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Synthesis of poly(itaconic acid) and its application for synthesis of
pyrrolinones as a reusable homogeneous catalyst

PARYA HAMDI MOHAMADABAD, DAVOOD SETAMDIDEH*
and FATEMEH GHANBARY

Department of Chemistry, Mahabad Branch, Islamic Azad University, Mahabad, Iran
(Received 27 August 2024, revised 6 January, accepted 1 August 2025)

Abstract: In this context, poly(itaconic acid) (PIA) was synthesized through the
polymerization of itaconic acid in the presence of K,S,0g and NaH,POy,
achieving satisfactory yields of 80 % within 48 h at 55 °C. The PIA served as a
homogeneous catalyst in MeOH for the synthesis of pyrrolin-2-ones from aro-
matic aldehydes, anilines and dimethyl acetylenedicarboxylate (DMAD). The
reactions proceeded efficiently, yielding excellent results with conversion rates
of 90-95 % within 8 h at room temperature. The synthesized products were
characterized by combustion analysis (CHN), 'H-NMR, 13C-NMR and FT-IR
spectra. This method is eco-friendly and aligns with the principles of green
chemistry.

Keywords: poly(itaconic acid); pyrrolin-2-ones; green chemistry; homogeneous
catalyst.

INTRODUCTION

Polymer catalysts are useful for performing chemical reactions. Polymer cat-
alysts are polymers that possess catalytically active sites. Typically, these active
moieties are incorporated into the polymer chains. Examples include the asym-
metric Diels—Alder reaction catalyzed by a helical polymer (optically active),!
the preparation of N-methylated compounds from alcohols and urea from carb-
amates or CO, fixation by copper nanoparticles on triazine—triamine as a porous
organic polymer? and epoxidation reactions by [Cu(H,btec)(bipy)] as a metal—
—organic polymer catalyst.3 Other examples are the epoxidation of olefins by a
one-dimensional polyoxomolybdate polymer,# cascade carbon—carbon bond-
-forming reactions by CBAP-1(EDA-SO3H) as a dual-functionalized porous org-
anic polymer® and the acetalization of carbonyl compounds with alcohols by a
hierarchical porous organic polymer.® Additionally, examples include a pro-

* Corresponding author. E-mail: dsetamdideh@jiau.ac.ir; davood.setamdideh@gmail.com
https://doi.org/10.2298/ISC240827058M
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1 0 1 6 MOHAMADABAD, SETAMDIDEH and GHANBARY

moted Suzuki reaction using palladium chloride anchored on a polymer,” the
synthesis of biomass-derived alkyl levulinates by a sulfonic acid-functionalized
organic polymer® and a one-pot multistep organic transformation by a tri-func-
tional covalent triazine and carbonyl-based polymer.? To continue our inves-
tigation into the application of DOWEX, a cross-linked copolymer functionalized
to act as a heterogeneous catalyst,!0 we have decided to explore the catalytic pro-
perties of poly(itaconic acid) (PIA). Because, a comprehensive review of the
chemical literature indicates that the catalytic potential of PIA remains unexp-
lored to date. PIA was originally synthesized directly from itaconic acid (IA) by
Marvel and Shepherd in 1959.11 The PIA is a major component in some chem-
ical material such as magnetite nanocomposites!2 and hydrogels!3 (as adsorbent
materials), self-assembled clay-polyelectrolyte hydrogels,!4 gelatin-based films
(antimicrobial-active food packaging),!5 superabsorbent (a polymer network for
application in concrete as an internal curing agent),!6 encapsulator of PCMs (the
phase change materials),!7 hydrogels (for human pluripotent stem cell culture),!8
electrospun nanofibers!? and highly stable fluorescent polymer.20 In this context,
PIA was synthesized using a modified method from IA in the presence of
K»S,0g and NaH»POy4.

On the other hand, literature surveys indicate that the preparation of pyrro-
linone derivatives has been of considerable synthetic interest, driven by the moi-
ety’s significant biological activity in numerous natural products and pharma-
ceutical compounds.2!

Building on our experience in synthesizing pyrrolin-2-ones,2! we evaluated
the catalytic properties of PIA through the synthesis of these classes of com-
pounds, as illustrated in Scheme 1.

Ar-CHO
.

HO\
' CO,M
Ar'-NH; PIA PIA: Poly itaconic acid :(%{ e

O
MeOH, 8 1 5, 90-95% —
eOH, 8 hours, o }q Ay
+ Ar

MCOECE‘COQME

Scheme 1. The synthesis of pyrrolin-2-ones by poly(itaconic acid) as a homogeneous catalyst
in MeOH.

EXPERIMENTAL

All substrates and reagents were obtained from Sigma-Aldrich Company. FT-IR spectra
were recorded using a PerkinElmer FT-IR RXI instrument. 'H- and 13C-NMR spectra were
obtained on Bruker spectrometers operating at 250, 300 and 400 MHz frequencies. Gel per-
meation chromatography (GPC) experiments were conducted on an Agilent 1100 series sys-
tem. The monitoring of reaction progress was performed using Merck silica gel 60 F_254
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POLY(ITACONIC ACID) FOR SYNTHESIS OF PYRROLINONES 10 1 7

aluminum sheets. The mass spectra were recorded using a Agilent 5973N spectrometer at 70
eV. The elemental analysis was performed on the LECO-TruSpec elemental analyzer (CHN,
USA). Additionally, 'H-NMR spectroscopy and combustion analysis were utilized to assess
the purity of the synthesized products.

Synthesis of the poly(itaconic acid)(PIA)

A 250 mL flask, equipped with a magnetic stirrer and condenser, was used. An aqueous
solution was prepared consisting of itaconic acid (20 g, 153 mmol), sodium dihydrogen phos-
phate (NaH,POy4, 10 g, 83 mmol), and potassium persulfate (K,S,0g, 0.2 g, 0.739 mmol) in
100 mL of H,O. This solution was stirred at a temperature of 55 °C for 48 h. After this, the
solution was gradually added to acetone. The PIA was precipitated out of the solution and was
then collected through filtration and redissolved in water. This was followed by reprecipit-
ation from acetone, and then the precipitate was dried under reduced pressure. The PIA was
obtained as a white powder, with a yield of 80 % or 16 g.

A typical procedure: The synthesis of 1,5-diphenyl-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-
-2-one (1a) in the presence of the PIA as a homogeneous catalyst in MeOH

A mixture of benzaldehyde (0.106 g, 1 mmol), aniline (0.93 g, 1 mmol) and PIA (0.2 g)
was prepared in a 25 mL round-bottomed flask using 5 mL of methanol. This mixture was
stirred at room temperature for 30 min using a magnetic stirrer. After that, dimethyl acetylene-
dicarboxylate (DMAD, 0.142 g, 1 mmol) was added to the reaction mixture. The reaction was
monitored by thin layer chromatography (TLC) using an ethyl acetate/n-hexane solvent sys-
tem (1:1 ratio) and completed within 8 h. Following the completion of the reaction, the pre-
cipitate was filtered and washed with distilled water (3x5 mL). The product was then purified
through crystallization from ethanol (which was dried over anhydrous sodium sulfate). The
corresponding pyrrolin-2-one was obtained in an excellent yield of 90 % (0.28 g) as a white
powder with a melting point range of 182-183 °C (180182 °C2!). The product was charac-
terized using by combustion analysis (CHN), 'H-NMR, 3C-NMR and FT-IR spectra. The
corresponding data are given in the Supplementary material to his paper.

Additionally, PIA was recovered from water by the addition of acetone, achieving a yield
of 95 % (0.19 g). In this procedure, water was initially evaporated using a laboratory rotary
evaporator, leaving behind 12—13 mL of water. This method was employed to minimize ace-
tone usage.

RESULT AND DISCUSSION

Marvel et al. synthesized poly(itaconic acid) from itaconic acid using potas-
sium persulfate (K,S,0g) and hydrochloric acid (HCI, 0.5 M), achieving low
yields of 35 %.11 To improve this process, several methods have been published,
and the results of these modifications have been summarized in Table L.

The PIA was synthesized following the protocol outlined by Marvel et al.
(entry 2, Table I), with modifications (entry 1, Table I) as presented in Scheme 2.
The polymerization process was conducted at 55 °C to prevent decarboxylation.
The new conditions provide several benefits, such as the ready availability of
reagents, safer handling, and increased yield, along with reduced processing
times compared to some existing protocols.

The PIA obtained was characterized by an FT-IR, 'H-NMR and GPC
spectra. In the FT-IR spectrum of itaconic acid (Fig. 1), bands appear at 3027
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1 01 8 MOHAMADABAD, SETAMDIDEH and GHANBARY

cm! (attributed to =C—H stretching vibration), 1636 cm™! (attributed to C=C
stretching vibration) and 913 cm™! (attributed to =C—H bending vibration). These
absorptions were not present in the PIA spectrum, indicating successful synthesis
of the polymer. It is important to note that although the acid has the potential to
form polyester by creating ester bonds, the stretching band for the C=0 in the
FT-IR spectrum of PIA (Fig. 1B) appeared at 1717 cm™!, which does not align
with the expected stretching band for C=0 esters in the range of 1735-1750 cm1.
Therefore, it can be concluded that polyester formation does not occur under
these conditions.

TABLE I. Synthesis of poly(itaconic acid) (PIA) by different protocols from itaconic acid (IA)

Entry Reagents t/°C Time,h Yield/% Reference
1 IA (77 mmol in 50 mL H,0), K,S,05 (2.9 % in 55 48 80 Current

HzO), NaH2P04 (9 % in Hzo) work
2 IA (145 mmol), K,S,05 (0.37 mmol), HC1 (0.5 50 68 35 11

M, 50 mL)
3 IA (38.5 mmol), K,S,0g4 (0.92 mmol), K,S,05 25 72 70 22,23
(1.1 mmol), HCI (0.1 M, 50 mL)
4 IA (770 mmol), NaOH (31 g, in 50 mL H,0), 80 1 90 24
tert-butyl hydroperoxide (0.5 mL, 70 %)
5 IA (39 mmol, in 25 mL H,0), (NH,),S,05 55 48-96  50-62 25
(2 mmol), choline chloride (0.91 g)
6 IA (20 mmol), choline chloride (20 mmol), 110/1 h 3 80 26
(NHy4),S,04 (1 mmol in 0.36 ml of distilled  65/2 h
water)
COH  K,8,04 (0.2 g, 0.739 mmol) CO,H

NaH,PO, (10 g, 83 mmol)
CO,H H,O (100 mL), 55 °C, 48 hours

n
HO,C
(20 g, 153 mmol) (16 g, yield: 80%)

Scheme 2. The polymerization of the itaconic acid (IA) to the poly(itaconic acid) (PIA).

The 'H-NMR spectrum for poly(itaconic acid) was recorded in D,O. The
absence of peaks corresponding to olefinic hydrogens suggests that no mono-
meric itaconic acid remained within the polymer network, confirming successful
polymerization. The other observed peaks in the spectrum were assigned to the
appropriate hydrogen groups, as illustrated in Fig. 2.

The polymers were characterized using gel permeation chromatography
(GPC). A Waters chromatography system was utilized for the GPC measure-
ments, which employed 0.1 M NaNOj as the eluent at a flow rate of 1 mL min!.
The samples were analyzed at a concentration of 1 mg mL-! and a temperature of
23 °C. Calibration was effectively performed using polystyrene standards sup-
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plied by Polymer Standards Service. The obtained chromatogram is shown in
Fig. 3. The results of the GPC measurements for synthesized poly(itaconic acid)

are summarized in Table II.

(B): Poly(Itaconic acid)
51309

142938

122088 195902 4920

171743

296703

344505

N‘\‘\

(A): Itaconic acid

262268

170097 143721 130930 1168.13

307870

04T 292307 121662

3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 4500

Wavelength (cm™)
Fig. 1. FT-IR (KBr) spectra of: A) the itaconic acid; B) the poly(itaconic acid).

328
Fin
COH
a b
n
HO,C
acetone
|
g
15 14 13 12 1 10 9 8 7 6 4 3 2 1 0 1 2 -3
f1 (ppm)

Fig. 2. 'H-NMR of poly(itaconic acid) sample in D,O.
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orm. g}
4000
3500 -
3000
2500
2000
1500 -
1000
500 +

04

T T T T T
0 5 10 15 20 25 min

Fig. 3. Gel permeation chromatography (GPC) trace of poly(itaconic acid).

TABLE II. Synthesis parameters and GPC results of poly(itaconic acid) polymerized at 55 °C
for 48 h. Z-average molecular weight (M;), number average molecular weight (M,), weight
average molecular weight (My,) and polydispersity index (PDI) = M,,/M,, calculated from GPC
data

Retention time Peak area M, M, M,
1 0, -1 -1 -1 PDI
min % g mol g mol g mol
19.629 100 49251 41654 34879 1.1942

Analysis of the GPC chromatogram data revealed one distinct peak with a
retention time of 19.629 min with accounts for a percentage of 100 % total peak
area, indicating that it constitutes the major component of the sample. Further-
more, |H-NMR and FT-IR spectroscopic analyses have detected no impurities,
by-products or additives. Therefore, the chromatographic result is consistent with
other analytical methods, ruling out the presence of non-polymer materials.

PIA demonstrates versatile solubility properties, being soluble in methanol
and water which makes it a potential candidate for use as a homogeneous catal-
yst, especially due to the acidic nature (pH 4) of its aqueous solution. This feature
allows it to effectively load hydronium ions in methanol-based reactions, creating
a moderately acidic environment ideal for moisture-insensitive organic reactions.

A review of the chemistry literature revealed that the catalytic properties of
PIA have not been explored to date. The catalytic capabilities of PIA can be exp-
lored in a variety of organic reactions. Additionally, this polymer is insoluble in
ethanol, propanol and acetone but exhibits solubility in water and methanol.!!
Given that pyrrolin-2-ones are frequently synthesized in methanol,2! the use of
PIA in this synthesis presents a valuable opportunity to evaluate its catalytic effi-
ciency. The synthesis of pyrrolin-2-one derivatives using PIA as a homogeneous
catalyst in methanol could provide significant insights into its catalytic properties
and potential applications in organic synthesis.
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POLY(ITACONIC ACID) FOR SYNTHESIS OF PYRROLINONES 102 1

A one-pot and three-component synthesis was carried out for the preparation
of 3-acyl-5-hydroxy-3-pyrrolin-2-ones from ArCHO, ArNH; and dimethyl acet-
ylenedicarboxylate (DMAD) by PIA as a homogeneous catalyst in MeOH as
shown in Scheme 3. The synthesis process of 3-acyl-5-hydroxy-3-pyrrolin-2-
-ones demonstrates efficiency when PIA is used as a catalyst. Using 0.2 g of PIA
has been identified as the optimally efficient quantity for converting benzalde-
hyde, aniline and dimethyl acetylenedicarboxylate in methanol at room tempe-
rature. This highlights the usefulness of PIA in this context. In particular, the
derivative 1,5-diphenyl-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-2-one
(1a) achieved high yields of 90 % within 8 h in methanol. Comparing this to the
lack of significant yield without a catalyst or with itaconic acid further empha-
sizes the superior catalytic role of PIA in this synthesis.

MeOH (5 mL)

24 hours, RT, 0% O
COMe
Itaconic acid (0.2 &) MGOZC\/;;
I+ panmg 3 o
ph N
Ph

FRCHO -+ MeOH (5 mLy (5 mLY,
COMe 24 hours, RT, 30%
4 PIA (0.2 g}, RT, 90% _
{1 mmol) (I mmol) {1 mmol) MeOH (5 mL), § hours; (la}

Scheme 3. Comparison of the synthesis of 1,5-diphenyl-3-hydroxy-4-methoxycarbonyl-3-pyr-
rolin-2-one (1a) without catalyst and by the PIA as a heterogeneous catalyst in ethanol.

The efficiency of these procedures was evaluated through the synthesis of
additional derivatives of 3-acyl-5-hydroxy-3-pyrrolin-2-one under optimized
reaction conditions. The corresponding products were synthesized with excellent
yields of 90-95 % were achieved in MeOH as indicated in Table III. The pro-
ducts were characterized by CHN, IH-NMR, 13C-NMR and FT-IR (KBr). Also,
the melting point was measured and compared with appropriate references.

TABLE III. The synthesis of pyrrolin-2-ones from Ar-CHO (1 mmol), Ar-NHz (1 mmol),
DMAD (1 mmol) and the PIA (0.2 g) in MeOH (5 mL) at room temperature; the yields were
referred to isolated products. The purity of the products was determined by 'H-NMR

Entry Ar-CHO Ar-NH, m.p./°C m.p. (lit.) / °C Yield / %
1a2127.28 Ph Ph 182-183 180182 90
222127 4-Br-Ph 4-Br-Ph 217-219 218-220 92
3a30 Ph 4-MeO-Ph 171-173 170-171 90
422! 2-Cl-Ph 4-MeO-Ph 191-193 192-194 90
5321 4-Br-Ph 4-Me-Ph 170-172 170-172 95
6a2! 2-Cl-Ph 4-Me-Ph 192-194 193-194 90
7a2! 3-Br-Ph 4-MeO-Ph 170-171 170-171 94

As illustrated in Scheme 4, the synthesis of pyrrolin-2-ones involves a multi-
-step process, where PIA plays a crucial role in activating and transforming the
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reactants. The first step involves the acid surface of PIA activating the aldehyde
functional group, enabling it to react with aniline and form an imine intermediate.
In the subsequent condensation reaction, water molecules are released and react
with dimethyl acetylenedicarboxylate, generating a 1,3-dipolar intermediate.2%
This intermediate then adds to the activated imine. The following reaction inv-
olves the amino group attacking one of the ester groups through an intramole-
cular process. The reaction proceeds through five-membered ring formation,
establishing the pyrrolin-2-one system. Notably, the enol form represents the
more stable configuration in these compounds. It is noteworthy that PIA facil-
itates this step of the reaction, further highlighting its catalytic proficiency in the
synthesis of pyrrolin-2-ones. The PIA, once recovered, can be used in subsequent
reaction cycles without any limitations. Despite this, there was no observation of
leakage from the catalyst or its components in the products.
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Scheme 4. The proposed mechanism for the synthesis of pyrrolin-2-one derivatives by the
PIA.
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Comparisons between these protocols and other reported methods for syn-
thesizing pyrrolin-2-one derivatives are presented in Table IV. Based on the
results obtained, the PIA catalyst exhibits a favorable profile for the synthesis of
the pyrrolinone skeleton. The higher product yields, shorter reaction times, and
the polymer’s recyclability, compared to some existing methods, represent its key
catalytic advantages.

TABLE IV. Comparison of synthesis of product 1a by different methods in the litrature?!

Entry Protocol Yield/ % Time Reusable catalyst Reference

1 PIA in MeOH 90 8h Yes Current

2 Fe;04@PEG-400@O0A 94 24 h Yes 2la

3 AmberChrom/EtOH 90 24 h Yes 21b

4 Fe;04@NH,@O0A 95 8h Yes 21c

5 TiO, admicelle/H,O 75 18h Non 27

6 Fe;04@Si0,@propyl-ANDSA/EtOH 87 8h Yes 28

7 P-TsOH/EtOH 62 24 h Non 29

8 EtOH/H,O 87 15h Non 30

9 Citric acid/US/EtOH 90 20 min Non 31

10 P-TsOH/MW/EtOH 96 6 min No 32

11 [bmim]BF4/PEG-400 89 lh Yes 33

12 MW/[BBSI]Cl/glycol 90 5 min Yes 34

13 [BBSI]Cl/ball milling 90 25 min Yes 35
CONCLUSION

In this study, poly(itaconic acid) (PIA) was synthesized using potassium
persulfate and sodium dihydrogen phosphate with a good yield of 80 % within 48
h at 55 °C. Notably, this represents the first reported application of PIA as a
homogeneous catalyst. When employed in methanol for pyrrolin-2-one synthesis,
PIA demonstrated satisfactory catalytic performance. Compared to some existing
methods, this polymer offers significant catalytic advantages, such as higher pro-
duct yields, shorter reaction times and recyclability. Consequently, PIA can be
introduced as a convenient and reusable catalyst for conducting organic reactions
with a green profile. Future research could be directed toward examining the cat-
alytic properties of PIA derivatives, such as novel co-polymers, for executing
organic reactions.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13026, or from the correspond-
ing author on request.
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n3BOJ

CUHTE3A ITOJTU(MTAKOHCKE KUCEJIMHE) U IbEHA ITPUMEHA KAO BEIIEKPATHOT
XOMOTEHOT KATAJIM3ATOPA 3A CHUHTE3Y ITMPOJIMHOHA

PARYA HAMDI MOHAMADABAD, DAVOOD SETAMDIDEH u FATEMEH GHANBARY
Department of Chemistry, Mahabad Branch, Islamic Azad University, Mahabad, Iran

[Monu(urtakoHcka kucennHa) (PIA) je cHHTTHCAaHA TONMMMeEpPH3alHjOM HTAaKOHCKe KUCEeTHHe
y mpucyctsy K,S,0g u NaH,PO,, y nodpom mputocy or 80 %, Tokom 48 h, Ha TeMneparypu on
55 °C. PIA je xopuurheHa Kao XOMOTeHM KaTaju3aToOp 3a CHHTe3y NMUPOIUH-2-OHA W3 apoMa-
THUYHUX a/IJeXua, aHWINHA U JUMeTHI-aueTuneHgukapdokcunara (DMAD). Peaknuja ce Bpimu
y METaHOIy, y KPaTKOM PeakLIMOHOM BPEMEHY, y OIIMYHOM IpHuHOCy off 90-95 %, Tokom 8 h Ha
co0HOj TemnepaTypu. CHHTETHCAaHU NPOU3BOOY OKpaKaTpEHCaHU Cy MukpoaHanuzom (CHN),
1H-NMR, 13C-NMR u FT-IR cnextpuma. OmicaHa MeTOJa je eKONMOIIKH NMPHUXBAT/bMBA H Y
CKJIaZly je ca MPUHIIMIMMA 3€eJIEHE XEMU]E.

(ITpummeno 28. aBrycta 2024, peBupupaHo 6. janyapa, mpuxsaheHo 1. asrycra 2025)
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Synthesis of poly(itaconic acid) and its application for synthesis of
pyrrolinones as a reusable homogeneous catalyst
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1,5-diphenyl-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-2-one (1a)

White powder, MeOH (8 hours, yields: 90%), mp 182-183 °C (180-182 °C [21, 27-28]).
FT-IR (KBr)(cm™): 3260 (OH), 2958, 1702 (C=0), 1680 (C=0), 1498, 1382, 1232, 1002. 'H-
NMR (400 MHz, DMSO-d6): & 3.60 (s, 3H, CH3), 6.10 (s, 1H, CH), 7.07-7.62 (m, 10 H, Ar
and OH); *C NMR (100 MHz, DMSO-d6): & 50.55, 61.05, 112.35, 122.96, 125.80, 128.13,
128.38, 128.73, 129.13, 136.74, 137.00, 153.14, 162.96 (C=0), 164.49 (C=0). Anal. Calcd

for CisH1sNO4: C (%), 69.89; H (%), 4.89; N (%), 4.53. Found: C (%), 69.92; H (%), 4.81; N
(%), 4.48.
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Fig. S-1. FT-IR (KBr, cm™) spectrum of compound 1a.
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Fig. S-2. 'TH-NMR (400 MHz, DMSO-d6, 8/ppm) spectrum of compound 1a.
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Fig. S-3. *C-NMR (100 MHz, DMSO-dé6, 8/ppm) spectrum of compound 1a.
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1-(4-bromophenyl)-5-(4-bromophenyl)-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-2-one (2a)

The white solid, MeOH (8 hours, yields: 92%), mp 217-219 °C (218-220 °C [21, 27]).
FT-IR (KBr): vmax(cm™') :3234 (OH), 2951, 1709 (C=0), 1684 (C=0), 1491, 1372, 1233,
1133;'H-NMR (400 MHz, DMSO-d6) 3H: 3.83 (s, 3H, OCHs3), 6.07 (s, 1H, CH), 7.24-8.63
(m, 8 H, Ar). BC-NMR (100 MHz, DMSO-d6) & C: 51.35, 60.10, 110.15, 118.05, 121.43,
124.61, 130.40, 131.66, 132.04, 136.13, 137.17, 155.27, 163.26, 165.28 (C=0). Anal. Calcd
for CisH13Br2NO4: C (%), 46.28; H (%), 2.81; N (%), 3.00. Found: C (%), 46.38; H (%), 2.75;
N (%), 2.93.
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Fig. S-5. 'H-NMR (400 MHz, DMSO-d6, 8/ppm) spectrum of compound 2a.
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Fig. S-6. *C-NMR (100 MHz, DMSO-d6, 8/ppm) spectrum of compound 2a.

1-(4-methoxyphenyl)-5-phenyl-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-2-one (3a)

White solid, MeOH (8 hours, yields: 90%), 171-173 °C (170-171°C [30]). FT-IR (KBr):
vmax(cm™1) :3232 (OH), 2952, 1709 (C=0), 1679 (C=0), 1494, 1374, 1231, 1134; 'H-NMR
(250.13 MHz, CDCls) 8H: 3.72 (s, 3H, OCH3), 5.69 (s, 1H, CH), 7.21-7.36 (m, 9 H, Ar). The
BC-NMR (62.90 MHz, CDCl3) § C: 52.10, 58.47, 61.43, 112.99, 119.03, 123.48, 127.35,
128.81, 132.03, 134.62, 135.30, 155.87, 162.83 (C=0), 165.11 (C=0). Anal. Calcd for
CioH17NO:s: C (%), 67.25; H (%), 5.05; N (%), 4.13. Found: C (%), 67.31; H (%), 4.98; N (%),
4.00.
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Fig. S-7. FT-IR (KBr, cm-1) spectrum of compound 3a.

Available online at https://www.shd.org.rs/JSCS/

(CC) 2025 Serbian Chemical Society.



S3 14 MOHAMADABAD, SETAMDIDEH and GHANBARY

|I-' n;l W -
b
OH
MeO,C
—
o]
N
OMe 1.‘ ’
I 1 I-I 3 1 1 o '; ] 7 & I Il ; I I I I I

OH
MeO5C
=t
N
OMe
|||

| R, T | T | ey Fm oy i i A [ AT EEEE T ™ T T
FEL ane b Léo 140 L0 Lo By 1 40 a0 ¢ ppm

Fig. S-9. PC-NMR (62.90 MHz, CDCls, 8/ppm) spectrum of compound 3a.
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1-(4-methoxyphenyl)-5-(2-chlorophenyl)-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-2-one (4a)

The brown solid, MeOH (8 hours, yields: 90%), m.p. 191-193°C (192-194 °C [21]. FT-
IR (KBr)(cm™): 3198 (OH), 2954, 1701 (C=0), 1684 (C=0), 1533, 1351, 1250, 1029. 'H-
NMR ((250.13 MHz, CDCl3)) & 3.62 (s, 3H, OCH3), 3.71 (s, 3H, OCHz), 6.37 (s, 1H, CH),
6.77-7.37 (m, 8 H, Ar), 9.11 (br s, 1H, OH). *C-NMR (63 MHz, CDCl3) § 52.03, 55.30,
57.05, 112.40, 114.24, 123.77, 126.91, 127.44, 128.82, 129.77, 132.67, 134.96, 156.86,
157.60, 162.72 (C=0), 165.09 (C=0). Anal. Calcd. for CisHisCINOs (373.79) C (%), 61.05; H
(%), 4.31; Cl (%), 9.48; N (%), 3.75. Found: C (%), 61.15; H (%), 4.39; Cl (%), 9.37; N (%),
3.90.
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Fig. S-10. FT-IR (KBr, cm-1) spectrum of compound 4a.
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Fig. S-11. 'TH-NMR (250 MHz, CDCls, 8/ppm) spectrum of compound 4a.

O 04 O WD WD T T A e B O
e T - T = =
------------- v = = m oo
Wirg = WO = NS - WM w0y * - * -
O A0 AT LT 04 e e P e = - = 4
S I R i (e ke (R R Lol u

OMe

T T T T T
&0 40 20 =i =]

mwumu_u.ljuumu. 'H.dlmu.. b e IRTETIT Ny U R |
T Y T T T T T T T T T T
100 8D

T T T T T
220 200 180 180 140 120

Fig. S-12. *C-NMR (63 MHz, CDCls, 8/ppm) spectrum of compound 4a.
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Fig. S-13. Mass spectrum of compound 4a.

1-(4-bromophenyl)-5-(4-methylphenyl)-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-2-one (5a)

The cream powder; MeOH (8 hours, yields: 95%), m.p. 170-172 °C (170-172 °C [21].
FT-IR (KBr): vma(cm™) :3167 (OH), 2951, 1724 (C=0), 1667 (C=0), 1515, 1383, 1230,
1010; 'H-NMR (250.13 MHz, CDCl3) 8H: 2.16 (s, 3H, CH3), 3.56 (s, 3H, OCH3), 6.02 (s, 1H,
CH), 7.04-7.42 (m, 8 H, Ar), 11.90 (br s, 1H, OH). BC-NMR (62.90 MHz, CDCl;) § C:
20.85, 51.57, 60.39, 111.72, 121.46, 122.97, 129.65, 130.40, 131.65, 133.95, 136.66, 153.38,
162.88 (C=0), 164.16 (C=0). Mass (m/z): 403.1 (M™+2), 401.1 (M"), 369.1, 342.1, 267.0,
236.0, 208.0, 180.0, 157.1 (100%), 133.1, 115.1, 91.2, 65.2. ). Anal. Calcd for CisH1sBrNO4:
C (%), 56.73; H (%), 4.01; N (%), 3.48. Found: C (%), 56.55; H (%), 4.15; N (%), 3.60.
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Fig. S-14. FT-IR (KBr, cm-1) spectrum of compound 5Sa.
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Fig. S-15. 'H-NMR (250 MHz, CDCls, 8/ppm) spectrum of compound Sa.
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Fig. S-16. *C-NMR (62.9 MHz, CDCls, 8/ppm) spectrum of compound 5a.
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Fig. S-17. Mass spectrum of compound 5a.
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1-(4-methylphenyl)-5-(2-cholorophenyl)-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-2-one (6a)

The white solid, MeOH (8 hours, yields: 90%), m.p. 192-194 °C (193-194 °C [21]. FT-
IR (KBr): vmax(cm™'):3310 (OH), 2954, 1706 (C=0), 1680 (C=0), 1516, 1374, 1222, 1009;
'H-NMR (250.13 MHz, CDCl3) 8H: 2.23 (s, 3H, CHa), 3.72 (s, 3H, OCHz), 6.40 (s, 1H, CH),
6.96-7.38 (m, 8 H, Ar), 9.10 (br s, 1H, OH). *C-NMR (62.90 MHz, CDCls) § C: 20.87,
52.05, 56.66, 112.52, 121.78, 126.87, 127.46, 129.62, 132.70, 133.34, 135.80, 156.88, 162.66
(C=0), 165.19 (C=0). Mass (m/z): 359.2 (M'+2), 357.2 (M"), 325.1, 290.1, 262.1, 228.1,
164.1 (100%), 133.1, 115.1 91.1, 65.1. ). Anal. Calcd for Ci9HisCINOa: C (%), 63.78; H (%),
4.51; N (%), 3.91. Found: C (%), 63.59; H (%), 4.40; N (%), 3.77.
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Fig. S-18. FT-IR (KBr, cm-1) spectrum of compound 6a.
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Fig. S-19. 'H-NMR (250 MHz, CDCls, 8/ppm) spectrum of compound 6a.
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Fig. S-20. *C-NMR (62.9 MHz, CDCls, 8/ppm) spectrum of compound 6a.
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Fig. S-21. Mass spectrum of compound 6a.
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1-(4-methoxyphenyl)-5-(3-bromophenyl)-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-2-one (7a)

The cream solid, MeOH (8 hours, yields: 94%), 170-171 °C (170-171 °C [21]. FT-IR

(KBr): vma(cm™') :3198 (OH), 2954, 1707 (C=0), 1683 (C=0), 1514, 1385, 1254, 1132; 'H-
NMR (250.13 MHz, CDCls) 8H: 3.72 (s, 3H, OCH3), 3.74 (s, 3H, OCHs), 5.59 (s, 1H, CH),
6.78-7.36 (m, 8H, Ar). BC-NMR (62.90 MHz, CDCL) & C: 52.10, 55.34, 61.56, 112.17,
114.37, 122.59, 124.44, 126.28, 128.62, 130.22, 130.46, 131.78, 137.53, 156.22, 157.80,
162.77 (C=0), 164.83 (C=0). Mass (m/z): 419.1 (M™+2), 417.1 (M), 387.1, 208.0, 149.2
(100%), 101.1, 77.2. Anal. Calcd for CisHi6BINOs: C (%), 54.56; H (%), 3.86; N (%), 3.35.
Found: C (%), 54.45; H (%), 3.98; N (%), 3.48.
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Fig. S-23. 'TH-NMR (250 MHz, CDCls, 8/ppm) spectrum of compound 7a.
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Abstract: In this study, the interaction between a synthesized monoazo disperse
dye and calf thymus DNA (Ct-DNA) was investigated via UV—Vis spectro-
scopy, fluorescence and FT-IR spectroscopy and molecular docking calcul-
ations. Hypochromic effects on the absorbance and quenching of fluorescence
were observed, revealing the binding of azo dye to Ct-DNA. Upon the addition
of Ct-DNA, the azo dye showed a hypochromic effect and a small redshift in
the wavelength of the absorption spectra, suggesting a groove binding mode of
interaction of this probe with Ct-DNA, which was confirmed by the molecular
docking results. The values of the binding constant were calculated from the
maximum absorption spectra of the azo dye at various Ct-DNA concentrations
at several temperatures and the corresponding thermodynamic parameters AG°,
AH° and AS° were obtained. In addition, fluorescence resonance energy trans-
fer showed that the distance between the donor (EB-Ct-DNA) and acceptor
(azo dye) is suitable for energy transfer. Molecular docking analysis revealed
that hydrogen bonds and m-electrons on the benzene ring of the azo dye are
crucial for binding the azo dye to Ct-DNA. The results of the molecular dock-
ing investigations corroborate well with those of the spectral studies and these
probes bind to the minor groove of Ct-DNA.

Keywords: calf thymus DNA; fluorescence spectroscopy; molecular modeling;
UV-Vis spectroscopy; synthesized azo dyes.

INTRODUCTION

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are the two main
forms of nucleic acid. All living organisms, including multicellular mammals and
single-celled bacteria, have DNA as their genetic material.! DNA is a medium
for storing information. For DNA to serve this purpose and maintain information
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1 028 JAMPOUR-KOLOUR and DEZHAMPANAH

for an organism’s lifetime, which for certain trees may span many millennia, it
must be incredibly stable. DNA is found in the nucleus of eukaryotic cells, as
well as in organelles such as mitochondria and chloroplasts. Like most biological
molecules, the structure of DNA is closely related to its function, which involves
storing genetic information.

A single strand can always be converted into a complimentary strand owing
to the particular hydrogen bond pairing between the GC and AT bases. While
these hydrogen bonds help stabilize the double helix structure, they can be dis-
rupted when the DNA needs to be accessed.?

When proteins are translated, the information needed to code for amino acids
is contained in the base sequence. Through interactions with proteins involved in
DNA packaging and regulation, DNA sequences that do not directly encode
amino acids can transmit crucial information. The sequences that are accessible
to DNA-interacting proteins can vary according to the major and minor grooves
of DNA.3

DNA serves as a crucial intracellular target, making the design and synthesis
of DNA-binding ligands an important area of focus in cancer therapy. The bind-
ing of these ligands can cause significant changes in the locations and affinities
of DNA binding modes. This offers critical information for creating DNA probes
specific to certain sites and possible chemotherapeutic drugs.# In recent years,
extensive research has been conducted on the interactions between bioactive
molecules and DNA, as these studies offer insights into the origins of diseases
and the structural properties of DNA and contribute to the design of new chemo-
therapeutic agents.>

Azo dyes are the oldest and most widely used class of industrially manufac-
tured organic dyes because of their many uses in biological research and applic-
ations and in the coloring of textiles, leather, paper, food and cosmetic items.
Additionally, they are employed in high-tech fields such as dye-sensitized solar
cells, lasers and photodynamic treatment.® Azo dyes, particularly azo dispersion
dyes, contain hydrogen atoms in their molecules; they are traditionally utilized
primarily for their classical application in dyeing fibers, for example. In the res-
earch of solvent and substituent effects on the Ay,x values of produced dyes,
azobenzene dyes with donor and acceptor terminal groups in conjugated systems
of dyes have been used and applied in recent years.” These dyes demonstrate not-
able biological properties and their antibiotic, antifungal and anti-HIV effects
render them highly valuable in medicinal chemistry. However, despite their
broad applications, azo dyes are known to be carcinogenic when they interact
with DNA, leading to mutations.8-10

Many studies conducted recently have concentrated on the synthesis and
structural characteristics of azo dyes. These advancements have inspired inorg-
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BINDING OF AZO DYE WITH DNA 1029

anic chemists to explore new techniques for developing more effective and tar-
geted drugs involving azo dyes.!1-13

The intriguing physicochemical properties of azo compounds have made
them compelling subjects of study in physical biochemistry. Their potential to
interact with biomolecules such as DNA through intercalation or groove binding
offers a unique platform for exploring fundamental molecular interactions. Inves-
tigating these interactions not only enhances our understanding of DNA—drug
binding mechanisms but also contributes to the rational design of bioactive com-
pounds with diagnostic or therapeutic applications.!4 Therefore, this study aims
to bridge the gap between synthetic azo chemistry and the biophysical explor-
ation of Ct-DNA interactions.

In the present research, the molecular details of the interaction between the
synthetic azo dye (Scheme 1) and calf thymus DNA (Ct-DNA) were investigated
systematically via various spectral techniques, such as synchronous fluorescence,
Fourier transform infrared (FT-IR) spectroscopy, ultraviolet—visible spectroscopy
and molecular docking studies. The main objectives, therefore, of the present
study are to determine the binding constant, binding mode, Stern—Volmer cons-
tant (Kgy) and rate constant for quenching (kq), which can be determined by opti-
cal absorption, fluorescence spectroscopy and molecular docking. A complete
understanding of the BAE-Ct-DNA binding mechanism and the factors that
influence it would contribute to the design of new anticancer, antiviral and anti-
bacterial drugs. The chemical structure and IUPAC name of this mono-azo dis-
perse dye derivative are given in Scheme 1, and the abbreviation BAE is used in
this document.

O

Scheme 1. Molecular structure of (£)-2,2'-((4-((4-bromophenyl)diazenyl)phenyl)azanediyl)-
bis(ethan-1-ol) (BAE).

EXPERIMENTAL
Materials

Calf thymus DNA from Sigma—Aldrich was dissolved in double-distilled water and
stored in the dark at 4 °C. The Ct-DNA solution concentration (3.44x10-3 M) was determined
via an extinction coefficient of 13200 M-! cm! at 260 nm. '3

The azo dye BAE was synthesized based on established literature.!® A stock solution of
the azo dye (2x10-3 M) was prepared in ethanol and then diluted with 5 mM phosphate buffer
to the final concentration. The dye solution was stored in the dark at 4 °C and used fresh after
preparation. All the analyses were conducted with 5 mM phosphate buffer at pH 7.20.!7
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1 030 JAMPOUR-KOLOUR and DEZHAMPANAH

UV=Vis absorption spectroscopy

A UV-Vis spectrometer was used to record absorption spectra under simulated physio-
logical conditions (pH 7.2) via an Agilent Technologies UV-1601 spectrophotometer. The
absorption measurements were taken at a constant concentration of azo dye (67.63 uM) and
various concentrations of Ct-DNA (0-31 uM) across temperatures ranging from 298.2 to
313.2 K. A 10 mm quartz cell was employed for measurements in the wavelength range of
300-550 nm. The UV-Vis titration experiments were conducted by adding the Ct-DNA stock
solution to a 1 ml cuvette containing the azo dye solution at the appropriate concentration.

Fluorescence spectroscopy study

Similar to the absorption spectra titration experiments, the emission spectra of ethidium
bromide (EB) bound to Ct-DNA in the absence and presence of BAE were recorded using a
Varian Cary Eclipse spectrofluorometer. A 1.5 ml sample of an EB solution with a fixed con-
centration (70 uM) was mixed with 330 ml of Ct-DNA solution (209 pM) in a 10 mm quartz
cuvette at 25 °C. The mixture of EB-Ct-DNA was titrated with 5 to 463 pl of BAE solution in
phosphate buffer. The solutions were excited at 450 nm, and the emitted light intensity was
measured at 550700 nm. The temperature was held constant at 1 °C during the titration exp-
eriments.

The fluorescence intensity of EB-Ct-DNA complex was corrected for the inner filter
effect using the following equation:!8

Feor = 10(I‘IH—AZ)/ZFobs (Hw

where F,, is the corrected fluorescence intensity, F is the observed fluorescence intensity
in the experiment, and 4; and A, are the total absorbances of all the components at the excit-
ation wavelength (1) and the emission wavelength (4,), respectively.

FT-IR spectroscopic measurements

FT-IR measurements were conducted at room temperature using an Alpha FT-IR spec-
trometer (Bruker). The Ct-DNA concentration was constant at 500 uM, while the dye concen-
tration was 40 pM. The pellets were prepared by mixing the freeze-dried samples with KBr
and compressing them under vacuum for 3 min.!?

Energy transfer measurements

FRET is broadly used to assign proximities, distances, orientations and dynamic pro-
perties of biomolecular structures. The absorption spectrum of BAE and the fluorescence
spectrum of DNA-BAE were recorded, covering a wavelength range of 530-700 nm with
12.10 uM of BAE and DNA at 298.2 K.

Molecular docking

Molecular docking is an effective technique for understanding the interaction between
ligands and biological targets and is crucial for clinical treatment and the recognition of nuc-
leic acid molecules.?? In this case, AutoDock 4.2 software was used to study molecular dock-
ing.2! The 3D structure of BAE was determined via Gauss View 5.0. The geometry of the
BAE ligand was optimized via density functional theory (DFT) (B3LYP/6-31G*(d,p)) via
Gaussian 03. Additionally, the Ct-DNA structure was taken from the protein data bank
(http://rcsb.org, PDB ID: 1bna); then, all the ligands and water molecules were removed and
hydrogen atoms were added. Here, AutoDock tools software was used to convert DNA and
ligands to pdbqt format, and the connection between the two was performed via AutoDock
Vina software. The grid box used in this study was defined with dimensions of 30 Ax30 Ax50
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BINDING OF AZO DYE WITH DNA 103 1

A and a grid spacing of 1 A, centered at coordinates (15.422, 21.448, 8.999). Finally, the
model and binding sites were evaluated via Discovery Studio, and the atoms in the hydrogen
bonds and hydrophobic residues in the complex were evaluated via Ligaplot.

RESULTS AND DISCUSSION
UV—Vis study of the BAE interaction with Ct-DNA

UV-Vis spectroscopy is an easily available technique for investigating lig-
and-binding reactions, enzyme catalysis and conformational change transitions in
proteins and nucleic acids.

The changes in the absorption spectra of dye (ligand) in terms of wavelength
changes, hyperchromic/hypochromic effects, and isosbestic points can be used to
study the interactions of certain functional groups with 1 — n* and n — n* trans-
itions with Ct-DNA. These spectrum characteristics result from molecular inter-
actions that are intimately linked to variations in bonding energy levels.22

Generally, hyperchromic/hypochromic are the two spectral features, which
are closely related to the double helix structure of Ct-DNA.23 The hyperchromic
effect (increase in absorption of the DNA band) and the hypochromic effect (dec-
rease in absorption of the Ct-DNA band) are the spectral changes typical of the
interaction of a compound with Ct-DNA helix. Hypochromic effect results from
contraction of the Ct-DNA helix as well as changes in its conformation, while
hyperchromic effect is due to the damage to the Ct-DNA double helix structure.
Moreover, the binding of an intercalative molecule to Ct-DNA is accompanied
by hypochromic effect (30 %) and a significant red shift (> 15 nm) is character-
istic of strong m—r stacking interaction between the aromatic chromophore of the
ligand and Ct-DNA base pairs. On the other hand, groove binding results only in
a small shift and moderate hypochromic effect in the absorption spectra.

The characteristic change in the maximum absorption wavelength of BAE
(454 nm) during the titration of Ct-DNA is shown in Fig. 1. Upon the addition of
varying concentrations of Ct-DNA, the absorption intensity gradually decreases
and shifts to longer wavelengths (bathochromic shift) by approximately 3 nm in
terms of the absorption maxima, indicating a shift to a more polar environment
upon interaction. These remarkable hypochromic effects and small red shift indi-
cate the existence of strong interactions between BAE and Ct-DNA, most likely
via the groove binding mode. These spectral properties indicate a high affinity of
the complex for binding to Ct-DNA.

On the basis of the changes in the absorbance of BAE at 454 nm during
titration with Ct-DNA, the intrinsic binding constant (Ky,) between BAE and Ct-
-DNA was calculated via following equation:

AO _ &q n &q 1 (2)
A=Ay eng—€q €nd & Kp[DNA]
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Here, Ag and 4 represent the absorbances of the BAE in the absence and
presence of Ct-DNA, respectively. &g and €4 are the corresponding absorption
coefficients of free BAE and BAE in the presence of Ct-DNA (fully bound
form), respectively. A plot of Ao/(4—Ag) versus 1/[DNA] yields a slope of
(ed/(eH-d — €4)(1/Kp) and a Y-intercept equal to (e4/(eg.q — €4), where K, is the
ratio of the intercept to the slope. The linear plot for the binding of BAE to Ct-
DNA is shown in Fig. S-1 of the Supplementary material to this paper, and the
intrinsic binding constant, K}, ((4.91£0.04)x10° L mol-!) at 454 nm was calcul-
ated on the basis of the ratio of the intercept to the slope of the corresponding
linear equation. The results are shown in Table I at various temperatures ranging
from 298.2 to 318.2 K. The observed values of K}, have also revealed that the
BAE azo dye binds to Ct-DNA via groove mode.23

1.2 1 [DNA]M

e
=
L

S
N
L

Absorbance

0.3 A

360 410 460 510
Wavelength(nm)
Fig. 1. UV-Vis absorption spectra of Ct-DNA-BAE at 298.2 K in 5 mM phosphate buffer (pH
7.2) with various concentrations of Ct-DNA ranging from 0 to 22.43 pM.

Determination of thermodynamic functions

To facilitate the binding of a small molecule to a biological macromolecule,
hydrogen bonding, van der Waals interactions, electrostatic forces and hydro-
phobic contacts play crucial roles. The primary forces involved in the binding
process can be explained by the signs and significance of thermodynamic para-
meters, such as the entropy change (AS°) and enthalpy change (AH®). Therefore,
the van’t Hoff equation was used to evaluate the thermodynamic parameters rel-
ated to the acquired binding constants:

AH N AS 3)
RT R
where K is the binding constant at the appropriate temperature, and R and T are

the gas constant and absolute temperature, respectively. The effects of tempera-
ture variation on the binding constant were investigated at 298.2, 303.2, 313.2

InK=-
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BINDING OF AZO DYE WITH DNA 1033

and 318.2 K. The plots of In K versus 1/T can be used to determine the values of
AH® and AS°. The value of AH® can be considered temperature-independent
when the temperature varies only slightly. Therefore, Eq. (4) can be used to det-
ermine the free energy change (4G°):

AG° =AH° —TAS° =-RTInK @)
Based on the binding constants of BAE to Ct-DNA at various temperatures,
the thermodynamic parameters (AH°, AG° and AS°) were calculated via these

equations, with the results presented in Fig. S-2 and Table I. The negative values
of AG®° under all the conditions indicate that the interaction was spontaneous.24

TABLE I. Binding constant and thermodynamic parameters for the BAE-Ct-DNA system
from UV—Vis data at different temperatures

T/K Kpx10% L mol'!  AH°/kJmol! AS°/Jmol!K! AG°/kJ mol!
298.2 4.91+0.04 28.62+0.04 224.1040.01 —38.17+0.01
303.2 6.07+0.05 224.30+0.02 —39.354+0.01
313.2 8.48+0.06 224.00+0.01 —41.51+0.02
318.2 10.3+0.3 224.20+0.02 —42.69+0.01

The sign and magnitude of the thermodynamic parameters for different types
of interactions in protein association processes were described by Ross and Sub-
ramanyam.25 Considering the water structure, a positive value of AS® is com-
monly considered proof of hydrophobic interactions. The interaction process is
spontaneous, as indicated by the negative value of AG°. The positive enthalpy
and entropy changes of the interaction between BAE and Ct-DNA indicate that
the binding is primarily entropy-driven, with enthalpy change being unfavorable
for this process. Thus, hydrophobic forces play a major role in the binding BAE
to Ct-DNA.24 Overall, the consistency between the molecular docking results
and the thermodynamic data reinforces the reliability of our findings.

Fluorescence studies of Ct-DNA and BAE

Fluorescence quenching measurement is an important method for studying
interactions between small molecules and biomolecules. Upon the addition of
increasing concentrations of BAE (0-168 uM) to the EB-Ct-DNA system, the
fluorescence peak slightly red-shifted at 604 nm, and the intensity of the EB—Ct-
-DNA system attenuated regularly with increasing concentrations of BAE, which
indicated that interactions occurred between BAE and the EB—Ct-DNA system.
The results are shown in Fig. S-3 of the Supplementary material. This finding
indicated that BAE binding with EB—Ct-DNA formed a new non-fluorescent
EB—Ct-DNA-BAE complex, which decreased the fluorescence intensity of EB—
—Ct-DNA. The results revealed that BAE cannot intercalate into Ct-DNA in the
presence of EB. Then, the intensity of the EB—Ct-DNA system fluorescence dec-
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1 034 JAMPOUR-KOLOUR and DEZHAMPANAH

reased because BAE bound with EB-Ct-DNA. The fluorescence emission peak
slightly red-shifted by 2 nm, but the peak shape did not significantly change,
which meant that the microenvironment of the EB had changed and that BAE
had reacted with EB—Ct-DNA.26 To further elucidate the quenching mechanism,
fluorescence quenching was examined via the Stern—Volmer equation:

F
=1+ Key[Q] =1+ kg7[Q] )

where F( and F are the fluorescence intensities of EB—Ct-DNA in the absence
and presence of the quencher BAE, respectively; Kgy is the Stern—Volmer
quenching constant; kq is the EB-Ct-DNA complex quenching rate constant; 7 is
the fluorophore’s typical lifetime in the absence of BAE (10-8 s); and [Q] is the
BAE concentration.2’

Fig. S-4 of the Supplementary material shows the Stern—Volmer plot for the
fluorescence quenching of the EB—-Ct-DNA complex by BAE, which has good
linearity (RZ = 0.98). The quenching constants Kgy and kq are shown in Table II
for BAE, the calculated value of kq was much greater than the diffusion-control-
led quenching rate constant of various quenchers with the biopolymer (2x1010 L
mol~! s71) in aqueous medium.28 Thus, the fluorescence enhancement is not ini-
tiated by a dynamic process. It is suggested that a static process involves complex
formation in the ground state.2?

TABLE II. Quenching constants (Kgy and k) obtained from the fluorescence measurements
Dye T/K K¢y / L mol! kg /L mol! st R?
BAE 298.2 (1.29+0.03)x10* (1.2940.03)x1012 0.98

Energy transfer between EB—Ct-DNA and BAE

Fluorescence resonance energy transfer (FRET) occurs when the emission
spectrum of a fluorophore (donor) overlaps with the absorption spectrum of
another molecule (acceptor) and the distance between them is less than 8 nm.30

To enhance FRET efficiency, the EB-Ct-DNA complex was used as the
energy donor and BAE as the energy acceptor. The distance between the donor
and the acceptor can be ascertained via FRET measurements. In our experiment,
Forster energy transfer was used to determine the binding distance (r) for energy
transfer from EB—Ct-DNA and BAE azo dye. The energy transfer parameter can
be computed via the following equation:3!

6
p=1-fo_ 6R0 _ (6)
F R0+V
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where Fy and F are the fluorescence intensities of EB—Ct-DNA and BAE—Ct-
-DNA-EB, respectively. R is the critical distance when 50 % of the excitation
energy is shifted to the acceptor. Ry can be calculated via the following equat-
ion:32

R =8.79x1072° K2 n g (7)

This formula includes the dipole’s spatial orientation factor (K2), the med-
ium’s refractive index (n), the donor’s fluorescence quantum yield (¢) and the
spectral overlap effect between the donor’s emission and acceptor’s absorption
spectra (J), which is determined via the following formula:

“F(A)e(A)a*da
Ll Fe) &
j(‘;"F(,l)d/l

In this formula, F(1) is the fluorescence intensity of the donor and &(4)
represents the molar absorption coefficient of the acceptor at wavelength 1.33 Fig.
S-5a and b of the Supplementary material show the overlap between the absorp-
tion spectrum of BAE and the fluorescence emission spectrum of EB—Ct-DNA,
which is K2 = 2/3, n = 1.33 and ¢ = 0.16 for EB-Ct-DNA.34 According to Egs.
(6)—(8), the parameters J, Ry, E and r were 1.21x1013 ¢cm3 L mol~!, 2.26 nm, 0.10
nm and 2.99 nm, respectively. The value of r is the distance from the BAE to the
EB-Ct-DNA, is less than 8 nm and 0.5Ry < r < 1.5Ry. This result indicates that
the binding obeyed the conditions of Forester’s energy transfer theory and energy
transfer from EB-Ct-DNA to the BAE has a high probability.35

FT-IR studies of Ct-DNA and BAE

To verify the structural changes in Ct-DNA upon the addition of BAE, FT-
-IR spectroscopy was employed to analyze and examine the secondary structure
of both the Ct-DNA and BAE-Ct-DNA complexes. The FT-IR spectra of the
BAE-Ct-DNA system at 950-1750 cm! are presented in Figs. S-6 and S-7 of
the Supplementary material. The concentrations of Ct-DNA and BAE were fixed
at 500 and 40 puM, respectively. The intensity of the absorption spectra generally
significantly increased with the addition of BAE.

The stretching vibrations of C=0 and C=N bonds, as well as the bending
vibrations of exocyclic —-NH; groups found in Ct-DNA bases, are the main
sources of the first region (approximately 1600—1750 cm!) of the infrared spec-
trum of Ct-DNA.36 Purine and pyrimidine ring vibrations are the main sources of
the second region (~1600-1500 cm™!), and the symmetric and asymmetric
stretching of PO, groups within the phosphodiester-deoxyribose backbone con-
stitutes the third region (~950-1250 cm™1).
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Strong bands originating from the carbonyl stretching modes of DNA bases
are found in the 1750-1550 cm! region. These modes are superposed to form
the spectrum in this area. Certain bands could have frequencies that are near
those of nearby peaks. These summits may be concealed or covert. We used the
second derivative approach to perform spectral decomposition for free Ct-DNA
and BAE-Ct-DNA, as shown in Figs. S-8 and S-9 of the Supplementary material,
to further examine the associated vibrations. Table III summarizes the proposed
assignment of the individual vibration bonds of Ct-DNA.

TABLE III. The assignments of individual peaks in the Ct-DNA spectra

Abs.max., cm’! Band’s vibrations of Ct-DNA | Abs.max., cm™! Band’s vibrations of Ct-DNA
1688 C2=0 of thymine 1579 C=N(H2) of guanine
1673 C6=0 of guanine 1573 C=N7 of guanine

1658 C4=0 of thymine 1105 Group PO, (symmetrical)
1641 Thymine ring 1058 C-O0 of deoxyribose
1619 Adenine ring 1028 Deoxyribose ring

The vibrations for the decomposed bands of DNA are C2=0 for thymine,
C6=0 for guanine, C4=0 for thymine, the thymine ring, the adenine ring,
C=N(H2) for guanine and C=N7 for guanine.

Based on the data in Table S-I and Fig. S-8 and Fig. S-9, it can be concluded
that the most pronounced changes are in the relative intensity of thymine ring.
Additionally, guanine bands are more sensitive to small BAE-Ct-DNA. In the
1100-800 cm! region, there was a shift in the 1028 cm~! band (most likely cor-
responding to the deoxyribose ring) to 1030 cm~!. For BAE-Ct-DNA and C-O
of deoxyribose, a slight shift and a 10 cm! shift in the 1105 cm~! band (arising
from the symmetric vibration of the O=P=0 group) were observed. Thus, our
data revealed the preferred binding of BAE to guanine bases and demonstrated
good agreement with previous results. The structures of free Ct-DNA alone and
upon interaction with BAE were quantitatively analyzed by fitting analysis, and
the results are presented in Table S-1. These results are consistent with the FT-IR
spectroscopy findings, which showed that BAE binding induces structural
changes in Ct-DNA.37

Molecular docking studies

Molecular docking is a valuable tool for validating experimental data and
providing deeper insight into ligand—Ct-DNA interactions. Molecular modeling
was performed to predict the possible orientation of the newly formed complex
between the Ct-DNA and the ligand. The interaction of Ct-DNA with ligands is
shown in Figs. 2 and S-10 of the Supplementary material. It is caused by hydro-
phobic forces and hydrogen bonds.38:39 The ligand can slide between DG4 and
N3 with —29.4 kJ mol-! into the Ct-DNA; this mode, which has the lowest
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energy and the highest binding affinity, was chosen as the most favorable binding
site. Therefore, it can be concluded that the results of molecular binding can
further confirm the above experimental results.

Fig. 2. Complex structure used in molecular docking.

The azo dye molecule is embedded within the groove of the Ct-DNA. The
molecule is aligned along the groove without significant disruption of base stack-
ing, indicating that it fits into the DNA structure without being inserted between
base pairs. This observation is supported by the ligplot (Fig. S-10), which high-
lights specific hydrogen bonding and van der Waals interactions between the azo
compound (Unkl) and nearby nucleotide residues (such as dg22 and dc23). A
hydrogen bond at a distance of 3.06 A further confirms the stable, non-covalent
interaction typically observed in groove binders. The positions near the sugar-
-phosphate backbone and bases such as dc21, da6 and dg4 also align with minor
groove accessibility. Collectively, these data strongly indicate that the azo dye
interacts with Ct-DNA through minor groove binding, which is stabilized by hyd-
rogen bonding and hydrophobic interactions. This type of interaction is particul-
arly relevant in biophysical studies, as it may influence Ct-DNA conformation
and gene expression without causing strand separation, making azo dyes poten-
tial candidates for gene-targeted diagnostics or therapeutics.40

CONCLUSION

The binding interactions between the monoazo dispersion dye (BAE) and
Ct-DNA were thoroughly investigated, in this study, using molecular docking in
conjunction with a variety of biophysical techniques. FT-IR spectroscopy, fluor-
escence and UV—Vis absorption analyses confirmed the formation of the BAE-
—Ct-DNA complex, and the calculated binding constant (~106 M~1) is consistent
with a groove-binding mode. Forster resonance energy transfer (FRET) analysis
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showed a donor—acceptor distance of 2.99 nm between EB—Ct-DNA and BAE,
indicating close proximity suitable for energy transfer. Thermodynamic para-
meters indicated that the binding is primarily entropy-driven (AS° > 0) and endo-
thermic (AH®° > 0), with the spontaneous nature of the interaction supported by
negative free energy changes (AG° < 0). Additionally, thermodynamic character-
istics indicated that hydrophobic forces dominate the binding interaction, with
hydrogen bonding playing a minimal role. This conclusion was corroborated by
molecular docking experiments, which demonstrated a favorable binding energy
and particular interactions between BAE and guanine-rich areas inside the DNA
minor groove. Crucially, FT-IR spectroscopy revealed significant alterations in
the thymine ring and phosphate backbone vibrational frequencies, suggesting that
BAE interacts with DNA via the minor groove.

These results collectively offer strong proof that BAE primarily binds to Ct-
-DNA through minor groove binding, which is maintained by hydrogen bonding
and hydrophobic interactions. This study advances our knowledge of azo dyes’
DNA-binding capabilities and establishes a framework for future research into
their biological activity and possible genotoxic consequences.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13313, or from the correspond-
ing author on request.
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H3BOI

HCITUTHUBAIBE BE3UBAKA A30 BFOJE 3A JHK TPUMEHOM CITEKTPOCKOIICKUJE U
METOJE MOJIEKYJICKOI' MOJJEJIOBAIbA

SHABNAM JAMPOUR-KOLOUR 1 HAMID DEZHAMPANAH
Department of Applied Chemistry, Faculty of Chemistry, University of Guilan, P.O.B. 1914, Rasht 0098, Iran

Y 0BOj cTyZmuju je UCTUTHBaHA UHTepaKIHja u3Mel)y cuHTeTHCaHe MOHOA30 AUCIIep3He doje
u THK tumyca teneta (Ct-DNA) mpumenom UV-Vis, yopecuentHe u FT-IR cnexrpockonuje
U MOJIEKYJICKOT MozenoBawa. Ha ancopnuuoHMM U QUIyOpecLeHTHHM CHEKTPHMa je yodeH
XMIIOXPOMHHU edeKaT U edekaT rauema, WTO je NOTBPAWIO Be3uBame a3o Ooje 3a CT-DNA.
Hakon BesuBata 3a JHK, a3o 6oja je n3a3Bana XUmoxpoMHH edekat U Majio IIOMEPAkEe CIeKTpa
Ka LJpBEHOM Jiefy, LITO je yka3aso Jja Be3uBamwe odyxsara »xbed JHK 1 HakHamHO je noTBpheHo
pesyJsiTaTiMa MOJIEKYJICKOT MoJeoBaka. V3pauyHare cy KOHCTaHTe Be3uBama M3 MHTEH3UTeTa
MaKkCMMyMa allCOpIIMOHUX CHeKTapa 3a a3o 00jy M pasnuuuTe KoHueHTpauuje CT-DNA, Ha
HEKOJIMKO TeMIlepaTtypa, Kao ¥ TEpMOSUHAMUYKHY napaMmeTpu AG°, AH® u AS°. dnyopecLieHTHU
PE30HaHTHM eHEPreTCkU TpaHcdep je mokasao Aa je pasmak usmehy nonopa (CT-DNA) u akuen-
Topa (a3o 6oja) onrosapajyhu 3a nmpeHoc enepruje. Monekysicko MOZIeIOBame je I0Kasaso fa cy
BOZIOHHYHE Be3e U T-eJIeKTPOHM DEeH3eHOBOr ITPCTeHa a30 doje K/bYYHH 3a Be3uBamwe. PesynraTu
MOJIEKYJICKOT MOJIeJIOBaka MOTBPYYyjy pesyirare CIeKTpajiHe aHaiu3e, OOHOCHO Aa ce 0oja
Be3yje 3a Manu xbed CT-DNA.

(TTpumsseno 28. mapTa, pesuaupano 10. anpuia, mpuxsaheno 16. jyma 2025)
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Fig. S-1. Benesi Hildbrand plots for the interactions of Ct-DNA-BAE. (m298.2K, 0 303.2K, o
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Fig. S-2. Plots of InK vs. 1/T for the determination of thermodynamic parameters.
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Fig. S-3. Fluorescence quenching EB-Ct-DNA system in the absence and presence of BAE:
[Ct-DNA] =160 uM, [EB] = 320 uM, and [BAE] azo dye from 0 to 168 uM.
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Fig. S-4. Linear Stern—Volmer plot of the EB-Ct-DNA system in the absence and presence of
BAE at 298.2 K.
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Fig. S-5. Overlap of the absorption spectra of BAE (a) with fluorescence emission of Ct-
DNA-EB (b) in 5 mM phosphate buffer, pH = 7.2, at 298.2 K, Aex=450 nm [BAE] =
[Ct-DNA-EB] = 12.10 uM.
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Fig. S-6. FT-IR spectra of the BAE-Ct-DNA system. The concentration of Ct-DNA was fixed
at 500 uM, and the BAE concentration was fixed at 40 pM.
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Fig. S-7. Highlights of the FT-IR spectra of the BAE-Ct-DNA system at 950-1130 cm’!

region. The concentration of Ct-DNA was fixed at 500 pM, and the BAE concentration was
fixed at 40 uM.
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TABLE S-I. the relative contribution of bands to the total absorption in 17501550 cm'!
region in %

Peak Ct-DNA% Ct-DNA-BAE%
1688 11.98 16.67
1673 7.02 6.54
1658 12.75 13.08
1641 29.84 26.16
1619 23.88 22.76
1579 7.52 5.03
1573 7.01 9.45
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Fig. S-8. FT-IR spectra, Gaussian function fitting curves and deconvoluted spectra Ct-DNA
band region (15501750 cm™!) at 298 K and pH = 7.2.
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Fig. S-9. FT-IR spectra, Gaussian function fitting curves and deconvoluted spectra Ct-DNA-
BAE band region (15501750 cm!) at 298 K and pH = 7.2.
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receptor+ligand

The meaning of the items on the plot is as follows:

@=—=@ Lizand bond His 53 Non-ligand residues involved in hydrophobic
@@ Non-ligand bond e contaci(s)
@- ~-@ Hydrogen bond and its length @  Corresponding atoms involved in hydrophobic contaci(s)

Fig. S-10. Hydrophobic interactions and hydrogen bonds in the interaction model of BAE
with Ct-DNA
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Dibutyltin(IV) formulations: Synthetic aspect, spectroscopic
interpretation and computational calculation
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Abstract: This research article reports a series of dibutyltin(IV) complexes,
Bu2SnL(n)A (1a—d), synthesized by the reaction of sodium salts of substituted
pyrazolones (L(n)H) and aromatic carboxylic acid (AH) with dibutyltin dichlor-
ide in dried THF solvent. The newly synthesized dibutyltin(IV) complexes were
characterized by FT-IR, NMR (!H, 13C, 19Sn) spectroscopy and mass study. The
coordination mode of both ligands with central tin atom was explicated with
spectroscopic analysis of the complexes. The spectroscopic results revealed that
the substituted pyrazolone ligand coordinates to the tin atom in a bidentate
fashion via enolic oxygen and a carbonyl oxygen atom. In contrast, the aromatic
carboxylic acid ligand coordinates in a monodentate manner through the carbo-
xylic oxygen atom, resulting in a penta-coordinated environment around the
central tin atom. Computational calculations using density functional theory
(DFT) provide insights into the optimized molecular structures, energies, Mul-
liken charges and distortion in bond lengths and bond angles of the newly gener-
ated complexes. The global reactivity descriptors and the frontier molecular
orbitals (FMOs) were calculated to understand the structural and electronic pro-
perties of dibutyltin(IV) formulations. The theoretical study explores the pro-
posed penta-coordinated environment around tin atoms, revealing a distortion in
the geometry of the complexes.

Keywords: dibutyltin(IV) complexes; carboxylic acid; substituted pyrazolones;
DFT.

INTRODUCTION

The study of organotin(IV) complexes constitutes a significant portion of
organometallic chemistry and is gaining attention due to their ability to interact
with various biomolecules.!=3 Some of these complexes have demonstrated anti-
cancer,*8 DNA binding,8° antimicrobial,3-7-10-12 antidiabetic,!3-14 anti-inflam-
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matory,’-12 antituberculosis, 215 antileishmanial,” antioxidant”-%:10.16,17 and enz-
yme inhibition properties.” The biological activity of organotin(IV) complexes is
influenced by several factors such as the number of Sn—C bonds, nature of alkyl or
aryl substituents attached to tin centre, coordinating ligands and the gradual hydro-
lytic cleavage of complexes.

Focusing on the industrial,!8 agricultural!® and biological uses3~17 of organo-
tin complexes, it is crucial to comprehend their structural coordination. Advanced
spectroscopic and structural approaches have been used to investigate their chem-
istry.20.21 According to reported literature, many ligand systems, including Schiff
bases, oximes, carboxylic acids, phenols, diketones and others, are present in struc-
turally distinct organotin(IV) complexes.22 The nature of ligand plays pivotal role
in determining the activity of these organotin(IV) complexes as it can modify their
physicochemical properties. The synergistic interaction of organotin moiety with
different functional ligands has led to the development of novel complexes with
enhanced pharmacological activity when compared to the corresponding free lig-
ands.3-11,13,15,16

Recognizing the significance of substituted pyrazolones?3 and carboxylic
acids?4 as an organic moiety, along with the substantial bioactivity of organotin
complexes, our research focuses on exploring the chemistry of hybrid organo-
tin(IV) complexes. This study involves the synthesis and structural analysis of the
newly generated dibutyltin(IV) complexes using spectroscopic methods. The
DFT-based quantum-chemical study gives insights into the electronic structure of
molecules and their correlation with synthetic and biological properties.3>11,13
Therefore, a conceptual computational technique, DFT integrated with experi-
mental approach has been employed to explore global and local descriptors, as well
as the structural characteristics of newly synthesized dibutyltin(IV) complexes.
This combined approach provides a better understanding of electronic structure
and reactivity of complexes.

EXPERIMENTAL

Mandelic acid (AH) and dibutyltin dichloride were obtained from Sigma—Aldrich Chem-
ical Co. and utilized without additional purification. Four types of substituted pyrazolones
(LyH, LipyH, L3)H and L4yH) were synthesized using Jensen’s method.2> The standard litera-
ture procedures were used to dry the solvents which were employed in the experimental proce-
dure. The experimental work was carried out under a strictly anhydrous atmosphere. Tin was
estimated as tin(IV) oxide. Melting points of newly synthesized complexes (1a—d) were deter-
mined in sealed capillaries. Synthesized complexes 1a—d were characterized using spectro-
scopic techniques. IR spectra of the complexes were recorded on a Perkin Elmer — Spectrum
RX-IFTIR using KBr pellets in the range 4000-400cm™!. 'H- and 13C-NMR spectra of organo-
tin(IV) complexes were recorded on the ECS400 MHz (JEOL) NMR spectrometer, and !1°Sn
NMR spectrum of complex 1a was recorded on the Bruker Advance NEO 500 MHz NMR
spectrometer. Mass spectra of complexes 1a and 1d were carried out on Xevo G2-S Q (Tof
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(Waters, USA) mass spectrometer (APCI) whereas the mass spectra of dibutyltin(IV) com-
plexes 1b and 1c, were obtained using Agilant MassHunter-6470A LC/MS system using
electrospray ionizaton(ESI). DFT calculation of synthesized complexes 1a—d was carried out
by using the DFT/B3LYP/6-31G* basis set in Spartan 20 molecular modeling software.3:13.13,16

The detailed synthetic procedures of dibutyltin(IV) complexes are described below.
Synthesis of Bu,SnL )4 (1a)

A dry THF solution of sterically demanding substituted pyrazolone L(j)H (292.2 mg, 1.35
mmol) and mandelic acid AH (205.7 mg, 1.35 mmol), was added to a methanolic solution of
sodium (62.1 mg, 2.70 mmol). The reaction mixture was refluxed over a period of 6 h. Subsequ-
ently, the mixture of sodium salts of both ligands was mixed with a dry THF solution of dibutyl-
tin dichloride (410.8 mg, 1.35 mmol). After that, the components of the reaction underwent
refluxing for approximately 8 h. The solid sodium chloride (0.157 g) that was produced as a
byproduct of the reaction was filtered. To get crude solid product, the volatile solvent fraction
of the remaining reaction mixture was extracted at reduced pressure. A brown-colored solid
product was obtained, which was recrystallized from chloroform and pet. ether mixture. Recrys-
tallized yield = 82 %; melting point = 112 °C.

Synthesis of Bu,SnL A (1b)

A dry THF solution of sterically demanding substituted pyrazolone L»H (309.8 mg, 1.34
mmol) and mandelic acid AH (204.6 mg, 1.34 mmol), was added to a methanolic solution of
sodium (61.8 mg, 2.68 mmol). The reaction mixture was refluxed over a period of 6 h. Subsequ-
ently, the mixture of sodium salts of both ligands was mixed with a dry THF solution of dibutyl-
tin dichloride (408.8 mg, 1.34 mmol). After then, the components of the reaction underwent
refluxing for approximately 8 h. The solid sodium chloride (0.157 g) that was produced as a
byproduct of the reaction was filtered. The volatile solvent from the remaining reaction mixture
was removed under reduced pressure. A brown-colored solid product was obtained, which was
recrystallized from chloroform and pet. ether mixture. Recrystallized yield = 80 %; melting
point = 100 °C.

Synthesis of Bu,SnL 34 (1c)

A dry THF solution of sterically demanding substituted pyrazolone L(3H (368.7 mg, 1.32
mmol) and mandelic acid AH (201.5 mg, 1.32 mmol), was added to a methanolic solution of
sodium (60.6 mg, 2.63 mmol). The reaction mixture was refluxed over a period of 6 h. Subsequ-
ently, the mixture of sodium salts of both ligands was mixed with a dry THF solution of dibutyl-
tin dichloride (401.6 mg, 1.32 mmol). After then, the components of the reaction underwent
refluxing for approximately 8 h. The solid sodium chloride (0.154 g) that was produced as a
byproduct of the reaction was filtered. The volatile solvent from the remaining reaction mixture
was removed under reduced pressure. A pale—orange-colored solid product was obtained, which
was recrystallized from chloroform and pet. ether mixture. Recrystallized yield = 81 %; melting
point = 108 °C.

Synthesis of Bu,SnLyA (1d)

A dry THF solution of sterically demanding substituted pyrazolone L(4)H (423.0 mg, 1.35
mmol) and mandelic acid AH (205.8 mg, 1.35 mmol), was added to a methanolic solution of
sodium (62.2 mg, 2.70 mmol). The reaction mixture was refluxed over a period of 6 h. Subsequ-
ently, the mixture of sodium salts of both ligands was mixed with a dry THF solution of dibutyl-
tin dichloride (411.1 mg, 1.35 mmol). After then, the components of the reaction underwent
refluxing for approximately 8 h. The solid sodium chloride (0.158 g) that was produced as a
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byproduct of the reaction was filtered. The volatile solvent from the remaining reaction mixture
was removed under reduced pressure. A pale—orange-colored solid product was obtained, which
was recrystallized from chloroform and pet. ether mixture. Recrystallized yield = 78 %; melting
point = 109 °C.

RESULTS AND DISCUSSION
Dibutyltin(IV) complexes of the type BupSnL;)A were synthesized by the
reactions of dibutyltin dichloride with sodium salts of substituted pyrazolones

(L(n)H)) and mandelic acid (AH) in 1:1:1 mole ratio in dry refluxing THF solvent
(Scheme 1).

OH
=R o1 L)
(CH3CH,CH,CH,),SnCl, + e N-. 7 + fe) Refluxing in dry THF S:'n
- \ o} “ + IMeONa . .0 ‘
OH o L -2MeOH. ~2NaCl

OH f 7

R

OH
LigH AH

Bu,SnLyA
Where: R = —CH3, BUZSHLU)A (la), R= —CH2CH3, BU2SHL(2)A (lb), R= —C6H5,
BUZSIILG)A (lc), R :p-CIC6H4*, BuZSnL(4)A (1d)
Scheme 1. Reactions of dibutyltin dichloride with sterically demanding substituted
pyrazolones (L,H) and mandelic acid (AH).

The plausible structures of synthesized dibutyltin(IV) complexes BupSnL ;A
were elucidated by vibrational (IR), nuclear magnetic resonance (1H, 13C, 119Sn)
spectroscopy and mass spectrometry.

FT-IR spectra

The FT-IR spectra of the newly generated dibutyltin(IV) complexes (1a—d)
have been recorded as KBr pellets in the range 4000400 cm~!. In the infrared
spectra of dibutyltin(IV) complexes, the appearance of medium intensity bands in
the region 655-606 cm™! and 515-419 cm~! may be attributed to the stretching
vibrations of the Sn—O and Sn—C bonds, respectively.26

A band in the region of 1567-1539 cm~! was seen in the IR spectra of steric-
ally demanding substituted pyrazolones (L, H), which could be attributed to car-
bonyl v(>C=0) stretching vibrations.3 This band appeared at 1531, 1529, 1533 and
1534 cm! in the IR spectra of the synthesized complexes BupSnL(A (1a),
BuySnL2)A (1b), BuzSnL(3)A (1¢) and BuySnL4)A (1d), respectively. This shift
in the position of the carbonyl v(>C=0) stretching vibration to lower wave number
indicates a bidentate nature of sterically demanding substituted pyrazolones
(L(n)H) in these complexes.

The coordination behavior of mandelic acid (AH) with tin atom is inferred
from the V(COO)asym and V(COO)gyy vibrations. The IR spectrum of mandelic

Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



DIBUTYLTIN(IV) FORMULATIONS 1045

acid exhibited absorption bands at 1580 cm~! for V(COO),sym vibration and at
1417 em! for V(COO)sym vibration.3 In the IR spectra of the complexes, these
absorption bands appeared in the regions 1581-1564 cm™! for V(COO),sym and
1384-1360 cm™! for V(COO)sym vibrations. The Av (Av = UCOO)asym —
UCOO)sym) values are important data for determining the mode of bonding of
carboxylates in the complexes. The calculated values of Av is of the order 193—
—204 cm! in the dibutyltin(IV) complexes. The increase in value of Av from 163
cm! in free mandelic acid to 193—204 cm! in dibutyltin(IV) complexes indicates
the monodentate nature of carboxylic group of mandelic acid in these dibutyl-
tin(IV) complexes.2’ A broad band appeared in the region 3478-3298 cm! in the
IR spectra of the complexes, due to secondary —OH group of mandelic acid, indi-
cates the non-involvement of this group in bonding. The absorption band appeared
in the regions 1493-1415 cm! and 1601-1594 cm~! may be attributed to
v(>C=C</>C=N-) and v(-CgH3), respectively in the complexes.

'H-NMR spectra

The TH-NMR spectrum of dibutyltin(IV) complex 1b was recorded in CDCl3
whereas, the TH-NMR spectra of dibutyltin(IV) complexes 1a, 1c¢ and 1d were
recorded in CDCIl3 with few drops of DMSO-dg, using TMS as an internal stan-
dard. The chemical shift values of these dibutyltin(IV) complexes are tabulated in
Table S-I of the Supplementary material to this paper.

The broad signal of enolic —OH appeared in the J region 10.67—-12.77 ppm in
the lH-NMR spectra of sterically demanding substituted pyrazolones (L(,,)H),28
while the carboxylic proton (COO-H) appeared at § 11.81 ppm in the IH-NMR
spectrum of mandelic acid (AH).3 These broad signals disappeared in the [H-NMR
spectra of dibutyltin(IV) complexes which clearly show deprotonation of these lig-
ands. The singlet observed in the IH-NMR spectra of dibutyltin(IV) complexes at
0 2.36 ppm (1a), 2.43 ppm (1b), 1.79 ppm (1¢) and 1.82 ppm (1d) is due to the
ring methyl protons (—CH3) of substituted pyrazolone (L(;)H) moiety. In the
IH-NMR spectrum of BuySnL(1)A (1a), a singlet at 6 2.39 ppm appeared for the
terminal methyl protons, whereas the terminal —-CH>,CHj3 group in the complex
BuySnL2)A (1b) appeared as a quartet at d 2.73 ppm (for CH; protons) and signal
for CHj3 protons merged with butyl proton signals.

The signals for alcoholic —OH and —CH protons of mandelic acid were obs-
erved in the J regions 3.64-3.73 ppm and 5.11-5.13 ppm, respectively, in the
IH-NMR spectra of the complexes 1a—d. Aromatic protons appeared as a multiplet
in the J region 7.17-7.89 ppm whereas protons of butyl groups, directly appended
to tin, were observed in the J region 0.66—1.68 ppm.

BC-NMR spectra

The 13C-NMR spectrum of dibutyltin(IV) complex 1b was recorded in CDClj3
whereas, the 13C-NMR spectra of dibutyltin(IV) complexes 1a, 1¢ and 1d were
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recorded in CDCIl3 with few drops of DMSO-dg, using TMS as an internal stan-
dard. Table S-II lof the Supplementary material lists the obtained chemical shift
values.

In the 13C NMR spectra of the sterically demanding substituted pyrazolones
(L(n)H), the signals for carbonyl (>C=0) carbon were observed at 6 196.2 ppm in
L(nH, 197.97 ppm in L()H, 192.05 ppm in L(3)H and 190.9 ppm in L(4)H.28 The
positions of these carbonyl carbon (C6) signals experienced some shift in the 13C-
NMR spectra of dibutyltin(IV) complexes, which indicate that carbonyl group
(>C=0) is participating in bonding. This suggests bidentate nature of sterically
demanding substituted pyrazolone (L(;)H). There are also some shifts observed in
the positions of C3, C4 and Cs carbon signals in the I3C-NMR spectra of the com-
plexes. The carboxylic carbon signal was observed at ¢ 173.33 in the 13C-NMR
spectra of mandelic acid (AH).3 In the 13C-NMR spectra of the dibutyltin(IV) com-
plexes involving mandelic acid as a coligand, the carboxylic carbon signals are
observed in the J range 174.17-179.77 ppm. The shifting of carboxylic carbon
signals indicate monodentate bonding behaviour of carboxylic group. The carbon
signals of methyl group (C7) and phenyl groups are observed in the J region 16.44—
—17.52 ppm and 120.92-148.97 ppm, respectively. The carbon signals of butyl
groups directly bonded to tin atom appeared as splitted signals in the J region
13.40-32.38 ppm in 13C-NMR spectra of the dibutyl(IV) complexes (Table S-II).

198n-NMR spectrum

The 119Sn-NMR chemical shift (119Sn) values provide insights into the geo-
metry and the coordination number of tin in organotin(IV) complexes. The !19Sn-
-NMR spectrum of dibutyltin(IV) complex 1a was recorded in DMSO-dg. The
119Sn chemical shift value of dibutyltin(IV) complex BupSnL(1)A (1a) is observed
at 6 — 125.86 ppm. This 11°Sn-NMR value reveals the presence of five coordinated
tin centre in dibutyltin(IV) complex.29 The coordination sphere of tin consists of
two butyl groups, a chelating O,0’-bidentate substituted pyrazolone (L(;)H) and a
monodentate mandelic acid (AH).

Mass spectra

The mass spectral data of dibutyltin(IV) complexes 1a and 1d, were obtained
using Xevo G2-S Q (Tof, Waters, USA) mass spectrometer (APCI), whereas the
mass spectral data of dibutyltin(IV) complexes 1b and 1c¢, were obtained using
Agilant MassHunter-6470A LC/MS system using electrospray ionization (ESI).
The obtained ion peaks (m/z values) along with their intensity in % are presented
in the Table S-III of the Supplementary material.

The mass spectrum of dibutyltin(IV) complex 1a exhibits low-intensity mole-
cular ion peak, [M]*. The mass spectral data for complexes 1a—d reveal a similar
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fragmentation pattern. The resulting fragments closely match the anticipated struc-
tures of complexes. The absence of high intensity peaks in the m/z region above
the molecular weight of complexes, indicates the monomeric nature of the dibutyl-
tin(IV) complexes.

The obtained results of vibrational (IR), nuclear magnetic resonance (H, 13C,
1198n) spectroscopies and mass spectrometry suggested a penta-coordinated geo-
metry for tin in these complexes (Fig. 1).

O‘"‘Sn\‘/ o
HO o/

: /

_—N
N Fig. 1. Structure of dibutyltin(IV) complexes of
sterically demanding substituted pyrazolone and
mandelic acid, where: R = -CH3, Bu,SnL(pA (1a); R
= *CH2CH3 , BuZSHL(z)A (lb), R = 7C6H5,

BUZSHL(3)A (lc), R :p-C1C6H4—, BU2SHL(4)A (ld)
DFT calculations

The optimized molecular structures and molecular properties of synthesized
dibutyltin(IV) complexes, BupSnL;)A (1a-d) have been studied in gas phase,
using DFT-B3LYP functional in Spartan 20 computational modeling software.
The ground state energy, Fiomo, £LuMO, dipole moment and other global react-
ivity parameters of the complexes BupSnL;)A have been calculated and obtained
data are summarized in Table I.

Fig. 2 represents the optimized structures of the dibutyltin (IV) complexes
BusSnL(;)A (1a-d). The ground state energy of the synthesized complex
BuySnLg)A (1d) is —2229.09439 a.u., the lowest among all the complexes, indi-
cating that BupSnL4)A (1d) is the most stable complex. The ability to donate elec-
tron is associated with Egono, while the ability to accept electrons is linked to the
Erumo.30 Furthermore, the energy gap between HOMO and LUMO serve as key
indicator of the reactivity of the complexes.

The AE gap is found to be 3.88 eV for the complex BupSnL(4)A (1d) which is
lowest among all the complexes. The lowest AE gap suggests the highest reactivity
of this complex. As shown in Figs. 3 and 4, the charge density of HOMO in com-
plexes 1a—c is localized on the five membered pyrazole ring having phenyl group
forming a delocalized © system, whereas in complex 1d, the charge density of
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HOMO is mainly localized on the five membered pyrazole ring having phenyl
group and phenyl ring of mandelic acid moiety.

TABLE I. Selected molecular properties of optimized geometries of dibutyltin(IV) complexes;
IP = —Eyomos EA = -Erumos £ =P + EA)/2; y = (IP + EA)/2; n= (IP — EA)/2; S = 1/217°

Complex 1a  Complex 1b Complex 1¢ Complex 1d

PrOperty Bu2 SIIL(1 )A Buzsl’lL(z)A BU2SI’IL(3 )A BUZSI’IL(4)A
Molecular formula C28H36N2055H C29H38N205SH C33H38N2058n C33H37C1N205SH
Molecular weight 599.300 613.327 661.371 695.816
Energy, a.u. —1577.76033  -1617.07528 —1769.49513 —2229.09439
Enomo / eV —6.05 -5.91 —6.03 —6.11
Erumo/ eV -1.53 —-1.58 —1.88 -2.23

AE eV 4.52 4.33 4.15 3.88
Dipole moment, D 2.77 3.92 1.96 5.26
Polarizability 84.70 86.23 90.14 91.38
Ionization potential, eV 6.05 591 6.03 6.11
Electron affinity, eV 1.53 1.58 1.88 2.23
Chemical potential, x -3.79 -3.745 -3.955 —4.17
Elecrtonegativity, y 3.79 3.745 3.955 4.17
Chemical hardness, 7 2.26 2.165 2.075 1.94
Chemical softness, S 0.2212 0.2309 0.2409 0.2577
Area, A2 577.93 601.34 638.82 656.87
Volume, A3 547.22 565.63 613.19 627.71
PS4/ A2 59.977 59.619 59.138 59.371
Ovality 1.79 1.82 1.83 1.85

For the LUMO of complexes 1a—d, the charge density is localized on five
membered pyrazole ring and carbonyl carbon of substituted pyrazolone moiety.
This theoretical study reveals that localization of charge density on substituted
pyrazolone moiety plays a crucial role for determining the reactivity of dibutyl-
tin(IV) complexes.

The optimized molecular structure of the complexes BuySnL ;A (1a-d) have
been studied, and the selected bond lengths and bond angles are listed in Tables I1
and III, respectively.

In the optimized structures of dibutyltin complexes (1a—d), the sum of the
equatorial angles 108.98 (C9-Sn1-C13), 87.62 (C9-Sn1-02) and 163.35° (C13—
—Sn1-02) is 359.95° in complex 1a, 110.95 (C10-Sn1-C14), 89.68 (C14-Snl-—
—01) and 158.96° (C10-Sn1-O1) is 359.59° in complex 1b, 113.90 (C5-Snl—
—C12),92.18 (C12-Sn1-03) and 153.61° (C5-Sn1-03) is 359.69° in complex lc,
and 132.61 (C7-Sn1-C11), 109.68 (C7-Sn1-03) and 115.95° (C11-Sn1-03) is
358.24° in complex 1d. The O—Sn—O bond angle between axial positions are
148.04° (O1-Sn1-03) in complex la, 149.42° (0O2-Sn1-0O3) in complex 1b,
152.00° (02-Sn1-01) in complex 1¢ and 167.53° (0O4-Sn1-02) in complex 1d.
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00000

C N Sm O
Fig. 2. The optimized molecular structures of dibutyltin(IV) complexes Bu,SnL A (1a—d).

These observations suggest that carbon atoms of two butyl groups and cov-
alently bonded oxygen atom of substituted pyrazolone occupy the equatorial plane
with tin atom, whereas the axial position were occupied by second oxygen atom of
substituted pyrazolone and oxygen atom of carboxylate group. Thus, a distorted
trigonal bipyramidal geometry may be suggested for these dibutyltin(IV) com-
plexes (Fig. 2).

The theoretically calculated Mulliken charge at selected atoms in dibutyl-
tin(IV) formulations have been depicted in Table IV. The charge distribution ana-
lysis reveals that the positively charged tin atom is surrounded by negatively
charged carbon (from butyl groups) and oxygen (from substituted pyrazolones and
carboxylic acid) atoms.
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HOMO
HOMO

LUMO LUMO
Complex 1a Complex 1b

Fig. 3. FMOs of optimized molecular geometries of dibutyltin(IV) complexes (1a,1b)

HOMO

HOMO

LMo LUMO

Complex 1c Complex 1d
Fig. 4. FMOs of optimized molecular geometries of dibutyltin(IV) complexes (1¢ and d).

The negative charge on oxygen atoms of substituted pyrazolone (—0.736(01),
—0.637(02) in complex 1a, —0.720(02), —0.661(01) in complex 1b, —0.724(02),
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-0.660(03) in complex 1c and —0.737(03), —0.638(04) in complex 1d) is higher
compared to oxygen atom of carboxylic acid (—0.627(0O3) in complex 1la,

-0.654(04) in complex 1b, —0.653(01) in complex 1¢ and —0.687(02) in complex

1d) indicate stronger bonding interaction between substituted pyrazolone and tin
atom.

TABLE II. Selected bond distances (in A) of optimized geometries of dibutyltin(TV) complexes

(1a -1d)

Complex 1a
BUZSHLU)A

Complex 1b
BuZSnL(z)A

Complex 1¢
BUZSHL(3)A

Complex 1d
BUZSHL(4)A

2.153 (Sn1-C9)
2.162 (Sn1-C13)
2.104 (Sn1-O1)
2.192 (Sn1-02)
2.188 (Sn1-03)
1.276(03-C17)
1.263(C17=04)
1.291 (01-C1)
1.429 (C1=C2)
1.412 (C2-C4)
1.272 (C4=02)

2.152 (Sn1-C14)
2.158 (Sn1-C10)
2.135 (Sn1-01)
2.153 (Sn1-02)
2.195 (Sn1-03)
1.285(03-C18)
1.258(C18=04)
1.281 (O1-C1)
1.432 (C1=C2)
1.406(C2-C4)
1.281 (C4=02)

2.150 (Sn1-C12)
2.157 (Sn1-C5)
2.139 (Sn1-02)
2.140 (Sn1-03)
2.133 (Sn1-O1)
1.288(01-C8)
1.248(C8=04)
1.285 (02-C1)
1.432(C1=C2)
1.405 (C2-C7)
1.281 (C7=03)

2.136 (Sn1-C7)
2.143 (Sn1-Cl11)
2.042 (Sn1-03)
2.265 (Sn1-04)
2.074 (Sn1-02)
1.301(02-C1)
1.234(C1=01)
1.296 (03-C15)
1.429 (C15=C16)
1.416 (C16-C21)
1.273 (C21=04)

TABLE III. Selected bond angles (in °) of optimized geometries of dibutyltin(IV) complexes

(1a—d)
Complex 1a Complex 1b Complex 1¢ Complex 1d
BUZSHL(I)A BUZSI’IL(z)A Bllel’lL(j,)A BUZSHL(4)A

108.98(C9—-Sn1-C13) 110.95(C10-Sn1-C14) 113.90(C5-Sn1-C12) 132.61(C7-Sn1-Cl11)

87.62(C9-Sn1-02)

163.35(C13-Sn1-02) 158.96(C10-Sn1-O1)

94.48(C13-Sn1-O1)
96.29(C13-Sn1-03)
82.29(02-Sn1-01)
148.04(01-Sn1-03)
78.83(03-Sn1-02)
119.94(03-C17=04)
126.52(Sn1-01-C1)
130.62(01-C1=C2)
122.60(C1=C2-C4)
121.78(C2-C4=02)
132.42(C4=02-Snl)

89.68(C14-Sn1-01)

87.77(C10-Sn1-02)
97.60(C10-Sn1-03)
82.28(01-Sn1-02)
149.42(02-Sn1-03)
82.26(03-Sn1-01)
119.51(03-C18=04)
126.41(Sn1-01-C1)
130.01(01-C1=C2)
122.67(C1=C2-C4)
122.19(C2-C4=02)

92.18(C12-Sn1-03)
153.61(C5-Sn1-03)
90.36(C5-Sn1-02)
96.68(C5-Sn1-01)
81.51(02-Sn1-03)
152.00(02-Sn1-01)
80.23(01-Sn1-03)
121.84(01-C8=04)

109.68(C7-Sn1-03)

115.95(C11-Sn1-03)
85.98(C7-Sn1-04)
94.42(C7-Sn1-02)
86.14(02-Sn1-03)
167.53(04-Sn1-02)
82.01(03-Sn1-04)
125.05(02-C1=01)

125.61(Sn1-02-C1) 129.51(Sn1-03-C15)
129.58(02-C1=C2) 131.00(03-C15=C16)
121.94(C1=C2-C7) 121.76(C15=C16-C21)
122.31(C2-C4=03) 121.55(C16-C21=04)

133.28(C4=02-Sn1) 133.26(C7=03-Snl) 131.96(C21=04-Snl)

This observation is further supported by mass spectral data. The presence of a
peak at m/z 449.2868 (100 % intensity) in complex 1a, 463.6000 (16.66 % inten-
sity) in complex 1b, 511.9000 (6.66 % intensity) in complex lc¢ and 545.6388
(72.72 % intensity) in complex 1d corresponds to [M-A]* fragment ion (Table S-
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-III). This indicates strong bonding interaction between oxygen atom of substituted
pyrazolone and tin atom.

TABLE IV. Mulliken atomic charge on selected atoms of dibutyltin(IV) formulations(1a-1d)

Complex 1a Complex 1b Complex 1c Complex 1d
BUZSHL(I)A BUZSHL(z)A BLIZSI]L(3)A BUZSHL(4)A
+1.574 (Snl) +1.562(Snl) +1.557 (Snl) +1.539 (Snl)
—0.650 (C9) —0.649 (C26) —0.655 (C12) —0.654 (C7)
—0.647 (C13) —0.637 (C22) —0.640 (C5) —0.643 (C11)
-0.736(01) —0.720(02) —0.724(02) —0.737(03)
+0.683(C1) +0.690(C13) +0.692(C1) +0.679(C15)
—-0.117(C2) —0.115(C12) —0.111(C2) —0.124(C16)
+0.436(C4) +0.437(C11) +0.337(C3) +0.333(C21)
-0.637(02) —0.661(01) —0.660(03) —0.638(04)
—0.627(03) —0.654(04) —0.653(01) —0.687(02)
+0.665(C17) +0.661(C21) +0.661(C8) +0.641(C1)
—0.608(04) —0.579(05) —0.673(04) —0.533(01)
CONCLUSION

Four dibutyltin(IV) complexes (1a—d) were synthesized, and their structures
elucidated using spectroscopic evidences and DFT-B3LYP functional. The syn-
thetic method included incorporation of dibutyltin(IV) into structurally different
substituted pyrazolone and mandelic acid, resulting in the formation of hybrid
dibutyltin(IV) formulations. 119Sn-NMR chemical shift value revealed the pre-
sence of pentacoordinated tin centre in the dibutyltin(IV) complex. DFT/B3LYP
functional was used for the theoretical investigation of dibutyltin(IV) complexes,
BuySnL;)A. Optimized molecular structure, optimized energy and other global
reactivity parameters of the complexes were studied. The Mulliken charge distri-
bution analysis of dibutyltin(IV) complexes reveals the charge distribution on vari-
ous atoms of complexes. On the basis of spectroscopic and theoretical evidences,
a distorted trigonal-bipyramidal geometry was proposed in which substituted pyr-
azolone acts as bidentate ligand, coordinating through enolic oxygen (—O) as well
as carbonyl (>C=0) oxygen, while the mandelic acid acts as monodentate ligand
coordinating through carboxylic —C(O)O group.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13280, or from the correspond-
ing author on request.
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H3BOJ

JUBYTUITKAJIAJ(IV) ®OPMYJIALIUJE: CHHTETUYKH ACITIEKT, CITEKTPOCKOIICKA
HWHTEPITPETALIMJA U KOMITJYTEPCKA KAJIKYJIATUJA

SUCHITRA BUDANIA, ANKUR M KUMAR, POONAM CHAND u ASHA JAIN
Department of Chemistry, University of Rajasthan, Jaipur-302004, Rajasthan, India

OBaj HCTpa)XXMBaYKH WIaHaK IpUKasyje cepujy audytunkanaj(IV) komnnekca, BuzSnLmA
(1a—d), cuHTETHCAHUX PEaKIMjOM HAaTPHjYMOBHX COH CYIICTUTYHCAaHUX nupasonoHa (LmH) un
apomaTtuuHe kapdoxcunHe kucenuHe (AH) ca pudyTtunkanaj-nuxnopunom y cyBom THF pac-
TBapauy. HoBocuHTeTHcanu nudytunkanaj(IV) kommnekcu cy okapakrepucanu FT-IR, NMR
(H, 3C, '9Sn) cnekTpOCKONHjOM ¥ MAcEHOM aHaau30M. Mo KoopauHanuje oba auraHaa ca
LEHTPaIHUM aTOMOM Kajaja 00jalllkeH je CIEKTPOCKOICKOM aHa/lIu30M KoMIulekca. CIeKTpo-
CKOIICKH Pe3yJTaTH Cy OTKPW/IH Ja Ce CyNCTUTYHCAHU NUPA30JIOHCKY JIUTaH/ KOOPAUHHUILE ca
aTOMOM Kkajlaja Ha OMIEHTaTHY HAUMH IPEKO €HOTHOT KUCEOHUKA U KapOOHUITHOT aToMa KHCe-
oHrKa. Hacynpot Tome, nmuranj apomMaTtiyHe KapOOKCHIHE KHCEIHHe KOOPAWHUIIE Ceé MOHO-
IEeHTaTHO NpPeKo KapdOKCHIHOI aToMa KUCEOHHKA, LITO pe3yJiTHpa MeHTaKOoOpAWHAIlMOHUM
OKDY>KEHEM OKO LIEHTpaAJHOI aTroMa Kanaja. PauyHcke Kankynauuje kopuuhewmem Teopuje
(ynkuronana ryctuse (DFT) npyxajy yBUZ y OITUMU30BAaHE MOJIEKYJIapHE CTPYKTYPE, EHEP-
ryuje, ManukeHoBa HaejeKkTpUcawma M AUCTOP3Mje y Ay)KMHama ¥ YIJIIOBUMa Be3a HOBO(OP-
MUPaHUX KOMILIeKca. JJeCKpUNTOPH I700alHe PeaKTUBHOCTH U TPaHUYHE MOJIEKYJIapHe 0pOu-
tane (FMO) cy nspauyHaTH kako Ou ce pasymesie CTPYKTYpPHE U eJIeKTPOHCKe 0CODMHe nudy-
tunkanaj(IV) dopmynauuja. Teopercka CTymdja HCTpaxkyje MpPeNnOXKeHO IeHTaKoop-
IOVHAUVOHO OKPY)Kemhe OKO aToMa Kajaja, OTKpUBajyhu JUCTOP3Hjy y TeOMETPHjHU KOMILTIEKCA.

(ITpumibeHo 6. MapTa, peBuAMpaHo 15. Maja, npuxsaheno 10. jyna 2025)
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TABLE S-1. 'H NMR spectral data of dibutyltin(IV) complexes of sterically demanding

J. Serb. Chem. Soc. 90 (9) (2025) 10411054

substituted pyrazolones (L, H) and mandelic acid (AH) in (8) ppm

\ \
RCO:C(OH)N(CgHgN:CCH, C¢HsCH(OH)COOH Busn
(LmH) (AH)
?omplf X Terminal R
ormula . .
Ring Ring (CHy/
OH C6H5 CH3 CHZCHS/C6H5/ COOH C6H5 OH CH
p-C1C6H4)
BupSnLpA 771875 2.36 239 « 369 51 01~7607-
(la) (m.IOH) (s,3H) (s,3H) (s,1H) (s,1H) (léH)
2.73
BupSnLpA 771889' 2.43 (q,2H), . 373 513 0176%_
(1b) . (s,3H) . G Gl -
(m.10F) (3H) (18H)
BusioA Lo 179 . ) . e sn 0%
BuzSnLA 77'1899_ 1.82 . ) . 369 511 017608‘
1d) o '14H) (s,3H) (s,1H) (s,1H) (léH)

s(singlet); t(triplet); q(quartet); m(multiplet); *(merge with ring phenyl); **(merge with butyl

region); R=-CHj (L(1)H), -CHyCH; (L(p)H), -C¢Hs (L(3)H), p-CIC¢Hy- (L(4yH)

* Corresponding author. E-mail: aashajain27@gmail.com
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TABLE S-II. BC NMR spectral data of dibutyltin(IV) complexes of sterically demanding
substituted pyrazolones (LwmH) and mandelic acid (AH) in (8) ppm

Complex v ) CsHsCH(OH)COOH  Bu:Sn
formula. RCO: C(OH)N(C sHsIN: CCH (AH)
(LmH)
Ring Terminal R= G (o Cs Cs C; COOH C¢Hs CH
CeHs CHs/ CH2CH3/
CeHs/
p-CICeHy4
Bu;SnLpyA 12093 - 27.99 162.01 104.76 138.48 193.15 17.52 179.60 * 73.51  13.42-
(1a) 148.92 28.73%
Bu;SnLpA 12098 - 32.85 162.04 103.97 138.34 196.67 17.35 179.53 * 7348  13.45-
(1b) 148.41 9.05 29.76
Bu;SnLsA 12092 - * 162.60 104.61 139.47 19242 16.44 179.77 * 73.56  13.40-
(1¢) 149.35 3238
Bu:SnLyA  120.94 — * 162.60 104.65 138.00 190.43 16.65 174.17 * 7292 13.40-
(1d) 148.97 32385

*merge with ring phenyl; *splitted signals

TABLE S-III. Mass fragmentation pattern of dibutyltin(IV) complexes 1a-1d

Complex
Fragments BUQSHL(I)A BUQSHL(Z)A BUQSHL(3)A BUQSHL(4)A
(a) (1b) dc) (1d)
[M]* 599.2868 613.327 661.327 695.7827
olntensity L n.o. n.o. n.o.
(%i i L.I
[M-AT* 449.2868 463.6000 511.9000 545.6388
(%intensity) (100) (16.66) (6.66) (72.72)
[F17* 381.7000
(%intensity) (15.55)
[F1-F2-CH;]* 335.0910 340.6000
(%intensity) (4.61) (33.33)
[F1-F2-C, Ho]* 301.6000
(%intensity) (11.11)
[F1-F2-C4Hy-CH;]* 279.1437 2(7195‘42050)0 279.4000 279.3088
(%intensity) (37.39) ’ (100) (100)
[F1-F2-2C4Ho]* 233.1190 231.4000 233.2572
(%intensity) (39.13) (30.00) (63.63)
[SnO2]* 150.9696 149.2000 151.0590
(%intensity) (17.39) 149.2000 (6.66) (18.18)
[C¢HsCOT/[CeHsN,T* 102.1000 102.1000
(%intensity) (100) (17.77)

[M]" = [BuSnL;,A]"; A = CgHgO3; L.I. = Low Intensity; n.o. = not observed; F1 = M-A-C¢Hs;
F2= CH3/CH2CH3/C6H5/C6H4C1
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AH=
OH

R= -CH3 (L(;yH), -CH2CH3 (L(p)H), -C6HS(L(3H), p-CIC6H4-(L4)H)

Table S-IV. 'H NMR spectral data of sterically demanding substituted pyrazolones (L H) and

mandelic acid (AH) in (8) ppm

Ligand B P CsHsCH(OH)COOH
formula RCO:C(OH)N(CzH5z)N:CCH 4 (AH)
LwH)
OH Ring Ring Terminal R COOH  CeHs OH CH
CeHs CHs (CHs/
CH:CHa/
CeHs/ p-
CICeHa4 )
AH* 11.81(s) 7.19- 3.50(s) 5.01(s)
7.70(m)
LoH**  11.51( 7.17-7.83 2.51 2.45
bs) (m) (s) (s)
LeoH**  10.67 7.23-7.86 2.39 2.73(q),
(bs) (m) (s) 1.21(t)
LeH**  12.77 7.25-7.93 2.08 *
(bs) (m) (s)
L@H** 11.37( 7.26-8.00 2.14 *
bs) (m) (s)

*ref. 3;**ref28
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Table S-V."*C NMR spectral data of sterically demanding substituted pyrazolones (LH) and
mandelic acid (AH) in (3) ppm
;Jigand RCO:C(OH)N(C Ho)N:CCH, CﬁHSCHESH)COOH
ormula (L H) (AH)
Ring Terminal C; Cs Cs Ce C; COOH CGCeHs CH
CeHs R=
CHsy/
CH:CH3/
CeHs/
p-CICsHa
AH* 173.33 1259 75.12
6-
136.1
2
LoH** 1204 26.2 160.4 104.1 137.1 196.2 154
147.0
LoH** 1204 3229 160.1 103.2 137.0 1979 154
0- 7.94 0 7 6 7 8
147.3
2
LepH**  120.7 126.69- 161.4 103.5 137.5 192.0 158
5- 131.90 2 8 6 5 4
147.9
8
L@H** 120.8 126.8—- 161.1 103.5 138.1 190.9 158
- 138.0
147.6
*ref. 3;**ref28
Spectrum
846.28cm-1
122: 875.42cm-1 647.08cm-1
1e 1412 67cm-1
100
a0 1531.44cm-1 446 2201
80
B'E ;E 1946 83cm-1 posoaem-S
501 3476.47crBon1 50cm-1
40 B07.76cm-1
30 1073.69cntd 7O
20 2953.87cm-1 2865 B%em-1 1580.35¢cm-1 T 1173.18emA m_ﬂm_?m 28cm-1
12: ; Y , : 1479.77Tcm-1
4000 3500 3000 2500 2000 1500 1000 500400
cm-1

Fig S-1. IR Spectrum - Complex BuSnL)A(1a).
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Spectrum
B4cm- 879.20cm-1
iy 14?9.392:31211" : 838.88cm-1
. 1256.99em-1
901 1945 53cm-1
w : )
701 | 444.57em-1
(i1} 1737 57cm-1
'aE 50+ 509.82cm-1
3297 64cm-1
40-
- 3061.37cm-1 1528.03¢m-1 616.09cm-1
204 T | 692 74cm-1
2953.18cm-1 { _‘. \ v st
10 1596.24cm-1 1451 ch184.020m1
14 1067.94cmgY 74cm-1
3968 3500 3000 2500 2000 1500 1000 500368
cm-1
Fig S-2. IR Spectrum - Complex Bu,SnL»A (1b).
Spectrum
106, 1258.26cm-1 882.45cm-1544.11cR§91om-1
9198.06cm-1 £57 7T1em-1
100 L
794.27cm-1
90
70+ 476.21cm-1
o 621.30cm-1
= 60
50+ 515.30cm-1
575. 1
40 11056.34u'n-1 701.41cm-1
301 839.75¢m-1
5 64cm 161 14am-1
'?’(’)_ 1563.47cm-1 1596.66¢m-1 1471.60cm 34 o ?
4000 3500 3000 2500 120'00 1500 1000 500400
cm-

Fig S-3. IR Spectrum - Complex Bu,SnL3)A (1¢).
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Spectrum
779.8pcm-1
(1L N L 670.88cH18 4181 576 410m 1
100 Bian PN M 1
\ / \ " R
90+ v s2493em1 (||
~ | 1741.17em-1 A1
80 \ A . 7V TTH-I
\ I 1150; T | WL
\ L \ | v |
70 § o N I 424.8%m-1
i /" 3084.40em-1| 26000em-1, 1428261 | yog7 760m-1 l
6o ] 1534.68cm-1 = | 781868cm1 Py
- 1455.97cm-1 1 |1 J§ Yoessmap :
1 ; 1 | 1]
e o 2959.06cm- 2025 750m 1 1571.38cm-1 Ly || 624.00cm-1
|| 137834cm-1  65564crBW.23cm-1
f
i)
e y 3417.94m1
197 : . - ‘ 1400, 38em: -
4000 3500 3000 2500 2000 1500 1000 500400
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Abstract. The application of the quantitative structure property relationship
(QSPR) approach helps to predict physicochemical properties of chemicals from
their molecular structures. They are based on the translating and encoding of
input information on theoretical molecular descriptors running by genetic algo-
rithm techniques (GAs). In this research, the focus is mainly on the controlling
and understanding the environmental fate and transport mechanisms of poly-
chlorobiphenyls (PCBs) in soils. To achieve this goal, multiple linear regression
(MLR) models were handed-down on a series of 188 PCBs to predict their soil
sorption coefficient (log K,,.) which is critical to measuring their affinity. All
statistical parameters obtained have indicated that the QSPR-MLR model has a
very high predictive ability with a higher coefficient of determination (R?> =
=0.9984) and lower root mean squared errors (RMSE = 0.0610). Moreover, the
dominant molecular descriptors mentioned that the sorption process of these
compounds on the surface of soils have been influenced by the size of molecule,
polarizability and density.

Keywords: QSAR/QSPR study; polychlorinated biphenyls; molecular descript-
ors; partition coefficient; environmental chemistry.

INTRODUCTION

The study on the quantitative structure property relationship (QSPR) appro-
aches, since their first formulation in the 1960s, is steadily growing following
advances in environmental topics, medicine, pharmacology, biomedical and indus-
trial research. The application of the QSPR method helps to predict physico-
chemical properties of compounds from their molecular structures. They are based
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1056 CHAOUI et al.

on the establishment of a mathematical model between theoretical molecular des-
criptors (MDs) and responses using linear and non-linear learning machines. These
MDs encode and represent all input information running by genetic algorithm
techniques (GAs). Besides, using these models helps researchers make predictions
for new or untested compounds, thereby assessing their potential environmental
impact and aiding in the development of safer and more sustainable chemicals. All
the published papers, that have been done on the development of QSAR and QSPR
models, revolve around their search to obtain the optimal model in order to predict
the properties/activities or even though toxicities of chemicals under the guidelines
of the five OECD! roles including here below: 1) a defined endpoint, 2) unam-
biguous algorithm, 3) a defined domain of applicability, 4) appropriate measures
of goodness-of-fit, robustness and predictivity and 5) mechanistic interpretation of
the molecular descriptors, if possible.2

Thus, in this research, the focus is mainly on the controlling and understanding
the environmental fate and transport mechanisms of polychlorobiphenyls (PCBs)
in soils. To achieve this goal, these chemometrics methods were applied to predict
their soil sorption partition coefficient (Ko¢) which is crucial for effective environ-
mental management and pollution control (e.g., some selected examples around
modeling of PCBs using linear and non-linear QSAR/QSPR approaches.3~10 log
K is a key parameter used to describe and to determine how organic compounds
distribute themselves between aqueous and non-aqueous phases in the environ-
ment. It provides essential information for predicting the movement, bioavail-
ability and potential environmental impact of organic pollutants.

PCBs, due to their resistance, lipophilicity, accumulation, their volatility and
persistence for a long time, are frequently considered as hazardous compounds that
can expose gravity impacts on human health, animals and on the environment.
Several studies mentioned that PCB concentrations are highest in sediments and
soil, particularly in industrial and urban area.!l:!2 Over 90 % of PCB emissions
originated from transformers and capacitor leaks and from fragmentizing operat-
ions.!3 That being the case, the movement of these organic compounds in soil is
the primary and the principal cause of their toxic effects in the ecosystems. They
migrate via the soil to vegetables, fruits, trees and eventually to humans through
eating food, drinking water and breathing polluted air, causing disruption and
contamination on biological systems in the form of diseases as cancer reproductive
difficulties, immune system problems, kidney, stomach and Parkinson’s dis-
eases.!4"17 The number and the position of chlorines determine both the physical
and the biological properties of each congener.!>

In this study, the models were developed on a series of 188 polychlorinated
biphenyls (PCBs) by leveraging the power of multiple linear regression techniques
resulting from their simplicity, reproducibility and their higher predictive ability.
The basis of these methods is the generation and selection of only influenced
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PREDICTION OF THE SOIL SORPTION COEFFICIENT 1057

molecular descriptors by using genetic algorithms. The following sections describe
the methodologies and materials employed to build and validate QSPR models.

MATERIALS AND METHODS
Dataset collection and preparation

The collection of the experimental data is the significant and the unique source of input
information accessible to QSPR modelers.2 Experimental log K, values of 188 PCBs in this
work were obtained from the literature!® ranging from 4.2 to 8.03. The PCB codes, the formula,
experimental and predicted log K, values of these PCBs as well as their Chemical Abstracts
Service (CAS) numbers are listed in Table S-I of the Supplementary material to this paper. After
this step, all molecular structures were drawn using the software ChemDraw!® and saved as
MDL.Molfile. A suggested format for the Hyperchem package?’ to optimize their geometries
by the molecular mechanics force field method (MM+) on selecting the lowest energy. Besides,
for more precise configuration a semi-empirical PM3 method was done to find the optimal
conformation by computation Polak—Ribiere algorithm.

Descriptors calculation

Several molecular descriptors were calculated using Dragon software.2! We sort these
descriptors keeping only significant ones. Finally, 1143 molecular descriptors were retained for
the QSPR model construction.

Dataset splitting

For the subsamples selection, a Kennard and Stone algorithm (CADEX) in MATLAB was
applied. This non-random technique is usable just for only one splitting. So, it’s considered as
a deterministic method for the partitioning of the data into training and prediction sets in a way
that ensures they are as uniformly spread out as possible. The algorithm, first determines which
two samples are the furthest apart and have the largest Euclidean distance in order to determine
which samples are the most representative. The remaining samples that are most distant from
the previously chosen samples are then picked in each subsequent phase and appended to the
bottom of the prior rank list. This process is repeated until a certain number of samples have
been selected and ranked. The training set, is selected to build the model and learn the relation-
ship between descriptors and property. It contains 132 compounds of PCBs (70 % of the total).
While prediction set is used to evaluate the goodness-of-fit, robustness and the external predict-
ive ability of the model. It contains 56 compounds of PCBs (30 % of the total).

MLR-model development and validation

The aim of multiple linear regression (MLR) is to model in the simplest way, capturing
only the most relevant aspects of the chemical structure related to the end point.2 QSARINS
(version 2.2.4)22:23 software served to achieve this step by running genetic algorithms. Different
complemented steps were being verified in order to guarantee the goodness of the optimal MLR
model selected. On the one hand, internal and external validation must be done with checking
model predictivity of each training and predicting sub-sets, respectively. The internal validation
was verified through: Determination Coefficient (R?), adjusted squared regression coefficient
(R%adj), leave-one-out cross validation (0% o), leave-many-out cross validation (Q% o),
concordance correlation coefficient (CCC), root mean squared errors (RMSE), mean absolute
error (MAE), Y-scrambling, standard error (s). And the external validation by CCCqy;, RMSE;,
MAE,,,, standard error (sey).2 Model performance was checked by QUIK rule, which referred
to Kyy (the inter correlation of the independent variables) < Kyy (correlation We're not gonna
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1058 CHAOUI et al.

do it remove the external between independent variable matrix and dependent variable matrix)
that indicate stability and reasonable prediction.>* On the other hand, the definition of the
applicability domain (AD) must be visualized by William’s diagram aids in the knowledge and
the definition of stable chemicals and the others which appeared as outlier. The outlier (the point
with absolute value of standard deviation > 3) and high leverage points (the point where
leverage values (h;) were greater than the warning leverage (4*)) could be simply and directly
identified by Williams plot.2’ The leverage /; is the i-th diagonal element of the Hat matrix,
which links the target values to their predictions:26

hi=xF(XTX) Ly, (1)

Here, X is a 2D-descriptor matrix with # rows (compounds) and P columns (descriptors),
XTis its transpose, (XTX) ! is the inverse of the matrix XTX, and x; is the row vector representing
the descriptors of the query compound. A leverage value hi greater than the warning threshold
h* indicates that the compound i lies far from the center of the descriptor space and has a
significant influence on the regression model. The critical value of leverage (k*) is fixed at
3(p+1)/n, where p is the number of predictor variables, and # is the number of observations. In
this work, the ADs of the QSPR-MLR model were represented by the method of leverage value
and Euclidean distance.?’

RESULTS AND DISCUSSION
An excellent MLR-QSPR developed model was obtained based on two theor-
etical molecular descriptors (EPS1 and RDF030v), the model is given as:
logK,. =-1.8617—-0.9159EPS1-0.0327RDF030v (2)

For further assessing the predictive power of any model in QSPR field analysis
internal and external validations are a necessary part. All statistical parameters of
the QSPR-MLR model represented in Eq. (2) are presented in Table 1.

TABLE I. Statistical parameters of QSPR model (internal validation); training set: n(tra) = 132
R2 Rzadj cce QZLOO QzLMO RzYscr QZYscr S F RMSE  MAE
0.9925 0.9924 0.9962 0.9922 0.9920 0.0148 —0.0318 0.0617 8525.0396 0.0610 0.0352

R?2 = 09925 > 0.7, 0% = 0.9922 > 0.6, CCC = 0.9962 > 0.85.28:29 The
difference between R? and 02 is low (no more than 10%).2 R2ygcr and Q?yeer
values implied that the model had no accidental correlation (R%y¢., = 0.0148 < 0.3,
0%yger=-0.0318 <0.05).30 The great value of Fisher’s parameter (F = 8525.0396)
shows a highly significant model. Additionally, the lowest value of both RMSE
(0.0610) and MAE (0.0352) factors indicate the less errors in predictions. Further-
more, a QUIK rule (Kxy= 0.6727 < Kxy = 0.775) showing a strength estimation.
Despite the excellent internal results, this is not enough to propose it as a good
model. So, an external validation (listed in Table II) must be undertaken to verify
the predictive capabilities of our model, we resorted to its validation on a set
designed for this purpose and chosen from the start.
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TABLE II. Statistical parameters of QSPR model (external validation); prediction set: n(test) =
56

R%  CCCuqu  RMSE.,  MAE.,  O*-F1  Q>F2  Q>F3 2m
0.9757  0.9865 0.0880 0.0380  0.9746  0.9738  0.9844  0.9427

All values of Q2-Fn > 0.70 and »2m > 0.65,2 with a noticeable decrease in the
R2¢¢ value by approximately 2 %. The regression line is shown in (Fig. 1),
representing the relation between the measured values and the model’s predictions,
providing insight into the model’s accuracy and predictive capabilities. In the
training set, the observed log K. values were plotted against the corresponding
experimental log K, values. A linear regression line was fitted to these points,
ideally indicating a strong correlation and minimal deviation from the line of best
fit. The closer the points are on this line, the more accurate the model is in predict-
ing log K, values based on experimental data. The training set, used to develop
the model, typically shows a high degree of fit, reflecting relationships within the
data it was trained on. For the prediction set, which includes data not used during
the model training, the observed log K, values were also plotted against the exp-
erimental log K, values. The fit of the linear regression line in this context
demonstrates the model’s generalizability and robustness in predicting set should
align closely with the line, though some variability in environmental data. Upon
examining the scatter plots and the linear regression lines, four outlier points were
identified: PCB-000, PCB-095, PCB-155 and PCB-209. These points significantly
deviated from the line adjustment, including a substantial discrepancy between the
observed and the experimental log K,. values. Such outliers suggest that the
model’s assumptions or inputs may not adequately account for specific charac-
teristics or behaviors of these particular PCB compounds. PCB-000, PCB-209,
PCB-155 and PCB-095 could represent unique cases where the chemical pro-
perties or environmental interactions differ significantly from the majority of the
data set. A final point to highlight the MLR-QSPR model reliability is the defin-
ition of applicability domain (Fig. 1). It represents log K, experimental values vs.
predictive values.

As shown (Fig. 2), the values of log K,¢(std) are between the limits £3. One
chemical compound PCB-209 (decachlorobiphenyl) from the training set, which
appear clearly outside the limit set by the critical value 2* = 0.068 symbolized by
the right parallel to the axis of log K(std), is considered as influential compound.
One other compound corresponding to PCB-000 (biphenyl) from training set
appeared a little bit outside this interval with two others PCB-095 (2,2',3,5',6-
pentachlorobiphenyl) from test set and PCB-155 (2,2',4,4',6,6'-hexachlorobi-
phenyl) are wrongly predicted. They are considered as outliers’ compounds and
cleaning of the data set is required. These outliers highlight the importance of
further investigation to understand the underlying reasons for their deviation,
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1060 CHAOUI et al.

which could include experimental errors, unique chemical behaviors, or limitations
in the model’s scope. Addressing these outliers might involve refining the model
or incorporating additional parameters to improve its overall accuracy and applic-
ability. They were removed to observe their impact on the model accuracy and
robustness. With removal of the outlier, the model was recalibrated and re-evaluated.
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Fig. 1. Predicted vs. experimental log K. values for the training, validation sets.
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Fig. 2. Williams plot of the developed model.

Model refinement after outlier removal

PCBs, polychlorinated biphenyls are chemical compounds that consist of sev-
eral isomers, differing in the position and number of chlorine atoms attached to the
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biphenyl structure. In particular, PCB-095 and PCB-155 stand out from other
PCBs due to their specific number of chlorine atoms and their configuration (Fig. 3).

Cl
Cl
Cl

Cl
Cl

A B
Fig. 3. 2D structure of PCB-095 (A) and PCB-155 (B).

The arrangement of chlorine atoms on the biphenyl rings is unique to PCB-
-095 and PCB-155. For example, in PCB-095, the chlorine atoms can be located
in ortho, meta, or para positions, which influences the reactivity and stability of
the compound. In the case of PCB-155, some chlorine atoms occupy the ortho and
meta positions, while other PCBs may have different configurations.

PCBs are mixture of several isomers based on the arrangement of chlorine
atoms. PCB-095 has characteristics that distinguish it from other isomers, which
can impact its environmental and toxicological properties.

The structural difference of PCB-095 compared to other PCBs lies in the
number and position of chlorine atoms, which influences its chemical and environ-
mental properties. Its polarity is intermediate, affected by its chlorinated structure.
When compared to other PCBs, variations in the number and position of chlorine
atoms lead to differences in polarity, thus impacting the solubility, toxicity, and
environmental behavior of these compounds.

In summary, the structural distinction between PCB-095 and PCB-155, as well
as other PCBs, is based on the number and position of chlorine atoms in their
structure.

The QSPR-MLR models re-developed after the elimination of PCB-095 and
PCB-155 is as follows in Tables III and IV.

TABLE III. Statistical parameters of re-developed QSPR model (internal validation); ); training
set: n(tra) = 131

R2  RYy CCC QYoo QMmoo Riyvser OPvear 8 F RMSE MAE
0.9966 0.9966 0.9983 0.9964 0.9964 0.0151 —0.0318 0.0416 18857.1091 0.0411 0.0313

The model is given as:
log Ko =—1.8940 + 0.9206EPSI — 0.0348RDF030v 3)
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1062 CHAOUI et al.

Based on the results obtained, it is observed that the elimination of PCB-095
and PCB-155 did not affect the robustness of the model and its internal and external
predictive capacities.

TABLE IV. Statistical parameters of re-developed QSPR model (external validation); test set:
n(ext) =55
R%  CCCoqu  RMSE., MAE,  QO>F1 Q>F2  Q>F3 2m
0.9968 0.9979 0.0352 0.0283 0.9959  0.9958  0.9975 0.9783

According to Fig. 4, it is clear that the predicted log K, values were very
similar to the experimental ones, i.e., all points lying excellently along the regres-
sion line except PCB-000 which refers to the biphenyl compound. The compound
PCB 209 is located on the line, but it deviates significantly due to its distinct
structure. This is confirmed by the Williams diagram, which places it outside the
application domain.
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Fig. 4. Plot of predicted vs. experimental log K, partition coefficient.

The Fig. 5 shows that most data points from both training and prediction sets
have leverage values below the critical threshold excluding PCB-000 and PCB-
-209 included in the training set, they have very unique structure, are considered
influential chemical, and appear in the Williams graph to leverage higher than the
warning /4 * value of 0.069. In addition to being an influential point, PCB-000 is an
outlier on the y-axis where it presents a standardized error lower than —3, along
with PCB-120, which is also slightly aberrant. These points do not disproportion-
ately influence the regression model. Consequently, the model predictions remain
robust and unaffected by a few data points, maintaining overall stability.
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Fig. 5. Williams plot of the re-developed model.

Mechanistic interpretation

The EPS1 descriptor is a measure used in molecular chemistry to describe the
polarity and surface area of a molecule. It accounts for the surface area occupied
by polar atoms, which is significant for understanding molecule solubility, per-
meability, and interactions with other molecules. The second descriptor RDF030v
typically refers to a statistical measure that describes the spatial distribution of
atoms within a molecule. Their negative coefficient implies that there is contra-
dictory relationship between both RDF030v and log K, (the RDF030v value
increases, log K, decreases). This could indicate that a higher number of atom
pairs at the specified distance negatively impact the binding affinity, potentially
due to steric interference or unfavorable spatial configuration. Specially, this des-
criptor might represent a particular distance range, capturing how atoms are distri-
buted at a distance of 3.0 A from a reference point within the molecule. This
descriptor can provide insights into the three-dimensional arrangement and overall
shape of the molecule.

After all statistical and graphical tests of the MLR-model created, the model
represented in Eq. (3) is the most excellent. This is after removing the response
outliers. It is challenging to determine the correct explanation for why the model
failed to predict them, especially since all the chemicals have similar structures to
each other. In addition to this, it is crucial to remember that variations in experi-
mental conditions and measurement errors can also cause deviations from the
expected results. Natural variations in soil composition and properties can also lead
to differences in adsorption behavior. This means the model is reliable and pro-
duces consistent results. Also, we can see that the R? and Q2 values for the per-
muted models (shown as red and yellow points, Fig. 6) are clustered near zero,
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while the R2 and O? values of the actual model are significantly higher. This
indicates that the original model is not due to chance correlations and that has
identified a real relationship between the variables (the model is robust).
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Fig. 6.Y-Scrambling plot.

Furthermore, variance inflation factor (VIF),3! T and p values has several
benefits (Table V) for improving the interpretation of the regression model results
and enhancing its reliability. The larger 7 and the lower VIF and p values indicates
that the independent variable (descriptor) has a significant effect on the dependent
variable (log Kyc). VIF values are ensuring that there is no significant linear rel-
ationship between the independent variables.

TABLE V. Descriptions involved in the best developed MLR-models and corresponding T
(test), p (statistically significant) and VIF (variance inflation factor) values

Descriptor T P VIF
EPSI 196.45 0.000 1.601
RDF030v —11.67 0.000 1.601

Comparison with previous work

To highlight the strengths of the MLR-QSPR model, a comparison of results
with similar studies in the field was done and summarized in Table VI.

Our model’s statistics are better than the two other models summarized in
Table VI, except for the external validation (Q2x(). Yu et al.3 model exhibits a
O2cxt = 0.9980 greater than our model. This can be explained by the percentage of
test compounds. We used 30 % of the dataset to externally validate our model
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where Yu et al. used only ~19 % of their 138 PCBs. The external predictive ability
of our model could be explained by relevant selection of descriptors.

TABLE VI. Comparison between our present work and previously published work for organic
carbon/water partition coefficient (K,,.); KS — Kennard—Stone; SPM — SPM derived

No. Ref.  Compd. Dataset Splitting method Training Test R%?2 0% oo Q%exi RMSE

1 Curr. study PCBs 185 KS 130 55 0.99700.9968 0.9968 0,0378

2 Yuetal? PCBs 138 SPM 112 26 0.99600.9960 0.9980 0.0380

3 Yuanetal’ PCBs 73 KS 55 18 0.91700.9020 0.8570 0.2530
CONCLUSION

To estimate the soil sorption partition coefficient and to determine which
physicochemical molecular features have an influence on the sorption of a set of
188 polychlorinated biphenyls, a multiple linear regression QSPR model has been
established in compliance with the OECD! principles. The entire database was
divided into training and test sets by Kennard—Stone algorithm. Using QSARINS
software, MLR model was developed using genetic algorithm techniques to select
the main molecular descriptors. Two molecular descriptors were identified, namely
EPS1 and RDF030v, showing that the distribution behavior of the PCBs com-
pounds is influenced by molecular size, polarizability and density. The final opti-
mal model, obtained after removing outliers which had high R? and Q? values, had
the distinct advantages of satisfactory stability and prediction performance as well
as wide applicability domains. The proposed model can be used in the future to
make reliable predictions for new compounds or compounds which have not yet
been tested.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13257, or from the correspond-
ing author on request.

H3BOJ

EKOJIOIKA KOHTPOJIA ITOHAITAKA TTOJTMXJIOPOBAHWX BUGEHUIIA:
[TPENBUBAKE KOEOUITUJEHTA COPITLIUJE 3EMJ/BUIITA (Koc) KOPUITREEM
METOJE BUIIECTPYKE JIMHEAPHE PEI'PECHUJE

AMINA CHAOUI"?, AMEL BOUAKKADIA??, NOUREDDINE KERTIOU?? » HAMZA HADDAG?

"Laboratory of Engineering and sciences of Advanced Materials (ISMA), ABBES Laghrour-University,
Khenchela P.O 1252, 40004, Algeria, “Matter Sciences Department, Abbes Laghrour-University, Khenchela
P.O 1252, 40004, Algeria u *Synthesis and Bio Catalysis Organic Laboratory, University of Badji
Mokhtar-Annaba, Algeria

[TprMeHa KBAaHTUTATUBHOT OfHOCA CTPYKType U ocodbuHa (QSPR) nomaxe y npensubamwy
(pH3NIKO—XEMHjCKHX CBOjCTaBa Ha OCHOBY MOJIEKYJICKHX CTPyKTypa. OBaj MPUCTYT 3aCHOBAH je
Ha IpeBohewy M KOAWpamy yaasHUX MojaTaka O TEOPHUjCKUM MOJIEKYJICKUM JeCKpUNTOpHMA
KopuirhemeM TEXHMKA TEHETCKUX aropuTaMa. Y 0BOM UCTpaKUBamwy, (OKYC je MIPBEHCTBEHO
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Ha KOHTPOJIM M pasyMeBamwy yTHllaja Y JKUBOTHO] CPEIMHU U MeXaHK3ama TpaHCIopTa MOJH-
xynopoBaHux dudenuna (PCB) y 3emmuiuty. [la 61 ce mocTurao oBaj ik, MOZIEJIH BUILIECTPYKe
nuHeapHe perpecuje (MLR) cy mpumemeHu Ha cepujy ox 188 PCB na Ou ce npenBuneo BUX0B
koedunujeHT coprnuuje 3emspuinTa (log Koc) LITO je K/bYYHO 32 Mepeme BHUX0BOT adUHUTEeTa.
CBu f00HMjeHN CTaTUCTUUKY ITapaMeTpH cy nokasanu ga QSPR-MLR mopen uma Beoma BUCOKY
NpesuKkTHBHY crocobHocT (R? = 0,9984 u RMSE = 0,0610). [Topern Tora, JOMHHAaHTHH MOJIe-
KYyJICKH JJECKPUNTOPH yKa3yjy Ha TO Zla BeJTMYMHA MOJIeKyJIa, Kao ¥ BUX0Ba M0apu3aduaIHOCT
Y IyCTHHA YTUYY Ha COPILIMOHU MPOLIEC OBUX jefubera Ha MOBPIIMHY 3eMJBUILTA.
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using multiple linear regression

AMINA CHAOUI'2, AMEL BOUAKKADIAZ23, NOUREDDINE KERTIOUZ3*
and HAMZA HADDAG?

ILaboratory of Engineering and sciences of Advanced Materials (ISMA), ABBES Laghrour-
-University, Khenchela P.O 1252, 40004, Algeria, 2Matter Sciences Department, Abbes
Laghrour-University, Khenchela P.O 1252, 40004, Algeria and 3Synthesis and Bio Catalysis
Organic Laboratory, University of Badji Mokhtar-Annaba, Algeria

J. Serb. Chem. Soc. 90 (9) (2025) 10551067

TABLE S-I. List of studied compounds: PCB code, Formulae, observed and prediction values
of log Kqc.

N° Compounds Formulae log Ky exp log K, pred

1 PCB-000 Cj,Hy 42 4.0244
2 PCB-006 C;HCl, 483 48731
3 PCB-007 C;HCl, 483 48719
4 PCB-013 CpHeCl, 4.9 4.8944
5  PCB-014 Cp,HCl, 49 4.9257
6*  PCB-017 C,H,Cl 52 5.2793
7% PCB-018 C,H,Cl 52 5.2789
8  PCB-019 Cp,H,Cl; 528 5.3011
9  PCB-020 C;,H,Cl; 523 5.2662
10  PCB-021 CpH,Cl;  5.19 5.2195
11*  PCB-022 CpH,Cl; 5.4 5.2511
12 PCB-023 CpH,Cl; 523 5.2823
13 PCB-024 CpH,Cl;  5.16 5.2409
14*  PCB-025 Cp,H,Cl; 531 5.316
15* PCB-026 Cp,H,Cl; 531 5.3154
16 PCB-027 CpH,Cl; 531 5.2809
17 PCB-029 C,H,Cl; 5.6 5.2789
18  PCB-031 CpH,.Cl; 531 5.2996
19%  PCB-032 Cp,H,Cl; 523 5.2655
20  PCB-033 CpH,Cl; 531 5.2695
21  PCB-034 Cp,H,Cl; 531 5.3316
22 PCB-035 C,H,Cl; 533 5.3036

* Corresponding author. E-mail: kertiou.noureddine@univ-khenchela.dz
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N° Compounds Formulae log K, exp log K, pred
23 PCB-036 C,H,Cl; 5.37 5.3677
24 PCB-037 C,H,;Cl; 5.33 5.2874
25  PCB-038 C,H,;Cl; 5.28 5.2775
26  PCB-039 C,H,Cl; 5.38 5.3522
27 PCB-040 C,H¢Cly 5.57 5.6343
28%  PCB-041 C,H(Cly 5.59 5.6773
29*  PCB-042 C,H4Cly 5.64 5.6773
30¥  PCB-043 Cy,HeCly 5.64 5.6922
31  PCB-044 C,H¢Cly 5.64 5.6762
32 PCB-046 C,H¢Cly 5.68 5.7182
33*  PCB-047 Cy,HeCly 5.72 5.722
34%  PCB-048 C,H4Cly 5.66 5.6931
35*  PCB-049 Cy,HeCly 5.71 5.7215
36  PCB-050 C,HCly 5.76 5.7606
37*  PCB-051 Cy,HeCly 5.76 5.7443
38  PCB-052 C,H¢Cly 5.83 5.7213
39  PCB-053 C,H¢Cly 5.76 5.7415
40 PCB-054 C,H(Cly 5.63 5.6795
41  PCB-055 Cy,HeCly 5.66 5.6624
42*  PCB-056 C,H4Cly 5.66 5.6613
43 PCB-057 Cy,HeCly 5.71 5.7238
44*  PCB-058 C,H4Cly 5.71 5.7229
45  PCB-059 Cy,HeCly 5.64 5.6829
46  PCB-060 C;,H¢Cly 5.67 5.6462
47  PCB-061 Cy,HeCly 5.61 5.6373
48*  PCB-062 C,H4Cly 5.59 5.6523
49  PCB-063 Cy,HeCly 5.71 5.7092
50  PCB-064 C;,H4Cly 5.64 5.6677
51  PCB-065 C;,H4Cly 5.57 5.6631
52 PCB-066 C,H(Cly 5.74 5.7107
53 PCB-068 C,H4Cly 5.79 5.7736
54 PCB-069 C,H4(Cly 5.71 5.7393
55  PCB-070 C,H4Cl4 5.73 5.7106
56¥  PCB-071 Cy,HeCly 5.66 5.6783
57  PCB-072 C,H4Cly 5.78 5.7733
58  PCB-073 C,H(Cly 5.71 5.738
59* PCB-074 C,HCl,  5.74 5.7105
60  PCB-075 C,H¢Cly 5.72 5.7239
61*  PCB-076 C;,H¢Cly 5.68 5.6875
62  PCB-077 C,H¢Cly 5.75 5.6967
63* PCB-078 Cy,HeCly 5.75 5.7198
64  PCB-079 C;,HcCly 5.8 5.7612
65  PCB-080 C,HCly 5.85 5.8256
66  PCB-081 C,H¢Cly 5.76 5.7034
67  PCB-082 C,H;Cls 6 6.0294
68  PCB-083 C,H;Cls 6.04 6.0914
69*  PCB-084 C,H;sCls 6.09 6.134
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N° Compounds Formulae log K, exp log K, pred
70  PCB-085 C;,H;Cls 6.07 6.0715
71  PCB-086 C;,H;Cls 6.02 6.0489
72 PCB-087 C,H;sCl;s 6.07 6.0704
73 PCB-088 C;,H;Cls 6.11 6.1232
74 PCB-089 C;,H;Cls 6.11 6.1068
75  PCB-090 C;,HsCl; 6.12 6.1353
76*  PCB-091 C,H;Cls 6.11 6.1598
77  PCB-092 C,H;Cl;s 6.11 6.1345
78*  PCB-093 C,H;Cls 6.09 6.1494
79  PCB-094 C,H;Cls 6.16 6.1741
80*  PCB-095 C,H;Cls 5.55 6.157
81  PCB-096 C;,H;Cls 6.13 6.0979
82*  PCB-097 C,H;Cls 6.07 6.0905
83  PCB-098 C,H;sCl;s 6.16 6.1778
84*  PCB-099 C,,H;Cls 6.14 6.1358
85  PCB-100 C;,H;sCl;s 6.24 6.2037
86* PCB-102 Cy,H;Cls 6.19 6.1629
87  PCB-103 C;,H;Cls 6.24 6.2011
88  PCB-104 C,HsCl;s 6.2 6.1384
89  PCB-105 C,HsCl;s 6.09 6.0569
90  PCB-106 C;,H;Cls 6.09 6.0802
91*  PCB-107 Cy,H;Cls 6.14 6.1192
92*¥  PCB-108 C,H;Cls 6.14 6.1182
93*  PCB-109 C,H;Cls 6.07 6.0942
94*  PCB-110 C,H;Cls 6.06 6.0807
95  PCB-111 C,H;Cls 6.19 6.1804
96  PCB-112 C,H;Cls 6.04 6.1035
97*  PCB-113  Cy,H;Cls 6.11 6.14
98  PCB-114 C,H;Cls 6.09 6.0643
99  PCB-115 C;,H:Cl; 6.07 6.0788
100 PCB-116 C;,H;sCl;s 5.94 6.013
101*  PCB-117 C,H;Cls 6.05 6.0892
102* PCB-118 C;,H;Cls 6.16 6.1218
103 PCB-119 C;,H;sCl;s 6.16 6.1359
104 PCB-120 C;,HsCls 632 6.1851
105 PCB-121 C;,H;Cl; 6.19 6.1965
106* PCB-122  C,H;Cls 6.14 6.0779
107  PCB-123  C;,H;sCl;s 6.16 6.1289
108  PCB-124 C;,H;sCl;s 6.16 6.1287
109* PCB-125 C,H;Cls 6.09 6.0973
110 PCB-126 Cp,HsCls  6.18 6.1124
111 PCB-127 C;,H;Cl; 6.22 6.1775
112 PCB-129 C,H,Clg¢ 6.42 6.449
113*  PCB-130 C;,H,sClg 6.47 6.4864
114  PCB-131 C,H,Clg 6.51 6.5407
115 PCB-132 CpjH,Cly 652 6.5225
116 PCB-133 C;,H,Cly  6.52 6.5487
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N° Compounds Formulae log K, exp log K, pred
117 PCB-134 C,H,Clg 6.49 6.5676
118  PCB-135 C,H,Clg 6.57 6.5899
119  PCB-136 C,H,Clg 6.53 6.5171
120  PCB-137 C;,HsCly 649 6.4918
121 PCB-139  Cy,H4Clg 6.59 6.5664
122*  PCB-140 C;,H4Clg 6.59 6.5661
123*  PCB-141 C;,H,Clg 6.49 6.4905
124 PCB-142 C,H,Clg 6.46 6.4912
125% PCB-143  Cj,H,Clg 6.54 6.5293
126  PCB-144  C;,H4Clg 6.59 6.5635
127 PCB-145 CjH,Cly 656 6.5
128  PCB-146  Cy,H,Clg 6.54 6.5486
129%*  PCB-147 C;,HClg 6.57 6.5927
130  PCB-148 C,H,Clg 6.64 6.6334
131*  PCB-149 C;,H,Clg 6.59 6.5781
132 PCB-150 C;,H4Clg 6.61 6.5564
133*  PCB-151 C,H,4Clg 6.56 6.5895
134 PCB-152  Cy,H,Clg 6.53 6.5329
135% PCB-154 C;,HsClg 6.66 6.6221
136  PCB-155 C,H,Clg 6.08 6.5966
137  PCB-156  C;,H,;Clg 6.51 6.4746
138  PCB-157 C,H,Clg 6.51 6.4737
139%  PCB-158 C,H,;Clg 6.49 6.4914
140*  PCB-159 C;,H4Clg 6.56 6.5361
141  PCB-160 C,H,Clg 6.42 6.4548
142 PCB-161 C,H,Clg 6.56 6.5507
143 PCB-162 C,H,Clg 6.56 6.5362
144*  PCB-163 C;,H4Clg 6.47 6.5004
145 PCB-164 C,H,Cly 649 6.4988
146* PCB-165 C;,H4Clg 6.52 6.5606
147  PCB-166 C,H,Clg 6.42 6.4396
148 PCB-167 C,H,Clg 6.58 6.5407
149  PCB-168 C,H,Clg 6.56 6.5556
150  PCB-169 C;,H,Clg 6.6 6.5293
151  PCB-170 C,H;3Cl4 6.85 6.844
152 PCB-171 Cy,H3Cl, 6.94 6.9289
153 PCB-172 C,H3Cl4 6.89 6.9062
154  PCB-173 C,H3Cl4 6.87 6.9084
155  PCB-174 C,H3Cl4 6.94 6.9448
156%* PCB-175 C,H;Cl, 6.99 6.9962
157 PCB-176  C,H;3Cl4 6.96 6.9185
158* PCB-177 C;,H;Cl 6.92 6.9554
159  PCB-178 C,H3Cly 6.97 7.0238
160 PCB-179 C,H3Cl4 6.94 6.9551
161  PCB-180 C,H3Cly 6.92 6.9051
162 PCB-181 C;,HiCl;  6.94 6.9341
163  PCB-182 C,H3Cly 7.02 6.9888
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N° Compounds Formulae log K, exp log K, pred
164* PCB-183 Cj,H;Cl, 7.02 6.9841
165 PCB-184 C,H3Cly 7.03 6.9583
166 PCB-186 C,H3Cly 6.91 6.8684
167 PCB-187 C,H3Cl4 6.99 7.0114
168  PCB-188 C;,H3Cly 7.01 6.9908
169 PCB-189 C,H3Cl, 6.94 6.892
170  PCB-190 C,H3Cl4 6.84 6.8519
171*  PCB-191 Cj,H;Cl, 6.92 6.909
172 PCB-192 C,H3Cl4 6.89 6.9119
173*  PCB-193 C,H;Cl, 6.89 6.9193
174  PCB-194 C;,H,Clg 7.3 7.2637
175%  PCB-196 C;,H,Clg 7.37 7.351
176  PCB-197 C,H,Clg 7.39 7.3204
177* PCB-198 C,H,Clg 7.35 7.3641
178  PCB-199 C,H,Clg 7.31 7.3781
179  PCB-200 C;,H,Clg 7.36 7.2913
180 PCB-201 C;,H,Clg 7.34 7.3563
181  PCB-202 C,H,Clg 7.34 7.3938
182  PCB-203 C,H,Clg 7.37 7.3527
183  PCB-204 C,H,Clg 7.39 7.3261
184  PCB-205 C,H,Clg 7.27 7.2711
185 PCB-206 C;,HClg 7.72 7.719
186 PCB-207 C;,HClg 7.74 7.6926
187 PCB-208 C;,HCly 7.72 7.7321
188  PCB-209  Cy,Clyg 8.09 8.0695

TABLE S-II. Genetic algorithm settings in QSARINS software

GA until

02 (number of the descriptors in the model)

Generation per size
Population size
Mutation rate

500
10
20
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Effect of microwave power level and processing time on the
quality of palm shell charcoal (Elaeis guineensis Jacq.)
briquettes
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Abstract: One of the developments in renewable energy sources is use of bio-
mass. This research aims to analyze the effect of power (70, 150 and 230 W) and
activation time of palm shell charcoal using microwave during different time
intervals (360, 480 and 600 s) on the density, moisture, ash content and volatile
matter of palm shell charcoal briquettes. Charcoal briquettes are obtained from
the carbonization process at a temperature of 548.7°C for 6 h, grinding and siev-
ing at 80—100 mesh, activation using a microwave at a fixed time of 480 s with
variations in activation power of 70, 150 and 230 W and fixed 150 W with vari-
ations in activation time of 360, 480 and 600 s. The research results showed that
the density of palm shell charcoal briquettes ranged from 0.51-0.54 g/cm?, the
water content ranged from 3.31-3.92 %, the ash content ranged from 7.13-7.86 %
and the volatile matter ranged from 8.19-9.22 %. SEM characterization shows
that microwave activation increases the number of pores evenly and enlarges the
pores. From the research results, the power and activation time vastly improve
the quality of palm shell charcoal briquettes.

Keywords: activation; carbonization; water content; ash content; volatile matter;
pores.

INTRODUCTION

The use of fuel from fossil sources continue to increase even though the
sources are decreasing. The development of renewable energy sources can replace
fossil fuels to minimize the worst impacts.! The development of renewable energy
sources, one of which is biomass energy, is very promising as an alternative
energy.2 The potential for biomass in Indonesia which can be used as an energy

* Corresponding author. E-mail: sapto.raharjo@uho.ac.id
https://doi.org/10.2298/JSC240830055L
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source is very abundant, the annual biomass potential is 146.7 million t, and in
2020, 53.7 million tons of biomass was produced from waste.3 Oil palm (Elaeis
guineensis Jacq.) is a promising plantation commodity in Indonesia, particularly
in Southeast Sulawesi. The region’s oil palm plantations cover an impressive
70000 ha, producing a total of 61300 t in 2022.4 As these plantations expand, so
does the potential for biomass waste, a key ingredient in the production of charcoal
briquettes, a promising alternative energy source. Every processing of 1 t of palm
oil produce waste of 6.5 % or 65 kg of shells with a calorific value of 20,093 kJ/kg
in dry conditions.5 Palm oil shells contain high carbon lignocellulose content and
have a higher specific gravity than wood, reaching 1.4 g/cm3. Shells from palm
kernels were chosen as the primary raw material for their abundant and sustainable
availability. Indonesia is the world’s largest producer of palm oil, with a growing
amount of plantation acres. Palm kernel shells contain a significant amount of
lignocellulose (25.88 % cellulose, 12.18 % hemicellulose and 42.20 % lignin), thus
they have a higher density and calorific value than some other biomass. They use
less energy and burn more effectively as a result. Palm kernel shells high fixed
carbon content (59.1 %) and low ash content (0.20 %), offer good combustion
qualities. Additionally, it is expected that the briquettes' quality will be improved
by the microwave activation process, increasing their competitiveness with con-
ventional fuels. Using palm kernel shells as a renewable energy source can reduce
waste from the palm oil industry that could pollute the environment, reduce depen-
dency on fossil fuels, and increase energy efficiency by utilizing underutilized
resources.’

The advantages of charcoal briquettes are that they are more economical
(cheap), have a high calorific value with a more extended burning period, also are
smokeless and environmentally friendly. The characteristics of briquettes are inf-
luenced by several factors, namely carbonization temperature and time, carbonized
charcoal fineness, charcoal powder density, and pressure in the moulding process.
Good-quality briquettes have a smooth texture, are not easily broken and have
good burning properties.® The burning characteristics of good quality briquettes
include a short ignition time, long burning time at maximum temperature, low
burning rate, no soot and little smoke. One way to improve the burning charac-
teristics of charcoal briquettes is by activating the charcoal to reduce volatile mat-
ter levels so that the combustion rate is low (economical) and produces little
smoke.” The main volatile substances that need to be removed include carbon
monoxide, a high content of volatile substances in charcoal briquettes that will
cause more smoke when lit. The high smoke content is caused by the reaction
between CO and alcohol derivatives.8 Light hydrocarbon compounds (CHx) from
decomposing organic compounds in charcoal raw materials can burn quickly and
less efficiently.? Water vapour, the remaining bound water in charcoal, can inc-
rease volatility and deteriorate combustion. !0
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Activation is a complex process that involves altering the physical properties
of charcoal to reduce the level of volatile matter, thereby lowering the briquette
burning rate.® The activation process also aims to reduce the water content and
increase the fixed carbon and calorific value of the charcoal.!l Lestari!? stated that
the quality of charcoal briquettes can be improved through the activation process.
Previous research conducted by Bonsu et al.13 analysed the characteristics of char-
coal made from palm oil shells, which was used as the primary raw material for
briquettes. The study reported that the charcoal had a moisture content of 6.7 %,
an ash content of 0.20 %, a volatile matter content of 34.09 % and a fixed carbon
content of 59.1 %.

It is of interest to investigate the influence of power (70, 150 and 230 W) and
activation time using microwave with activation time variations of 360, 480 and
600 s on: the density, moisture, ash content and volatile matter of palm shell char-
coal briquettes. This research aims to determine the effect of microwave power
and activation time on the density, moisture content, and ash content of palm shell
charcoal briquettes, as well as to evaluate the overall quality of the briquettes pro-
duced through microwave activation. This research determines the best power and
time to produce quality briquettes that meet Indonesian National Standard (SNI)
briquette quality by utilizing microenergy in charcoal activation.

EXPERIMENTAL
Research procedure

Making palm shell charcoal briquettes (Elaeis guineensis Jacq.). Palm shell biomass waste
(E. guineensis Jacq.) was obtained from PT, Tani Prima Makmur, Lerechoma Village, Konawe,
Southeast Sulawesi. The carbonization reactor used in this study was a self-designed and locally
modified version of the conventional “kiln drum” type commonly utilized by local commun-
ities. The reactor’s structural design and functional performance were systematically developed
and scientifically validated in the prior work by Lestari et al. (2024).2> The biomass was sun-
-dried for 2-3 days to reduce moisture content before carbonization. Sago, used as an adhesive,
was also sun-dried and sieved using an 80-mesh screen. Wood twigs were prepared as ignition
material. Carbonization was carried out in a limited-air reactor. A total of 45 kg of dried palm
shell was loaded into the reactor up to 75 % of its volume. The reactor was sealed, and ignition
was initiated using dried twigs. Reactor temperature was monitored every 2 min using an infra-
red thermometer. The carbonization process was considered complete when the smoke emitted
from the chimney changed from thick/dark to thin and clear. The resulting charcoal was ground
and sieved sequentially through 80- and 100-mesh screens; the fraction retained between these
meshes was collected. Activation was conducted by weighing 5 g of the sieved charcoal into a
porcelain crucible and subjecting it to microwave irradiation at 720 W for 6 min. Briquette
formation involved mixing the activated charcoal with sago adhesive in a 9:1 ratio (by weight),
using 4 ml of distilled water preheated to 100 °C. The mixture was moulded and compacted
using a hydraulic press at 15 MPa for 3 min to ensure uniform density and structural integrity.
Briquette compaction tool (0-200 kg/cm?) and a cylindrical briquette mould (outer diameter: 4
cm, inner diameter: 0.8 cm, height: 8§ cm) are used for shaping the briquettes.

Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



1072 LESTARI et al.

Experimental parameters
Determination of density. This test is carried out by determining how dense the mass of

the briquettes is by comparing the mass of the briquettes with the volume dimensions of the
palm shell charcoal briquettes: !4

Briquette density (p) = Vﬂ 1

tot

Briquette volume (Vo) = 7(rf — 1)t ()

Description: m = mass of briquettes (g); | = inner radius of the briquette (cm); r, = outer radius
of the briquette (cm); t = briquette height (cm)

Determination of water content (moisture). This procedure is in accordance with the
American Society of Testing and Materials (ASTM) D 2866-70. Testing the moisture content
of charcoal briquettes is carried out by comparing the water content in the material during the
heating process using an oven at a temperature of 105 °C for 3 h with the mass of the material
before heating:

MS —MC - SP(105 °C)— MCK
MS

Description: MS = sample mass (g); MCK = mass of empty cup (g); MC + SP(105 °C) = mass

of cup + sample after heating at 105 °C (g).

Determination of ash content. The steps in measuring ash content are based on American
Society of Testing and Materials (ASTM) D 2866-70. Put the palm shell briquette sample into
a porcelain cup whose empty weight has been calculated. Next, put the porcelain cup containing
the sample into the furnace at 700 °C until it turns ash for 3 h. Remove and cool the sample in
a desiccator for 15 min. Determine the ash content with the following equation:
MS — MC - SP(700 °C) - MCK

MS
Description: MC + SP(700 °C) = mass of cup + sample after heating at 700 °C (g).

Volatile matter

Water content (%) =100

©)

Ash content (%) =100

“4)

Based on Cheng et al.'> determines volatile matter using the following stages: put a sample
of charcoal briquettes with known water content into a porcelain cup, then cover with alu-
minium foil. Inserting the sample into the furnace carefully and heating the sample at 750 °C
for 15 min; cool the sample in a desiccator; next, open the porcelain cover and weigh the cup
containing the charcoal briquette sample; calculate the level of volatile matter contained in the
sample using the following equation:

Volatile matter (%) = KZH (750 °C)— Water content (%) (®)]

Description: KZH = level of substance lost (%).
Fixed carbon. The fixed carbon content test is determined by subtracting 100 % from the
percentage of water content, ash content, and volatile matter content:

Fixed carbon (%) =100—M — AC —-VM (6)
Description: M = moisture (%); AC = ash content (%); VM = volatile matter (%).
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Activated charcoal surface morphology

Surface morphology and elemental composition of the charcoal were analyzed using scan-
ning electron microscopy coupled with energy dispersive spectroscopy (SEM-EDS). The SEM
instrument used was the COXEM EM-30AXN (COSDAQ Listed Company, Korea), operating
under both high and low vacuum modes, with a magnification range of 20—150,000x and accel-
eration voltage between 1-20 kV. Samples were coated with gold prior analysis. Elemental
analysis was conducted using an Oxford Instruments Ultim Max Infinity EDS (Oxford, United
Kingdom) equipped with a 30 mm standard compact detector, operated via AZtecOne software.
EDS measurements were performed at three points on each sample to obtain average elemental
compositions and standard deviation values. Charcoal activation was carried out using a micro-
wave furnace (Sharp R-21D0(S)-IN, China) with a chamber capacity of 23 L, five adjustable
power levels, operating at 220 V and 50 Hz. The activation parameters used in this study were
specific microwave power levels and durations.

Fourier transform infrared spectroscopy (FTIR)

FTIR measurements were carried out using a Shimadzu type IRPestige-21 FTIR. The
spectral data were recorded in the range of 4000400 cm™!. The procedure was carried out,
namely the charcoal powder was sieved with a 100-mesh sieve. Charcoal powder with a mass
of 0.02 mg was mixed with 0.2 mg KBr and homogenized by stirring with a stainless spatula.
Then, pellets were made by pressing into a thin cylinder.

RESULTS AND DISCUSSION

Quality analysis of palm shell charcoal briguettes (El. guineensis Jacq.)

The quality of palm shell charcoal briquettes was analyzed by testing density,
water, ash content, volatile matter and fixed carbon. Microwaves are electromag-
netic waves with super high frequency (super high frequency, SHF), which is
above 3 GHz. Microwaves can theoretically be converted into heat through inter-
action with dielectric materials. Carbon materials are generally sound microwave
absorbers and are quickly heated using microwave radiation. This characteristic
allows carbon materials to transform due to microwave heating, producing new
carbon with the desired properties. Microwave oven have the fastest heating cap-
ability of all ovens, and also heat distribution, because the material absorbs micro-
waves and converts them into heat. Palm oil shells are shown in Fig. 1.

Fig 1. Raw palm kernel shells prior to carbonization
and microwave activation.
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The interaction between microwaves and carbon materials mainly involves an
efficient and unique heating mechanism. Carbon materials, such as activated car-
bon and carbon nanotubes, have dielectric properties that effectively absorb micro-
wave energy. When microwaves interact with carbon materials, the oscillating
electric field causes the molecular dipoles and ions to vibrate and move, generating
internal friction converted into heat. This process is known as dielectric heating.
In addition, carbon materials with porous structures, such as activated carbon, have
high surface areas and good electrical conductivity, enhancing microwave abs-
orption efficiency. This allows for rapid and uniform heating in processes such as
pyrolysis or carbonization. In some cases, the interaction between microwaves and
carbon materials can generate microplasma on the material’s surface. This plasma
consists of highly reactive charged particles and can enhance the rate of chemical
reactions or enable the synthesis of new materials at lower temperatures than con-
ventional methods. Overall, the ability of carbon materials to absorb and convert
microwave energy into heat makes them ideal candidates for various applications,
including heating, material synthesis and catalysis.24

Palm oil waste contains lignin, cellulose, and primary hemicellulose elements,
which indicate long carbon chains and high carbon content in palm oil waste. The
very high carbon content can be a potential green precursor in producing carbon-
-based nanomaterials that can be applied in various situations.!® The lignocellulose
content of palm kernel shells was determined using the gravimetric method. The
levels of hemicellulose, cellulose and lignin were calculated from measurements
of neutral detergent fiber (NDF), acid detergent fiber (ADF) and subsequent
residue analysis (see Supplementary material to this paper for details). The detailed
results are presented in Table 1.

TABLE 1. Results of hemicellulose, cellulose and lignin content tests; analysis method:
gravimetry

Component Content, mass %
Hemicellulose 12.18+0.06
Cellulose 25.88+0.05
Lignin 42.40+0.02

Based on the data in Table I, the pretreatment process produced hemicellulose
with a content of 12.18 %, cellulose with 25.88 % and lignin with a content of
42.40 %. The charcoal activation process aims to reduce the volatile matter content
so that the combustion rate is low, also the water content is reduced and the
charcoal’s fixed carbon and calorific value are increased.

Microwave activation of charcoal involves exposing it to a specific power
level (e.g., 70 W) for different time intervals (e.g., 480 s), causing a temperature
change that transforms it into activated charcoal. Palm shell charcoal was activated
using microwave at three power levels (70, 150 and 230 W) and three activation
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times, namely 360, 480 and 600 s. These parameters were selected based on pre-
liminary observation from both heating and color change. Below 150 W or less
than 360 s, no noticeably heating effect happened. It tells that activation was less
sufficient but conversely beyond 600 s or at powers greater than 230 W leading to
charring and ashes formation, indicating overheating. The selected ranges were
aimed to produce optimally identified conditions without any degradation of the
material. Table II shows the results of analysis of density, water content, ash con-
tent, volatile matter and fixed carbon of palm shell charcoal briquettes fixed time
480 s.

TABLE II. Results of analysis of density, water content and ash content of palm shell charcoal
briquettes at fixed time of 480 s

Density ~ Water content  Ash content  Volatile matter  Fixed carbon

Power, W glom’ % % % %

No activation 0492001 4365002 6942001 10.10:002 __ 78.600.01
70 0.51£0.01  3.92:001  7.13£0.01 922001  79.73£0.01
150 0.52£0.01 3524001  7.54:001  879:002  80.15:0.02
230 0.54£0.01 3314001  7.86:0.01 8196002  80.640.02

The values presented in Tables II and III represent the mean + standard
deviation from three replicates (n = 3) for each treatment. The standard deviation
(£0.01) indicates the variation observed in the repeated measurements. Although
the standard deviation values appear identical, this is due to rounding to two
decimal places. Actual raw data showed slight differences, but they were within a
narrow range, indicating high precision. These results were obtained through
gravimetric and volumetric methods following ASTM standards, as detailed in the
experimental section.

TABLE III. Results of analysis of density, water content and ash content at 150 W fixed power
palm shell charcoal briquettes

Density =~ Water content  Ash content  Volatile matter  Fixed carbon

Time, s g/om’ % % % %

No activation 0492001 4365002 6942001 _ 10.10:0.02 __ 78.6020.01
360 0.52£0.01  3.76£0.01  734:0.03 8914002  79.99+0.01
480 052£0.01 3524001  7.54:0.02  8.7940.02  80.15+0.02
600 0.53£0.01  3.40£002  7.68:0.01  8.40+0.01 80.5240.01
Density

The density of charcoal briquettes may be viewed as an index between mass
and volume, since it evidently influences mechanical strength, combustibility, and
calorific value.!7 Increasing density might enhance briquette firmness and burning
efficiency, but may also, if too dense, affect ignition easiness. According to Indo-
nesian National Standard (SNI), the optimal density must balance burning time and
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permeability to air.18 In this study, the density of briquette samples ranged from
0.49 to 0.54 g/cm3 (Tables II and III), and higher values were generated at higher
microwave power and activation time. Density is accordingly influenced by par-
ticle size, homogeneity of material and pressure applied during the molding process.

The test results in Table II show that the density, of the palm shell charcoal
briquettes produced, is 0.49—0.54 g/cm3. The highest density value of 0.54 g/cm3
was obtained at an activation power of 230 W, while the lowest density value was
0.49 g/cm3 or charcoal briquettes without activation. Fig. 2A shows the surface
morphology of the briquettes as observed through SEM imaging. As the activation
power increases, the SEM images indicate a more compact and uniform surface
structure with fewer visible pores. While SEM images cannot directly quantify
density, the observed morphological changes suggest improved particle bonding
and reduced void spaces, which may correlate with the measured increase in den-
sity reported in Table II. This is because as the activation power increases, the
temperature produced by the microwave will be higher, resulting in stronger bonds
between charcoal molecules. After all, when pressure is applied, the charcoal
particles will be forced to fill the empty cavities and allow the adhesive to flow
across the surface of the charcoal. So, it can reduce cavities or gaps that water can
fill.6 The increase in density at higher activation power may be associated with
enhanced thermal effects that promote partial softening or restructuring of the
carbon surface, potentially improving particle packing and reducing internal voids.
Similar effects of thermal activation on carbon structure compaction have been
noted in the previous studies by Zhang et al. (2022).2°

When charcoal particles are pressed, pressure compacts the material by for-
cing particles to fill voids, thereby increasing density and improving structural int-
egrity.19 This process also enhances adhesive distribution along particle surfaces,
promoting stronger bonding due to increased contact area.2? The adhesive fills mic-
ropores in the charcoal structure, providing additional mechanical interlocking.?!

Table III shows that briquettes, made with charcoal activated using a micro-
wave at a fixed power of 150 W, have values of 0.52-0.53 g/cm3. The density
value experienced an insignificant increase as the activation time increased. This
is because the activation process can cause the surface area of the charcoal bri-
quettes to become more prominent, which results in greater absorption capacity so
that the briquettes can absorb the adhesive used ideally and can fill the voids
between particles, which will then increase their density.2%-30 Palm shell charcoal
briquettes made from charcoal that has been activated using a microwave at a fixed
activation power of 150 W have the highest density value of 0.53 g/cm3, which is
activated for 600 s. The size and homogeneity of the adhesive and charcoal mixture
also influence the high or low density of palm shell charcoal briquettes. The more
homogeneous the mixture of charcoal and adhesive is, the stronger the briquettes
produced will be, and the higher the size of the charcoal particles, the higher the
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density the charcoal briquettes will produce. The density of charcoal briquettes is
also influenced by the pressure applied during the briquette compaction process.
The more significant the pressure applied, the more water content will decrease
because more is wasted as the compaction pressure increases. According to SNI
01-6235-2000, a good density value is 0.5-0.6 g/cm3 based on the briquette quality
standards. The density test results show that all palm shell charcoal briquettes made
through the activation process in this study meet SNI standards, except for palm
shell charcoal briquettes, which were made without activation (0.49 g/cm3). The
best density value of palm shell charcoal briquettes was produced from charcoal
activated at 230 W of power for 480 s.

Water content (moisture)

The moisture content of charcoal briquettes greatly influences the calorific
value. The smaller the water content value of the charcoal briquette, the higher the
calorific value produced by the charcoal briquette.22 Tables II and III show that
briquettes made from activated palm shell charcoal produce lower water content
values than briquettes made from charcoal without activation. The test results in
Table II show that the water content value of the palm shell charcoal briquettes
produced ranges from 3.31-4.36 %.

Based on Table II, the water content of palm shell charcoal briquettes tends to
decrease significantly along with increased activation power. The higher the act-
ivation power, the lower the water content of palm shell charcoal briquettes. The
decrease in water content is due to microwave activation, where higher power inc-
reases heat energy, promoting greater evaporation of water molecules from the
charcoal. The water content value in palm shell charcoal briquettes with the act-
ivation time parameter, in Table III above, shows that briquettes made with char-
coal activated using a microwave at a fixed power of 150 W have a value in the
range of 3.40-3.76 %. The water content value experienced a significant decrease
as the activation time increased. This is because the higher the activation time, the
greater the surface area of the briquettes produced, causing the water in the bri-
quettes to evaporate quickly, resulting in lower water content in the briquettes. The
lowest water content was produced from charcoal briquettes activated at 150 W
power for 600 s, namely 3.40 %. According to SNI 01-6235-2000, a good water
content value is less than 8 % based on the briquette quality standards. The results
of the water content test show that all palm shell charcoal briquettes made through
the activation and non-activation processes in this study meet SNI standards.

Ash content

Ash content is the residue remaining after combustion, which no longer
contains carbon. Inorganic substances that are not burned will remain behind and
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become ash. Briquette ash content is the remaining part of the briquette com-
bustion. The ash content is silica, which influences the calorific value produced in
the briquettes. The high or low ash content in briquettes is influenced by the high
content of inorganic materials contained in biomass waste and the level of adhesive
used in making briquettes. Low ash content will produce good-quality charcoal
briquettes. The test results in Table II show that the ash content value of the palm
shell charcoal briquettes produced ranges between 6.94—7.86 %. The treatment of
variations in activation power on palm shell charcoal significantly influences the
ash content of charcoal briquettes. Increasing the activation power will cause an
increase in the ash content of palm shell charcoal briquettes. The increase in ash
content is caused by microwave heating that causes decomposition of organic
material, therefore lowering the content of organic compounds in charcoal and
increasing the ash content after burning. The ash content value in charcoal bri-
quettes is also influenced by the raw materials used in the briquette. Materials that
contain high levels of silica can cause high ash content, resulting in lower briquette
quality.® The presence of excessive ash can also cause a decrease in heating value.
The ash content value in palm shell charcoal briquettes with the activation time
parameter. Table III shows that briquettes made with charcoal activated using a
microwave at a fixed power of 150 W, have a value range of between 7.34—7.68
%. The highest ash content value was 7.68 % in the activation treatment, with an
activation power of 150 W for 600 s. Ash content value increases significantly as
the activation time increases. According to SNI 01-6235-2000, a good ash content
value is less than 8 % based on the briquette quality standards. The ash content test
results show that all treatments in this study meet SNI standards.

Volatile matter

Volatile matter can evaporate due to the decomposition of compounds still
present in charcoal other than water, ash, and bound carbon.23 The volatile matter
content of palm shell charcoal briquettes ranged from 8.19 to 10.10 % (Table II),
decreasing with increased activation power due to the higher heat energy driving
off volatile substances. Similarly, Table III shows that longer activation times at
150 W led to a slight decrease in volatile matter (8.91-8.40 %), attributed to
decomposition of volatile compounds at higher temperatures. The lowest value
(8.19 %) was obtained at 230 W for 480 s, indicating efficient activation. All values
met the SNI 01-6235-2000 standard, which recommends volatile matter content
below 15 %. Lower volatile content enhances combustion efficiency and reduces
smoke.!8

Fixed carbon

The fixed carbon is the carbon fraction bound in charcoal apart from the water,
ash, and volatile matter fractions. The main content of fixed carbon is carbon. The
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water content, ash content and volatile matter values influence fixed carbon. The
test results in Table II show that the fixed carbon value, of the palm shell charcoal
briquettes produced, ranges 78.60-80.64 %. Table II shows that increasing the
activation power will cause the fixed carbon content of palm shell charcoal bri-
quettes to increase slightly. This is due to the decreasing values of water, ash and
volatile matter content, which will cause an increase in fixed carbon levels. The
lower the moisture, ash and volatile matter, the higher the fixed carbon content will
be. The process of activating palm shell charcoal briquettes using a microwave can
produce increased ash content that can affect the fixed carbon content. The fixed
carbon value in palm shell charcoal briquettes, with the activation time parameter
in Table III, shows that briquettes made with charcoal activated using a microwave
at a fixed power of 150 W have a value range of 79.99-80.52 %. The fixed carbon
value tends to increase slightly as the activation time increases. This is caused by
the long activation process, which causes the decomposition or breakdown of the
compounds in the carbonized material, increasing the fixed carbon content of the
charcoal briquettes. The results of testing the fixed carbon content of palm shell
charcoal briquettes showed that all treatments in this study met the SNI 01-6235-
-2000 fixed carbon standard (>77 %) with the best-fixed carbon value found in the
230 W activation treatment for 480 s, namely 80.64 %.

Activated charcoal surface morphology

SEM-EDS to characterized activated charcoal surface morphology analysis.
The following is a picture of the morphological changes in charcoal without
activation and charcoal activated with variations in microwave power (Fig. 2).

Fig. 2 shows the surface morphology of activated palm shell charcoal, which
has a rough and irregular pore surface. Fig. 2B, charcoal activated with 70 W
power for 480 s has new pores that are smaller. Charcoal activated with 150 W
power for 480 s has larger pores (Fig. 2C). Meanwhile, in Fig. 2D, activated
charcoal with 230 W of power for 480 s causes several pores to merge so that the
number seems to decrease.

Furthermore, the surface morphology of charcoal activated at 150 W for
varying times is shown in Fig. 3. In comparison to non-activated charcoal, the sur-
face looks smoother and has fewer, uniformly spaced pores at 360 s (Fig. 3A). The
pores start to grow after 480 s (Fig. 3B), and some of them start to combine at 600
s (Fig. 3C). The emergence of new pores and changes in the number and average
diameter due to activation plays an important role, where porous charcoal easily
binds adhesives in making briquettes homogeneous. In addition, the presence of
pores will also provide enough space to trap the oxygen needed in burning bri-
quettes. Activated charcoal materials for making briquettes must be tested for their
safety against their potential for air pollution during combustion. EDS character-
ization is carried out to check whether the charcoal contains sulfur as a pollutant.
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In Fig. 3, the activation time dramatically affects the structure and size of the
carbon pores. The longer the activation time, the better the carbon pores produced,
but if the activation time is increased again, the pore size will be more prominent.

17kV SP=12 WD=13.6 x1.5k

NanoStation

Fig. 2. Surface morphology of charcoal without activation (A) and charcoal activated by
microwave for 480 s at: 70 (B), 150 (C) and 230 W (D).

Table IV shows that the weight composition of charcoal without activation.
The predominant constituents are generally carbon and oxygen, though they can
vary based on the activation circumstances. At lower power (e.g., 70 W), micro-
wave activation often increased carbon content; at higher power or longer exposure
times; however, carbon content decreased, most likely as a result of structural
oxidation. While activation at 150 W for 480 s revealed a lower carbon percentage
(78.55 %) and higher oxygen content (showing more intensive oxidation), the
sample activated at 70 W for 480 s had the highest carbon content (89.22 %),
indicating negligible deterioration. Interestingly, no sulfur was found in any of the
samples, indicating that burning the briquettes is safer for the environment. Fur-
thermore, the increased ash content seen in proximate analysis is consistent with a
slow rise in silicon and calcium in activated samples.
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Fig. 3. Microwave at power activates the surface morphology of charcoal for 360 (A), 480 (B)
and 600 s (C).

TABLE IV. Chemical composition of palm shell charcoal (Elaeis guineensis Jacq.)

Sample Element Amount, wt. %
Without activation C 83.67+0.19
o 15.62+0.12
Ca 0.31+0.02
K 0.29+0.02
Si 0.09+0.00
Al 0.01+0.06
Charcoal activated by microwave C 89.22+0.18
for 480 s at 70 W power (0] 8.88+0.09
F 0.55+0.03
K 0.42+0.05
Ca 0.33+0.02
Si 0.29+0.03
Charcoal activated by microwave C 78.55+0.13
for 480 s at 150 W power o 18.62+0.13
Si 0.75+0.05
Charcoal activated by microwave C 83.19+0.22
for 480 s at 230 W power (0] 15.98+0.18
F 0.37+0.02
K 0.18+0.02
Si 0.15+0.01
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TABLE IV. Continued

Sample Element Amount, wt. %

Charcoal activated by microwave C 86.40+0.13
for 360 s at 150 W power o 10.80+0.20
F 0.59+0.02
K 0.46+0.03
Si 0.36+0.03
Charcoal activated by microwave C 78.55+0.07
for 480 s at 150 W power o 18.62+0.07
Si 0.75+0.03
Ca 0.69+0.04
Charcoal activated by microwave C 81.03+0.13
for 600 s at 150 W power (0] 15.77+0.09
Ca 1.56+0.06
Si 0.51+0.05

EDS characterization shows that the absence of sulfur elements indicates that
palm shell charcoal is safe to use during combustion without producing air pol-
lutants. In addition, this characterization strengthens the proximate test of fixed
carbon shown in Tables II and III. EDS characterization also shows an increase in
Si content in activated carbon; this strengthens the proximate test of ash content,
as shown in Table II and III.

Fourier transform infrared spectroscopy (FTIR)

The FTIR characterization results are shown in Fig. 4. The bands observed at
approximately 3420 cm™! are attributed to the hydroxyl group (O-H) vibration,
consistent with the previous studies.3? Absorption bands near 1035 cm™! corres-
pond to the C—O bond vibration, indicating the presence of alcohol groups.33 A
distinct double absorption band around 2920 cm! is associated with the Csp3-H
bond vibration (alkane), confirming the presence of alkane groups. Further, the
methylene group (CHj) vibration is evident around 1450 cm™1, supporting the
alkane presence. The carbonyl group (C=0) is identified by sharp absorption bands
around 1735 cm™!, and a band around 1600 cm™! is consistent with C=C stretching
in alkenes.34 Additionally, the most intense absorption, between 570 and 600 cm 1,
likely corresponds to halogen compounds (C—X) or silicon oxide (Si—O) vibrations.3>

FTIR results show that the activation process affects the functional groups
present on the charcoal surface, especially in strengthening the presence of hydro-
xyl and alcohol groups, as well as increasing the complexity of inorganic groups.
Microwave activation also has the potential to improve the chemical characteristics
of charcoal for adsorption or energy applications, depending on the power and
duration of treatment. The finding generated by O—H and C=O groups have indi-
cated that there has been an increase in the oxygen-containing functional groups,
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the existence of which affects the adsorption property through making such sur-
faces more polar. The indication concerning changes in peak intensity and exist-
ence of either Si—O bonds or C—X can also represent changes in pore structure and
chemical composition upon activation. Such a relationship would suggest that mic-
rowave activation modifies not only the physical structure but also changes the
chemical functionality of the material (as is shown by FTIR), which both comple-
mentarily influence the adsorption performance.
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Fig. 4. FTIR spectra of palm shell charcoal (Elaeis guineensis Jacq.): sample 1 (without
activation, A), charcoal activated by microwave: sample 2 (for 360 s at 150 W power, B),
sample 3 (for 480 s at 70 W power, C), sample 4 (for 480 s at 150 W power, D), sample 5 (for
480 s at 230 W power, E) and sample 6 (for 600 s at 150 W power, F).
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This study basically hinges around palm shell charcoal being the main pre-
cursor as it is plentiful and has a very low price coupled with very good adsorbing
properties. The deciding factor for selecting this precursor was that it is high in
carbon content and structurally compatible for activation. For example, coconut
shell-based apparatus, wood-based biomass and agricultural residues. In addition
to those, the FTIR spectrum from this work has revealed several functional groups
such as O-H, C-O, Csp3-H, CHj, C=0, C=C and C-X or Si-O. Astuti (2020)28
carried out research on palm kernel shell activated with ZnCl, and similarly found
functional groups C—H, aliphatic C—O and aromatic C=C. The variation in FTIR
was thus due to the activation methods, choice of activating agents, and precursor
materials that have had significant influence on the physical and chemical property
of activated carbon produced. Therefore, further optimization of method of acti-
vation is also necessary to improve the surface area of activated carbon and the
adsorption characteristics of activated carbon produced in this study.

CONCLUSION

The study results indicate that an increase in microwave power and activation
time play a significant role in affecting the physical and chemical properties of
palm shell charcoal briquettes. Increased power and activation time increase the
ash content, fixed carbon and density while diminishing both water content and
volatile matter. Microwave activation increases pore formation, thus improving the
properties and efficiency of combustion with an even more uniform and well-dis-
tributed porous structure, which allow better performance on adsorption pro-
perties. The absence of sulfur passes inspection through EDS characterization;
hence the briquettes prove to be environmentally friendly and safe as they do not
contribute to any air pollution caused by sulfur. Furthermore, there is an FTIR
characterization to verify the presence of functional groups that include O-H, C-O,
Csp3-H, CHj, (C-X) or silicon oxide (Si-O), C=0, as well as C=C that affect the
chemical reactivity and potential adsorption of the material. It was observed that,
upon the presence of oxygen-containing functional groups, activated palm shell
charcoal can be used under high adsorption capacity applications, such as gaseous
purification, effluent treatment, and industrial filtration. Besides combustion imp-
rovements, palm shell charcoal can also be considered an alternative fuel for
household and industrial energy purposes with a reduced dependency on convent-
ional fossil fuels. The developed porous structure generally is of high importance
in increasing adsorption capacities, making the material suitable for removing con-
taminants, heavy metals or organic pollutants from water and air. Its functionalized
surface chemistry also suggests future potential exploitation as a catalyst carrier in
chemical processes, especially for biofuel production and environmental cleanup.
In the agricultural sector, the material can serve as biochar in improving soil fer-
tility and carbon sequestration. Microwave-activated palm shell charcoal indicates
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great potential for variety applications in industries and environment, leaving room
for more optimization and larger scale utilization. Future studies could focus on
the long-term stability and economic feasibility of this material under practical
conditions.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13028, or from the correspond-
ing author on request.
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YTHUIIAJ CHATE MUKPOTAJIACA U BPEMEHA OBPAJIE HA KBAJIUTET YIJbEHUX
BPUKETA O[] JbYCKH ITAJIME (Elacis guineensis JACQ.)

LINA LESTARI!, SAPTO RAHARJO? I NYOMAN SUDIANA!, LA ODE RUSMAN' u NIKEN SULASTRI!

"Department of Physics, Faculty of Mathematics and Natural Sciences, Halu Oleo University, Kendari 93232,
Indonesia u “Department of Chemistry, Faculty of Mathematics and Natural Sciences, Halu Oleo University,
Kendari 93232, Indonesia

JemaH op npasana pa3Boja 00HOB/BMBHX M3BOPA eHEpryje je ynorpeda drnomace. Lluss oBor
UCTpaKUBama je Ia ce aHanusupa yruuaj cHare (70, 150 1 230 W) 1 BpemeHa akTUBaLHje yIiba
0J] MAJIMUHUX JBYCKH MHUKPOTAJlaCUMa TOKOM Pa3IMYUTUX BpeMeHCKkUX uHrepsaia (360, 480 u
600 s) Ha rycTuHy, Biary, cagpxaj emnesua 1 UCllap/bUBe MaTepHje YITbeHUX OpUKETa Of JbYyCKH
nanme. YIibeHH OpUKeTH cy nodujeHu mpolecoM kapboHu3anuje Ha TeMmnepaTypu of 548,7 °C
TOKOM 6 h, miieBeweM U npocejaBawem Ha 80—100 mesh, aktuBauujom momohy MuUKpoTanaca
y bUKCHOM BpeMeHCKOM uHTepBany of 480 s ca Bapujanujama cHare aktusauuje ox 70, 150 u
230 W, xao u aktuBauujom ca puxcHux 150 W y3 Bapujauuje BpemeHa aktrusanuje oz 360, 480
1 600 s. PesynTaTu vcTpaskuBama Cy NMOKA3asIy 1a ce TyCTHHA YITbeHUX OpHKeTa OJf HaJIMHUHUX
mycku kpetana og 0,51-0,54 g/cm?, canpsxaj Boge on 3,31-3,92 %, cagpxaj nenena ox 7,13—
—7,86 %, a ucnapspuBe marepuje of 8,19-9,22 %. CEM kapakrepu3salyja noxasyje fja MUKpO-
TaJlacHa aKTHBalWja paBHOMepHO noBehasa 6poj mopa u ysehasa nope. IIpema pe3ynraTuma
UCTpaXMBama, CHAara ¥ BpeMe akTHBalMje 3HauajHO M0D0JblIaBajy KBATUTET YITbEHUX OPHKETa
0Jl JBYCKH TIaJIMe.

(ITpumeno 30. Maja, peBuaupano 25. okrodpa 2024, npuxsaheHno 24. jyna 2025)
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Effect of microwave power level and processing time on the
quality of palm shell charcoal (Elaeis guineensis Jacq.)
briquettes

LINA LESTARI', SAPTO RAHARJO?*, I NYOMAN SUDIANA!, LA ODE RUSMAN!
and NIKEN SULASTRI!
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Kendari 93232, Indonesia and 2Department of Chemistry, Faculty of Mathematics and
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J. Serb. Chem. Soc. 90 (9) (2025) 1069-1087

EXPERIMENTAL
Research procedure

The source of palm shell biomass waste comes from PT. Tani Prima Makmur, Lerehoma
Village, Anggaberi District, Konawe Regency. Making charcoal briquettes begins with sample
preparation, adhesive material, and ignition material. Sample preparation involves drying palm
oil shell waste in the sun to remove the waste's water content and speed up carbonization.
Adhesive preparation involves drying the sago in the sun and sifting it using an 80-mesh sieve.
Preparation of ignition material involves collecting wood or twigs and drying the ignition
material until it is scorched so that it can start a fire in the carbonization process.

The carbonization process is a precise and careful procedure. 45 kg of dried palm oil shell
waste was weighed and then carbonized using a carbonization reactor. This reactor, a device
with a limited air supply system, ensures that the palm oil shells are burned without further
burning. The weighed palm oil shells are put into the carbonization reactor until it fills 75% of
the reactor volume, then the reactor is closed to reduce the amount of oxygen entering the
reactor. The ignition material is put into the furnace and ignited until it ignites. The reactor
temperature is measured every two minutes using an infrared thermometer to maintain the
stability of the carbonization rate. The carbonization process of palm oil shells can be observed
through the reactor chimney, providing a clear indication of the process's precision and care.
When the chimney emits thick and dense smoke, it indicates that the palm oil shells have been
carbonized, and when the smoke coming out of the chimney begins to thin and is clear in color,
it indicates that the carbonization process has been completed.

Then, the finely ground charcoal is sieved using an 80-100 mesh sieve by arranging the
two sieves with the 80 mesh sieve positioned above the 100 mesh sieve. The charcoal powder
that passes through the 80 mesh sieve and remains on the 100 mesh sieve is the charcoal that

* Corresponding author. E-mail: sapto.raharjo@uho.ac.id
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will be used for the following process. The sieving process is carried out to ensure the resulting
charcoal powder has a uniform or homogeneous particle size.

The sifted palm shell charcoal powder was then weighed using a digital scale in the amount
of 5 g and stored in a porcelain cup to be activated using a microwave furnace (SHARP R-
21DO0(S)-IN, China) with a chamber capacity of 23 liters, five adjustable power levels, operating
at 220V and 50Hz. The activated palm shell charcoal is then mixed with the prepared sago
adhesive. The composition of charcoal powder and adhesive material uses a ratio of 9:1, namely
9 g mass of charcoal and 1 g mass of adhesive material with 4 ml of distilled water solvent
which has been heated at a temperature of 100°C. Mixing charcoal powder with adhesive aims
to ensure that the charcoal particles bond together, have a good particle arrangement and do not
crumble easily. The results of mixing charcoal powder and adhesive are then printed and
compacted using a hydraulic press printing machine. The use of a hydraulic press printing
machine is to ensure that the charcoal and adhesive mixture is compacted uniformly and with
sufficient pressure, which is crucial for the structural integrity of the final product.

Gravimetric method (lignin, cellulose, and hemicellulose content)

To determine the lignin, cellulose, and hemicellulose content, the sample is first
determined for Neutral Detergent Fiber (NDF) and Acid Detergent Fiber (ADF) content (Van
Soest, 1985).

e Neutral Detergent Fiber (NDF)

a
NDF content = —————  x 100%
Sample mass

Weigh the sample approximately 0.4 grams, then put it into a 50 ml test tube
Add 40 ml of ADF solution, then close the tube tightly

Boil in boiling water for 1 hour while shaking occasionally.

Filter with sintered glass No. 1 of known weight (a gram) while being held with
a vacuum pump.

Wash with approximately 100 ml of boiling water and 50 ml of alcohol.

Oven at 1050 C for 8 hours or leave overnight

7. Cool in a desiccator for approximately a half-hour, then weigh (b grams)

el S

AN

e  Acid Detergent Fiber (ADF)

a
ADF content = ——— X 100%
Sample mass

Weigh the sample approximately 0.2 grams

Put it into a 50 ml test tube

Add 30 ml of NDF solution, then close the tube tightly

Boil in boiling water for 1 hour (shake occasionally)

Filter into sintered glass No.1 of known weight (a gram) while being sucked with
a vacuum pump

Wash with approximately 100 ml of hot water (sufficient)

Wash with approximately 50 ml of alcohol

Oven at 1050 C for 8 hours or leave overnight

Cool in a desiccator for a half-hour, then weigh (b grams)

M

S
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Lignin
Lignin is a combination of several closely related compounds containing carbon,
hydrogen, and oxygen, but the proportion of carbon is higher than that of carbohydrate
compounds.
o c—d
Lignin content = ————— X 100%
Sample mass

1. Sintered glass containing ADF is placed on a Petri disk

2. Add 20 ml of 72% H2S0O4, stir to ensure that the fibre is wetted with 72% H2S0O4
and leave for 2 hours 20

3. Suck with a vacuum pump while rinsing with enough hot water

4. Oven for 8 hours at a temperature of 1000 C or leave overnight

5. Putin a desiccator, then weigh (c gran); put in an electric furnace or heat to 5000
C for 2 hours, let it cool slightly, then put in a desiccator for a half hour, then
weigh (d)
Cellulose

Cellulose content = % ADF — % Lignin — % Insoluble ash
Cellulose is the main component of plant cell walls. Cellulose is a glucose polymer with 3
-1,4 glucoside bonds in a straight chain.

Hemicellulose

Hemicellulose content = %NDF — %ADF
Hemicellulose is a group of heterogeneous polysaccharides with low molecular weight.
Hemicellulose is usually between 15 and 30 per cent of the dry weight of lignocellulosic
materials (Taherzadeh, 1999). Hemicellulose is relatively more straightforward to hydrolyze
with acid into monomers containing glucose, mannose, galactose, xylose and arabinose.
Hemicellulose binds cellulose fibre sheets to form microfibrils that increase cell wall stability.

Table S1. Test results

Test Results Hemiselulosa Cellulose Lignin
Repetition Results (%) Results (%) Results (%)
1 12.24 25.83 42.22
2 12.12 25.92 42.21
3 12.17 25.90 42.18
Mean 12.18 25.88 42.20
Standard Deviation 0.06 0.05 0.02
Method Precision (%RSD) 0.50 0.18 0.05
%CV Horwits 10.983 9.805 9.109
1.21767E-05 2.58833E-05 4.22033E-05
-4.914471583 -4.586979795 -4.374653246
3.457235791 3.293489897 3.187326623
0.67x% CV horwits 7.36 6.57 6.10
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Water-splitting electrocatalytic properties and computational
characterization of a symmetrically substituted porphyrazine
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Abstract: The porphyrazine 2,7,12,17-tetra-tert-butyl-5,10,15,20-tetraaza-
21H,23H-porphine was studied regarding its electrocatalytic water-splitting act-
ivity in a wide pH range. Two different methods were employed to manufacture
electrodes based on this compound: a solution-based method and a catalyst ink-
-based one. The most catalytically active electrode was obtained using the cat-
alyst ink-based method. In 1 mol L-! KOH solution it displays an H, evolution
reaction overpotential of 0.6 V and a Tafel slope of 0.15 V dec’l. Statistical
analysis revealed a significant correlation between the pH and the O, evolution
reaction overpotential. Quantum chemical calculations were performed to obtain
a more detailed understanding of the porphyrazine’s properties.

Keywords: electrocatalyst; hydrogen evolution reaction; oxygen evolution react-
ion; quantum chemical calculations; correlation analysis.

INTRODUCTION

Porphyrins, corroles, phthalocyanines, naphthalocyanines, subphthalocyan-
ines and porphyrazines are classes of tetrapyrrole macrocyclic organic compounds
and members of the porphyrinoids family.! Of these, porphyrazines, also known
as tetraazaporphyrins, exhibit features differentiating them from porphyrins by
having nitrogen atoms in the meso-positions of their macrocycle instead of carbon
atoms, and from phthalocyanines by having their f-pyrrole positions available for
functionalization.2 Concerning their applications, these compounds are being stu-
died as photosensitizers for photodynamic therapy and dye-sensitized solar cells,
as photocatalysts, electrocatalysts, as well as fluorescent and optical sensors.3~7
2,7,12,17-Tetra-tert-butyl-5,10,15,20-tetraaza-21H,23 H-porphine is a member of
the tetraazaporphyrin class that has been the subject of some reported studies.8-12
However, no published investigation regarding the electrocatalytic water-splitting

* Corresponding author. E-mail: b.taranu84@gmail.com
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properties of this particular porphyrazine has been identified. Revealing the hydro-
gen evolution reaction catalytic activity of electrode materials is of appreciable
current importance. Presently, green hydrogen generated via renewable energy-
-based water-splitting is highly desirable in the global effort of diminishing green-
house gas emissions.!3 Considerable efforts to decrease greenhouse gas emissions,
to slow down global warming and to contain the accelerated climate change are
currently being made by many countries. !4 Different technologies are available for
hydrogen generation through water-splitting, 15 but electrochemical water-splitting
is one of the most promising for the production of green hydrogen.!® The main
reactions occurring during water electrolysis are the oxygen evolution reaction
(OER) at the anode and the hydrogen evolution reaction (HER) at the cathode.!”
The former is the major bottleneck of the whole process due its sluggish electro-
chemical kinetics.!8 The benchmark electrocatalysts for the two reactions are Ir/Ru
and Pt-based electrode materials.19 Due to the scarcity and high costs characteristic
of noble metals, it is difficult to use such materials for large-scale water-splitting.
As a result, researchers have been investigating other compounds with electrocat-
alytic properties, either based on low-cost, Earth-abundant transition metals or
metal-free carbon-based ones.20-22 Regarding porphyrazines, even though no rep-
orted study of the water electrolysis activity of 2,7,12,17-tetra-tert-butyl-
5,10,15,20-tetraaza-2 1 H,23 H-porphine was found, there are other members of the
porphyrazine class that have been investigated as noble metal-free water-splitting
electrocatalysts.6

The current work describes two investigations. One of them is experimental,
while the other is theoretical. The experimental study concerns the electrochemical
water-splitting activity of the aforementioned compound in a wide pH range by
using porphyrazine-modified electrodes manufactured via different protocols. The
theoretical part consists of quantum chemical calculations of the porphyrazine
molecule in gas phase using three different hybrid density functional theory (DFT)
methods, as well as statistical analysis. Although the computational modeling and
experimental investigation are based on different principles, they are complement-
ary methods which can provide a deeper understanding of the compound’s struc-
ture and properties.

EXPERIMENTAL

Materials and reagents

2,7,12,17-Tetra-tert-butyl-5,10,15,20-tetraaza-21 H,23 H-porphine (Scheme S-1 of the
Supplmentary material) was purchased from Sigma—Aldrich and used as received. The follow-
ing organic solvents were procured and used to obtain the tetraazaporphyrin solutions: N,N-
-dimethylformamide (DMF), acetonitrile (CH;CN), benzonitrile (PhCN), ethanol (EtOH), tetra-
hydrofuran (THF) and dichloromethane (DCM) from Sigma—Aldrich, Honeywell (Charlotte,
NC, USA) and Merck. Nafion® 117 solution and carbon black, Vulcan® XC 72 were purchased
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from Sigma—Aldrich and Fuell Cell Store (Bryan, TX, USA) and used to prepare the tetraaza-
porphyrin suspensions. The solid substrates utilized to manufacture the electrodes were glassy
carbon (GC) tablets (J 8 mm) obtained from Andreescu Labor & Soft SRL (Bucharest,
Romania). Sulfuric acid 98 %, potassium chloride and potassium hydroxide were procured from
Merck to prepare the electrolyte solutions. All reagents were used as received and all electrolyte
solutions were obtained with double-distilled water from a water double distillation unit (Fist-
reem, Cambridge, UK).

Electrode manufacturing methods

Two different methods were employed to obtain the porphyrazine-modified electrodes
used in the electrochemical experiments aimed at evaluating the compound’s water-splitting
electrocatalytic properties. Regarding the first method, the tetraazaporphyrin was dissolved in
organic solvents with different polarity, increasing as follows: DCM < THF < EtOH < PhCN <
CH;CN < DMF.224 The solutions were utilized to modify the surface of the GC tablets via the
drop-casting technique. A volume of 10 uL was applied to obtain one porphyrazine layer. After
solvent evaporation at 40 °C a modified substrate was either used as an electrode in the electro-
chemical experiments or it was further modified with one or two more layers. The names of the
electrodes are presented in Table I along with the solvents employed to dissolve the traazapor-
phyrin and the number of layers deposited on the GC support.

TABLE I. Names of porphyrazine-modified electrodes obtained with the solution-based method

Electrode name  Solvent Porphyrin layers | Electrode name  Solvent Porphyrin layers
GCap-pcM-1 DCM 1 GCap_pheN-1 PhCN 1
GCap-neM-2 2 GCap-pheN-2 2
GCap-pcM -3 3 GCap-PheN-3 3
GCap-THF-1 THF 1 GCap.cH3CN-1 CH3CN 1
GCap-tHF-2 2 GCap.cH3CN-2 2
GCap-THF-3 3 GCap.cH3CN-3 3
GCp-EoH-2 2 GCap-DME-2 2
GCap-EOH-3 3 GCap-DMF-3 3

The solution-based GC modification strategy relies on the fact that porphyrazine mole-
cules are capable of spontaneous self-assembly through non-covalent interactions into supra-
molecular aggregates.?>2% Typically, the properties of these aggregates are different than those
of the individual molecules.?’ The aggregation behavior depends on several factors, such as
solvent type, the amount of material, the type of substituents, the presence or absence of a
central metal ion, the surrounding environment (e.g., the solid support and the atmosphere) and
temperature.2® The electrodes were manufactured by varying the solvent type and the number
of deposited layers in the case of each solvent.

The second method employed to obtain tetraazaporphyrin-modified electrodes is the catal-
yst ink-based method.?® The inks were obtained by dispersing in water an amount of porphyt-
azine or of porphyrazine and carbon black during a 30-min ultrasonication stage. The surface
of the solid supports was modified by drop-casting a catalyst ink volume of 10 uL.. The modified
supports were dried at 40 °C and the resulting samples were used as electrodes in the electro-
chemical experiments. Table II shows the names of the electrodes and the compositions of the
catalyst inks.
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TABLE II. Names of porphyrazine-modified electrodes obtained with the catalyst ink-based
method

Electrode  Porphyrin amount Carbon black Nafion solution = Double-distilled water

name mg mg pL pL
GCpp 10 - 50 450
GCcp.ap 5 5 50 450

Electrochemical experiments

The setup used to perform the electrochemical investigations consisted of a standard glass
cell for electrochemical experiments containing the electrolyte solution, a potentiostat (Volta-
lab, model PGZ 402, from Radiometer Analytical, Lyon, France) and three electrodes that were
connected to the device and inserted into the solution. The auxiliary electrode was a Pt plate
having a geometric surface (Sgeom) of 0.8 cm?. The Ag/AgCl (sat. KCl) electrode was utilized
as reference electrode. The working electrode was each of the tetraazaporphyrin-modified
electrodes after being placed inside a polyamide support that restricted the area exposed to the
electrolyte solution t0 Sgeom = 0.28 cm?. To cover a wide pH range, the following electrolyte
solutions were employed in the study: 0.1 mol L-! KCI, 0.1 mol L-! H,SO,, and 1 mol L-! KOH.
Before the HER experiments, the electrolyte solutions were bubbled with high-purity N,. The
linear sweep voltammograms (LSVs) obtained during the HER and OER tests were /R-cor-
rected and their recording was carried out at a 5 mV s’ scan rate (v).2 The parameter j
represents the geometric current density, while E is the electrochemical potential vs. reversible
hydrogen electrode (RHE). The equations used to express the potential vs. the specified refer-
ence electrode, to calculate the oxygen and hydrogen evolution overpotentials (17ogr and #yggr)
and the Tafel equation can be found in the Supplementary material as Egs. (S-1), (S-2), (S-3)
and (S-4), respectively.39-32 Egs. (S-5) and (S-6) are also relevant to the electrochemical study,
as outlined in the Results and Discussion section.

Raman spectroscopy analysis

Raman spectra were recorded using a MultiView-2000 system (Nanonics Imaging Ltd.,
Jerusalem, Israel) with a Shamrock 500i spectrograph (Andor, Essex, UK).

Theoretical calculations

Quantum chemical calculations for the tetraazaporphyrin in the ground state were carried
out using HyperChem 8.1 and Gaussian03 software. Pre-optimization of the molecule was con-
ducted using HyperChem and the semi-empirical PM3 model. The obtained molecular configur-
ation was then subjected to further optimization with the Gaussian 03 in DFT framework,
without symmetry constraints, using the Becke 3-Lee-Yang-Parr (B3LYP), B3PW91 and
MPWI1PW9I1 functionals with STO-3G basis set. To verify that the obtained structure corres-
ponds to a minimum on the potential energy surface, frequency calculations were performed at
the same theoretical levels. Single point calculations were performed using 6-31G(d) basis set.
Gaussian output files were visualized using Gauss View 6.0 software. A statistical analysis was
performed using IBM SPSS 21 to ascertain the association between the studied electrochemical
parameters.
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RESULTS AND DISCUSSION

Results of the quantum chemical calculations

The structural parameters calculated with B3LYP/STO-3G, B3PW91/STO-
-3G and MPWI1PW91/STO-3G are presented in Table S-I of the Supplementary
material. Data obtained by Mongale ef al. for the unfunctionalized porphyrazine
were used for comparison.33 The results obtained show that, with the exception of
the C19—C17 and C15—Cy¢ bonds, the carbon bond lengths for tetraaza-porphyrin
were slightly higher than those of the unfunctionalized porphyrazine. In contrast,
the values of the angles between carbon and nitrogen atoms were lower in the case
of the tetraazaporphyrin, with the exception of the C;5—N;1—Cj3, which was found
to be lower in the case of the unfunctionalized porphyrazine. These variations arise
from the alteration of the macrocycle’s geometry, which occurs due to its function-
alization with tert-butyl groups. The optimized structures for the tetraazaporphyrin
and atom numbering are shown in Fig. S-1 of the Supplementary material.

The chemical activity of the compound was evaluated by examining the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) frontier molecular orbitals. The HOMO energy is indicative of the
molecule's capacity to donate electrons in a chemical reaction, while the LUMO
energy is indicative of its capacity to accept electrons.33 The energy gap between
the HOMO and LUMO energies denotes the energy required for a molecule to
transition from the ground state to an excited state, being a critical factor in deter-
mining its reactivity tendency, optical polarizability, and kinetic stability.34-35 The
spatial distribution of the HOMO and LUMO orbitals and the corresponding
energies are shown in Fig. S-2 and Table S-II of the Supplementary material. The
HOMO and LUMO orbitals for the tetraazaporphyrin are localized at the carbon
atoms of the macrocycle, which is similar to the unfunctionalized porphyrazine.34
However, the value of the energy gap is slightly smaller, 2.303 (B3LYP/6-31G(d)),
2.538 (B3PW91/6-31G(d)) and 2.331 (MPW1PW91/6-31G(d)), compared to the
2.63 value reported by Mongale et al.33 The vertical ionization potential and elec-
tron affinity for the tetraazaporphyrin were calculated using the ASCF formalism
(Egs. (S-7) and (S-8) from the Supplementary Material). The results are presented
in Table S-II. The smallest values of both parameters were obtained with
B3LYP/6-31G(d).

Table S-III of the Supplementary materialshows the values of the thermodyn-
amic parameters. They can be used in calculating the Gibbs energy change, as part
of the thermodynamic cycle,3¢ and include the dipole moment, the zero-point vib-
rational energy, the sum of electronic energies with the zero-point correction and
the thermal energy and enthalpy corrections. The rotational constants, thermal
energy, heat capacity and entropy are also provided. Results indicate that the
B3LYP/STO-3G method yields the highest values, except for the dipole moment,
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zero-point vibrational energy, and thermal energy, for which higher values were
obtained with the MPW1PW91/STO-3G method.

Natural charge, population and electronic configuration are commonly used
to explain the electronic properties of molecules. Natural bond orbital (NBO) ana-
lysis was also employed to assess the nature of the bonding interaction with regard
to charge transfer and orbital interactions, as well as to obtain a more compre-
hensive understanding of the dissociation process’ activation.37-38

According to the results in Table S-IV of the Supplementary material, N atoms
display only negative charges, H atoms display only positive charges and C atoms
display both positive and negative charges — depending on the type of bonding they
are involved in.

Polarizability and hyperpolarizability serve to characterize the response of a
system to an applied electric field. Literature data indicates that organic molecules
containing conjugated m-electrons exhibit high values of the first molecular hyper-
polarizability.39 It was also shown that increased polarization can result in
enhanced adsorption, thereby decreasing surface adsorption resistance during the
oxygen evolution reaction.#0 The complete set of equations employed for the cal-
culation of the polarizability (), the anisotropy of polarizability (A¢), and the first
hyperpolarizability (/) are available in the Supplementary material as Egs. (S-9)
to (S-11), with the results being presented in Table S-V of the Supplementary
material. The highest polarizability values were obtained with the B3LYP/6-
-31G(d) method, while the highest hyperpolarizability value was acquired via the
B3PW91/6-31G(d) method.

Experiments with electrodes obtained using the solution-based method

The results obtained by studying the water electrolysis catalytic activity of the
electrodes manufactured with the solution-based method evidence the ways in
which the organic solvents and the number of deposited tetraazaporphyrin layers
influence the OER and HER overpotential values. The anodic polarization curves
recorded in the acidic, neutral, and alkaline environments are presented in Figs.
S-3, S-4 and S-5 of the Supplementary material. In most cases, the electrocatalytic
activity of the porphyrazine-modified electrodes is lower than that of the unmod-
ified GC electrode (GCy). In the few situations in which it is higher the difference
is not significant, with the exception of the GCap_phcN-1 electrode immersed in
0.1 mol L~! KClI solution (Fig. S-4a). When specifying the OER and HER over-
potential values of different electrodes the current density value accepted as bench-
mark is 10 mA ¢cm~2 for OER and —10 mA cm ™2 for HER.3! At this j value the
nogr for GCap_ppen-1 and GCy is 1.24 and 1.32 V, respectively. As the current
density increases this difference decreases until (at j = ~ 30 mA cm2) the #oER
value is the same for both specimens. Fig. S-6, S-7 and Fig. 1 show the cathodic
polarization curves obtained on the electrodes manufactured with the solution-
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based protocol in the 0.1 mol L-! HySO4, 0.1 mol L-! KC1 and 1 mol L-! KOH
electrolyte solutions. In the selected potential range only two electrodes display
water-splitting electrocatalytic activity at =10 mA ¢m™2: GCap.pMF-1 (#HER =
0.916 V) and GCap_pheN-3 (maER = 0.9 V). The LSVs for these specimens were
recorded in the strong alkaline medium and can be seen in Fig. la and c, res-
pectively. Out of the HER overpotential values determined for the electrodes obtained
with the solution-based modification strategy the 0.9 V value is the lowest.
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Statistical analysis

The data collected during the electrochemical experiments carried out on the
electrodes manufactured with the solution-based method were further exploited in
statistical analysis. A correlation analysis was conducted to assess whether there is
a significant relationship between the polarity of the organic solvents, the pH of
the electrolyte solutions, and the number of layers drop-casted on the GC support
on the one hand and the overpotential on the other. The only statistically significant
correlation was obtained between the pH and the OER overpotential — rg(45) =
= 0.447, p < 0.01 — indicating a medium association in the positive direction
between the two parameters. The g2 value specifies that approximately 20 % of
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the variance in overpotential can be predicted from the pH. The correlation pro-
cedure is presented in the Supplementary material.

Experiments with electrodes obtained using the catalyst ink-based method

Fig. S-8 presents the anodic polarization curves recorded on the electrodes
modified with the tetraazaporphyrin via the catalyst ink-based method. In all cases
the unmodified GC electrode and the electrode manufactured using a catalyst ink
containing only carbon black as the dispersed phase (GCcp) are more electrocatal-
ytically active compared with the modified specimens. The data collected during
the HER investigation is shown in Fig. 2. GCcp is more electrocatalytically active
in the acidic and neutral environments (Fig. 2a and b), but the GCap and GCcp_ap
electrodes are significantly more active in the strongly alkaline solution (Fig. 2c).
GCcp-ap exhibits the highest water-splitting electrocatalytic activity found during
the electrochemical experiments: 7gr = 0.6 V atj = —10 mA cm™2.
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Fig. 2. Cathodic LSVs obtained on GCy, GCcg, GCpp and GCcp_pp in the following
electrolyte solutions: a) 0.1 mol L"! H,SOy, b) 0.1 mol L-! KCl and ¢) 1 mol L' KOH;
v=5mV sl

The most active specimen was the focus of additional investigations aimed at
outlining more of its water-splitting catalytic properties. The voltammetric and
chronoamperometric data acquired during these experiments can be seen in Fig. 3.
The electroactive surface area (ECSA) of the electrode was calculated based on the
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value of the electric double-layer capacitance (Cg;), which is equal to the absolute
value of the slope of the curve drawn by plotting the capacitive current density (j4;)
vs. the scan rate. Fig. 3a shows the graphical representation of two curves obtained
for two GCcp.ap specimens. The jq; values were calculated with Eq. (S-5) using
data from the cyclic voltammograms recorded at increasing scan rate values and
presented in Fig. S-9 of the Supplementary material.#! The curves from Fig. 3a are
almost overlapping and the average value of their slopes (Cgqp) can be found in
Table III together with the values of other electrochemical parameters calculated
in the study: the roughness factor (Rf) and ECSA. Ry is the ratio between the real
surface of an electrode and its geometrical surface and is determined by dividing
Cq1 to the specific capacitance of a smooth electrode surface (Cy = 0.06 mF
cm2).42 Eq. (S-6) was employed to estimate the ECSA value.#3 This parameter is
important in water-splitting studies due to its direct proportionality to the number
of active sites involved in water electrolysis and also because it is used to inves-
tigate the OER and HER kinetics.44-40

TABLE III. The Cy;, R2, Ry and ECSA values determined for the GCp.ap electrode

Electrode Cy / mF cm2 R? Ry ECSA / cm?
GCopnp 1416 0.9974 236 6.608

The HER Kkinetics at the interface between GCcp_ap and the 1 mol L-1 KOH
electrolyte solution were investigated as well. Fig. 3b shows the Tafel plot used to
determine the Tafel slope, which in the present case was found to be 0.15 V dec™!
(R? = 0.9994). A low value of this parameter is preferable because it indicates
faster reaction kinetics, but in strongly alkaline environments the surface of the
working electrode can become covered to a large extent with hydrogen bubbles,
leading to an increased slope value. When the slope is in the 0.04-0.12 V dec™!
range, the hydrogen evolution unfolds along a Volmer—Heyrovsky mechanism and
the rates of the discharge and desorption steps are comparable, but in cases in
which the slope is > 0.12 V dec~! due to the high pH of the environment, a Volmer-
-limited mechanism is likely to unfold and the rate of the Heyrovsky step becomes
slower than that of the Volmer step.47-49

The electrochemical stability of the GCcp_ap electrode was also evaluated,
with the results being presented in Fig. 3¢c. The chronoamperogram was recorded
during a 7-hour period while maintaining constant the potential value correspond-
ing to j =—10 mA cm2. Subsequently, a cathodic polarization curve was traced to
evaluate the electrode’s HER electrocatalytic activity and it is compared with the
one obtained before the experiment (inset to Fig. 3c). The shape of the two LSVs
is similar and an increase in the HER overpotential of just 14 mV is observed at
j =-10 mA cm2. The electrode was analyzed by Raman Spectroscopy as well.
Fig. S-10 of the Supplementary material shows the Raman spectra for the sample
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before and after the stability test. The signals observed on the spectrum before the
experiment are also observed on the one traced afterward. This result is evidence
that the GCcp-ap electrode did not undergo any significant structural modific-
ations.
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Fig. 3. a) The capacitive current density vs. scan rate plots obtained for two GCcg_pp
electrodes. b) Tafel plot for GCcp.ap in 1 mol L-! KOH solution. The current density (jgcsy)
was ECSA-normalized. ¢) Current density vs. time curve recorded on GCcpg_ap in 1 mol L-!

KOH solution and inset showing the polarization curves traced on GCcp_op before
(GCcp.ap’) and after (GCrp_ap’’) the chronoamperometric experiment
(1 mol L' KOH solution, v=5 mV s1).

Considerations about the HER activity of the GC¢p_4p electrode

The GCcp-ap sample obtained by employing the catalyst ink-based method
displays the highest HER catalytic activity among the investigated specimens. It
has been reported that the catalytic center of porphyrinoids is located in their
macrocycle, more specifically at the Ny site in case of the free-base compounds
and the M-Njy site in case of the metalated ones.59-52 Since the tetraazaporphyrin
used to modify the GC support is metal-free, its catalytic center is probably located
at the Ny site of its porphyrin-derived macrocycle. The previously mentioned rel-
ationship between ECSA and the number of active sites involved in the electro-
catalytic process implies that a higher value of the former parameter corresponds
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to a larger number of catalytic centers. GCcp-ap’s ECSA (of 6.608 cm?) is con-
siderably higher than its geometric surface (of 0.28 cm?2), which points to a relat-
ively high number of such centers. Porphyrinoid-modified electrodes exhibiting
electrocatalytic activity, as is the case with GCcp_ap, possess catalytic properties
arising from surface structural features, increased n-resonance and charge transport
phenomena.53 One way in which charge transport unfolds is via n-7 interactions
between adjacent porphyrazine molecules, but the interface between the electro-
catalyst and the conductive GC support is also involved. Because the nitrogen
atoms located in the tetraazaporphyrin’s macrocycle display higher electronegat-
ivity compared with the GC’s carbon atoms, an electropositive doping effect is
induced on the substrate’s surface.50 At the molecular level, the electron transport
depends on the relationship between the macrocycle and its peripheral substituents,
and the electronic effects of the substituents have an impact on the electrocatalytic
water-splitting properties of porphyrinoids.># The tert-butyl moieties of the tetra-
azaporphyrin used to manufacture the GCcp_ap electrode are electron-donating.
As for the carbon black particles that were mixed with the porphyrazine to obtain
the catalyst ink, their purpose is to improve the charge transport during water
electrolysis. Basically, some of GCcp.ap’s features have a positive impact on its
catalytic activity (the relatively large number of catalytic centers, the electroposi-
tive doping effect of the GC and the carbon black particles), while others have a
negative effect (the substituents’ electron-donating effect). These characteristics
and the electrolyte solution’s high pH, whose influence on the Tafel slope has
already been mentioned, are responsible for the electrode’s HER activity. In Table
IV this activity is compared to that of other porphyrinoid-based electrodes.

The nggrr and Tafel slope values are lower than some of the values from the
table and are comparable to some of the remaining ones. The GCcp_ap electrode
displays higher electrocatalytic activity compared to electrodes modified with an
A3B Zn-porphyrin, a Co-phthalocyanine-based nanohybrid, amines-substituted
Co-corroles, Fe- and Ni-porphyrin polymers, and a Co oxytyramine phthalocyan-
ine polymer.27-57:66-68 AJso, the electrocatalytic activity of GCcp_ap is similar to
that of an electrode modified with a Zn-porphyrin—ferrocene imine gel and an
imidazolyl-substituted free base porphyrin coated on carbon nanotubes. 3%:64 In
other words, the porphyrinoid-based electrocatalysts exhibiting lower or compar-
able activity to the tetraazaporphyrin studied herein belong to several compound
classes - metallated and free base porphyrinoids, polymers and hybrids. Regarding
the Tafel slopes, out of the 29 values reported in the literature and mentioned in
the Table, 9 are higher than the value found for GCcg_ap and 7 are comparable to
it. This result is more than acceptable considering the simplicity of the manufact-
uring method used to obtain the electrode. More complex methods, such as the
ones involving pulsed laser deposition, could further evidence the electrocatalyst’s
potential.
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TABLE IV. The HER activity of GCcp_ap and of other porphyrinoid-based electrodes studied

in 1 mol L'! KOH. The #ygg values are read at j = —10 mA cm2

Electrocatalyst or electrode Substrate nger / MV Tafel slope, mV dec!  Ref.
Cu-CMP700 GC 430 167 53
Cu-CMP800 GC 380 135 53
Cu-CMP850 GC 350 135 53
Cu-CMP900 GC 430 135 55
CoP-2ph-CMP-800 GC 360 121 56
CoP-3ph-CMP-800 GC 380 - 56
CoP-4ph-CMP-800 GC 440 - 36
CoPc@MCA GC 707 124 57
CoPc GC 599 123 57
TiCP-PCP Carbon fiber paper 310 - 58
ZnTAPP-NA GC 546 121 59
CoTAPP-NA GC 470 110 59
CoTPP-SD Carbon fiber paper 475 - 60
CoCOP Carbon fiber paper 310 161 60
PyCoPc/GO GC 373 145 61
PyCoPc/GO-800 GC 253 96 6l
CoPor-GDY Carbon cloth 308 129 62
GZnP—DMF-l Graphite 520 150 63
H,TIPP@CNT-2 GC 599 127.6 64
CoTIPP@CNT-2 GC 485 102.3 64
NiTIPP@CNT-2 GC 529 104 64
CoTAPPCC Ni foam 210 116 65
GP4—NiPh—THF Graphite 430 140 44
Co(tpfpc) Carbon paper 960 275 66
Co(ttfphc) Carbon paper 900 218 66
Co(ttfpdc) Carbon paper 860 214 66
Fe-porphyrin polymer Carbon paper 678 363 67
Co-porphyrin polymer Carbon paper 437 195 67
Ni-porphyrin polymer Carbon paper 644 345 67
Cu-porphyrin polymer Carbon paper 436 236 67
Poly[CoOTPc]+KB GC 390 80 68
Poly[CoOTPc] GC 515 98 68
GCpy.cn GC 770 135 2
GCcp.ap GC 600 150 This work
CONCLUSION

A symmetrically substituted tetraazaporphyrin was tested as water-splitting
electrocatalyst in a wide pH range. The electrodes modified with this porphyrazine
were manufactured using two different methods. The best results were observed
for the GCcp_ap electrode obtained with the catalyst ink-based method. In strong
alkaline medium it exhibits a 7R value of 0.6 V (at j =—10 mA cm~2) and a Tafel
slope of 0.15 V dec!. The water electrolysis data collected by testing the elec-
trodes modified with the solution-based method were used in statistical analysis,
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which revealed a statistically significant correlation between the pH and the OER
overpotential. Furthermore, the porphyrazine was investigated in gas phase by
performing quantum chemical calculations. Overall, the three hybrid-DFT methods
yielded comparable values for the key parameters of the molecular structure.

The results derived from experimental and theoretical approaches may func-
tion as a foundation from which extensive studies can be initiated, including the
modeling of the chemistry and thermodynamics of redox processes and electron
transfer, or more complex reaction mechanisms such as solute diffusion or surface
diffusion.

The present work outlines the tetraazaporphyrin’s applicative potential in the
water-splitting domain and contributes to improving the current understanding of
its features.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13305, or from the corres-
ponding author on request.
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n3BOJ

EJIEKTPOKATAJIMTUYKA CBOJCTBA 3A PA3JIATAIGE BOJE U PAUYHAPCKA
KAPAKTEPU3ALIMJA CUMETPUYHO CYIICTUTYHCAHOI [IOPOHUPA3HUHA

MARINA ALEXANDRA TUDORAN 1 BOGDAN-OVIDIU TARANU

National Institute of Research and Development for Electrochemistry and Condensed Matter, Dr. A. Paunescu
Podeanu Street No. 144, 300569 Timisoara, Romania

[Mopdwupasun 2,7,12,17-retpa-wuepy-dytun-5,10,15,20-retpaasza-21H,23H-nopdun je
UCNHUTHBAH y TOIVIely Berose enekTpokaTalUTHUKe aKTUBHOCTH pasjiarama BOJE Y LIMPOKOM
pH omncery. 3a npousBoAmy eneKkTposa Ha a3y OBOT jenMibera kopuuIheHe Cy IBE pa3inyuTe
METOZIe: METOZla 3aCHOBaHa Ha PacTBOPY M METOZa 3aCHOBaHa Ha CyCIEH3WjH KaTalu3aropa.
KaTanuTHYKH HajaKTHBHH]ja €EKTPOJA je J0DHjeHa METOLOM 3aCHOBAaHOM Ha CyCIIEH3HUjH KaTa-
nuzatopa. Y pacrsopy KOH konuentpauuje 1 mol L~ oBa enexkrpospa nokasyje mpeHamneTocT
peakuuje usnsajawa Hz o 0,6 V u Tadenos narub ox 0,15 V dec™!. CraTicTHYKa aHATH3a je
moKasasa 3HauajHy kopenanujy usmely pH u npeHaneroctu peakuuje usnBajama 0z2. KBaHTHO-
-XEMHU]jCKH TPOpavyHH Cy U3BPIIEHU KaKo OU ce NoDuIIo ieTa/bHuje pa3yMeBamwe CBOjCTaBa 1op-
(pupasuHa.

(TTpumibero 23. mapTa, peuaupaso 19. jyna, nmpuxsaheno 10. jyna 2025)
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Water-splitting electrocatalytic properties and computational

characterization of a symmetrically substituted porphyrazine
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Scheme S-1. The chemical structure of 2,7,12,17-tetra-tert-butyl-5,10,15,20-tetraaza-
21H,23H-porphine.

EQUATIONS

Equations employed in the electrochemical study

Equations (S-1) to (S-6) have been used during the study of the water-splitting
electrocatalytic  properties of 2,7,12,17-tetra-tert-butyl-5,10,15,20-tetraaza-
21H,23H-porphine.!->

Equation (S-1) is employed to represent the electrochemical potential value
measured vs. the Ag/AgCl(sat. KCI) reference electrode in terms of the Reversible
Hydrogen Electrode (RHE).

ERHE = Edg/agCifsat. kcl) T 0.059 pH + E°yo/40Cisar. KCI) (S-1)

* Corresponding author. E-mail: b.taranu84@gmail.com
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where Egpyp / 'V is the converted potential vs. RHE; E4g/4¢Ci(sar. kC1p)/ 'V 18 the
measured potential vs. the Ag/AgCl (sat. KCI) reference electrode and

E®4g/ugCisar. kcy = 0.197 V.
Equation (S-2) is used to calculate the OER overpotential.

NoER = Erpe — 1.23 (S-2)
where 7ogg / V is the oxygen evolution overpotential.

Equation (S-3) is used to calculate the HER overpotential.

NHER = |ERHEl — 0 (S8-3)
where nrg / V is the Hy evolution overpotential.

Equation (S-4) is used to calculate the Tafel slope.

n=>bxlog() +a (S-4)
where 77/ V is the overpotential; j / A cm2 is the current density; b / V dec-!
is the Tafel slope and a is the exchange current density.

Equation (S-5) is used to calculate the capacitive current density.

. ] a + ] c
Ja 5 (8-5)
where jj;/ A cm2 is the capacitive current density; j, / A cm2 is the absolute
value of the anodic j at a given scan rate and at an £ value from the range with only
double-layer adsorption and desorption features and j. / A cm is the absolute
value of the cathodic j at a given scan rate and at an E value from the range with
only double-layer adsorption and desorption features.

Equation (S-6) is employed to estimate the electrochemically active surface
area based on the electric double-layer capacitance. The latter is usually measured
by recording cyclic voltammograms at various scan rate values followed by the
determination of the slope of the curve from the graphical representation of the
capacitive current density vs. the scan rate.

C, xS
ECSA = WT@’ (S-6)

N
where ECSA / cm? is the electrochemically active surface area; Cyz;/ F cm2 is
the electric double-layer capacitance; Sgeom / cm? is the geometric surface of the
electrode and Cg / F cm2 is the specific capacitance of a smooth electrode surface.®
Equations employed in the theoretical study

The vertical ionization potential (VIP) and electron affinity (VEA) of a neutral
system are calculated using the ASCF formalism, as the difference between the
electronic energy of the cation and the electronic energy of the neutral molecule
(Equation (S-7)), and the difference between the electronic energy of the neutral
molecule and the electronic energy of the anion (Equation (S-8)), respectively.”-9

VIP = E - Eneuzral (S_7)

cation
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VEA = Eneutral - Eanion (8'8)

where Eje1q1 15 the electronic energy of the neutral molecule; E 4si0p is the
electronic energy of the cation and E,,;,, is the electronic energy of the anion —
the last two being evaluated at the geometry of the neutral molecule.
Polarizability («):
a= %(axx +ay,, + azz) (S-9)
Anisotropy of polarizability (Aq):

1 2 2 2 2 2 2 12
da = [(axx —ayy) +(ayy —az)" + (ay; — ax)? + 6aZ, + 6aZ, + 6ayz]

First hyperpolarizability (f):

B = [(Buxx + Buyy + Brzz) + Byyy + Byaz + Byax)” + (Buzz + Bonx + Bayy) | (S-1D)

To convert the values of polarizability, anisotropy of polarizability and
hyperpolarizability measured in atomic units (a.u.) to electrostatic units (e.s.u.),
the following formulas were used: for ¢, 1 a.u. = 0.1482 x 1024 e.s.u., and for f3,
1 a.u. =8.6393 x 10-33.

The equations were calculated using the x, y, z components from Gaussian
03W output, which are presented in Table S-V.

(S-10)
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QUANTUM CHEMICAL CALCULATIONS

TABLE S-I. Calculated structural parameters of the optimized 2,7,12,17-tetra-tert-butyl-
5,10,15,20-tetraaza-2 1 H,23H-porphine

. Unfunctionalized
Tetra-tert-butyl-tetraazaporphyrin porphyrazine®
B3LYP/  B3PW91/  MPWIPW91/ B3LYP/
STO-3G STO-3G STO-3G 6-31G(d)
Ciy—Cpo 1.48709 1.48214 1.47895 1.453
Cio-Cyy 1.37053 1.36743 1.36392 1.378
< Cio—Cys 1.54594 1.53946 1.53573 -
= Cis— Ny, 1.41549 1.40919 1.40511 1.371
8 Cpy—Nyg 1.38882 1.38374 1.37953 1.323
= Nis—Cis 1.39013 1.38519 1.38099 1.338
'g Ny, —Hys 1.25823 1.25231 1.24972 -
= Ci5-Cy 1.46894 1.46355 1.46111 1.475
Nai—Cy3 1.41526 1.40926 1.40493 1.361
Cyo—Hyy 1.09331 1.09219 1.09037 -
C”EC” © 10551967 105.40852 105.42534 )
14
C“’;IC“ T 110.73804  110.75401 110.76539 i
°. 22
) C“(‘:Nl“‘ 113.74181  113.76580 113.82715 123.1
= 15
«<
2 C“ENZZ - 105.78746  105.88973 105.89271 1105
= 12
& —Coy— -
Cis c C2o 107.80646  107.78086 107.71391
18
Cls(‘:N“‘ 10571806 105.79135 105.80913 1050
13
a Data from Mongale et al.!0
P B3LYP B3PW91 MPW1PW91

.'R

. %

Fig. S-1. Optimized structure and atom labelling of 2,7,12,17-tetra-tert-butyl-5,10,15,20-
tetraaza-21H,23H-porphine using STO-3G basis set.
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B3PW91 MPW1PW91

Fig. S-2. The atomic orbital composition of the HOMO and LUMO orbitals for 2,7,12,17-
tetra-tert-butyl-5,10,15,20-tetraaza-2 1 H,23H-porphine using 6-31G basis set.

TABLE S-II. Calculated energy values of HOMO (Eyopmo), LUMO (Epymo), energy gap (Eg,p),
vertical ionization potential and electron affinity of 2,7,12,17-tetra-tert-butyl-5,10,15,20-

tetraaza-21H,23H-porphine.

B3LYP/6-31G(d) B3PW91/6-31G(d) MPWI1PW91/6-31G(d)

Parameter

Enomo / eV -5.497791 -5.699699 -5.619426

E umo/ eV -3.194618 -3.161420 -3.287953
Eqan/ eV 2.303173 2.538279 2.331473
VIP / eV 6.670086 6.781692 6.738326
VEA / eV 2.006947 2.10314 2.094558
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TABLE S-III. Calculated thermodynamic parameters of 2,7,12,17-tetra-tert-butyl-5,10,15,20-

tetraaza-2 1H,23H-porphine

Parameter B3LYP/STO-3G B3PW91/STO-3G MPWIPWI1/STO-3G
Zero-point V‘brfg;‘;ﬂal energy / keal 466.29026 470.14528 474.06613
Total Electronic Energy -1661.194191 -1660.787035 -1661.050020
with Zero-point correction
Total Electronic Energy -1661.155169 -1660.748346 -1661.011627
with Thermal energies
Total Electronic Encrgy -1661.154225 -1660.747402 -1661.010683
with Enthalpies
Dipole moment / Debye 0.001500 0.000714 0.004386
Rotational constant / X 0.08238 0.08292 0.08339
iy Y 0.07571 0.07614 0.07655
z 0.04092 0.04116 0.04139
Total 490.776 494.423 498.158
Thermal energy / Translational 0.889 0.889 0.889
keal mol! Rotational 0.889 0.889 0.889
Vibrational 488.999 492.645 496.381
Constant volume Total 152.327 150.932 149.791
heat capacity / cal Translqnonal 2.981 2.981 2.981
mol-Kelvin-! Rotational 2.981 2.981 2.981
Vibrational 146.365 144.970 143.829
Total 229.699 228316 226.791
Entropy / Translational 44.736 44.736 44.736
cal mol-Kelvin'! Rotational 38.374 38.356 38.339
Vibrational 146.589 145.224 143.715
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TABLE S-1V. Natural charge, population, and electronic configuration of 2,7,12,17-tetra-tert-
butyl-5,10,15,20-tetraaza-2 1 H,23H-porphine

Atom Tﬁ;?;zl Core VIZ?;;ZZI p Op;izzoe?’g Total Natural electronic configuration
C14 042413 199918  3.55160  0.02509  5.57587  [core]28(08312p(272)3p(0.02)34(0.0D)
C19  -0.03832  1.99894  4.02020  0.01918  6.03832 [core]28(0902p(3:12)3(0.01)
_C17 024989 199888  4.23900  0.01201  6.24989 [core]28(0-98)2p(-203p(0.0)
S C25  -0.06437 199913  4.05314  0.01210  6.06437 [core]28(093)2p(13)3p(0.0D)
S c15 041632 199925  3.55795  0.02647  5.58368  [core]28(0842p(272)3p(0.02)34(0.0D)
@ €20 -0.26295 199884  4.25219  0.01191  6.26295 [core]28(0972p(3-28)3p(0.01)
= C13 044709 199917  3.52796  0.02578  5.55291 [core]28(0-822p(2:7D3p(0:02)34(0.01)
= N22 -0.63946  1.99931  5.62598  0.01417  7.63946 [core]2SU1-30)2p(*:26)3(0.01)
R N16  -047341 199940 546035  0.01366  7.47341 [core]2S(14D2p(*09)3p(0:01)34(0.01)
N21 -0.64084  1.99932  5.62720  0.01432  7.64084 [core]28(1372p(*-20)3p(0-0D)
H44 0.25980  0.00000  0.73953  0.00067  0.74020 1S(074)
H41 0.25979  0.00000  0.73954  0.00067  0.74021 18074
C14 042194 199918  3.55368  0.02519 557806  [core]28(08312p(273)3p(0:02)34(0.0D)
C19  -0.03970  1.99895  4.02155  0.01920  6.03970 [core]28(0892p3:13)3p(0.01)
~ C17  -025715  1.99888 424619  0.01208  6.25715 [core]28(098)2p(3-27)3p(0.01)
% C25  -0.07279 199913  4.06194  0.01172  6.07279 [core]28(092)2pC:19)3p(0.0D)
= Ci5 041300 199925  3.56120  0.02655  5.58700 [core]28(0-972p(3-28)3p(0.0D
¢ €20 -0.27005 199885  4.25913  0.01208 627005  [core]28(*822p(27D3p(002)34(001)
= C13 0.44546 199917  3.52938  0.02599  5.55454 [core]28(136)2p(#:27)3p(0.01)
S N22 -0.63824  1.99930  5.62433  0.01461  7.63824  [core]2S(4D2p(#05)3p(0.01)34(0.01)
& N16  -0.46988 199939 545645  0.01403  7.46988  [core]2S(1412p@05)3p(0.01)3¢(0.0)
? N2t -0.63983  1.99932  5.62573  0.01479  7.63983 [core]28(136)2p(*-20)3p(0.0D)
H44 0.26763  0.00000  0.73172  0.00065  0.73237 18(0-73)
H41 0.26763  0.00000  0.73172  0.00065  0.73237 18073
C14 0.42661 1.99918  3.54854  0.02566  5.57339  [core]28(0:822p(272)3p(0.02)34(0-01)
_. C19  -0.03982 199895  4.02124  0.01963  6.03982 [core]28(0-892p3-13)3(0.01)
T C17  -025830  1.99888 424700  0.01242  6.25830 [core]28(098)2p(3-27)3p(0.01)
© 25 007408 199913 406313 001183 607408 [core]28(092)2p(-143p(0.01)
@ C15 041772 199925  3.55592  0.02710  5.58228  [core]28(08312p(273)3p(0.02)34(0.0D)
= €20  -027099  1.99884 425972 0.01243  6.27099 [core]28(0-972p(-293p(0.0D
= C13 045025 199917  3.52411  0.02648 554975  [core]28(0812p(27D3p(0.02)34(0.0D)
& N22 064418 1.99930  5.62998  0.01490  7.64418 [core]2S(1:35)2p(#:28)3(0.01)
£ N16 047430 1.99939 546058  0.01434 747430  [core]2S(1402p(*06)35(0.0134(001)
S N -0.64574  1.99931  5.63136  0.01507  7.64574 [core]28(1:36)2p(*-213p(0.0D)
H44 0.26824  0.00000  0.73111  0.00065  0.73176 18073
H41 0.26824  0.00000  0.73112  0.00065 _ 0.73176 18(0-73)
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components of 2,7,12,17-tetra-tert-butyl-5,10,15,20-tetraaza-2 1 H,23H-porphine

DFT B3LYP/6-31G(d) B3PW91/6-31G(d)  MPWI1PW91/6-31G(d)
e 698.6429625 693.2942536 686.7598955
a4, -5.9861099 6.0337992 -5.8576367
%y 673.8693311 668.4113409 662.2107292
a, 0.0030171 -0.0019439 0.0032899
a, 0.0047666 0.0079143 0.0004745
a 232.3156124 232.2472824 230.59394
alesu.  7.927849856 x 1023 7.874127212 x 1023 7.80304895 x 1023
Ad/esu. 6736660958 x 1023 6.657801463 x 1023 6.587727255 x 1023
B -20.3999455 -22.8725558 -5.0131258
B 10.9304831 -4.595366 20657743
B 0.2712327 2.8787402 -2.0809949
B -25.2245749 -50.1636542 -26.9530695
B 10.4942587 2.7133526 3.1471885
Be 11.155742 21.1487207 12.7231708
B -4.3206832 0.7108711 -2.8860579
B -4.4919258 -8.0685999 -4.9231165
B.. -0.4285422 0.1992636 -0.3401646
Blesu. 3233727869 x 1031 6.046331071 x 103! 3337999671 x 107!
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ELECTROCHEMICAL STUDY
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Fig. S-3. Anodic LSVs obtained on GCy, and on (a) GCap_pcm-1> GCap-tHE-1, GCAP-EOH-15
GCap-phen-1> GCap-cHzen-1 and GCup-pume-1; (b) GCap-pem-2, GCap-THE-2> GCAP_EOH-25
GCap-phen-2> GCap.crzen-2 and GCyp.pmr-2 and (€) GCap.pem-3, GCap-tF-3, GCAP-EOH-35
GCAP—PhCN—37 GCAP—CH}CN—3 and GCAP—DMF—3' Electrolyte solution: 0.1 mol L-1 HzSO4. v=>5

mV sl
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Flg S-4. Anodic LSVs obtained on GCO and on (a) GCAP—DCM—I’ GCAP—THF—I’ GCAP—EtOH—l!
GCap.phen-1> GCap.chsen-1 and GCap_pme-1; (b) GCap.pem-2> GCap-THE-2> GCAP-EOH-25
GCap-pren-2: GCap.crzen-2 and GCyp pyr-2 and (¢) GCap.pem-3, GCapothr3, GCap-ErOH-3,
GCAP—PhCN—S’ GCAP—CH3CN—3 and GCAP—DMF—S' Electrolyte solution: 0.1 mol L_1 KCL v=5mV

sl
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Flg S-5. Anodic LSVs obtained on GCO and on (a) GCAP—DCM—I’ GCAP—THF—I’ GCAP—EtOH—l!
GCap.phen-1> GCap.chsen-1 and GCup_pmp-1; (b) GCap.pem-2> GCap-THE-2> GCAP-EOH-25
GCap-pren-2: GCap.crzen-2 and GCyp pyr2 and (¢) GCap.pem-3, GCapothr3, GCap-ErOH-3,
GCAP—PhCN—3> GCAP—CH3CN—3 and GCAP—DMF—S' Electrolyte solution: 1 mol L_1 KOH.v=5mV
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Fig. S-6. Cathodic LSVs obtained on GCy and on (a) GCap_pcem-1> GCap-thE-1, GCAP-EOH-15
GCap-pheN-1> GCap_cisen-1 and GCap.pmr.1; (b) GCap.pem-2, GCap.trF-2, GCAP-EOH-25
GCap.pheN-2» GCap.cHzen-2 and GCap.pur.2 and (¢) GCap.pem-3, GCap.thr-3, GCAP-EOH-35
GCAP—PhCN—37 GCAP—CH}CN—3 and GCAP—DMF—3' Electrolyte solution: 0.1 mol L-1 HzSO4. v=>5

mV sl
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Flg S-7. Cathodic LSVs obtained on GCO and on (a) GCAP—DCM—I’ GCAP—THF—I’ GCAP—EtOH—l>
GCap-phen-1> GCap.chzen-1 and GCyp.pur-1; (b) GCap.pem-2, GCap-THE-2, GCap-EiOH-25
GCap-phen-2: GCap.cHsen-2 and GCap pur.2 and (¢) GCap.pem-3s GCapothF 3, GCAP-EtOH 35
GCAP-PhCN-3’ GCAP—CH3CN-3 and GCAP-DMF-3~ Electrolyte solution: 0.1 mol L' KCL. v=5mV
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Fig. S-8. Anodic LSVs obtained on GC(, GCcp, GCxp and GCcp_ap in the following
electrolyte solutions: (a) 0.1 mol L' H,SOy, (b) 0.1 mol L'! KCl and (c) 1 mol L' KOH. v=5
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Fig. S-9. (a and b) CVs obtained on two GCcp_ap electrodes in the £ range from -500 to 0
mV, at increasing v values (50, 100, 150, 200, 250, 300 and 350 mV s™!). Electrolyte solution:

0.1 mol L-1 KClI.
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Raman spectra
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Fig. S-10. Raman spectra recorded on GCp_op before a chronoamperometric stability test
performed in 1 mol L' KOH solution (GCcp_ap’) and after the test (GCeg.ap”).

Statistical analysis

Before conducting the correlation analysis, a preliminary investigation was
undertaken to ascertain the normality of the studied variables. This was achieved
by employing a One-Sample Kolmogorov-Smirnov test. In the case of OER, the
data for overpotential (D(47) = 1.096, p > 0.05) and polarity (D(47) = 1.170, p >
0.05) exhibited a normal distribution, while the data for pH (D(47) = 1.856, p <
0.05) and the number of layers (D(47) = 1.778, p < 0.05) were found to be non-
normally distributed. Based on these results, Pearson statistics were computed to
assess the relationship between overpotential and polarity, while Spearman's Rho
statistic was computed to evaluate the relationship between the overpotential, the
pH, and the number of layers. The results indicate no statistically significant
correlation between overpotential, polarity, and number of layers. However,
Spearman's correlation coefficient was found to be statistically significant for
overpotential and pH (rg (45) = 0.447, p < 0.01), thereby revealing a positive
association between them. In the case of HER, the results of the One-Sample
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Kolmogorov-Smirnov test show that the data for overpotential (D(23) = 0.668, p
> 0.05), polarity (D(23) = 0.847, p > 0.05), and number of layers (D(23) = 1.359,
p =0.05) follow a normal distribution, whilst the pH data (D(23) = 1.665, p <0.05)
were found to be non-normally distributed. Based on these results, Pearson's
statistics were computed to assess the relationships between overpotential,
polarity, and number of layers, while Spearman's rho statistics were computed for
the relationship between overpotential and pH. The obtained results revealed no
statistically significant correlation between the overpotential and the other
variables examined in the study.

10.
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Abstract: This study aims to compare and analyse the synthesis of microcapsules
stabilized with chitosan/sodium dodecyl sulphate complex according to emul-
sion preparation methods. For this purpose, 20 % oil-in-water emulsions were
obtained in two ways: by emulsifying the oil phase in aqueous solution of chito-
san and its mixtures with anionic surfactant (“method I”’) and by subsequently
dropping chitosan into an already prepared emulsion stabilized by anionic surf-
actant (“method I1””). Good stability, positive zeta potential of the emulsions and
uniform droplet size distribution obtained with both methods, enabled the pre-
paration of chitosan-based microcapsules which were separated by spray drying
and investigated in terms of yield, moisture content, particle mean diameter and
size distribution. The results showed a uniform particle size distribution and
approximately equal mean diameters of emulsion droplets (= 8 pm), i.e., sus-
pension particles (= Sum), while the microcapsule yields and moisture content
for method I were 15 and 1.14 %, and for method II were 1.2 and 2.85 %, res-
pectively. These results indicate that method I may be more suitable for use in
the pharmaceutical and food industries for the production of chitosan microcap-
sules with oil content. The study confirmed that small variations in preparation
can lead to large changes in the microencapsulation process and microcapsule
structure.
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INTRODUCTION

Microcapsule is a functional barrier between the core and the shell material to
avoid chemical and physical reactions and to maintain the biological, functional
and physicochemical properties of the core materials. Shell material properties
determine the chemical and physical changes during capsule wall formation. Also,
the shell material ultimately determines the choice of preparation method and the
application direction of functional microcapsules.!-2 Much attention has also been
given to the use of chitosan, deacetylated chitin which is typically found in exo-
skeletons of arthropods and crustaceans and also in fungal cell walls, as polymer
shell of the microcapsules. It’s a polycationic polysaccharide compound that tends
to interact with other substances, most often with the oppositely charged ones,3~?
resulting in different morphology of novel microcapsules.10 Since chitosan pos-
sesses a combination of properties such as biocompatibility, biodegradability, non-
toxicity, as well as bioactivity: hypocholesterolemic, hypolipidemic, antimicro-
bial, antiviral, anticoagulant and antifungal, it has many applications in medicine,
cosmetics and food industries.!! Chitosan-based microcapsules have great poten-
tial for the development and applications of natural products that are widespread
in the food, cosmetics and pharmaceutical industries.!

The capsule shell formation principle is based on the interaction between shell
materials which include electrostatic interactions, covalent bonds and hydrogen
bonds. Researchers have continuously explored a variety of preparation methods
in the preparation process, such as the emulsification method, layer-by-layer
(LBL) assembly method, sonochemical method, interface polymerization and
spray drying method.!2-15

Last couple of years, the most used microcapsule preparation and separation
technique in the industry is spray drying. It consists of the rapid evaporation of the
water phase from an emulsion by atomization with a pressure nozzle or a cen-
trifugal wheel. The wide variety of materials that can be used, the simplicity of the
procedure, its low cost and accessible equipment make spray drying the easiest and
cheapest option to produce microencapsulated materials.!® However, when using
this method, great attention should be paid to choosing the shell material that could
act as a barrier and protect the encapsulated bioactive compounds against oxygen,
water, light and contact with other ingredients.!” Furthermore, the characteristics
of shell materials influence the controlled release of encapsulated bioactive com-
pounds into the surrounding medium.!8:19

Emulsions are colloid systems where one fluid is broken into small droplets
within the other fluid and are often used in microencapsulation processes of liquid
active components. The main problem occurring in emulsions is a phase separation
that is due to flocculation and coalescence.20 The emulsion stabilized by the poly-
mer/surfactant complex is generally more stable than the one stabilized by surf-
actant only because it is stabilized not only by the electrostatic repulsion of the
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droplets but also by the steric hindrance of the bulky oppositely charged poly-
mer/surfactant complexes.2! Emulsion stability, which is related to the size distri-
bution of dispersed droplets and rheological properties of the continuous phase,
can be expressed using the creaming index, where higher creaming index values
indicate lower emulsion stability.22 Also, achieving the emulsion droplets dec-
rease, as well as attaining sufficiently high viscosity in the continuous phase con-
tribute directly to emulsion stability and encapsulation efficiency of the core mat-
erial at the subsequent drying process for microencapsulation.?3

Methods for the preparation of emulsions used in the encapsulation process
significantly affect the core stability, process efficiency and degree of protection
of active components. Most of these methods involve preparing primary emulsion
and then adding the polymer,24-28 but this method may not be suitable for every
polymer/surfactant or polymer/polymer system. To this end, based on the relev-
ance of emulsion properties to efficient microencapsulation, this study compared
and analysed the synthesis of microcapsules stabilized with chitosan/sodium
dodecyl sulphate complex according to emulsion preparation methods.

EXPERIMENTAL
Materials

Low molecular weight chitosan (LMWCh) (product number: 448869) was obtained from
Sigma—Aldrich. LMWCh degree of deacetylation, determined by potentiometric titration, is
found to be 81.8 %.2° Sodium dodecyl sulphate (SDS), purity >99 %, was purchased from
Merck. Medium-chain triglycerides (caprylic/capric triglyceride, Saboderm TCC, Comcen,
Zemun, Serbia) were used as oil phase. In all experiments buffered water was used as a solvent
and pH was adjusted using 0.2 M water solution of acetic acid (Zorka-Pharma, Sabac, Serbia)
and 0.2 M water solution of sodium acetate (Centrohem, Stara Pazova, Serbia). Aerosil 200,
silicon dioxide, was provided by Carl Roth (Karlsruhe, Germany).

Preparation of solutions

The experiments were carried out at pH 4. pH was measured at room temperature using
827 lab pH-meter (Metrohm, Herisau, Switzerland). Stock solution of 0.2 mass % LMWCh was
prepared by dissolving a given mass of polymer in the buffered water while stirring and after
relaxation at room temperature during 24 h, pH value of the solution was checked. SDS stock
solution of 1 mass % was prepared using the same procedure. LMWCh:SDS mixtures were
prepared by mixing required volumes of LMWCh and SDS stock solutions. Before measure-
ments, mixtures were left for 24 h at room temperature.

Preparation of oil-in-water emulsions

Oil-in-water (O/W) emulsions were prepared at the oil:water mass ratio 20:80 (20 % O/W
emulsions) at 30 °C in two ways. The first method (“method I”’) of preparation was the emul-
sification of semi-synthetic oil — Saboderm TCC in the aqueous phase by homogenizer Ultra
Turrax T25. Solution of 0.1 % LMWCh, solutions of 0.001, 0.2 and 1 % SDS and mixtures of
LMWCh:SDS at mass ratios 100:1, 1:2 and 1:10 were used as the aqueous phase of the emul-
sions. Before the start of emulsification, the aqueous phase was homogenized for 5 min at 5000
rpm by homogenizer Ultra Turrax T25, then during the first minute of emulsification the oil
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phase was gradually added and the emulsification was continued for up to 10 min under the
same conditions.

The second method (“method II”’) involved emulsion preparation by method I but with
SDS solution as a water phase and then dropping a solution of chitosan into an already formed
emulsion with SDS. This method was used to obtain a 20 % O/W emulsion with a mass ratio of
LMWCh:SDS 1:2.

Spray drying procedure

In order to avoid agglomeration, 2 % of Aerosil was added to the emulsions. Mini spray
dryer (Biichi 190, Flawil, Switzerland) with a standard 0.7 mm nozzle was used to convert the
emulsions into microcapsules powders. The inlet temperature was kept at 160 °C and the outlet
at 100 °C. The drying parameters during the process, such as aspiration (0.6 m3/min) and
feeding (2.2 ml/min) were controlled.

Zeta potential measurements

Zeta potential of emulsions was determined using Zetasizer Nano ZS (Malvern Instru-
ments, Malvern, UK). Viscosity (0.88 mPas) and refractive index (1.33) of the solvent at room
temperature were used for data analysis. All measurements were carried out in triplicate.

Droplet/particle size distribution

Droplet size distribution of the emulsions and particle size distribution of the suspensions
of microcapsules in water was assessed by microphotography which was taken on optical micro-
scope, Biooptica BEL-3000 (Milano, Italy) at 40x magnification and analyzed using BELView
software. Droplet mean diameter as well as particle mean diameter, expressed as volume-sur-
face mean value, d,,; (um) and standard deviation ¢ (um) were calculated from the experimental
data, respectively:

dys = Ynid[ynd? (1
o = (Xnidrdys)*/¥n)'"? 2
where d; is droplet/particle diameter (wm) and »; is number of droplets/particles. Droplet/particle
size distribution curves were obtained by fitting the experimental data with the gamma-equation:
¥, = Gaeta) (3)

Emulsion stability test
For stability test, the emulsions were transferred into 10 ml graduated cylinders and stored
at room temperature for 7 days. The emulsions were observed for the changes in homogeneity
and phase separation during storage. The total height of the emulsion (H,)) and the height of the

serum layer (H,) were also measured over time. The extent of creaming was characterized by
the creaming index, H:

H=100HJ/H, (%) @)
The higher the creaming index the worse the emulsion stability. All experiments were
carried out in triplicate and reported as average values plotted with standard deviation errors.
Yield analysis

The microcapsule powders collected from the processing equipment were stored in tightly
closed dark container, at 4 °C, before further analysis. The product yield was calculated as the
ratio between the mass of the output powders, recovered from the equipment at the end of the
process, and the mass of the solid content of the initial emulsion, fed to the spray-dryer chamber.
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Moisture content

The moisture content of microcapsules was determined gravimetrically by oven drying at
105 °C up to a constant weight.3 One gram of powder was used and the moisture was expressed
as a percentile value. All of the experiments were conducted in triplicate.

RESULTS AND DISCUSSION

The possibility of using chitosan (0.1 %) and SDS (0.001, 0.2 or 1 %) to stab-
ilize the medium-chain triglycerides emulsion in water was first investigated. The
appearance of the obtained emulsions 24 h after preparation is shown in Fig. 1.

|
4

0.1%  0.001%  0.2% 1% Fig. 1. O/W emulsions stabilized with LMWCh and SDS, 24
LMWCh 50, &5 SDS  h after preparation.

The concentrations of SDS were selected based on the previous study3! to
cover the area before LMWCh/SDS coacervate formation (100:1), the coacer-
vation area (1:2), as well as the area after coacervate formation (1:10), i.e., 0.001,
0.2 and 1 % SDS, respectively. It can be noticed that emulsification properties of
LMWCh and 0.001 % SDS are poor, after a few minutes there was a complete
emulsion phase separation. This behavior of LMWCh is completely expected, due
to its weak interface activity, as shown by our previous study.2%31 Also, concen-
tration of 0.001 % SDS is below critical micelles concentration of SDS2% and
insufficient for the formation of a stabile adsorption layer at the water-oil interface.

The stability of emulsions with 0.2 and 1 % SDS were monitored by visual
observation of changes within the samples during 140 min of storage at room tem-
perature and creaming index was determined. Results are presented in Fig. 2.

Concentrations of 0.2 and 1 % SDS were sufficient to provide a stable emul-
sion. In addition, the sample with 1 % SDS presented a slightly lower creaming
index, suggesting that higher concentration of SDS provides a more stable emul-
sion. By observing the emulsions with 0.2 and 1 % SDS under a microscope (Fig.
2), immediately after preparation, it was noticed that they have spherical drops of
different diameters. The mean droplet diameters were determined and they were
8.72+0.753 um and 5.8140.357 um for emulsions with 0.2 and 1 % SDS, res-
pectively.
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Fig. 2. Creaming index H and microphotograph of O/W emulsions stabilized by SDS.

It can be seen that the prepared emulsions stabilized with 0.2 and 1 % SDS
have a droplet size below 9 pm and both emulsions had uniform droplet size dis-
tribution with low standard deviation. As expected, an emulsion with 1 % SDS has
a lower value of mean droplet diameter than one with 0.2 % SDS, i.e., as the
concentration SDS increases, the droplet size decreases. This is ascribed to the
enhanced water solubility of the oil molecules induced by the addition of ionic
surfactants.32

To investigate the possibility of using LMWCh/SDS complexes for emulsion
stabilization by method I, 20 % medium-length triglyceride emulsions in water
were prepared which included a continuous phase with LMWCh:SDS solution
mixture, and their appearance is shown in Fig. 3.

Fig. 3. Appearance of: a) O/W emulsions sta-
bilized by LMWCh/SDS complex of different
mass ratio 24 h after preparation; b) O/W emul-
sion stabilized by LMWCh/SDS complex in
mass ratio of 1:10, 7 days after preparation.

Fig. 3a shows that stratification of emulsion to the cream and serum layer
occurs due to the difference in density between the continuous and dispersed phase.
Comparing the visual transparency of serum layers, it is observed that serum layer
of the emulsion stabilized by LMWCh/SDS complex in mass ratio 1:10 was more
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turbid and had higher creaming index than the other one. The creaming index of
emulsions with LMWCh/SDS complexes in mass ratios 1:2 and 1:10 was moni-
tored within 4 h and results are shown in Fig. 4.

B0 Pi{_@...__.z,,-——{)—é—(;—*-"éﬂ
50 /ﬂ
i C'; L J—a
i | e ——
g ‘,,_7—_1— =
30 - I
= D// }{“
20~ / o LMWCh:SDS 1:2
: —o— LMWCh:SDS 1:10
10 /
0 I A S B —
0 50 100 150 200

t (min})

Fig. 4. Creaming index H of emulsions monitored within 4 h.

Changes in emulsion creaming index H with time (Fig. 4) indicate rapid
separation of layers for emulsion stabilized with LMWCh/SDS complex in the
mass ratio 1:10 during the first two hours of storage. Emulsion stabilized by
LMWCHh/SDS complex in the mass ratio 1:2 has slow separation of layers during
the first hour of storage, which suggests better stability for this emulsion. After
those times creaming index in booth emulsions remains almost unchanged.

Zeta potential of emulsion stabilized by LMWCh/SDS complex in mass ratio
1:2 was 22.344.05 pV and the droplets had a positive charge, while emulsion
stabilized by LMWCh/SDS complex in mass ratio 1:10 had a negatively charged
(-3.45+0.77 pnV) which indicates that SDS molecules prevail in the adsorption
layer. Based on our previous study,2%:31 the behavior of LMWCh/SDS complexes
at interfaces and in the bulk was investigated in detail. When it comes to water
solution the LMWCh/SDS mass ratio 1:2 complex is neutral and completely pre-
cipitated in the form of coacervates, while in emulsion containing the same com-
plex, droplets bear positive charge. This phenomenon could be explained by share-
-induced reorganization in structure of formed complexes during emulsification
process.”-33 The reorganization during emulsification is a dynamic process where
the emulsifier molecules adapt to changes in droplet size, phase interactions and
surface coverage to stabilize the emulsion. In the context of emulsions, the poly-
electrolyte complex can interact with both the oil phase and the aqueous phase,
leading to a more complex behavior and potential changes. The reorganization of
the polyelectrolyte complex at the interface during emulsification is critical to
maintaining the stability and homogeneity of the emulsion.34 Based on the general
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knowledge polyelectrolyte complex interfacial behavior, two mechanisms are pos-
sible: the complex coacervates reorganize into a continuous protecting layer sur-
rounding the oil droplets3> or the coacervates adsorb on the oil droplet surface and
stabilize the emulsion by a Pickering effect.36.37

As it can be seen from Fig. 3b emulsion stabilized by LMWCh/SDS complex
in mass ratio 1:10 showed LMWCh/SDS coacervate sedimentation at the bottom
of cylinder 7 days after preparation. Such findings along with negative charge of
the droplets confirm that only SDS molecules are adsorbed at the interface.

Based on the above, for preparation of microcapsules with method II which is
the usual method in literature,24-26.28,38 0.2 9% SDS was selected for emulsion
stabilization and LMWCh solution was dropped until LMWCh:SDS mass ratio of
1:2 was obtained.

Zeta potential of the emulsion prepared by method Il was 17.1£3.29 uV, i.e.,
the drops have a positive charge. The presence of a coacervate phase around the
oil droplets (Fig. SA and B) can be noticed in both emulsions, prepared by method
I and method 11, but their charge is not neutral. Positively charged emulsions have
more advantages in the pharmaceutical and cosmetics industry due to potentially
better bioavailability and biocompatibility.3%

Fig. 5. Microphotograph of O/W emulsions sta-
bilized by LMWCh/SDS complex in mass ratios
1:2 immediately after their preparation; A)
method I and B) method II and obtained yield of
microcapsules.

Microcapsules prepared by method I and method II and separated by spray
drying were investigated in terms of yield, moisture content, particle mean dia-
meter and size distribution.

Microcapsule production yield shows how much powder mass is produced
after spray drying process and it is expressed by the percentage of core and shell
materials present in the initial emulsion. Microcapsule yield was 15 % for mic-
rocapsules obtained by method I and 1.2 % for microcapsules obtained by method
II. During the collection process after drying, the microcapsule powder obtained
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in the method II was sticky and greasy probably due to the weak mechanical
properties of their shell material.

Also, the low yield values obtained by method II are probably caused by the
microcapsule preparation process itself. In the process of obtaining microcapsules
by the method II it is most likely that stable coacervate did not form on the
boundary surface, and it was partially formed in the continuous phase, as well. This
is probably due to the weak affinity of LMWCh with SDS molecules at the
boundary surface, which is a consequence of its weak surface activity, i.e., before
LMWCh reaches the boundary surface it binds to free SDS molecules in the con-
tinuous phase. For these reasons during the drying process the drops broke, which
together with the coacervate from the continuous phase stuck to the walls of the
drying chamber, i.e., the powder adheres to the interior surface of the drying
chamber due to high adhesive ability of LMWCh.40

The moisture content is an important variable related to the shelf life of pow-
ders and is often conducted to check on the spray-drying process. The moisture
content of the microcapsules obtained by method I was 1.14 and 2.85 % for
microcapsules obtained by method II. Its values are following the results from
other studies.30 This lower value for moisture content for microcapsules obtained
by method I contributes to the powder stability during the storage and prevention
of changes in physical and chemical characteristics.

For easier viewing, Table I shows a comparative analysis of the parameters
tested for emulsions produced by both methods, microcapsules obtained from them
by spry drying, as well as the mean diameters of re-dispersed microcapsules, which
will be discussed below. The distribution parameters of the mean particle dia-
meters of emulsion and re-dispersed microcapsules were obtained by processing
microphotographs of their suspensions in water using BELview7 software. The
particle size distribution curves of microcapsules that were obtained by fitting the
experimental data with gamma equation are shown in Fig. 6.

TABLE I. Comparative analysis investigated parameters for both methods of emulsion pre-
paration

Sample Method I Method 1T
Zeta potential of emulsion, pV 22.3+4.05 17.1£3.25
Particle mean diameter of emulsion, pm 8.72+0.753 7.32+£1.052
Particle mean diameter suspensions of microcapsules, pm 5.12+0.372 5.70+£0.819
Yield of microcapsules, % 15 1.2

Moisture content, % 1.14+0.275 2.854+0.652

As seen from the Table I and Fig 6, emulsions and suspensions of micro-
capsules were produced with mean diameters from 5.12 to 8.72 um which is in
accordance with the results of other studies.#! Namely, after spray drying process
all suspensions of microcapsules show slightly lower mean diameter and decreased
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polydispersity compared to the starting emulsion. The spray drying process of
emulsions affects the size and size distribution of the microcapsules, which is
unsurprising taking into account that during drying process small droplets can be
aspirated and large droplets can burst if the wall is not sufficiently resistant.14 Also,
both samples of microcapsules had uniform particle size distribution with low
standard deviation. These results indicate equal properties of the microcapsule wall
for both methods of their preparation. However, considering the appearance (sticky
and oily), yield and moisture content of the microcapsule powders, it can be
concluded that microcapsules are formed in smaller quantities when using method
II. It is clear that yields of microcapsules and stability of the microcapsule shell as
well as their characteristics were directly influenced by the emulsion preparation
method. From all of the above method I can be considered better for the micro-
encapsulation of oil in the system chitosan/sodium dodecyl sulphate.

1 method |
9 |

8 e
| ’ . method Il
v\

Ny

7
6
5]
4__ F’mrethodll

Yp (%)

di (um)

Fig. 6. Droplet and particle size distribution of the emulsions (blue) and suspensions (red) of
microcapsules.

CONCLUSION

In this study, two preparation methods were proposed and demonstrated
(method I: homogenization of oil in the already formed LMWCh/SDS complex
and method II: subsequent dropping of chitosan into the already prepared emulsion
with SDS) for chitosan-based microcapsules whose wall consisted of LMWCh/
/SDS complex. Microcapsules were obtained in powder form using spray drying
as a method for their separation. Chitosan microcapsules were successfully pre-
pared by both methods of preparation. For both methods, it was determined that
the mean diameters suspensions of microcapsules have similar values (5.12+0.372
um for method I, 5.70+0.819 um for method II). However, the yield of the drying
process was 15 % for microcapsules obtained by method I and 1.2 % for the
method II of preparation, which indicates a small influence of the spray drying
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method and a dominant influence of emulsions preparation method on formation
stable or unstable shells of microcapsules. Also, a lower value of moisture content
for microcapsules obtained by method I (1.14 %) could indicate their better stab-
ility during the storage by preventing changes in their physical and chemical
characteristics. The results showed that method II, more commonly used in the
literature for microencapsulation of oil in most polymer/surfactant and polymer/
/polymer systems, would not be proved to be the method of choice for the system
chitosan/SDS. Therefore, method I gives a much higher yield of microcapsules and
a lower moisture content than method II, which gives it an advantage in selection
for obtaining oil-core microcapsules for the cosmetic and pharmaceutical indus-
tries. The study also confirmed that small variations in preparation can lead to large
differences in the microcapsule structure.
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H3BOI

[TPUITPEMA MHKPOKAIICYJIA XUTOCAH/HATPUIYM-IOOELNUJI-CYJIQAT:
YTHLAJ METOJE ITPUITPEME

JEJIEHA MWIMHKOBUE BY JUHUWR', TUIUJA TIETPOBUR', MUJTUJAHA AJIEKCUR?, JAIIPAHKA OPAJ",
JbUJbAHA BEKWR?, CAHIIPA BYUKO!, JAPOCJIAB KATOHA', JoBUJbAHA CITACOJEBUR!, JEJIEHA OCTOJUR!,
KEJbAHA PAIJOHWR! 1 MUHA BOCHUR'

"Texnonowxu paxynmewt Ynusepsuiuems y Hosom Cagy , Bynesap Llapa Jlasapa 1, 21000 Hosu Cag,
‘Hnosayuono-uogysemnuuxu yeninap (IEC) Tehnopolis, Pagoja Jaxuha, Huxwuh, [lpxa Fopa u
3Ynueepsumein y Beotpagy, @apmaveyiicku paxyniuem, Bojeoge Cimetie 450, 11000 Feoipag

Llnss oBOT pazia je ynopenHa aHanu3a MUKPOKaIICyia CTadMIH30BaHUX KOMIUIEKCOM XHUTO-
3aH/HaTpPHjyM-HonewI-cyadaT y 3aBUCHOCTH 0] MeTOJie TpUIpeMe eMyi3Hja. Y ToM uuswy, 20
% emyn3uje y/be y BOOH JoOHjeHe Cy Ha /iBa HauMHA: EMYJIrOBalmeM yibHe (a3e y BOJEHOM
pPacTBOpY XUTO3aHa U BErOBUX CMEILA Ca aHjOHCKUM cypdaKkTaHToM (,MeTon 1) 1 HakHagHUM
yKanaBameM XWTO3aHa y Beh NpUmpemMsbeHy eMyJi3ujy CcTabWIHN30BaHy MoMohy aHjoOHCKOT
cypdakranta (,merton II"). Tobpa cradumHOCT, MO3UTHBAH 3eTa NOTEHLHjal U yjegHayeHa
pacriofiesia BeJIMYMHA Kallkd eMys3dja #odujeHnx odbeMa MeTojama, OMOTYhHIN Cy IpUIpeMy
XWUTO3aHCKUX MUKDPOKAIICyJIa Koje Cy U3[BOjeHe CyLIemheM pacplinBamkeM U KOjuMa je ogpehen
NPUHOC, cafgpiKaj BiIare, CpeAlBY IPEYHHK U paciofiesna BeJIMYMHe YyecThla. Pe3ynTaty cy noka-
3aJIM yjedHayeHy paclnofesy YecTula Mo BeJIMYMHU U TPUOIMKHO jeJHAaKe CPEJihe NIPEYHUKE
Kanu emynsyja (= 8 pm ), OBHOCHO cycneHsyja (= 5 pm), JOK Cy NPUHOCH MHUKpOKAICyna 1
cazmpxkaj Biare 3a metox I 6w 15 u 1,14 %, a 3a meton 11 1,2 u 2,85 %, penom. [JobujeHn
pesynTaTH ykasyjy na meron | moxe OWTH IOrOOHMjU 33 MPOH3BOAIY XHUTO3aHCKUX MHKDO-
KarcyJa ca yJbHUM je3rpoM y dapmarieyTckoj U npexpamdeHoj uHpyctpuju. CTynudja je moka-
3aja ¥ Ja MaJle Bapujauuje y NMPUIPEMH MOTY JOBECTH [0 BEJIMKHMX NPOMEHA Yy IpoLecy
MMKDOKAICyI1pama U CTPYKTYPH MUKPOKIICYJIa.

(ITpummbeHo 21. janyapa, peBuaupano 17. mapTa, npuxsaheHo 3. jyHa 2025)
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Abstract: Physicochemical analysis investigations were conducted on six int-
ernal polythermic sections of the Ni-Bi—Sn ternary system, and phase diagrams
of the sections were constructed. It was determined that two of the sections were
quasibinary, and four were non-quasibinary. The projection of the liquidus sur-
face of the ternary system was constructed. The equations for the nonvariant
equilibrium reactions occurring in the ternary system were compiled and their
coordinates were determined. The presence of promising solid solution areas was
revealed in some of the internal sections of the ternary system, and their bound-
aries at room temperature were determined. The absence of new complex com-
pounds and the presence of homogeneous regions indicate that the synthesized
materials could be suitable for application as switching and contact layers in
alternative energy sources.

Keywords: phase diagrams; alloys; primary crystallization; nonvariant reactions.

INTRODUCTION

Metallic nickel and its alloys are widely used in metallurgy as doping elements
to enhance the mechanical properties of steel and increase resistance to heat and
corrosion. They are also employed in the production of military ammunition, and
in electronics and electrical engineering for materials like invar, platinite and
nichrome. Nickel and its alloys also exhibit catalytic properties. Considering that
nickel alloys find applications as both active (working element of the thermo-
electric device) and passive (commutation layers) materials in thermoelectric
energy converters, = the need to study the synthesis and properties of nickel-based
alloys is clear.

Bi—Sn alloys are widely employed as contact materials in solid-state electronic
devices and equipment. However, their low melting temperatures (both of the con-
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stituent elements and the alloys themselves) can lead to heating when current
passes through the contacts, potentially resulting in contact failure. Including a
substance with a high melting point and good mechanical resistance, such as
nickel, into these materials could offer a solution. Furthermore, the chemical com-
patibility of the interacting substances plays a crucial role. It is essential to consider
the potential formation of new phases resulting from interactions between the
contacting substances, the reactions that occur, and their formation temperatures,
as these new phases can cause contact failure or reduce conductivity. Therefore, a
thorough physicochemical analysis of the Ni-Bi—Sn system is of significant tech-
nological relevance.

Results of some studies on the Ni-Bi—Sn system have been reported in the
literature. For example, Vassilev et al.% studied the solid phase equilibria of the
ternary system at 733 and 903 K and scanning electron microscopy results indi-
cated the presence of a ternary compound with the formula Ni;SnyBi. However,
X-ray diffraction analysis did not confirm this compound. Thus, despite the mod-
ernity of these two investigation methods, inconsistencies exist in their reported
results.

Thermodynamic functions of some ternary phases were calculated using para-
meters from the binary systems of the Ni-Bi—Sn triangle, and the system’s phase
equilibrium was subsequently studied based on these results.”-8 Naturally, thermo-
dynamic calculations alone cannot provide complete clarity on the ternary sys-
tem’s phase equilibrium. Furthermore, the activity coefficient of bismuth in the
liquid phase at 1773 K was obtained using the isopiestic method, and these values
were compared with theoretical calculations.8

The alloys of the Ni-Bi—Sn system were studied by X-ray diffraction analysis
which indicated the presence of ternary compounds with the approximate formulas
NigSnyBi and Ni7SnyBi.2 According to the authors, the diffraction bands in the
X-ray diffraction patterns of these ternary compounds coincide with the analogous
diffraction maxima of NiBi and Ni3Bi binary compounds. Consequently, the auth-
ors’ conclusions are questionable, as assuming the existence of a new ternary com-
pound based solely on X-ray phase analysis is methodologically unsound.

The Ni-Bi—Sn system was studied by SEM and differential scanning calori-
metry, which showed that ternary eutectic reactions in the system occur at 116—
—129 °C.10

Thus, this brief literature review indicates that the Ni-Bi—Sn ternary system
has not been fully studied and that existing studies present conflicting results.
Therefore, a comprehensive study of the Ni-Bi—Sn system over a wide concen-
tration and temperature range was deemed necessary, the results of which are
presented herein. This study focuses significantly on investigating new sections,
in addition to those traditionally examined in the literature.
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EXPERIMENTAL

Ternary alloys were synthesized from special purity bismuth and tin (99.999 %), and TU-
-6-09 carbonyl grade nickel, using a single-temperature furnace with a vibratory mixer.!!-12
Depending on the composition, the synthesis temperature ranged from 1373 to 1573 K. To
ensure equilibrium and complete reaction, the alloys were thermally treated (annealed) at tem-
peratures of 363—-523 K (composition-dependent) for 480 h. The alloys were obtained as dense
masses with a dark-gray metallic colour. To clarify the nature of the chemical interaction
between the components of the ternary system, differential thermal analysis (DTA), microstruc-
tural analysis (MSA) and X-ray phase analysis (XRD) were performed, and their microhardness
and density were measured.

DTA was performed in the dynamic mode in an inert (helium) atmosphere with an STA
449F3 Jupiter simultaneous thermal analyzer (Netzsch, Germany) at a heating rate of 15 K/min
using a Pt—Pt/Rh thermocouple. The analyzer operates under the control of the Proteus software.
XRD analysis was performed on system samples with a D2 Phaser X-ray powder diffractometer
(Bruker, Germany) using CuKa radiation and a Ni filter. The scanning speed was 2°/min.
Device control and data analysis were managed using the Diffrac.Suite software package.!3-14

MSA and microhardness measurements were performed on ground and polished samples
using a “View” and “Micrometer-5101" microscopes, as well as on “PMT-3" microhardness
tester with automatic load. The surfaces were etched with diluted nitric acid (2:1). Density was
determined pycnometrically using toluene as the displacement liquid.

RESULTS AND DISCUSSION

The nature of chemical interactions in the Bi—Ni—Sn ternary system was
investigated along the quasibinary sections Ni3Sn—Bi and Ni3Sn,—Bi, and the non-
-quasibinary sections Big 75Sng25—Nig5Sng s, BiNi—Sn, BiggNig4—Sn and
Big 57Sng 43—-Ni. The phase equilibria observed in these sections are described
below.

Ni3Sn—Bi Section

The NizSn—Bi phase diagram was constructed based on the results of physico-
chemical analysis. The section is quasibinary, and its phase diagram is of a simple
eutectic type. However, its eutectic is degenerate. The eutectic occurs at ~270 °C.
The phase transition in the Ni3Sn compound, which occurs at 920 °C, is also
identified in this phase diagram. However, due to the influence of bismuth, the
temperature of this transition decreases to ~905 °C. A homogeneous region based
on Ni3zSn was observed in the section, and its boundary at room temperature cor-
responds to 1.5 mol % Bi. Given that nickel-containing alloys are recognized as
effective materials for thermoelectric energy sources, the (NizSn)i1-«Bix solid
solutions identified in this section also hold significant promise for such applic-
ations.

Ni3Sny—Bi Section

The phase diagram of this section also exhibits a simple eutectic type, indi-
cating it is a quasi-binary system. The eutectic occurs at approximately 267 °C and

Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



1 122 ABILOV et al.

~99 mol % Bi. The phase diagram indicates no solid solution formation based on
Ni3Sny. As eutectic compositions inherently form composite materials and are
utilized in switching and contact networks, the eutectic compositions identified in
this section are promising for solid-state electronic applications.

To determine the coordinates of nonvariant points, monovariant curves, iso-
therms, and primary crystallization fields in the projection of the Ni—Bi—Sn ternary
system, a series of non-quasibinary sections were investigated. Let us elaborate on
some of these sections which sufficiently reflect the nature of chemical interactions
in the ternary system.

Big 755n¢.25—Nig 5Sng 5 Section

The initial components of this section (Big75Sng25-NigsSngs and
Nig 5Sng 5) are analogous to mechanical mixtures in their respective Bi—Sn and
Ni—Sn binary systems. Using the aforementioned physicochemical analysis
methods, the phase diagram for the Big75Sng25—Nig5Sng s section was con-
structed (Fig. 1).

1100
L
900
795
& )
= 700 i
!
L+Ni,Sn, i
I
500F >
TG
El =
= 1
300 ~ G
Py i |
230 180 Z |L
140 . H
- L+Ni,Sn,+Sn
100 2 '
1
T Bi+Ni.Sn.+Sn Ni,Sn+Ni,Sn+Sn}
1 1 1
Bi,.Sn,.e 20 40 60 80 Ni.Sn. Fig. 1. Phase diagram of the Bij 75510 55—
mol% —Nig 5Sny) 5 section.

It is evident from the figure that the Big 75Sng »5—Nig 5sSng 5 section is non-
-quasibinary and passes exclusively through the Bi—-Ni3Sny—Sn subsystem region,
crossing two crystallization fields of Bi and Ni3Sn,. Consequently, its liquidus com-
prises two branches corresponding to the primary crystallization of Bi and Ni3Sny.

These branches intersect where the section crosses the monovariant curve at
130 °C. At this point, binary crystallization (L+Ni3Sny+Bi) begins and proceeds
along the monovariant curve until it reaches the four-phase ternary eutectic point

Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



Ni-Bi-Sn SYSTEM LIQUIDUS SURFACE PROJECTION 1 123

(L <> Bi+Ni3Sn+Sn) at 100 °C (48 mol % Nig 5Sng 5). In the sub-solidus region,
within the concentration range of 0—60 mol % Nig 5Sng 5, 2 mixture of three phases
(Bi+Ni3Sny+Sn) precipitates. In the region rich in Nig 5sSng s, the peritectic react-
ion L + Ni3Sny < Ni3Sny starts at 795 °C (p3), leading to the formation of the
Ni3Sng compound. This reaction culminates in a four-phase ternary nonvariant
peritectic equilibrium P3 (L + Ni3Sny <> Ni3Sng + Sn) at 180 °C. Consequently,
within the concentration range of 60—100 mol % Nig 5Sng 5, a mixture of NizSnp
+ Ni3Sng + Sn phases crystallizes. Practically no solubility was observed for either
component.

The Nig 5Sng 5—Sn section is non-quasibinary. According to singular triangul-
ation, it passes through the regions of three sub-systems formed by the quasibinary
sections Bi—Ni3Sn and Bi—Ni3Snp: (Bi-Ni—Ni3Sn (I), Bi-Ni3Sn—Ni3Sn, (II) and
Bi—Ni3Sn,—Sn (I1I)), Fig. 2.

I- Ni
2-BiNi
3-BisNi
4-Bi
5-NisSn
6-NisSnz

T-NizSms
B-Sn

1300
12404

1100f,

2001%

t/°C

L+Ni,Sn,

3000
300 231
230

160

100 P L+Ni,Sn+Sn

.
T o BitNiSn#Sn Ni,5n,+Ni,Sn,+Sr
1 f 1

Bi.Ni, 20 40 60 80 Sn Fig. 2. Phase diagram of the Bij;Nijps—Sn
mol% section.

Therefore, the phase diagram of the Big 5sNig s—Sn section is divided into three
parts. The first part (I) covers the concentration range of 0—14 mol % Sn. Here, the
liquidus curve consists of two branches that intersect at the point where the section
crosses the monovariant curve. These branches correspond to the primary crys-
tallization of Ni and the NizSn compound.

The first component is within the composition of the BiNi compound, which
is formed in the Bi—Ni binary system at 654 °C by the peritectic reaction L + Ni
<> BiNi and melts incongruently. Here, the formation temperature of this com-
pound begins to decrease. Finally, at 620 °C, both phases (L+Ni) that form the
BiNi compound are in stoichiometric composition, so both are consumed simul-
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taneously, and the process does not reach the four-phase ternary peritectic. As a
result, two phases (BiNi+Ni3Sn) precipitate in the subsolidus region.

The second part (II) of the Big 5Nig s—Sn section’s phase diagram covers the
concentration range of 14-22 mol % Sn. Here, the nature of the chemical inter-
action is relatively simple. The liquidus consists of two branches that characterize
the primary crystallization of Ni3Sn and Ni3Snj, intersecting at the point where the
section crosses the next monovariant curve. Crystallization ends at 200 °C with the
four-phase ternary eutectic equilibrium L <> Bi + Ni3Sn + Ni3zSnj.

In the subsolidus, a mixture of Bi+NizSn+Ni3Sny phases precipitates. In the
third part (I1II), which falls within the Bi—Ni3Sny—Sn quasi-ternary region (22—100
mol % Sn), the chemical interaction is somewhat more complex. Here, the
Big 5Nig s—Sn section intersects two primary crystallization fields (Ni3Sn, and
Ni3Sny), so it consists of two branches. The branches intersect at the point (76 mol
% Sn) where the section crosses the monovariant curve that borders these primary
crystallization fields, and binary crystallization (L+Ni3Sny+Ni3Sng) begins at that
point.

In the phase diagram, within the concentration range of 22—60 mol % Sn,
crystallization in the subsolidus ends with the four-phase ternary eutectic (E3)
reaction (L < Bi + NizSny + Sn) at 100 °C. Within the 60—-100 mol % Sn
concentration range, it ends with the four-phase ternary peritectic (P3) equilibrium
(L + Bi + Ni3Snjp «<» Ni3Sng + Sn) at 180 °C.

Big ¢Nig 4~Sn Section

This section is parallel to the Big sNig s—Sn section (Fig. 2) and passes through
a relatively close concentration plane. In other words, the Big gNig 4—Sn section
also passes through the regions of three subsystems: Bi—Ni—Ni3Sn (I), Bi-Ni3Sn—
—Ni3Sn, (IT) and Bi—Ni3Sny—Sn (III). Its phase diagram (Fig. 3) is non-quasibinary
and is divided into three parts. With the exception of the first part (I), the nature of
the chemical interaction in the second (II) and third (III) parts is almost identical.

In the first part (I), the liquidus consists of two branches because the section
intersects the monovariant curve at the boundary of the primary crystallization
fields of the Ni and Ni3Sn phases (6 mol % Sn). Crystallization passes through the
nonvariant peritectic equilibria P; (L + Ni <> BiNi + Ni3Sn, 600 °C) and P, (L +
BiNi <> Bi3Ni + Ni3Sn, 430 °C) and ends at the four-phase ternary eutectic equil-
ibrium E; (L <> Bi + Bi3Ni + Ni3Sn, 250 °C). In the subsolidus, Bi+Bi3Ni+NizSn
phases crystallize together.

In the second (II) and third (III) parts of the phase diagram, the shape of the
liquidus curve is similar to that in the BigsNigs5—Sn section. However, crys-
tallization ends with the nonvariant eutectic equilibria E; (Il — 12—18 mol % Sn),
E3 (IIT - 18-66 mol % Sn), and the nonvariant peritectic equilibrium P3 (III — 66—
—100 mol % Sn), with some differences in concentration ranges. As a result, dep-
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ending on the concentration, a mixture of Bi+Bi3Ni+Ni3Sny, Bi+Bi3Niy+Sn or
Ni3Sny+Ni3Sng+Sn phases precipitates in the subsolidus.

1- Ni
1100
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900
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20 60 20 Sn Flg.'3. Phase diagram of the Bij ¢Nijy 4—Sn
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Big 575n0.43—Ni Section

This section is perpendicular to the non-quasibinary sections we have des-
cribed (Fig. 4). Big 57Sng 43 is the only binary eutectic (e7) composition observed
in the Bi—Sn system. Studying the phase equilibrium in the Big 57Sng 43—Ni section
allows us to follow the chemical interaction occurring in the following subsystems
of the Bi—Ni—Sn ternary system: Bi—Ni—Ni3Sny (I), Bi-Ni3Sn—Ni3Sn; (II) and Bi—
—NizSnp—Sn (III). The phase diagram is non-quasibinary, and the nature of the
chemical interaction there is complex.

The Big 57Sng 43—Ni section passes through four primary crystallization fields
and intersects three monovariant curves. Therefore, the liquidus of the phase dia-
gram consists of four branches of primary crystallization (Sn, Ni3Sny, Ni3Sn and
Ni).

In the concentration range of 0—44 mol % Ni, the investigated section passes
through the region of the Bi—Ni3zSn,—Sn (III) subsystem, and crystallization ends
at 100 °C in the four-phase ternary eutectic equilibrium (L <> Bi + Ni3Sny + Sn).
In the subsolidus, a mixture of three phases (Bi+Ni3Sny+Sn) crystallizes.

In the phase diagram of the Big 57Snq 43—Ni section, the chemical interaction
in the Bi-Ni3Sn—Ni3Snj (II) and Bi-Ni—Ni3Sn (I) subsystems is further confirmed,
as reflected in the previous sections. Specifically, in system (II) (4456 mol % Ni
concentration range), crystallization ends at 200 °C in the three-phase nonvariant
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eutectic equilibrium (E,, L <> Bi + Ni3Sn + Ni3Snj), and in the subsolidus, three
phases (Bi+Ni3Sn+Ni3Sny) crystallize.

1500 1455

1300

11001

900

z
A
5
g 7001 = Less
= 5112
=iz
500 PHE 469
EE: i —— L+Bi,Ni+BiNi
51 = | L+Ni,Sn+Bi,Ni APRLRITEL
300158 270N/ 267 ) 212
: 278 00 B = g‘:lom NLA+Bi+BINi
v o
140 &5 p B
4 | ]
L+SniBi | E, 13
7 A
( Bi+Ni.Sn,Sn E;%E Bi+Bi,Ni+NiSn . .
! Ly s Fig. 4. Phase diagram of the
Bi,:Sn, ., 40 0 80 Ni : : :
20 mol% ' Big 57Sng 43-Ni section.

In the concentration range of 56—100 mol % Ni, in the region reflecting the
Bi—Ni-Ni3Sn (I) system, crystallization, as shown in the BiggNig4—Sn section,
proceeds through the nonvariant peritectic equilibria P1 (L + Ni «<» BiNi + Ni3Sn,
600 °C) and P, (L + BiNi <> Bi3Ni + Ni3Sn, 430 °C) and ends at the four-phase
ternary eutectic equilibrium E; (L <> Bi + Bi3Ni + Ni3Sn, 250 °C). In the sub-
solidus, a mixture of Bi+Bi3Ni+Ni3Sn phases precipitates. It should be noted that,
as can be seen from the phase diagrams, each of the investigated non-quasibinary
sections has corresponding two-phase crystallization regions between their liqui-
dus and solidus lines, which are clearly distinguished by concentration.

Among the studied polythermal sections, a significant solid solubility region
based on the initial components was observed in only one, specifically the NizSn—
—Bi section. Furthermore, no new ternary or more complex compounds formed in
any of the sections for which phase diagrams were constructed. This highlights a
discrepancy between our findings and some results reported in the literature.6-8
The significance of our results, which demonstrate the absence of such new com-
plex compounds, is further emphasized by the principle outlined in reference:!3
the formation of new complex compounds at the contact interface of interacting
metals, potentially due to localized heating, can lead to contact failure. Utilizing
data from the literature on constituent binary systems, experimental results from
the investigated polythermal sections, and analysis of additional samples not lying
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on these sections, a projection of the liquidus surface for the Bi—Ni—Sn ternary
system was constructed for the first time (Fig. 5).

Fig. 5. Projection of the liquidus surface
of the Ni-Bi—Sn ternary system with
initial crystallization areas: 1 — Ni, 2 —
BiNi, 3 — Bi3Ni, 4 — Bi, 5 — Ni3Sn, 6 —
Ni3Sn,, 7 — Ni3Sny, 8 — Sn; the phase
equilibrium graph in the bismuth-rich

%, part is highlighted in the lower left of

the figure).

As can be seen from the figure, in the projection of the liquidus surface of the
Ni—Bi—Sn ternary system, there are 8 primary crystallization fields characterizing
the initial components and the newly formed phases, which are separated from
each other by 13 monovariant curves (Table I). 7 of the 16 nonvariant equilibria
existing in the projection of the system’s liquidus surface are three-phase binary
eutectics (ej—e7), 3 are three-phase binary peritectics (p1—p3), 3 are four-phase
eutectics (E1—E3) and 3 are four-phase ternary peritectics (P1—P3).

TABLE 1. Nonvariant reactions, monovariant curves, and their temperatures occurring in the

Ni—Bi—Sn ternary system

No.  Nonvariant points, monovariant curves Equilibrium reaction t/°C

1 €1 L<Bi+ B13N1 272

2 (5] L~ Bi+ Bi3Sn 270

3 €3 L— Bi+ Ni3SH2 267

4 ey L < Ni+ Ni3;Sn 1130
5 €s L < Ni3Sn + Ni;Sn, 1160
6 €6 Lo Ni3Sn4 +Sn 231

7 €7 L~ Bi+Sn 140

8 p1 L + Ni « BiNi 654
10 P3 L+ Ni3Sn2 > Ni3Sn4 795
11 E, L < Bi+ Bi3Ni + Ni3;Sn 250
12 Ez L< Bi+ Ni3Sn + Ni3SIl2 200
13 E; L < Bi+ Ni3Sn, + Sn 100
14 P, L + Ni « BiNi + Ni3;Sn 600
16 Ps L + Ni3Sn, < NizSny + Sn 180
17 e E, L < Ni3Sn + Bi 272-250
18 E| &,E4 L < Bi3Ni + Bi 250-270-200
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TABLE 1. Continued

No.  Nonvariant points, monovariant curves Equilibrium reaction t/°C

19 E2 C3E3 L <—>Ni3Sn2 + Bi 200-267-100
20 e4P; L & Ni+ Ni;Sn 1130-600
22 PP, L < BiNi + Ni;Sn 600430
23 PZEI Lo B13N1 + Ni3SI’1 430-250
24 esE, L < Ni3Sn + Ni;Sn, 1160-200
25 E3C3E2 Lo Bi+ Ni3Sn2 100-267-200
26 e7E3 L < Bi+Sn 140-100
27 P3E3 Lo Ni3Sn2 + Sn 180-100
28 p3P3 Lo Ni3Sn4 + Ni3Sn2 795-180
29 eeP3 L < NizSng + Sn 231-180

The monovariant equilibrium curves were constructed based on the intersect-
ion points of the primary crystallization curves in the sections, and their directions
were extrapolated according to the nonvariant equilibrium points (Table I) and the
projection of the monovariant equilibrium curves drawn along the sides of the
concentration triangle.

In the projection of the liquidus surface, isotherms were drawn every 200 °C
by graphical interpolation. The consistency of the chemical interaction patterns
observed in parallel and perpendicular polythermic non-quasibinary sections, and
their mutual confirmation, leaves no doubt about the accuracy of the liquidus sur-
face projection.

The direction of the monovariant equilibrium curves characterizing co-crys-
tallization and the nature of the nonvariant equilibrium points (Table I) are con-
sistent with the geometric parameters of the projection of the Ni—Bi—Sn ternary
system's liquidus surface (Fig. 5).

CONCLUSION

The Ni-Bi—Sn ternary system was investigated for the first time using poly-
thermic sections, and their respective phase diagrams were constructed. A pro-
jection of the liquidus surface for the ternary system was also determined. This
projection revealed the nature of the chemical interactions, identifying 8 primary
crystallization fields, 6 ternary nonvariant points and 13 monovariant curves. The
absence of new ternary compound formation suggests that the synthesized alloys
and eutectic compositions hold potential for use as switching and contact materials
in solid-state electronics.
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U3BOJI
IMPOJEKIIMJA ITOBPIIUHE JIMKBUYCA TEPHAPHOTI CUCTEMA Ni—Bi—Sn

CHINGIZ 1. ABILOV! IKHTIYAR B. BAKHTIYARLY? SAYYARA H. SADIGOVA!, MEHRIBAN SH. HASANOVA!
u ELMIRA K. GASIMOVA!

!Azerbaijan Technical University, Baku, Azerbaijan u “Institute of Catalysis and Inorganic Chemistry named
after academician M. Naghiyev of the Ministry of Science and Education of the Republic of Azerbaijan

DU3NUKO—XEMMUjCKE aHAIM3€ CIIPOBENEHE CY Ha LIECT YHYTPAIUBUX TOJTUTEPMUUKUX Tpe—
cexa Ni—Bi—-Sn TepHapHoOr cucremMa, Te Cy KOHCTPYUCaHH (pa3HU AUjarpaMy TUX ITpeceka. YTBp-
heHo je ma cy nBa npeceka duia kBasOMHApHA, NOK Cy YeTUpH Ouia He-kBasuduHapHa. KoH-
CTpYHCaHa je NpojeKLyja NOBPIIMHE TUKBUAYCa TEpHAPHOT cuctema. CacTaB/beHe Cy jeAHaYNHE
3a HeBapHjaHTHe paBHOTEKHE peaklHje Koje ce IellaBajy y TepHapHOM cucTeMy U ogpehene cy
BUX0Be koopnuHate. OTKpHUBEHO je mpucycTBo odehaBajyhux mompydja uBpcTor pacrtsopa y
HEKUM OJ YHyTpalllUX Npeceka TEPHApPHOI CACTEMa, 8 BUXOBE I'PaHUIle Ha CODHOj TemIe-
parypu cy ogpehene. OfiCyCTBO HOBUX KOMIUIEKCHUX jeHIbEHa U TPUCYCTBO XOMOTEHUX PETU-
OHA yKa3yjy Ha TO na OW CHHTETH30BaHU MATepHjad MOIIM OUTH TOTOJHU 3a MPUMEHY Kao
MPEKJIONHYU U KOHTAKTHU CJI0jeBU Y aJITepHAaTHBHIM H3BOPHUMA EHepryje.

(ITpumspeHo 5. mapTa, peBunupaHo 8. maja, mpuxsaheHo 15. jyHa 2025)
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Abstract: Pesticides are chemicals that negatively affect human health and the
environment. Unconscious use of pesticides creates residues in foods or agri-
cultural products and it also cause water and soil pollution. Quick and easy deter-
mination of pesticide residues is important for environmental inspections. For
this reason, it is necessary to develop alternative methods to traditional methods
such as chromatography for the determination of pesticide residues. Electro-
chemical sensors are new generation analytical devices developed for the deter-
mination of pesticides that enable rapid and practical analysis. Carbon paste
electrodes used in the design of electrochemical sensors are modified using
different materials such as silver nanoparticles. Silver nanoparticles used for
modification could be synthesized using chemical methods, but these methods
are harmful to the environment because toxic chemicals are used in the synthesis
procedure. For this reason, the green synthesis technique was developed as an
alternative to chemical techniques. In this study, waste olive leaves were used in
green synthesis of silver nanoparticle as an electron precursor, the nanoparticles
(OL-AgNPs) were characterized and modified carbon paste electrodes were pre-
pared. The prepared modified carbon paste electrodes were used in the deter-
mination of thiocholine (as a product of hydrolysis of acetyl thiocholine by enz-
ymatic reactions), H,O, (as a product of many oxireductase enzyme reactions)
and the widely used pesticides cyprodinil and mepanipyrim. The results showed
that the modified carbon paste electrodes were more sensitive than the carbon
paste electrodes for all analytes. It was clear that the modified carbon paste
electrodes could be used in pesticide determinations.

Keywords: biological synthesis; modified carbon paste electrode; nanoparticle;
sustainability; voltammetry; agricultural waste.
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INTRODUCTION

Pesticides are chemicals used to increase agricultural products’ yield and
quality and protect forests and plantations.! Cyprodinil and mepanipyrim are the
active ingredients of some commonly used pesticides.2 Residues of these pesti-
cides are found in agricultural products.3 Unconscious and excessive use of these
pesticides affects the environment and human health negatively.2 Excessive pesti-
cide residues cause many diseases and their determination in trace amounts is cru-
cial.# Also, pesticides inhibit the important enzymes such as acetylcholinesterase
(AChE) which is an key enzyme for the functioning of the central nervous system
and muscle.> Thiocholine and acetate are the products of acetylthiocholine ester
(ATCh) hydrolysis with acetylcholinesterase (AChE).6 In addition to determin-
ation of thiocholine, HyO, monitoring could be provide the indirectly measure-
ment of choline which react with chloline oxidase, an oxireductase enzyme is
important for central nervous system, in the pesticide determinations.” The irrev-
ersible inhibition of the activity of cholinesterases and acetylcholinesterase could
have an important role to develop novel biosensors to determine pesticides.’
Therefore, thiocholine and H>O; are two important analytes for the determinations
of pesticides by biosensors.

Traditional chromatographic methods such as mass spectrometry, capillary
electrophoresis and high-performance liquid chromatography are used for the
analysis of pesticides in the environment.8 However, they have several drawbacks,
including complexity, labor-intensive sample preparation and the need for expen-
sive equipment and skilled personnel.8 In addition, electrochemical methods are
used for the determination of pesticides due to their high sensitivity and selectivity
and short analysis time compared to other methods. The use of modified electrodes
in electrochemical studies is becoming widespread.®-10 Modified electrodes inc-
rease the selectivity and sensitivity of the electrodes could be prepared by adding
conductive substances to the electrode material.! 115 The range of electrochemical
methods is expanded by this variety. Nanoparticles could be used when modifying
electrodes.!® Nanoparticles with sizes between 1-100 nm show unique physical
and chemical properties.!7-18 They are widely used in many fields, especially in
medicine, biotechnology, biomedical, textile, agriculture, defense industry,
cosmetics and chemical sectors.!9-20 The most feasible technique for producing
nanoparticles in a cost-effective, straightforward, safe and ecologically friendly
manner without using hazardous chemicals, high pressure, heat, or energy is called
green synthesis.21-22 Agricultural and domestic wastes are increasing by the time
as a result of population growth. The agricultural wastes such as olive, grape seeds,
pine sawdust, almond, nut, hazelnut, pecan, corn, peach and many more can be
used in green synthesis of nanoparticles.23 Olive leaves are found in large quan-
tities as residue in olive oil industries in Tiirkiye. Therefore, olive leaves can be
evaluated as a cheap raw material that can be used as a useful resource for high
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value-added products.24 Phytochemicals present in plant extracts could be used as
a precursor to reduce metal ions to metallic nanoparticles in the green synthesis
process.25:26 Due to their easy accessibility, using plant extracts in green synthesis
of nanoparticles is an important research topic in the field of bionanotechnology
today.27-29 Factors such as the pH, temperature, reaction time, concentration of
metal salt, dose of the plant extract and pressure affect the synthesis and application
of metal nanoparticles through green synthesis from plant extract.3 For example,
it has been observed that as the pH value of the plant extract increases, the nano-
particle formation rate increases and the nanoparticle size decreases.3! After green
synthesis, characterization studies of nanoparticles should be carried out. Nanopar-
ticles can be separated by their size, surface area, and distribution pattern. UV-Vis
absorption spectroscopy, scanning electron microscopy (SEM), energy dispersive
X-ray analysis (EDX), X-ray diffraction (XRD), Fourier transform spectroscopy
(FTIR), etc., techniques are commonly used in the characterization of nanopar-
ticles.22:32 Metal nanoparticles are used in various industrial and biological applic-
ations.!9 They are widely used in nanotechnology fields due to their properties
such as electrical conductivity.33

In this study, silver nanoparticles were synthesized and characterized. Their
application in the determination of pesticides, H»O» and thiocholine using electro-
chemical techniques was also examined. The synthesized silver nanoparticles were
used to modify the carbon paste electrode to the voltammetric determination. The
resulting silver nanoparticles modified carbon paste electrode showed a better per-
formance than the carbon paste electrode. This study revealed that trace amounts
of various pesticides and materials can be determined voltammetrically using a
modified carbon paste electrode with silver nanoparticles.

EXPERIMENTAL
Apparatus and reagents

For electrochemical studies, CH Instruments, model 1230B, electrochemical analyzer was
used.

Three electrode cell systems were used in experimental studies. Platinum wire (counter
electrode) and Ag/AgCl (3 M KCI) reference electrode were employed, and as the working
electrode, green synthesized waste olive leaves based-silver nanoparticles modified carbon
paste electrode (OL-AgNPs-MCPE) was used in the electrooxidation studies.

Acetylthiocholine chloride (ATCh), acetylcholinesterase (AChE), mepanipyrim, cyprodi-
nil, hydrogen peroxide, silver nitrate and all other chemicals were obtained from Sigma Aldrich.
Green synthesis and characterization of silver nanoparticles

To prepare olive leaves extract, waste olive leaves were obtained from Bodrum district of
Mugla province during the olive harvest period. The supplied leaves were cleaned. It was then
dried at 45 °C. After the dried plant leaves were ground, a certain amount was weighed, boiled
pure water was added and kept for 60 min, and after cooling, they were filtered with filter paper
and stored in a dark bottle at 4 °C until use. Then, the extract was mixed with 0.05 M AgNO;

Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



1 1 34 ADAK, KESKIN and ARSLAN

and stirred at 60 °C for 45 min. Finally, the obtained solution was centrifuged at 10000 rpm for
15 min to acquire, olive leaves-based, silver nanoparticles.26

The synthesized nanoparticles (OL-AgNPs) were characterized by UV absorption spec-
troscopy (T80+ high-performance double-beam spectrophotometer from PG Instruments),
scanning electron microscopy (SEM, Zeiss/Supra 40 VP), energy dispersive X-ray (EDX), zeta
potential (Malvern/Nano-ZS), Fourier transform infrared spectroscopy (FTIR, Thermo Fisher)
and X-Ray diffraction analysis.
Preparation of electrodes

To prepare working electrode, a carbon paste electrode (CPE) was prepared by mixing
carbon powder with mineral oil and the paste was filled into the electrode’s hollow.3* The

mixture was dried for 24 h. After that, the prepared electrode was cleaned, polished and sanded
to be used in electrochemical analyses (Fig. 1 a).3*

Graphite Powd
np!n‘«“er’r a

l /.\Is:u-lnl il

Graphite Powder b
g

Ag \i'

l { Mineral Oil
\[ulull I

Carbon Paste Electrode Silver Nanoparticle Modified
Carbon Paste Electrode

L

Mixture

Fig. 1. Preparation of electrodes; a) carbon paste electrode (CPE) and b) silver nanoparticles
modified carbon paste electrode (OL-AgNPs-MCPE).

A green synthesized waste olive leaves-based silver nanoparticles modified carbon paste
electrode (OL-AgNPs-MCPE) was prepared by mixing carbon powder with mineral oil and 8
mg silver nanoparticles, respectively.3> The pastes were filled into the hollow electrodes. The
mixtures were dried for 24 h. The prepared electrode was polished and sanded to use in electro-
chemical analyses (Fig. 1 b).

Electrochemical measurements

All electrochemical measurements were performed by using square wave voltammetry. To
determine H,O,, square wave voltammograms were applied, both carbon paste (CP) and modi-
fied carbon paste (MCP) electrodes in pH 2.0 Britton—Robinson (BR) buffer solution (f'= 15
Hz; AE = 25 mV). Increasing concentrations of H,O, solutions were added to the solution
medium, voltammograms were taken and current changes were observed against increasing
concentration. The analyses were performed, both CPE and OL-AgNPs-MCPE and the current
changes were compared.

To determine the thiocholine, voltammograms were applied to both CP and MCP elec-
trodes in 10 mL pH 7.5 BR buffer solution and 100 pL acetylcholine esterase (AChE) enzyme
(=15 Hz; AE =25 mV). Increasing concentrations of acetylthiocholine solutions (ATCh) were
added to the solution medium, voltammograms were taken and current changes were observed
against increasing concentration. The analyses were performed both CPE and OL-AgNPs-
-MCPE and the current changes were compared. The catalyzes of acetylthiocholine to thiochol-
ine by acetylcholine esterase is presented (Fig. 2). Acetylthiocholine is hydrolyzed by the enz-
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yme acetylcholinesterase into thiocholine and acetic acid. The thiocholine is oxidized by dimer-
ization via 2H" loss. The oxidation reaction of thiocholine has been thoroughly investigated.

AChE
Acetylthiocholine+H,O —— Thiocholine + Acetic acid

2Thiocholine(,.4— Thiocholine ) (dimeric)+2H™ + 2e-

Fig. 2. Reaction mechanism of hydrolyzing acetylthiocholine by AChE.

To determine cyprodinil and mepanipyrim (Fig. 3), square wave voltammograms were
applied to both CP and MCP electrodes in pH 2.0 BR buffer solution (f= 15 Hz; AE =25 mV).
Increasing concentrations of cyprodinil and mepanipyrim solutions were added to the solution
medium, voltammograms were taken and current changes observed against increasing concen-
tration. The analyses were performed both CPE and OL-AgNPs-MCPE and the current changes
compared. All analyses were performed for cyprodinil and mepanipyrim separately.

a)
Fig 3. Chemical structre of cyprodinil (a) and mepanipyrim (b).

RESULTS AND DISCUSSION

UV-Vis spectroscopy can be used as an easy and dependable way to check
the stability of the nanoparticles.3¢ The progress of the reaction following its plas-
mon absorption bands at 4,5 values was monitored for Ag nanoparticle evolution.
Maximum absorbance at 415 nm was seen for silver nanoparticles by UV—Vis
absorption spectroscopy technique. The literature search revealed that, a peak
around 410 nm stands for silver nanoparticles.3” The UV—Vis spectra at different
pH, temperature, time and AgNO3 concentration were recorded during the evol-
ution of the Ag nanoparticles (Fig. 4).

The formation of silver nanoparticles can be observed through UV—Vis spec-
troscopy, with peak formation occurring between 395 and 425 nm. The pH of the
plant extract used in the formation of silver nanoparticles has been found to be
effective. As the pH of the plant extract increases, the amount of synthesized silver
nanoparticles increases, and the size of the synthesized nanoparticles dec-
reases.38:39 To investigate the effect of the pH value of the olive leaf extract on
nanoparticle formation, nanoparticles were synthesized using solutions with pH
values ranging from 5.0 to 11.0, and measurements were taken using UV—Vis spec-
troscopy. It was observed that as the pH of the plant extract increased, the absorb-
ance at 410 nm also increased, with the highest absorbance value measured at pH
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10 (Fig. 5a). The obtained results were compatible with alternative methods of Ag
nanoparticle synthesis in the literature.40:41

Fig. 4. a) The change in the color with changing
pH of olive leaves extract in the pH range of 5.0—
—11.0 and b) silver nanoparticles synthesized
using olive leaves extract in the pH range of 5.0—
—11.0 (60 min at 60 °C).
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Fig. 5. UV-Vis spectra of silver nanoparticles for determination of optimal; a) pH,
b) temperature, c) time and d) AgNO; concentration.

Another parameter affecting nanoparticle formation is temperature. It has been
observed that as the temperature increases, the formation of nanoparticles also
increases.#? The formation of nanoparticles synthesized using extracts at temper-
atures ranging from 20 to 60 °C was monitored using UV—Vis spectroscopy. It was
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observed that as the temperature increased, the absorbance peak at 410 nm also
increased. Higher temperatures were not used in the experiments due to the pot-
ential degradation of the plant extract at elevated temperatures. The optimal value
has been determined to be 60 °C (Fig. 5b).

The time parameter also affects nanoparticle formation.#3 The absorbance of
the peak observed at 410 nm increased until the 45th min. At 60 °C, a decrease in
absorbance was observed at the 60th min, which was thought to be due to aggreg-
ation and/or agglomeration. As a consequence, the optimal time for synthesizing
silver nanoparticles using olive leaves extract was selected as 45 min (Fig. 5c).
Studies have shown that higher AgNO3 concentrations result in larger particle
sizes.4* High AgNOs concentrations negatively affect nanoparticle formation due
to aggregation and/or agglomeration. Therefore, at lower AgNO3 concentrations,
more silver nanoparticles were formed, and higher absorbance values were
measured at 410 nm. Finally, the optimization of synthesis was completed after
determining the optimum AgNOj3 concentration (Fig 5d). A summary of the
optimal parameters for synthesizing silver nanoparticles using olive leaves extract
is given in Table I.

TABLE I. Optimum parameters for the green synthesized waste olive leaves-based silver nano-
particles

Parameter Optimum value
pH 10
Temperature, °C 60
Time, min 45
AgNOj; concentration, mM 5

A review of the literature reveals numerous studies in which silver nanopar-
ticles are synthesized using aqueous extracts. The fluctuations observed in the UV
peaks are not believed to be due to the use of aqueous extracts. Instead, these
fluctuations are thought to be caused by the heterogeneity of the solution.

XRD was used to analyze the structure of OL-AgNPs. The five separate dif-
fraction peaks of the 26 values of 38.12, 44.28, 64.43, 77.48 and 81.54° can be
assigned the planes of (111), (200), (220), (311) and (222), respectively (Fig. 6),
indicating that the silver nanoparticles are crystalline and face-centered cubic (fcc)
structure in nature.

FT-IR spectra of olive leaves extract and silver nanoparticles synthesized
using olive leaves extract are given in Fig. 7, and corresponding data in Table II.

The spectra obtained as a result of the FT-IR analysis determined the presence
of phytochemicals properties found in the essence of the olive leaves used in the
synthesis of OL-AgNPs, and responsible for the reduction of silver nanoparticles.
The band observed at 3309.81 cm™! in the olive leaves extract, 3276.99 cm™! in
the synthesized OL-AgNPs, the bands observed at 1634.04, 1629.30, 666.83 and
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644.56 cm™! in the olive leaves extract and synthesized OL-AgNPs, respectively.
Additionally, a band at 2358.35 cm~! was detected in the FT-IR spectrum of OL-
-AgNPs. These functional molecules can be found with silver nanoparticles. The
band observed at 3309.81 cm! indicate O-H stretching properties. These band
indicates the presence of alcohols and phenols (O—H).#5 The band at 1634.04 cm™!
corresponded to the C=0 stretching of alcohols.4¢ And, the band at 666.83 cm™!
indicated chloroalkanes (C—X) stretching properties.#” FT-IR results show that
green synthesis of silver nanoparticles with plant extracts, primary and secondary
metabolites such as sugars, phenolics, flavonoids, terpenes, etc. were functionally
activated in the process.48

5 Hid 8 W o dM BN EN e e R Fil B

Gt (1 A1 ET Y A

Fig. 6. XRD pattern of OL-AgNPs synthesized using olive leaves extract.

v !
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Fig. 7. FTIR spectra of: a) olive leaves extract and b) silver nanoparticles synthesized using
olive leaves extract.

The zeta potential of OL-AgNPs was determined —26.7 mV (Fig. 8).
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TABLE II. The peak list (cm™) of olive leaves extract and OL-AgNPs

Sample 1 I I v

a. Olive leaves extract 3309.81 - 1634.04 666.83
b. Silver nanoparticles synthesized using 3276.99  2358.35 1629.30 644.56
olive leaves extract

Zeta potential is the electrical charge on the surface of the surrounding
material. For the high stability and stability of the AgNP colloid, the zeta potential
should be in high negative value, which prevents the particles from sticking
together or aggregating. Additionally, nanoparticles with increased negative
charge values can enter the cell more easily.4?

300000

2000001

Total Counts

100000 <<=+ || veaea

-100 0 100 200
Apparent Zeta Potential (mV) Flg 8. Zeta potential of OL-AgNPS.

Energy diffraction X-ray (EDX) is carried out to analyze the dispersed size
distribution of nanoparticle components.50 The elemental composition of silver in
OL-AgNPs was determined as 86.25 % for the normalized atomic value. OL-
-AgNPs showed a characteristic optical absorption peak at nearly 2.8 keV due to
surface plasmon resonance (Fig. 9).

Fig. 9. Elemental composition of OL-AgNPs by EDX analysis.

Identification peaks for the main silver (Ag) emission energies were shown
and these peaks match the spectrum, indicating that silver had been accurately
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determined. The average particle sizes were found 85 nm (Fig. 10). The results
obtained in this study were compatible with the literature (Table III).

X
N\,

84 85 86 87 88

Size (nm)

Fig. 10. SEM images and histogram of OL-AgNPs.

TABLE III. Comparison of optimum parameters for the green synthesized silver nanoparticles

Natural source of reducing Temperature  Time  Size of silver

materials pH °C min particles, nm Reference
Eucalyptus oleosa - 25 960 45 51
Lemon 7 80 240 50 52
Hibiscus rosasinensis leaves 6 70 30 43 53
Olive leaves 8 22 52 50 54
Moringa oleifera leaves — Direct sunlight 60 57 55
Olive leaves 10 60 45 85 This study

Table IV provides the limit of detection (LOD) values for cyprodinil and
mepanipyrim pesticides determined using different methods. It is anticipated that
the electrodes prepared with the synthesized nanoparticles will enable the detection
of these pesticides with lower LOD values.

TABLE IV. Comparison of LODs of some methods developed for the determination of pes-
ticides

Method used Pesticide LOD Reference
Gas chromatographic determination Cyprodinil  0.05 mg/kg 56
High-performance liquid chromatography—diode array ~ Cyprodinil =~ 42.9 pg/L 57
detection

QuEChERS method coupled with UPLC-MS/MS

Cyprodinil  below 0.4 58
ng/kg

Square wave stripping voltammetric determination Cyprodinil  0.076 mg/L 59

QuEChERS method coupled with UPLC-MS/MS Mepanipyrim be::;‘;{(g'4 >3

Single drop microextraction and gas chromatography— Mepanipyrim 0.03 pug L'! 60

—mass spectrometry

Liquid chromatography-tandem mass spectrometry Mepanipyrim 0.10 pg /kg 61
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1.0x10-3 M H,0; stock solution was used to compare the sensitivity of CPE
and OL-AgNPs-MCPE to HO;. Fig. 11 shows that OL-AgNPs-MCPE is more
than 50 times more sensitive to HyO, than CPE.

-180

i { a. blank - . f
400 Electrode: CPE - %1}, 11102 M H:0: Electrode: Ag-NP-MCPE |
1 [ 100 ¢ b+10° M H:20: _—8 ;
280 - G130 4 c+107 M H:0; = = s
L0 - L 220 | e d+10- M H20: ___€ _:
2 e | g 10| L et10° MH:0: Y £
=280 e = — - lg C ~t
- L £ :
£ 240 b ! 5 20 b ;
sl —- //_/——aﬂ/ boatlPMB:0: | g 2
] c. b0} MH:0: | | E
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. e dHLOSMH:0: ) | | r:
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Fig. 11. Square wave voltammograms for H,O, on: 1) CPE and 2) OL-AgNPs-MCPE (pH 2.0
BR buffer solution; f= 15 Hz; AE =25 mV).

It was clear that the prepared OL-AgNPs-MCPE had a good performance in
detection of HO,. Different biosensors, which are based on measuring HyOp,
could be designed by using OL-AgNPs-MCPE. 2.0x10-3 M mepanipyrim stock
solution was used to compare the sensitivity of CPE and OL-AgNPs-MCPE to
mepanipyrim. Fig. 11 shows that OL-AgNPs-MCPE was more than 4 times sen-
sitive to mepanipyrim than CPE (Fig. 12).

o : 04
20 - B _7, — —= — 204 o -
e c R e - . ‘_//,.———-’ ~
40 g ) / 40 __—"a e
260 d i >
= a. 10 mL pH 2 BR solution = —
80 = -
E b. a+0.05 mL 2.0x10-* M mepanipyrim E Z &
= 7 ™
500 ¢. b+0.05 mL 2.0x10-3 M mepanipyrim 5* 1 ~
&) ]
120 d. ¢+0.05 mL 2.0x10-* M mepanipyrim 120
140 140 4 Electrode: Ag-NP-MCPE
Electrode: CPE 1 ] 2
160 ; . ; ; . , 160 : : : : . . r
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Fig. 12. Square wave voltammograms for mepanipyrim on: 1) CPE and 2) OL-AgNPs-MCPE
(pH 2.0 BR buffer solution; f'= 15 Hz; AE =25 mV).

1.0x10-3 M cyprodinil stock solution was used to compare the sensitivity of
CPE and OL-AgNPs-MCPE to cyprodinil. Fig. 12 shows that OL-AgNPs-MCPE
was 3 times more sensitive to cyprodinil than CPE (Fig. 13).

1.0x10~4 M acetylthiocholine chloride (ATCh) and acetylcholinesterase (AChE)
were used for the electrochemical determination of thiocholine. Fig. 13 shows that
the peak was not observed at CPE for thiocholine. OL-AgNPs-MCPE is more
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sensitive to thiocholine than CPE. The obtained currents at nearly 850 mV were
plotted against the thiocholine concentration and the linearity showed (Fig. 14).

Current (uA)
Current (nA)

=

a. 10 mL pH 2 BR sol. +0.05 mL 1.0x10* M cyprodonil
b. a+0.05 mL 1.0x10* M cyprodonil

P

Electrode: Ag-NP-MCPE
2

150 120 10 100 090 080 070 060 140 130 120 110 1.00 090 080 070 060
Potential (V) Potential (V)

Fig. 13. Square wave voltammograms for cyprodinil on: 1) CPE and 2) OL-AgNPs-MCPE
(pH 2.0 BR buffer solution; f'= 15 Hz; AE =25 mV).
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Fig. 14. Square wave voltammograms for thiocholine on 1) CPE and 2) OL-AgNPs-MCPE
(pH 2.0 BR buffer solution; f= 15 Hz; AE =25 m).

As a result, this study showed a successful approach to synthesizing silver
nanoparticles using olive leaves extract, which could be used in electrochemical
determination of HoO», mepanipyrim, cyprodinil and thiocholine.

CONCLUSION

In this study, a new modified carbon paste electrode was prepared for the
determination of the most commonly used pesticides (mepanipyrim and cypro-
dinil), H»O; and thiocholine. For this purpose, eco-friendly silver nanoparticles
were synthesized using waste olive leaves extract. In addition, the optimal para-
meters for synthesizing silver nanoparticles, using olive leaves extract, and charac-
terization were studied. The application of silver nanoparticles in the preparation
of modified carbon paste electrodes provides successful. Voltammetric determin-
ation of H>O»,, mepanipyrim, cyprodinil and thiocholine. Consequently, the pre-
sent study showed an innovative approach for synthesizing silver nanoparticles,
using olive leaves extract, which can be used in various electrochemical deter-
minations.
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M3BOJ

IMOTEHLMJAJT EJIEKTPOXEMHJCKHUX AHAJIU3A ITECTULIMUIA IIOMORY
HAHOYECTHIA CPEBPA CHHTETHUCAHUX 3EJIEHHMM ITYTEM HA BA3U
OTTIAIDHOI IMIITRA MACJIMHE

EZGI ADAK'?, MERVE KESKIN?® u HALIT ARSLAN!
Department of Chemistry, Faculty of Science, Gazi University, 06500, Ankara, Turkiye, Gazi University

Graduate School of Natural and Applied Science, 06500, Ankara, Turkiye u *Vocational School of Health
Services, Bilecik Seyh Edebali University, 11210, Bilecik, Turkiye

ITecTHUMOX Cy XeMUKaJHje KOje HEraTUBHO YTHUy Ha JbY/ICKO 30paBibe U XKUBOTHY Cpe-
nvHy. HecaBecHa ynorpeda IecTuluaa AOBOIM 0 NPUCYCTBA HUXOBUX OCTaTaka y XpaHU U
NO/bOIIPUBPENHUM IIPOM3BOIMMA, Kao M [0 3arahema Bofe U 3eMsbuIITa. bp30 U jeqHOCTaBHO
onpehuBame ocTaTaka MecTULM/A je BaXKHO 338 KOHTDOJIY KUBOTHe cpefuHe. U3 Tor pasiora,
HEOIIXOIHO je Pa3BUTH aJITEpHATHBHe MeTole 3a onpehuBame ocTaTaka necTHNUIa koje OU
MOIJIe 3aMEHUTH TpafiMLIMOHAIHE TEXHUKe, Kao WITO je XxpomaTorpaduja. EnexkrpoxemMujcku
CEH30pH Cy aHAJIMTHYKHU ypehaju HoBe reHepaluje pa3sBUjeHH 3a ofpehuBame necTuuua Koju
omoryhasajy 6p3y U NpakTU4YHy aHanusy. Enexrpope of yI/beHUUHE 1acTe, Koje ce KOPUCTe Y
I13ajHy eleKTPOXEMHUjCKHX CEH30pa, MOOU(HKOBaHE Cy KOpHIIhemeM pasIMuUTUX MaTepu-
jama kao mro cy HaHoyectulle cpedbpa. Hanouectune cpedpa, koje ce kopucre 3a Momudu-
Kall{jy, MOTy Ce CHHTeTH30BaTH XeMHjCKUM METOlaMa, ali Cy OBEe METOJIe IITETHE MO KUBOTHY
CPEenMHY, jep ce y MOCTYNKy CUHTE3€ KOPUCTE TOKCUYHE XeMUKanuje. M3 Tor pasinora, passujeHa
je TeXHUKa 3eJIeHe CHHTe3€ Kao aJITepHaTHBa XEMUjCKUM TeXHUKaMa. Y 0BOj CTYAUjH, OTHAJHU
JIMCTOBU Mac/IMHe KOPUITheHU Cy Y 3eJIeH0j CUHTe3U CpedpHUX HaHOUEeCTHLA Kao IpeKypcopa
enexrpoHa. Hanouectuue (OL-AgNP) cy okapakTepucaHne ¥ IpunpemsbeHe cy MoguduKoBaHe
eJleKTposie ofi yrbeHU4yHe nacre. Enexrpone cy xopuirhene y oppehuBamwy THOXONMHHA (1po-
W3BOJIa XWUAPOJIHM3e aleTH/ THOXOJMHWHA eH3UMCKUM peakuujama), H:O: (mpousBoma MHOTMX
peaklyja eH3uMa OKCUpeAyKTas3e) U IMPOKO KopuiTheHuX NecTUlXAa HUIPOJUHMIA U MeNa-
HUNUpUMa. Pe3yiTaTy cy nokasaay ja cy Mogu@HUKoBaHe el1eKTPofie Of yIJbeHUYHe NacTe dune
OCET/bHBUjE OfI €JIEKTPOJa Off yIJbeHUYHE NTAcTe 32 CBE aHa/IUTe. JaCHO je IOKa3aHo Ja Ce MOJH-
(uxoBaHe enexkTpoze of yI/beHHUYHE NacTe MOTY KODUCTUTH Y ofpehuBamy nectuuuja.

(ITpummpeno 18. HoBemOpa 2024, peBunupaHo 24. jaHyapa, npuxsaheHo 24. jyna 2025)
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