexes reported in this paper have 
been deposited with the Cambridge Crystallographic Data 
Center (CCDC: 2347408 (1), 2347409 (2) and 2347410 (3)) 
and the supplementary crystallographic data can be obtained 
free of charge on request at www.ccdc.cam.ac.uk/conts/re-
trieving.html [or from The Director, Cambridge Crystallo-
graphic Data Center, CCDC, 12 Union Road, Cambridge 
CB2 1EZ, UK; fax: +44(0)1223-336033; email: deposit@ccdc.
cam.ac.uk], quoting the CCDC numbers 2249782-2249786.
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Povzetek
Z uporabo mikrovalovne metode smo sintetizirali tri komplekse z ligandom 3-hidroksi-4-metoksi-N’-[(Z)-(piridin-2-il)
metiliden]benzohidrazid (HL): [NiL2]·2CH3OH·H2O (1), [CdI2(HL)]·CH3OH (2) in [ZnL2] (3). Vse spojine smo kar-
akterizirali s CHN elementno analizo in infrardečo spektroskopijo. Strukture kompleksov smo določili z monokristalno 
rentgensko difrakcijo, ki je pokazala, da sta atoma Ni in Zn v spojinah 1 in 3 oktaedrično koordinirana, medtem ko je 
atom Cd v spojini 2 kvadratno piramidalno koordiniran. Biološko aktivnost kompleksov smo preverili na bakterijskih 
sevih Bacillus subtilis, Staphylococcus aureus, Pseudomonas aeruginosa in Escherichia coli. Izkazalo se je, da ima predvsem 
cinkov kompleks zanimivo antibakterijsko učinkovitost.
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Abstract
Efficient, economical, and durable adsorbents are required to remove volatile organic compounds (VOCs) from air. 
Cross-linked polyvinylic ionic liquids (PVIC) with porous structures were synthesized by quaternizing 1-vinylimidazole 
(1VI) with 1-bromobutane to obtain 3-butyl-1-vinylimidazolium bromide (VIC), which was then co-polymerized with 
divinylbenzene (DVB) radicals. 1H NMR, 13C NMR, scanning electron microscopy, X-ray photoelectron spectroscopy, 
Fourier-transform infrared spectroscopy, and N2 adsorption–desorption isotherms were applied in characterizing the 
composites. Through modification of the polymer structure by adjustment of DVB concentration（the ratio of DVB 
concentration to VIC concentration was x: 1 (x = 0.4, 0.6, 0.8, 1.0) and the product was named PVIC-x (x = 2, 3, 4, 5)), 
the optimal PVIC-4 pore structure was obtained, with a specific surface area and total pore volume of 192.5 m2 g–1 and 
0.192 cm3 g–1, respectively. A toluene adsorption test verified the adsorption capacity. The adsorption behavior for VOCs, 
based on toluene, was investigated using adsorption breakthrough curves, adsorption kinetics, and isotherms. The ad-
sorption process is well describing by the Bangham kinetic and Langmuir isotherm models. The dynamic adsorption of 
toluene was in the order of PVIC-4 > PVIC-5 > PVIC-3 > PVIC-2. The optimal toluene adsorption capacity of PVIC-4 
was 264.4 mg g-1 with an equilibrium time of 56 minutes, which was attributed to its excellent pore structure. PVIC-4 al-
so performed well in terms of recycling rate, maintaining 91.19% adsorption efficiency after 5 cycles of recycling. PVIC-4 
has the potential to remove volatile organic compounds from the air.

Keywords: Poly (ionic liquid)s; Imidazole; VOCs adsorption; Air purification

1. Introduction
Volatile organic compounds (VOCs) are toxic air-

borne pollutants that deplete the ozone layer, contribute to 
global warming, and have major impacts on human health 
and the natural environment.1,2Toluene is a VOC widely 
used as an organic solvent and a raw material in the syn-
thesis of pharmaceuticals, explosives, and pesticides. It is 
also an essential component of many industrial and house-
hold products. Long-term exposure to toluene can cause 
severe damage to human respiratory, nervous, and he-
matopoietic systems.3–5

Previous studies have identified various methods for 
toluene removal from the atmosphere including adsorp-
tion,6,7 thermal/catalytic oxidation,8,9 photocatalytic deg-
radation,10 plasma-catalyzed processes ,11 and biodegra-
dation,12 with adsorption being recognized as the optimal 
method due to its low cost, high efficiency, and simplicity. 
Adsorbent structure is the critical factor affecting adsorp-

tion capacity, directly influencing removal efficiency and 
operating cost. Various materials such as zeolites,13 met-
al–organic materials,14 bio-carbon materials,15 carbon 
nanotubes,16 and graphene,17 have been applied as adsor-
bents, but their high cost, poor selectivity, low adsorption 
efficiency, and limited stability require improvement. The 
development of rapid and efficient adsorbents of high ca-
pacity is thus of practical importance in removing VOCs 
from the atmosphere.

Polyionic liquids (PILs) are polymeric materials syn-
thesized by copolymeri-zation of ionic liquids (ILs) with 
another monomer. They combine the unique features of 
ILs and polymer structures with excellent performance in 
areas such as VOC adsorption, electrochemistry, and ca-
talysis,18,19 PILs have unique composite frameworks that 
maintain the superior properties of ILs combined with 
the stability, processability, durability, and controllability 
of polymeric materials, thereby overcoming many of the 
limitations of monomeric ILs.

mailto:chenzhuo19@163.com
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Ionic liquids have received attention recently due to 
their excellent structural modifiability. Of 200 tested ILs, 
imidazolium-based ILs are ideal for toluene absorption,20 
and they have been used effectively for this purpose.21,22 
Use of poly-imidazolium ionic liquids (PVIMs) has been 
reported for the adsorption of dyes in water,23 CO2 in air,24 
and hemoglobin,25 with a wide range of applications; how-
ever, efficient PVIM adsorption of toluene has yet to be 
reported. Frontier molecular orbital analysis indicates that 
the uptake of toluene by ILs is a physical process,26 and 
their adsorption performance after polymerization de-
pends mainly on pore volume, diameter, and shape, and 
specific surface area. Thus, the reproducible synthesis of 
porous poly imidazolium ILs (PVILs) as toluene adsor-
bents under mild conditions is challenging.

Here, PVIC-x of different structures were synthe-
sized by quaternization and co-polymerization reactions 
involving 1-vinylimidazole (1VI), n-bromobutane, and di-
vinylbenzene (DVB) with different DVB concentrations. 
The effect of crosslinker concentration on product pore 
structure was investigated, together with the reusability, 
adsorption breakthrough curves, kinetics, and isotherms 
characterizing the toluene adsorption behavior of PVIC-x. 
Their toluene adsorption mechanism was investigat-
ed through correlation of pore structure and adsorption 
capacity. The temperature of the adsorption process was 
25°C to simulate an indoor environment, which is expect-
ed to play a role in removing toluene indoors.

2. Experimental
2. 1. Materials 

Chemicals used in this study were sourced in China 
as follows: 1-vinylimidazole, n-butyl bromide, divinylben-
zene, and azodiisobutyronitrile from Aladdin Biochemical 
Technology, Shanghai; methanol, dichloromethane, anhy-
drous ethanol, and ethyl acetate from Fuyu Fine Chemi-
cal, Tianjin; toluene from Sinopharm Chemical Reagent, 
Shanghai; and anhydrous ether from Chuandong Chem-
ical, Chongqing. All the chemicals were analytically pure 
and used without further purification. Water used in the 
experiments was deionized.

2. 2. Synthesis of Imidazolium-based ILs
The IL precursor 3-n-butyl-1-vinylimidazolium bro-

mide (VIC) was synthesized using published methods,27 

as described in Scheme 1. Typically, 1-vinylimidazole (20 
mmol) and n-butyl bromide (20 mmol) were mixed in a 
100 mL flask with vigorous stirring under a nitrogen at-
mosphere. The mixture was refluxed at 70 °C for 24 h. 
After the reaction, the liquid phase was decanted off and 
the solid residue washed three times with ethyl acetate and 
ether, and dried at 50 °C for 12 h under vacuum. Found: 
1H NMR (400 MHz, DMSO) δ 9.76 (s, 1H), 8.29 (s, 1H), 
8.01 (s, 1H), 7.35 (d, 1H), 6.01 (d, 1H), 5.41 (d, 1H), 4.23 
(t, 2H), 1.80 (m, 2H), 1.27 (d, 2H), 0.88 (t, 3H). 13C NMR 
(101 MHz, DMSO) δ 135.77, 129.32, 123.73, 119.65, 
109.11, 49.39, 31.53, 19.26, 13.77.)

2. 3. Synthesis of Porous Copolymer
The porous poly(ionic liquid) was prepared through 

the radical co-polymerization of VIC and DVB and DVB,28 
as shown in Scheme 1. First, 10 mmol VIC was mixed with 
DVB at VIC/DVB mass ratios of 5:2, 5:3, 5:4, and 5:5 in 
round-bottomed flasks; 5 mmol of initiator Azoindiisobu-
tyronitrile (AIBN) was then added sequentially with 5 mL 
anhydrous ethanol, 25 mL ethyl acetate, and 5 mL water. 
The mixture was refluxed under nitrogen at 80 °C for 24 h 
on an oil bath. After reaction, the white solid residue was 
filtered off and washed three times with anhydrous ethanol 
and ultrapure water before drying under vacuum at 50 °C 
for 12 h to obtain poly(3-butyl-1-vinylimidazolium bro-
mide) or ‘PVIC-x’, where x denotes the concentration of 
DVB in the VIC/DVB mass ratio.

2. 4. Sample Characterization
1H NMR and 13C-NMR spectra were obtained with 

an NMR spectrometer (Avance Neo 400M; Bruker, United 
States of America) in Deuterium with dimethyl sulfoxide 
using Tetramethylsilane as an internal reference. Fouri-
er-transform infrared (FTIR) spectra were recorded with a 
Nicolet iS50 (Nicolet iS50; Thermo, United States of Amer-
ica) spectrometer in the 4000–400 cm–1 region. X-ray pho-
toelectron spectroscopy (Kalpha, Thermo, USA) is used to 
study the surface composition of materials. High-resolu-
tion field-emission scanning electron microscopy (FES-
EM; Supra55 Sapphire, Zeiss, German; 10Kv) was used to 
study the geometric morphology of materials. A fully au-
tomated specific surface area and porosity analyzer (ASAP 
2460, Micrometrics, United States of America) was used 
in nitrogen adsorption–desorption performance tests. The 
sample was outgassed in the degassing port of the appa-

Scheme1. Synthesis of porous cross-linked poly (ionic liquid) PVIC-x
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ratus at 503 K for 3 h before testing. The Brunauer Em-
mett Teller (BET) specific surface area, pore volume, and 
average pore size (Barrett Joyner-Halenda method) were 
calculated by device software.

2. 5. Dynamic Adsorption Measurements
Dynamic adsorption test of toluene using a GC2060 

gas chromatograph from Shanghai Ruimin Instrument 
Co. The specific parameters of the gas chromatograph are 
as follows: column temperature 130 °C, inlet temperature 
200 °C, hydrogen flame detector temperature 135 °C, car-
rier gas N2. Before adsorption measurements, the material 
was heated at 373 K for 3 h to remove any water molecules 
already adsorbed. Toluene steam was produced by blow-
ing a stream of nitrogen gas into liquid toluene using N2 
carrier gas at a flow rate of 200 mL min–1. Adsorption took 
place within a quartz tube of 6 mm internal diameter and 
650 mm length. Quartz wool was used to prevent material 
being blown out. The toluene concentration was stable at 
400 ppm. The adsorption temperature was 298 K, and 50 
mg of absorbent was used in each test. An online gas chro-
matograph with a flame-ionization detector was used to 
monitor toluene concentrations at reactor inlet and outlet. 
The toluene breakthrough time was defined as the time re-
quired for the outlet concentration to reach 5% of the inlet 
concentration. The adsorption capacity of the adsorbent 
was calculated by integrating the area under the obtained 
penetration curve, as follows (Eq. (1)):29

� (1)

Where qt (mg g–1) is the amount of toluene adsorbed 
per unit mass of adsorbent at a given time t; m (g) is the 
quantity of adsorbent; v (mL min–1) is the gas flow rate; 
and C0 and Ct (mg mL–1) are the initial inlet and outlet 
toluene concentrations at time t, respectively. After the ad-
sorbent was saturated, the toluene gas flow was closed, and 
toluene desorbed at 100 °C at a nitrogen flow rate of 50 mL 
min–1 until the concentration of toluene gas stream at the 
outlet was 0

2. 6. Adsorption Theory and Models
Pseudo-first order (Eq. (2)),30 pseudo-second order 

(Eq. (3)),31 and Bangham (Eq. (4))32 kinetics were used to 
describe the adsorption of toluene. The Weber-Morris pore 
diffusion model (Eq. (5)) 33 was used to further analyze the 
diffusion mechanism of toluene within the material.

� (2)

� (3)

� (4)

� (5)

where qe (mg g–1) is the amount of toluene adsorbed at 
adsorption equilibrium; t (min) is the adsorption time; k1 
(min–1), k2 (g mg–1 min–1), and k (min–1) are rate constants 
for the proposed first-order, second-order, and Bangham 
kinetic equations, respectively; ki (mg (g·min1/2)) and Ci 
(mg g–1) are the intra-particle diffusion coefficient and in-
tercept, respectively; and z is a constant

The adsorption process of toluene by each material 
was elucidated by the fitting of isotherms using the Lang-
muir (Eq. (6)),(Eq. (7))34 and Freundlich (Eq. (8))35 mod-
els

� (6)

� (7)

� (8)

where qe and qm (mg g–1) are the equilibrium and maxi-
mum adsorption volumes, respectively; C (mg m–3) is the 
equilibrium concentration; KL (L mg–1) and KF ((mg g–1)/
(mg L–1)1/n) are constants of the Langmuir and Freundlich 
models, RL stands for Langmuir dimensionless separation 
factor, respectively; and n is Freundlich heterogeneity fac-
tor.

3. Results and Discussion
3. 1. Characteristics of PVIC-x

Copolymer material polymerized from DVB and 
VIC, the copolymer mate-rials were further characterized 
by FTIR spectroscopy. The spectra of synthesized PVIC-x 
are shown in Fig. 1 for characteristic vibrations in the pol-

Figure 1. FT-IR of PVIC-x
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ymers regarding DVB correlation: bands at 3058 and 3016 
cm–1 represent aromatic C–H stretching vibrations, and the 
band at 2927 cm–1 represents aliphatic C–H stretching vi-
brations. Bands at 1485 and 1446 cm–1 represent aromatic 
C–H in-plane and bending vibrations, respectively.36,37 For 
the imidazole-IL portion of the polymer, the aliphatic C–H 
turning vibration band is at 2873 cm–1, and the imidazole 
ring backbone band at 1566 cm–1. The imidazole ring in-
plane C–H bond bending vibration is at 1159 cm–1.38 As the 
synthesized polymers differed only in the ratio of reactants, 
there was little variation in IR spectra of the corresponding 
copolymers. These results indicate that both imidazole-IL 
and DVB precursors were retained in the copolymers, and 
the polymers were successfully synthesized.

The chemical states of the elements in PVIC-x 
were investigated using X-ray photoelectron spectrosco-
py (XPS). Taking PVIC-4 as an example, the investigat-
ed XPS spectra (Fig. 2a) clearly show the presence of C 
1s, N 1s, and Br 3d. The high-resolution spectra of these 

elements are shown in Fig. 2b-d. For example, the C 1s 
spectrum has three peaks at 284.8, 285.9, and 285.8 eV 
attributed to carbon atoms in the carbon chain, C-N, and 
benzene ring, respectively.39 In the N 1s spectrum, peaks 
at 400.4 eV and 398.3 eV can be assigned to N-C and N=C 
in imidazole indicating successful incorporation of imi-
dazole moiety.40 In the Br 3d spectrum, the peaks at 70.0 
eV and 68.9 eV are from the Br 3d5/2 spin brbital and Br 
3d3/2, respectively.

The surface morphologies of the fabricated pol-
ymeric adsorbents (PVIC-2, PVIC-3, PVIC-4, and 
PVIC-5) were studied by FESEM (Fig. 3). For a ratio of 
cross-linker DVB of 2/5 (PVIC-2), the prepared polymer 
had a ‘lumpy’ structure with a rough surface, cracks, and 
irregular particles on the surface (Fig. 3a). As the DVB 
ratio increased, unstable particles on the surface became 
smaller, and pore structures became evident with a trend 
towards a spherical shape (Fig. 3b), increasing to a large 
number of spherical and globular like combinations of the 

Figure. 2. XPS spectra of PVIC-4: (a) survey spectra, (b) C 1 s, (c) N 1 s, (d) Br 3 d
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clusters (Fig. 3c). Finally, the globular cluster structure 
collapsed to form a dispersed disordered state (Fig. 3d). 
The disordered pore structure is a typical feature of ad-
sorbent materials, providing both transport channels and 
adsorption sites for adsorbate molecules.41 PVIC-4 had a 
porous structure (Fig. 3e–f), with macropores providing 
the main diffusion channels for adsorbate molecules to 
enter the interior of the adsorbent, with adsorption in-
creasing with the proportion of cross-linker DVB. How-
ever, when the DVB ratio reached the same proportion as 
that of VIC, the cluster structure collapsed, resulting in 
a dense and disordered surface (PVIC-5) with a reduced 
pore structure.

The structure characteristics of PVIC-2, PVIC-3, 
PVIC-4, and PVIC-5 adsorbents were characterized by 
BET technology. The results are shown in Figure 4, and the 
pore structure parameters are shown in Table 1.

Based on the International Union of Pure and Ap-
plied Chemistry adsorption isotherm classification, the 
prepared PVIC-2, PVIC-3, PVIC-4, and PVIC-5 absor-
bents had type IV isotherms with H4-type hysteresis loops 
(Fig. 4a). The hysteresis loops closed at a relative pressure 
of P/P0 = 0.4, due to capillary condensation of N2 mole-
cules in the mesoporous structure, thereby indicating the 
presence of smaller mesopores. At low relative pressure (P/
P0 < 0.01), the material exhibited some adsorption of N2, 

Figure 3. SEM images: (a) PVIC-2; (b) PVIC-3; (c) PVIC-4; (d) PVIC-5; (e) PVIC-4; (f) PVIC-4

Figure 4. (a)N2 adsorption-desorption isotherms (b) N2 adsorption-desorption isotherm: log scale and the pore size distribution curves
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Table 1. Physical parameters of PVIC-x

Adsorbents		             Surface (m2/g)			  	            Pore volume (cm3/g)		  Dp (nm) 
	 SBET	 Smic	 Smes	 Smic/SBET	 Vtot	 Vmic	 Vmic/Vtot	

PVIC-2	 109.8	 17.9	 91.9	 16.3%	 0.142	 0.0131	 9.20%	 5.83
PVIC-3	 128.3	 27.1	 101.2	 21.1%	 0.151	 0.0198	 13.10%	 7.11
PVIC-4	 192.5	 41.8	 150.7	 21.7%	 0.192	 0.0323	 16.80%	 4.36
PVIC-5	 152.4	 35.9	 116.5	 23.5%	 0.169	 0.0241	 14.30%	 5.28

SBET: total specific surface area; Smic: microporous surface area; Smes: mesoporous surface area; Vtot: total pore volume; Vmic: microporous pore; Dp: 
average pore size

likely due to the strong interaction between the micropo-
rous structure and N2 molecules increasing the adsorption 
capacity of N2, and indicating the presence of micropo-
res.42

The pore-size distribution curves (Fig. 4b) indicate 
bimodal distributions for PVIC-3, PVIC-4, and PVIC-5, 
with peaks at 1 and 4 nm. This further indicates that the 
adsorbents had typical micro mesoporous structures.43 All 

adsorbents were porous, predominantly with mesopores 
and some micropores (Table 1). The specific surface area 
and total pore volume of the adsorbents tended to increase 
then decrease with increasing cross-linker concentration. 
This was likely due to an increase in the number of DVB 
molecules and changes of reaction sites within VIC dur-
ing cross-linking, which promoted the formation of the 
pore structure. PVIC thus has an effective pore structure 

Figure 5. (a) Adsorption breakthrough curves of toluene on PVIC-x. (b) pseudo-first order, pseudo-second order models and Bangham model, (c) 
intra-particle diffusion model, (d) Langmuir and Freundlich models
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at PVIC-4, with a specific surface area of 192.5 m2 g–1, total 
pore volume of 0.192 cm3 g–1, and microporous ratio of 
16.8%. As the DVB concentration continued to increase 
towards PVIC-5, the specific surface area of the adsorbent 
decreased to 152.4 m2 g–1 and the pore volume to 0.169 
cm3 g–1. This may be due to excess DVB molecules filling 
the pore volume. Finally, the adsorbent could not maintain 
the clustering, and it collapsed.

3. 2. �Dynamic Adsorption Performance of 
Toluene
The prepared PVIC-2, PVIC-3, PVIC-4, and PVIC-

5 PIL adsorbents were used for the adsorptive removal of 
toluene, with results shown in Fig. 4a. The toluene break-
through time, adsorption equilibrium time, and equilibri-
um adsorption capacity of the PILs are provided in Table S1

The adsorption process of all adsorbents could be 
divided into three stages (Fig. 5a) as follows. (1) During 
the initial stage of pre-adsorption, the adsorption curve is 
nearly level at zero, and the adsorbent adsorbs all the sur-
face toluene molecules with a zero-export concentration. 
(2) During the middle stage, the adsorbent is penetrated 
by toluene molecules. As adsorption proceeds, the export 
concentration gradually increases, as indicated by the ris-
ing adsorption curve (Fig. 5a). (3) During the late stage, an 
increasing number of toluene molecules penetrate the ad-
sorbent, with increasing export concentration. When the 
toluene concentrations in the inlet and outlet are approxi-
mately equal, the adsorption has reached dynamic equilib-
rium.44 Toluene adsorption followed the order PVIC-4 > 
PVIC-5 > PVIC-3 > PVIC-2 (Table S1). Changes in DVB 
concentration affected the adsorbent pore structure, and 
adsorption by PVIC-4 was highest due to its optimal BET 
and total pore volume, consistent with its structural prop-
erties.

The toluene adsorption mechanism of the prepared 
PVIC-x was investigated by nonlinear fitting of the ad-
sorption curves using the proposed first-order, second-or-
der, and Bangham kinetic models (Fig. 5b). The relevant 
parameters for the three model fittings are given in Table 
S2

For the three dynamic models, there was little dif-
ference between the theoretical adsorption obtained by 
fitting of the Bangham equation and experimentally ob-
served adsorption (Fig. 5b; Table S2). determination coef-
ficients (R2) were all >0.999, indicating that the Bangham 
kinetic model is most suitable for describing the adsorp-
tion of toluene by PVIC-x, this is consistent with the pres-
ence of both mesopores and micropores in its structure. 
The Bangham model is generally used to describe orifice 
diffusion processes. Adsorption by all PVIC adsorbents 
involves mainly surface and pore diffusion. Surface diffu-
sion occurs mainly in the adsorption stage, when toluene 
molecules occupy adsorption sites on the adsorbent sur-
face, with high adsorption efficiency.45 As the adsorption 

process continues, the increasing number of toluene mol-
ecules on the surface reduces the number of adsorption 
sites available, causing some toluene molecules to diffuse 
into the interior of the pore structure to occupy internal 
adsorption sites. The pore structure of PVIC-x thus has a 
major influence on the adsorption process. The proposed 
first-order kinetic model describes the physical adsorption 
process, while the quasi-second-order model is more suit-
able for describing the chemical adsorption process. The 
fitting of the former was significantly better than that of 
the latter, indicating that physical interaction is the main 
control of the adsorption rate of toluene.46

The fitting curves and parameters of the intra-par-
ticle diffusion model are provided in Fig. 5c and Table S3, 
which indicate that the physical adsorption of toluene by 
PVIC-x can be also divided into three stages47 as follows. 
(1) During the external diffusion stage, the main influenc-
ing factor is the specific surface area; the larger the area, 
the higher the diffusion coefficient k1. (2) During the in-
ternal diffusion stage, C2 is non-zero and, in addition to 
diffusion resistance inside the particles, the adsorption 
process may be subject to other influencing factors.48 (3) 
During the adsorption equilibrium stage, a comparison of 
the diffusion coefficients (k) of the three stages indicated 
that k2 > k1 > k3. The adsorption rate was thus highest in 
stage (2), with internal diffusion playing an essential role.

The experimental data were also fitted according to 
the Langmuir and Freundlich models (Fig. 5d; Tables S4), 
with the correlation coefficient of the former being nearer 
1 than that of the latter, implying that toluene adsorption 
involves monolayer adsorption. The difficulty of adsorp-
tion was assessed by calculating the dimensionless separa-
tion factor, RL(If RL =0 means that the process is irreversi-
ble, 0 < RL < 1 means that the adsorption is favorable, RL =1 
means that the adsorption is linear, and RL > 1 means that 
the adsorption process is unfavorable), with all RL values 
being between 0 and 1, implying that toluene has a strong 
affinity for each material.49 The n values (heterogeneity 
factors) in the Freundlich model were used to identify 
adsorption processes; 1/n was < 1, implying that toluene 
adsorption involved a physical process.50

3. 3. �Relationship Between Pore Structure and 
Adsorption Capacity
To understand the effect of pore structure on the ma-

terial's performance in the adsorption of toluene, a linear 
correlation analysis was performed between the adsorp-
tion capacity and the specification of the material's micro-
pores and mesoporous.

The effect of pore structure on toluene adsorption 
performance was investigated by correlation analysis be-
tween adsorption capacity and characteristics of material 
micro- and mesopores. Adsorption capacity was strongly 
correlated with surface area and micropore volume (R2 = 
0.9966 and 0.9636, respectively; Fig. 6a, c) compared with 
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surface area or mesopore volume (R2 = 0.8127 and 0.8242, 
respectively; Fig. 6b, d). The adsorption capacity of PVIC 
for toluene is thus affected mainly by the microporous 
structure of the material itself. The weaker contribution 
of meso- and macro-pores to toluene adsorption is likely 
due to their acting mainly as transport channels during ad-
sorption, rather than acting as adsorption sites.51 It follows 
that the microporous structure is the main site of toluene 
adsorption by PVIC-x.

Table 2 systematically lists the comparison between 
the materials synthesized in this study and the common-
ly used toluene trapping adsorbents in the literature. The 
results show that the adsorption of toluene by the PVIC-4 
material is improved compared to zeolite and organic pol-
ymers, but it has some shortcomings compared to IL/MOF 
composites and there is room for further optimization, 
which can be achieved by modulating the anionic and cat-
ionic structure of the ionic liquids.56

Figure 6. The relationship between toluene adsorption capacity and (a) microporous volume, (b) micropore area, (c) mesopores and macropore vol-
ume, and (d) mesopore and macropore area.

Table 2. Comparison of toluene capture performances with other adsorbents from literature.

Material	 Toluene sorption capacity	 Ref

Triphenylamine-based conjugated organic polymers	 78mg/g	 Lan et al52.,2021
S-S spherical zeolite	 93mg/g	 Chen et al53.,2022
[BMIM][CH3COO]/UiO-66 (1% wt.)	 197mg/g	 Ramos et al54.,2022
[BMIM][CH3COO]/MIL101 (10% wt.)	 680mg/g	 Ramos et al55.,2023
PVIC-4	 264mg/g	 This work
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In terms of adsorption mechanism, the adsorption 
of toluene by PVIC-x is mainly physical adsorption. The 
process can be divided into three stages, the first is the out-
er surface diffusion stage, where toluene is transferred to 
the outer surface of the adsorbent. Secondly, there is an 
internal diffusion stage, in which toluene diffuses through 
the pores into the inner surface, and the pore structure and 
volume are the dominant factors. Finally, there is the ad-
sorption equilibrium stage, in which the adsorption sites 
are fully occupied and the adsorption slowly reaches equi-
librium. In addition to physical adsorption, there is also 
some chemical adsorption, which is mainly attributed to 
π-π stacking interactions between toluene molecules and 
aromatic molecules of PIL, hydrogen bonding, and elec-
trostatic interactions.

3. 4. Reusable Properties of Adsorbents
Adsorbent reusability is vital for practical commer-

cial applications. As PVIC-4 had the optimal adsorption 
performance, it was selected for reproducibility perfor-
mance study.

Figure 7. The reusability performance of PVIC-4.

The cyclic adsorption experiments of the adsorbent 
were carried out in the dynamic adsorption experimental 
setup. The desorption temperature of the adsorbent was 
increased from 25 °C to 130 °C at a rate of 10 °C/min, and 
the desorption gas flow was a 20 ml/min nitrogen flow, 
and the temperature was maintained at 130 °C until no 
toluene was detected at the gas chromatography detection 
outlet.

In five adsorption–desorption cycling experiments 
with new PVIC-4 material, the adsorption efficiency was 
98.60%, 95.50%, 94.59%, and 91.19% (from the second cy-
cle) (Fig. 7). The decrease in adsorption capacity may be 
due to pore blockage and coalescence, which would hinder 
the desorption of adsorbed toluene.57

 However, PVIC-4 still maintained >90% adsorption 
after several cycles, demonstrating satisfactory reusability.

4. Conclusions
PVIC adsorbents with different pore structures 

were synthesized using imidazolium-based ILs as raw 
materials and DVB as a cross-linking agent. FTIR spec-
troscopy confirmed that monomer copolymerization 
with DVB was successful. With specific microporous 
structures, BET-specific surface areas of PVIC-x tended 
to increase and then decrease with an increasing propor-
tion of cross-linking agents. Breakthrough curves indi-
cate that surface area and pore volume improve toluene 
adsorption capacity. Bangham kinetics and Langmuir 
isotherms adequately described the toluene adsorption 
behavior of PVIC-4 material, with its adsorption mech-
anism involving mainly physical interaction where tol-
uene is adsorbed on the surface before diffusion within 
pore space. Together with a model of intra-particle distri-
bution, this suggests that the intraparticle diffusion stage 
is the primary rate-limiting step for toluene adsorption 
by PVIC-x. The adsorption capacity of PVIC-4 remained 
above 90% after five use cycles, with robust toluene ad-
sorption and regeneration performance. Analysis of the 
relationship between pore structure and adsorption ca-
pacity indicated that the microporous structure had a 
major influence on PVIC toluene adsorption capacity. 
Our findings indicate that PVIC-x are a promising ad-
sorption material, indicating the need for future studies 
of VOC adsorption by PILs.

Supporting Information
Supporting information sheets S1, S2, S3 and S4 are 

available from the Annex.
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Povzetek
Za odstranjevanje hlapnih organskih spojin (VOCs) iz zraka so potrebni učinkoviti, ekonomični in trajni adsorbenti. 
Zamrežene polivinilne ionske tekočine (PVIC) s porozno strukturo so bile sintetizirane s kvaternizacijo 1-vinilimida-
zola (1VI) z 1-bromobutanom, da smo dobili 3-butil-1-vinilimidazolijev bromid (VIC), ki je bil nato kopolimeriziran z 
radikali divinilbenzena (DVB). Za karakterizacijo kompozitov smo uporabili 1H NMR, 13C NMR, vrstično elektronsko 
mikroskopijo, rentgensko fotoelektronsko spektroskopijo, infrardečo spektroskopijo s Fourierjevo transformacijo in N2 
izoterme adsorpcije-desorpcije. S spremembo strukture polimera s prilagoditvijo koncentracije DVB（razmerje med 
koncentracijo DVB in koncentracijo VIC je bilo x: 1 (x = 0,4, 0,6, 0,8, 1,0) in product je bil poimenovan PVIC-x (x = 2, 3, 
4, 5)), je bila pridobljena optimalna struktura por PVIC-4 s specifično površino in skupnim volumnom por 192,5 m2 g–1 
oziroma 0,192 cm3 g–1. Preskus adsorpcije toluena je potrdil adsorpcijsko kapaciteto. Adsorpcijsko obnašanje za VOCs 
na osnovi toluena je bilo raziskano z adsorpcijskimi prebojnimi krivuljami, adsorpcijsko kinetiko in izotermami. Adsor-
pcijski proces dobro opisujeta Banghamov kinetični in Langmuirjev izotermni model. Dinamična adsorpcija toluena je 
bila v vrstnem redu PVIC-4 > PVIC-5 > PVIC-3 > PVIC-2. Optimalna adsorpcijska kapaciteta toluena PVIC-4 je bila 
264,4 mg g–1 z ravnotežnim časom 56 minut, kar je bilo pripisano njegovi odlični strukturi por. PVIC-4 se je dobro odre-
zal tudi glede stopnje recikliranja, saj je po 5 ciklih recikliranja ohranil 91,19-odstotno učinkovitost adsorpcije. PVIC-4 
lahko odstrani hlapne organske spojine iz zraka.

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
Eutectics of pioglitazone were developed using citric acid (CA) as the co-former, and the effect on crystallite properties 
and dissolution has correspondingly been studied. Pioglitazone-citric acid eutectics (PC1, PC2, PC3, and PC4) in differ-
ent molar ratios (3:1, 3:2, 1:1, and 3:4 respectively) were prepared by simple solvent evaporation method. Difference in 
dislocation density and strain value of the eutectics were observed, and the maximum strain value of PC1 might be due 
to the highest deformation activity compared to PC2, PC3, and PC4. Carbonyl-thiazolidine or carboxyl-pyridine weak 
bond formation might be the reason of producing eutectics of PGZ-CA rather than cocrystal with a docking score of 
–2.2 kcal/mol. Likewise, lowest particle size was found with PC1 rather than that of pure PGZ and other eutectics. PC1 
demonstrated highest dissolution of drug (68%) rather than other eutectics (54 to 61%) and PGZ (44%) after 360 min.

Keywords: Eutectics; pioglitazone; citric acid; In vitro dissolution; strain and dislocation density

1. Introduction
Currently, crystal engineering approach focuses on the 

formation of various systems like hydrate, solvate, poly-
morphs, solid solution, cocrystal, eutectic, etc. facilitating 
advancements in improving the pharmaceutical properties 
without compromising other physicochemical properties.1,2 
Among all these rising systems, cocrystal and eutectic mix-
tures are playing a pivotal role in efficiently enhancing disso-
lution and consequently absorption particularly of drugs 
with limited solubility. Heteromolecular (adhesive) interac-
tion between two compounds can overshadow a homo-mo-
lecular (cohesive) interaction of distinct components creat-
ing co-crystals whereas, stronger homo-molecular interac-
tion compared to heteromolecular interaction leads to the 
formation of eutectic mixture.3,4 Non-covalent interactions 
such as van der Waals force, electrostatic interaction, halo-
gen bonding, and hydrogen bonding between the drug mol-
ecule and the co-former suggest the structure of the cocrystal 
formation. Supramolecular synthons are the usual name 
used to describe these fundamental structural units found in 
supermolecules. Homosynthons (similar functional group) 
and heterosynthons (complementary but unlike functional 
group) are the two divided groups of supramolecular syn-

thons.5 Hydrogen bond formation between the acid group 
and the amide group or the amine or alcohol is required to 
create a supramolecular synthon.6 For instance, when a mol-
ecule possesses a carboxylic acid group, one can select a com-
plementary partner molecule, often referred to as a cocrystal 
former or co-former, containing functionalities like acid, 
amide, or pyridyl groups, to form a cocrystal. Nevertheless, 
not every molecule possessing complementary functional 
groups is suitable for cocrystal formation. In addition to pro-
ducing a cocrystal, the outcome of co-crystallization may 
result in a solid solution, a eutectic, or even a basic physical 
mixture of unreacted compounds. Eutectics have been sug-
gested as transitional states leading to specific cocrystals, and 
it was observed that solution eutectic constants play a vital 
role in the formation and stabilization of cocrystals in solu-
tion.3 Eutectics are the formulations having low melting 
points as a result of combining two or more compounds in a 
certain molar ratio. It has been noted in many literatures that 
organic acids like benzoic acid,7 citric acid (CA), salicylic ac-
id,8 and malic acid,9 among others, can produce eutectics. In 
a eutectic system, the different components are present in 
specific proportions that lead to a eutectic composition, and 
when this composition is heated or cooled, it undergoes a 
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phase transition at a single, well-defined temperature, form-
ing a eutectic mixture. In a standard co-crystallization exper-
iment, the development of multi-component adducts, such 
as salts, cocrystals, solid solutions, or eutectics, is contingent 
upon the characteristics of the components involved and the 
specific interactions that emerge between them.4 Generally, 
if a molecule contains a carboxylic acid group it can choose a 
co-former or a partner containing a complementary func-
tional group like amide, acid, or pyridine to make a co-crys-
tal. However, it is very rare to have a complementary func-
tional group to prepare a cocrystal.

The molecule and the co-former are exploited to 
make a eutectic or a solid solution when cocrystal forma-
tion is hampered.3 In the case of eutectic formation, ad-
hesive interaction is heteromolecular which is generally 
weaker because of the lack of lattice arrangement of any 
long-range order.10 A study demonstrated that the soluble 
carrier quickly dissolves, leaving the insoluble drug in an 
absolutely fine state of subdivision when the eutectic mix-
ture is in contact with digestive fluids.11 In a study solubil-
ity of itraconazole, griseofulvin, danazol, and benzoic acid 
in urea- and malonic acid-choline chloride deep eutectic 
solvent has been increased by many folds.12

Pioglitazone (PGZ), an ethylpyridin-thiazolidine-
dione-type oral drug, reduces insulin resistance in “type 
2 diabetes mellitus”. It exhibits non-polar characteristics, 
rendering water incapable of efficiently disrupting the lat-
tice structure of the molecules. Consequently, its solubility 
in aqueous medium is notably limited.13 Inadequate aque-
ous solubility and slow dissolution of PGZ contribute to 
sub-therapeutic plasma levels, potentially lacking in ther-
apeutic success. Eutectics of pioglitazone were attempted 
to prepare using CA as the co-former in different molar 
ratios by simple solvent evaporation method as the cocrys-
tal formation is hampered due to lack of complementary 
functional group. The combination of PGZ-CA could form 
eutectic rather than cocrystal via weak carbonyl-thiazoli-
dinedione or carboxyl-pyridine bond development and may 
lack a long-range order arrangement. The eutectic products 
are supposed to exhibit enhanced drug dissolution.

2. Material and Methods
2. 1. Materials

PGZ was received as a gift sample from Pattanaik 
Science Supply Syndicate, Bhubaneswar, Odisha, India. 
Citric acid was procured from Merck Specialties Pvt. Ltd., 
India. Ethanol was procured from Himedia Laboratories 
Pvt. Ltd., India. All other chemicals and reagents were of 
analytical grade and commercially available.

2. 2. �Preparation of PGZ Eutectic 
Formulation
Eutectic formulations of PGZ were prepared by solvent 

evaporation method employing CA as a co-former in differ-
ent molar ratios. Accurately weighed amounts of CA were 
mixed with precisely weighed amounts of PGZ before being 
dissolved in ethanol followed by drying the solution at 40–50 
°C for 72 h. Eutectics were obtained as the solvent of the solu-
tion evaporated (Table 1). The chemical structure of PGZ 
with CA is presented in Fig. 2 in various possible ratios.

Table 1: Eutectic formulation of PGZ using CA as co-former from 
ethanolic solution by solvent evaporation technique

Eutectic	 Molar	 PGZ	 CA	 Solvent
code	 ratio	 (mg)	 (mg)

PC1	 3:1	 1000	 180	 Ethanol	
PC2	 3:2	 1000	 360	 Ethanol	
PC3	 1:1	 1000	 537	 Ethanol	
PC4	 3:4	 1000	 716	 Ethanol	

2. 2. Characterizations
2. 3. 1. �Fourier Transform-infrared (FTIR) 

Spectroscopy
IR grade potassium bromide (KBr) was mixed with 

the samples separately in the ratio of 100:1in order to ob-
tain corresponding pellets with the help of applied 5 tons 
pressure for 2 min using a hydraulic press. The pellets were 
scanned between the range of 400–4000 cm–1 frequency in 
FTIR spectrophotometer using Spectra Manager software 
version 2.0 (JASCO FT/IR-4100).

2. 3. 2. Differential scanning calorimetry (DSC)
Differential scanning calorimetry technique (DSC-1, 

Mettler Toledo) was used to obtain the thermograms of sam-
ples. 3 to 4 mg of test samples were placed in a hermetically 
sealed aluminum pan and another empty aluminum pan 
was used as a reference. Samples were subjected to a nitro-
gen flow with a flow rate of 20 ml/min and the scanning was 
carried out at a rate of 10 °C/min. The temperature of all the 
samples were maintained within the range of 30–300 °C.14

2. 3. 3. Powder X-ray Diffraction (PXRD)
PXRD was carried out for different samples to study 

their crystal structure, chemical composition followed by 
their physical characteristics. About 1 mg of dry powdered 
sample was placed on the glass slide and was subject-
ed to powder X-ray diffractometer (Ultima, IV, Japan)15 
Throughout the testing, an X-ray power of 40kV/40mA at 
a detection angle (2–75° 2θ) was employed for 120 sec.

2. 3. 3. Scanning Electron Microscopy (SEM)
The surface morphologies of different samples were 

recorded with a scanning electron microscope (Gemini 
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SEM 300). The dried samples were sputtered coated with 
gold-palladium and scanned at room temperature.

2. 4. In vitro Drug Dissolution Study
The in vitro dissolution study for pure drug (PGZ) 

and different PGZ-CA eutectic formulations were carried 
out following the guidelines of US pharmacopoeia XXIII 
rotating paddle method in a dissolution apparatus (Elec-
trolab, India). A specific amount of the formulation was 
placed in 900 ml sodium lauryl sulphate (SLS) solution 
(0.5%) in the dissolution vessel and 50 rpm rotation speed 
was set up. The temperature was set at 37 ± 0.5 °C for the 
entire period of time. Aliquots of 10 ml sample was with-
drawn at pre-determined time interval from dissolution 
media along with the replenishment of fresh medium of 
same volume to maintain the sink condition.16 Lamda max 
was set at 223 nm in UV-visible spectrophotometer (Shi-
madzu) for the analysis of samples in a triplicate manner.

2. 5. In silico Binding Interaction Study
Drug and excipient molecule interaction has been 

forecasted using AutoDock Vina 1.1.2 Software.17 With 

the help of Marvin sketch the 3-D structures of PGZ, CA 
was generated. Since AutoDock Vina only recognizes PD-
BQT files, the MGL Tools software package was used to 
build PDBQT files for further enquiry.18 By resizing the 
grid box, all of the three-dimensional centers and axes 
were appropriately aligned. After the successful gener-
ation of PDBQT files, the docking was conducted using 
the command prompt.19 The PGZ was taken as a ligand 
against receptor CA. The finest binding was confirmed by 
the highest negative score.

2. 6. Statistical Analysis
All measured data are presented as mean ± S.D. 

(standard deviation).

3. Results and Discussion
3. 1. PGZ Eutectic Product

In the current research, PGZ-CA eutectic formula-
tions were prepared using the solvent evaporation meth-
od (Table 1). After the preparation, sharp needle-shaped 
crystals were observed (Figure 1). The possible structure 

Figure 1. Photographs of prepared PGZ-CA eutectic product
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Figure 2 Proposed formation of eutectics of pioglitazone with CA: (A) PC1; (B) PC2; (C) PC3; (D) PC4



486 Acta Chim. Slov. 2024, 71, 482–491

Das et al.:   Development of Eutectics of Pioglitazone with Citric   ...

of co-crystal of PGZ with CA in different ratios are repre-
sented in Figure 2.

3. 2. Characterization
3. 2. 1. FTIR Spectroscopy

The FTIR spectra of pure PGZ and its eutectic for-
mulations with CA are presented in Figure 3. The FTIR 
spectrum of pure PGZ showed the presence of a character-
istic peak at 3416 cm–1 owing to N-H stretching of aromat-
ic amine,20 as well as two distinct peaks at 2927 and 2743 
cm–1 representing aliphatic C-H stretching. The carbonyl 
(C=O) stretching vibration is assigned to the strong ab-
sorption peak at 1742 and 1684 cm–1 whereas, the peaks 
at 1618 and 1242 cm–1 are the indication of presence of 
aromatic ring and C-O group respectively.21

PGZ peak at 1509 and 1552 cm–1 due to N-H in-
plane bending vibration (in general 1630–1500 cm–1) 
has little been broadened or shifted in prepared eutec-
tic products.22 The changes might have occurred due to 
weak bond formation between N-H of thiazolidine and 
carbonyl group of citric acid (carbonyl-thiazolidinedi-
one or carboxyl-pyridine bond development). FTIR re-
sults of the eutectics also revealed C=O stretching and 
C-S stretching within 1675–1685 cm–1 and 1330–1335 
cm–1 respectively. In addition, these spectra of eutectic 
products presented a broadened peak in the range of 
3412–3418 cm–1, which may be due to the formation 
of hydrogen bonding between CA and PGZ. The FTIR 
peak at 1742 and 1684 cm–1 in PGZ is either broadened 
or absent in prepared eutectics because of the interaction 
between PGZ and CA. As a result, the changes might be 
considered to be due to the formation of eutectics with 
the organic acid molecules.

3. 2. 2. DSC
The DSC thermograms of pure PGZ and its eutectic 

products with CA are presented in Figure 4. The charac-
teristic single endotherm at 195.61 °C confirmed the melt-
ing point of PGZ.23,24 The melting endotherm of prepared 
eutectic samples differed significantly from those of pure 
PGZ. All the eutectic formulations exhibited endotherm 
noticeably below the melting point of pure PGZ. Also the 
disappearance of the sharp endothermic peak of the PGZ 
in the formulations supported the formation of eutectics 
with co-former in different molar ratios. After analyzing 
all of the DSC data, it was found that the PGZ was formed 
its eutectics. Thus, DSC thermogram confirms that there is 
no sign of chemical incompatibility in developing non-co-
valent derivatives (eutectics).

3. 2. 4. PXRD
When the functional groups are compatible for effec-

tive formation of non-covalent bond, size and shape of the 
parent molecule favors a crystal packing, then a cocrys-
tal will form but on the other hand, when the function-
al groups are compatible to form non-covalent bonding 
but they lack to form a crystal packing, then eutectic will 
produce. The PXRD pattern of pure PGZ and its eutec-
tic formulations with CA are presented in Figure 5. Pure 
PGZ showed 2θ values at 8.764, 17.64, 18.897, 20.830, and 
21.223 indicating crystallinity.23 The characteristic peaks 
of PGZ were either absent or shifted a little with smaller 
intensity or broadened in prepared PGZ-CA eutectic for-
mulations. In addition, the intensity of the parent peak was 
found to be decreased may be due to the formation of eu-
tectics. The data obtained from the PXRD analysis showed 
that the FWHM (full-width half maximum), particle size 

Figure 3. FTIR spectra of pure PGZ and PGZ-CA eutectic formulations
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of the formed eutectics was found decreased than the pure 
drug (PGZ) (Table 3).

Table 2: List of XRD peaks observed in PGZ and prepared eutectic 
formulations

Sample code	 2θ value observed

PGZ	 8.76, 17.64, 18.90, 20.83, 21.22
PC1	 8.94, 21.04, 23.29, 26.50, 32.02
PC2	 10.80, 15.64, 21.14, 23.53
PC3	 8.89, 15.87, 21.00, 23.26
PC4	 9.08, 16.08, 20.56, 26.72, 28.77

Particle size is an important parameter to calculate 
because of proper understanding in microstructural pa-
rameters. To calculate crystallite particle size, Scherrer 
method is the most commonly used method depending 
on the XRD peaks broadening data. The most tradition-
al method to calculate the crystallite size is the Scherrer 
method. For determination of crystallite size (D) of the 
prepared crystal, the Scherrer’s equation is stated as:

 � (1)

Where, D is the crystalline size in nm; k is the shape 
factor which is taken as 0.9; λ is the wavelength of the 
X-rays i.e., 0.154056 nm for Cu Kα1 radiation; ß is the 
broadening of the peaks and that is also known as peak 
width at half maxima (FWHM) measured in radians and 
finally θ is the Bragg’s angle of diffraction.

Crystal distortion and deformity was occurred due 
to the induced strain and the strain was calculated by us-
ing the equation:15

Figure 4. DSC thermograms of PGZ and PGZ-CA eutectic formulations

Figure 5. XRD pattern of PGZ and PGZ-CA eutectic formulation
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 � (2)

Table 3. Crystallite properties of eutectics of pioglitazone with citric 
acid estimated from XRD

Eutectic	 FWHM	 Particle	 Strain	 Dislocation
code		  size	 (10–3)	 Density
		  (nm)		  (m–2)

PGZ	 0.209±0.05	 40.65±10.31	 4.36±1.04	 2.42±0.61
PC1	 0.621±0.15	 13.68±3.27	 12.2±2.91	 21.371±5.11
PC2	 0.525±0.21	 17.28±6.23	 10.6±4.32	 13.39±4.82
PC3	 0.203±0.03	 40.39±6.02	 6.46±0.94	 2.45±0.36
PC4	 0.33±0.11	 26.58±9.51	 7.31±2.22	 5.65±2.02

Particle size of PC1 was found lowest as compared 
to other eutectic formation as well as pure PGZ. The dif-
ference in dislocation density and strain value between 
PZA and PGZ-CA eutectics was observed because of 
weak bond formation between PGZ and CA. Eutectic 
PC1 showed highest strain value maybe due to higher 
deformation activity between molecules in a material. 
From this data we can assume PC1 formed a strong eu-
tectic formation.

3. 2. 3. SEM
SEM photographs of pure PGZ (a) and PGZ-CA eu-

tectic formulation (b) is presented in Figure 6. Character-
istic crystal morphology is seen in the micrograph of pure 
PGZ while that geometry is slightly different in the eutectic 
product. Presence of lamellar structure or microstructure 
composed of alternating fine layers in the eutectic product 
attributed due to the partial deformation of PGZ crystal. 
The attainment of eutectic formation using CA as organic 
co-former was also supported by DSC and PXRD.

3. 3. In vitro Drug Dissolution
The presence of food disrupts absorption, leading to 

delays in peak plasma concentration, sometimes extend-
ing up to 5–6 hours. Several studies demonstrated vari-
ous formulations of PGZ like SMEDDS,26 nanosuspen-
sion,27 multilayered tablet,28 floating tablet,29 transdermal 
patch,30 etc. having limitations like entrapment efficacy of 
SNEDDS, physical stability of nanosuspension, lamination 
in multilayered tablets etc. Other approaches were also 
applied to enhance the solubility of PGZ like the prepa-
ration of inclusion complex,31 using poloxamer 188 and 
407,30 using natural polymer Pullulan33 and all the studies 
exhibited an increase in solubility and dissolution profile 
as compared to pure PGZ. Other approaches were also 
applied to enhance the solubility of PGZ like the prepa-
ration of inclusion complex,31 using poloxamer 188 and 
407,32 using natural polymer Pullulan33 and all the studies 
exhibited an increase in solubility and dissolution profile 
as compared to pure PGZ.

In vitro drug dissolution is a crucial physicochem-
ical parameter frequently used to assess the possible risk 
of the dissolution-rate controlled absorption of a chemical 
entity. Owing to its kinetic nature, in vitro drug dissolution 
assumes a better correlation with in vivo drug dissolution. 
Therefore, to quantitatively evaluate the impact of the sol-
id-state modification on the drug dissolution behavior, in 
vitro drug dissolution was estimated in 0.5% SLS solution. 
In vitro PGZ release pattern of pure PGZ and its eutectic 
formulations with CA, at different molar ratios are pre-
sented in Figure 7. From the in vitro drug dissolution pro-
file, it was observed that PC1 (containing 3:1 molar ratio) 
showed the highest release (67.55%) as compared to other 
PGZ-CA eutectic formulations. observed that among all 
prepared eutectic formulations of PGZ-CA. The potential 
reason for this increase in solubility could be linked to 
the poorly water-soluble active pharmaceutical ingredient 
(API) interacting non-covalently with a more water-solu-
ble co-former.

Figure 6. SEM photograph of (A) pure PGZ (magnification: 16k ×), (B) PGZ-CA eutectic formulation (PC1) (magnification: 20k ×)
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Linear defects on atomic scale are the reason behind 
dislocation which favorably enhanced the drug disso-
lution. Highest dislocation density was observed in PC1 
which exhibited the maximum dissolution profile as com-
pared to pure drug and other eutectic products.

3. 4. Drug-excipient Molecular Interaction
The objective of this in silico molecular dock-

ing study is to uncover specific information about the 

drug-excipient molecule interaction affinity and types of 
interaction between them, if any.18 The PGZ was taken 
as a ligand against receptors like CA. The finest binding 
was confirmed by the highest negative score.19 The mo-
lecular interaction study revealed a stable binding interac-
tion between PGZ and excipient molecules (organic acid 
molecule i.e., CA used to prepare eutectic formulations of 
PGZ). In silico binding interactions and potential binding 
sites are depicted using a pictorial format in Figure 8. The 
detailed binding interactions have been elucidated in Ta-
ble 4. The negative energy verified that all of these eutectic 
formulations of PGZ had stable binding.

Table 4. In silico binding interaction and potential binding of PGZ-
CA eutectic formation

Formu-	 Docking	 Bond type	 Bond
lation	 score		  distance (Ǻ)
code	 (kcal/mol)		

PGZ-CA	 –2.2	 Conventional	 2.5
		  hydrogen bond

4. Conclusion
Eutectic products of pioglitazone were made ready 

using CA as the co-former in different molar ratios by sol-
vent evaporation technique. The combination of PGZ-CA 
formed eutectic rather than cocrystal possibly by weak 
carbonyl-thiazolidine or carboxyl-pyridine bond develop-
ment. The difference in dislocation density and strain val-
ue of PGZ vs PGZ-CA eutectics could be the cause of weak 

Figure 8: Pictorial elucidation of In-silico binding interactions of 
pioglitazone-CA

Figure 7. In vitro PGZ dissolution pattern of pure PGZ and PGZ-CA eutectic formulations
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bond formation between PGZ and CA and highest strain 
value of PC1 might be due to the peak deformation activity 
compared to PC2, PC3, and PC4. Particle size of PC1 was 
also found lowermost rather than that of pure PGZ and 
other eutectics. The findings of the in vitro dissolution test 
demonstrated that the PC1 (PGZ-CA as 3:1 molar ratio) 
exhibited maximum dissolution of drug (68%) compared 
to other prepared eutectic formulations (54 to 61%) and 
pure PGZ (44%) after 360 min. In addition, in silico mo-
lecular docking study demonstrated the binding score of 
–2.2 kcal/mol.
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Povzetek
V tem delu smo razvili evtektike pioglitazone (PGZ) z uporabo citronske kisline (CA) kot sooblikovalca ter proučili 
vpliv CA na lastnosti kristalitov in raztapljanje. Evtektike pioglitazona in CA (PC1, PC2, PC3 in PC4) smo pripravili v 
različnih molskih razmerjih (3:1, 3:2, 1:1 in 3:4) z enostavno metodo izparevanja topila. Opazili smo razliko v gostoti 
dislokacij in vrednosti deformacije eutektikov. Najvišjo vrednost deformacije je imela PC1, kar bi lahko pripisali najvišji 
deformacijski aktivnosti v primerjavi s PC2, PC3 in PC4. Šibke vezi med karbonil-tiazolidinom ali karboksil-piridinom 
so verjetno povzročile nastanek evtektikov PGZ-CA namesto kokristala z vrednostjo sidranja –2,2 kcal/mol. Prav tako 
je PC1 imela najmanjšo velikost delcev v primerjavi s čistim PGZ in drugimi evtektiki. Po 360 minutah je PC1 dosegla 
najvišjo stopnjo raztapljanja zdravila (68 %) v primerjavi z drugimi evtektiki (54 do 61 %) in PGZ (44 %).
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Abstract
The purpose of this study was to determine the phytochemical content and biological activities of Astragalus gombo (en-
demic species). We conducted an HPLC analysis to identify the secondary metabolites. Antioxidant (DPPH and FRAP), 
anti-inflammatory, anti-hemolytic and antibacterial activities were evaluated. For the HPLC analysis, we obtained 65 
peaks and identified six major bioactive compounds. The total concentration of polyphenols, flavonoids and condensed 
tannins varied, respectively, from 66.3±0.9 mg GA eq/g, 34.31±1.4 mg Q eq/g and 5.3±2.7 mg Ca eq/g. In terms of an-
tioxidant activity, the extract exhibited high inhibitory activity, equivalent to IC50 = 62.81±0.01 µg/mL for DPPH and 
IC50 = 19.37±0.04 µg/mL for FRAP. The anti-inflammatory activity was estimated to be high at 1615.8±2.8 µg/mL, the 
anti-hemolytic activity was weak and the antibacterial activity against the five strains under study was moderately strong. 
This study demonstrated that the aqueous extract of A. gombo from El Oued region has remarkable antioxidant, anti-in-
flammatory, and antibacterial activity.

Keywords: Astragalus gombo; phytochemical; biological activity; HPLC analysis.

1. Introduction

Medicinal plants are widely recognized for their 
therapeutic and nutritional benefits that help in the treat-
ment of various illnesses and the development of new 
pharmaceuticals, according to a World Health Organiza-
tion survey.1,2 Interest in the medicinal properties of 
plants, particularly their antioxidant, anti-inflammatory, 
and antibacterial effects, has notably increased. According 
to estimates by the World Health Organization, approxi-
mately 20,000 plant species are employed for medicinal 
purposes in 91 countries. The process of developing new 
pharmaceuticals involves several critical stages, including 
extraction, pharmacological screening, bioactive material 
isolation, characterization, toxicology, and clinical evalua-

tion.3 Polyphenol compounds, including flavonoids, tan-
nins, and anthocyanins, have various biological activities 
and antioxidant properties, making them potential re-
placements for medical treatments.2

Algeria's diverse plant flora, with 3139 species across 
150 botanical groups, includes 653 indigenous species. 
This has increased interest in medicinal plants with their 
antioxidant, anti-inflammatory and anti-bacterial capabil-
ities significantly in recent years and among the therapeu-
tic plants that we considered in our study is Astragalus 
gombo.4

Astragalus gombo is the most important genus of 
flowering plants and therefore of the family,5,6 comprising 
over 2,500 to 3,000 species.7 The species is widespread in 
Central Asia, South and North America, and North and 

mailto:tlili-laid@univ-eloued.dz
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South Africa. The Algerian Sahara is also an indigenous to 
one of them, Astragalus gombo. It is a perennial plant, both 
common and endemic.8 Astragalus gombo thrives in well-
drained, sandy loam soil with a pH range of 6.0 to 7.5. It is 
essential to avoid waterlogged conditions, as they can hin-
der root development and increase susceptibility to root 
diseases. This plant prefers moderate humidity levels, ide-
ally between 40–60 %. Excessive humidity can promote 
fungal growth, whereas very low humidity might cause 
dehydration stress.6 In addition, optimal growth occurs at 
temperatures between 18 °C and 25°C (64 °F to 77 °F). It 
can tolerate a slight frost, but prolonged exposure to tem-
peratures below 10 °C or above 30 °C can negatively im-
pact growth and yield. Further, Astragalus gombo requires 
full sunlight for at least 6–8 hours daily. Insufficient sun-
light can lead to reduced photosynthetic activity and 
stunted growth.8 It is well used in the food industry, cos-
metics and pharmacy. It is mainly used to treat diseases, 
among its active compounds are coumarins, alkaloids, 
tannins, phenolic acids, terpenes and flavonoids.9

Astragalus gombo is one of the astragalus plants 
found in Algerian flora. Several astragalus species are used 
in both traditional and modern medicine. Its leaves are 
used in traditional medicine to treat hemorrhoids, diabe-
tes, leukemia and irregular menstruation, and the root is 
employed as an anti-stimulant.10

Considering the potential of this genus, it is impor-
tant to reveal the phytochemical characteristics of A. gom-
bo. The purpose of this work is to quantify the phenolic 
contents and identify the main phenolic compounds pres-
ent in the crude extract of the leaf using HPLC analysis. 
The biological activity of the extract will be evaluated for 
antioxidant, anti-inflammatory, hemolytic, and antibacte-
rial potentials for the first time in El Oued region (a north-
east area in the Algerian Sahara).

2. Materials and Methods
2. 1. Chemicals and Reagents

Sodium chloride (NaCl), Monobasic potassium 
phosphate (KH2PO4), Trichloroacetic acid (TCA), Bu-
tylated hydroxytoluene (BHT), Aluminum trichloride 
(AlC13) 2%, 2,2-diphenyl-1-picryl hydrazyl (DPPH), 
ascorbic acid, gallic acid, dimethyl sulfoxyl (DMSO), and 
ferric chloride (FeCl3) were all obtained from Sigma- 
Aldrich (USA).

2. 2. Preparation of Plant Material
In March 2023, during the Astragalus gombo flower-

ing season, leaf portions of the plant were collected from 
the Southeast region of Algeria (specifically in the area of 
Hassi Khalifa, province of El-Oued). Professor Atef 
Chouikh (Faculty of Natural Science and Life, El Oued 
University) recognized the plant material. The aerial sec-

tion of the plant was washed with flowing water to remove 
dust and other extraneous objects. Then, it was powdered, 
dried, and kept for later use.

2. 3. Preparation of Aqueous Extract
Approximately 10 grams of Astragalus gombo leaf 

powder were steeped in 100 mL of distilled water and left 
to stand at room temperature for 24 hours in darkness. 
Subsequently, filter paper was used to remove impurities. 
The material was extensively dried at 40 °C following ex-
traction, according to Murugan and Parimelazhagan.11 
The extract was weighed and stored in a refrigerator at 4 °C 
for future study.

2. 4. Phytochemical screening
Using the standard methods for phytochemical anal-

ysis (screening), the extract was examined for the presence 
of various compounds, including phenols, tannins (cat-
echetical and gallic tannins), alkaloids, steroids, saponins, 
flavonoids, and triterpenoids. A (+) indicates the existence 
of phytochemicals, whereas a (–) indicates their absence.12

2. 5. Estimation of Total Phenolic Compounds
The total amount of phenolic was determined using 

the Folin-Ciocalteu method. To 1 mL of 10% Folin-Ciocal-
teu reagent, 0.2 mL of the aqueous extract of A. gombo was 
added. The addition of 800 L of saturated sodium car-
bonate (75 g/L) was made after 4 minutes. After 2 hours of 
incubation at room temperature, the absorbance was 
measured at 765 nm. To ensure that the results could be 
replicated, the tests were run three times.13 By using the 
linear calibration equation for gallic acid, the total phenol-
ic content was computed as milligrams of gallic acid equiv-
alent per gram of extract.

2. 6. Estimation of Total Flavonoids
We used the aluminum chloride (AlCl3) colorimet-

ric method for determining the total flavonoid content of 
A. gombo extract,14 as follows: 1 mL of the AlCl3 solution is 
mixed with 1mL of the sample, and separately, with 1mL of 
the standard. At 430 nm, the absorbance was measured, 
after 30 minutes against the prepared reagent blank. In or-
der to determine the results, a linear calibration equation 
using quercetin as the standard was utilized. The results 
were represented as milligrams of quercetin per gram of 
extract.

2. 7. Estimation of Condensed Tannin
The level of tannin in the extract was determined us-

ing spectrophotometry, according to Broadhurst and 
Jones15, catechin was used to make the calibration curve. 
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The sample was pipetted into an aluminum foil-wrapped 
tube along with 3.0 mL of newly prepared vanillin reagent 
(4% w/v vanillin in methanol), and the mixture was prop-
erly mixed before 1.5 mL of strong hydrochloric acid was 
added. After 15 minutes at 20 to 2 °C, the reaction's ab-
sorbance was assessed against water at 500 nm.

2. 8. HPLC Analysis
Phenolic compounds were qualitatively and quanti-

tatively analyzed using a Shimadzu LC20 HPLC equipped 
with the universal injector (Hamilton 25l), an analytical 
column Shim-pack VP-ODSC18 (250 × 4.6 mm, 5 μm par-
ticle size), maintained at 25.0 °C and an injection volume 
of 20 μL. Chromatograms and UV spectra were collected 
using a Shimadzu UV-VIS detector SPD 20A. The mobile 
phase consisted of a gradient elution of a combination of 
acetonitrile and acetic acid (0.1%). The gradient program 
was initiated with 95% A and 5% B for the first 5 minutes, 
followed by a linear gradient to 50% A and 50% B from 5 
to 25 minutes, further transitioning to 5% A and 95% B 
from 25 to 30 minutes, and concluded with re-equilibra-
tion at 95% A and 5% B from 30 to 35 minutes. The flow 
rate is maintained at 1.0 mL/min.

The sample preparation involves extracting phenolic 
compounds from the plant material using an aqueous sol-
vent (ultra-pure distilled water). The resulting extract is 
then filtered through a 0.45 μm membrane filter to remove 
any particulate matter, and, if necessary, diluted with the 
mobile phase. The HPLC system is equipped with a UV-
Vis detector set at 268 nm, a wavelength optimal for phe-
nolic compounds based on their characteristic absorption.

Identification and quantification of chromatographic 
peaks were confirmed by comparison of the retention time 
(tR) of extract and standards.

2. 9. DPPH Free-Radical Scavenging Activity
1 mL of the DPPH• solution was mixed with 1 mL of 

each extract (or ascorbic acid as a control). To complete 
the reaction, the reaction mixture was stirred briefly and 
then kept at the room temperature for 30 minutes in the 
darkness, at 517 nm.16

2. 10.Reducing Power Assay (FRAP)
Oyaizu's methods were used to calculate the extract's 

reducing power. The sample was combined with phosphate 
buffer (2.5 mL, 0.2 M, pH 6.6) and 1% potassium ferricya-
nide water solution (2.5 mL, K3[Fe(CN)6]) at various con-
centrations (mg/mL) in distilled water. After aliquots of 
trichloracetic acid (2.5 mL, 10% aqueous solution) were 
added, the mixture was incubated at 50 °C for 20 minutes 
before centrifuging for 10 minutes at 3000 rpm. The super-
natant (2.5 mL) and filtered water were mixed with freshly 
prepared FeCl3 (0.5 mL, 0.1%) solution (2.5 mL). The ab-

sorbance was measured at a wavelength of 700 nm. The use 
of ascorbic acid as a positive control was used.17

2. 11.Hemolytic Activity
The hemolysis experiment was conducted in accord-

ance with the methodology outlined by Tlili and Benine, 
as detailed below.18 5 mL of blood was centrifuged at 1000 
rpm for 10 minutes at 40 °C in tubes containing 5.4 mg of 
EDTA to stop coagulation. The hemolytic assay was car-
ried out on washed erythrocytes that were kept at 40 °C for 
6 hours. 100 µL of test samples (containing an A. gombo) 
and 50 µL of erythrocyte suspension in 10 dilutions were 
employed. The positive and negative controls, 100 µL each 
of 1XPBS and 100 µL each of 1% SDS, were utilized. After 
that, the samples were incubated for 60 minutes in a water 
bath at 37 °C. 850 µL of XPB were added to the reaction 
mixture to bring the volume up to 1 mL. After centrifuging 
it for 3 minutes at 300 rpm, the hemolysis rate of the differ-
ent extracts is calculated as a percentage (%) relative to the 
total hemolysis with a spectrophotometer at 540 nm, ac-
cording to the following formula:

Hemolysis Inhibition (%) = � (1)

2. 12. Anti-inflammatory Activity
The egg albumin denaturation inhibition method 

was used to investigate the anti-inflammatory potential of 
crude aqueous extract from A. gombo. The reaction mix-
ture (5 mL) comprised 200 μL of fresh hen's egg albumin, 
2.8 mL of phosphate buffer (pH 6.4), and 2 mL of various 
concentrations of the standard drug, Aspegic. 2 mL of dis-
tilled water was used instead of extract or Aspegic to pre-
pare the control. Following a 15-minute incubation period 
at 37 °C in a water bath, the reaction mixtures underwent 
a 5-minute heating period at 70 °C. The reaction mixtures' 
absorbance was measured at 660 nm using a UV-visible 
spectrophotometer after cooling, with the buffer serving as 
the blank. Percentage of inhibition was calculated by using 
following equation19:

Inhibition percentage =  � (2)

2. 13.Antibacterial Activity
The agar well-diffusion method was used to evaluate 

the effectiveness of manufactured A. gombo against five haz-
ardous bacteria. This included three Gram-negative bacteria 
(EC: Escherichia coli ATCC 8737; PA: Pseudomonas aerugi-
nosa ATCC 9027; ST: Salmonella typhimurium ATCC 
14028) and two Gram-positive bacteria (BS: Bacillus subtilis 
ATCC 6633 and LI: Listeria innocua CLIP 74915). The Petri 
plates were incubated at 37 °C for 24 hours. The inhibitory 
zone's diameter was measured in millimeters (mm). The an-
timicrobial tests were conducted in triplicate.20
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2. 14.Statistical Analysis

All of the experiments were performed in triplicate. 
The data were analyzed in Microsoft Excel and are present-
ed as mean ± standard deviation (n = 3). Graphpad Prism 
7 for Windows was used to calculate the IC50 and EC50 val-
ues. The analysis of variance (ANOVA) technique was 
used to statistically analyze the data and determine the sig-
nificance level. The XLSTAT software was utilized for this 
purpose.

3. Results and Discussion
3. 1. Phytochemical Screening

Phytochemical test results in our study indicate the 
presence of secondary metabolites including alkaloids, 
tannins, flavonoids, terpenoids and polyphenols, in the 
Astragalus gombo extract (Table 1), albeit in varying con-
centrations.

Table 1. Phytochemical composition of the aqueous extract of A. 
gombo

	Phytochemical composition		  Observation

	 polyphenols		  (+)
	 alkaloids	 Mayer	 (–)
		  Wagner	 (+)
	 Flavonoids		  (+)
	 Tannins		  (+)
	 terpenoids		  (+)
	 Saponins		  (–) 

The results of the phytochemical tests reveal the 
richness of the extract from various active constituents. 
The bioactive properties of these substances include anti-
oxidant, anti-inflammatory, and antibacterial effects. Re-
sults of phytochemical screening are consistent with those 
found by Benferdia et al.21 Hence, the existence of each 
secondary metabolite in A. gombo provides us with an ev-
idence to support this plant's traditional use as a remedy 
for a variety of diseases.

3. 2. �Quantification of Phytochemical 
Compounds
Total phenolic, flavonoid and condensed tannic 

compounds were expressed using the following equations 
based on the calibration curve: Y = 0.0153x + 0.265, R² = 
0.8835 for phenolic compounds and Y = 0.0096x + 0.0521, 
R²=0.9371 for flavonoid compounds and Y=0.0031x + 
0.0301, R² =0.9977 for condensed tannin compounds (Ta-
ble 2).

Table 2. Total content of phenols, flavonoids, condensed tannins.

Compounds	    A. gombo

Polyphenols	 66.3±0.9
Flavonoids	 34.3±1.4
Tannins	 5.3±2.7

According to the results of the quantification of phy-
tochemical compounds, the A. gombo plant contains high 
concentrations of flavonoid polyphenols and tannins. This 
may be due to the influence of climatic factors (high tem-
perature, drought, exposure to sunlight and salinity), 
which stimulate the biosynthesis of these secondary me-
tabolites.22 This proves the effectiveness of this plant and 
its high biological activity.

3. 3. HPLC Analysis
The HPLC results showed the presence of six com-

pounds among nine reference compounds at the level of 
phenolic compounds on 65 peaks in the aqueous raw ex-
tract of A. gombo. The quercetin (9441.9 μg/g) is the most 
abundant phenolic compound identified, while only trace 
amounts of other phenolic compounds including p-cou-
maric acid (113.1 μg/g), caffeic acid (100.5 μg/g), vanillic 
acid (63.5 μg/g), vanillin (31.5 μg/g), and rutin (12 μg/g) 
were found in A. gombo (Table 3).

Table 3. Retention time and concentration of the phenolic com-
pounds identified in the aqueous extract of A. gombo.

Retention	 Compounds phenolic	 Concentration
time (min)		  (µg/g extract)

5.29	 Gallic acid	 ND
13.39	 Chlorogenic acid	 ND
15.53	 Vanillic acid	 63.5
16.27	 Caffiec acid	 100.5
21.46	 Vanillin	 31.5
23.81	 p-Coumaric acid	 113.1
28.37	 Rutin	 12
34.79	 Naringin	 ND
45.05	 Quercetin	 9441.9

The qualitative analysis indicates the presence of 
quercetin, p-coumaric acid and caffeic acid in large amounts, 
suggesting that the plant has anti-inflammatory, antitumor 
and antioxidant effects,23 and it has the ability to reduce the 
peroxidation of low-density lipoproteins (LDL) and the im-
mune response.24 This plant holds promise for applications 
in traditional medicine and drug development.

3. 4. Antioxidant Activity
The results of the DPPH assay and FRAP assay by the 

use of Astragalus gombo aqueous extract and different 
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standard antioxidants are summarized in Table 4. There 
are remarkable differences in the antioxidant capacity 
among the antioxidants tested; the antioxidant activity of 
A. gombo was much lower than that of the standard anti-
oxidant with its IC50 values for DPPH of 62.81±0.01 µg/
mL, and the reducing power of FRAP was 19.37±0.04 µg/
mL. However, ascorbic acid had the highest DPPH and re-
ducing power activities with an IC50 value of 18.79±0.05 
µg/mL and 24.75±0.03 µg/mL, respectively. Additionally, 
statistical analysis demonstrated highly significant differ-
ences (p < 0.001) between the extract and the positive con-
trol (ascorbic acid). Both the DPPH and FRAP tests meas-
ure antioxidant capacity, but in different ways. The DPPH 
test focuses on the ability to neutralize a specific type of 
free radical, while the FRAP test evaluates the overall abil-
ity to reduce metal ions. Together, these tests provide a 
comprehensive view of the antioxidant capabilities of an A. 
gombo, showing both specific free radical neutralizing ca-
pacity and general reducing capacity.

Table 4. IC50 in free-radical scavenging activity (DPPH) and Re-
ducing Power Assay (FRAP) of the aqueous extract of A. gombo. a, 
b means with distinct letters in each column differ significantly (p < 
0.05).

Extract/	 IC50 (µg/mL± SD)  EC50 (µg/mL± SD)	
standard	 DPPH	 FRAP

A. gombo	 62.81±0.01 a	 19.37±0.04 a
Ascorbic acid	 18.79±0.05 b	 24.75±0.03 b

The antioxidant activity findings were higher than 
those of ascorbic acid due to quercetin capacity to elimi-
nate free radicals, as demonstrated by the HPLC analysis.25 

Moreover, P-coumaric acid and caffeic acid are phenolic 
compounds found in many plants, and they exhibit signif-
icant antioxidant properties due to their chemical struc-
tures, where both acids donate hydrogen atoms or elec-
trons to neutralize free radicals, thereby preventing 
oxidative damage 33,34. Additionally, they can chelate tran-
sition metal ions such as iron, reducing their ability to 
catalyze the production of reactive oxygen species (ROS) 
through Fenton and Haber-Weiss reactions, thus limiting 
ROS generation.35

3. 5. Hemolytic Activity
Weak hemolytic activity observed in general of 

crude extract of A. gombo was obtained at about 4.8–
19.3% at 20–60 µg/mL, while SDS demonstrated the high-
est hemolytic activity when employed as a positive control 
(58.7–62.6%) and statistical analysis confirmed the signif-
icant difference (p < 0.001) between A. gombo and SDS 
(Figure 1).

The results of the hemolytic assay indicate that the 
extract exhibits a less significant hemolytic effect when in 
contact with human erythrocytes. This reduced hemolytic 
activity is attributed to the absence of saponins in the ex-
tract. 26 Clinical use of saponins is limited due to their 
hemolytic activity, which mediates toxicity in animals and 
humans. The mechanism of destruction of the erythrocyte 
membrane using saponins (hemolysis) is not yet fully elu-
cidated,9, 27 reported that saponin interacts with the sterols 
present in the membranes of erythrocytes and produces 
hemolytic reactions. This leads to rupture of the erythro-
cyte membrane, resulting in an increase in cell permeabil-
ity and the loss of hemoglobin. Another mechanism in-
volved in hemolysis has also been explored,28 in which the 

Figure 1. Hemolytic activity of A. gombo on red blood cells compared to 1% SDS.
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extensive interaction between saponins and water chan-
nels, aquaporins, induces an increase in membrane per-
meability due to the entry of water molecules into the cells, 
causing the rupture of erythrocytes and the appearance of 
hemolysis.

3. 6. Anti-inflammatory Activity
The anti-inflammatory activity is very important 

(IC50=1615.81±2.8 µg/mL). The percentage of inhibition 
of protein denaturation increased with increasing concen-
tration (Figure 2). However, its anti-denaturation effects 
are generally lower compared to Aspegic.

Statistical analysis (p < 0.001) confirms a significant 
difference in anti-inflammatory activity between A. gombo 
and Aspegic.

Most biological proteins lose their efficacy when de-
natured. The ability of a substance to inhibit the denatura-
tion of proteins implies its obvious potential for anti-in-
flammatory activity.

The findings show that the extract A. gombo has 
remarkable anti-inflammatory property. This activity 
may be attributed to the strong occurrence of polyphe-
nolic compounds including alkaloids, flavonoids, tan-
nins, steroids, and phenols.33 The extract elements 
function as free radical inhibitors or scavengers by act-
ing as primary oxidants and they are capable of con-
trolling the production of autoantigens and inhibiting 
heat-induced albumin denaturation. Furthermore, 
p-coumaric acid, found abundantly in many plants, ex-
hibits significant anti-inflammatory effects by inhibit-
ing key enzymes and signaling pathways involved in 

inflammation.34,36 It reduces the production of pro-in-
flammatory mediators like nitric oxide (NO), prosta-
glandins, and cytokines by downregulating the expres-
sion of inducible nitric oxide synthase (iNOS) and 
cyclooxygenase-2 (COX-2). Additionally, p-coumaric 
acid interferes with the activation of the nuclear fac-
tor-kappa B (NF-κB) pathway, a critical regulator of in-
flammatory responses. By preventing NF-κB activation, 
p-coumaric acid decreases the transcription of various 
inflammatory cytokines, thereby reducing overall in-
flammation in plant tissues.36

Similarly, quercetin has well-known anti-inflamma-
tory effects via multiple mechanisms. It inhibits the release 
of histamine and other inflammatory mediators from mast 
cells and basophils.32 Quercetin also downregulates the ac-
tivity of COX-2 and lipoxygenase (LOX), leading to a re-
duction in the synthesis of pro-inflammatory prostaglan-
dins and leukotrienes. Understanding these mechanisms 
highlights the importance of these compounds in plant 
defense and offers potential insights into their applications 
in medicinal contexts.29

3. 7. Antibacterial Activity
The results presented in Table 5 clearly reveal a re-

markable effect of the aqueous extract of Astraglus gombo 
leaves on the five strains studied. The extract exhibited no-
table antibacterial activity across all tested strains, with 
zones of inhibition varying from 8 to 11.3 mm. We also 
noted that in all the types of bacteria studied, the increase 
in the concentration of plant extract led to an increased 
zone of inhibition.

Figure 2. Anti-inflammatory activity of an aqueous extract of A. gombo.
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According to the results of the antibacterial assay, the 
wide range of antibacterial activity can be explained by the 
presence of a variety of active secondary metabolites in the 
extract.30 This inhibitory action could be due to tannins 
and flavonoids, which have long been used as antimicrobi-
al agents. In this study, it was proven that tannins exhibit 
antibacterial activity against Gram+ and Gram-negative 
microorganisms.7 Tannic acid impedes bacterial adhesion 
to surfaces and inhibits the absorption of sugars and ami-
no acids, thereby restricting bacterial growth.31 Also, the 
ability of tannins to penetrate the bacterial cell wall and 
into the inner membrane interferes with cell metabolism, 
consequently leading cell death. Tannic acid works by 
blocking the NorA efflux pump, which is believed to be the 
primary mechanism behind its antibacterial effects.

The activity of flavonoids is due to their ability to 
combine with extracellular and soluble proteins, as well as 
with bacterial cell walls.32 Furthermore, P-coumaric acid 
exhibits significant antibacterial activity by disrupting bac-
terial cell membranes and interfering with cellular func-
tions. It disrupts membrane integrity, leading to leakage of 
cellular contents and eventual cell death.37 Additionally, 
p-coumaric acid inhibits bacterial enzyme systems in-
volved in cell wall synthesis and metabolic processes, there-
by impairing bacterial growth and survival.

Similarly, caffeic acid, another widely occurring phe-
nolic compound in plants, demonstrates potent antibacterial 
effects through multiple mechanisms.34 It disrupts bacterial 
cell membranes, leading to increased membrane permeabil-
ity and leakage of intracellular components. Caffeic acid also 
interferes with bacterial DNA replication and protein syn-
thesis, thereby further inhibiting bacterial growth and prolif-
eration. Moreover, it enhances the plant's immune response 
by activating defense-related genes and pathways, contribut-
ing to its overall antibacterial efficacy.35 Additionally, querce-
tin also interferes with bacterial enzyme systems crucial for 
energy production and metabolic processes, leading to im-
paired bacterial growth and survival.37

4. Conclusions
In this study, we familiarized ourselves with the A. 

gombo plant and characterized its phytochemical and bio-

logical activities. The plant is rich in secondary metabo-
lites, contains high concentrations of polyphenols and fla-
vonoids. As for biological activity, it shows strong 
antioxidant activity through analysis of DPPH and FRAP, 
which opens up opportunities for protection and treat-
ment of problems and diseases caused by oxidative stress. 
With regard to anti-inflammatory activity, it has shown 
significant activity, which allows it to be used as a treat-
ment for infection. In addition, hemolytic activity was low 
and safely usable without causing the lysis of red blood 
cells. The antibacterial activity was remarkable. The Astra-
galus gombo plant could be used for its proven biological 
efficacy at different levels, which opens up promising pros-
pects. It encourages its application in the medical field to 
treat a range of illnesses.
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Povzetek
Namen te študije je bil določiti vsebnost fitokemijskih snovi in biološko delovanje endemične vrste Astragalus gombo. 
Za identifikacijo sekundarnih metabolitov smo izvedli analizo HPLC. Ocenili smo antioksidativno (DPPH in FRAP), 
protivnetno, antihemolitično in antibakterijsko delovanje. Pri analizi HPLC smo dobili 65 vrhov in identificirali šest 
glavnih bioaktivnih spojin. Skupna koncentracija polifenolov, flavonoidov in kondenziranih taninov je znašala 66,3 ± 0,9 
mg GA eq/g, 34,31 ± 1,4 mg Q eq/g in 5,3 ± 2,7 mg Ca eq/g. Kar zadeva antioksidativno aktivnost, je izvleček pokazal 
močno inhibitorno delovanje, in sicer IC50 = 62,81 ± 0,01 µg/ml za DPPH in IC50 = 19,37 ± 0,04 µg/ml za FRAP. Pro-
tivnetna aktivnost je bila ocenjena kot visoka (1615,8 ± 2,8 µg/ml), antihemolitična aktivnost je bila šibka, antibakterijska 
aktivnost proti petim preučevanim sevom pa srednje močna. Ta študija je pokazala, da ima vodni izvleček A. gombo iz 
regije El Oued izjemno antioksidativno, protivnetno in antibakterijsko delovanje.
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Abstract
A new method based on high-resolution continuum source flame atomic absorption spectrometry (HR-CS FAAS) was 
validated for the determination of selected toxic metals in wastewater resulting from mining activity, compared to induc-
tively coupled plasma optical emission spectrometry (ICP-OES) and line-source flame atomic absorption spectrometry 
(LS FAAS). The HR-CS FAAS method was characterized by detection limits (LODs) in the range (µg L–1) 1(Mn)–30(Pb), 
better than ICP-OES for Cu, Fe, Ni, Co, Pb and Mn, and poorer for Cd, Zn and Cr. Dunnett’s test showed that both 
methods were not affected by significant bias against certified values. The recovery in the HR-CS FAAS method was in 
the range of 98–103% with relative extended uncertainty of 9–18% and precision of 2–11%. Compared to LS FAAS, the 
HR-CS FAAS presented better LODs for Pb and Cr. The HR-CS FAAS method is suitable for determining selected toxic 
elements in filtered water samples without any chemical treatment.

Keywords: High-resolution continuum source flame atomic absorption spectrometry, inductively coupled plasma opti-
cal emission spectrometry, toxic metal, water analysis, method validation

1. Introduction
Over the years, chemical analysis, particularly in the 

determination and monitoring of environmentally signifi-
cant elements, such as toxic metals (e.g., Pb, Cr and Cu, 
among many others) has necessitated the need for contin-
ued development of new and improved methods.1,2 Classi-
cally, line-source flame atomic absorption spectrometry 
(LS FAAS) has been one of the methods of choice for de-

termining such elements, even after introducing the 
high-resolution continuum source flame atomic absorp-
tion spectrometry (HR-CS FAAS) method.2,3 In order to 
make the AAS competitive, HR-CS FAAS was developed 
by Becker-Ross’s team from Institut für Spektrochemie 
und Angewandte Spektroskopie (ISAS) (Berlin, Germa-
ny).2 Several advantages are associated with HR-CS FAAS 
versus LS FAAS, which include: (i) improvement of detec-
tion in the far UV region (below 250 nm) through the use 
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of a xenon short-arc lamp; (ii) simultaneous elemental and 
background signal measurements that contribute to high 
signal-to-noise ratio; (iii) fast sequential multielemental 
determination and reduction of sample consumption and 
residue; (iv) determination of all elements by the use of the 
xenon short-arc lamp, including the simultaneous deter-
mination of a few elements, which have analytical lines 
that can be measured in the same spectral window that can 
be up to ± 1 nm, according to the wavelengths of the ele-
ments; (v) determination of trace elements using molecu-
lar absorption spectrometry at bands of some molecular 
radicals of elements; (vi) determination of anions, such as 
phosphate and nitrate, and non-metals, like halogens.1,3,4 
The decision to use the xenon short-arc lamp and a 
high-resolution spectrometer instead of a typical xenon 
lamp was determined by the need for intense primary ra-
diation and to obtain a high sensitivity for determination 
by HR-CS FAAS.3,5 Therefore, the HR-CS FAAS instru-
ment has individual components specifically tailored to 
contribute to a highly effective and competitive method 
that can be on par with current analysis methods, usually 
based on inductively coupled plasma optical emission 
spectrometry (ICP-OES).2 Some studies have presented 
the comparison between HR-CS FAAS and ICP-OES in 
determining hazardous metals in soil samples and report 
the new method as successful and comparable to the ICP-
OES.5,6–10 Determination of toxic elements, such as Cd, Pb 
and Cr, in water samples requires highly sensitive meth-
ods, such as ICP-OES with or without preconcentra-
tion,11–13 inductively coupled plasma mass spectrometry 
(ICP-MS),14–16 or electrochemical methods based on po-
tentiometry and voltammetry.17–19 Although methods 
based on ICP-OES and ICP-MS are highly sensitive and 
simultaneous with high speed of analysis, the instrumen-
tation is costly and often difficult to access in routine 
(mostly under resourced) laboratories, despite the fact that 
both ICP-OES and ICP-MS are standardized for the deter-
mination of elements in water samples.20,21 Electrochemi-
cal methods are simpler than the spectrometric ones, but 
they are single elemental and affected by matrix, which 
require the use of standard addition calibration method 
for their compensation.17

The LS FAAS is the most accessible standardized 
method for metal determination used in laboratories that 
do not require highly skilled analytical chemists. The rela-
tively new HR-CS FAAS instrumental concept still needs 
to be validated for multielement analyses because the cur-
rent standards do not refer to determining elements based 
on this concept.22 Because HR-CS FAAS is rarely used in 
control laboratories versus HR GFAAS, it is interesting to 
check whether it can be used as an alternative to LS FAAS 
and ICP-OES to determine toxic metals in water/wastewa-
ter. The development and validation of analytical methods 
for multielemental determination in water samples based 
on relatively novel instrumental concepts are of broad sci-
entific and social interest according to the water quality 

framework directive of the European Union.23 Generally, 
the metals have been outlined as environmentally hazard-
ous by the World Health Organization even at trace con-
centrations, and this is exacerbated by their ubiquitous-
ness, non-biodegradability, and tendency to biomagnify in 
the food chain.24–26 Some of these elements, such as Cd 
and Pb, are priority hazardous with high toxicity even at 
trace levels on humans, aquatic animals and plants, caus-
ing, among others, even cancer. On the other hand, Zn, Fe, 
Cu, Mn and Ni have been widely reported as micronutri-
ents with biological importance to plant and animal life at 
trace levels. However, these metals could also become tox-
ic if a certain concentration is exceeded.27–33 Therefore, 
this work aimed to validate a multielemental method 
based on HR-CS FAAS for the determination of Cu, Fe, Ni, 
Cd, Co, Zn, Mn, Pb and Cr in waters sampled from waste-
water treatment plants following Au, Ag, Cu, Zn and Pb 
non-ferrous ores mining and processing by extraction and 
roasting for metals. The figures of merit, namely the limits 
of detection (LODs), linearity of calibration curves, com-
bined uncertainty in the laboratory (uc lab), extended un-
certainty in the laboratory (Ulab), and accuracy (recovery 
and precision), obtained in a performance study, were 
compared with those of ICP-OES method, in accordance 
with international regulations.34–38 Also, the characteristic 
concentrations experimentally determined were com-
pared with the data from the ContrAA 300 software and 
with those for conventional LS FAAS. The direct determi-
nation of the mentioned elements in the original filtered 
water, without any chemical pretreatment, such as acid di-
gestion, was investigated. This study presents analytical 
relevance because the method developed on HR-CS FAAS 
should be evaluated in accordance with international leg-
islation in order to be used later in official quality control 
laboratories.

2. Experimental
2. 1. Instrumentation

The ContrAA 300 high-resolution continuum source 
flame atomic absorption spectrometer manufactured by 
Analytik Jena AG (Jena, Germany) equipped with an 
air-acetylene flame was used for the multielemental deter-
mination in water. It is equipped with a compact high-res-
olution double monochromator (pre-prism monochroma-
tor and echelle monochromator), a linear charge-coupled 
device (CCD) as the detector and a xenon short-arc lamp 
that emits continuum radiation over a wide range of wave-
length (185–900 nm) compared to specific hollow cathode 
lamps (HCLs). Thus, the fast-sequential determination of 
all elements is achievable using the Xe short-arc lamp, com-
pared to the LS FAAS, which is a slow-sequential determi-
nation by selecting the corresponding single element HCL. 
The working conditions recommended by the manufactur-
er in order to obtain the best figures of merit for HR-CS 
FAAS ContrAA 300 spectrometer are outlined in Table 1.
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Determinations by HR-CS FAAS were carried out at 
the principal analytical lines recommended by the instru-
ment software, which ensures the best figures of merit. A 
LS FAAS spectrometer (PinAAcle 900T Perkin Elmer, 
Norwalk, USA), equipped with HCLs (Cu, Fe, Ni, Cd, Co, 
Zn, Mn and Cr) and electrodeless discharge lamps – EDLs 
(Cd, Pb), air-acetylene flame, high sensitivity nebulizer 
was used for comparison of LODs and characteristic con-
centration. The working conditions were the following: air 
flow rate 600 L h–1, acetylene flow rate 150 L h–1, slit 0.7 
nm for Cd, Cr, Cu, Pb, Zn, and 0.2 nm for Co, Mn, Ni, 
HCLs current (mA) of (30)Co, (35)Cr, (15)Cu, (20)Mn, 
(25)Ni, (15)Zn, EDLs current (mA) of (230)Cd and (440)
Pb. Measurements were carried out at the same wave-
length as in the case of HR-CS FAAS, except for Pb, in 
which case 283.305 nm was used. Compared to the classi-
cal instrumentation with HCLs, in the case of HR-CS 
FAAS, the absorption spectrum is displayed over a range 
of between 0.23–0.40 nm (200 pixels), which increases 
with the element wavelength (Table 1). A number of 5 pix-
els (central pixel ± 2) in the middle of the spectral window 
were attributed to the analytical line, while the rest, on 
both sides of the analytical line, were used for the continu-
um background signal correction. The net signal was ob-
tained through the difference between the total signal at 
the analytical line and the background signal. Thus, in the 
case of the HR-CS FAAS method, the simultaneous cor-
rection of the background with the measurement of the 
analytical signal is possible, which contributes to a better 
repeatability of the measurements. The fine background 
absorption spectrum and interference of NO on Zn 
213.856 nm was avoided using the least square background 
correction offered by the instrument software, using as ref-
erence spectrum a solution of 2% (v/v) HNO3 as blank. An 
example of the absorption spectrum of Cu 324.754 nm re-
corded in the optimum operating conditions (Table 1) is 
presented in Supplementary Material, Fig. S1.

The simultaneous Spectro CirosCCD (Spectro, Kleve, 
Germany) ICP-OES with axial plasma viewing was used 
for comparison. This simultaneous multielemental analy-
sis equipment features 22 CCD detectors and was designed 
to ensure the best sensitivity without spectral interference. 
The best signal-to-noise (SNR) strategy was selected for 

measurements for an integration time of 48 s for the lines 
with the highest sensitivity. The background correction was 
achieved by the two-point model background strategy. The 
optimum operating conditions of the Spectro CirosCCD 
spectrometer are presented in Table 2.

Table 2. Operating conditions of the Spectro CirosCCD spectrometer

Parameter	 Value

Plasma power (W)	 1400
Radio frequency (MHz)	 27.12
Outer Ar flow rate (L min–1)	 12 
Auxiliary Ar flow rate (L min–1)	 0.6 
Nebulizer Ar flow rate (L min–1)	 1 
3D torch position for axial viewing 	� x = –3.9, y = +3.6, 
   (mm)	� z = +2.6 (for all elements)
Sample introduction (cross-flow 	 2 
   nebulizer) (mL min–1)
Flushing time (s)	 40
Delay time (s)	 20
Elements wavelength (nm)	� Cu 324.754; Fe 259.940;  

Ni 341.476; Cd 228.802;  
Co 237.862; Zn 213.857;  
Pb 220.351; Mn 260.569;  
Cr 267.716; Ca 422.673;  
Mg 285.213.

In the case of all three methods, the quantification of 
elements was achieved by external calibration using multi-
elemental standards solution without appropriate sample 
matrix preparation. The concentrations of Na and K in the 
water samples as concomitants were determined by flame 
atomic emission spectrometry using the Sherwood Model 
360 instrument (Cambridge, UK). Also, Ca and Mg deter-
mined by ICP-OES were considered as concomitant ele-
ments.

2. 2. �Solutions, Reagents and Certified 
Reference Materials (CRMs)
Multielemental standard solution IV 1000 mg L–1 

from Merck (Darmstadt, Germany) was used to prepare 

Table 1. Optimum working conditions for the HR-CS FAAS ContrAA 300 spectrometer

Element	 Wavelength (nm)	 Wavelength range (nm)	 Air (L h-1)	 Acetylene (L h-1)	 Burner Height (mm)

Cu	 324.754	 0.39	 470	 50	 6
Fe	 248.327	 0.27	 470	 60	 6
Ni	 232.003	 0.27	 470	 55	 6
Cd	 228.802	 0.25	 470	 50	 6
Co	 240.725	 0.28	 470	 50	 6
Zn	 213.857	 0.23	 470	 50	 6
Pb	 217.001	 0.25	 470	 65	 6
Mn	 279.482	 0.33	 470	 80	 6
Cr	 357.869	 0.40	 400	 100	 8
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the standard solutions up to 5000 µg L–1 for HR-CS FAAS/
LS FAAS and 25000 µg L–1 for ICP-OES by serial dilution 
with 2% (v/v) HNO3 starting from the smallest concentra-
tion presented in Table 3, near the limit of quantification 
(LOQ = 3.3 x LOD). These standards were used to estab-
lish the range of linearity of the calibration curves, and in 
which concentration range the proposed method could be 
used for the determination of selected elements in waste-
waters. A 2% (v/v) HNO3 solution was used as blank for 
background correction in the case of all three methods. 
Nitric acid 63% (m/m) for analysis was purchased from 
Merck (Darmstadt, Germany). Three water CRMs, namely 
TMDA-64.4 Lake Ontario water from Environment and 
Climate Change Canada (Burlington, ON, Canada), ERM® 
- CA713 wastewater and ERM® - CA615 groundwater from 
Institute for Reference Materials and Measurements (Geel, 
Belgium) were used to check the accuracy of the methods.

2. 3. Description of real test samples
Three real test water samples of 2 L each were collect-

ed using polyethylene bottles rinsed with ultrapure water. 
These were collected before and after decontamination of a 
plant treatment station of wastewater resulting from Au, 
Ag, Cu, Zn and Pb non-ferrous ores mining and process-
ing by extraction and roasting for metals in the vicinity of 
Baia-Mare town, North-Western Romania, together with 
one sample from a natural receiver (river). This area is of 
particular interest because of the metal pollution that has 
previously been reported.39,40 The samples were homoge-
nized, filtered (0.45 µm), acidified with 2% (v/v) HNO3 
and the concentrations of Cu, Fe, Ni, Cd, Co, Pb, Zn, Mn 
and Cr were determined by HR-CS FAAS and ICP-OES 
using external calibration, without any chemical prelimi-
nary pretreatment.

2. 4. �Strategy for Validation of HR-CS FAAS 
Method
The HR-CS FAAS method was validated by evaluat-

ing the LODs, accuracy (recovery and precision), and lin-
earity of calibration curves compared with ICP-OES. The 
sensitivities of the HR-CS FAAS and LS FAAS methods 
were compared by the characteristic concentration (0.0044 
(1% Abs)/slope of the calibration curve ratio), an essential 
parameter for methods based on AAS. The values of the 
experimental characteristic concentrations, determined 
from the calibration curves for HR-CS FAAS, were com-
pared with the data from the ContrAA 300 software. This 
comparison is useful, because the operator can check if the 
instrument operates under optimum conditions. Addi-
tionally, the LODs were evaluated, because the values of 
this figure of merit depend both on the sensitivity and sta-
bility of analytical signal. The LODs in water samples were 
evaluated based on instrumental LODs according to the 
3σ criterion (LOD = 3sb/m, where (sb) is the standard devi-

ation of the blank signal (n = 11) and (m) is the slope of the 
calibration curve).41 Methods accuracy was checked by 
analyzing three CRMs by evaluating the mean recovery (n 
= 3 parallel measurements) and laboratory extended un-
certainty (Ulab = 2uc lab) of the found results and compari-
son with the certified values. The laboratory combined 
uncertainty ( ) for each method was calculated 
based on individual uncertainties (ui), namely uncertainty 
for the certified value (uCRM = UCRM/2), uncertainty of 
standards and sample preparation, calibration curve fitting 
and aliquots analysis. A relative value (urel lab(%)) was cal-
culated for both methods using equation (1).

� (1)

Where, uCRM is the uncertainty from the certificate, 
uss is the uncertainty of stock solution concentration, usp is 
the uncertainty of sample preparation, ucs is the uncertain-
ty of calibration standards preparation, umeth is the uncer-
tainty of the method measurement, and uc lab is the labora-
tory combined uncertainty.

The precision was assessed through the relative 
standard deviation (RSD, %), based on n = 3 replicate 
measurements of real water test samples and uc lab. In the 
case of real wastewater samples, the uCRM (equation 1) was 
not considered in the calculation of urel lab (%) for RSD(%). 
The bias (Δm) between the found and certified values was 
discussed in accordance with the fulfillment of relation-
ships (Δm < UCRM and Δm < Ulab) and Dunnett’s statistical 
test (p > 0.05).42 The bias between HR-CS FAAS and ICP-
OES methods was checked using Tukey’s statistical test (p 
> 0.05), considering the mean concentration determined 
in CRMs and real test samples and uc lab for each method.43

Calibration curve linearity was checked using Man-
del’s fitting test44,45, which compares the residual standard 
deviation of the linear model (Sy/x,lin) with that of the non-
linear quadratic model (Sy/x,non). The experimental Fis-
cher-Snedecor (Fexp) was calculated with equation (2).

� (2)

where, n is the number of calibration points between the 
lowest concentration used for the calibration curve, and 
the highest concentration over the linear range.

If Fexp,Mandel < Ftab(95%,1, n–3), the null hypothesis is re-
tained for a 95% confidence level, and the tested concen-
tration range is considered linear.

Also, the variation coefficients on the linear range of 
the HR-CS FAAS, LS FAAS and ICP-OES (Vox) were cal-
culated38:

� (3)
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where (yi) are the measured signals for elements in calibra-
tion standards, (ŷ l) are the calculated signals for elements 
from the calibration curve equation, n is the number of 
calibration standards for HR-CS FAAS, LS FAAS and ICP-
OES on the linear range, (m) is the slope of the calibration 
curve and (c- ) is the mean concentration of elements in the 
calibration standards.

The fishbone diagram illustrating the individual un-
certainties on urel lab (%) for the determination of the met-
als in water CRMs by HR-CS FAAS and ICP-OES methods 
is presented in Supplementary Material, Fig. S2.

3. Results and Discussion
3. 1. �Linearity of Calibration Curves, 

Characteristic Concentrations and LODs

Table 3 presents the figures of merit of HR-CS FAAS 
compared to ICP-OES, while Table 4 a comparison versus 
LS FAAS. According to Table 3, the HR-CS FAAS method 
ensured better LODs (μg L–1) for Cu (2), Fe (4), Ni (3), Co 
(3) and Pb (30) compared to ICP-OES, in which case the 
LODs (μg L–1) were Cu (12), Fe (29), Ni (15), Co (7) and 
Pb (45), due to the lower and less background noise in the 
method based on AAS compared to ICP-OES. In the case 
of three elements, poorer LODs were obtained by HR-CS 
FAAS (μg L–1): Cd (3), Zn (11) and Cr (7), in comparison 
with Cd (1), Zn (1) and Cr (4) in ICP-OES. The poorer 
detection limits for Cd and Zn in HR-CS FAAS could be 
due to the lower energy of the Xe short-arc lamp in the UV 
region. Also, in the case of Zn, this was attributed to the 
background noise around the 213.856 nm analytical line 
due to the molecular absorption bands of NO, despite the 
background correction by the least square method being 
applied. A poorer LOD for Cr in HR-CS FAAS can be ex-
plained by lower atomization degree of Cr in an air-acety-

lene flame, in which case an acetylene-N2O flame would 
be more appropriate. However, in the case of all elements, 
the LODs for HR-CS FAAS are lower than the pollutant 
loading limits of industrial and urban wastewater dis-
charged into natural receivers, presented in Table 3.46 The 
LODs in HR-CS FAAS are better for Pb and Cr, similar for 
Cu, Ni, Co and Mn, and poorer for Cd, Zn and Fe, com-
pared to the LS FAAS method (Table 4). The characteristic 
concentration values, presented in Table 4, for the HR-CS 
FAAS method were in the range of 17–120 μg L–1, while 
those for LS FAAS were 7–206 μg L–1, which indicates that 
the sensitivity in HR-CS FAAS method is better for Pb and 
Cr, similar for Cu, Ni, Co and Mn, and poorer for Cd, Zn 
and Fe, compared to the LS FAAS method. The experi-
mental values of the characteristic concentrations ob-
tained for HR-CS FAAS method are similar with the values 
from the ContrAA software, except for Cr. This demon-
strates that indeed, the HR-CS FAAS spectrometer was 
operated in optimum conditions. The highest characteris-
tic concentration for Cr of 80 µg L–1 compared to that from 
the software (47 µg L–1) could be explained by the use of 
air-acetylene flame, and not that of N2O-acetylene, recom-
mended for Cr. Mandel’s fitting test, which compares the 
residual standard deviation of the linear model (Sy/x,lin) 
with that of the nonlinear quadratic model (Sy/x,non), indi-
cated a linear range for HR-CS FAAS method between 
10–1000 μg L–1 for Cu and Cd, 50–1000 μg L–1 for Zn, 
10–2000 μg L–1 for Ni, 10–4000 μg L–1 for Fe and Co, and 
100–4000 μg L–1 for Pb, for 95% confidence level, with de-
termination coefficients in the range 0.9980–0.9999. These 
were similar to those obtained for LS FAAS method, but 
narrower than those for ICP-OES with up to 15000 μg L–1 
(Cu and Pb) and 20000 μg L–1 for the rest of the elements, 
known for larger dynamic range compared to AAS based 
methods. Anyway, according to data presented in Table 3, 
the HR-CS FAAS method could be applied on the determi-
nation of lower concentration values for Cu, Fe and Co, 

Table 3. Figures of merit of the HR-CS FAAS and ICP-OES methods for multielemental determination in wastewater

Ele-	 Linear range (μg L–1)	 Determination	 Fexp,Mandel< Ftab(95%,1,n-3)
a	 Variation	 Limit of	 Pollutant

ment	 and no. of standards	 coefficient (R2)		  coefficient	 detection LOD	 loading
	 in brackets			   Vox (%)	 (μg L–1)	 limits
						      (μg L–1)46

	 HR-CS FAAS	 ICP-OES	 HR-CS	 ICP-	 HR-CS	 ICP-	 HR-CS	 ICP-	 HR-CS	 ICP-
			   FAAS	 OES	 FAAS	 OES	 FAAS	 OES	 FAAS	 OES

Cu	 10–1000(7)	 50–15000(10)	 0.9999	 0.9990	 0.29<7.71	 3.08<5.59	 1	 4	 2	 12	 200
Fe	 10–4000(10)	 100–20000(10)	 0.9998	 0.9999	 3.29<5.59	 0.12<5.59	 2	 1	 4	 29	 5000
Cd	 10–1000(7)	 5–20000(11)	 0.9993	 0.9999	 3.61<7.71	 0.03<5.32	 2	 2	 3	 1	 200
Ni	 10–2000(8)	 50–20000(11)	 0.9998	 0.9990	 1.75<6.61	 0.63<5.32	 2	 4	 3	 15	 500
Co	 10–4000(10)	 25–20000(11)	 0.9994	 0.9998	 1.47<5.59	 1.17<5.32	 3	 2	 3	 7	 1000
Zn	 50–1000(7)	 5–20000(11)	 0.9995	 0.9998	 4.89<7.71	 0.04<5.32	 2	 2	 11	 1	 500
Pb	 100–4000(9)	 150–15000(9)	 0.9996	 0.9992	 2.64<5.99	 0.02<5.99	 2	 2	 30	 45	 200
Mn	 5–1000(7)	 5–20000(11)	 0.9996	 0.9999	 0.32<7.71	 3.14<5.32	 2	 3	 1	 1	 1000
Cr	 20–1000(7)	 10–20000(11)	 0.9980	 0.9999	 0.82<7.71	 0.18<5.32	 4	 2	 7	 4	 1000 

a The null hypothesis was retained when Fexp,Mandel<Ftab(95%,,1,n–3).
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Table 4. Figures of merit of LS FAAS and characteristic concentrations for HR-CS FAAS and LS FAAS methods for multielemental determination in 
wastewater

	 LS FAAS method						      HR-CS FAAS method

Ele-	 Linear range (μg L–1) 	Determination	 Fexp,Mandel
	 Variation	 Limit of	 Characteristic	              Characteristic

ment	 and no. of standards	 coefficient	 < Ftab(95%,1,n-3)
a	 coefficient	 detection	 concentration	           concentration

	 in brackets	 (R2)		  Vox (%)	 LOD (μg L–1)	 (μg L–1)b	 (μg L–1)b

						      Experimental	 Experimental	 ContrAA
						      value	 value	 software

Cu	 10–1000(7)	 0.9999	 0.69<7.71	 1	 2	 29	 29	 24
Fe	 10–4000(6)	 0.9992	 0.49<10.13	 3	 2	 39	 65	 63
Cd	 10–1000(7)	 0.9996	 7.23<7.71	 2	 2	 11	 17	 14
Ni	 10–4000(6)	 0.9998	 8.22<10.13	 1	 3	 57	 67	 57
Co	 10–1000(7)	 0.9996	 0.01<7.71	 2	 3	 47	 56	 40
Zn	 20–1000(7)	 0.9989	 7.65<7.71	 3	 6	 7	 13	 10
Pb	 200–4000(6)	 0.9999	 9.92<10.13	 1	 58	 206	 120	 117
Mn	 5–1000(7)	 0.9993	 4.82<7.71	 2	 1	 21	 19	 18
Cr	 50–4000(6)	 0.9963	 4.15<10.13	 6	 17	 194	 80	 47

a The null hypothesis was retained when Fexp,Mandel < Ftab(95%,1, n–3).
b Experimental characteristic concentration = 0.0044 (1% absorbance)/slope of the calibration curve

compared to ICP-OES. Variation coefficients (Vox) for the 
linear range were 1–4% for HR-CS FAAS, 1–6% for LS 
FAAS, and 1–4% for ICP-OES. The HR-CS FAAS method 
could be applied on elements concentration determination 
in wastewaters and in the monitoring of decontamination 
process on the linear ranges presented in Table 3. There-
fore, the HR-CS FAAS method is suitable for monitoring 
wastewater from mining activities of non-ferrous metals at 
concentration levels below the pollutant loading limits of 
industrial wastewater discharged into natural receivers 
(values for pollutant loading limits in Table 3).

3. 2. Accuracy of HR-CS FAAS Method
The results obtained for the determination of select-

ed metals in the CRMs are shown in Table 5. Data in Table 
5 shows that there are no significant differences between 
found and certified values for all CRMs in the HR-CS 
FAAS and ICP-OES methods, as the bias (Δm) between 
the found and certified values is lower than the extended 
uncertainty found in the laboratory and that given in cer-
tificate for k = 2 and 95% confidence level. Dunnet’s test 
indicated no significant differences between found and 
certified values for p > 0.05, with experimental values p = 
0.122–0.999 for both methods. The statistical Tukey’s test 
indicated no significant differences between the concen-
trations found by HR-CS FAAS and ICP-OES for p > 0.05 
(experimental p-values = 0.064–0.891). For the HR-CS 
FAAS, the pooled recovery was in the range of 98–103% 
with relative extended uncertainty of 9–18%, compared to 
96–109% and 9–18% for ICP-OES, respectively. The com-
bined uncertainties presented in Supplementary Material, 
Fig. S3, indicate that the values obtained in the laboratory 
are higher than those of certified values, as a result of sig-

nificant contribution from aliquots analysis (weight 41%), 
followed by CRM uncertainty (weight 24%) and calibra-
tion curve fitting (weight 16%), from the uc lab.

3. 3. Analysis of Real Water Samples
The results obtained for the determination of select-

ed metals in several water samples by HR-CS FAAS and 
ICP-OES are presented in Table 6. The urel lab (%), calculat-
ed based on combined uncertainty and the contribution of 
each analytical step are presented in Supplementary Mate-
rial, Fig. S4. The concentration of Na and K in water sam-
ples determined by FAES and Ca and Mg by ICP-OES as 
multielement matrix are presented in Supplementary Ma-
terial, Table S1. The HR-CS FAAS method precision used 
for water analysis without any chemical treatment was in 
the range of 2–11%, while for ICP-OES 3–11%. The main 
contribution of uncertainty was from aliquot analysis 
(weight of 37%). Tukey’s test indicated the lack of bias be-
tween HR-CS FAAS and ICP-OES methods for p > 0.05 
(experimental values 0.070–0.999), which also demon-
strates the lack of non-spectral effects of Na, K, Mg and Ca 
on the signal of analytes in FAAS and ICP-OES at concen-
tration levels in wastewater presented in Table S1. Accord-
ing to data presented in Table 6, the wastewater is treated 
efficiently in terms of Cu, Fe, Ni, Cd, Co and Pb, for which 
the concentrations in the decontaminated water were 
much below the pollutant loading limits. In the case of two 
elements (Cu and Cd), the concentrations in decontami-
nated water were below the LODs of HR-CS FAAS and 
ICP-OES. Unfortunately, the wastewater is not treated effi-
ciently regarding Zn and Mn, as their concentrations are 
higher than the pollutant loading limits (500 µg L–1 Zn and 
1000 µg L–1 Mn). This also affected the river water, that had 
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Table 5. Concentration of selected metals and recovery obtained in water CRMs by HR-CS FAAS and ICP-OES

Ele-	 Method					    Certified reference material (CRM)
ment			   TMDA-64.4®			   ERM CA-713®			   ERM CA-615®		  Pooled 

		  Certified	 Found	 Recovery	 Certified	 Found	 Recovery 	 Certified	 Found	 Recovery 	Recovery 
		  value ±	 value ±	 ± Urel

c 	 value	 value	 ± Urel 	 value	 value	 ± Urel 	 ± Urel 
		  UCRM

a	 Ulab
b	 (%)	 ± UCRM

	 ± Ulab	 (%)	 ± UCRM	 ± Ulab	 (%)	 (%)
		  (μg L–1)	 (μg L–1)		  (μg L–1)	 (μg L–1)		  (μg L–1)	 (μg L–1)	

Cu	 HR-CS FAAS	 251 ± 15	 253 ± 28	 101 ±11	 101 ± 7	 107 ± 9	 106 ± 8	 -	 -	 -	 103 ± 10
	 ICP-OES		  237 ± 38	 94 ± 16		  99 ± 14	 98 ± 14		  -	 -	 96 ± 15
Fe	 HR-CS FAAS	 291 ± 23	 291 ± 28	 100 ± 10	 445 ± 27	 436 ± 33	 98 ± 8	 5110 ± 260	 5360 ± 440	 105 ± 8	 101 ± 9
	 ICP-OES		  287 ± 28	 99 ± 10		  446 ± 41	 100 ± 9		  5260 ± 460	 103 ± 9	 101 ± 9
Ni	 HR-CS FAAS	 246 ± 14	 251 ± 31	 102 ± 12	 50.3 ± 1.4	 49.8 ± 7.8	 99 ± 16	 25.3 ± 1.1	 24.7 ± 6.0	 98 ± 24	 100 ± 8
	 ICP-OES		  240 ± 18	 98 ± 8		  51.6 ± 7.3	 103 ± 14		  <50e	 	 101 ± 11
Cd	 HR-CS FAAS	 256 ± 12	 261 ± 36	 102 ± 14	 5.09 ± 0.20	 <10e	 	 0.106 ± 0.011	 < 3f	 -	 102 ± 14
	 ICP-OES		  265 ± 26	 104 ± 10		  5.28 ± 1.17	 104 ± 22		  < 1f	 -	 104 ± 17
Co	 HR-CS FAAS	 252 ± 19	 254 ± 29	 101 ± 11	 -	 -	 -	 -	 -	 -	 101 ± 11
	 ICP-OES		  269 ± 38	 107 ± 14					     -	 -	 107 ± 14
Zn	 HR-CS FAAS	 329 ± 25	 348 ± 58	 106 ± 17	 78d	 78 ± 12	 100 ± 15	 -	 -	 -	 103 ± 16
	 ICP-OES		  352 ± 40	 107 ± 11	 	 86 ± 16	 110 ± 19		  -	 -	 109 ± 15
Pb	 HR-CS FAAS	 277 ± 20	 269 ± 33	 97 ± 12	 49.7 ± 1.7	 <100e	 	 7.1 ± 0.6	 <30f	 -	 98 ± 12
	 ICP-OES		  292 ± 37	 105 ± 13		  <150e	 		  < 45f	 -	 104 ± 13
Mn	 HR-CS FAAS	 289 ± 21	 279 ± 41	 97 ± 15	 95 ± 4	 96 ± 12	 101 ± 12	 107 ± 5	 107 ± 15	 100 ± 14	 99 ± 14
	 ICP-OES		  305 ± 56	 106 ± 18		  98 ± 13	 103 ± 13		  110 ± 18	 103 ± 16	 104 ± 16
Cr	 HR-CS FAAS	 274 ± 22	 273 ± 41	 100 ± 15	 20.9 ± 1.3	 22.0 ± 4.2	 105 ± 19	 -	 -	 -	 102 ± 17
	 ICP-OES		  291 ± 39	 106 ± 13		  21.8 ± 4.7	 104 ± 22			   -	 105 ± 18

a UCRM is absolute expanded uncertainty for certified concentration (k = 2; 95% confidence level)
b Ulab is absolute expanded uncertainty in laboratory for found concentration (k = 2, n = 3 parallel measurements and 95% confidence level)
c Urel is relative expanded uncertainty in laboratory for found concentration (k = 2, n = 3 parallel measurements and 95% confidence level)
d Indicative value; eValues corresponding to the lowest concentration of the linear range; fValues corresponding to LODs of the method

Table 6. Results for Cu, Fe, Ni, Cd, Co, Zn, Pb and Mn in real water samples determined by HR-CS FAAS and ICP-OES 

Para-	 Methods	 Wastewater before		 Wastewater before		 Decontaminated		  River
meter		  decontamination		 decontamination		  wastewater		  water
		  Mean	 RSD b 	 Mean	 RSD b	 Mean	 RSD b	 Mean	 RSD b
		  concentration	 (%)	 concentration	 (%)	 concentration	 (%)	 concentration	 (%)
		  ± Ulab a (µg L–1)		  ± Ulab (µg L–1)		  ± Ulab (µg L–1)		  ± Ulab (µg L–1)	

Cu	 HR-CS FAAS	 980 ± 40	 2	 950 ± 140	 7	 < 2d	 -	 131 ± 24	 9
	 ICP-OES	 1020 ± 97	 5	 1030 ± 160	 8	 < 12d	 -	 134 ± 13	 5
Fe	 HR-CS FAAS	 32000 ± 4300	 7	 35100 ± 2900	 4	 1540 ± 120	 4	 58 ± 10	 9
	 ICP-OES	 33600 ± 2500	 4	 36800 ± 2800	 4	 1580 ± 140	 4	 <100c	 -
Ni	 HR-CS FAAS	 87 ± 12	 7	 87 ± 10	 6	 37 ± 6	 8	 < 3d	 -
	 ICP-OES	 83 ± 16	 10	 78 ± 17	 11	 <50c	 -	 < 15d	 -
Cd	 HR-CS FAAS	 153 ± 13	 4	 166 ± 20	 6	 < 3d	 -	 14 ± 3	 11
	 ICP-OES	 161 ± 29	 9	 182 ± 29	 8	 < 1d	 -	 14 ± 3	 11
Co	 HR-CS FAAS	 105 ± 19	 9	 145 ± 19	 7	 47 ± 9	 10	 22 ± 5	 11
	 ICP-OES	 113 ± 21	 9	 155 ± 29	 9	 43 ± 9	 10	 25 ± 5	 10
Zn	 HR-CS FAAS	 39500 ± 3900	 5	 39400 ± 4900	 6	 1390 ± 220	 8	 6920 ± 800	 6
	 ICP-OES	 41500 ± 2800	 3	 41600 ± 3400	 4	 1490 ±150	 5	 7480 ± 890	 6
Pb	 HR-CS FAAS	 141 ± 25	 9	 <100c	 -	 <100c	 -	 <100c	 -
	 ICP-OES	 <150d	 -	 <150c	 -	 <150c	 -	 <150c	 -
Mn	 HR-CS FAAS	 21900 ± 2000	 5	 22300 ± 1600	 4	 5090 ± 620	 6	 3530 ± 220	 3
	 ICP-OES	 23100 ± 1900	 4	 22900 ± 2040	 5	 5140 ± 720	 7	 3550 ± 460	 6
Cr	 HR-CS FAAS	 < 7d	 -	 < 7d	 -	 < 7d	 -	 < 7d	 -
	 ICP-OES	 < 4d	 -	 < 4d	 -	 < 4d	 -	 < 4d	 -

a Ulab is the absolute uncertainty in laboratory (k = 2, n = 3 parallel measurements and 95% confidence level)
b RSD is the relative standard deviation in (%) obtained from the combined uncertainty in laboratory (uc lab)
c Values corresponding to the lowest concentration of the linear range
d Values corresponding to LODs of the method
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in consequence, higher concentrations than the regulated 
values for metal pollutants. Chromium could not be deter-
mined, both in non-treated and decontaminated water, 
and river water, because the concentration values were be-
low the LODs of both methods. The recovery and preci-
sion for Cr determinations in a spiked water sample with a 
concentration of 50 μg L–1 was 98 ± 12% (RSD 6%) for 
HR-CS FAAS and 103 ± 13% (RSD 6%) for ICP-OES.

4. Conclusions
The HR-CS FAAS method was validated for the de-

termination of Cu, Fe, Ni, Cd, Co, Zn, Pb, Mn and Cr in 
wastewater resulting from mining activities of non-ferrous 
metals and those discharged into natural receivers in com-
parison with the ICP-OES method. It was demonstrated 
that like ICP-OES, the HR-CS FAAS method does not 
present systematic errors in the analysis of CRMs and real 
water samples. Furthermore, HR-CS FAAS ensured better 
LODs for Cu, Fe, Ni, Co, Pb and Mn, and poorer LODs for 
Cd, Zn and Cr compared to ICP-OES. The LODs for se-
lected toxic elements obtained by HR-CS FAAS were much 
lower than the pollutant loading limits, and thus, they 
could be determined by the proposed method at concen-
trations below the regulated values. Compared to conven-
tional LS FAAS, the HR-CS FAAS presented better LODs 
for Pb and Cr, similar for Cu, Cd, Ni, Co and Mn, and 
poorer for Fe and Zn, in agreement with their characteris-
tic concentrations for the two instrumental concepts. The 
dynamic range was similar for FAAS methods equipped 
with line-sources and the continuum Xe short-arc lamp. 
Unfortunately, the HR-CS FAAS method presented a nar-
rower dynamic range than ICP-OES. The major advantage 
of the HR-CS FAAS method versus the LS FAAS is the 
higher speed of analysis since it does not require lamp 
changing, while in comparison with ICP-OES, the better 
LODs for most elements.
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Povzetek
Nova metoda, ki temelji na plamenski atomski absorpcijski spektrometriji z visoko ločljivostjo (HR-CS FAAS), je bila 
validirana za določanje izbranih toksičnih kovin v odpadni vodi, ki je posledica rudarske dejavnosti. Zmogljivost metode 
smo primerjali z zmogljivostjo metod, ki temeljita na optični emisijski spektrometriji z induktivno sklopljeno plazmo 
(ICP-OES) in plamenski atomski absorpcijski spektrometriji z linijskim virom (LS FAAS). Za metodo HR-CS FAAS so 
bile meje zaznavnosti (LOD) v območju (µg L–1) 1(Mn)–30(Pb) in boljše od ICP-OES za Cu, Fe, Ni, Co, Pb in Mn ter 
slabše za Cd, Zn in Cr. Dunnettov test je pokazal, da rezultati pridobljeni z eno ali drugo metodo ne odstopajo bistveno 
od certificiranih vrednosti. Izkoristek pri metodi HR-CS FAAS je bil v območju 98–103 % z relativno razširjeno negot-
ovostjo 9–18 % in natančnostjo 2–11 %. V primerjavi z LS FAAS je imel HR-CS FAAS nižje LOD za Pb in Cr. Metoda 
HR-CS FAAS je primerna za določanje izbranih toksičnih elementov v vzorcih filtrirane vode brez kemične obdelave.
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Abstract
The biosynthesis of fatty acids is an important metabolic pathway in bacterial organisms. Previous studies have highligh-
ted the synthesis of antimicrobial compounds anchored in the benzodioxepin scaffold and known for their pronounced 
antibacterial properties. Based on this fundamental knowledge, a series of eight innovative benzodioxepin-biphenyl 
amide derivatives were carefully designed and synthesized in the current research work. This was achieved through a 
sophisticated optimization of the synthetic methods. The scope of this study extends to a rigorous evaluation of the an-
tibacterial properties and biocompatibility of the above-mentioned new derivatives. In particular, compound E4 proved 
to be an extremely effective antimicrobial agent. In addition to a detailed elucidation of the crystalline architecture of 
compound E4, a thorough docking study was also carried out to investigate the interactions with the enzyme FabH.

Keywords: Benzodioxepine amide, biphenyl, Suzuki coupling, antibacterial activity, FabH inhibitor

1. Introduction
Fatty acid biosynthesis is an essential metabolic 

pathway that is crucial for the survival and growth of vari-
ous organisms and exhibits remarkable biodiversity.1–3 
This pathway is mainly facilitated by two enzyme systems: 
fatty acid synthase I (FAS I) and fatty acid synthase II (FAS 
II). FAS I, which is found primarily in mammals and 
yeasts, uses a multifunctional protein complex in which 
each step of synthesis is catalyzed by different domains 
within a single polypeptide. In contrast, FAS II, found in 
bacteria and plants, utilizes a series of independent, mono-
functional enzymes, each responsible for specific steps of 
the process.4–6 Targeting these monofunctional enzymes 
in bacterial FAS II has proven to be a viable strategy for the 
development of new antimicrobial agents with lower tox-
icity to humans, highlighting the therapeutic potential of 
this approach. Among these enzymes, β-ketoacyl-ACP 

synthase III (FabH) is increasingly recognized for its criti-
cal role in initiating fatty acid synthesis in bacteria, making 
it a priority target for antimicrobial drug development. As 
an essential β-ketoacyl-ACP synthase, FabH catalyzes the 
initiation of fatty acid synthesis through the use of acyl-
CoA, setting the pace for subsequent elongation cycles. In 
contrast to its homologues FabF and FabB, which elongate 
the fatty acid chain using acyl-ACP, FabH exclusively uti-
lizes acetyl-CoA, highlighting its unique substrate prefer-
ence.7,8 Furthermore, FabH is ubiquitously present in a 
variety of clinically important pathogens, including 
Gram-positive and Gram-negative bacteria, chlamydiae, 
anaerobes, mycobacteria, and protozoa. In addition, the 
gene sequences and three-dimensional structures of FabH 
are conserved in these pathogens, whereas homologous 
proteins are absent in humans. Remarkably, the active site 
residues of FabH are consistent in both Gram-positive and 
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Gram-negative bacteria.9–12 All these features underscore 
its potential as a therapeutic target.

In preliminary studies, we have used the structural 
basis of YKAs3003 to develop a series of novel Schiff base 
derivatives. Using the CDOCKER computational plat-
form, we found that derivatives with a benzodioxepin scaf-
fold exhibited significant alignment (1.57282) and reduced 
binding energies (–28.4496 kcal/mol) compared to the 
pharmacophore model of the FabH enzyme, suggesting 
their potential as potent FabH inhibitors.13–15 We then in-
vestigated the antimicrobial activity of these Schiff bases 
and their hydrazone analogs. These compounds exhibited 
considerable activity against various Gram-positive and 
Gram-negative bacteria. Despite the recognized role of 
Schiff and hydrazone moieties as essential pharmacoph-
ores in numerous antimicrobial agents, including those 
targeting FabH, their susceptibility to hepatic metabolic 
degradation has limited further in vivo studies. To address 
the observed metabolic instability of Schiff and hydrazone 
groups in antimicrobial agents, our research has focused 
on the incorporation of more stable amide linkages. This 
modification has resulted in lead compounds with en-
hanced in vitro antibacterial activity, which is a promising 
direction for further antimicrobial exploration.16 The bi-
phenyl motif, characterized by two benzene rings linked 
by a single bond, is a structural feature commonly ob-
served in various antimicrobial compounds.17-19 Its inher-
ent chemical stability and ability to form multiple interac-
tions with bacterial targets are critical properties that in-
fluence our drug design. Compounds with the biphenyl 
structure are known to exert antimicrobial effects via mul-
tiple mechanisms, including disruption of cell walls or 
membranes and inhibition of protein and nucleic acid syn-
thesis.20–25 Building on these findings, our current strategy 

utilizes a combinatorial pharmacophore model in which 
the amide-modified benzodioxepin core is combined with 
the biphenyl scaffold. The details of this design approach 
are shown in Scheme 1. Using an optimized synthetic 
route, this study starts with the reaction of benzodioxepine 
with p-bromoaniline to synthesize the corresponding 
amide derivatives. This step is followed by a Suzuki-Mi-
yaura coupling reaction with phenylboronic acid, which 
aims to determine the most favorable synthesis condi-
tions.26,27 This methodological approach not only expands 
the substrate range but also improves the comprehensive 
exploration of the antimicrobial efficacy and target speci-
ficity of the derivatives. The results obtained provide a sol-
id basis for the development of new benzodioxepin-biphe-
nyl lead compounds specifically targeting the FabH en-
zyme.

2. Results and Discussion
In previous studies, the synthesis of benzodiox-

epine-biphenylamide derivatives was first carried out us-
ing a Suzuki coupling to produce an aminated biphenyl. 
This intermediate was then condensed with the carboxylic 
acid of benzodioxepine to obtain the desired amide deriv-
atives. In this study, a critical re-evaluation of the synthetic 
sequence revealed an alternative approach in which the 
reaction begins with the coupling of the benzodioxepine 
carboxylic acid and p-bromoaniline to form the amide. 
This amide is then used in a Suzuki coupling with various 
phenylboronic acid derivatives. This revised methodology 
not only facilitated the purification of the final product, 
but also significantly reduced the occurrence of side reac-
tions, increasing the overall purity of the benzodioxepine 

Scheme 1. The design strategy of benzodioxepin-biphenyl compounds as FabH inhibitors.
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biphenylamide derivatives. By strategically positioning the 
Suzuki coupling as the final step of the synthesis, process 
optimization led to a more efficient route to produce the 
desired compounds. Thus, we began our synthesis efforts 
with the preparation of N-(4-bromophenyl)-3,4-dihy-
dro-2H-benzo[b][1,4]dioxepin-7-carboxamide (com-
pound D). The synthetic pathway is shown in Figure 1, 
where we used compound D together with phenylboronic 
acid as substrates to optimize the conditions for Suzuki 
coupling.

In our study, shown in Table 1, we have investigated 
in detail the influence of various parameters on the Suzuki 
coupling reactions. Using a solvent system of 1,4-dioxane 
and water at a ratio of 20:1 and heating the mixture for five 
hours at a constant palladium catalyst concentration of 5 
mol%, we first focused on evaluating the effects of different 
palladium catalysts on the reaction efficiency. As described 
in entries 1 through 5, a series of palladium catalysts were 
tested for their ability to facilitate the synthesis of benzodi-
oxepine biphenyl compounds, herein referred to as com-
pound E. In particular, Pd(dppf)Cl2.DCM proved to be the 
most effective with a gas chromatographic yield of 65 %. 
The effects of different bases on the yield were then inves-
tigated, as documented in entries 4 and 6 to 9. When in-
vestigating the influence of base selection on the Suzuki 
coupling reactions, we found a positive correlation be-
tween the alkalinity of the inorganic bases and the result-
ing product yield. In particular, the replacement of potas-
sium carbonate (K2CO3) with sodium carbonate (Na2CO3) 

or cesium carbonate (Cs2CO3) led to a progressive im-
provement in yield, with Cs2CO3 producing the most sig-
nificant increase. In contrast, the use of organic bases such 
as potassium acetate (AcOK) and triethylamine (Et3N) 
was found to negatively affect the yield. Further investiga-
tions focused on the role of the solvent for the catalytic ef-
ficiency. Changing the solvent from 1,4-dioxane to tolu-
ene, THF or ethanol did not improve the yield. In addition, 
our analysis of the optimal catalyst concentration revealed 
that decreasing the Pd(dppf)Cl2.DCM concentration from 
5 mol% to 4 mol% significantly decreased the yield, while 
increasing the concentration to 6 mol% did not signifi-
cantly increase the yield. Therefore, we determined that 
the optimal catalyst concentration was 5 mol%. After care-
ful optimization of the Suzuki coupling reaction parame-
ters, we established an effective protocol involving a cata-
lyst concentration of 5 mol% Pd(dppf)Cl2.DCM, the use of 
two equivalents of Cs2CO3, and a solvent system of 
1,4-epoxycyclohexane and water in a volume ratio of 20:1. 
This mixture was refluxed at 80 °C for five hours. Under 
these optimized conditions, a comprehensive evaluation of 
the substrate scope was performed. The results presented 
in Table 2 show that substrates with a variety of substituent 
groups (E1-8) consistently gave products with isolated 
yields between 79% and 95%.

The investigation of the antimicrobial efficacy and 
biocompatibility of eight novel benzodioxepine-carba-
mide diphenyl derivatives is described, with the relevant 
results listed in Table 3. The octanol-water partition coeffi-

Table 1. Optimization of the reaction conditions.a 

Entry	 [Pd]	 Amt of cat. (mol%)	 Base	 Solvent	 T (oC)	 Yield (%)b

1	 Pd(PPh3)4	 5	 K2CO3	 1,4-dioxane	 80	 21
2	 Pd(OAc)2	 5	 K2CO3	 1,4-dioxane	 80	 17
3	 Pd(dba)2	 5	 K2CO3	 1,4-dioxane	 80	 45
4	 Pd(dppf)Cl2.DCM	 5	 K2CO3	 1,4-dioxane	 80	 65
5	 Pd/C	 5	 K2CO3	 1,4-dioxane	 80	 <5
6	 Pd(dppf)Cl2.DCM	 5	 Na2CO3	 1,4-dioxane	 80	 81
7	 Pd(dppf)Cl2.DCM	 5	 Cs2CO3	 1,4-dioxane	 80	 93
8	 Pd(dppf)Cl2.DCM	 5	 AcOK	 1,4-dioxane	 80	 72
9	 Pd(dppf)Cl2.DCM	 5	 Et3N	 1,4-dioxane	 80	 54
10c	 Pd(dppf)Cl2.DCM	 5	 Cs2CO3	 THF	 65	 69
11	 Pd(dppf)Cl2.DCM	 5	 Cs2CO3	 EtOH	 70	 37
11	 Pd(dppf)Cl2.DCM	 5	 Cs2CO3	 Toluene	 90	 37
12	 Pd(dppf)Cl2.DCM	 4	 Cs2CO3	 1,4-dioxane	 80	 79
13	 Pd(dppf)Cl2.DCM	 6	 Cs2CO3	 1,4-dioxane	 80	 94

a All reactions were carried out at a scale of 0.5 mmol of compound D. bGC yield.
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cient (AlogP) serves as an essential index for measuring 
the lipophilicity of active pharmaceutical ingredients and 
has a profound impact on their absorption, distribution, 
metabolism and excretion (ADME) properties. Optimal 
lipophilicity is crucial for facilitating the passage of drugs 
through cell membranes and thus improving their bio-
availability. In this series, all compounds exhibited AlogP 
values below 7, which ensures a favorable lipid-water bal-
ance that supports adequate membrane permeability while 
mitigating the risks associated with excessive lipophilicity, 
such as insolubility and bioaccumulation. In addition, 
these derivatives exhibited minimal cytotoxicity to NIH-
3T3 mouse fibroblast cells, with IC50 values above 100 
μM, opening promising prospects for subsequent in vivo 
efficacy studies. However, the study showed that the anti-
microbial efficacy of the investigated compounds is signif-
icantly influenced by the nature of the substituents at-
tached to the biphenyl group. This observation emphasizes 
the central role of chemical substituents in modulating 
biological activities and illustrates a complex relationship 
between molecular architecture and antimicrobial 
strength. In particular, the parent compound E1 and its 

chlorine-substituted derivative E2 showed lower antimi-
crobial activity. This lower potency can be primarily attrib-
uted to the insufficient electronic effects required for opti-
mal interaction with biological targets. In addition, the 
ability of chlorine to withdraw electrons was found to be 
relatively weak, resulting in less effective non-covalent in-
teractions with the active sites of these targets. Our study 
also showed marked differences in the antimicrobial effi-
cacy of biphenyl derivatives when modified with nitro 
(E3) and cyano (E4) substituents. The nitro group (−NO2), 
known for its strong electron-withdrawing properties, is 
involved in conjugation processes that reduce the electron 
density around the biphenyl core. This reduction in elec-
tron density likely facilitates more effective interactions 
with biological targets and increases antimicrobial activity. 
In contrast, the cyano group (−CN) serves as a milder elec-
tron attractor. Its less pronounced effect preserves the elec-
tron density of the biphenyl backbone to a greater extent, 
potentially maintaining more balanced interactions with 
biological targets without compromising molecular stabil-
ity too much. In addition, a comparative analysis of com-
pounds containing trifluoromethoxy (−OCF3) and trifluo-

Table 2. Pd complex-catalyzed benzylic oxidation.a
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romethyl (−CF3) groups showed considerable differences 
in their antimicrobial efficacy despite their structural sim-
ilarities. In particular, the compounds with the OCF3 
group (E5) showed significantly lower activity than their 
CF3–substituted counterparts (E6). This observation sug-
gests that even subtle differences in the electronic proper-
ties of the substituent groups can have significant effects 
on the biological properties of the molecules, emphasizing 
the importance of precise molecular design for the devel-
opment of effective antimicrobial agents.

The crystal structures of compound E4 were deter-
mined by X-ray diffraction analysis to better predict and 

analyze the binding of E4 to the target in the future study. 
The crystal data shown in Table 4 and Figure 2 represent 
the perspective views of E4 with the atomic labeling sys-
tem. The crystallographic data has been deposited at the 
Cambridge Crystallographic Data Center (CCDC, num-
ber 2348536).

To elucidate the binding pattern between the target 
protein and the small molecules, molecular docking was 
performed using the crystal structure of E. coli FabH (PDB 
entry code: 5BNM) as a receptor model. The computation-
al analysis revealed that compound E4 with a binding en-
ergy of –37.4611 kcal/mol has an exceptional binding af-

Table 3. Antibacterial activity and cytotoxicity of synthetic compounds.

Comp.	 Alog P	               Minimum inhibitory concentrations (μg/mL)		  Cytotoxicity IC50 (μM)
		                            Gram-negative		                        Gram-positive
		  E. coli	 P. aeruginosa	 S. aureus	 S. pneumoniae

E1	 4.12	 >100	 >100	 50	 50	 117.3±7.5	
E2	 4.68	 50	 >100	 50	 >100	 158.9±11.8
E3	 4.11	 50	 25	 12.5	 50	 176.8±6.9	
E4	 4.16	 6.25	 12.5	 12.5	 25	 124.6±8.4	
E5	 5.65	 >100	 25	 50	 50	 161.4±5.2	
E6	 5.04	 12.5	 50	 12.5	 25	 124.3±9.8	
E7	 5.60	 12.5	 25	 25	 12.5	 139.5±8.1	
E8	 5.24	 50	 >100	 50	 >100	 146.9±7.8	

Table 4. Crystal data and structure refinement for compound E4.

Compound		  E4	

Empirical formula	 C23H18N2O3	 Z	 2
Temperature/K	 223.00	 Dcalcd (Mg m–3)	 1.353
Crystal system	 monoclinic	 μ (mm‑1)	 0.734
Space group	 P21	 F(000)	 388.0
a (Å)	 9.7698(10)	 θ limits (°)	 4.99 to 133.142
b (Å)	 5.2535(5)	 Reflections collected	 5820
c (Å)	 18.2571(18)	 Independent reflections	 2869 [Rint = 0.0472]
α (°)	 90	 Data/restraints/parameters	 2869/1/254
β (°)	 104.055(7)	 GOF	 0.959
γ (°)	 90	 R1/wR2 [I >2σGs (I)]	 0.0998/ 0.2098
Volume (Å3)	 909.00(16)	 R1/wR2 (all data)	 0.1144/ 0.2187

Figure 2. Crystal structure diagram of compound E4.
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finity to the target protein FabH. Figure 3 shows the 
molecular docking visualization model of the target com-
pound E4 with FabH, where panel A shows the hydrogen 
bonding interactions between the compound and the ami-
no acid residues, and panels B and C show the 3D and 2D 
interaction diagrams of compound E4 with the amino acid 
residues. As shown in Figure 2, the amino acid residue 
ASN247 in the FabH protein forms a hydrogen bond with 
the carbonyl oxygen atom of the amide group of E4 (O...
H−N; 3.23 Å). In addition, the nitrile group on the biphe-
nyl group forms a hydrogen bond with the amino acid res-
idue CYS112 (N...H−O; 2.76 Å). In addition, the amino 
acid residue ASN can also form a π-donor hydrogen bond 
with the first benzene ring of the biphenyl. At the same 
time, the first benzene ring of the biphenyl is able to form 
π-σ forces with the MET207 residue of FabH, while the 
second benzene ring forms π-σ forces with residues 
ALA246 and VAL212 and π-sulfur interactions with 
CYS1112. These interactions emphasize the crucial role of 
the amide backbone and the nitrile-substituted biphenyl in 
target binding. In addition, other interactions between 
various residues of 5BNM, including AGR36, ILE156 and 
ALA212, such as alkyl and π-alkyl interactions, further fa-
cilitated the binding interaction between compound E4 
and FabH.

3. Conclusion
In this study, we carefully optimized the experimen-

tal conditions to determine the optimal parameters for the 
Suzuki coupling of compound D with phenylboronic acid. 
After establishing these conditions, we expanded the sub-
strate range, resulting in the synthesis of eight new benzo-
dioxepine-carboxamide biphenyl derivatives. The antimi-
crobial activity of these derivatives was evaluated and 
showed different inhibitory effects against Escherichia coli, 
Pseudomonas fluorescens, Bacillus subtilis and Staphylococ-
cus aureus. In particular, compound E4 showed the strong-
est antibacterial activity. To further investigate the poten-
tial of E4 as an inhibitor of the FabH enzyme, we obtained 
its crystal structure and performed molecular docking 

studies with the FabH receptor model of E. coli. The com-
putational analysis revealed a significant binding affinity of 
compound E4 to the FabH target, interacting with several 
residues. These results not only highlight the potential an-
timicrobial mechanism of E4, but also provide the basis for 
future research to develop similar benzodioxepine-car-
boxamide biphenyl derivatives to explore efficient antimi-
crobial lead compounds.

4. Experimental Section
4. 1. Materials and Measurements

All chemicals used were purchased and used without 
further purification unless otherwise stated. Silica gel (Qing-
dao Haiyang Chemical) with a mesh size of 200–300 was 
used for column chromatography. Analytical thin-layer 
chromatography (TLC) was performed on Huanghai silica 
gel plates with HSGF 254. UV light (254 nm or 365 nm) was 
used to detect all compounds. Separation of compounds by 
column chromatography was performed using silica gel 60 
(200–300 mesh ASTM, E. Merck). The amount of silica gel 
used was 50 to 100 times the weight applied to the column. 
1H and 13C NMR data were recorded using a Bruker 400 
MHz nuclear magnetic resonance spectrometer unless oth-

erwise stated. Chemical shifts are expressed in ppm (δ) us-
ing the residual solvent line as an internal standard. The 
splitting patterns are labeled s for singlet, d for doublet, t for 
triplet and m for multiplet. The ESI-MS spectra were re-
corded using a Mariner System 5304 mass spectrometer.

4. 2. Method for Preparing Compound D
The comprehensive synthesis of compounds B and 

C, including the respective yields, nuclear magnetic reso-
nance (NMR) and mass spectrometry (MS) data, has al-
ready been documented in our research work. We there-
fore avoid redundant repetition of this information in this 
context. For the synthesis of the diazirinamide com-
pounds, a dry 25 mL round bottom flask was equipped 

Figure 3. Molecular docking visualization model of the target compound E4 with FabH: (A) the hydrogen bonds between compound E4 and the 
amino acid residues, (B) and (C) the 3D and 2D interaction diagrams of compound E4 with the amino acid residues of FabH.
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with a magnetic stirrer. Compound C (97 mg, 0.5 mmol) 
was added to the flask along with the corresponding di-
azirinamine (0.5 mmol) and DMAP (1.1 equiv.) and then 
stirred in 2 mL dichloromethane at room temperature for 
15 minutes. EDC.HCl (1.1 equiv.) was then added and 
stirred overnight. The resulting reaction mixture was di-
luted with 5 mL CH2Cl2 and filtered through a celite pad. 
The filtrate was further diluted with water (8 mL). After 
separation of the layers, the organic layer was washed with 
an aqueous saturated salt solution and then dried with Na-
2SO4. The organic layer was concentrated under reduced 
pressure, yielding the crude material, which was purified 
by column chromatography on silica gel. The structure 
elucidation of compound D was confirmed by 1H NMR 
and ESI-HRMS.

N-(4-bromophenyl)-3,4-dihydro-2H-benzo[b][1,4]diox-
epine-7-carboxamide (D)

White solid, yield 81%. m.p. 138.8−139.0 °C. IR (cm–1) 
ν 3324 (NH), 2973 (CHAr), 1655 (C=O), 1503 (C=CAr), 
1323 (C-N), 1271, 1063 (=C-O-C). 1H NMR (400 MHz, 
DMSO-d6) δ: 7.73 (s, 1H), 7.56–7.49 (m, 2H), 7.49–7.42 
(m, 3H), 7.43 (dd, J = 8.3, 2.3 Hz, 1H), 7.02 (d, J = 8.3 Hz, 
1H), 4.29 (dt, J = 12.9, 5.8 Hz, 4H), 2.30–2.19 (m, 2H). 13C 
NMR (101 MHz, DMSO-d6) δ 163.66, 153.07, 149.59, 
135.89, 130.76, 128.22, 121.11, 120.54, 120.49, 119.59, 
115.78, 69.26, 69.15, 29.91. ESI-HRMS m/z: 348.0222 
[M+H]+, calcd for [C16H15BrNO3]+: 348.0230.

4. 3. �General method for preparing  
compound E
Under an inert nitrogen atmosphere, the synthesis 

procedure was initiated by adding the reactants one after 
the other to a three-necked flask: the intermediate D (50 
mg, 0.14 mmol, 1.0 equiv.), a phenylboronic acid deriva-
tive (20.5 mg, 1.2 equiv.), Pd(dppf)Cl2

.DCM (12 mg, 5 
mol%) and Cs2CO3 (94 mg, 2.0 equiv.), supplemented 
with a 2 ml aqueous solution of 1,4-dioxane (ratio 1:20 
v/v). The mixture was then heated to 80 °C and kept un-
der reflux conditions for 5 hours. After completion of 
the reaction and subsequent cooling to room tempera-
ture, the process was terminated by adding 10 ml of wa-
ter. The reaction medium was then extracted three times 
in succession with dichloromethane and the organic lay-
er was purified by washing with saturated sodium chlo-
ride solution. Concentration of the CH2Cl2 extract un-
der reduced pressure by rotary evaporation yielded a 
crude product, which was subsequently purified by col-
umn chromatography to isolate the desired target com-
pounds E1-E8.

N-([1,1'-biphenyl]-4-yl)-3,4-dihydro-2H-benzo[b][1,4]
dioxepine-7-carboxamide (E1)

White solid, yield 90%. m.p. 163.1−163.9 °C. IR (cm–1) 
ν 3362 (NH), 2927 (CHAr), 1661 (C=O), 1500 (C=CAr), 

1321 (C-N), 1278, 1048 (=C-O-C). 1H NMR (400 MHz, 
CDCl3) δ 8.96 (s, 1H), 8.44 (td, J = 8.1, 1.7 Hz, 1H), 7.60 (d, 
J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz,2H), 7.16–7.02 (m, 2H), 
7.01 (s, 2H), 6.89–6.81 (m, 2H), 6.67 (dd, J = 8.3, 2.2 Hz, 
1H), 4.18 (dt, J = 17.1, 5.7 Hz, 4H), 2.15 (p, J = 5.7 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.54, 152.95, 149.59, 
139.25, 136.06, 136.03, 128.58, 127.54, 126.43, 125.87, 
125.61, 121.08, 120.48, 119.53, 119.16, 69.25, 69.13,  
29.93. ESI-HRMS m/z: 346.1433 [M+H]+, calcd for 
[C22H20NO3]+: 346.1438.

N-(3'-chloro-[1,1'-biphenyl]-4-yl)-3,4-dihydro-2H-ben-
zo[b][1,4]dioxepine-7-carboxamide (E2)

White solid, yield 93%. m.p. 181.3−182.5 °C. IR (cm–1) 
ν 3394 (NH), 2956 (CHAr), 1665 (C=O), 1532, 1497 (C=-
CAr), 1310 (C-N), 1271, 1046 (=C-O-C), 786 (C-Cl).  
1H NMR (400 MHz, CDCl3) δ 7.77 (s, 1H), 7.74–7.68 (m, 
2H), 7.61–7.54 (m, 3H), 7.51 (d, J = 2.3 Hz, 1H), 7.52–7.43 
(m, 2H), 7.34 (s, 1H), 7.40–7.27 (m, 1H), 7.05 (d, J = 8.3 
Hz, 1H), 4.36–4.26 (m, 4H), 2.26 (p, J = 5.8 Hz, 2H). 13C 
NMR (101 MHz, CDCl3) δ 164.76, 154.27, 150.87, 142.34, 
137.86, 135.78, 134.70, 130.03, 127.71, 127.12, 126.96, 
124.99, 122.32, 121.78, 120.77, 120.40, 70.53, 70.40,  
31.17. ESI-HRMS m/z: 402.0863 [M+Na]+, calcd for 
[C22H18ClNO3Na]+: 402.0867.

N-(3'-nitro-[1,1'-biphenyl]-4-yl)-3,4-dihydro-2H-ben-
zo[b][1,4]dioxepine-7-carboxamide (E3)

Gray-yellow solid, yield 87%. m.p. 174.2−175.1 °C. 
IR (cm–1) ν 3335 (NH), 2952 (CHAr), 1647 (C=O), 1518, 
1497 (C=CAr), 1349 (Ar-NO2), 1309 (C-N), 1268, 1047 
(=C-O-C). 1H NMR (400 MHz, CDCl3) δ 8.45 (t, J = 2.1 
Hz, 1H), 8.19 (dd, J = 7.7, 2.2 Hz, 1H), 7.92 (d, J = 7.7 Hz, 
1H), 7.83–7.74 (m, 3H), 7.68–7.57 (m, 3H), 7.57–7.44 
(m, 2H), 7.06 (d, J = 8.3 Hz, 1H), 4.31 (dt, J = 11.2, 5.7 Hz, 
4H), 2.25 (p, J = 5.7 Hz, 2H). 13C NMR (101 MHz,  
CDCl3) δ 164.78, 154.36, 150.89, 148.80, 138.50, 134.52, 
132.70, 129.76, 129.56, 127.83, 122.33, 121.86, 121.82, 
121.59, 120.78, 120.53, 70.54, 70.40, 31.14. ESI-HRMS 
m/z: 413.1103 [M+Na]+, calcd for [C22H18N2O5Na]+: 
413.1113.

N-(3'-cyano-[1,1'-biphenyl]-4-yl)-3,4-dihydro-2H-ben-
zo[b][1,4]dioxepine-7-carboxamide (E4)

White solid, yield 79%. m.p. 169.5−170.1 °C. IR (cm–1) 
ν 3331 (NH), 2965 (CHAr), 2227 (C≡N), 1646 (C=O), 
1527, 1497 (C=CAr), 1306 (C-N), 1267, 1049 (=C-O-C). 
1H NMR (400 MHz, CDCl3) δ 7.86 (d, J = 1.8 Hz, 1H), 
7.84–7.78 (m, 2H), 7.75 (d, J = 8.5 Hz, 2H), 7.65–7.44 (m, 
6H), 7.06 (d, J = 8.3 Hz, 1H), 4.31 (dt, J = 11.2, 5.7 Hz, 4H), 
2.26 (p, J = 5.8 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 
164.83, 154.34, 150.87, 141.73, 138.39, 134.72, 131.17, 
130.51, 130.36, 129.65, 129.58, 127.71, 122.35, 121.79, 
120.80, 120.57, 118.87, 113.00, 70.53, 70.40, 31.15.  
ESI-HRMS m/z: 371.1392 [M+H]+, calcd for 
[C23H19N2O3]+: 371.1390.



516 Acta Chim. Slov. 2024, 71, 509–518

Yan et al.:   Synthetic Optimization and Antibacterial Activity   ...

N-(3'-(trifluoromethoxy)-[1,1'-biphenyl]-4-yl)-3,4-dihy-
dro-2H-benzo[b][1,4]dioxepine-7-carboxamide (E5)

Light yellow solid, yield 91%. m.p. 176.0−176.9 °C. 
IR (cm–1) ν 3388 (NH), 2964 (CHAr), 1663 (C=O), 1533, 
1498 (C=CAr), 1313 (C-N), 1181, 1177 (C-F), 1265, 1045 
(=C-O-C). 1H NMR (400 MHz, CDCl3) δ 7.79 (s, 1H), 
7.76–7.68 (m, 2H), 7.62–7.52 (m, 2H), 7.55–7.40 (m, 5H), 
7.19 (ddt, J = 8.1, 2.3, 1.1 Hz, 1H), 7.05 (d, J = 8.3 Hz, 1H), 
4.30 (dt, J = 11.3, 5.7 Hz, 4H), 2.25 (p, J = 5.8 Hz, 2H). 13C 
NMR (101 MHz, CDCl3) δ 164.77, 154.29, 150.87, 149.75, 
142.61, 137.98, 135.61, 130.11, 129.68, 127.75, 125.18, 
122.32, 121.78, 120.77, 120.44, 119.39, 70.52, 70.39,  
31.16. ESI-HRMS m/z: 452.1082 [M+Na]+, calcd for 
[C23H18F3NO4Na]+: 452.1086.

N-(3'-(trifluoromethyl)-[1,1'-biphenyl]-4-yl)-3,4-dihy-
dro-2H-benzo[b][1,4]dioxepine-7-carboxamide (E6)

White solid, yield 83%. m.p. 173.4−174.2 °C. IR (cm–1) 
ν 3327 (NH), 2961 (CHAr), 1645 (C=O), 1526, 1498  
(C=CAr), 1313 (C-N), 1158 (C-F), 1267, 1060 (=C-O-C). 
1H NMR (400 MHz, CDCl3) δ 7.83 (s, 1H), 7.80–7.70 (m, 
4H), 7.65–7.56 (m, 2H), 7.55 (t, J = 7.6 Hz, 2H), 7.52 (d, J 
= 2.3 Hz, 1H), 7.47 (dd, J = 8.3, 2.3 Hz, 1H), 7.05 (d, J = 8.3 
Hz, 1H), 4.31 (dt, J = 10.5, 5.8 Hz, 4H), 2.26 (p, J = 5.7 Hz, 
2H). 13C NMR (101 MHz, CDCl3) δ 164.75, 154.30, 150.88, 
141.28, 138.02, 135.70, 131.38, 130.12, 129.67, 129.28, 
127.81, 123.80, 123.57, 122.32, 121.80, 120.76, 120.46, 
70.53, 70.40, 31.16. ESI-HRMS m/z: 414.1318 [M+H]+, 
calcd for [C23H19F3NO3]+: 414.1312.

N-(3'-chloro-5'-(trifluoromethyl)-[1,1'-biphenyl]-4-yl)-
3,4-dihydro-2H-benzo[b][1,4]dioxepine-7-carboxamide 
(E7)

White solid, yield 88%. m.p. 143.8-144.2 °C. IR (cm–1) 
ν 3330 (NH), 2964 (CHAr), 1652 (C=O), 1521, 1496  
(C=CAr), 1336 (C-N), 1127 (C-F), 1260, 1060 (=C-O-C), 
825 (C-Cl). 1H NMR (400 MHz, CDCl3) δ 7.83 (s, 1H), 
7.79−7.72 (m, 3H), 7.70 (s, 1H), 7.58 (dd, J = 9.0, 2.1 Hz, 
3H), 7.52 (d, J = 2.3 Hz, 1H), 7.47 (dd, J = 8.3, 2.3 Hz, 1H), 
7.05 (d, J = 8.3 Hz, 1H), 4.31 (dt, J = 11.6, 5.7 Hz, 4H), 2.26 
(p, J = 5.8 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 163.96, 
153.51, 150.03, 137.76, 134.51, 133.35, 131.64, 129.30, 
128.68, 126.95, 123.10, 123.06, 121.50, 121.01, 120.98, 
120.95, 119.94, 119.66, 69.68, 69.54, 30.29. ESI-HRMS 
m/z: 448.0933 [M+H]+, calcd for [C23H18ClF3NO3]+: 
448.0922.

N-(3',5'-dichloro-[1,1'-biphenyl]-4-yl)-3,4-dihydro-2H-
benzo[b][1,4]dioxepine-7-carboxamide (E8)

White solid, yield 95%. m.p. 155.7−156.4 °C. IR (cm–1) 
ν 3376 (NH), 2935 (CHAr), 1663 (C=O), 1536, 1502  
(C=CAr), 1334 (C-N), 1127 (C-F), 1272, 1062 (=C-O-C), 
795 (C-Cl). 1H NMR (400 MHz, CDCl3) δ 7.77 (s, 1H), 
7.72 (d, J = 8.6 Hz, 2H), 7.58–7.51 (m, 2H), 7.54–7.44 (m, 
3H), 7.45 (s, 1H), 7.32 (t, J = 1.9 Hz, 1H), 7.05 (d, J = 8.3 
Hz, 1H), 4.31 (dt, J = 11.2, 5.7 Hz, 4H), 2.26 (p, J = 5.8 Hz, 

2H). 13C NMR (101 MHz, CDCl3) δ 164.79, 154.33, 150.87, 
143.46, 138.40, 135.31, 134.38, 129.58, 127.71, 126.96, 
125.30, 122.33, 121.79, 120.79, 120.43, 70.53, 70.39,  
31.15. ESI-HRMS m/z:414.0667 [M+H]+, calcd for 
[C22H18Cl2NO3]+: 414.0658.

4. 4. In vitro Bacterial Suppressive Assay
To evaluate the in vitro activity of the compounds, 

the tetrazolium reduction assay was performed with thi-
azolyl blue tetrazolium bromide (MTT) using the TTC 
double dilution method. Nutrient broth (NB) was used as 
the medium for bacterial growth. Seeding broth contain-
ing microbial spores was prepared in NB with 24-hour-old 
bacterial cultures on nutrient agar (Hi-media) and incu-
bated at 37 °C. The bacterial suspension was then adjusted 
with sterile saline to a concentration of 1 × 104 to 1 × 105 
colony forming units (CFU)/mL. The tested compounds 
and the reference drugs were serially diluted twice to ob-
tain the desired concentrations of 100, 50, 12.5, 6.25, 3.13 
and 1.56 µg/mL. The tubes were then incubated in BOD 
incubators at 37 °C for the bacterial strains. The minimum 
inhibitory concentrations (MIC) were determined based 
on visual observations after a 24-hour incubation period 
for the bacteria. 

4. 5. Cytotoxicity Test 
Cytotoxic in vitro activity was investigated using the 

MTT assay against NIH-3T3 mouse fibroblast cells. Cells 
were cultured in a 96-well plate at a density of 5 × 103 cells 
per well, and different concentrations of the compounds 
were added to each well. After a 24-hour incubation at 37 
°C under a 5% CO2 atmosphere, cytotoxicity was assessed. 
In addition, 20 µL of MTT reagent (4 mg/mL) was added 
to each well 4 hours before the end of the incubation peri-
od. After four hours, the plate was centrifuged at 1200 rpm 
for 5 minutes, the supernatant was removed and 200 µL of 
DMSO was added to each well. The absorbance was then 
measured at a wavelength of 570 nm (OD570 nm) using an 
ELISA microplate reader. Three replicate wells were used 
for each concentration and each test was performed three 
times so that the average IC50 value could be calculated. 
The cytotoxicity of each compound was expressed as the 
concentration at which cell viability was reduced by 50% 
(IC50).

4. 6. �Experimental Protocol for Docking 
Study
In the molecular docking analysis, compound E4 

was inserted into the three-dimensional X-ray structure of 
E. coli FabH (PDB: 5BNM) using the Discovery Studio Cli-
ent (v19.1.0). The DS-CDOCKER protocol was used via 
the graphical user interface to facilitate this process. To 
generate accurate representations of the compounds in 
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three dimensions, Chem. 3D ultra 12.0 from Cambridge 
Soft Corporation, USA, which follows the Chemical Struc-
ture Drawing Standard, was used. To optimize the energy 
of the constructed structures, the MMFF94 force field was 
used, and the iterations were set to 5000 with a minimum 
RMS gradient of 0.10. For the comparative analysis, the 
crystal structures of the E. coli FabH (PDB: 5BNM) com-
plex were taken from the RCSB Protein Data Bank (http://
www.rcsb.org/pdb/). Prior to analysis, all water molecules 
and ligands bound to the protein were removed in order to 
focus exclusively on the interaction of interest. In addition, 
polar hydrogen atoms were added to the protein structures 
to ensure accurate representation of hydrogen bonding in-
teractions.
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Povzetek
Biosinteza maščobnih kislin je pomembna presnovna pot v bakterijskih organizmih. Avtorji so v prejšnjih študijah že ra-
ziskovali protimikrobne spojine, zasidrane v ogrodju benzodioksepina, ki je znan po svojih izrazitih antibakterijskih last-
nostih. Na podlagi teh znanj so avtorji zasnovali in sintetizirali serijo osmih inovativnih benzodioksepin-bifenil amidnih 
derivatov z optimizacijo sinteznih metod. Študija med drugim zajema tudi natančno oceno antibakterijskih lastnosti in 
biokompatibilnosti novih spojin. Predvsem spojina E4 se je izkazala kot izjemno učinkovito protimikrobno sredstvo. Po-
leg podrobne analize kristalne strukture spojine E4 je bila izvedena tudi temeljita študija sidranja, z namenom raziskati 
interakcije te spojine z encimom FabH.
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Abstract
A novel chromogenic system for the liquid-liquid extraction and determination of trace amounts of tungsten(VI) was 
investigated. The system comprises 4-nitrocatechol (4NC) as a chromogenic reagent, sulfuric acid as a complexing me-
dium, and benzalkonium chloride (BAC) as a source of bulky cations (BA+), which readily form chloroform-extractable 
ion-association complexes. The impact of foreign ions and reagents was studied, and the optimal conditions for the 
sensitive, selective, and inexpensive determination of tungsten(VI) were identified. The limit of detection, linear working 
range, and molar absorptivity at λmax (422 nm) were determined to be 31 ng cm−3, 0.1–4.4 µg cm−3, and 5.49 × 104 dm3 
mol−1 cm−1, respectively. The composition of the extracted complex was 1:2:2 (W:4NC:BA). Two potential structures of 
its anionic component, [WO2(4NC)2]2–, were discussed based on optimizations at the B3LYP/CEP-4G theoretical level 
and comparison between theoretical and experimental spectra.

Keywords: Tungsten; liquid-liquid extraction; spectrophotometric determination; 4-nitrobenzene-1,2-diol; benzalkoni-
um chloride; TD DFT calculations

1. Introduction
Tungsten is a third-row transition metal in Group 6 of 

the Periodic Table. It is distinguished by a number of unique 
properties, including the highest melting point of all metals, 
high hardness, high density, excellent corrosion resistance, 
low coefficient of thermal expansion, high thermal shock 
resistance, and good electrical conductivity. These proper-
ties render it a valuable component in modern technology 
and necessitate its inclusion in a wide variety of end prod-
ucts, including steels, superalloys, tungsten carbide tools, 
filament wires, armor-piercing projectiles and darts, nuclear 
shields, heavy electrical contact points, X-ray tubes, plas-
ma-facing materials, welding rods, glass-to-metal seals, jew-
elry, pigments, catalysts, chemicals, and many others.1,2

Tungsten is a rare element in the Earth's crust, occur-
ring in 53 minerals.3 It is the heaviest element (Ar = 183.84) 

with a known biological role.4 Unlike molybdenum, its 
closest analogue in the periodic table, which is essential for 
most organisms, tungsten is primarily used by bacteria and 
archaea. These organisms have developed specialized en-
zymes that utilize tungsten instead of molybdenum.5,6

Tungsten is present in small amounts in food, water, 
and the atmosphere, but its potential to spread into the en-
vironment is increasing rapidly.4 Humans can be exposed 
to tungsten through inhalation, ingestion, dermal contact, 
and ocular contact. The recommended exposure limits es-
tablished by the National Institute for Occupational Safety 
and Health are 5 mg m–3 for insoluble tungsten and 1 mg 
m–3 for soluble tungsten per 8-hour workday.7

The determination of tungsten, especially in trace 
amounts, is more challenging than that of other metals.8–10 
There are problems associated with both the dissolution of 
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samples and the direct analysis of solids. Commonly em-
ployed techniques, such as atomic absorption spectrom-
etry, inductively coupled plasma mass spectrometry, and 
inductively coupled plasma optical emission spectrometry, 
face limitations due to matrix effects and difficulties in re-
sults interpretation, alongside issues of low sensitivity and 
high operational costs. Consequently, spectrophotomet-
ric methods have become the preferred approach, as evi-
denced by the extensive literature on the subject.11–35 These 
methods are cost-effective and accessible to a wide range 
of laboratories. By selecting appropriate reagents and opti-
mizing operational parameters, they can achieve sufficient 
sensitivity, selectivity, and efficiency, particularly when 
coupled with separation and preconcentration techniques.

The objective of this study was to examine a novel liq-
uid-liquid extraction (LLE) system for the determination 
of W(VI), based on the complexation reaction of W(VI) 
with 4-nitrobenzene-1,2-diol (4-nitrocatechol, 4NC)36,37 
in the presence of benzalkonium chloride (BAC). The 
system has been designed to overcome the primary lim-
itations associated with this widely utilized and adaptable 
classical technique, namely the formation of stable emul-
sions, incomplete extraction, poor selectivity, long extrac-
tion time, and high organic solvent consumption.32,38

4NC is a well-known compound37,39 that is includ-
ed in the IUPAC list of the most important analytical rea-
gents for spectrophotometric analysis.40 It is classified as a 
non-hazardous substance according to Regulation (EC) No 
1272/2008.41 BAC is a commercially available, cost-effec-
tive mixture of alkylbenzyldimethylammonium chlorides 
with an average molecular weight of 360.42,43 It has been 
utilized in our laboratory as an ion-association reagent for 
LLE of molybdenum44 and cobalt.45 Initial studies have in-
dicated that BAC is capable of forming a neutral, poorly 
water-soluble ternary complex with the anionic W(VI)–
4NC species,36–37 which can be easily extracted from acidic 
media (pH ca. 1.0–1.2) in a small volume of chloroform.

2. Experimental Section
2. 1. Chemicals and Instruments

The following chemicals were purchased and used 
as aqueous solutions: Na2WO4·2H2O (ACS reagent, ≥99%, 
Merck, Schnelldorf, Germany), 4NC (>98%, Fluka AG, 
Buchs, Switzerland), BAC (>95.0%, Merck, Schnelldorf, 

Germany), disodium ethylenediaminetetraacetate dihy-
drate, Na2EDTA∙2H2O (ACS reagent, 99.0–101.0%, Merck, 
Schnelldorf, Germany), and sulfuric acid. Their solutions 
were prepared at concentrations of 2 × 10–4 mol dm–3 (W), 
7.5 × 10–3 mol dm–3 (4NC), 2.5 × 10–3 mol dm–3 (BAC), 1.0 
× 10–1 mol dm–3 (Na2EDTA), and 2.5 mol dm–3 (H2SO4). 
Distilled water was used in the experiments. Chloroform 
(puriss. p.a., Honeywell, Riedel-de Haën) was repeatedly 
utilized following the process of redistillation.

Absorbance was measured on an Ultrospec 3300 
pro UV/Vis spectrophotometer (Little Chalfont, UK) 
equipped with 10 mm quartz semi-micro cuvettes of 0.7 
cm3 volume. The pH was checked with a WTW InoLab 
720 pH meter (Weilheim, Germany). Chloroform was 
added to the separating funnels via a 1–5 cm3 bottle-top 
dispenser (Ceramus Classic, Hirschmann, Germany).

2. 2. Optimization Procedure
The solutions of W(VI), H2SO4, 4NC, and BAC were 

combined in a separatory funnel, and the total volume was 
adjusted to 10 cm3 with water. Then, 3 cm3 of chloroform 
was added, and the mixture was shaken for a fixed period 
of time. A portion of the organic layer was poured into the 
cuvette, and the absorbance was measured against a simi-
larly prepared blank.

2. 3. Calculation of the Distribution Ratio
The distribution ratio (D) at the optimal conditions 

(Table 1) was calculated from Equation 1 using the ab-
sorbances obtained after single extraction (A1) and triple 
extraction (A3)44,46,47 at equal conditions. The final volume 
in both cases was 10 cm3, and the initial W(VI) concentra-
tion in the aqueous phase was 1.0 × 10–5 mol dm–3.

D = A1/(A3 − A1)� (1)

2. 4. �Recommended Procedure for the 
Determination of Tungsten(VI)
An aliquot of the analyzed solution, containing 1–44 

µg W(VI), was placed in a 100 cm3 separatory funnel. The 
pH was adjusted to a range of 1.0–1.2 with 2.5 mol dm–3 
H2SO4. If the analyzed solution was neutral, the requisite 
volume of acid was 0.6 cm3. Subsequently, 0.4 cm3 of a 7.5 × 

Table 1. LLE-spectrophotometric optimization.a

Parameter	 Optimization range	 Recommended value

Wavelength, nm	 UV/Vis	 422
Concentration of H2SO4, mol dm–3	 (0.063–5.0) × 10–1	 1.5 × 10–1

Concentration of 4NC, mol dm–3	 (0.188–7.5) × 10–4	 3.0 × 10–4

Concentration of BAC, mol dm–3	 (0.125–3.0) × 10–4	 2.0 × 10–4

Extraction time, sec	 5–300	 90
a The volume of the aqueous phase was 10 cm3 and that of the chloroform was 3 cm3.
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10–3 mol dm–3 4NC solution and 0.8 cm3 of a 2.5 × 10–3 mol 
dm–3 BAC solution were added. If necessary, a masking 
agent (1.6 cm3 of a 0.1 mol dm–3 Na2EDTA solution) was 
added prior to adjusting the volume of the aqueous phase 
to 10 cm3. Finally, 3 cm3 of chloroform was dispensed and 
the mixture was shaken for 1.5 minutes. Following the 
separation of the phases, a portion of the chloroform ex-
tract was poured into the cuvette and the absorbance was 
measured at 422 nm against a blank. The concentration of 
W(VI) was calculated from a calibration plot.

2. 5. Procedure for Dissolving Steel
The steel was dissolved using a methodology that in-

volved treatment with acids (sulfuric and nitric) followed 
by treatment with NaOH to dissolve the poorly soluble 
tungsten compounds.12,16,19,21,30,34 No separation of the 
matrix was necessary as the selectivity was sufficient, espe-
cially in the presence of Na2EDTA as a masking agent.

A sample of the investigated steel (ca. 0.1 g) was treat-
ed with 20 cm³ H₂SO₄ (1:4). Subsequently, approximately 
2.5 cm3 of concentrated HNO3 was added dropwise. The 
excess HNO3 was removed by heating the solution on a 
sand bath until white SO3 vapor appeared. After cooling, 
the solution was alkalinized with 30 % NaOH until a stable 
residue was obtained. After a waiting period of 15–20 min-
utes, sulfuric acid (1:10) was added until the precipitate 
dissolved.12,16 The solution was then transferred to a 250 
cm3 volumetric flask and made up to the mark with water.

3. Theoretical Section
The ground-state equilibrium geometries of two pos-

sible structures of the anionic component, [WO2(4NC)2]2–, 
of the obtained complex were optimized at the B3LYP/
CEP-4G theoretical level in the gas phase, with no sym-
metry or structural restrictions. The spin multiplicity and 
charge were set to 1 and −2, respectively. Subsequent fre-
quency calculations were performed to demonstrate that 
the optimized structures possess no imaginary frequen-
cies, thereby confirming their stability as minima. Ad-
ditionally, vertical excitation energies were computed to 
simulate their UV/Vis spectra. The calculations were per-
formed using the GAUSSIAN 03 software. The ChemCraft 
program, v. 1.8 was employed for the visualization of the 
two structures.

4. Results and Discussion
4. 1. LLE-Spectrophotometric Optimization

A single-factor optimization was conducted at room 
temperature (approximately 22 °C) to identify the optimal 
values for the following experimental parameters: sulfu-
ric acid concentration (Fig. 1), 4NC concentration (Fig. 2, 

series 1), BAC concentration (Fig. 2, series 2), and extrac-
tion time (Fig. 3). The absorption maximum (λmax) was 
observed at 422 nm, a wavelength at which the absorb-
ance of the blank was close to zero (Fig. 4). All subsequent 
LLE-spectrophotometric studies were conducted under 
the optimal conditions shown in Table 1.

Figure 1. Effect of H2SO4 concentration: cW = 2 × 10−5 mol dm−3, 
c4NC = 7.5 × 10−4 mol dm−3, cBAC = 2.5 × 10−4 mol dm−3, tex = 1.5 
min, λ = 422 nm.

Figure 2. Effect of 4NC (1) and BAC (2) concentration: cW = 2 × 
10−5 mol dm−3, cH2SO4 = 1.5 × 10−1 mol dm−3, tex = 1.5 min, λ = 422 
nm. 1: cBAC = 10−4 mol dm−3; 2: c4NC = 3 × 10−4 mol dm−3.

Figure 3. Effect of the extraction time: cW = 2 × 10−5 mol dm−3, c4NC 
= 3 × 10−4 mol dm−3, cBAC = 2 × 10−4 mol dm−3, cH2SO4 = 1.5 × 10−1 
mol dm−3, λ = 422 nm.
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4. 2. �Composition, Formula and Chemical 
Equation
Two methods were employed to ascertain the mo-

lar ratios in the extracted ternary complex. These were the 
mobile equilibrium method48 (Figure 5) and the straight-
line method of Asmus49 (Figure 6 a and b). The results 
are consistent with the conclusion that the complex has a 
composition of 1:2:2 (W:4NC:BAC). This composition is 
identical to that reported for complexes containing tetra-
zolium cations instead of benzalkonium cations (BA+).16 
Consequently, the anionic part of the complex can be rep-
resented by the formula [WO2(4NC)2]2–.16,36 Its associa-
tion with BA+ and the subsequent chloroform extraction 
can be represented by Equation 2.

�[WO2(4NC)2]2–
(aq) + 2 BA+

(aq) A  
(BA+)2[WO2(4NC)2](chloroform)�

(2)

It is noteworthy that the behavior of Mo(VI) in such 
a system differs from that of W(VI), despite the widely 
recognized similarities in the chemistry of both elements 
5,36,50,51. In fact, under analogous conditions, Mo(VI) is ex-
tracted as a 1:1:2-complex (Mo:4NC:BAC), whose estab-
lished formula is (BA+)2[MoO2(OH)2(4NC)].44

4. 3. �Distribution Ratio and Extraction 
Constant
Table 2 presents data for the distribution ratio (D) 

and the extraction constant (Kex) characterizing Equa-
tion 2. Several methods based on the BAC saturation 
curve (Figure 2) were employed to ascertain this con-
stant. These included the Harvey-Manning method,52 the 
Holme-Lanhmyhr method,53 and the mobile equilibrium 
method.48 The statistical identity of the values obtained 
indicates the absence of significant side processes. It is 
evident that the complex is suitable for analytical appli-
cations.

Table 2. Extraction characteristics.

Characteristic	 Value

Distribution ratio (logD)	 1.03 ± 0.15 (n = 4)
Extraction constant (logKex)	 8.76 ± 0.05 a; 8.88 ± 0.14 b; 
	 8.80 ± 0.70 c 

a Harvey-Manning method; b Holme-Lanhmyhr method; c Mobile 
equilibrium method

Figure 4. Absorption spectra of the ternary complex (1) and blank 
(2): cW = 2 × 10−5 mol dm−3, c4NC = 3 × 10−4 mol dm−3, cBAC = 2 × 
10−4 mol dm−3, cH2SO4 = 1.5 × 10−1 mol dm−3, tex = 1.5 min.

Figure 6. Determination of the 4NC : W (a) and BAC : W (b) molar 
ratios by the method of Asmus

Figure 5. Determination of the 4NC : W (1) and BAC : W (2) molar 
ratios by the mobile equilibrium method. The resulting straight 
lines are based on the experimental points in Figure 2.

 a)

b)
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4. 4. �Ground-State Equilibrium Geometries 
and Spectral Comparison

It is postulated that the anionic component of the 
ternary complex is responsible for the spectral bands in 
the visible region. This is based on the fact that the ben-
zalkonium ion (BA+) is colorless and the complex is of the 
type of ionic associates.44,45,54 To verify this assumption, 
the anion [WO2(4NC)2]2– was modeled using time-de-
pendent density functional theory (TD DFT) calculations. 
Two isomers differing in the mutual arrangement of the 
NO2 groups are theoretically possible.55 Figure 7 illustrates 
their optimized ground state equilibrium geometries. The 
two structures, denoted as Str. 1 and Str. 2, possess octa-
hedral symmetry, and differ slightly in bond lengths and 
valence angles. The aforementioned structures were em-
ployed to calculate vertical excitation energies with the 
time-dependent Hamiltonian, in order to simulate their 
theoretical absorption spectra.

components are presented in Table 3. The Δ values were 
calculated as the difference between the energy compo-
nents of Str. 1 and Str. 2, respectively. As can be observed, 
Str. 1 is slightly more stable than Str. 2. The transformation 
Str. 1 → Str. 2 is an endothermic reaction accompanied by 
an increase in the Gibbs free energy. The transformation is 
also accompanied by an insignificant entropy change (0.4 
J mol–1 K–1).

Table 3. Energy Analysis.

Energy 	 Str. 1, 	 Str. 2, 	 Δ, kJ
component, a. u.	 a. u.	 a. u.	 mol–1

Electron energy, E	 –317.379176	 –317.374731	 11.7
Eo

a	 –317.208893	 –317.204624	 11.2
Hb	 –317.183715	 –317.179417	 11.3
Gc	 –317.265041	 –317.260915	 10.8 

а Sum of electronic and zero-point energies; b sum of electronic and 
thermal enthalpies; c sum of electronic and thermal free energies

4. 6. �Impact of Foreign Ions and Masking 
Agents
The impact of foreign ions and masking agents is pre-

sented in Table 4. It is evident that large amounts of many 
ions do not affect the absorption of the resulting extract. 
The presence of at least a 5000-fold excess of Na2EDTA, 
which is known as an excellent masking agent, is tolerable. 
If necessary, this agent can additionally raise the limiting 
tolerance ratios for some of the ions known to form com-
plexes with 4NC.37 Unfortunately, Na2EDTA was unable 
to cope with interferences caused by Mo(VI) and Cr(VI). 
Further studies demonstrated that the Cr(VI) interference 
problem can be readily solved through the use of ascorbic 
acid.

Figure 7. Optimized ground-state equilibrium geometries of the 
two [WO2(4NC)2]2– isomers (a – Str. 1; b – Str. 2) found at the 
B3LYP/CEP-4G level

Figure 8. Comparison of the experimental spectrum (Exp.) with the 
two theoretical spectra (Str. 1 and Str. 2) found at the B3LYP/CEP-
4G level and a scaling factor of 1

 a)

b)

 Figure 8 depicts the experimental spectrum of the 
ternary complex and the theoretical spectra of the two iso-
mers at a scaling factor of 1. It can be concluded that the 
theoretical spectrum of Str. 1 is closer to the experimental 
spectrum. However, the presence of Str. 2 in the extract 
cannot be excluded. It seems that the presence of both 
structures would be very probable in case their energies 
are close.

4. 5. Energy Analysis
The frequency calculations demonstrated that the 

two structures in Figure 7 are real minima. Their energy 
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4. 7. �Analytical Characteristics and 
Application
The relationship between absorbance and W(VI) 

concentration was linear up to 4.4 µg cm–3 W(VI) (R2 = 
0.9999, n = 8). The linear regression equation was A = 
0.2986γ + 0.0002, where γ is the concentration in µg cm–3. 
The standard deviation of the slope was 0.0013, while that 
of the intercept was 0.0031. Consequently, the intercept 
is statistically indistinguishable from zero. The molar ab-
sorption coefficient was 5.49 × 104 dm3 mol–1 cm–1, and 
the Sandall’s sensitivity was 3.35 × 10–3 µg cm–2. The limit 
of detection (LOD) and limit of quantification (LOQ) were 
calculated in two ways: 1) as three and ten times the stand-
ard deviation of the blank divided by the slope; and 2) as 
three and ten times the standard deviation of the ordinate 
intercept divided by the slope. The results were virtually 
identical: LOD = 31 ng cm–3, and LOQ = 104 ng cm–3.

The proposed analytical procedure was then applied 
to the analysis of a reference standard steel (RSS) and sev-

eral artificial mixtures (AMs) that mimicked typical tung-
sten-containing alloys.1 The results are presented in Table 
5. The relative standard deviation (RSD) for these determi-
nations was in the range of 0.94–2.25%.

It is important to note that the NaOH treatment in 
the RSS sample preparation stage (see above) was a crit-
ical step in obtaining reliable results. Failure to include 
this step may result in incomplete decomposition of the 
insoluble tungsten species. This is consistent with the data 
presented in Refs.9,56

4. 8. �Comparison with Other Methods 
Involving LLE
A comparison of the present method with other pub-

lished methods for tungsten determination involving LLE 
is presented in Table 6. The present method exhibits excel-
lent linearity and relatively high sensitivity. It is robust and 
reliable due to the wide optimum ranges of the parameters 

Table 4. Impact of foreign ions on the determination of 12 µg W(VI)

Foreign	 Formula of the added salt	 Amount of FI	 FI : W(VI)	 Amount of W	 E%
ion (FI)		  added/mg	 mass ratio	 found/μg	

Acetate	 CH3COONa∙3H2O	 12.0	 1000 a	 12.3	 102
Al(III)	 Al2(SO4)3∙18H2O 	 12.0	 1000 a	 12.4	 103
Br–	 NaBr	 0.12	 10	 12.0	 100
Ca(II)	 CaSO4∙2H2O	 3.6	 300 a	 11.6	 96.4
Cd(II)	 CdSO4∙8⁄3H2O	 9.0	 750	 12.1	 101
Citrate	 Na3C6H5O7	 0.6	 50	 11.5	 96.2
Cl– 	 NaCl	 0.9	 75	 12.0	 99.7
Co(II)	 CoSO4∙7H2O	 0.6	 50	 12.4	 103
Cr(III)	 Cr2(SO4)3	 1.2	 100	 12.0	 99.7
Cr(VI)	 K2CrO4	 0.006	 0.5	 12.4	 104
		  0.24 b	 20 b	 12.2 b	 101 b
Cu(II)	 CuSO4∙5H2O	 12.0	 1000 a	 11.6	 97.1
EDTA2– 	 Na2EDTA∙2H2O	 60.0	 5000 a	 11.8	 98.7
F–	 NaF	 0.6	 50	 11.7	 97.6
Fe(II)	 (NH4)2Fe(SO4)2·6H2O	 0.24	 20	 11.9	 99.2
Fe(III)	 Fe2(SO4)3	 4.8	 400	 11.9	 99.2
H2PO4

–	 KH2PO4	 12.0	 1000 a	 11.6	 96.3
K+	 K2SO4	 12.0	 1000 a	 12.1	 101
Li+	 Li2SO4∙H2O	 12.0	 1000 a	 12.5	 104
Mg(II)	 MgSO4∙7H2O	 12.0	 1000 a	 12.1	 101
Mn(II)	 MnSO4∙H2O	 0.6	 50	 11.9	 99.0
Mo(VI)	  (NH4)6Mo7O24·4H2O	 0.006	 0.5	 21	 175
Ni(II)	 NiSO4∙7H2O	 12.0	 1000 a	 12.1	 101
NO3

–	 NaNO3	 0.18 	 10	 12.4	 103
		  6.0	 500	 1.03	 8.6
Pb	 Pb(CH3COO)2·3H2O	 6.0	 500 a	 12.1	 101
Re(VII)	 NH4ReO4	 0.12	 10	 12.5	 104
Tartrate	 K,NaC4H4O6	 0.6	 50	 11.8	 98.3
V(V)	 NH4VO3	 0.024	 2	 12.1;	 101
		  0.36 b	 30 b	 12.1 b	 101 b
		  0.6 c	 50 c	 11.4 c	 95.0 c
Zn(II)	 ZnSO4∙7H2O	 2.4	 200	 12.2	 102

a Higher FI-to-W(VI) ratios were not studied; b in the presence of 0.33 cm3 0.2 mol dm–3 ascorbic acid; c in the presence of 1.6 cm3 0.1 mol dm–3 
Na2EDTA
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Table 6. Comparison with other LLE procedures for tungsten determination

Technique	 Reagent(s)	 Extraction	 Volume	 Acidity	 Working 	 λ, 	 10–4ε/	 Sample	 Ref. 
		  solvent	 of ES/		  range/	 nm	 dm3 mol–1		  (Year)
		  (ES)	 cm3		  µg cm–3		  cm–1

UV/Vis	 EPH + NH4SCN	 Chloroform	 10	 4 mol dm–3 HCl	 1–15	 404	 1.74	 Steel	 13 (2002)
UV/Vis	 HTB	 Dichloromethane	 10	 0.2 mol dm–3 HCl	 0.44–2.8	 415	 6.45	 Synthetic 	  14 (2004)
								        samples and
								        reverberatory flue dust
UV/Vis	 4NC + MTT	 Chloroform	 10	 pH 1.2–3.6	 0.92–8.8	 415	 2.8	 Steel and	 16 (2006)
								        ferrotungsten
UV/Vis	 CHTB	 Chloroform	 10	 0.16–0.32	 0.5–3.0	 420	 4.05	 Synthetic, 	 17 (2008)
				    mol dm–3 HCl				    technical, and
								        natural samples
UV/Vis	 M2B	 Toluene	 5	 pH 3	 0.2–1.8	 591	 7.1	 Steel	 18 (2009)
UV/Vis	 HCTP + HA	 Chloroform	 5	 pH 4.2–5.4	 0.5–16	 465–475	 2.4–2.6	 Steel	 19 (2013)
UV/Vis	 CHPB	 Chloroform	 10	 0.04–0.32	 0.9–2.9	 420	 3.125	 Synthetic and	 20 (2013)
				    mol dm–3 HCl				    standard samples
UV/Vis	 HCTP + DPG	 Chloroform	 5	 pH 5–6	 0.2–20	 480	 5.6	 Steel, soil, 	 22, 23 (2015,
								        and pea	 2016)
UV/Vis	 HTPD + HA	 Chloroform	 5	 pH 3.5–5.5	 0.04–3.8	 461–490	 2.0–2.8	 Steel and	 24 (2016)
								        soil
UV/Vis	 DTMP + HA	 Chloroform	 5	 pH 3.9–5.2	 0.4–16	 476–480	 2.73–2.92	 Steel, soil, 	 26 (2017)
								        and plant
UV/Vis	 HPMPPB	 Chloroform	 10	 0.1 mol dm–3	 0.36–2.0	 420	 9.936	 Synthetic and	 29 (2019)
				    HCl				    industrial samples
UV/Vis	 HBTP + HA	 Chloroform	 5	 pH 4.1–5.6	 0.2–16	 470–482	 2.6–3.9	 Steel	 30 (2019)
UV/Vis	 HMTB	 Dichloromethane	 10	 0.1 mol dm–3	 0.35–1.5	 418	 8.28	 Synthetic and	 31 (2019)
				    HCl				    technical samples
AAS	 HBPNAB	 n-Butanol	 10	 pH 2–3	 1–10	 255.1	 3.4–4.2	 Steel	 57 (2022)
UV/Vis	 HTPD + HA	 Chloroform	 5	 pH 4.5–5.5	 0.04–3.8	 490	 2.0–2.8	 Steel and soil	 33 (2022)
UV/Vis	 DB-18-C-6 + 	 Chloroform	 10	 2.5 mol dm–3 HCl	 1.8–183	 415	 1.6	 Water samples	 21,34 (2014,
	 NH4SCN							       and steel	 2022)
UV/Vis	 HTP + HA	 Chloroform	 5	 pH 1.8–5.1	 0.2–19	 457–538	 3.2–4.2	 Soil	 35 (2023)
UV/Vis	 4NC + BAC 	 Chloroform	 3	 0.05–0.20	 0.1–4.4	 422	 5.49	 Synthetic	 This 
				    mol dm–3 H2SO4				    samples and steel 	 work 

Abbreviations: 4NC, 4-nitrocatechol; BAC, benzalkonium chloride; CHPB, 6-chloro-3-hydroxy-2-phenyl-4-oxo-4H-1-benzopyran; CHTB, 
6-chloro-3-hydroxy-2-(2’-thienyl)-4-oxo-4H-1-benzopyran; DB-18-C-6, dibenzo–18–C-6(2,3,11,12-dibenzo-1,4,7,10,13,16-hexaoxacyclooctadeca- 
2,11-diene; DPG, diphenylguanidine; DTMP, 2,6-dithiol-4-methylphenol; EPH, ethopropazine hydrochloride; HA, hydrophobic amines; HBPNAB, 
2-hydroxy-5-tret-butylphenol-4’-nitroazobenzene; HBTP, 2-hydroxy-5-bromothiophenol; HCTP, 2-hydroxy-5-chlorothiophenol; HMTB, 3-hy-
droxy-2-[2’-(5’-methylthienyl)]-4-oxo-4H-1-benzopyran; HPMPPB, 3-hydroxy-2-[1´-phenyl-3´-(p-methylphenyl)-4´-pyrazolyl]-4-oxo-4H-1-
benzopyran; HTB, 3-hydroxy-2-(2’-thienyl)-4-oxo-4H-1-benzopyran; HTP, 2-hydroxy-5-halogenthiophenols; HTPD, o-hydroxythiophenol deriva-
tives; M2B, methyl type 2B; MTT, 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

Table 5. Determination of tungsten in a referent standard steel (RSS) and artificial mixtures (AM)

		  Sample		                  Present method

	 Description	 W 	 Other metal 	 Tungsten	 RSD/
		  content/%	 components/%	 founda/%	 %

RSS	 Referent standard steel b	 1.57	 17.55 (Cr), 9.61 (Ni), 1.04 (V), 0.99 (Nb), 	 1.58	 0.94
			   0.13 (Ta), and the balance Fe
AM-1	 chromium-tungsten shock resistant steel	 2.00	 1.0 (Cr), and the balance Fe	 2.02	 1.13
AM-2	 9 % tungsten hot die steel 	 9.00	 2.5 (Cr) and the balance Fe	 8.89	 1.57
AM-3	 Stellite	 10.0	 25 (Cr), 2 (Ni), 0.5 (Mn), 0.1 (Mo), and the balance Co	 10.2	 2.25
AM-4	 18 % tungsten general purpose high-speed	 18.0	 4.5 (Cr), 1.25 (V), and the balance Fe	 18.2	 1.81
	 cutting steel
AM-5	 12% cobalt super high-speed steel	 21.0	 12.0 (Co), 4.5 (Cr), 1.25 (V), and the balance Fe	 21.3	 1.97
AM-6	 Tungsten-bearing super-alloys	 50.0	 50.0 (Cu)	 49.2	 1.83

a Average of four replicate determinations; b Supplied by the Holding KCM 2000, Plovdiv, Bulgaria
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and the high tolerable levels of most of the side ions stud-
ied. The reagents used are commercially available and do 
not require tedious syntheses. The determination is rapid, 
as the extraction time is short, and no stable emulsion is 
formed. Moreover, the volume of organic solvent utilized 
(3 cm3 per sample) is less than that of the other procedures 
listed in Table 6.

5. Conclusions
A novel liquid-liquid extraction system for W(VI) 

involving inexpensive commercially available reagents 
(4NC and BAC) was subjected to a comprehensive study. 
The optimal conditions for the formation and extraction of 
a ternary complex, (BA+)2[WO2(4NC)2], were identified. 
The structure of its anionic component [WO2(4NC)2]2–, 
which is responsible for the spectral bands in the visi-
ble region, was elucidated through the use of theoretical 
calculations at the B3LYP/CEP-4G level. The complex is 
intensely colored, allowing for the determination of trace 
amounts of W(VI) in a simple and economical manner 
without the use of sophisticated instruments and expen-
sive consumables. The developed method is sensitive, se-
lective, rapid, and robust. Its reliability can be attributed 
to the high stability of the extracted complex, the low ab-
sorption of the blank, and the wide optimal ranges of the 
investigated parameters. The method has been successfully 
applied to the analysis of steel and artificial mixtures that 
closely resemble typical tungsten-containing alloys.
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Povzetek
Raziskovali smo nov kromogeni sistem za ekstrakcijo tekoče-tekoče in določevanje sledov volframa(VI). Sistem sestav-
ljajo 4-nitrokatehol (4NC) kot kromogeni reagent, žveplovo kislino kot kompleksirajoči medij in benzalkonijev klorid 
(BAC) kot vir velikih kationov (BA+), ki zlahka tvorijo ionske komplekse ki jih je možno ekstrahirati s kloroformom. 
Preučevali smo vpliv tujih ionov in reagentov in določili optimalne pogoje za občutljivo, selektivno in cenovno ugod-
no določanje volframa(VI). Meja detekcije, linearno področje analize in molarni absorpcijski koeficient pri λmax (422 
nm) znašajo 31 ng cm−3, 0.1–4.4 µg cm−3 in 5.49 × 104 dm3 mol−1 cm−1. Sestava ekstrahiranega kompleksa je bila 1:2:2 
(W:4NC:BA). Dve možni strukturi anionskega dela kompleksa, [WO2(4NC)2]2–, smo diskutirali na osnovi optimizacije 
z metodo B3LYP/CEP-4G in primerjave med izračunanimi ter izmerjenimi spektri.
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Abstract
A directed method for the preparation of hybrid compounds based on furan-2(3H)-ones and chromen-4(4H)-one, (E)-
3-{[2-oxo-5-arylfuran-3(2H)-ylidene]methyl}-4H-1-benzopyran-4-ones, the structure of which was confirmed by ele-
mental analysis, IR, UV, NMR spectroscopy, and X-ray single crystal analysis, was developed. The molecular geometry of 
the synthesized compound (E)-3-((2-oxo-5-phenylfuran-3(2H)-ylidene)methyl)-4H-chromen-4-one (3a) was analyzed 
and compared with X-ray diffraction data, DFT calculations were performed using 6-311G split-valence basis functions.

Keywords: Synthesis; hybrid structures; furan-2(3H)-ones; chromen-4(4H)-ones; crystal structure; DFT.

1. Introduction
Furan-2(3H)-one derivatives are among a large 

number of compounds with antinociceptive, anti-inflam-
matory, antiviral and antitumor activities.1–4 It is impor-
tant to note nitrofuran derivatives with pronounced anti-
bacterial activity.5–9 The 4H-chromen-4-one fragment is 

part of the structure of compounds with anticancer, anti-
bacterial, antiviral and other activities10–12 (Figure 1).

The main focus of this study is the synthesis of hy-
brid molecules based on furan-2(3H)-ones and 4-oxo-4H-
chromen-3-carbaldehyde. Despite the large number of 
works on the synthesis of hybrid molecules based on 

Figure 1. Examples of naturally occurring biologically active hybrid molecules

https://orcid.org/0000-0002-2078-4151
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chromen-4-ones and furan-2-ones, systematic studies of 
directly coupled 4H-chromen-4-ones and furan-2(3H)-
ones are very limited. The literature review showed that 
the construction of hybrid molecules is based on reactions 
with furan-2(5H)-one derivatives.13–17 The only example 
of the synthesis of hybrid structures based on 4H-chromen-
4-ones and furan-2(3H)-ones, which are intermediates in 
the synthesis of 4,4-diaryl-1-(3-chromonyl)buta-1,3-di-
en-2-carboxylic acids 4, was described by A. K. El-Ziaty et 
al.18 Condensation of 4-oxo-4H-chromen-3-carboxalde-
hyde 2 with 3-aroylpropionic acids 1 under harsh condi-
tions using thionyl chloride in N,N-dimethylformamide as 
a cyclodehydrating agent leads to the formation of the cor-
responding 5-aryl-3-chromonylmethylene-2(3H)-fura-
nones 3 as a mixture of (E) and (Z) stereoisomers.18

Scheme 1. The synthetic route for compounds 4

T﻿he main disadvantages of this method of synthesis 
are that it is a multistage, labor intensive process with a 
long duration, as well as the difficulty of separating prod-
ucts obtained in the form of an inseparable mixture of iso-
mers with low yields. No convincing proof of the struc-
tures of the obtained compounds on the basis of the 
present spectral data was given. The methodology devel-
oped by the authors18 for the synthesis of 5-aryl-3-chromo-
nylmethylene-2(3H)-furanones 3 is not reproducible.

Thus, the present work is devoted to finding optimal 
synthesis conditions and revealing the features of the spa-
tial structure and configuration of hybrid structures: (E)-
3-{[2-oxo-5-arylfuran-3(2H)-ylidene]methyl}-4H-1-ben-
zopyran-4-ones.

2. Experimental
2. 1. Materials

The reactions were carried out using Monowave 50 
(Anton Paar, Austria) reactor. FTIR spectra were collected 
on an FSM-1201 Fourier spectrometer (Infraspek, St. Pe-
tersburg, Russia) in the range 4000–400 cm−1 with a spec-
tral resolution of 4 cm−1. Samples were mixed with ground 
KBr (FTIR grade, Sigma–Aldrich, Saint Louis, MO, USA) 
and pressed into pellets by removing water and air traces 
under reduced pressure. UV spectra of the studied solu-
tions were recorded on a Shimadzu-1800 spectrophotom-
eter in cuvettes with an optical layer thickness of 1 cm and 
a scanning step of 1 nm. Working solutions were prepared 

according to the exact weight of the compounds and dis-
solved in chloroform, ethanol and DMSO (c = 2 ∙ 10–5 M). 
1H (400 MHz) and 13C NMR (100 MHz), 1H–13C gHSQC, 
1H–13C gHMBC, NOESY 2D, NOESY 1D spectra in DM-
SO-d6 were recorded with a Varian (Agilent) 400 spec-
trometer (Agilent Technologies, Santa Clara, CA, USA), 
and the internal standard was TMS. Chemical shifts (δ) are 
reported in ppm. Elemental analysis was done on an Ele-
mentar Vario MICRO cube CHNS analyzer (Elementar 
Analysensysteme GmbH, Hanau, Germany). Melting 
points were determined on a Stuart™ SMP10 melting point 
apparatus (Cole-Parmer, Beacon Road, Stone, Stafford-
shire, ST15 OSA, UK). The progress of the reaction and 
the purity of the synthesized compounds were monitored 
by TLC on ALUGRAM® SIL G UV254 plates (Mache-

rey-Nagel GmbH & Co. KG, Düren, Germany), with hex-
ane–ethyl acetate–acetone (3:1:1) as the eluent.

2. 2. Quantum Chemical Calculations
Quantum chemical calculations were performed us-

ing density functional theory (DFT) using the hybrid 
functional Lee–Yang–Parr three-parameter Becke B3LYP, 
split-valence basis set functions 6–311G, with the inclu-
sion of p-orbitals of the hydrogen atom and d-orbitals for 
more heavy atoms as well as with the addition of polariza-
tion functions (B3LYP/6–311G++ (d,p)). For each of the 
possible isomers, a complete geometry optimization was 
carried out with a strict convergence criterion.19

2. 3. Synthesis of the Compounds
General methodology for the preparation of 
hybrid structures 3a-f

Method A: A mixture of 3 mmol of the correspond-
ing 5-arylfuran-2(3H)-ones 1a–f, 3 mmol of 4-oxo-4H- 
chromen-3-carboxaldehyde 2 was refluxed in 10 mL of 
glacial acetic acid. The precipitated yellow crystals were 
filtered, washed with glacial acetic acid, recrystallized 
from benzene, and dried.

Method B: The 1 mmol of the corresponding 5-aryl-
furan-2(3H)-one 1a–f, 1 mmol of 4-oxo-4H-chromene-3- 
carboxaldehyde 2 and 3.5 mL of glacial acetic acid are 
placed in a 10 mL borosilicate glass vial, placed in the vial 
with the reaction mixture with a magnetic stirrer. The vial 
is hermetically sealed with a silicone stopper and placed in 
a Monowave 50 reactor. The reaction is carried out at a 
temperature of 135 °C with a stirring speed of 600 rpm. 
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The precipitated yellow crystals were filtered, washed with 
glacial acetic acid, recrystallized from benzene, and dried.

(E)-3-((2-Oxo-5-phenylfuran-3(2H)-ylidene)methyl)-
4H-chromen-4-one (3a).

Yellow crystals (benzene): Method A – 0.66 g, yield 
70%; Method B – 0.25 g, yield 80%, mp 219–220 °С;  
FTIR (KBr) ν/cm–1: 1759 (O–C=O), 1653 (C=O), 1613 
(C=C); 1H NMR (400 MHz, DMSO-d6): δ 9.09 (s, 1H,  
C–HChromone), 8.15 (d, J = 8.0 Hz, 1H, Ar–H), 7.89–7.82 
(m, 3H, Ar–H), 7.75 (d, J = 8.0 Hz, 1H, Ar–H), 7.59 (s, 1H, 
C–HFuranone), 7.56–7.49 (m, 4H, Ar–H), 7.38 (s, 1H, = 
CH–); 13C NMR (100 MHz, DMSO-d6): δ 175.06 (C=O), 
168.76 (O–C=O), 159.43 (C–HChromone), 156.19, 155.92, 
155.86, 135.40, 131.18, 129.57, 128.12, 126.79, 126.09, 
125.69, 125.37, 125.31, 125.27 (=CH–), 123.46, 119.79, 
119.15, 102.35 (C–HFuranone). Anal. calcd. for C20H12O4: C, 
75.94; H, 3.82. Found: C, 76.35; H, 4.14%.

(E)-3-((2-Oxo-5-(para-tolyl)furan-3(2H)-ylidene)
methyl)-4H-chromen-4-one (3b).

Yellow crystals (benzene): Method A – 0.52 g, yield 
52%; Method В – 0.22 g, yield 66%, mp 243–245 °С;  
FTIR (KBr) ν/cm–1: 1760 (O–C=O), 1646 (C=O), 1615 
(C=C); 1H NMR (400 MHz, DMSO-d6): δ 9.09 (s, 1H,  
C–HChromone), 8.15 (d, J = 8.0 Hz, 1H, Ar–H), 7.88 (t, J = 
7.0 Hz, 1H, Ar–H), 7.77–7.72 (m, 3H, Ar–H), 7.58–7.53 
(m, 2H, Ar–H and C–HFuranone), 7.34 (d, J = 8.0 Hz, 3H, 2H 
Ar–H and =CH–), 2.36 (s, 3H, CH3); 13C NMR (100 MHz, 
DMSO-d6): δ 175.09 (C=O), 168.86 (O–C=O), 159.24  
(C–HChromone), 156.45, 155.92, 141.32, 135.40, 130.50, 
130.19, 126.78, 126.09, 125.70, 125.39, 125.33, 124.57 
(=CH–), 123.44, 123.39, 119.83, 119.16, 101.50 (C–HFura-

none), 21.58 (CH3). Anal. calcd. for C21H14O4: C, 76.35; H, 
4.27. Found: C, 76.80; H, 4.41%.

(E)-3-((5-(4-Chlorophenyl)-2-oxofuran-3(2H)-ylidene)
methyl)-4H-chromen-4-one (3c).

Yellow crystals (benzene): Method A – 0.58 g, yield 
55%; Method В – 0.22 g, yield 63%, mp 284–285 °С;  
FTIR (KBr) ν/cm–1: 1757 (O–C=O), 1649 (C=O), 1615 
(C=C); 1H NMR (400 MHz, DMSO-d6): δ 9.10 (s, 1H,  
C–HChromone), 8.16 (d, J = 8.0 Hz, 1H, Ar–H), 7.90–7.83 
(m, 3H, Ar–H), 7.77 (d, J = 8.2 Hz, 1H, Ar–H), 7.66 (s, 1H, 
C–HFuranone), 7.66–7.59 (m, 2H, Ar–H), 7.56 (d, J = 7.0 Hz, 
1H, Ar–H), 7.41 (s, 1H, =CH–); 13C NMR (100 MHz,  
DMSO-d6): δ 175.22 (C=O), 168.75 (O–C=O), 159.03 (C–
HChromone), 157.37, 156.29, 155.13, 154.93, 135.53, 129.77, 
127.52, 127.40, 126.78, 126.11, 126.02 (=CH–), 125.97, 
125.09, 123.35, 119.25, 119.19, 103.09 (C–HFuranone). Anal. 
calcd. for C20H11ClO4: C, 68.49; H, 3.16; Cl, 10.11. Found: 
C, 68.54; H, 3.35; Cl, 10.20%.

(E)-3-((5-(4-Bromophenyl)-2-oxofuran-3(2H)-ylidene)
methyl)-4H-chromen-4-one (3d).

Yellow crystals (benzene): Method A – 0.97 g, yield 

82%; Method B – 0.36 g, yield 90%, mp 271–272 °С; FTIR 
(KBr) ν/cm–1: 1755 (O–C=O), 1649 (C=O), 1614 (C=C); 
1H NMR (400 MHz, DMSO-d6): δ 9.09 (s, 1H, C–HChro-

mone), 8.16 (d, J = 8.0 Hz, 1H, Ar–H), 7.88 (t, J = 7.0 Hz,  
1H, Ar–H), 7.79–7.74 (m, 5H, Ar–H), 7.67 (s, 1H,  
C–HFuranone), 7.57 (t, J = 7.6 Hz, 1H, Ar–H), 7.42 (s, 1H, 
=CH–); 13C NMR (100 MHz, DMSO-d6): δ 175.24 (C=O), 
168.40 (O–C=O), 157.07 (C–HChromone), 156.31, 155.91, 
155.28, 154.45, 134.70, 132.66, 127.61, 127.54, 126.84, 
126.10, 125.98 (=CH–), 124.52, 124.09, 123.46, 119.76, 
119.18, 103.16 (C–HFuranone). Anal. calcd. for C20H11BrO4: 
C, 60.78; H, 2.81; Br, 20.22. Found: C, 60.54; H, 2.98; Br, 
20.09%.

(E)-3-((5-(3,4-Dimethylphenyl)-2-oxofuran-3(2H)-
ylidene)methyl)-4H-chromen-4-one (3е).

Yellow crystals (benzene): Method A – 0.59 g, yield 
57%; Method В – 0.23 g, yield 68%, mp 232–233 °С;  
FTIR (KBr) ν/cm–1: 1761 (O–C=O), 1651 (C=O), 1612 
(C=C); 1H NMR (400 MHz, DMSO-d6): δ 9.08 (s, 1H,  
C–HChromone), 8.15 (d, J = 8.0 Hz, 1H, Ar–H), 7.87 (t, J = 
7.0 Hz, 1H, Ar–H), 7.75 (d, J = 8.4 Hz, 1H, Ar–H), 7.62 (s, 
1H, Ar–H), 7.56 (t, J = 8.1 Hz, 2H, Ar–H), 7.50 (s, 1H,  
C–HFuranone), 7.34 (s, 1H, =CH–), 7.29 (d, J = 8.0 Hz, 1H, 
Ar–H), 2.27 (unresolved singlet, 6H, 2CH3); 13C NMR 
(100 MHz, DMSO-d6): δ 175.09 (C=O), 168.90 (O–C=O), 
159.16 (C–HChromone), 156.61, 155.92, 140.22, 137.65, 
135.38, 130.65, 126.76, 126.58, 126.09, 125.68, 125.38, 
124.34, 124.31 (=CH–), 123.31, 119.84, 119.15, 101.33  
(C–HFuranone), 19.96 (CH3), 19.82 (CH3). Anal. calcd. for 
C22H16O4: C, 76.73; H, 4.68. Found: C, 76.97; H, 4.86%.

(E)-3-((5-(4-Methoxyphenyl)-2-oxofuran-3(2H)-
ylidene)methyl)-4H-chromen-4-one (3f).

Yellow crystals (benzene): Method A – 0.51 g, yield 
49%; Method В – 0.21 g, yield 60%, mp 241–242 °С;  
FTIR (KBr) ν/cm–1: 1764 (O–C=O), 1653 (C=O), 1614 
(C=C); 1H NMR (400 MHz, DMSO-d6): δ 9.06 (s, 1H,  
C–HChromone), 8.15 (d, J = 8.0 Hz, 1H, Ar–H), 7.87 (t, J = 
8.7 Hz, 1H, Ar–H), 7.79–7.74 (m, 3H, Ar-H), 7.54 (t, J = 
8.1 Hz, 1H, Ar–H), 7.44 (s, 1H, C–HFuranone), 7.31 (s, 1H, 
=CH–), 7.09 (d, J = 8.8 Hz, 2H, Ar–H), 3.82 (s, 3H, OCH3); 
13C NMR (100 MHz, DMSO-d6): δ 175.11 (C=O), 168.97 
(O–C=O), 158.89 (C–HChromone), 156.46, 155.93, 135.36, 
130.23, 129.39, 127.59, 126.73, 126.25, 126.09, 125.44, 
124.70, 123.42 (=CH–), 120.57, 119.91, 119.15, 115.17, 
100.24 (C–HFuranone), 55.94 (OCH3). Anal. calcd. for 
C21H14O5: C, 72.83; H, 4.07: Found: C, 72.99; H, 4.32%.

2. 4. Single Crystal X-ray Crystallography
The X-ray diffraction study of (E)-3-((2-oxo-5-phe-

nylfuran-3(2H)-ylidene)methyl)-4H-chromen-4-one (3a) 
was performed on an Agilent New Xcalibur, Ruby diffrac-
tometer equipped with a CCD detector (MoKα radiation, 
λ = 0.71073 Å, graphite monochromator, ω-scan) at 295(2) 
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K. Absorption corrections were made using CrysAlis PRO 
program (Agilent Technologies) version 1.171.42.74a. Em-
pirical corrections for absorption were made using spheri-
cal harmonics implemented in the SCALE3 ABSPACK 
program.20 The structure was refined by full-matrix MNC 
on F2 in the anisotropic approximation for all non-hydro-
gen atoms using the SHELXL program21 with the OLEX2 
graphical interface.22 The hydrogen atoms of the aromatic 
rings are refined in a “riding” model. The other hydrogen 
atoms are included in the refinement independently in the 
isotropic approximation. The crystal refined as a two-com-
ponent twin with component occupancies of 0.564(2) and 
0.436(2), respectively. Component 2 rotated by –179.9940° 
around [0.00 0.00 1.00] (reciprocal) or [0.16 0.00 0.99] (di-
rect).

3. Results and Discussion
As a result of the search for optimal conditions for 

the synthesis of arylmethylidene derivatives, we expanded 
the series and found the optimal method for the prepara-
tion of 3-{[2-oxo-5-arylfuran-3(2H)-ylidene]methyl}-4H-
1-benzopyran-4-ones 3a–f , based on the reaction of equi-
molar amounts of 5-arylfuran-2(3H)-ones 5a–f, obtained 
according to the method,23 with 4-oxo-4H-chromene-3-car-
boxaldehyde (2) in glacial acetic acid without the use of a 

Scheme 2. Synthesis of hybrid structures: 3-{[2-oxo-5-arylfuran-3(2H)-ylidene]methyl}-4H-1-benzopyran-4-ones 3

Table 1. Crystallographic data and refinement parameters for the 
compound 3а.

Crystal data	

Chemical formula	 C20H12O4
Mr	 316.30
Т/K	 295
Crystal system, space group	 Monoclinic, P21
а/Å	 6.802(2)
b/Å	 4.9703(16)
c/Å	 22.217(9)
α/o	 90
β/o	 92.46(3)
γ/o	 90
V/ Å3	 750.4(4)
Z	 2
Dcalc / g cm–3	 1.400
μ/mm–1	 0.10
F(000)	 328
Reflections collected	 2103
Independent reflections	 2103
I ≥ 2σ(I)	 973
Rint	 0.037
R[I ≥ 2σ(I)]	 0.051
S	 0.85
wR(I)	 0.116
No. of parameters	 218
No. of restraints	 1
∆ρmin/∆ρmax (еÅ–3)	 –0.16/0.14
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catalyst (Scheme 2), with thermal activation of the reac-
tion mixture and the use of a Monowave 50 closed-type 
reactor with various yields (Table 2). Considering the pres-
ence of three electrophilic centers in 3-formylchromone, 
several directions of reactions can be expected. Taking into 
account the structure of (E)-3-{[2-oxo-5-arylfuran-3(2H)-
ylidene]methyl}-4H-1-benzopyran-4-ones 3a–f, it is as-
sumed that the initial enolization of the furanone ring in 
acetic acid occurs followed by the formation of a new C=C 
bond due to the involvement of the aldehyde group of sub-
strate 2 in the reaction.

A comparison was made of two interaction methods: 
the conventional method of thermal heating under normal 
pressure conditions and in a closed vessel reactor (Mono-
wave 50) at elevated pressure. The use of a sealed vessel reac-
tor makes it possible to increase the efficiency of the process 
by increasing the temperature and pressure of the reaction, 
which will significantly reduce its time, which is unattaina-
ble under normal conditions of conventional heating at at-
mospheric pressure and the boiling point of the solvent. The 
parameters of the two modes are presented in Table 2.

It was shown that the reaction of 5-arylfuran-2 (3H)-
ones 5a–f with 3-formylchromone 2, carried out both 
under conventional conditions and in a sealed vessel re-
actor, leads to (E)-3-{[2-oxo -5-arylfuran-3(2H)-ylidene]
methyl}-4H-1-benzopyran-4-ones 3a–f. It should be not-
ed that the use of a reactor in a sealed vessels made it pos-
sible to increase the yield of products by 8–14%, as well as 
significantly increase the efficiency of interaction, which is 
reflected in a significant reduction in reaction time com-
pared to conventional conditions (12 times) and compared 
to the literature data (20 times).18

The structure of hybrid compounds 3a-f was con-
firmed by IR, 1H, 13C NMR, NOESY spectroscopy, and 
X-ray diffraction analysis using the example of (E)-3-((2-
oxo-5-phenylfuran-3(2H)-ylidene)methyl)-4H-chromen-
4-one 3a. The IR spectra of the obtained compounds con-
tain absorption bands of the lactam carbonyl group in the 
region of 1764–1755 cm–1, as well as absorption bands of 
the carbonyl group of the 4H-chromen-4-one fragment at 
1653–1646 cm–1.

The key signals of (E)-3-{[2-oxo-5-arylfuran-3(2H)-
ylidene]methyl}-4H-1-benzopyran-4-ones 3a–f registered 
in DMSO-d6 are the proton singlet chromen-4-one frag-

ment at 9.06–9.10 ppm, singlet of the vinyl proton of the 
furan-2-one fragment at 7.44–7.67 ppm and a singlet of 
the vinyl proton of the exocyclic bond at 7.31–7.42 ppm. In 
the low-field region of the 13C NMR spectra of compounds 
3a–f, signals of the lactone carbon atom were recorded at 
168.40–168.97 ppm and the carbonyl carbon atom of the 
chromen-4-one fragment at 175.06–175.24 ppm.

Based on NMR spectroscopy, it was shown that the 
resulting compounds 3a–f exist only in the form of E-iso-
mers. Proof of this is the absence of duplication of signals 
in the 1H NMR spectra, recorded in DMSO-d6, as well as 
the presence in the NOESY 2D spectra of the example of 
compound 3a of a cross-peak at 7.59/9.09 ppm, due to the 
NOE correlation of the proton at the C–4 position of fu-
ran-2-one fragment and the proton of the C-2 position of 
the chromen-4-one fragment (Figure 2), both in general 
form and upon selective excitation within the NOESY 1D 
method, which confirms their closeness and indicates in 
favor of the E-configuration. Additional confirmation is 
the absence of NOE correlation between the vinyl proton 
of the exocyclic bond and the vinyl proton of the furan-2-
one fragment.

Figure 2. Key NOE correlation for (E)-3-((2-oxo-5-phenylfuran-

3(2H)-ylidene)methyl)-4H-chromen-4-one 3а

The synthesized compounds 3a–f, regardless of the 
reaction conditions, exist in a DMSO-d6 solution only in 
the E-configuration. To identify the features of the spatial 
structure, reaction direction and configuration of the re-

Table 2. Optimal conditions for the synthesis of hybrid structures 3a-f.

№ 		                     Reflux				                   Monowave 50
	 T, °С	 t, min	 P, bar	 Yield, %	 T, °С	 t, min	 P, bar	 Yield, %

3a	 118	 180	 1	 70	 135	 15	 4	 80
3b	 118	 180	 1	 52	 135	 15	 4	 66
3c	 118	 60	 1	 55	 135	 5	 4	 63
3d	 118	 60	 1	 82	 135	 5	 4	 90
3e	 118	 180	 1	 57	 135	 15	 4	 68
3f	 118	 180	 1	 49	 135	 15	 4	 60



533Acta Chim. Slov. 2024, 71, 528–539

Arzyamova et al.:  Synthesis of (E)-3-{[2-Oxo-5-arylfuran-3(2H)-ylidene]methyl}-4H-1-benzopyran-4-ones,    ...

sulting hybrid structures 3a–f, their theoretical study was 
carried out based on DFT calculations.19

It is known that M-base-catalyzed condensation re-
actions produce a chelate transition state, first proposed 
by Zinmerman, which has a chair conformation. This hy-
pothesis perfectly explains the possibility of obtaining a 
stereoselective result. It is possible to unambiguously es-
tablish the direction of transformation only in the case of 
intramolecular transformations.

The intermolecular nature of reactions makes it im-
possible to unambiguously determine the location of the 
reacting substances. Under the proposed conditions, in 
the acid-catalyzed transformation, enolization occurs due 
to protonation of the carbonyl group of the furan-2-one 
moiety, which leads to the formation of a planar cyclic 
conjugated system. Subsequent attack by the activated car-
bonyl group on the chromenonaldehyde can occur from 
opposite sides relative to the ring plane and ultimately 
leads to the formation of four possible isomeric aldols R1, 
R2 and S1, S2 (Scheme 3).

According to the calculated molecular geometry 
data, the R1 isomer is stabilized due to the formation of 
an intramolecular hydrogen bond, as a result of which the 
formation energy of this aldol is less important compared 
to other isomers (Figure 3).

Figure 3. Optimized structure of compound 3a (isomer R1)

The final product of the transformation in the process 
under study is 3-((2-oxo-5-phenylfuran-3(2H)-ylidene)
methyl)-4H-chromen-4-one (3a), which can exist in the 
form of four geometric isomers E1, E2 , Z1, Z2 (Scheme 4).

This result is due to the different mutual arrange-
ment of groups of atoms of the chromenone fragment due 
to its rotation around a single C–C bond within a fixed 
geometric configuration. According to calculated data, the 
probability of the formation of the R1 isomer is higher; 
subsequent dehydration processes will lead to one of the 
E forms. According to NMR spectroscopy data (the pres-
ence of a corresponding cross-peak in the NOESY 2D and 
NOESY 1D spectra) and the results of X-ray diffraction 
studies, we have a single E1 isomer as the final product of 
the reaction.

Scheme 3. Formation of possible isomeric aldols R1, R2, S1, S2
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A suitable crystal of compound 3a was grown by 
slowly cooling a saturated solution in benzene. For X-ray 
diffraction analysis, a crystal with a size of 0.6 × 0.1 × 0.02 
mm3 was selected. The crystal structure of compound 3a 
with atom labeling is shown in Figure 4. From this exper-
iment, we were able to further confirm that the final com-
pounds 3a–f are in the E1 configuration. (E)-3-((2-oxo-5-
phenylfuran-3(2H)-ylidene)methyl)-4H-chromen-4-one 
(3a) crystallizes in the non-centrosymmetric space group 
P21 with one molecule in the independent part of the unit 
cell.

The crystal packing for (E)-3-((2-oxo-5-phenyl-
furan-3(2H)-ylidene)methyl)-4H-chromen-4-one (3a) 
is shown in Figure 5, according to which the minimum 

Scheme 4. Geometric isomers E1, E2, Z1, Z2 of 3-((2-oxo-5-phenylfuran-3(2H)-ylidene)methyl)-4H-chromen-4-one (3a)

Table 3. Geometric parameters of (E)-3-((2-oxo-5-phenylfuran-
3(2H)-ylidene)methyl)-4H-chromen-4-one (3a) according to X-ray 
diffraction results.

Angle	 (°)	 Bond lengths	 (Å)

C11–C12–C16	 117.2	 С11–С12	 1.44
C11–C12-C13	 121.6	 С12–С13	 1.36
C3–C11–C12	 131.6	 С12–С16	 1.44
C4–C3–C11	 121.6	 С3–С2	 1.49
C12–C13–H13	 118.4	 С2–Н2	 0.93
C13–C12–C11–C3	 14.7	 С11–Н11	 0.93
C12–C11–C3–C2	 7.4	 С13–Н13	 0.93
H11–C11–C12–C16	 9.3		
C11–C12–C13–H13	 –6.6	 	
C4–C3–C11–C12	 –174.1	 	
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distance between two molecules oriented parallel to each 
other is 4.97 Å, which indicates the absence of effective in-
termolecular interaction of the stacking type.

The phenyl substituent practically lies in the same 
plane with the furan-2(3H)-one ring, the angle between 
the C2–C1–O1–C4–C3 and C5–C6–C7–C8–C9–C10 
planes is 6.8°. The chromenone fragment is rotated relative 
to the furan-2(3H)-one ring in such a way that the angle 
between the C2–C1–O1–C4–C3 and C17–C18–C19–
C20–C15–C14 planes is 21.1°. The C5–C6–C7–C8–C9–
C10 planes of the phenyl substituent and the C17–C18–
C19–C20–C15–C14 planes of the chromenone ring are 
located at an angle of 28.8°.

We carried out a theoretical justification for the con-
figurational features of the obtained series of compounds 
based on DFT calculations. For this purpose, the B3LYP 
functional and the 6–31G(d,p) basis set were used.

Using compound 3a as an example, the geometry 
of all 4 possible configurations (E1, E2, Z1, Z2) was op-
timized (Table 4). The first parameter that demonstrates 
the correlation of the resulting structure with the E1 form 
is the angle between the planes C14–C11–C10–O9–C5–
C4–C3–C2–C7–C6–C5 of phenylmethylenefuranone 
and C15–C16–O17–C18–C21–C22–C23–C24–C19–
C20 of chromenone fragments, which is 23.7° and corre-
sponds to that in X-ray diffraction analysis (25.01°); the 

Figure 4. General view of compound 3a in the representation of atoms by thermal ellipsoids (p = 50%).

Figure 5. The packing diagram of compound 3a
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distance between the centers of the indicated planes of 
the structures under consideration is 7.43 Å and 7.45 Å, 
respectively. A confirming factor is also the close distance 
between the H33–H31 hydrogen atoms, equal to 2.18 Å 
in the E1 structure with optimized geometry (Figure 6) 
and 2.11 Å, respectively, in the crystal of the resulting 
substance.

Figure 6. Optimized structure of compound 3a (E1 isomer)

Table 4. Geometric parameters of the optimized structures of isomers E1, E2, Z1, Z2 of com-
pound 3a.

		                          Compound
	 3а (Е1)	 3а (Е2)	 3а (Z1)	 3а (Z2)

Bond lengths (Å)				  
С14–С15	 1.45	 1.45	 1.45	 1.46
С15–С16	 1.36	 1.37	 1.37	 1.35
С15–С20	 1.48	 1.48	 1.49	 1.48
С11–С12	 1.44	 1.44	 1.44	 1.44
С12–Н31	 1.08	 1.07	 1.08	 1.08
С14–Н32	 1.09	 1.09	 1.09	 1.09
С16–Н33	 1.08	 1.08	 1.08	 1.08

Angle (°)				  
C14–C15–C20	 117.2	 126.4	 115.2	 174.9
C14–C15–C16	 123.9	 115.6	 125.9	 119.2
C11–C14–C15	 129.5	 134.1	 134.5	 126.9
C10–C11–C14	 119.8	 117.2	 129.7	 125.9
C15–C16–H33	 124.1	 122.6	 123.5	 123.4
C16–C15–C14–C11	 –22.2	 179.98	 0	 139.22
C15–C14–C11–C12	 –3.8	 0.02	 –0.004	 172.9
H32–C14–C15–C20	 –16.7	 179.97	 0	 131.4
C14–C15–C16–H33	 –1.5	 –0.001	 0	 –2.5
C10–C11–C14–C15	 177.7	 –179.99	 0	 –11.8

Figure 7. The location of the chromenone ring relative to the phenylmethylenefuranone ring in the optimized E1 molecule (A) and in the crystal 
according to X-ray diffraction analysis (B)

When comparing the values ​​of bond angles in the 
calculated model of configuration E1 with the values ​​ob-
tained from X-ray diffraction studies, it can also be noted 
that they are almost identical. The values ​​of the torsion 
angles differ, which is explained by the different rotation 
angle of the chromenone cycle plane relative to the phen-
ylmethylenefuranium plane (Figure 7).

A comparative analysis of the experimentally ob-
tained and theoretically calculated 1H NMR spectra (Table 
5) is also consistent with the above, with the exception of 
the shift of the vinyl proton of the furanone ring to a weak-
er field compared to that of the exocyclic fragment.

Table 5. Key signals of 1H NMR spectra of optimized isomer struc-
tures E1, E2, Z1, Z2 of compound 3а.

Key signals			   3а
	 Experiment		             Calculation

	  	  Е1	  Е2	 Z1	 Z2
CНfuranone	 7.59	 7.25	 8.89	 7.19	 7.09
=CН–	 7.37	 8.11	 7.31	 8.39	 7.39
CНChromone	 9.09	 9.03	 8.75	 11.29	 8.57
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If we consider the parameters of the theoretical mod-
el of the E2 isomer (Z1, Z2), then almost all the lengths of 
the compared bonds will coincide with those for the ex-
perimentally obtained one from X-ray diffraction analysis 
data. However, the values of the bond and torsion angles 
will differ. In addition, based on these values of torsion 
angles for isomeric structures, we can conclude that E2 is 
almost flat, and this configuration is stabilized due to an 
intramolecular hydrogen bond (O25–H31) 2.17 Å, which 
illustrates an even greater shift to the downfield region of 
the vinyl proton of furan-2-one ring.

Like the theoretical model E2, its isomer Z1 is planar 
and stabilized by a hydrogen bond (O13–H33) of 2.01 Å, 
which contributes to a shift in the calculated spectrum to the 
region of 11.29 ppm vinyl proton of the chromenone ring.

In contrast to the latter, the model of isomer Z2 
has an even larger angle between the phenylmethylene-
furanone and chromenone planes (C14–C11–C10–O9–
C5–C4–C6–C3–C2–C7 and C15–C16–O17–C18–C21–
C22–C23–C24–C19–C20) and amounts to 49.7°, due to 
repulsion between exocyclic oxygen atoms - oxygen of the 
furanone and chromenone rings.

Thus, a comparative analysis of data from theoreti-
cal calculations of geometry (distances, bond and torsion 
angles) and spectral data with data obtained from X-ray 
diffraction and spectral analyzes clearly shows the unam-
biguity of the formation of the E1 stereoisomer. The ob-
tained results of calculating the geometry and energy pa-
rameters of the intermediates of the condensation process 
(R and S adducts) make it possible to explain the further 
direction of the process of formation of stereoisomer E, as 
a product of dehydration of the most stable R1 isomer.

We also discovered the ability of 3-{[2-oxo-5-aryl-
furan-3(2H)-ylidene]methyl}-4H-1-benzopyran-4-ones 
3a–f to exist only in one E-configuration by electron 
spectroscopy. For compounds 3a, 3c, 3f, containing elec-
tron-donating and electron-withdrawing substituents and 
having different chromophores, electronic absorption 
spectra were recorded in various solvents (c = 2 · 10–5 
M) and various pH values. Regardless of the polarity of 
the chosen solvent and the structure of the aromatic sub-

Table 6. Characteristics of 3-{[2-oxo-5-arylfuran-3(2H)-ylidene]methyl}-4H-1-benzopyran-4-ones 3a, 3c, 3f in solvents of various polarities in 
neutral and acidic media.

№			                                    λmax, nm (А)

	 CHCl3	 CHCl3 + CH3COOH	 EtOH	 EtOH + CH3COOH	 DMSO	 DMSO + CH3COOH

3а	 248 (1.18)	 248 (1.22)	 244 (1.39)	 246 (1.60)	 —	 —
	 298 (0.45)	 298 (0.48)	 294 (0.49)	 294 (0.57)	 294 (1.13)	 294 (1.24)
	 386 (1.24)	 388 (1.27)	 384 (1.33)	 385 (1.58)	 403 (3.30)	 404 (3.40)
3с	 248 (2.17)	 248 (2.19)	 241(0.21)	 229 (1.41)	 —	 —
	 288 (0.97)	 288 (0.99)	 298 (0.11)	 299 (0.44)	 296 (0.37)	 295 (0.44)
	 391 (2.39)	 392 (2.40)	 393 (0.21)	 391 (0.68)	 396 (1.09)	 400 (1.18)
3f	 246 (0.98)	 246 (1.07)	 215 (3.18)	 231 (1.67)	 —	 —
	 281 (0.66)	 281 (0.72)	 281 (1.05)	 280 (1.07)	 280 (0.24)	 281 (0.25)
	 408 (1.15)	 409 (1.23)	 406 (1.06)	 407 (1.10)	 416 (0.42)	 414 (0.41)

Figure 8. UV/Vis absorption spectra of 3a, 3с, 3f in CHCl3, EtOH, 
DMSO



538 Acta Chim. Slov. 2024, 71, 528–539

Arzyamova et al.:  Synthesis of (E)-3-{[2-Oxo-5-arylfuran-3(2H)-ylidene]methyl}-4H-1-benzopyran-4-ones,    ...

stituent of the furan-2-one fragment, products 3a, 3c, 3f 
show three bands in solution (chloroform, ethanol), corre-
sponding to the π→π* and n→π* transitions at 215–248 nm, 
281–298 nm and 384–408 nm, respectively. In a DMSO 
solution, two bands are observed (the first band is not de-
tected due to the lower transmission limit of DMSO) at 
280–296 nm and 396–416 nm. The first two absorption 
bands correspond to the furan-2-one and chromen-4-one 
fragments. The appearance of a new absorption band in 
the long-wavelength region is associated with the forma-
tion of a single conjugation system, including both frag-
ments (Figure 8).

In DMSO, due to the high basicity and dielectric con-
stant of this solvent, which is an effective electron donor, 
the interaction between this solvent and (E)-3-((2-oxo-5-
phenylfuran-3(2H)-ylidene)methyl)- 4H-chromen-4-one 
(3a) results in a significant hyperchromic band effect at 
403 nm. When moving from the “parent” compound to 
(E)-3-((5-(4-chlorophenyl)-2-oxofuran-3(2H)-ylidene)
methyl)-4H-chromen-4-one (3с) in the case of using an 
aprotic non-polar solvent (chloroform), there is no ba-
thochromic shift of the band at 391 nm, but its hyperchro-
mic effect is also observed, which is probably associated 
with nonspecific orientational, inductive and dispersive 
interactions of this solvent with the electron-withdrawing 
substituent (–Cl). Due to the introduction of an additional 
polar group (3f) containing a lone electron pair (–OCH3 
group), a bathochromic shift (λ = 416 nm) is observed rel-
ative to compounds 3a and 3c.

In the presence of catalytic amounts of glacial acetic 
acid in all of the above solvents, the position of the bands 
does not change, while the intensity of the band (hyper-
chromic effect) corresponding to the n→π* transition 
slightly increases (Table 6).

4. Conclusions
In summary, hybrid compounds based on furan-

2(3H)-ones and chromen-4(4H)-one: (E)-3-{[2-oxo-5-
arylfuran-3(2H)-ylidene]methyl}-4H-1-benzopyran-4-
ones were prepared and structurally characterized. Using 
experimental and calculated data, they showed the proba-
ble path of transformations, the structure of the interme-
diates of the process and the final reaction products. The 
resulting hybrid compounds exist only in the E-configu-
ration.

Supplementary Material
Copies of 1H, 13C, NOESY NMR spectra of the prod-

ucts are presented in the supporting information.
CCDC–2350345 contains the supplementary crys-

tallographic data for this paper. These data can be ob-
tained free of charge at http:// www.ccdc.cam.ac.uk/const/
retrieving.html or from the Cambridge Crystallographic 

Data Centre (CCDC), 12 Union Road, Cambridge CB2 
1EZ, UK; fax: +44(0)1223-336033 or e-mail: deposit@
ccdc.cam.ac.uk.
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Povzetek
Razvili smo direktno metodo priprave hibridnih spojin (E)-3-{[2-okso-5-arilfuran-3(2H)-iliden]metil}-4H-1-benzo-
piran-4-onov, ki temeljijo na furan-2(3H)-onu in kromen-4(4H)-onu. Strukture smo potrdili z elementno analizo, IR, 
UV in NMR spektroskopijo ter z rentgensko difrakcijo monokristala. Molekulsko geomterijo sintetizirane spojine (E)-3-
((2-okso-5-fenilfuran-3(2H)-iliden)metil)-4H-kromen-4-ona (3a) smo analizirali z rentgensko difrakcijsko analizo ter 
rezultate primerjali z rezultati DFT izračunov, izvedenih s 6-311G bazno funkcijo z razcepljenimi valencami.
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Mednarodna kemijska olimpijada 2024
Andrej Godec, UL, FKKT

Slovenska šestčlanska ekipa se je vrnila iz Rijada v 
Savdski Arabiji, kjer je potekala 56. mednarodna kemijska 
olimpijada. Gre za dogodek najvišjega ranga, ki zahteva 
dobro teoretično in praktično znanje dijakov. 

Letos so Slovenijo zastopali Matej Nastran, Luka 
Gašperlin (oba gimnazija Škofja Loka), Filip Zver (gim-
nazija Ljutomer) in Gabriel Žnidaršič (Gimnazija Vič Lju-
bljana). Ekipo sva vodila glavni mentor Andrej Godec in 
mentor Darko Dolenc, oba iz Fakultete za kemijo in kemij-
sko tehnologijo v Ljubljani. 

Dijaki so v hudi konkurenci dosegli odličen uspeh: 
vsi štirje so dobili bronasto medaljo. Iskrene čestitke!

Na priloženi fotografiji smo z leve Darko, Matej, 
Gabriel, Filip, Luka in Andrej, nahajamo pa se pred stavbo 
Univerze kralja Sauda v Rijadu.

Mednarodna kemijska olimpijada obstaja od leta 
1968. Na samem dogodku imajo dijaki priložnost, da - 
poleg doseganja čimboljših rezultatov v mednarodni kon-
kurenci – srečajo podobne bistre glave iz celega sveta, in 
ohranijo stike še dolgo v bodočnost.

Priprave na olimpijado potekajo na Fakulteti za ke-
mijo in kemijsko tehnologijo v Ljubljani. Štartamo obi-
čajno januarja z okrog 100 dijaki, do konca aprila pa po 
pripravah in testih izberemo štiri najboljše. Letos je dijake 

pripravljala strokovna ekipa naše fakultete, ki so jo sestav-
ljale dr. Berta Košmrlj, dr. Marta Počkaj, dr. Darko Dolenc, 
mag. Jernej Imperl in dr. Andrej Godec. Pri prevajanju na-
log je pomagal tudi dr. Miha Lukšič.

Celotni ekipi se za opravljeno delo in požrtvovalnost 
najlepše zahvaljujemo. 

Pri organizaciji udeležbe na olimpijadi plodno sode-
lujemo z Zvezo za tehnično kulturo Slovenije, in Sloven-
skim kemijskim društvom. Obema se iskreno zahvaljuje-
mo za dragoceno pomoč. 

Letošnje olimpijade se je udeležilo 333 dijakov iz 89 
držav. Dijaki tekmujejo dva dni: najprej je na vrsti labora-
torij, potem pa še teoretični test. Vsakič imajo na voljo 5 
ur časa. Naloge so bile tudi letos zelo zahtevne; dve sta bili 
praktični, in devet teoretičnih. 

Naloge zajemajo sicer vsa področja kemije, in po-
nekod presegajo fakultetni nivo. Povezava do dogodka je 
naslednja: IChO 2024, https://www.icho2024.sa/en/Pages/
default.aspx .

Povejmo še, da lahko temperature v Savdski Arabiji 
v tem letnem času dosežejo 48 stopinj Celzija, kar je bila 
za nas, vajenih prijetnega vremena in zelene narave, prav 
posebna izkušnja.

https://www.icho2024.sa/en/Pages/default.aspx
https://www.icho2024.sa/en/Pages/default.aspx
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October 2024

6 – 10 	 INTERNATIONAL SYMPOSIUM ON CHROMATOGRAPHY (ISC2024)
	 Liverpool, United Kingdom
Information: 	 https://isc2024.org/ 

7– 11	 4TH STEM-CPD SUMMER SCHOOL
	 Palermo, Italy
Information: 	 https://ectn.eu/summer-school/ 

20–24	 5TH EUROPEAN CONFERENCE OF PHYSICAL CHEMISTRY (ECPC25)
	 Antalya, Turkey
Information: 	 https://www.euchems.eu/divisions/physical-chemistry-2/conferences/ 

20–25 	 6TH INTERNATIONAL SYMPOSIUM ON HALOGEN BONDING (ISXB6)
	 Srebreno, Croatia
Information: 	 https://isxb6.hkd.hr/  

November 2024

11–15 	 SOLUTIONS IN CHEMISTRY
	 Sveti Martin na Muri, Croatia
Information: 	 https://solutionsinchemistry.hkd.hr/ 

13–15 	� 20TH INTERNATIONAL CONFERENCE ON POLYSACCHARIDES AND GLYCOSCIENCE 
(20TH ICPG)

	 Prague, Czech Republic
Information: 	 https://www.polysaccharides.csch.cz/ 

December 2024 

9–13	� INTERNATIONAL N.I.C.E. CONFERENCE ON BIOINSPIRATION & BIOBASED 
MATERIALS – WINTER 2024

	 Nice, France
Information: 	 https://www.nice-conference.com/winter-edition/   

15–17	� 1ST ANGLO ITALIAN CHEMICAL BIOLOGY BILATERAL MEETING (AICBBM-1)
	 Perugia, Italy
Information: 	� https://www.rsc.org/events/detail/78939/1st-anglo-italian-chemical-biology-bilateral-meeting-

aicbbm-1 
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CHEMISTRY AND CHEMICAL ENGINEERING
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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-



S82 Acta Chim. Slov. 2024, 71, (3), Supplement

Društvene vesti in druge aktivnosti

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.

 
Privacy Statement
The names and email addresses entered in this journal 
site will be used exclusively for the stated purposes of 
this journal and will not be made available for any ot­
her purpose or to any other party.
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Slovensko kemijsko društvo
www.chem-soc.si
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www.setac.org
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http://www.ewa-online.eu/

European Science Foundation
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Brussels News Updates
http://www.euchems.eu/newsletters/
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Koristni naslovi



V kombinaciji z aparatom Inert Loop
S-395 Mini Spray Dryer S-300
ponuja varno delo z vzorci, ki

vsebujejo organska topila. Nivo
kisika in pretoka plina je zaradi
varnosti kontinuirno spremljan.

Prevlečen
zbiralni ciklon

Zmanjšuje izgubo vzorca
med procesom.

Programiranje
metod

Programirajte sekvenco
vzorcev za izvedbo enega
vzorca za drugim, za kar

največjo priročnost.

SI enote

Vsi parametri, kot so
npr. razpršilni in sušilni
plin ter hitrost črpalke
so na voljo v SI enotah

in so avtomatsko
regulirani. 

Oddaljen
dostop

Mini Spray Dryer S-300

Tipične aplikacije: 
Aktivne farmacevtske učinkovine, dostava zdravila, cepiva, zdravila za inhalacijo, nanotehnologija,
keramika, UV absorberji, gorivne celice, baterije, sušenje, mikronizacija, enkapsulacija aditivov,
kontrolirano sproščanje, nutracevtiki, funkcionalna hrana, arome, vitamini, proteini, probiotične
bakterije, koncentrati sokov, mleko v prahu, enkapsulacija bakterij 
in proteinov, transplantacija celic, kozmetika.

Donau Lab d.o.o.
Ljubljana Tbilisijska 85 SI-1000 Ljubljana
www.donaulab.si 
office-si@donaulab.com

Auto način

Sušenje z uporabo
organskih topil

Omogoča programiranje
aparat Mini Spray Dryer

S- 300 Advanced in
avtomatski potek metode. 

Aplikacija na katerih koli
mobilnih napravah ali
računalnikih omogoča
popolno kontrolo nad

uporabniškim vmesnikom
aparata. 

Poročila

Vsi ekperimenti se na aparatu
Mini Spray Dryer S-300
beležijo in shranjujejo v

pomnilnik. Na voljo so kot
PDF poročilo ali kot .csv

datoteka.

Zaščita vzorca

Aparat omogoča tako
monitoring izhodne

temperature, kot tudi
končne temperature

produkta. 





Hajdrihova 19, 
1000 Ljubljana 
Slovenia 
www.ki.si

Basic and applied  
research in materials, life 
sciences, biotechnology, 
chemical engineering,  
structural and theoretical 
chemistry, analytical chemistry 
and environmental protection.

In line with EU research and innovation 
priorities: nanotechnology, genomics  
and biotechnology for health, sustainable  
development, climate change, energy  
efficiency and food quality and safety.

We expand knowledge and technology transfer  
to domestic and foreign chemical, automotive and 
nanobiotechnology industries.

We are aware of the power of youth, so we transfer our 
knowledge to younger generations and offer many  
opportunities for cooperation. 

contact: mladi@ki.si
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www.kansai-helios.si

Znanje, kreativnost zaposlenih in inovacije so ključnega 
pomena v okolju, kjer nastajajo pametni premazi skupine 
KANSAI HELIOS. Z rešitvami, ki zadostijo široki paleti 
potreb, kontinuiranim razvojem ter s kakovostnimi izdelki, 
podjetje KANSAI HELIOS Slovenija predstavlja evropski 
center za inovacije in poslovni razvoj skupine Kansai Paint.

Razvoj in inovacije 
za globalno uspešnost
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This study introduces a series of innovative benzodioxepin-biphenyl 
amide derivatives, highlighting compound E4’s potent antibacterial 
activity against major bacterial strains through enzyme FabH 
inhibition. It combines synthetic optimization with thorough biological 
evaluation, promising advances in antimicrobial therapies. See more 
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