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N-2 Alkylated analogues of aza-galactofagomine as potential
inhibitors of f-glucosidase

FILIP BPURKOVIC!, MARIO ZLATOVIC¥ DUSAN SLADIC# IRENA NOVAKOVIC?#,
FILIP BIHELOVIC!* and ZORANA FERJANCIC ##x*

! University of Belgrade — Faculty of Chemistry, Studenstki trg 12—16, Belgrade, Serbia and
2University of Belgrade — Institute of Chemistry, Technology and Metallurgy, Njegoseva 12,
Belgrade, Serbia

(Received 15 March, revised 23 April, accepted 16 June 2024)

Abstract: The synthesis of four N-2-alkylated aza-galactofagomine (AGF) ana-
logues was achieved by intermolecular reductive hydrazination or alkylation of
suitably protected AGF. The synthesized compounds were evaluated as poten-
tial f-glucosidase inhibitors. The preliminary screening of inhibitor activity,
conducted with sweet almond f-glucosidase immobilized in agar, as well as the
standard inhibition assay with the same enzyme, showed the inhibitory potency
of the synthesized analogues. In addition, these results are in a good agreement
with the docking analysis of the human acid f-glucosidase, the enzyme imp-
licated in Gaucher’s disease.

Keywords: iminosugars; glycosidase inhibitor; Gaucher’s disease.

INTRODUCTION

Glycosidases represent a large group of hydrolytic enzymes that catalyse the
breaking of glycosidic bonds in various sugars. As enzymatic hydrolysis of
carbohydrates is a widespread biological process, therefore glycosidase inhibitors
have a wide range of applications, from agriculture to medicine. Glycosidases are
involved in the biosynthesis of oligosaccharide chains of glycoproteins in the
endoplasmic reticulum and the Golgi apparatus. Inhibition of these glycosidases
has an impact on post-translational modifications, transport and secretion of gly-
coproteins, which play a role in communication between cells and cell-virus rec-
ognition, among other things. Inhibition of glycosidases results in an impact on
these processes, and glycosidase inhibitors can potentially be used to treat viral
diseases, cancer and genetic disorders.!

* Corresponding authors. E-mail: (*)filip@chem.bg.ac.rs; (**)zferjan@chem.bg.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/ISC240315062D
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Glucosidase inhibitors are currently of interest owing to their promising
therapeutic potential in the treatment of disorders such as diabetes, human immu-
nodeficiency virus (HIV) infection, metastatic cancer, and lysosomal storage dis-
cases.?

Over the last two decades polyhydroxylated azaheterocycles, also known as
iminosugars,3*4 have attracted notable interest among scientific community
because of their ability to act as pharmacological chaperones (PC) for a variety of
glycosidases. This concept is very attractive from the medical point of view and
considered as a promising new tool for the treatment of a range of pathologies
known as lysosomal storage disorders.® The mutations associated with these dis-
eases cause various glycosidases from lysosome to fold improperly, resulting in
partially or totally inactive enzymes, that cannot pass quality control in endo-
plasmic reticulum. In cases where the disease is caused by misfolding of glyco-
sidases, pharmacological chaperone therapy (PCT) is often effective.’

[-Glucosidase catalyses the hydrolysis of various f-glucosidic bonds within
di- and oligosaccharides, as well as glucoconjugates. It is significant from a
medical aspect, as the deficiency of lysosomal acid fS-glucosidase leads to the
accumulation of glucocerebroside in some cells, which is characteristic for
Gaucher’s disease.8-10 Furthermore, S-glucosidase has been confirmed to be
overexpressed in breast, liver and gastric cancer cells.!! In breast cancer, it has
been shown that the inhibition of S-glucosidase might be an alternative thera-
peutic strategy to overcome chemoresistance.!2 On the other hand, malfunction
or deficiency of lysosomal S-galactocerebrosidase causes progressive demyelin-
ation in the central nervous system and neurodegeneration.!3 This rare and severe
genetic neurological disorder is known as the Krabbe disease.!4 Given that both
of these glycosidases act in lysosomes, there is a possibility that some glucosid-
ase inhibitors may act as multi-target molecules. The fact that aza-galactofago-
mine (1) (AGF, Fig. 1) acts as a competitive inhibitor of f-galactocerebrosid-
ase,!5:16 prompted us to investigate whether AGF derivatives can also be inhi-
bitors of p-glucosidases. Recently, we have developed an enantioselective
method for the preparation of AGF (1), that relies on a tactical combination of
organocatalyzed aldolization/reductive hydrazination and this short synthesis
offers an easy access to N-2 analogues of AGF.17 Therefore, our goal was to
synthesize N-2 AGF analogues containing hydrophobic alkyl chains of different
length, including those with aromatic ring, and to test them as the inhibitors of
p-glucosidases. Our preliminary modelling studies suggested that interactions of

N
HO “NH
HO

OH
1 Fig. 1. Structure of aza-galactofagomine 1 (AGF).
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AGF ANALOGUES AS f-GLUCOSIDASE INHIBITORS 1257

these hydrophobic groups with enzyme should be relevant for the activity. A
commercially available f-glucosidase from sweet almond (Prunus dulcis) was
selected as a widely used model enzyme, as it shows a broad substrate spe-
cificity. The results of this study are presented herein.

EXPERIMENTAL

All chromatographic separations were performed on silica gel 60 (0.063—0.200 mm),
Merck. Standard techniques were used for the purification of reagents and solvents. NMR
spectra were recorded on Varian/Agilent 400 (‘H-NMR at 400 MHz; !3C-NMR at 100 MHz)
and on Bruker Avance III 500 (\H-NMR at 500 MHz; 3C-NMR at 125 MHz), in deuterated
chloroform, if not otherwise stated. Chemical shifts are expressed in ppm (J) using tetra-
methylsilane as internal standard, coupling constants (J) are in Hz. IR spectra were recorded
on Thermo Scientific Nicolet Summit FT-IR instrument, and are expressed in cml. Mass
spectra were obtained on Orbitrap Exploris 240 spectrometer.

For all synthesized compounds detailed experimental procedures, spectral data and

copies of NMR spectra are given in Supplementary material to this paper.
Chemistry

Four AGF analogues 12-14 and 22 were obtained from the key intermediate 6. Com-
pound 6 was obtained according to the slightly modified literature procedure.!” Compounds
12-14 were obtained by reductive hydrazination of 6, followed by deprotection. Compound
22 was obtained by silylation of 6, followed by alkylation/deprotection sequence.

Biochemical and computational methods

Preliminary screening of P-glucosidase inhibitory activity.'8 Enzyme f-glucosidase from
sweet almond was immobilized in agar by gelling. As a substrate, esculin was used, which is
transformed into esculetin and glucose after an enzymatic reaction. The released esculetin
forms complexes with the added FeCl;, developing a dark gel colour. If light spots appear on
the agar after inoculation of the compounds and enzyme—substrate reaction, the compounds
show enzyme inhibition. In 7 mL sodium acetate buffer (0.1 M, pH 5) 0.07 g of agar powder
was dissolved at 80—-100 °C. After cooling at 60 °C, 1.2 mL of 0.5 % FeCl; and 40 pL of
enzyme S-glucosidase (0.02 TU mL") were added. The final volume was adjusted to 10 mL
with acetate buffer and the solution was poured into a Petri dish. After solidification of the
agar, 5 pL of each compound (concentration of 1 ug pL!) were inoculated on the agar sur-
face. As a positive control, conduritol f-epoxide was used. The plate was incubated for 15 min
at room temperature to allow reaction between the enzyme and inhibitors, after which 7 mL of
0.2 % esculin solution was added to cover the agar surface. Afterwards, the plate was incub-
ated for 30 min at room temperature for enzyme—substrate reaction, and clear zones were
observed.

B-Glucosidase inhibition assay.'® The enzyme activity was determined by measuring
(absorbance at 405 nm) the hydrolysis rate of p-nitrophenyl-f-D-glucopyranoside (pNGP).
The amount of released p-nitrophenol (pNP) was determined from the previously constructed
standard curve of absorbance vs. pNP concentration (the range of concentration was 1-7 mM).
After incubation (15 min at 50 °C) of the enzyme (0.02 IU) with different concentrations of
the tested compounds (the concentration range was 5—0.075 pg/1.5 mL reaction solution), the
amount of released pNP was determined and the percentage of enzyme inhibition was cal-
culated. From the curve of dependence of the percentage of inhibition vs. the compound con-
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centrations, the /Cs, value (concentration at which 50 % of the enzyme was inhibited) was
calculated. 100 pL of S-glucosidase solution (0.03 IU mL™') was mixed with 5 pL of test
compounds and incubated at 50 °C for 15 min. Then, 900 pL of pNPG solution (5 mM) in
citrate buffer (50 mM, pH 7.0) was added to that solution and incubated for another 10 min at
the same temperature, after which 495 pL of ice-cold sodium carbonate (0.5 M) was added
and absorbance at 405 nm was measured. All experiments were performed in triplicate.

Molecular docking studies. Crystal structure of human acid f-glucosidase from lysosome
(PDB ID 2NSX)?° was downloaded from RSCB database.2! Protein structure was prepared
using Protein Preparation Wizard from Schrodinger Suite 2021-3 and chain B was used. Small
molecules were prepared using Maestro and their pK, values were determined using Schrddin-
ger Suite 2021-3.22 Figures were prepared using the academic version of Maestro viewer from
Schrédinger Suite 2024-1.23

RESULTS AND DISCUSSION

Our synthetic pathway toward AGF analogues started with organocatalyzed
asymmetric aldol reaction between 2,2-dimethyl-1,3-dioxan-5-one (3, dioxanone)
and protected hydrazinoaldehyde 2 (Scheme 1). The reactions proceed smoothly
when (R)-proline was used as a catalyst, giving optically pure aldol adduct 4 in
55 % yield. Removal of the Cbz protecting group in aldol 4 was effected by
catalytic hydrogenation using a 10 % Pd/C catalyst in methanol to give com-
pound 5, which is sufficiently pure for the use in the next step without further
purification. Treatment of crude 5 with excess NaBH3CN, in a mixture of AcOH/
/methanol = 4:1 volume ratio, gave the cyclic product of reductive hydrazination
6 in good yield (65 %, over two steps). Compound 6, with free N-2 and protected
N-1 atoms on the piperazine ring, is a suitable precursor of N-2 analogues of AGF.

G O OH I§oc
Boc -
b, M. cHO * HJ\ (R-proline (30 mol%) N\H’Cbz
NN 0.0
N Pt DMSO, H;0, 4 °C OXO
4 (55%)
2 3
PAIC, Ha (1 atm}
MeCH, 1 h, rt
H‘ _Boc QO OH I-%soc
0 2N NaBH,CN N
2
7k ACOH, MeOH
© . %50 t:nin‘,el‘t ’ OXO
6 (65%) 5

Scheme 1. Synthesis of compound 6 — a precursor of N-2 analogues of AGF.

We decided to derivatize N-2 nitrogen atom in 6 through reductive hydrazin-
ation or protection/alkylation sequence. First, we explored the possibility of red-
uctive hydrazination by applying the protocol that Lopez developed for the alkyl-
ation of aza-fagomine (Scheme 2).24 A mixture of the compound 6 and a proper
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AGF ANALOGUES AS f-GLUCOSIDASE INHIBITORS 1259

aldehyde was exposed to a hydrogen atmosphere, with palladium on charcoal as
a catalyst. Under these conditions the intermediate 6 reacted smoothly with
unhindered aldehydes and the products 7-9 were obtained in high yields. How-
ever, f-branched aldehydes, such as 2-phenylacetaldehyde and 2-cyclohexylacet-
aldehyde, failed to react, probably due to the presence of a bulky Boc protective
group on the N-1 atom of hydrazine. Moreover, the reductive hydrazination of 6
with NaBH3CN, as an alternative reagent, was also ineffective with branched
aldehydes (similar results were obtained by Lopez on aza-fagomine).2# Removal
of both protecting groups was carried out under acidic conditions, giving analogs
of AGF 12-14 in high yields, in the form of hydrazine hydrochloride salts.

=1

4 (RW
H
o’j/:zﬁ’mc R'CHO, H, (1 at Ow,soc &M HCl Ho ™~ Nnm, o
ﬂ\o PA{OH}»/C, EtOAC #\0 MeOH *;IH
OH AcOH (cat.), Hy0 (cat.) OH OH
6 Ry = mCyyHoy T (100%) Ry = 1-CyyHay 12 (98%)
Ry = n-CgH; 8 (80%) R; = n-CaHy 13 (88%)
Ry = CH,CHoPh 8 (74%) Rq = CH3CHyPh 14 (98%)

Ry = CHaPh 10 (0%}
R :CH2C5H11 11 (0%)

Scheme 2. Synthesis of N-2 alkylated analogues 12—14 of aza-galactofagomine by reductive
hydrazination.

Alternatively, N-2 substitution in 6 can be accomplished by alkylation, albeit
only with highly reactive alkylating agents (Scheme 3). The free OH group in
compound 6 was protected as a silyl ether, and the resulting product 15 was
treated with benzyl or alkyl halide in the presence of cesium carbonate at ele-
vated temperature. Although an excess of both the base and the alkylating agent
were used, the reaction does not go to completion even with prolonged reaction
time. In addition to the reaction products 16—18, obtained in moderate yields in
all cases, smaller amounts of the starting substrate 15 were isolated. Removal of
silyl and acetal protecting groups was effected with methanolic HCI, furnishing
19-21. Boc deprotection of 19 with 6M HCI afforded AGF analogue 22-HCI in
quantitative yield. Unfortunately, under the same reaction conditions 20 and 21
gave a complex mixture of products.

In the end, derivatization of the N-2 position was also attempted through
acylation (Scheme 4). Treatment of the intermediate 15 with benzoyl or butanoyl
chloride gave N-2-acylated derivatives 23 and 24 in high yields. Acetal and TBS
groups were cleanly removed with a diluted acid (3M HCIl, MeOH), resulting in
excellent yields of compounds 25 and 26. However, the attempts to deprotect N-1
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atom in 25 or 26 were unsuccessful: with either 6M HCI/MeOH or TFA/CH,Cl,
a complex mixture of products was obtained.

R
H e
TBSCI N.-Boc R™ Br N. _Boc
Imidazole % o] N
; DMF /o
18 h, rt oTBS OTBS
s g =
] 15 (99%) 80 °C. 48 h 16 (41%) R=Ph
1, 24 h 17 (66%) R=p-MeOCgH,
. = y
85 °C, 24 h 18 (33%) R= /\\//\f\ﬁg
N
Boc
3M HCI
MeOH
rR rR
BM HC|
N - N. .B
HO NH, ClI MeOH HO N7oo8
HO HO
OH OH

19 (83%) R=Ph
20 (100%) R=p-MeOCgH,

21 (T8%) R= n
Sod b
N

v
Boc

R=Ph 22 (99%)

Scheme 3. Synthesis of N-2 alkylated analogue 22 of aza-galactofagomine by alkylation.

0._R
R & N. .B
., ,.B0C . _Boc
8} N RCCCI _3aMHel M HCI HO N BM HCI
70 EtsN, DCM 7 T MeOH 1o MeQH
OTBS oTBs OH
15 .
23 (67%) R=n-CaH; 25 (78%) R=n-C3H;

24 (100%) R=Ph 26 (94%) R=Ph

Scheme 4. N-2 Acylation of compound 15.

Preliminary screening of potential f-glucosidase inhibitors

Despite the fact that the enzyme is immobilized in agar and the migration of
compounds is aggravated, this test is good for rapid screening of potential enzyme
inhibitors. The preliminary test results, presented in Fig. 2, confirmed that the
synthesized compounds inhibit S-glucosidase, given that light spots appeared on
the agar after the inoculation of the compound and the enzyme—substrate reaction.
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AGF ANALOGUES AS f-GLUCOSIDASE INHIBITORS 126 1

Fig. 2. f-Glucosidase inhibition using the agar plate method. a) Tested compounds were
inoculated on agar surface in doses of 5 pg. b) Conduritol S-epoxide in different doses: 2.5, 1,
0.5, 0.1 and 0.05 pg, from left to right.

P-Glucosidase inhibition assay

Based on the results obtained by S-glucosidase inhibition assay (Table I) it
can be concluded that the strongest inhibition effect was observed for compound
14. This compound expressed only two times weaker inhibition than the control
compound conduritol S-epoxide. A somewhat lower degree of inhibition was
shown by compound 12, while compounds 13 and 22 showed some inhibitory
potential, but at slightly higher micromolar concentrations. If the structures of the
compounds and their inhibitory capacity are compared, it can be observed that
longer substituents on the iminosugar moiety increase the inhibition of the enz-
yme. By comparing the activity of compounds 14 and 22, it can be seen that a
longer linker between the bulky phenyl group and the iminosugar core, also inc-
reases the inhibitory potential of the compound. Previously, it was reported that
compound 1 showed strong inhibitory effect on -glucosidase from almond.25 In
the enzyme assay that we applied all synthesized compounds showed better enz-
yme inhibition than the parent compound AGF (1). Such encouraging prelimin-
ary results can provide guidelines for the rational design and the synthesis of new
compounds that would show better grade of inhibition.

TABLE . Inhibition of S-glucosidase results

Compound 12 13 14 22 AGF (1) Conduritol S-epoxide
IC50/uM  3.03£0.04 10.72+0.13 2.08+0.05 5.90+0.09 14.29+0.07 1.06+0.06

Molecular docking studies

In order to investigate the possibility of bioactivity of synthesized com-
pounds in humans, we simulated binding of five derivatives to human acid-f-
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-glucosidase using molecular docking. As a target protein we used previously
prepared structure of human acid pS-glucosidase from lysosome (PDB ID
2NSX).20 Having in mind that lysosomes maintain rather acidic environment of
pH 4.5-5.0,26 pK, values for nitrogen atoms in small molecules were determined
using Epik module from Schrédinger Suite 2021-3 at pH 5.00+£2.00. Results
showed that compounds 12-14 would have a protonated substituted nitrogen
atom at pH 5.00+2.00 in given environment. For the structure 22 a small energy
difference between neutral and protonated form was predicted, in favour of the
protonated molecule, and structure of compound AGF (1) is predominantly neut-
ral (Table II). The protonation state does influence binding, as we also considered
binding of less probable, neutral forms. Binding energies in protonated state are
twice as large as those where docking simulations were done with the neutral
form. As for cellular uptake, all compounds are neutral at pH 7.4, so the com-
pounds retain membrane permeability. Only when the compounds pass the lyso-
some membrane, they enter acidic environment, and the protonation becomes likely.

TABLE II. pK, values predicted by Epik

[
HO 2 NH
e
OH
Compound pK, N-2 pK, N-1
12 5.83+2.22 5.23+£2.22
13 5.824+2.22 5.21+£2.22
14 5.57+2.22 5.10+£2.22
22 4.93+2.22 4.47+£2.22
AGF (1) 4.98+0.94 4.41+0.94

Docking simulations were performed using Glide docking from Schrédinger
Suite 2021-3,22 using XP precision. The best docking poses for all tested mole-
cules were selected and investigated. The results of docking simulations, the both
values of Glide score and Epp4el Values were in good agreement with the bio-
logical assay (Table III), with small discordance for molecules 12 and 14, where
docking scores showed better bonding for molecule 12, although the results of
biological assay showed that molecule 14 binds stronger. This kind of disagree-
ment can emerge because of different structures of human lysosomal acid f-glu-
cosidase and enzyme used in tests. Unfortunately, there is no crystal structure of
sweet almond f-glucosidase, that was used in bioassay, and we could not com-
pare bonding to those two proteins. Nevertheless, from the results of bioassay
and docking structures, it is clear that molecules with similar structures can have
significant potential as inhibitors of lysosomal acid f-glucosidase. Better binding
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can be expected from molecules with bulkier, nonpolar substituent at N-2, pre-
ferably with a moiety capable of various n-interactions with amino acids nearby.

TABLE III. Docking scores and bioassay activities of investigated molecules

Compound Activity Glide score, kJ mol™! Enodel / kKJ mol!
12 3.03+0.04 —44.42 -266.45
14 2.08+0.05 —41.13 -243.25
22 5.90+0.09 -39.99 -228.12
13 10.72+0.13 -31.37 -194.34
AGF (1) 14.29+0.07 -23.89 -168.32

The results in Table III indicate that we can expect ligands with the same
basic structure, with a longer N-substituent and a structure capable of aromatic
interactions, to be more active at the binding site. From ligand interactions
schemes (Fig. 3, other figures are in the Supplementary material) it can be seen
that there are several key amino acids involved in bonding of the main scaffold.
Compounds 12, 14 and 22 bind almost identically, as seen in Fig. 4. The only
possible difference was observed for the behaviour of hydroxymethyl group on
C3. Hydroxyl moiety from that group can be involved in the intramolecular
H-bonding with OH group from C4, or in the case of ligand 22, in the intramole-

ASN

e \
VAL

PHE 398

TRP R
381 244

235 — ASN TRP

MS\.—.—__;YZS7340 &U

PHE 234 179
316
\ oo ————  HIE
=
GLN
284
& Charged (negative) Polar Distance —=e Pi-cation
& Charged (positive) & Unspecified residue - H-bond —  Salt bridge
Glycine Water * Halogen bond Solvent ex
Hydrophobic Hydration site = Metal coordination
o Metal X, Hydration site (displaced) ®—e Pi Pi stacking

Fig. 3. Ligand interactions for molecule 14 bound to S-glucosidase.
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cular m-interaction with the aromatic ring. Structures 13 and AGF (1) bind in the
slightly different position, especially structure AGF (1), Fig. 5. Both have less
interactions, mainly charged ones with lower binding scores, resulting in weaker
binding and thus in lower activities.

P

7

_{ASP 127

\ N

JGLU 340

—_—

Fig. 4. Compounds 12 (grey), 14 (green) and 22 (cyan) in the binding site of human lysosomal
acid fS-glucosidase.

“f
¢ 5
/RHQTRP 381
. ]’\
(S
I

| ‘ /
[ /ASN 234 'y
NN GLU 340

Fig. 5. Compounds 13 (grey) and AGF (green) in the binding site of human lysosomal acid /-
glucosidase.
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CONCLUSION

To summarize, we have reported a synthesis of four N-2 alkylated aza-galac-
tofagomines, relying on the intermolecular reductive hydrazination of the suit-
ably protected heterocyclic core, obtained in a tactical sequence comprising of
enantioselective organocatalytic aldolization and intramolecular reductive hydra-
zination. It was shown that these analogues, containing nonpolar alkyl- or phe-
nylalkyl-side chains are potent inhibitors of f-glucosidase. Compound 14, pos-
sessing 3-phenylpropyl side-chain showed the highest inhibitory activity (2.08
uM), which is comparable to conduritol S-epoxide, which was a control com-
pound. The enzyme assay results correspond well with the results of docking
analysis of the human acid f-glucosidase. It is worth noting that S-glucosidase
from sweet almond is a good and cheap model enzyme for preliminary testing of
potential inhibitors of human acid f-glucosidase from lysosomes. The obtained
results are encouraging for the rational design and synthesis of new iminosugar
derivatives as the potential inhibitors of a human acid S-glucosidase, which is
one of the key enzymes for Gaucher’s disease.

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/12846, or from the corres-
ponding author on request.
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H3BOJ
AJIKMWJIOBAHH AHAJIO3HU A3A-TAJIAKTO®ATOMHUHA KAO ITOTEHLIHUJATHU
WHXUBUTOPH BETA-TJTYKO3UJA3A

®UJIUIT BYPKOBUR!, MAPHO 3JTIATOBUR!, IYIIIAH CIAIWR!, UPEHA HOBAKOBUR?, ®UJTUIT BUXEJIOBUR!
1 30PAHA ®EPJAHUUR!

"Yrueepsuieii y Beoipagy — Xemujcxu axynineit, Ciygeniticku wipi 12—16, Beoipag u *Yrueep3uiiein y
Beoipagy — Huciuinyw 3a xemujy, exHonoiujy u memanypiujy, Fbeiowesa 12, beoipag

Yerupu N-2 ankuioBaHa aHajuora asa-rajakToparoMHMHa Cy CUHTETHCaHa MPUMEHOM HHT-
€PMOJIEKYJICKOT PeNyKTHBHOT XHUIPa3WHOBaka WIX aJIKWIOBamka aJileKBaTHO 3aurtuheHor obnuka
asa-ranakrodaroMrHa. MCMUTHBAHO je MHXUOUTOPHO [€jCTBO CHHTETHCAHUX aHAjIOra Ipema
[raykosunasd. ITpeTMMUHAPHY TECTOBH MHXHOWTOPHE aKTUBHOCTH Cy ypaheHH Ha S-ImyKko3u-
na3u umodunrcanoj y arapy. OBaj TecT, kao ¥ CTaHZApAHU UHXUOUTOPHHU €cej ca UCTUM EH3H-
MOM, YKa3yjy Ha CH&KHO HHXMOHUTOPHO JIEjCTBO CHHTETHCAHUX aHasora. JJobujeHu pesynTarty ce
Iodpo KOpenuuly ca pe3yiTaTHMa JOKWUHT aHAIM3e XyMaHe Kucesie [S-TyKO3uzase, eH3UMa
outHor 3a ['omeoBy bomecr.

(ITpumsseHo 15. MapTa, peBunMpaHo 23. anpuia, npuxsaheHo 16. jyna 2024)
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GENERAL EXPERIMENTAL

All chromatographic separations® were performed on Silica gel 60 (0.063-0.2 mm),
Merck. Standard techniques were used for the purification of reagents and solvents.f NMR
spectra were recorded on Varian/Agilent 400 (\H NMR at 400 MHz, 13C NMR at 100 MHz)
and on Bruker Avance III 500 (\H NMR at 500 MHz, 13C NMR at 125 MHz), in deuterated
chloroform, if not otherwise stated. Chemical shifts are expressed in ppm (J) using
tetramethylsilane as internal standard, coupling constants (J) are in Hz. IR spectra were
recorded on Thermo Scientific Nicolet Summit FT-IR instrument, and are expressed in cm ..
Mass spectra were obtained on Orbitrap Exploris 240 spectrometer. Melting point was
determined on LLG-uniMELT 2 melting point apparatus, and it is uncorrected. Optical
rotation was measured on Rudolph Research Analytical AUTOPOL IV Automatic
Polarimeter.

* For description of the technique of dry-flash chromatography, see: a) L. M. Harwood,
Aldrichimica Acta, 1985, 18, 25; b) Vogel’s Textbook of Practical Organic Chemistry,
Longman Scientific & Technical, 5% edition, London, 1989, p. 220; c) For some
improvements of the separation technique, see: D. S. Pedersen, C. Rosenbohm, Synthesis,
2001, 2431-2434.

+ D. D. Perrin, W. L. F. Armarego, Purification of Laboratory Chemicals, 3™ edition,
Pergamon Press, 1988.
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EXPERIMENTAL PROCEDURES

The experimental procedures for the new AGF analogues are arranged in a natural order
and follows the Scheme S1.

l?oc o [e] QH $oc OH Boc
Cbz. N._CHO (R)-proline (30 mol%) H\NN\N/CW PdI/C, H, (1 at) H\M
+ _— — T e
H oxo DMSO, H,0, 4 °C OXO H MeOH, 1h, rt x
2 4 (55%)
3 5
NaBH,CN AcOH, MeOH,
30 min, rt.
R? H
N. _Boc
N+ _ 6M HCI R'CHO, H2 (1 at) o N
HO NH, CI - #\
MeOH Pd(OH)ZIC EtOAc o
HO AcOH (cat.), H,0 (cat.) OH
OH
9 6 (65%)
R1 = n-CaiHzs 12 (98%) Rq = n-CytHas 7 (100%)
Ry =n-CsH; 13 (98%) Ry = n-CgHy 8 (80%)
Ry =-CH,CH,Ph 14 (98%) Ry = -CH,CH,Ph 9 (74%)
TBSCI DMF

Imidazole | 1gp rt

R rR rR . o H\N,Boc
o N, o L SMHCI Ho N.,-Boc 3M HCI o N.,-Boc C5,C0; %oiﬁ
H/OIH MeOH H/Oj/\‘) MeOH 7\/0]/\‘) Towe OTBS
OH OH 0TBS 15 (99%)
R=Ph 22 (99%) 19 (83%) R=Ph

20(100%) R=p-MeOCgH, 16 (41%) R=Ph

21 (76%) R= 5 17 (66%) R=p-MeOCgH,
< 2 3

18 (33%) R= %
N < z \i
Boc

Y
Boc

OTR . OYR .
HO N _3MHCl Moy B0 RCOCI
HO' “Tweon #\o Et;N, DCM
OH OTBS
25 (78%) R=n-C4H; 23 (67%) R=n-C3H;
26 (94%) R=Ph 24 (100%) R=Ph
Scheme S-1
2-Benzyl 1-(tert-butyl) 1-((R)-2-((R)-2,2-dimethyl-5-oxo-1,3-dioxan-4-yl)-2-
hydroxyethyl)hydrazine-1,2-dicarboxylate (4)
IIBOC 9 o (:DH IIBOC
Cbz\N,NvCHO . h (R)-proline (30 mol%) HH/'\/N\H/Cbz
i =< DMSO, H,0, 4 °C oxo
2 s 4 (55%)
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The freshly prepared aldehyde 2 (2.84 g; 9.22 mmol) was dissolved in DMSO (32 mL).
The dioxanone 3 (3.20 g; 24.61 mmol; 2.67 eq) and (R)-proline (318 mg; 2.77 mmol; 30
mol%) were added. The mixture was stirred until homogeneous solution was formed. Water
was added subsequently. The mixture was transferred to refrigerator and stirred for 3 days at 4
°C. The reaction mixture was diluted with EtOAc (100 mL), washed with water (4 x 50 mL)
and brine, dried over anhydrous MgSQ,, filtered and concentrated under reduced pressure.
The crude product was purified by dry-flash chromatography (benzene/ethyl acetate = 85:15),
to afford 2.49 g (61%) of the pure aldol 4 as viscous mass. All spectral data are in accordance
with the literature (J. Marjanovic Trajkovic, Z. Ferjancic, R. N. Saicic, Tetrahedron 73 (2017)
2629).
tert-Butyl (4R,4aS,8aR)-4-hydroxy-6,6-dimethyltetrahydro-1H-[1,3]dioxino[5,4-c[pyridazine-
2(3H)-carboxylate (6)

O OH Boc O OH Boc
MN\N/CM PdIC, Hy (1 at) HHA/N\NHZ _ NaBHOCN #\p
050 H MeOH, 1 h, rt 050 Ac3c(>)kr|T1 MeOH
4 5 (65%)

A mixture of 4 (500 mg; 0.114 mmol) and 10% Pd/C (100 mg; 0.094 mmol; 82 mol%) in
methanol (30 mL) was stirred for 1 hour under a hydrogen atmosphere (1 atm). The mixture
was filtered through celite and the filtrate was concentrated under reduced pressure. The
residue was dissolved in MeOH (2 mL) and AcOH (8 mL) was added to the solution. The
resulting mixture was stirred for 2 minutes and NaBH;CN (215 mg; 0.342 mmol; 3 eq) was
added. Stirring was continued for 30 minutes at room temperature. The reaction mixture was
diluted with DCM (50 mL) and neutralized with saturated NaHCO3(,q). Water layer was
extracted two more times with DCM (2 x 50 mL). The combined organic layer was washed
with brine, dried over anhydrous MgSQ,, filtered and concentrated on rotovap. The product
was purified by dry-flash chromatography (ethyl acetate/petroleum ether/methanol = 76:20:4),
to afford 213 mg (65%) of 6, as a white solid. All spectral data are in accordance with the
literture (J. Marjanovic Trajkovic, Z. Ferjancic, R. N. Saicic, Tetrahedron 73 (2017) 2629).
tert-Butyl (4R,4aS,8aR)-1-dodecyl-4-hydroxy-6,6-dimethyltetrahydro-1H-[1,3]dioxino[5,4-
¢/pyridazine-2(3H)-carboxylate (7)

n-CqH
H 11H23
0 N\N,Boc (
I) n-C14Hy3CHO, H, (1 atm) o N.-Boc
/>0 Pd(OH),/C, EtOAC #\o
OH AcOH (cat.), H,0 (cat.) OH
6 7 (100%)

Compound 6 (10 mg; 0.035 mmol) and dodecyl aldehyde (33 mg; 0.179 mmol; 5.1 eq)
were dissolved in EtOAc (500 pL) and water (6 pL) with catalytic amount of AcOH was
added under argon atmosphere. 10% Pd(OH), (10 mg; 0.007 mmol; 20 mol%) was added to
the resulting solution, and the mixture was stirred under hydrogen atmosphere (1 atm) for 6
hours. The mixture was filtered through a pad of celite and the filtrate was concentrated under
reduced pressure. The product was purified by column chromatography (petroleum ether/ethyl
acetate = 1:1), to afford 16 mg (100%) of 7, as a colorless film. Peaks in 'H and '3C NMR
spectrum are broad and split, due to the presence of a N-Boc rotamers. 'H NMR (400 MHz,
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CDCls, 9): 4.13-3.60 (m, 4H), 3.19-2.60 (m, 3.5H), 2.34 (¢, 0.5H, J=7.6), 1.66—1.57 (m, 1H),
1.47, 1.45 and 1. 41 (3 x bs, 15H), 1.26 (bs, 20H), 0.88 (¢, 3H, J = 6.7). 13C NMR (100 MHz,
CDCls, 6): 99.16, 80.10, 66.81, 65.74, 61.48, 54.17, 50.20, 31.89, 31.87, 29.64, 29.60, 29.56,
29.41, 29.32, 29.29, 29.22, 29.07, 28.31, 27.96, 27.13, 24.75, 22.65, 18.87, 14.08. Under the
recording conditions, signal for one carbon could not be detected. HRMS (ESI-Orbitrap) m/z:
[M+H]+ calcd. for C25H49N205: 4573636, found: 457.3629.

tert-Butyl (4R,4aS,8aR)-1-butyl-4-hydroxy-6,6-dimethyltetrahydro-1H-[1,3]dioxino[5,4-
c/pyridazine-2(3H)-carboxylate (8)

H . n-CsH;
<, .boC
OI)N 1-CaH,CHO, H, (1 atm) o N.-Boe
/o Pd(OH),/C, EtOAC ﬂ\o
OH AcOH (cat.), H,O (cat.) OH
6

8 (80%)

Compound 6 (10 mg; 0.035 mmol) and butyl aldehyde (31 pL; 0.347 mmol; 10 eq) were
dissolved in EtOAc (500 pL) and water (6 pL) with catalytic amount of AcOH was added
under argon atmosphere. To the resulting solution, 10% Pd(OH), (10 mg; 0.007 mmol; 20
mol%) was added and the mixture was stirred under hydrogen atmosphere (1 atm) for 18
hours. The mixture was filtered through a pad of celite and the filtrate was concentrated under
reduced pressure. The product was purified by column chromatography (petroleum ether/ethyl
acetate = 1:1), to afford 10 mg (80%) of 8, as a colourless film. Peaks in 'H and 13C NMR
spectrum are broad and split, due to the presence of a N-Boc rotamers. 'H NMR (400 MHz,
CDCl;, 9): 4.09-3.83 (m, 3H), 3.70-3.59 (m, 1H), 3.21-2.68 (m, 4H), 2.53-2.42 (m, 1H),
1.47, 1.44 and 1. 40 (3 x bs, 17H), 1.35-1.28 (m, 2H), 0.90 (¢, 3H, J = 6.8). 13C NMR (100
MHz, CDCl3, 8): 99.29, 80.22, 67.00, 66.16, 61.72, 54.47, 50.01, 39.03, 30.18, 29.60, 28.33,
20.39, 19.05, 14.24. Under the recording conditions, signal for one carbon could not be
detected. HRMS (ESI-Orbitrap) m/z: [M+H]* calcd. for C;7H33N,0s5: 345.2384, found:
345.2378.
tert-Butyl (4R,4aS,8aR)-4-hydroxy-6,6-dimethyl-1-(3-phenylpropyl)tetrahydro- 1 H-
[1,3]dioxino[5,4-c]pyridazine-2(3H)-carboxylate (9)

. rCHZCHzPh
o) N.y-Boe . CHO N.. _Boc
ﬂ\/\/g) Ph M0 1, (1 atm) o N
O Pd(OH),/C, EtOAC #\o
OH AcOH (cat.), H,O (cat.) oH

6 9 (74%)

Compound 6 (20 mg; 0.069 mmol) and cinnamaldehyde (131 pL; 1.040 mmol; 15 eq)
were dissolved in EtOAc (1000 puL) and water (12 pL) with catalytic amount of AcOH was
added under argon atmosphere. To the resulting solution, 10% Pd(OH), (30 mg; 0.021 mmol;
30 mol%) was added and the mixture was stirred under hydrogen atmosphere (1 atm) for 36
hours. The mixture was filtered through a pad of celite and the filtrate was concentrated under
reduced pressure. The product was purified by column chromatography (petroleum ether/ethyl
acetate = 1:1), to afford 21 mg (74%) of 9, as a colorless film. Peaks in 'H and '*C NMR
spectrum are broad and split, due to the presence of a N-Boc rotamers. 'H NMR (400 MHz,
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CDCls, d): 7.28-7.18 (m, 4H), 7.15 (¢, 1H, J = 7.0), 4.10-3.79 (m, 3H), 3.70-3.58 (m, 1H),
3.14 (bs, 2H), 3.03-2.81 (m, 3H), 2.68-2.58 (m, 1H), 2.51 (d, 1H, J = 8.6), 1.80-1.72 (m, 1H),
1.69-1.58 (m, 1H), 1.44 and 1. 37 (2 x bs, 15H). 13C NMR (100 MHz, CDCl;, §): 142.71,
128.62, 128.30, 125.66, 99.34, 80.41, 67.01, 65.99, 61.59, 54.52, 49.55, 33.42, 33.35, 29.58,
29.53, 28.49, 18.98. Under the recording conditions, signal for one the quaternary carbon from
Boc group could not be detected. HRMS (ESI-Orbitrap) m/z: [M+H]" caled. for Cy,H;35N,05:
407.2540, found: 407.2534.

(3R,4S,5R)-2-Dodecyl-4, 5-dihydroxy-3-(hydroxymethyl) hexahydropyridazin-1-ium chloride
12)

rn-C11H23 n-CqqHa3
N. _Boc N * -
o N M HC! HO NH, Cl
_—
/>0 MeOH HO
OH OH
7 12 (98%)

Compound 7 (12.5 mg; 0.027 mmol) was dissolved in MeOH (200 pL), and 6 M HCl,)
(200 pL) was added. The resulting solution was stirred overnight at room temperature. The
volatiles were removed on rotovap, to afford 9.5 mg (98%) of a pure hydrochloride salt 12 as
a colourless film. "H NMR (400 MHz, D,0, §): 4.26-4.23 (m, 1H), 3.99-3.93 (m, 3H), 3.54—
3.49 (m, 1H), 3.48-3.40 (m, 1H), 3.31-3.21 (m, 2H), 3.16 (dd, 1H, J; = 13.4, J, =4.7), 1.84—
1.73 (m, 2H), 1.35 and 1. 29 (2 x bs, 18H), 0.87 (¢, 3H, J = 6.6). 13C NMR (100 MHz, D,0,
d): 66.94, 66.52, 64.92, 59.29, 53.77, 44.70, 31.78, 29.67, 29.60, 29.54, 29.47, 29.30, 29.06,
26.41, 22.99, 22.47, 13.70. HRMS (ESI-Orbitrap) m/z: [M+H]" caled. for C;;H37N,05:
317.2799, found: 317.2795.

(3R,4S,5R)-2-Butyl-4,5-dihydroxy-3-(hydroxymethyl) hexahydropyridazin-1-ium chloride (13)

rn—C3H7 n—C3H7
N.,  .Boc N.* -
(e} N °
6 M HCI HO NH, CI
/™o MeOH HO
OH OH
8 13 (98%)

Compound 8 (9.5 mg; 0.029 mmol) was dissolved in MeOH (200 pL), and 6 M HCl,)
(200 pL) was added. The resulting solution was stirred overnight at room temperature. The
volatiles were removed on rotovap, to afford 6.8 mg (98%) of a pure hydrochloride salt 13 as
a colorless film. 'H NMR (400 MHz, D,0, 8): 4. 26 (bs, 1H), 4.00-3.96 (m, 2H), 3.93 (ddd,
1H, J; =104, J, = 5.0, J3 = 2.9), 3.53-3.48 (m, 1H), 3.48-3.40 (m, 1H), 3.29 (dd, 1H, J; =
13.6, J,=10.4), 3.30-3.21 (m, 1H), 3.18 (dd, 1H, J; = 13.6, J, = 5.0), 1.83-1.65 (m, 2H), 1.39
(sx, 2H, J = 7.4), 0.94 (¢, 3H, J = 7.4). 13C NMR (100 MHz, D,0, §): 67.08, 66.21, 65.02,
59.25, 53.79, 44.48, 24.25, 19.15, 12.69. HRMS (ESI-Orbitrap) m/z: [M+H]* caled. for
CyH,1N,05: 205.1547, found: 205.1545.

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

(CC) 2024 Serbian Chemical Society.



SUPPLEMENTARY MATERIAL 8305

(3R,4S,5R)-4,5-Dihydroxy-3-(hydroxymethyl)-2-(3-phenylpropyl) hexahydropyridazin-1-ium
chloride (14)

I/CHZCHzPh CH,CH,Ph

N. _Boc N * -
o) N > cl

6 M HCI HO NH,
—_—

/>0 MeOH HO

OH OH

9 14 (98%)

Compound 9 (20 mg; 0.049 mmol) was dissolved in MeOH (500 pL), and 6 M HCl,)
(500 pL) was added. The resulting solution was stirred overnight at room temperature. The
volatiles were removed on rotovap, to afford 14.6 mg (98%) of a pure hydrochloride salt 14 as
a colorless film. 'H NMR (400 MHz, D,0, §): 7.41-7.35 (m, 2H), 7.31-7.26 (m, 3H), 4.19
(bs, 1H), 3.92-3.84 (m, 3H), 3.45-3.35 (m, 2H), 3.27-3.19 (m, 2H), 3.15 (dd, 1H, J; = 13.6, J,
=5.0), 2.78-2.65 (m, 2H), 2.14-2.00 (m, 2H). '3C NMR (100 MHz, D,0, §): 140.68, 128.67,
128.44, 126.36, 66.97, 65.93, 64.88, 59.17, 53.15, 44.59, 31.65, 24.06. HRMS (ESI-Orbitrap)
m/z: [M+H]* caled. for C14H,3N,05: 267.1703, found: 267.1699.
tert-Butyl (4R,4aS,8aR)-4-((tert-butyldimethylsilyl)oxy)-6,6-dimethyltetrahydro-1H-
[1,3]dioxino[5,4-c]pyridazine-2(3H)-carboxylate (15)

§ N. B
<,,~-Db0C
o N - Boe TBSCI o N
Imidazole #\
f0) _— (@)
DMF OTBS
OFi 18 h, rt
6 15 (99%)

Compound 6 (304 mg; 1.0 mmol) and imidazole (137 mg; 2.0 mmol; 2 eq) were
dissolved in DMF (1.5 mL) under argon atmosphere, and TBSCI (228 mg; 1.5 mmol; 1.5 eq)
was subsequently added. The mixture was stirred overnight at room temperature. After the
reaction completion, the mixture was diluted with EtOAc, washed with water, saturated
NaHCO3,q, and brine. Organic phase was dried over anhydrous MgSO,, filtered and
evaporated under reduced pressure. The residue was purified by dry-flash chromatography
(benzene/ethyl acetate = 1:1), to yield 415 mg (99%) of 15, as a white crystalline solid. 'H
NMR (400 MHz, CDCls, 3): 4.05 (dd, 1H, J, =12.4,J,=2.6), 4.01 (d, |H, J=1.9), 3.94 (dd,
1H, J; = 13.6, J,= 6.0), 3.90 (d, 1H, J = 13.0), 3.67 (ddd, 1H, J; = 10.8, J, = 4.9, J; = 3.1),
3.09 (t, 1H, J = 11.8), 2.64 (s, 1H), 1.48 (s, 9H), 1.45 (s, 3H), 1.43 (s, 3H), 0.90 (s, 9H), 0.10
(s, 6H). 13C NMR (100 MHz, CDCls, §): 155.41, 99.00, 80.57, 68.48, 67.86, 62.36, 52.33,
45,95, 29.73, 28.47, 25.93, 18.51, 18.42, -4.24, -4.41. HRMS (ESI-Orbitrap) m/z: [M+H]*
caled. for C;9H39N,05Si: 403.2623, found: 403.2620.

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

(CC) 2024 Serbian Chemical Society.



S306 PURKOVIC et al..

tert-Butyl (4R,4aS,8aR)-1-benzyl-4-((tert-butyldimethylsilyl)oxy)-6, 6-dimethyltetrahydro-1H-
[1,3]dioxino[5,4-c]pyridazine-2(3H)-carboxylate (16)

H
(@) N\N,Boc BnBr, Cs,CO4 o N\N,Boc
(o}
)ko DMF, 80 °C, 48 h 7ko
oTBS oTBS
15 16 (41%)

Compound 15 (25 mg; 0.060 mmol) was dissolved in DMF (1.5 mL) under argon
atmosphere. Firstly, the Cs,CO; (136 mg; 0.416 mmol; 7 eq) was added, followed by benzyl
bromide (50 pL; 0.416 mmol; 7 eq). The mixture was stirred for 48 hours at 80 °C (full
conversion was not achieved, even with prolonged reaction time). The mixture was diluted
with Et,O, washed with water, saturated NH4Cl,q) and brine. The organic phase was dried
over anhydrous MgSQ,, filtered and evaporated under reduced pressure. The residue was
purified by column chromatography (petroleum ether/ethyl acetate = 7:3), to afford 12 mg
(41%) of 16, as a colorless film, and 8.3 mg of the starting material 15. Peaks in 'H and 13C
NMR spectrum are broad and split, due to the presence of a N-Boc rotamers. 'H NMR (400
MHz, CDCl;, d): 7.44-7.34 (bs, 2H), 7.28-7.26 (bs, 1H), 7.26-7.23 (bs, 1H), 7.22-7.16 (m,
1H), 4.54 (d, 1H, J = 14.5), 4.29-4.02 (m, 4H), 3.89-3.53 (m, 2H), 3.39-3.23 (m, 1H), 3.07-
2.74 (m, 1H), 1.49 (s, 6H), 1.32-1.18 (m, 9H), 0.92 (s, 9H), 0.12 (s, 6H). '3C NMR (100 MHz,
CDCl;, 6): 161.58, 139.36, 129.60, 127.88, 126.81, 99.22, 79.86, 68.56 (overlap of 2C),
62.01, 55.56, 29.84, 28.22, 26.07, 18.89, 18.54, -4.18, -4.45. Under the recording conditions,
signal for two carbons could not be detected. HRMS (ESI-Orbitrap) m/z: [M+Na]* calcd. for
CyeHysN,NaOsSi: 515.2912, found: 515.2909.
tert-Butyl (4R,4aS,8aR)-4-((tert-butyldimethylsilyl)oxy)- 1 -(4-methoxybenzyl)-6,6-
dimethyltetrahydro-1H-[1,3]dioxino[5,4-c]pyridazine-2(3H)-carboxylate (17)

OMe
H o
0 N.\-Boe PMBBr, Cs,CO;3 o N.-Boc
_ PMBBr, Cs,C05
o
)\o DMF, 40 °C, 24 h ﬂ\o

OTBS OTBS

15 17 (66%)

Substrate 15 (20 mg; 0.050 mmol) was dissolved in DMF (1 mL) under argon
atmosphere. Firstly, the Cs,CO5 (81 mg; 0.248 mmol; 5 eq) was added, followed by PMB
bromide (36 pL; 0.248 mmol; 5 eq). The mixture was stirred for 24 hours at 40 °C (full
conversion was not achieved, even with prolonged reaction titme). The mixture was then
diluted with Et,O, washed with water, saturated NH4Cl,q) and brine. The organic phase was
dried over anhydrous MgSQ,, filtered and evaporated under reduced pressure. The residue
was purified by column chromatography (petroleum ether/ethyl acetate = 7:3), to afford 16.5
mg (66%) of 17, as a colorless film. Peaks in 'H and '3C NMR spectrum are broad and split,
due to the presence of a N-Boc rotamers. 'H NMR (400 MHz, CDCls, §): 7.34-7.26 (m, 2H),
6.80 (d, 2H, J = 8.0), 4.45 (bd, 1H, J = 13.8), 4.28-4.01 (m, 4H), 3.91-3.78 (m, 1H), 3.78 (s,
3H), 3.73-3.64 (m, 1H), 3.39-3.20 (m, 1H), 2.99-2.74 (m, 1H), 1.49 (s, 6H), 1.33-1.19 (m,
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9H), 0.91 (s, 9H), 0.12 (s, 6H). 13C NMR (100 MHz, CDCl;, §): 158.65, 130.36, 114.02,
113.32,99.17, 77.36, 68.60 (overlap of 2C), 62.02, 55.41, 54.82 (overlap of 2C), 29.80, 28.23,
25.99, 18.81, 18.49, -4.20, -4.45. Under the recording conditions, signal for two carbons could
not be detected. HRMS (ESI-Orbitrap) m/z: [M+H]+ caled. for Cy;H47N,O¢Si: 523.3198,
found: 523.3198.

tert-Butyl (4R,4aS,8aR)-1-((1-(tert-butoxycarbonyl)- 1 H-indol-3-yl)methyl)-4-((tert-
butyldimethylsilyl)oxy)-6,6-dimethyltetrahydro-1H-[1,3]dioxino[5,4-c|pyridazine-2(3H)-

carboxylate (18)
Br
N\ ~ N—Boc
H B N
.- Boc N Boc
O N N N7
T\H Boc, 05,004 OT\HN
o DMF, 65 °C, 6 h 0O
OTBS OTBS
15 18 (32%)

Substrate 15 (50 mg; 0.124 mmol) was then dissolved in DMF (2 mL) under argon
atmosphere. Firstly, the Cs,CO5; (404 mg; 1.242 mmol; 10 eq) was added, followed by tert-
butyl 3-(bromomethyl)-1H-indole-1-carboxylate (347 mg; 1.118 mmol; 9 eq). The mixture
was stirred for 6 hours at 65 °C (full conversion was not achieved, even with prolonged
reaction time). The mixture was diluted with Et,0, washed with water, saturated NH4Cl,)
and brine. The organic phase was dried over anhydrous MgSQy, filtered and evaporated under
reduced pressure. The residue was purified by column chromatography (benzene/ethyl acetate
=9:1), to afford 25 mg (32%) of 18, as a colourless film. Peaks in 'H and '3C NMR spectrum
are broad and split, due to the presence of a N-Boc rotamers. 'H NMR (400 MHz, CDCl;, 9):
8.17-8.09 (m, 1H), 7.70-7.64 (m, 1H), 7.29-7.24 (m, 2H), 7.20 (¢, 1H, J = 7.4), 4.62 (bd, 1H,
J=14.1), 4.55-4.33 (m, 1H), 4.26-4.11 (m, 2H), 4.08 (bs, 1H), 3.97-3.51 (m, 2H), 3.31 (¢,
1H, J = 12.0), 3.06-2.75 (m, 1H), 1.67 and 1.64 (2 x s, 10H), 1.52 (bs, 6H), 1.44-1.24 (m,
4H), , 0.91 (bs, 13H), 0.12 (s, 6H). 13C NMR (100 MHz, CDCl;, §): 155.86, 149.91, 135.81,
124.12, 122.35, 118.24, 115.12, 99.25, 83.27, 68.63 (overlap of 2C), 62.29, 54.93, 46.08,
29.94, 28.34, 28.02, 25.98, 18.92, 18.48, -4.18, -4.46. Under the recording conditions, signals
for three carbons could not be detected. Several peaks are missing due to overlap of N-Boc
carbons. HRMS (ESI-Orbitrap) m/z: [M+H]* caled. for C33Hs4N3;05Si: 632.3726, found:
632.3724.

tert-Butyl (3R,4S,5R)-2-benzyl-4,5-dihydroxy-3-(hydroxymethyl)tetrahydropyridazine-1(2H)-

carboxylate (19)
ow’ Boc 3M HClag oSNy -Boc
ﬂ\ MeOH
0 HO
oTBS OH
16 19 (83%)
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Benzyl derivative 16 (12 mg; 0.025 mmol) was dissolved in MeOH (850 pL), and 3 M
HClaq) (150 uL) was added. The resulting solution was stirred for 1 hour at room temperature.
The mixture was neutralized with saturated NaHCOj3,q) and the volatiles were removed on
rotovap. The resulting solid was suspended in EtOAc. The mixture was filtered through a pad
of celite and the filtrate was concentrated under reduced pressure. The product was purified by
column chromatography (EtOAc/EtOH 9:1), to afford 6.9 mg (83%) of a product 19 as a
white foam. Peaks in 'H and 13C NMR spectrum are broad and split, due to the presence of a
N-Boc rotamers. 'H NMR (400 MHz, CD;0D, §): 7.35-7.06 (m, 5SH), 4.11-3.75 (m, 6H),
3.58-3.50 (m, 1H), 3.45-3.39 (m, 1H), 3.05-2.94 (m, 1H), 1.26, 1.17 and 1.14 (3 x s, 9H). 13C
NMR (126 MHz, CD;0D, &) 158.78, 157.75, 138.72, 138.39, 130.96, 130.45, 129.27, 129.15,
128.78, 128.66, 128.50, 81.80, 68.59, 65.87, 64.88, 64.72, 60.07, 60.00, 57.94, 57.81, 45.42,
43.03, 28.44, 28.24.
tert-Butyl (3R,4S,5R)-4,5-dihydroxy-3-(hydroxymethyl)-2-(4-
methoxybenzyl)tetrahydropyridazine-1(2H)-carboxylate (20)

(©/0Me K©/0Me
N.-Boc 3M Hel HO N.n-Boe
0 N .
#\ o MeOH HO

OTBS OH

17 20 (100%)

Compound 17 (16.5 mg; 0.032 mmol) was dissolved in MeOH (850 pL), and 3 M
HClaq) (150 uL) was added. The resulting solution was stirred for 1 hour at room temperature.
The mixture was neutralized with saturated NaHCOj3,q), and the volatiles were removed on
rotovap. Resulting solid was suspended in EtOAc. The mixture was filtered through a pad of
celite and the filtrate was concentrated under reduced pressure. The product was purified by
column chromatography (EtOAc/MeOH 9:1), to afford 11.6 mg (100%) of a pure product 20
as a colorless film. Peaks in 'H and '3C NMR spectrum are broad and split, due to the
presence of a N-Boc rotamers. 'H NMR (400 MHz, CD;0D, §): 7.35-7.22 (m, 2H), 6.88-6.78
(m, 2H), 4.15-3.85 (m, 6H), 3.77, 3.76 and 3.75 (3 x 5, 3H), 3.68-3.59 (m, 1H), 3.54-3.47 (m,
1H), 3.13-3.02 (m, 1H), 1.37, 1.29, 1.26, 1.24 and 1.22 (5 x s, 9H). '3C NMR (100 MHz,
CDs0D, 9): 159.28, 156.34, 130.61, 130.21, 129.26, 128.88, 113.21, 113.09, 112.76, 80.30,
67.13, 67.10, 63.98, 63.40, 63.22, 62.89, 58.58, 58.55, 55.73, 55.62, 54.27, 54.21, 43.95,
41.53, 27.02, 26.82. HRMS (ESI-Orbitrap) m/z: [M+H]" calcd. for C;sH,9N,O¢: 369.2020,
found: 369.2018.
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tert-butyl 3-(((4R,5S,6R)-2-(tert-butoxycarbonyl)-4, 5-dihydroxy-6-
(hydroxymethyl)tetrahydropyridazin-1(2H)-yl)methyl)-1 H-indole- 1-carboxylate (21)

N—Boc N—Boc
= 3M HClag) =
o N\N/Boc MeOH HO N\N,Boc
; (6) HO
OTBS OH
18 21 (76%)

Compound 18 (21 mg; 0.033 mmol) was dissolved in MeOH (850 pL), and 3 M HCly,)
(150 puL) was added. The resulting solution was stirred for 1 hour at room temperature. The
mixture was neutralized with saturated NaHCOj3(,q, and the volatiles were removed on
rotovap. The resulting solid was suspended in EtOAc. The mixture was filtered through a pad
of celite and the filtrate was concentrated under reduced pressure. The product was purified by
column chromatography (EtOAc/MeOH 95:5), to afford 12.1 mg (76%) of a pure product 21
as a colorless film. Peaks in 'H and !3C NMR spectrum are broad and split, due to the
presence of a N-Boc rotamers. 'H NMR (400 MHz, CD;0D, §): 8.12-8.05 (m, 1H), 7.86 and
775 2 xd, 1H, J = 17.7), 7.67 and 7.55 (2 x s, 1H), 7.33-7.20 (m, 2H), 4.35 (d, 0.7H, J =
13.4), 4.25-4.04 (m, 3.3H), 3.96-3.87 (m, 2H), 3.69-3.51 (m, 2H), 3.27-3.21 (m, 0.7H), 3.17—
3.09 (m, 0.3H), 1.67, 1.66, 1.39 and 1.00 (4 x s, 18H). 13C NMR (100 MHz, CD;0D, §):
157.93, 150.99, 137.12, 131.86, 126.18, 126.11, 125.54, 125.41, 123.82, 123.66, 121.05,
120.87, 118.45, 118.09, 116.27, 115.91, 84.98, 81.80, 81.74, 68.58, 68.53, 65.89, 64.95,
64.58, 63.91, 60.21, 59.91, 48.08, 45.44, 42.74, 28.46, 28.41, 28.37, 27.91. HRMS (ESI-
Orbitrap) m/z: [M+H]" calcd. for C4H3¢N307: 478.2548, found: 478.2547.

(3R,4S,5R)-2-Benzyl-4,5-dihydroxy-3-(hydroxymethyl) hexahydropyridazin-1-ium chloride

(22)
N. .Boc N, —
HO N 6 M HCl HO NH, ClI
HO MeOH HO

OH OH

19 22 (99%)

Compound 19 (6.9 mg; 0.020 mmol) was dissolved in MeOH (200 pL), and 6 M HCl,,
(200 pL) was added. The resulting solution was stirred overnight at room temperature. The
volatiles were removed on rotovap, to afford 5.5 mg (99%) of a pure hydrochloride salt 22 as
a colourless film. "H NMR (400 MHz, D,0, §): 7.53—-7.48 (m, SH), 4.62 (d, 1H, J = 13.9),
4.24 (¢, 1H, J=2.6),4.16 (d, 1H, J=14.0), 4.11 (dd, 1H, J, = 12.7, J,=5.6), 4.04 (dd, 1H, J;
=12.7,J,=4.7),3.98 (ddd, 1H, J; =9.0,J,=5.6, J; =3.0), 3.41-3.35 (m, 1H), 3.27-3.17 (m,
2H). 13C NMR (100 MHz, D,0, §): 131.03, 130.30, 129.50, 129.10, 66.61, 65.17, 64.43,
59.35, 57.19, 44.35. HRMS (ESI-Orbitrap) m/z: [M+H]* caled. for C,HgN,O3: 239.1390,
found: 239.1387.
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tert-Butyl (4R,4aS,8aR)-4-((tert-butyldimethylsilyl)oxy)- 1-butyryl-6,6-dimethyltetrahydro-1H-
[1,3]dioxino[5,4-c]pyridazine-2(3H)-carboxylate (23)

Oy 1-C3H
H 37

S T T B
I) n-C3H,COCI o NC

B ——— e
o Et;N, DCM ﬁ\o
oTBS
oTBS
18 23 (67%)

Substrate 15 (22 mg; 0.055 mmol) was dissolved in DCM (800 pL) and Et;N (38 uL;
0.275 mmol; 5 eq) was added under argon atmosphere. Butyryl chloride (23 pL; 0.220 mmol;
4 eq) was slowly added to the reaction mixture dropwise, at room temperature. The mixture
was stirred for 30 minutes, upon which time the reaction was completed. The mixture was
diluted with DCM and washed with saturated NaHCO3,q), water and brine. The organic phase
was dried over anhydrous MgSQy, filtered and evaporated under reduced pressure. The
residue was purified by column chromatography (petroleum ether/ethyl acetate = 75:25), to
afford 17 mg (67%) of 23, as a colorless film. Peaks in 'H and '3C NMR spectrum are broad
and split, due to the presence of a N-Boc rotamers. 'H NMR (400 MHz, CDCls, §): 4.66 (dd,
0.38H, J; = 13.8, J, =7.6), 4.34 (dd, 0.62H, J; = 10.0, J, = 5.3), 4.17 (dd, 0.62H, J; = 5.7, J,
=1.9), 4.12 (dd, 0.62H, J; = 5.8, J, = 1.8), 4.09-3.92 (m, 1.7H), 3.88-3.75 (m, 2.3H), 3.55
(dd,0.38H, J;=9.7,J,=16.2),3.43 (dd, 0.62H, J; = 11.0, J, = 7.2), 2.35-2.19 (m, 2H), 1.69—
1.60 (m, 2H), 1.52 and 1.48 (2 x 5, 9H), 1.41 and 1.36 (2 x s, 6H), 0.94 (¢, 3H, J = 7.2), 0.90
and 0.87 (2 x s, 9H), 0.09, 0.07 and 0.06 (3 x 5, 6H). 13C NMR (100 MHz, CDCls, §): 175.35,
175.26, 155.01, 154.59, 100.47, 98.95, 82.16, 81.97, 67.42, 66.79, 66.57, 66.49, 60.52, 58.98,
51.87, 49.48, 48.18, 46.81, 33.60, 33.58, 28.38, 27.38, 25.88, 25.79, 24.81, 22.88, 20.44,
18.38, 18.24, 18.15, 17.99, 14.10, 14.05, -4.49, -4.55, -4.58, -4.64. HRMS (ESI-Orbitrap) m/z:
[M+Na]" calcd. for Co3H44N,NaOgSi: 495.2861, found: 495.2871.
tert-Butyl (4R, 4aS,8aR)--benzoyl-4-((tert-butyldimethylsilyl)oxy)-6, 6-dimethyltetrahydro- 1 H-
[1,3]dioxino[5,4-c]pyridazine-2(3H)-carboxylate (24)

O+_Ph
o N\N,Boc o *N” ocC
PhCOCI %
o Et;N, DCM ©
OTBS s oTBS
15 24 (99%)

Compound 15 (40.3 mg; 0.10 mmol) was dissolved in DCM (800 pL) and E;N (35 pL;
0.25 mmol; 2.5 eq) was added under argon atmosphere. Benzoyl chloride (23 pL; 0.20 mmol;
2 eq) was slowly added to the reaction mixture dropwise, at room temperature. The mixture
was stirred for 30 minutes, upon which time the reaction was completed. The mixture was
diluted with DCM and washed with saturated NaHCO3,q), water and brine. The organic phase
was dried over anhydrous MgSQ,, filtered and evaporated under reduced pressure. The
residue was purified by column chromatography (benzene/ethyl acetate = 85:15), to afford 50
mg (99%) of 24, as a colorless film. Peaks in 'H and '3C NMR spectrum are broad and split,
due to the presence of a N-Boc rotamers. 'H NMR (400 MHz, CDCls, §): 7.51-7.32 (m, 5H),
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4.74-4.62 (m, 0.3H), 4.41-3.99 (m, 5.3H), 3.77 (¢, 0.4H, J = 10.3), 3.57-3.43 (m, 1H), 1.46,
1.44, 1.38 and 1.36 (4 x s, 6H), 1.26 and 1.20 (2 x s, 9H), 0.93 and 0.91 (2 x s, 9H), 0.14 and
0.13 (2 x s, 6H). 13C NMR (100 MHz, CDCls, §): 171.66, 171.31, 154.37, 153.68, 134.05,
130.80, 130.17, 128.14, 127.84, 127.32, 126.66, 100.59, 99.16, 81.93, 81.85, 67.33, 66.90,
66.86, 66.72, 59.70, 58.86, 53.28, 51.30, 48.35, 47.30, 28.01, 27.87, 26.98, 25.90, 25.81,
24.52, 23.08, 20.77, 18.42, 18.27. HRMS (ESI-Orbitrap) m/z: [M+Na]* caled. for
C,6H4oN,NaOgSi: 529.2704, found: 529.2703.

tert-Butyl (3R,4S,5R)-2-butyryl-4, 5-dihydroxy-3-(hydroxymethyl)tetrahydropyridazine-1(2H)-
carboxylate (25)

OY”'C3H7 OxN-C3Hy
N. .Boc N Boc

(e} N N7

3M HCloqy HO N

—_—
0 MeOH HO
OoTBS OH
23 25 (78%)

Compound 23 (15 mg; 0.032 mmol) was dissolved in MeOH (850 pL), and 3 M HCl,)
(150 uL) was added. The resulting solution was stirred for 1 hour at room temperature. The
mixture was neutralized with saturated NaHCOj3(,q, and the volatiles were removed on
rotovap. The resulting solid was suspended in EtOAc. The mixture was filtered through a pad
of celite and the filtrate was concentrated under reduced pressure. The product was purified by
column chromatography (EtOAc/MeOH 9:1), to afford 7.9 mg (78%) of a pure product 25 as
a white foam. Peaks in 'H and !3C NMR spectrum are broad and split, due to the presence of a
N-Boc rotamers. 'H NMR (400 MHz, CD;0D, §): 4.92-4.87 (m, 0.75H), 4.74 (dd, 0.25H, J,
=11.6, J,=15.7), 430 (dd, 0.32H, J; = 13.8, J, = 3.1), 4.22 (dd, 0.68H, J; = 14.2, J, = 2.7),
4.02 (dd, 0.74H, J; = 12.5, J, = 10.0), 3.91 (d, 0.5H, J = 5.7), 3.84-3.72 (m, 2.68H), 3.24 (dd,
0.68H, J; =14.2, J,=1.8), 3.17-3.10 (m, 0.32H), 2.53-2.23 (m, 2H), 1.70-1.57 (m, 2H), 1.53,
1.50, 1.49 and 1.44 (4 x 5, 9H), 1.01-0.91 (m, 3H). 13C NMR (400 MHz, CD;0D, §): 177.44,
177.35, 158.55, 156.43, 84.04, 83.41, 68.79, 68.67, 68.23, 68.07, 59.57, 59.16, 57.59, 57.50,
52.99, 50.53, 34.85, 34.73, 28.37, 28.33, 18.99, 18.92, 14.26, 14.15. HRMS (ESI-Orbitrap)
m/z: [M+Na]* calcd. for C;4H,y¢N,NaOg: 341.1683, found: 341.1682.

tert-Butyl (3R,4S,5R)-2-benzoyl-4,5-dihydroxy-3-(hydroxymethyl)tetrahydropyridazine-1(2H)-

carboxylate (26)
OY@ OY©
S T 3M HCl(zq) o~ Ney-Boc
ﬂ\;&) MeOH Hoéi‘)
OTBS OH
24 26 (94%)

Compound 24 (50 mg; 0.099 mmol) was dissolved in MeOH (3.4 mL), and 3 M HCl,)
(600 puL) was added. The resulting solution was stirred for 1 hour at room temperature. The
mixture was neutralized with Et;N (300 pL) and the volatiles were removed on rotovap. The
resulting solid was subjected to column chromatography (EtOAc/EtOH 92:8), affording 32.7
mg (94%) of a pure product 26 as a colorless film. Peaks in 'H and '3C NMR spectrum are
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broad and split, due to the presence of a N-Boc rotamers. 'H NMR (400 MHz, CD;0D, §):
7.77-7.35 (m, 5H), 5.01-4.92 (m, 1H), 4.25 (dd, 0.5H, J; = 13.8, J, = 3.0), 4.18-3.83 (m,
4.5H), 3.24-3.13 (m, 1H), 1.62-1.24 (m, 9H). 13C NMR (400 MHz, CD;0D, §): 131.42,
128.98, 128.20, 127.26, 83.71, 68.67, 68.31, 59.70, 59.30, 58.60, 53.25, 47.94, 28.21, 28.07.
Under the recording conditions, no signal for two carbons could be detected. HRMS (ESI-
Orbitrap) m/z: [M+Na]" caled. for C;7H,4N,NaOg: 375.1527, found: 375.1516.

p-GLUCOSIDASE INHIBITION ASSAY FOR COMPOUNDS 12, 13, 14, 22, AGF AND
CONDURITOL S-EPOXIDE

Compound 12
100

Equation y=a+bx
1 Waight No Weighting
Resigual Sum of 28737

90 4 Squares
Pearson's r 0.95981
Adj. Re-Square 099906 |
Value Standard Error |
u Intercept 2800432 0.28315 |
80 - Siape 1324898 0.16548 |

70+

60

Inhibition (%)

50 -
40

30+

20

J T T Y T T T T T
0 1 2 3 4 5
Concentration (ug/1.5 mL)

Figure S-1. Percentage of inhibition of S-glucosidase versus concentration of compound 12.
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60 - Compound 13

55

Vaie Standard Error
079885

50 +

45

40 -

35 4

Inhibition (%)

30

25 [ ]

0L . o o
o, 1 9o a3 g &

Concentration (ug/1.5 mL)

Figure S-2. Percentage of inhibition of f-glucosidase versus concentration of compound 13.

Compound 14
100

Inhibition (%)

20 T ' T T T T T T T ' T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

Concentration (nug/1.5 mL)

Figure S-3. Percentage of inhibition of S-glucosidase versus concentration of compound 14.
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Compound 22

Equation

Weight

Residual Sum
wares

Pearson's 1
Adj. R-Square

60 :

v=a

of

Intercy
Slope

X
No Weighting

ept 28.94316 040436

297792
0.99899
0.99758
Value ‘Standard Error

867865 017464

Inhibition (%)

40 -

2 3 4 5

Concentration (ug/1.5mL)

Figure S-4. Percentage of inhibition of S-glucosidase versus concentration of compound 22.

Inhibition (%)
3
1

20 | R —

AGF (compound 1)

0 1

T T T T T T T

2 3 4 5

Concentration (ng/1.5 mL)

Figure S-5. Percentage of inhibition of f-glucosidase versus concentration of compound

AGF.
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Conduritol B-epoxide

Equatin
Weight

Residual Sum of
Squares
Pearsons

Adj R Square

B

vt
No Weighting
62455

09993
088828
Value Standard Ermor
Inmtercapt 3.38881 1,00841
Siops 177.30728 33377

0.0

1
0.2

Concentration (ug/1.5 mL)

S315

Figure S-6. Percentage of inhibition of S-glucosidase versus concentration of compound
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LIGAND INTERACTIONS SCHEMES FOR COMPOUNDS 12, 13,22 AND AGF

SER GLY
344 TRP
7 345 L3
[\
| EEEEmmm—
349
Charged (negative) ) Polar e Distance —=o Pi-cation
Charged (positive) J Unspecified residue =* H-bond — Salt bridge
Glycine Water ~# Halogen bond Solvent exposure
) Hydrophobic Hydration site = Metal coordination
& Metal X, Hydration site (displaced) e~ Pi Pi stacking

Figure §-7. Ligand interactions for molecule 12 binded in S-glucosidase.
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3 Charged (negative) Polar == Distance —=o Pi-cation

Charged (positive) J Unspecified residue =» H-bond = Salt bridge
Glycine Water ~# Halogen bond Solvent exposure
Hydrophobic Hydration site = Metal coordination

3 Metal X, Hydration site (displaced) e Pi Pi stacking

Figure S-8. Ligand interactions for molecule 13 binded in S-glucosidase.
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SER
345
TRP

GLN 381

284

3 Charged (negative) polar Distance —= Pi-cation
Charged (positive) J Unspecified residue - H-bond — Salt bridge
Glycine Water —# Halogen bond Solvent exposure
Hydrophobic Hydration site — Metal coordination

) Metal X, Hydration site (displaced) ®—e Pi-Pi stacking

Figure S-9. Ligand interactions for molecule 22 binded in S-glucosidase.
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TRP
381
HIE ASN
31 392
3
127
S PHE
TYR 345 128
313
VAL e g;gl
398
Charged (negative) polar Distance —e
Charged (positive) J Unspecified residue —» H-bond —
Glycine Water —* Halogen bond
Hydrophobic Hydration site — Metal coordination
) Metal X, Hydration site (displaced) ®—e Pi-Pi stacking

Pi-cation
Salt bridge
Solvent exposure

Figure S-10. Ligand interactions for molecule AGF binded in S-glucosidase.
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COPIES OF NMR SPECTRA
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'H NMR (400 MHz CDCk)
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'H NMR (400 MHz D;0)
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'H NMR (400 MHz D;0)
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'HNMR (400 MHz, CDCl;)
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'"HNMR (400 MHz CDCls)
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'HNMR (400 MHz. CDCl3)
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'HNMR (400 MHz CD;0D)
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'"HNMR (400 MHz, CD;OD)
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'HNMR (400 MHz. D;0)
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*H NMR (400 MHz CDCl)
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'"HNMR (400 MHz CD;OD)
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Abstract: Horseradish peroxidases (HRP), native and periodate-oxidized were
immobilized onto sepiolite clay mineral by adsorption. Both peroxidases were
adsorbed on this carrier in different quantities. Specific activity of immobilized
enzymes was increased with increasing the amount of peroxidase added per gram
of sepiolite. The highest specific activity was achieved when 15 mg of perox-
idase was added per g of sepiolite. Also, periodate-oxidized enzymes showed
similar specific activity as native ones. Stability studies (pH, thermal and oper-
ational stability) were conducted for both peroxidases. Residual specific activity
of HRP immobilized onto sepiolite declined with an increase of incubation time
at 65 °C. Oxidized-peroxidase lost 64 % of the initial activity, whereas native
HRP dropped 92 % of its activity after 5 min of incubation at 65 °C. Reduction
of the enzyme activity was observed with the temperature increase from 30 to 80
°C. pH profiles of native peroxidase immobilized onto sepiolite were higher in
both acidic and basic regions compared to periodate-oxidized enzyme. Oxidized
HRP was more successful in studies of operational stability, it retained 42 % of
its activity after 4 consecutive cycles of pyrogallol oxidation, whereas native
peroxidase kept only 11 % of the original activity.

Keywords: modified enzyme; specific activity; thermostability; reusability.

INTRODUCTION

Enzymes, as biological catalysts, have shown a large potential for application
in various fields of industry such as pharmaceutical, chemical, paper, food and
cosmetic industries, as well as in the production of detergents and textile.l,2
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1270 SURUDZIC et al.

Immobilization of enzymes on different support materials allows for a higher stab-
ility of enzyme, reduces an enzyme inactivation and prevents a product contamin-
ation.3:* Additionally, reusability and higher cost-effectiveness are accomplished
by enzyme immobilization. It is important to stress that this method also allows for
easy separation of the immobilized enzyme from the reaction mixture and, thus,
its recovery. Different types of enzyme immobilization methods, such as adsorp-
tion, covalent binding, cross linking and entrapment, can be used.> Each of these
methods has its own benefits and drawbacks. Adsorption implies binding between
an enzyme and support via mostly weak bonds (van der Waals, electrostatic inter-
actions and hydrogen bonds). This is a simple and cost-effective method; however,
a leakage and inactivation of enzyme occur as common side effects. Covalent
binding of an enzyme to a carrier provides strong linkage, thus preventing highly
undesirable enzyme leakage.>-¢ Entrapment of an enzyme is a physical method
which does not involve formation of covalent bonds between an enzyme and sup-
port, thereby increases the possibility of enzyme leakage.”

In order to be suitable in enzyme immobilization reactions criteria regardless
of the enzyme immobilization type, carriers need to fulfil certain criteria, such as
high surface area, high permeability and hydrophilicity, microbial, mechanical,
chemical and thermal stability. Based on their chemical properties, carriers can be
classified into two major groups: inorganic and organic.® First supports used for
the enzyme immobilization were inorganic owning to their high mechanical
strength, thermal stability and resistance to organic solvents. They are suitable for
application in different fields of industry, whereas organic carriers, due to their
high reactivity, have found greater application in laboratory conditions.

As a consequence of great abundance of naturally present clay minerals, their
role in many fields of industry, as well as in the scientific research, increases.?
Among them, the most commonly used are sepiolite, palygorskite, montmoril-
lonite and kaolinite. Their availability, physicochemical properties and crystal
structure allow for their potential applications in many different fields. These
materials are economic and can be used without any additional modifications. Act-
ive groups presented on the surface of these materials (carboxyl, hydroxyl, thiol,
amine groups) make them suitable for binding of many different enzymes in
immobilization reactions.? Sepiolite (Si;2030Mgg(OH)4(OH,)4-nH,0), as a silic-
ate clay mineral rich with magnesium, is characterized by a fibrous crystal struc-
ture, great specific surface area and active silanol groups on the external surface.10
Each of these properties makes sepiolite an excellent candidate for adsorption
reactions in many different areas. The world’s sepiolite reserves are estimated to
be about 8 million tons and the mine with the largest amount of sepiolite is located
in Spain. Sepiolite often appears in two forms, a and f-sepiolite, differing in the
crystal shape. a-sepiolite consists of a large bundle of fibrous crystals, whereas
p-sepiolite comprises short and thin fibrous crystals. a-Sepiolite is abundant in
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Tertiary rocks rich in phosphates, salts, zeolites, while f-sepiolite prevails in
marine, lagoonal and pedogenic environments. Change in the nature and localiz-
ation of functional groups on the surface of sepiolite alters mechanical properties
of the whole molecule and therefore expands the range of areas in which it can be
applied.10

Sepiolite has already been used as a carrier for various enzymes. Olshansky
and co-workers immobilized by adsorption laccase derived from Rhus vernicifera
on sepiolite and modified sepiolite (with Cu(Il) and chitosan). The immobilized
enzyme on unmodified Cu-chitosan- and chitosan-modified sepiolite has shown
increased activity of 250, 700 and 500 % compared to the free form.!! Alkaline
phosphatase from the bovine intestinal mucous membrane was immobilized by
sorption on Na-sepiolite. In a wide range of pH (from 5 to 11), the immobilized
enzyme has shown substantially higher activity than the soluble enzyme. The
authors have reported lower stability when storing at 30 °C and higher thermal
denaturation of the immobilized alkaline phosphatase compared to its free form.!12
Sedaghat and co-workers immobilized alkaline phosphatase from calf intestinal
mucous membrane on unmodified and modified sepiolite (with mono- and bilayer
surfactant). The enzyme immobilized on sepiolite with the bilayer surfactant
coverage has shown the most promising temperature and pH stability. Also, this
immobilization system has shown the same activity as the free enzyme, whereas
the enzyme immobilized on unmodified sepiolite and modified sepiolite with mono-
layer surfactant coverage has shown reduced activity by about 30 and 38 %.!3
Shirvani and coworkers have studied the adsorption of alkaline phosphatase on
polygorskite and sepiolite. They found the enzyme activity loss after immobiliz-
ation on these two carriers. However, higher resistance to a Cd inhibitory effect
was achieved with immobilization.!4 Sepiolite and bentonite have been used as
carriers for catalase, and an effect of immobilization on thermal, operational and
storage stability has been studied. Compared to the free enzyme, immobilized
catalase has shown improved properties, with the most promising thermal, oper-
ational, and storage stability achieved by immobilization on sepiolite.!> Mortazavi
and coworkers immobilized a-amylase from Bacillus subtilis and lipase from Can-
dida rugosa via adsorption on modified Na-sepiolite. Lipase immobilized on modi-
fied sepiolite with hydrophobic properties and a-amylase immobilized on modified
sepiolite with hydrophilic properties have shown improved thermal and storage
stability, as well as reusability when compared to free enzyme. !¢

Peroxidases are enzymes that are capable of oxidizing phenolic compounds,
the most frequent water pollutants, in the presence of hydrogen peroxide. This
oxidation reaction results in the formation of water-insoluble polymeric aggre-
gates, effortlessly eliminated from the aqueous phase by filtration or sediment-
ation. Among all enzymes from the group of peroxidases, horseradish peroxidase
(HRP) has been the most commonly applied for this purpose.!7-18 A main issue in
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using enzymes for water treatment is their inactivation, most probably caused by
interactions between phenoxy radicals and the enzyme’s active site.19 This prob-
lem can be overcome by the enzyme immobilization.

In the present work, S-sepiolite clay mineral, obtained from a site near Obre-
novac, was used for the first time as a carrier for immobilizing HRP (EC 1.11.7).
Also, native HRP was, for the first time, immobilized by adsorption after periodate
oxidation of the carbohydrate part of the protein molecule onto sepiolite. Activity,
thermal and operational stability were tested to study the effect of enzyme modi-
fication by periodate oxidation on the activity and stability of sepiolite-adsorbed HRP.

EXPERIMENTAL
Materials

HRP (150-250 U mg!), pyrogallol used as a substrate for the peroxidase oxidation react-
ion and sodium periodate were purchased from Sigma—Aldrich. Hydrogen peroxide was
obtained from AppliChem GmbH (Darmstadt, Germany). Sodium dihydrogen phosphate
anhydrous and sodium acetate were purchased from Centrohem (Stara Pazova, Serbia) and
Fluka (Buchs, Switzerland), respectively. Glycerol (from plant, for laboratory use) was pur-
chased from Serva (Heidelberg, Germany).

Sepiolite

Sepiolite samples were collected near Obrenovac (Serbia) and milled with a pestle and

mortar to the fineness of particles of 0.3 mm. Milled sepiolite was subsequently rinsed with

distilled water and smaller particles were removed by fractional sedimentation. Procedure was
repeated several times.

Oxidation of HRP

Oxidation of HRP was performed with the 5 mmol L-! sodium periodate solution in sodium
acetate buffer pH 5.0 (50 mmol L) in the dark at 4 °C for 6 h. By adding glycerol to a final
concentration of 0.2 vol. %, the oxidation reaction was stopped. Oxidized HRP was dialyzed
overnight against sodium acetate buffer pH 5.

Immobilization of HRP onto sepiolite clay mineral

Sepiolite (0.1 g) was rinsed with 5 mL of sodium acetate buffer pH 5.0 (50 mmol L!) and
incubated for 48 h with different amounts of native or oxidized HRP (1, 5, 15 and 25 mg g'!)
per g of clay mineral. Sepiolite with immobilized enzyme was subsequently rinsed with 2 mL
of sodium acetate buffer pH 5.0 (0.1 mol L!) and stored in the same buffer at 4 °C until further use.

Washings were collected and used for determination of the unbound enzyme activity.

Activity studies of immobilized enzyme

Pyrogallol and hydrogen peroxide were used as substrates in an assay used to determine
the peroxidase activity. Ten puL of enzyme dilution from the washings and 10 pL of H,O, (9.7
mmol L) were introduced into 1 mL of the pyrogallol solution (13 mmol L!) in sodium phos-
phate buffer pH 7 at room temperature. Absorbance was measured at 420 nm for 3 min using
UV-Vis spectrophotometer (Shimadzu Corporation UV-2501PC, Japan). Value of the enzyme
activity was calculated from the absorbance coefficient of purpurogallin (12 mg! cm™!). The
activity of immobilized enzyme was determined by introducing 9.0 mg of sepiolite with immo-
bilized HRP and 30 pL of H,O, into 3 mL of pyrogallol. Every 60 s aliquots were sampled from
the mixture, filtrated and the absorbance at 420 nm was measured. One unit of enzyme activity
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was defined as the amount of enzyme that produces 1 mg of purpurogallin in 20 s at 20 °C. The
specific activity of enzyme was calculated per gram of dry weight of sepiolite. All measure-
ments were done in triplicate.

Temperature stability kinetics of immobilized HRP

Temperature stability of native and periodate oxidized HRP and afterward immobilized
onto sepiolite clay mineral (15 mg/g) was monitored at 65 °C for 5 and 30 min. An appropriate
amount of the enzyme immobilized onto sepiolite was incubated in sodium phosphate buffer
pH 7.0 (0.1 mol L!) at 65 °C a certain period of time. The immobilized enzyme was sub-
sequently cooled down to room temperature. Residual specific activity of the immobilized enz-
yme was determined as described previously.

Activity measurements at different pH values

To monitor the enzymatic activity of immobilized HRP, a series of 0.1 mol L-! phosphate—
—citrate buffers with pH values from 2.0 to 8.0 was used. In order to determine the enzyme
stability at pH 9.0, sodium glycinate buffer (0.1 mol L-!) was applied. According to the above-
-described procedure, relative activity of HRP immobilized onto sepiolite clay mineral was
examined. Obtained results were afterwards normalized to the maximum activity at optimum
pH, i.e. the relative activity, expressed as a percentage and presented.

Determination of thermostability of soluble and immobilized HRP

Thermostability of immobilized HRP at different temperatures (30, 40, 50, 60, 70 and
80 °C) was examined by incubating for 30 min of the enzyme immobilized on sepiolite in
sodium phosphate buffer pH 7.0 (0.1 mol L'!) at given temperatures. Subsequently, the immob-
ilized enzyme was cooled down to room temperature and the relative activity was measured
according to the procedure described above.

Reusability studies

Operational stability of immobilized peroxidase was determined by conducting pyrogallol
oxidation in a batch reactor for several consecutive cycles at room temperature (25 °C). At the
end of each cycle, sepiolite with the immobilized enzyme (native and oxidized) was rinsed
couple of times with sodium phosphate buffer pH 7.0 (0.1 mol L'!). This procedure was repeated
several times with fresh aliquots of both substrates, pyrogallol and H,O,.

RESULTS AND DISCUSSION

Immobilization of an enzyme on different support materials provides the
improved enzyme activity and stability at elevated temperatures, as well as satis-
factory stability in organic solvents and at different pH values.20 All of the above-
-mentioned facts allow for better reusability and longer storage stability, which is
of great importance for potential applications. When naturally present clay min-
erals such as sepiolite or palygorskite are used for the enzyme immobilization, sat-
isfactory results in terms of the enzyme activity and stability have been obtained.
Shirvani and co-workers have studied adsorption of alkaline phosphatase on poly-
gorskite and sepiolite. They found a loss of enzyme activity after immobilization
on these two carriers. The enzyme lost 7.5-23.1 % and 9.8-28.8 % of its activity
by immobilizing on polygorskite and sepiolite, respectively, depending on the sub-
strate concentration. However, the immobilized enzymes have been substantially
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more resistant to the inhibitory effect of Cd than the free enzyme.!4 Laccase
derived from Rhus vernicifera immobilized by adsorption on sepiolite has shown
an increased activity by 250 %.!! Catalase immobilized on sepiolite has shown
improved thermal, storage and operational stability in comparison to the free
enzyme.15

In our research sepiolite was used as a carrier for the adsorption of HRP
(native and periodate-oxidized, Fig. 1). Subsequently, the effect of immobilization
on the stability (thermal, pH, efc.) of both native and oxidized enzymes was
examined.

Fig. 1. Sepiolite clay mineral. The size of the particles was
50+20pum.

In order to perceive a difference in activity and stability of native and per-
iodate-oxidized HRP, both immobilized onto sepiolite, obtained results are com-
pared (Fig. 2). A formerly optimized method for hydrolases and invertase — the
periodate method, involves binding to a support material through enzyme carbo-
hydrate moiety previously subjected to oxidation with sodium periodate.21-24

Fig. 2. Adsorption of HRP on sepiolite: 1) native and 2) oxidized enzyme.

Oxidation with sodium periodate creates aldehyde groups (Fig. 2) that could
react with amino groups within the enzyme molecule leading to cross-linking and
increase in adsorption efficiency and enzyme stability.

Different amounts of both native and periodate-oxidized enzyme are added
per g of sepiolite (25, 15, 5 and 1 mg g!) and specific activities of immobilized
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enzymes are calculated. When concerning native HRP immobilized onto sepiolite
clay mineral, an increase in the amount of enzyme added per gram of the support
results in enhanced specific activity of the immobilized enzyme (Fig. 3). Further
growth in the amount of added enzyme leads to a decrease in the specific activity.
The maximum enzyme specific activity is reached when the amount of 15 mg of
peroxidase is immobilized per g of sepiolite. Different results are obtained when
oxidized HRP was immobilized onto sepiolite. Specific activity increases with inc-
reasing the amount of enzyme added per gram of sepiolite. Compared to the oxid-
ized enzyme, similar specific activities of native HRP are detected.

L0 4
5 20
Z
z P
51
«
g 101 . . .
B —8—Native horseradish peroxidase
& 5
—e— Oxidized horseradish peroxidase
0

0 10 20 30
Amount of added enzyme per g of sepiolite/mg g!
Fig. 3. Effect of the amount of added enzyme on the specific activity of immobilized HRP

(native and oxidized). Standard error was calculated from triplicate measurements of the
specific activity.

The obtained results for native and periodate-oxidized enzymes show that at
25 mg of the enzyme loading per g of sepiolite native peroxidase has the specific
activity of 14.4 U g-!, whereas oxidized HRP show 15.5 U g-l. The trend is
slightly different for other concentrations of the enzyme thus no general conclus-
ions can be drawn. These findings are corroborated with results obtained by Oztiirk
et al. which have shown that excessive loadings of lipase onto sepiolite and mont-
morillonite clay minerals resulted in lower immobilization efficiency.25 They have
found that the optimal lipase content was 7.5 mg per g of both clay minerals.
Higher amounts of the immobilized enzyme can lead to loss of the enzyme activity
due to smaller accessibility of the enzyme to the substrate. Our study shows a rise
of the specific activity with increasing the peroxidase loading onto sepiolite clay
mineral up to 15 mg of enzyme per g of sepiolite for native peroxidase. Further
increase in the enzyme loading does not lead to a significant change of the specific
activity, which may be a result of burring of the active site with the excess of the
enzyme, a steric hindrance on the access of the substrate, disarrangement of the
three-dimensional structure of the enzyme or diffusional limitations.!3 With the
increase in the amount of immobilized peroxidase, the specific activity of the per-
iodate-oxidized enzyme raises, reaches a plateau and remains unaltered.
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Thermostability

In order to examine how immobilization and periodate oxidation affect the
thermostability of sepiolite adsorbed HRP, the enzymes immobilized in the amount
of 15 mg per g of sepiolite was first incubated at 65 °C for different time periods
(Fig. 4). Values of residual activities of native and periodate-oxidized HRPs show
that more stable biocatalyst is the one previously oxidized with periodate. Period-
ate-oxidized enzyme preserves 36 % of residual activity after 5 min of incubation,
whereas the native HRP retains only 8 % of residual activity. By increasing incub-
ation time at 65 °C to 30 min the activity of both HRPs immobilized onto sepiolite
substantially decreases to 6 % for periodate oxidized and 4 % for native HRP.

100 o
—e— Oxidized horseradish peroxidase
S 80 4
z
2 60 1 —8—Native horseradish peroxidase
E
T 40 A
=
172]
e 20
0 1 T T T

0 10 20 30
Time/min

Fig. 4. Effect of incubation time at 65 °C on residual activities of native and
periodate-oxidized HRPs immobilized onto sepiolite clay mineral by adding
15 mg of the enzyme per g of sepiolite.

Native peroxidase lost around 92 % of its initial activity after incubation at
65 °C for 5 min, whereas peroxidase oxidized with sodium periodate and immobil-
ized onto sepiolite lost 64 % of the initial activity. Thus, periodate-oxidized HRP
is more stable at elevated temperatures than native peroxidase immobilized onto
sepiolite. Similar results have been obtained for catalase immobilized onto sepiol-
ite and bentonite.!> Sepiolite immobilized catalase retained 19.1 % of its initial
activity at 65 °C after 1 h of incubation.

In further experiments for thermostability measurements, we have used a 30-
-min incubation period at different temperatures for different amounts of adsorbed
enzyme.

The obtained results show the identical temperature stability for all used con-
centrations of immobilized enzymes at 40 °C. Data presented in Fig. 5 show dep-
endence of incubation at different temperatures on the residual activity of oxidized
HRP immobilized onto sepiolite, whereas results obtained for immobilized native
peroxidase are not shown. The increase in the temperature from 40 to 80 °C, leads
to the gradual decrease of the enzyme residual activity. At 60 °C periodate-oxid-
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ized HRP retains almost 30 % of the initial activity. Further raise of temperature
results in the decline of the activity by almost 20 %. These findings are corrobor-
ated with those reported for immobilized invertase.2® Immobilized invertase pre-
served almost 85 % of its activity during incubation at 50 °C, whereas free inver-
tase lost 50 % of the initial activity under the same conditions. After incubation at
70 °C, the free enzyme lost all activity, however immobilized invertase retained
80 % of its activity. Immobilization of HRP on perlite led to higher thermostability
at 80 °C.27 The immobilized enzyme retained 30 % of the initial activity after
incubation at 80 °C for 20 min. Kim and co-workers immobilized HRP on fulvic
acid-activated montmorillonite K-10. They compared the thermal stability of the
immobilized and free enzyme and found the markedly higher relative activity of
immobilized HRP over the relatively high-temperature range (75 % and around
55 % for immobilized and free HRP, respectively at 45 °C.28 Zhang et al. found
the activity loss of free HRP of around 18 % caused by increasing temperature
from 20 to 60 °C, whereas the activity of hemin—histamine—montmorillonite con-
jugates increased by 3.6 times in the same temperature range.2 The complete loss
of the free enzyme activity at 70 °C as a consequence of protein denaturation has
been reported in the literature.30-31 Lower stability at higher temperatures may be
due to loss of the heme group during incubation. Chattopadhyay et al. reported a
drastic change in the overall secondary structure of the enzyme at 74 °C, associated
with the complete release of the heme moiety from the enzyme.32

100
X —8—15mg/g
2
:g —o—5mg/g
Q
«
=01 —— 1 mg/g
S
3
[~
0 T T T
20 40 60 80

Temperature/°C

Fig. 5. Effect of incubation at different temperatures on the residual activity of
periodate-oxidized HRP immobilized on sepiolite.

pH optimum

The change of pH values was monitored in the range from 2.0 to 9.0 for both
native and HRP oxidized with sodium periodate and immobilized on the same
carrier using 15 mg of the enzymes per gram of the sepiolite carrier (Fig. 6).

Both peroxidases show the same trend in terms of relative activities. The
increase in pH values from acidic to basic leads to a gradual raise of relative act-
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ivities until reaching the pH optimum (pH 7.0). Subsequently, the relative activities
decline. The optimum pH values for both peroxidases (native and periodate-oxid-
ized) overlap. The bell-shaped pH profiles demonstrate higher stabilities of sepiol-
ite immobilized native peroxidase than periodate-oxidized HRP immobilized onto
sepiolite in both acidic and basic regions. Optimum pH obtained in our study was
corroborated with the study of Torabi et al.23 Peroxidase immobilized onto perlite
showed optimum at pH 7.0 and a wider pH range for native enzyme compared to
immobilized peroxidase.2’ This effect is also observed in our study and can be
explained by different behaviour of native enzyme in slightly acidic regions. The
maximum activity of HRP immobilized on kaolin is at pH 5.0. As suggested by
the authors, the enzyme binding at this pH allowed for the conservation of the
catalytic function.33 Liu ef al. have shown that HRP immobilized on silane-modi-
fied ceramics showed higher acid-base stability than free HRP. Immobilized enz-
ymes preserved their activity in a wide range of pH due to the reduced effect of pH
alternation in the enzyme vicinity caused by the conditioning of the microenviron-
ment. The maximum activity of immobilized enzyme was at pH 6 whereas that of
free HRP was at pH 7.34 Kim and co-workers have reported the optimal pH of free
HRP and montmorillonite immobilized HRP of 8 and 9, respectively. This shift of
the pH optimum to more alkaline conditions has been related to unequal HT dis-
placement in the microenvironment around the immobilized enzyme, change in the
microenvironment around the immobilized HRP towards a cationic environment,
and separation of the enzyme from bulk as well as to the charge of clay. The
immobilized enzyme has shown better activity than the free enzyme over a wide
range of pH, which is attributed to the protection effect achieved by the stable
binding to the inorganic carrier that restricts denaturation or unfolding of the enz-
yme due to sudden pH changes.?® Sedaghat er al. have reported the dame pH
optimum of free HRP and HRP immobilized on sepiolite, sepiolite with bilayer
and monolayer surfactant coverage (pH 10) with the broader profile of the HRP
immobilized on sepiolite with bilayer surfactant coverage.!3

100 A
= 80 A1
2
2 60 A
=
£ 40
‘7 —8— Native horseradish
o 20 1 peroxidase
—8— Oxidized horseradish
peroxidase
0 T T -
1 3 5 7 9

pH

Fig. 6. Effect of pH on activities of native and oxidized HRP immobilized on sepiolite.
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Operational stability and enzyme leakage

The same batch of immobilized enzymes (native and periodate-oxidized) is
used in several consecutive cycles for pyrogallol oxidation to examine the oper-
ational stability. Residual activities of the immobilized enzymes are monitored for
4 cycles, with each cycle lasting 180 min. This time period was chosen based on
our previous study showing that longer cycles provide higher amounts of solid
oxidation products that block the pores of the carrier and, thus, the immobilized
enzyme inside the pores, disabling its further catalytic activity.3> Between two
cycles sepiolites with immobilized HRP are rinsed several times with sodium phos-
phate buffer and subsequently used for another round of pyrogallol oxidation. The
enzyme activity obtained in the first cycle is considered 100 %. When comparing
values of residual activities for both native and oxidized HRP, especially at the
concentration of 1 mg g~! that we have shown in order to detect sooner leakage of
the enzyme and loss of the activity, higher operational stability is achieved with
the periodate-oxidized enzyme (Fig. 7). Native HRP retains only 11 % of its initial
activity after 4 consecutive cycles of pyrogallol oxidation. HRP oxidized with
sodium periodate and immobilized onto sepiolite shows better results in terms of
the residual activity — after 4 cycles of pyrogallol oxidation it preserves 42 % of
the initial activity. The operational stability of aldehyde dehydrogenase (ALDH)
immobilized onto montmorillonite was monitored for several cycles.24 The act-
ivity of the immobilized enzyme decreased by 20 % after each cycle, thus it drop-
ped to barely 24 % by the end of the fifth cycle.

100 4
@ Oxidized horseradish peroxidase
© 80 1 ENative horseradish peroxidase
g
2z 60 1
k]
g
3 40 A
17
o
=
20 A I
0 B T T T
2 3 4

1
Cycle number

Fig. 7. Catalytic activity of native and oxidized HRP during repeated use.

Residual activities of different amounts of periodate-oxidized peroxidases
immobilized per gram of sepiolite are shown on Fig. 8. After 4 cycles of repeated
use in pyrogallol oxidation, the enzyme immobilized in the amount of 1 mg per g
of sepiolite shows the most promising results regarding the residual activity. It
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retains 42 % of the initial activity, whereas the enzyme immobilized in other con-
centrations shows slightly different results. Generally, the same trend is observed
for all enzyme concentrations. An increase in the number of cycles leads to a
decline of residual activities. Reduction of the specific activity after each cycle for
lipase and a-amylase immobilized onto sepiolite has been reported in literature.36
It has been addressed to either accumulation of water onto the sepiolite surface or
enzyme inactivation. Inactivation of the enzyme, which results from blocking of
the active site of the enzyme by radical products formed in oxidation reactions or
the enzyme leakage from the carrier surface, can cause the activity loss during the
repetitive use. In our study the periodate oxidation of HRP forms aldehyde groups
and allows for cross-linking of HRP protein molecules during adsorption, thus
decreasing the possibility of leakage and increasing the stability.

100 4
m25 mg g!
§ 80 4 IIJISmgg'l
2 ESmgg’!
Z 60 - E1mgg!
Q
«
E 40 -
i
wl
é 20
0 A

1 2 3 4
Cycle number

Fig. 8. Catalytic activity of periodate-oxidized HRP immobilized on sepiolite (different
concentrations of the enzyme).

CONCLUSION

Sepiolite clay mineral was used for the immobilization of HRP. In order to
determine whether difference in the binding affinity and stability of native and
periodate-oxidized HRPs exists, several studies were performed with this enzyme
for the first time. Effect of the amount of enzyme added per gram of sepiolite on
the specific activity was examined. It was found that the specific activity raised
with increasing the quantity of added enzyme. Fifteen mg of peroxidase per g of
the carrier provided the maximum specific activity. Similar values of the specific
activity were obtained for oxidized peroxidases in comparison to the native enz-
yme. Both native and oxidized HRP immobilized onto sepiolite were tested in vari-
ous stability studies (pH, thermal and operational stability). Incubation of enzymes
at 65 °C for an appropriate period of time showed increased stability at elevated
temperatures for periodate oxidized HRP. Activity of immobilized peroxidases
was also examined at various temperatures (30, 40, 50, 60, 70 and 80 °C). Obtained
results showed gradual decrease of the enzyme stability and activity with increase-
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ing temperature from 30 to 80 °C. The bell-shaped pH profiles were observed for
both peroxidase (native and oxidized) immobilized onto sepiolite clay mineral.
Operational stability was examined by using the same batch of immobilized enz-
ymes for pyrogallol oxidation. Native HRP retained only 11 % of the initial activity
after 4 consecutive cycles, whereas the oxidized enzyme preserved 42 % of the
activity after the same number of cycles. All results indicate that periodate oxid-
ation of HRP prior to adsorption on carriers such as sepiolite provided more stable
immobilized enzyme probably as a result of formation of aldehyde groups that can
cross-link enzyme molecules via amino groups and additionally stabilize adsorbed
HRP. This method can generally apply for other catalytic glycoproteins.?2
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HU3BO[J
VMOBW/IN3ALMJA ITEPJOOATHO OKCHMIOBAHE INEPOKCHIAS3E U3 PEHA
AJCOPITIHWJOM HA CEITHOJIUTY

HEBEHA CYPYILIUR!, MWIOLLI CUMWR?, MUJIHLIA IPHOIJIABAL IIOTTIOBUR?, REYADH EL GAHWASHS,
MWIHLA CIIACOJEBUR CABKOBUR?, PATVBOJE [TIPOJAHOBUR? u OJIUBEPA ITPOJAHOBUR!

"Ynugepsuinein y Beoipagy — HHCluity i 3a My THUguCUUATURAPHA UCTEpaXcusara, Knesa Buwecnasa 1,
11030 Beotpag, *Llentmap 3a Hose mexronotuje, 11000 Beoipag, *Ynusepsutme y Beotpagy — Xemujcxu
Qaxynimenm, Ciiygenimcku wpt 12, 11000 Beoipag u *Ynusepsuiniew y Beoipagy — HHOBAUUOHU YEHTHAD

Xemujckoi paxyniiewmia, Ciygentiicku wipl 12, 11000 Beoipag

[Mepoxcupase w3 peHa (HRP), HaTMBHA M OKCHIOBaHA II€pjONaTOM, Cy WUMOOWIN30BaHE
aZicopIIMjOM Ha MUHepa IinHe cenronuTa. Ode nepoxcraase cy ancopboBaHe Ha OBOM HOCAUy
Y PaslUuUTUM KonuyvHama. CrienvduyHa akTUBHOCT UMOOWIMCAHHX eH3uMa ce nosehasa ca
nosehameM KOJMYMHE JJofiaTe epokcuiase o rpamy cenuonura. Hajseha cnenuduyna akTus-
HOCT je TIOCTUTHyTa fofiaBambeM 15 mg nmepokcugase Mo rpamy cenuonuta. [lopen Tora ycTaHOB-
JHEHO je W [1a TepjomaTHO OKCH/IOBAHM €H3UMH MMajy CIMYHY CrenudUYHy aKTHMBHOCT Kao M
HaTUBHH. 3a ode nepoxcusase je onpeheHa pH, TepMuuka 1 onepaTvBHa CTadWIHOCT. YCTaHOB-
JhEHO je Ija rmpeocTana crnenuduyHa aktTiBHOCT HRP nMobuircane Ha CEUOUT onaza ca rnose-
hamem BpemeHa vHKyDanuje Ha 65 °C. OxcuzoBaHa nepokcusasa je usryouna 64 % mnoueTHe
aKTUBHOCTH, JOK je KoJ HaTthBHe akTuBHOCTH HRP onana 3a 92 % HakoH 5 min uHKyDauuje Ha 65
°C. Ca nosehamem Temneparype og 30 1o 80 °C cmamyje ce akTHBHOCT eHsuma. My kucenom uy
Ba3HoM pernoHy pH npodu HaTUBHE epOKCHIa3e UMOOUIMCAHe Ha CETTUOJIUTY je BUILIH y Iope-
hewy ca pH npoduiom nepjosaTHO OKCHAOBAHOT €H3MMa. YCTAaHOBJ/HEHO je fa je ornepaTHBHA
cradunaoct okcupgoBaHe HRP 3HaTHO Horpa Hero ornepatuBHa CTaOHWIHOCT HATUBHE MTEPOKCHIIA3E.
[NepjonaTHO OoKkCcHziOBaHa MEPOKCHAA3a je 3ampxana 42 % cBoje akTMBHOCTH HAaKOH 4 y3acTomHa
LMKIyca OKCHIALMje MUporasona, A0K je HaTUBHA 3anpkana camo 11 % npBoOUTHE aKTUBHOCTH.

(TTpumiseHo 27. neuemdpa, peBUOMpaHO 26. jaHyapa, npuxsaheHo 7. jyna 2024)
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Abstract: This study includes experimental, theoretical and antimicrobial inves-
tigations on 1-(diphenylmethylene)-2-(4-methoxybenzylidene)hydrazine (5),
1-(3,5-dimethoxybenzylidene)-2-(diphenylmethylene)hydrazine (6) and 1-(di-
phenylmethylene)-2-(2,3,4-trimethoxybenzylidene)hydrazine (7). The struc-
tures of the compounds, synthesized by the microwave method, were deter-
mined by spectroscopic methods and elemental analysis. Conformational ana-
lysis, ground state structure, Fourier-transform infrared spectra (FT-IR) and
nuclear magnetic resonance (NMR) spectra of the compounds were determined
using density the functional theory (DFT) calculations in the theoretical res-
earch. Based on the B3LYP/6-31G(d,p) level, the conformers from the tor-
sional barrier scanning were optimized. The B3LYP/6-311++G .(d,p) was used
to determine the harmonic vibrational frequencies, potential energy distribution
(PED), infrared intensities, and NMR chemical shifts of the most stable con-
formers. The experimental findings were compared with the theoretically exp-
ected spectral data. The antibacterial activity of the prepared compounds was
tested in vitro against nine bacteria and one yeast species. The antimicrobial
activity of the compounds was tested by minimum inhibitory concentration
(MIC) and agar well diffusion method. Compound 7 showed good activity
against the bacteria and yeast, while 5 and 6 showed no antimicrobial activity.
Compound 7 showed zone of inhibition values in the range of 10—-15 mm against
Klebsiella pneumonia, Pseudomonas aeruginosa and Salmonella typhimurium
The results indicated that compound 7 was effective against bacteria.

Keywords: heterocyclic compounds; microwave; microorganisms; DFT.

INTRODUCTION

Combating microorganisms that cause infections is of great importance for
human health. For this purpose, there is increasing interest in the synthesis of
new and effective antimicrobial agents.l:2 The biological potential of hetero-
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cyclic nitrogen-containing compounds against diverse bacteria has been docum-
ented.3 There are many types of synthetic organic compounds with antimicrobial
properties. Azines, sometimes called N—N-linked diimines (C=N-N=C), are among
them and are 2,3-diaza analogues of 1,3-butadiene.# The conventional method for
the synthesis of azines is the treatment of carbonyl compounds with hydrazine.>
Several techniques for the preparation of these compounds under different con-
ditions have been described in the literature, but most of them require high tem-
peratures and complex catalysts.® In addition to the conventional synthesis tech-
nique, it has been reported that the synthesis of azines also employs microwave
energy’, ultrasonic radiation8 and grinding® techniques. The short reaction time,
low by-product formation, low solvent consumption and high efficiency are the
most important advantages of these techniques over the classical technique.!0-12

Azines are of great interest in organic synthesis, and they have important
biological properties such as antibacterial, antifungal, antiviral, anticancer and
antiinflammatory.! They are also good synthons for obtaining many pharmaco-
logically interesting heterocyclic compounds such as pyrazoles, purines and pyr-
imidines.®-13 They are an important agent for reducing the antimicrobial activities
of common pathogenic bacteria such as Bacillus subtilis, Streptococcus faecalis
and Enterococcus faecalis.1%13

The objective of the present study was to synthesize, characterize and theor-
etically analyse azine molecules and investigate their antimicrobial properties.
For the first time, compounds 6 and 7 were synthesized using microwave irradi-
ation, which is a fast, inexpensive, highly effective and environmentally friendly
method.12:16.17 Compound 5 has been reported in the literature. It is known from
the literature that this compound was synthesized by the grinding method using
1-(diphenyl methylene) hydrazine and 4-methoxybenzaldehyde compounds.6-18
However, in the present study for the re-synthesis of compound 5, the microwave
method was also used for the first time. Structures of compounds 5-7 were
determined by NMR, FT-IR spectroscopy and elemental analysis techniques. The
present study also includes the theoretical outcomes of a thorough investigation
of the torsional barrier analysis, vibrational spectra, and NMR spectra of 5-7
using density functional theory (DFT) calculations. The antibacterial properties
of 5-7 against selected microorganisms were examined applying the agar well
diffusion and microdilution broth technique.

EXPERIMENTAL
General chemistry

All chemicals are commercially available and purchased from Merck and Sigma—Ald-
rich. Analytical-grade solvents were used without further purification. Reactions were per-
formed via domestic microwave oven (Vestel MD 20 DB, 230 V-50 Hz, 900 W). Thin-layer
chromatography (TLC) was employed to monitor the reactions. 'H-NMR (400 MHz) and '3C-
-NMR (100 MHz) spectra were recorded with a Varian spectrometer using CDCl;. The FT-IR
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spectra were recorded with a Perkin Elmer spectrophotometer in the range of 4000-600 cm'!.
A capillary melting device was used to determine melting points (Buchi 530). On a Leco
CHNS-932 instrument, elemental analysis was carried out.

General synthesis of azines 5-7

Compounds 5-7 were synthesized according to the procedure described in the litera-
ture.!2:16.17 The general synthetic pathway is given Scheme 1.

HaN. R, O
‘/”\‘ R H
O O + MW 900 W
Ry 5 min
Ry
1

2 Ry=OCHj, R{=R,=R,=H 5 R;=OCH,, R;=R,=R,=H
3 R,=R,=OCHs, R;=R;=H 6 R,=R,=OCHj,, R;=R,=H
4 R,=R,=R;=OCHs, R,;=H 7 R,=R,=R;=OCHs, R,=H

Scheme 1. The general synthetic pathway of azine derivatives.

Computational details

The software Gaussian 09 was used to carry out the DFT calculations.!® In all calcul-
ations, the DFT/B3LYP functional was applied.2%-22 With the B3LYP functional, the basis
sets 6-31G(d,p) and 6-311++G(d,p) were used. The 6-311++G(d,p) basis set was used in all
other computations, whereas the conformer optimization was carried out on the 6-31G(d,p)
basis set.?

Before beginning the computations of the other molecular characteristics of the system
studied, the stable conformers of the molecular system must be identified. The conformational
analysis must be completed first for these calculations. The software Spartan 08 is used to
perform conformational analysis by examining the conformational distribution.?* In this
approach, calculations are performed using molecular mechanical methods, and then possible
conformer structures are identified. In the present study, the Merck molecular force field
(MMFF) method?® was used for analysing conformational distribution. These conformers are
then optimized using Gaussian 09.

The gauge independent atomic orbital (GIAO) approach was used to predict the theor-
etical NMR data of 5-7. The IEF-PCM model was used for these calculations in chloroform
solution. The predicted 'H- and 3C-NMR measurements were compared to the experimental
results. This matching could help with more detailed identification and characterization of the
compounds. Chemical shifts were measured from absolute isotropic magnetic shielding cons-
tants. This conversion was carried out using tetramethylsilane (TMS), which was employed as
a standard.?0-27

Conformational analysis and molecular structure

Fig. 1 shows the optimized molecular structure of compounds 5—7. The bonds described
for 1-3 in Fig. 2 were taken into consideration while performing the conformational analysis
of 5-7. Changing the dihedral angle in 10° steps from 0 to 360° allowed the potential energy
surface (PES) scan to be performed on the dihedral angles around the bonds of C-OCHj (1),
C-phenyl groups (2) and C—N-phenyl groups (3). According to the PES scan results in Fig. 1,
the Spartan determined two conformers of 5, six conformers of 6 and twelve conformers of 7,
using the MMFF.
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These conformers were optimized by B3LYP/6-31G(d,p) level in Gaussian 09. The opti-
mized geometric structure, optimized energies and relative energies of the conformers are
given in Table I. These findings indicate that the first conformer (conformer-1) of 5-7 has the
most stable molecular structure. Fig. 2 shows molecular structure and atomic numbering of
the most stable geometries of 5—7. All future calculations will be performed with these most
stable conformers.

Conformers of compound 5

Conformers of compound 7

Fig. 1. Conformers of 5-7.
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Fig. 2. Molecular structure and atomic numbering of the most stable geometries of 5-7.

7

TABLE 1. Conformational analysis results of 5-7

Compound Opt. energy, a.u. Rel. energy, kJ mol! Pop. (298 K), %

5 Conformer—1 —995.779808398 0.00 55
Conformer—2 —995.779618562 0.50 45

6 Conformer—1 —1110.30422576 0.00 68.56
Conformer—2 -1110.30307700 3.02 20.30
Conformer—3 —-1110.30224177 5.21 8.38
Conformer—4 —1110.30117394 8.01 2.71

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

(CC) 2024 Serbian Chemical Society.



1290

TABLE 1. Conformational analysis results of 5-7

AYTAC

Compound Opt. energy, a.u. Rel. energy, kJ mol-! Pop. (298 K), %

6 Conformer—6 -1110.29199733 32.10 0.00
Conformer—5 —1110.29728690 18.22 0.04

7 Conformer—1 —1224.81524964 0.00 45.77
Conformer—2 —1224.81502854 0.58 36.20
Conformer-3 —1224.81319017 5.41 5.17
Conformer—4 —1224.81292079 6.11 3.89
Conformer—5 —1224.81263566 6.86 2.87
Conformer—6 —1224.81257421 7.02 2.69
Conformer—7 —1224.81241522 7.44 2.27
Conformer—8 —1224.81077869 11.74 0.40
Conformer-9 —1224.81072273 11.89 0.38
Conformer—10 —1224.81009643 13.53 0.20
Conformer—11 —1224.80974816 14.44 0.13
Conformer—12 —1224.80812036 18.72 0.02

Antimicrobial activity

In the present study, the in vitro antimicrobial activities of several compounds were
tested using agar well diffusion method and microdilution broth method. The in vitro antimic-
robial activity of the compounds synthesized was assayed against nine bacterial strains and
one yeast strain. These microorganisms were obtained from the Laboratory of Microbiology,
Kirsehir Ahi Evran University, Kirsehir, Tiirkiye. The antimicrobial activities of 5-7 were
determined according to the procedure described in the literature.!” The antimicrobial results
for the compounds and standard antibiotics and the MIC measurements of the new azine deri-
vatives against the bacteria and yeast are presented.

RESULTS AND DISCUSSION

Chemistry

The compounds 1-(diphenylmethylene)-2-(4-methoxybenzylidene)hydrazine
(5), 1-(3,5-dimethoxybenzylidene)-2-(diphenylmethylene)hydrazine (6) and 1-(di-
phenylmethylene)-2-(2,3,4-trimethoxybenzylidene)hydrazine (7) were prepared
by the condensation of benzophenone hydrazone (1) with different aromatic
aldehydes (2—4) at a ratio of (1:1) and exposure to microwave irradiation for 5
min.!2.16.17 The synthesized compounds’ percentage yields were excellent (97,
96 and 97 %, respectively). In the experimental part, the physical properties of
the compounds synthesized are described. The infrared spectra of the compounds
confirm the presence of stretching of C=N bands at 1600-1660 cm~! and the
absence of carbonyl (C=0) at 1700 cm™!, whereas NH has vanished or is hidden
beneath the broad bands at 3450-3300 cm™! in azines. In the 'H-NMR spectrum
of the compounds, the azomethine proton resonates as a singlet in the range of
8.30-8.76 ppm. All aromatic protons showed multiplet peaks in the range of
6.38-8.39 ppm. Additionally, the 13C-NMR analysis of compounds 5-7 showed
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that the carbon atoms in the H-C=N bond give signal at 159.30, 158.84 and
153.40 ppm, respectively.

Vibrational assignment

Compounds 5-7 have 42, 46 and 50 atoms, respectively. They have 120 (for
5), 132 (for 6), and 144 (for 7) normal modes. Compounds 5-7 have C; sym-
metry. All basic vibrations are active in the FT-IR spectra. The frequencies cal-
culated in the harmonic approximation were scaled to closely reproduce the exp-
erimental value. The frequencies calculated for the theory level B3LYP/6-
-311++G(d,p) were scaled to 0.960 in the high wavenumber region and 0.988 in
the low wavenumber region (below 1800 cm™!). The experimental and theoret-
ical infrared spectra of compounds 5-7 are shown in Fig. 3. It is seen that both
sets of spectral data almost completely overlap when the experimental FT-IR
spectral data of compounds 5-7 are compared with those of the expected spectral
data.28,29
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Fig. 3. The experimental and theoretical infrared spectra of 5-7.

NMR spectra

Theoretical 'H- and 13C-NMR chemical shifts were estimated via the GIAO
method using the B3LYP/6-311G++(d,p) level employing the optimized geo-
metry of compounds 5-7. Table II shows the experimental and computed chem-
ical shifts for 1H and !13C nuclei. The experimental and theoretical 'H- and 13C-
-NMR spectra were observed in CDCl3. The detected and expected NMR data
for 'H and !3C nuclei are compared in Table II, which shows excellent agree-
ment between the experimental !H- and 13C-NMR data.

The GIAO approach was used to determine the theoretical 1H- and !3C-
-NMR chemical shifts of the 5-7. In Table II, the detected and predicted NMR
data for 'H and 13C nuclei are compared. The experimental 'H- and 13C-NMR
spectra of 5—7 are given in Supplementary material to this paper.
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TABLE II. Experimental and theoretical 'H- and '3C-NMR spectra of 5-7

AYTAC

Compound 5 Compound 6 Compound 7
Atoms Theo. Exp. |Atoms Theo. Exp. |Atoms Theo. Exp.
Cyo 168.5 166.02 | Cyg 170.1 166.27 |Cy, 164.6 166.18
Cpy 165.1 161.86 | Cs 167.4 160.86 | Cyg 163.7 158.56
Cye 155.1 159.30 |Cy, 163.7 158.84 | C5 162.3
Cs 146.1 Cye 148.1 Cy 149.4 153.40
Ci3 142.2 Cs 146.3 Cs3 149.4
Csy 139.3 Ci3 142.2 Cs 146.2
Csg 138.5 138.51 | Cs; 139.9 138.23 |Cy3 142.1 140.48
Cie 138.1 Cie 138.0 136.58 |Cys 138.1 138.24
Ce 135.7 135.58 | Cq 135.7 135.29 | Cq 135.9 135.46
C, 134.3 C, 134.1 C, 134.3 130.61
Cis 1342 13049 [Cy4 134.1 Cis 1342 130.31
Cis 134.0 130.21 |[Cys 134.0 130.57 | Cys 134.0 130.17
C, 133.6 130.13 | C4 133.6 130.32 | C5; 133.9 129.18
Cy 132.8 129.12 | C4 132.7 129.20 |C, 133.8 129.01
Cs 132.3 128.88 | Cyg 132.2 129.06 |C, 132.7 128.68
Cig 132.2 128.23 | C;s 132.1 128.27 |Cyy 132.2 128.29
Cy7 131.8 127.53 |Cyy 131.8 127.47 | Cs 132.1 127.90
Cyg 130.5 127.46 | Cqg 119.4 Cig 131.8 127.44
Cs; 121.8 Cs; 103.9 106.12 | Cyg 124.7
Cs3 112.8 114.16 |Cs; 101.6 103.42 | Cs, 109.1 105.44
Cso 55.06 5537 |Csy 55.22 5541 |Cys 61.72 60.94
Hy; 8.66 859 |Cyp 55.15 Cy7 60.10 56.07
Hjy 8.59  7.84-7.772|Hy; 8.60 851 |Csy 55.21
Hy, 7.77 Hs, 8.54 775 |Hy, 8.59 8.51
Hg 7.72 7.65 |Hy; 8.43 Hy; 8.38 7.82-7.71
H, 7.67 Hg 7.71  7.53-7.33| Hzy 8.30
Hy; 7.64 7.56-7.35|H, 7.68 Hg 7.70  7.49-7.35
Hj, 7.62 Hy; 7.66 H; 7.69
Hy 7.59 Hj, 7.62 Hy; 7.65
His 7.59 H,, 7.54 H,, 7.62
Hg 7.53 Hg 7.50 Hy, 7.56
Hao 7.46 Hao 7.43 Hg 7.51
Hjo 7.39 Hjo 7.38 Hjo 7.46
Hjo 7.30 Hjo 7.27 6.85 |Hyg 7.39
Hj¢ 7.24 6.93 | Hye 6.53 Hjo 7.30 6.94
Hz; 6.83 H;s 6.30 6.54 |Hj;s 6.57
Hy; 4.04 3.86 | Hys 4.18 379 |Hy 4.61 391
Hyo 3.68 H;zg 4.00 Hso 421
Hy, 3.66 Hys 3.73 Hjg 4.15
Hyy 3.70 Hye 3.97 3.84
Hjg 3.66 Hyg 3.94
Hyo 3.64 Hyo 3.70
H;g 3.64
Hys 3.47
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The Cyg NMR chemical shift of each compound was calculated at 155.1 (5),
163.7 (6) and 149.4 ppm (7) by DFT method. Peaks experimentally measured as
3.86(5),3.79 (6) and 3.91 and 3.84 (7) ppm belonged to the proton of the methoxy
groups. The proton peaks in the H-C=N group were reported in the H-NMR
spectra at 8.59 for 5 and 8.51 ppm for 6 and 7. The chemical shift of Hj atoms
was estimated by DFT calculations as 8.66 (5), 8.60 (6) and 8.59 ppm (7). The
Cy¢ peaks of each compound were measured experimentally in 13C-NMR spectra
at 159.3 (5), 158.84 (6) and 153.40 ppm (7). The C2 NMR chemical shift of each
compound was calculated by DFT calculations at 155.1 (5), 163.7 (6) and 149.4
ppm (7). The peaks measured as 3.86 (5), 3.79 (6) 3.91 and 3.84 (7) ppm experi-
mentally belong to the protons of the methoxy groups. The predicted 'H-NMR
chemical shift of each compound appeared in the 4.61-3.47 ppm region by DFT.
The 13C-NMR peaks were detected at 55.37 (5), 55.41 (6) and 60.94 and 56.07
ppm (7). The smallest 13C-NMR chemical shift values were theoretically calcul-
ated for the metoxy group. For both 1H- and 13C-NMR, the theoretical and expe-
rimental values were apparently in good agreement. Except for the methoxy
group, the predicted and experimental 13C-NMR values all appeared to be over
100 ppm. The nitrogen atom, which displayed greater electronegative character-
istics, was bound to carbon atoms that were more de-shielded.30-33 Therefore,
these atoms showed increased !13C-NMR peaks than the others.

Frontier molecular orbital (FMO) analysis

Fig. 4 shows the plots for the 5-7’s HOMO and LUMO. Red and green are
used to represent the positive and negative phases, respectively. The HOMO and
LUMO are distributed in all compounds. However, this distribution is not uni-
form. The HOMO is more concentrated on the pyridine group, whereas the LUMO
is more concentrated on the phenyl and N-CHj3 groups.

B3LYP/6-311++G(d,p) theory was used to calculate the HOMO, LUMO,
band gap energies and other molecular characteristics. Molecular characteristics
such as ionization potential (/), electron affinity (4), electronegativity (4’), chem-
ical potential (B), spherical hardness (S), spherical softness (S*) and electrophil-
icity (B’) were calculated using the formulae provided at the end of Table S-I of
the Supplementary material.3#-36 Table S-I contains a list of these properties.

The literature indicates that a compound with lower reactivity and higher
stability has a larger HOMO-LUMO gap. The values of the HOMO-LUMO gap
calculated for compounds 5-7 were 4.083, 4.058 and 3.993 eV, respectively. The
predicted # value of 57 was at 2.042, 2.029 and 1.997 eV, respectively. The o
value of the 5—7 compounds were determined at 0.245, 0.246 and 0.250 eV, res-
pectively. As seen in Table S-I, the global hardness (#) of the compounds is
greater than the global softness (o). According to these results, the compounds
are hard. A compound’s characteristics vary according to its hardness or softness.

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

(CC) 2024 Serbian Chemical Society.



1294 AYTAG

For instance, soft materials have a small energy gap compared to that of hard
materials. Soft compounds are more easily polarized than hard ones. As a result,
soft molecules are more biologically reactive than hard compounds.34-36

Eromo-t Frusos

Erumo-

Evumo
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-
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2]

»

Fig. 4. HOMO and LUMO plots of the 5-7.

Molecular electrostatic potential maps

A 3D plot of the molecular electrostatic potential (MEP) of compounds 57
is given in Fig. 5. Using the MEP diagram, it is simple to determine the com-
pounds’ reactive sites. Electron-deficient regions are depicted in blue, whereas
electron-rich regions are depicted in red. The region around the nitrogen atom of
the azine group and oxygen atom of the O—CH3 groups was electron-rich (red)
regions.37-39

Fig. 5. Molecular electrostatic potential maps of compounds 5-7.
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Antimicrobial evaluation of the synthesized compounds

Using the micro-dilution and agar well diffusion methods, the compounds
were examined for their antibacterial effects on nine bacteria and one yeast.
Table III lists the antibacterial activity results for the compounds with minimal
inhibitory concentrations (MIC) values and inhibition zone diameters (mm).

TABLE III. Antimicrobial evaluations of the synthesized compounds MIC (pg/mL) values
and inhibition zone diameter (mm); concentration of compounds: 1000 pg/mL; — MIC > 250
pg/mL; AMP: ampicilin; Cyclohex.: cycloheximide

Microorganism MIC Diameter of inhibition zone
5 6 7 5 6 7 AMP(10pg) Cyclohex.

L. monocytogenes ATCC 7644  — - - - - = 10 -
S. aureus ATCC 25923 - - - - - = 18 -
B. subtilis ATCC 6633 - - - - - = 24 -
E. faecalis ATCC 29212 - - - - - = - -
K. pneumoniae ATCC 21541 - - 781 - — 15 18 -
P. aeruginosa ATCC 27853 - - 781 - — 15 18 -
S. dysenteriae ATCC 11835 - - - - - = 20 -
S.typhimurium ATCC 14028 - - 250 - - 10 18 -
E. coli ATCC 25922 - - - - - = - -
C. albicans ATCC 10231 — — — - - = — 18

According to this study, compound 7 showed good activity in the range of
7.81-250 ug/mL MIC values against Klebsiella pneumoniae, Pseudomonas aer-
uginosa and Salmonella typhimurium. Compound 7 showed the zone of inhi-
bition values in the range of 10-15 mm against K. pneumoniae, P. aeruginosa
and S. typhimurium. Compound 7 showed activity of 250 pg/mL MIC against S.
typhimurium. Compounds 5 and 6 did not show antimicrobial activity against the
investigated bacteria and yeast (Table III). In 2011, Shams et al. reported that the
MIC values of dyes and dye precursors against all microbial strains tested were
generally in the range of 0.04—30.00 pg/mL, resulting in significant and potent
antimicrobial activity.40-The results obtained are similar to those published by
Shams et al.

CONCLUSION

In the present study, a series of azine derivatives were synthesized in a short
time with high yield by microwave method. NMR and FT-IR spectroscopy were
used to verify the structures of the compounds prepared. Two conformers of 5,
six conformers of 6 and twelve conformers of 7 were determined using the PES
scan result. The most stable conformers of the compounds were identified and
then re-optimized for further calculations using the 6-311++G(d,p) basis set.
There was perfect agreement between the experimental FT-IR, 'H- and 13C-
-NMR data and the theoretical data of the most stable isomer. Examination of the
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antimicrobial screening data revealed that compounds 5 and 6 did not show anti-
microbial activity against any of the bacterial strains and yeast. Compound 1-(di-
phenylmethylene)-2-(2,3,4-trimethoxybenzylidene)hydrazine (7) showed good
activity in the range of 7.81-250 pg/mL MIC values against K. pneumonia
ATCC 21541, P. aeruginosa ATCC 27853 and S. typhimurium ATCC 14028.

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/12551, or from the corres-
ponding author on request.
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H3BOJ

CHUHTE3A U TEOPHUJCKO ITPOYYABAIE HEKHMX ASUHCKHX JEPYBATA U
HCTPAXHUBAILE bMXOBUX AHTUMUKPOBHUX NEJCTABA

SERTAN AYTAC

Kirsehir Ahi Evran University, Kaman Vocational School, Department of Food Technology, 40300 Kaman,
Kirsehir, Tiirkiye

OBa cTyndja yxbydyje ekcepHMeHTalaHa, TeopHjcka, U aHTUMHUKpPOOHA HCTpakUBama
1-(mudenunmeruneH)-2-(4-metokcudensunugeH)xuapasuda (5), 1-(3,5-pumeroxkcudeHsun-
upneH)-2-(oudeHunmerwnen)xugpasuda (6) u 1-(zudenunmerunet)-2-(2,3,4-TpUMETOKCH-
OeHsunupeH)xugpasuHa (7). CTpyKType jenumemha CUHTETUCAaHUX MHUKPOTaJaCHOM METOMOM,
oppeheHe cy CIEKTPOCKONCKMM MeTOfaMa M eleMeHTalHOM aHanudoM. KoHdopmaunoHa
aHanus3a, CTpyKTypa OCHOBHOr cTawa, FT-IR 1 NMR cnexTpu jemumema Cy H3padyyHaTH K-
opucrehu Tteopujy ¢yukunonana ryctuHe (DFT) y teopujckoM uctpaxkusawy. Ha HUBOY
B3LYP/6-31G(d,p), ontumusoBaHu cy koHdopmepH, 30or top3uoHe Oapujepe. B3LYP/6-
-311++G (d,p) je xopuurhen 3a ogpehuBare XapMOHHjCKUX BUOpALIMOHUX (PpeKBEeHLH, pac-
nojene noreHnujanHe eHepruje (PED), IR uHTensutera 1 NMR XeMHjckMX NOMaka Haj-
cradunHujux koHdopmepa. ExcriepuMeHTalHH Hanas3u ynopeheHH Cy ca TEOpHjCKU OYeKH-
BAaHMM CIIEKTPAJIHUM MoJanumMa. AHTHOAKTepHjCKa AKTUBHOCT IPUIPEMIBEHHX jeNUIbeHa
TecTUpaHa je in vitro Ha JeBeT DakTepHja W jeSHOj BPCTH KBacua. AHTUMHUKPOOHA aKTUBHOCT
jenvmema TeCTUpaHa je Mpeko MUHHMMaiHe MHxuUOWpajyhe koHuentpauuje (MIC) meromom
mudysuyje y dynapuhuma arapa. Jenumeme 7 je nokasauo JoOpy akTHUBHOCT MPOTHB dakTepuja
W KBaclia, IOK 5 ¥ 6 HUCY NMOKa3al¥ aHTUMHUKPOOHY aKTHUBHOCT. Jeoumeme 7 MoKasauo je
BpPENHOCTH 30He MHXUOHpamwa y pacrnony of 10-15 mm npema Klebsiella pneumonia, Pseudo-
monas aeruginosa u Salmonella typhimurium. Ilpema pe3ynTaTuma, jefumerme 7 je o5 UCITH-
TaHUX Haje(pUKaCHUje MPOTHUB DaKTepHja.

(ITpummeno 17. Asrycta, pesuaupano 14. Centemdp,; npuxsaheno 24. okrodpa 2023)
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SPECTROSCOPIC DATA OF MAIN COMPOUNDS
1-(diphenylmethylene)-2-(4-methoxybenzylidene) hydrazine (5)

Yield: 97%, yellow solid, m.p. 95-96 °C. R¢: 0.66 (Ethyl acetate/P.Ether, 1:4)

TH NMR (400 MHz, CDCl3) & 8.59 (s, 1H), 7.84-7.72 (m, 2H), 7.65 (d, J = 8.8
Hz, 2H), 7.56-7.35 (m, 8H), 6.93 (d, J = 8.8 Hz, 2H), 3.86 (s, 3H).

13C NMR (100 MHz, CDCl3) § 166.02, 161.86, 159.30, 138.51, 135.58, 130.49,
130.21, 130.13, 129.12, 128.88, 128.23, 127.53, 127.46, 114.16, 55.37.

FT-IR (cm!): 1605 (HC=N), 1567 (C=N), 1511, 1491, 1443, 1413, 1301, 1252.
Elemental Anal.Calcd. for Co;HgN,O C, 80.23; H, 5.77; N, 8.91 Found C,
80.36; H, 5.42; N,8.93.

1-(3,5-dimethoxybenzylidene)-2-(diphenylmethylene)hydrazine (6):

Yield: 96%, yellow solid, m.p. 86-87 °C.

IH NMR (400 MHz, CDCl3) § 8.51 (s, 1H), 7.75 (dd, J = 8.2, 1.3 Hz, 2H), 7.53
—7.33 (m, 8H), 6.85 (d, J= 2.3 Hz, 2H), 6.54 (t, J = 2.3 Hz, 1H), 3.79 (s, 6H).
I3C NMR (100 MHz, CDCl3) § 166.27, 160.86, 158.84, 138.23, 136.58, 135.29,
130.57, 130.32, 129.20, 129.06, 128.27, 127.47, 106.12, 103.42, 55.41.

FT-IR (cm1): 1590 (HC=N), 1456, 1425, 1356, 1297, 1202.

Elemental Anal.Calcd. for CyoHygN2Oy C, 76.72; H, 5.85; N, 8.13; Found: C,
76.79; H, 5.78; N, 8.10.
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1-(diphenylmethylene)-2-(2,3,4-trimethoxybenzylidene) hydrazine (7):

Yield: 97%, yellow solid, m.p. 70-72 °C.

IH NMR (400 MHz, CDCl3) & 8.51 (s, 1H), 7.82-7.71 (m, 2H), 7.49-7.35 (m,
8H), 6.94 (s, 2H), 3.91 (s, 3H), 3.84 (s, 6H, 2xOCH3).

I3C NMR (100 MHz, CDCl3) & 166.18, 158.56, 153.40, 140.48, 138.24, 135.46,
130.61, 130.31, 130.17, 129.18, 129.01, 128.68, 128.29, 127.90, 127.44, 105.44,
60.94, 56.07 (2C).

FT-IR (cm1): 1574 (C=N), 1502 (C=C aromatic), 1461, 1414, 1359 (C-N), 1126.
Elemental Anal. Calcd. for Cy3H»oN>O3 C, 73.78; H, 5.92; N, 7.48 Found: C,
73.34; H, 5.58; N, 7.76.
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TABLE S-1. HOMO, LUMO, HOMO-LUMO gap and selected molecular properties of 5, 6,
and 7

lonizati Electro 0ol Eleetro ™€ Global  Global
Energy on .. a
Energy . .. Hardnes negativi . Softnes electrop
gap  Potentia affinity potentia o
(eV) | A s(Mm) ty (%) | s(o)  hilicity
(eV) @ (A) v v (W VYl v
HOMO -5.987 Al;?:;n(/)lo- 4083 5987 1904 2.042 3946 -3.946 0.245 3.813

LUMO -1.904
HOMO-1 -6.088  AEm.-w+y  5.131  6.088 0956  2.566  3.522 -3.522 0.195 2418

LUMO+1  -0.956
HOMO  -5.922 Afﬁ%"' 4058 5922 1.864 2029 3.893 -3.893 0246  3.735
LUMO  -1.864

HOMO-1  -5.992  AE@wi.ws) 5.069 5992 0923 2535 3457 -3457  0.197 2358

LUMO+1 -0.923
AEnomo-

HOMO -5.791 Lo 3.993 5791 1.797 1997  3.794 -3.794 0.250 3.604
LUMO -1.797
HOMO-1 -5.791  AEm-np-w+y 4902 5791 0.888 2451  3.339 -3.339 0.204  2.275

LUMO+1 -0.888

I = -Enomo, A = -Eromo, = (I-A))/2, 3 = (IFA))/2, p=(-(I+A))/2, 6 = 1/21, @ = p2/2n
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NMR SPECTRA OF MAIN COMPOUNDS
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Figure S-1. 'H NMR spectrum of 1-(diphenylmethylene)-2-(4-
methoxybenzylidene)hydrazine (5) in CDCl;
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Figure S-2. 13C NMR spectrum of 1-(diphenylmethylene)-2-(4-
methoxybenzylidene)hydrazine (5) in CDCl;
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Figure S-3. '"H NMR spectrum of 1-(3,5-dimethoxybenzylidene)-2-
(diphenylmethylene)hydrazine (6) in CDCl;
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Figure S-4. 13C NMR spectrum of 1-(3,5-dimethoxybenzylidene)-2-
(diphenylmethylene)hydrazine (6) in CDCl;
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Figure S-5. 'H NMR spectrum of 1-(diphenylmethylene)-2-(2,3,4-
trimethoxybenzylidene)hydrazine (7) in CDCl,
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Figure S-6. 13C NMR spectrum of 1-(diphenylmethylene)-2-(2,3,4-
trimethoxybenzylidene)hydrazine (7) in CDCl,
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Abstract: The scientific direction of the synthesis of CdS and CdSe thin films by
the method of chemical surface deposition (CSD) using the aqueous solutions of
cadmium-containing salts: chloride, nitrate, sulphate, acetate and iodide has been
developed. A mathematical model of the CSD process of CdS and CdSe thin
films was developed to improve the efficiency of experiments and reduce costs.
The model makes it possible to determine the concentration of reagents, the
duration, and the CSD temperature, which are necessary to obtain films of a
specified thickness. The optimization of chemical deposition parameters of film-
type semiconductor materials has been carried out. Based on the mathematical
model, the optimal synthesis conditions were the following: the concentration of
cadmium-source salt — 0.01 mol/L, chalcogenizer — 1.0 mol/L or 0.1 mol/L in
the case of thiourea or sodium selenosulphate, respectively; the temperature: 70
°C and the duration of 3 min. The mathematical dependence of the experimental
studies results of the metal ions content in thin-film solar cells for the effective
direct conversion of solar radiation into electrical energy was proposed taking
errors into account.

Keywords: thin films; chemical surface deposition; solar cells.

INTRODUCTION

Now in the public consciousness, there is a growing conviction that the energy
of the future should be based on the large-scale use of solar energy, and in its
various manifestations. The bet on solar energy should be seen not only as a win-
win situation, but in the long term as one of the best choices for humanity. We will
consider the possibilities of converting solar energy into electrical energy using
semiconductor solar photocells in retrospective and prospective terms. These
devices appear to be quite mature scientifically and technologically today to be
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1300 GUMINILOVYCH et dl.

regarded as the technical basis for the large-scale solar power of the future.
Photovoltaic converters of solar energy occupy a special place among the
alternative and the renewable energy sources.

Solar PV cells are a very real technically and cost-effective alternative to fossil
fuels in several applications. The solar cell can directly convert solar radiation into
electricity without the use of any moving mechanisms. Due to this, the service life
of solar generators is quite long. Photovoltaic systems have proven themselves
well since the beginning of the industrial application of photovoltaic cells.

Improving the photoconversion efficiency by increasing the short-circuit
current in solar cells with a CdS or CdSe buffer layer requires a decrease in losses
because of the optical absorption of photons with energies 2v< 2.4 eV, which can
be achieved by minimizing the thickness of cadmium sulphide and cadmium
selenide films to optimal sizes. Therefore, the studies of the deposition process of
CdS and CdSe thin films with the given photoelectric properties for the creation
based on them of thin-film solar cells are of considerable practical interest.

The search for new approaches to obtain the films of AIBVI semiconductor
materials, in particular CdS and CdSe films, will solve the problems of reducing
the cost of photosensitive elements, a comprehensive study of the electrophysical
properties of film-type semiconductor materials and the structures based on them,
as well as the development of new methods for their implementation. The prospect
of this direction is justified by the fact that, despite numerous studies, semi-
conductor photosensitive structures based on cadmium sulphide and cadmium
selenide thin films are widely used in thin-film solar cells for the efficient direct
conversion of solar radiation into electrical energy.!-2 The industrial introduction
of such elements and the use of solar modules in alternative energy is hindered by
the high cost of their manufacture, and, accordingly, the high cost of electricity
produced by them. The manufacturing cost can be significantly reduced if the
method for obtaining thin films is simple and will not require the use of high
temperatures and expensive initial materials.

The operation of thin-film elements is based on a Cd (S, Se)/CdTe or Cd (S,
Se)/Si heterojunction, and their parameters and technical characteristics are deter-
mined by the properties of thin films and the conditions for making the hetero-
junctions. Therefore, the development of the synthesis basis of CdS and CdSe
continuous semiconductor thin films from aqueous solutions using a simple and
reproducible method that must satisfy the economic and environmental aspects of
production and must ensure high quality of the material is an important and actual
scientific problem.3 The use of mathematical modelling for the decrease of the film
manufacturing cost and the increase of its production amount was not observed in
the scientific research in this field, which can open a new approach to economical,
and environmentally friendlier semiconductor synthesis in terms of decreasing the
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amount of by-products formation and the increase of the effectiveness of reactants
conversion.

To obtain a high-quality mathematical model, it is essential to gather a sub-
stantial amount of experimental data related to the nature of the initial agents,
concentration, synthesis temperature and duration, as well as film thickness.

To acquire this data, the following steps are necessary:

1. Choose the synthesis technique, initial substances, and synthesis con-
ditions.

2. Produce several thin film samples.

3. Determine their thickness, optical, and morphological properties.

4. Establish relationships between these properties.

Chemical surface deposition (CSD)

To achieve the goals of this research, first of all, it was necessary to choose
the film synthesis technique because the number of factors which should be used
for the mathematical modelling and the quality of the film directly depends on the
process which lay in its base. For this reason, we decided to use the chemical
surface deposition technique since it requires the minimum amount of reactants,
and this method is ideal for the production of thin films over large areas at tem-
peratures <100 °C, which is one of the main requirements for the mass use of solar
energy. The technology of chemical deposition of semiconductor films consists of
the deposition of a solution containing metal ions and a source of sulphur or
selenium ions onto a substrate. The deposition of CdS thin films from aqueous
solutions is a reaction between cadmium salts and thiourea in an alkaline
medium.*5 To obtain high-quality cadmium coatings, it is necessary to use well-
-water-soluble cadmium sources, which will be cheap and would not provide any
additions, which may cause the formation of other undesirable by-products. For
this purpose, it perfectly fits some simple cadmium salts. Preferably, the most used
are CdSQ4, Cdlp, Cd(NO3);, Cd(CH3COO); and CdCl;. Thiourea is used as a
sulphur-containing agent in the sulphide deposition reactions since it has a high
affinity for metal cations and decomposes at low temperatures. The deposition
process can be described by two mechanisms: homogeneous and heterogeneous.®

The homogeneous mechanism presupposes the formation of a coating of col-
loidal CdS particles, which are formed in solution and consist of several stages:

1. Dissociation of ammonium hydroxide:

NHj + OH™ — NH; + H,0 (1)

In an alkaline medium due to the interaction of Cd2* with OH~ is the possible
formation of an undesirable product — Cd(OH):45

Cd** +20H™ — Cd(OH), | )
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2. Hydrolysis of thiourea, (NH»)>CS, with the formation of sulphides:

(NH,),CS+H,0 — HS™ +H" +(NH,),CO 3)
HS™ +OH™ -S>~ +H,0 (4)

3. Formation of the final product:
Cd®" +8*” »adsl (5)

According to the heterogeneous mechanism of CdS thin films, the deposition
from aqueous solutions passes through the stage of [Cd(NH3)4]2" formation,
which reduces the overall reaction rate and prevents the formation of Cd(OH),.”
The formed cadmium tetraamine ion interacts with sulphides, which are formed by
hydrolysis of thiourea (Egs. (3) and (4)):

Cd** + 4NH,OH — Cd[(NH;3),]*" +4H,0 (6)
Cd[(NH;)4 17"+ 8% - CdS | +4NH, (7)

In general:
Cd[(NH;)41*"+ (NH,),CS+OH™ — CdS | +4NH; + H™ +(NH,),CO (8)

The deposition of sulphide films from thiourea coordination compounds has
several chemical features.

Depending on the salt nature and the composition of the solution different
coordination forms may dominate, moreover together with the thiourea molecules
the anions CI-, Br- and I~ may enter the complex inner sphere under certain
conditions with SO%_ . Thus, the nearest environment of cadmium atoms can be
sulphur, halogen and oxygen atoms, moreover, during thermal destruction, some
of the Cd—Hal or Cd—O bonds are stored and defects Halg® and Og® are formed in
the sulphide lattice.®

The orientation of thiourea complexes occurs on the active centres of its sur-
face at the interaction with the substrate. Complex particles capable of interacting
with the active centres of the substrate are the link that provides the binding of
sulphide to the substrate. The nature of this interaction also determines the nature
of film adhesion.

In the case of cadmium sulphide deposition on quartz or glass substrates, the
active centres are silanol groups (Si—OH), which interact with halide or hydroxyl
mixed complexes. As a result of this interaction, the oxygen bridges of the
Cd-O-Si type are formed.® This explains the good adhesion of cadmium sulphide
films obtained from thiourea coordination compounds to glass substrates.

CSD technology allows to obtain of thin films by using the sample surface as
a heat source. The surface tension of the solution ensures that the volume of liquid
used is minimized. The combination of the heat delivery method to the surface and
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a small volume of the solution leads to the high utilization of cadmium and its
compounds.

Summarizing the above it can be argued that due to the several disadvantages
of the described methods for obtaining compounds of the AIIBVI group, the search
for more efficient, cost-effective technologies is relevant. In this aspect, the CSD
method of thin semiconductor films is of considerable interest. This is indicated
by numerous publications and research studies conducted by us.

The process of chemical surface deposition was carried out at room tempe-
rature by dosed application of the working solution on a pre-prepared surface of
an optically homogeneous glass plate (18 mmx22 mm). The plates with the
working solution were placed on a preliminarily thermostated surface to ensure
uniform heating. The surface tension of the solution ensures that the volume of the
reaction mixture is minimized and its retention on the substrate at the CSD method.

The film deposition occurs by heterogeneous nucleation of the compound on
the substrate surface during heat transfer to the solution (Fig. 1). The hetero-
geneous nucleation is preferred over homogeneous fallout due to the thermal sti-
mulation of chemical activity on a warmer growth surface. As a result, a high
proportion of cadmium from the solution in the film is obtained and it depends on
the substrate heteroepitaxial growth of the film. The heat outflow from the solution
to the environment helps to maintain favourable conditions for the heterogeneous
growth of the film over the period required for the film deposition. After heating
the glass plate was taken away, and the surface was washed with a stream of
distilled water and dried in air.

Water solution:

4 +
s (S
glass
a heating
Water solution:
Cd** + Se*
glass
Fig. 1. The scheme of obtaining thin films
b heating (a—CdS; b - CdSe).

The freshly prepared aqueous solutions of cadmium salts were used to obtain
CdS and CdSe thin films by CSD: Cd(CH3COO);, CdSO4, CdClp, Cd(NO3),,
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Cdl,. The solutions composition and the corresponding concentrations are given
in Tables I and I1.

TABLE I. Composition and solutions concentrations for CdS films

Salt c(cadmium salt)  c¢(CS(NH,),) c¢(NH40H) Temperature
mol/L mol/L mol/L °C

Cd(CH5CO00), 0.01-0.05 0.5-1.5 1.8 50.0-90.0

CdCl,

Cdl,

CdsO,

Cd(NO3),

TABLE II. Composition and solutions concentrations for CdSe films

Salt c(cadmium salt) c(Na,SeS0;) Temperature
mol/L mol/L °C

Cd(CH5CO00), 0.01-0.05 0.1-0.4 50.0-90.0

CdCl,

Cdl,

CdSOy4

Cd(NO3),

CSD allows to obtain the films with structural, optical and electrical para-
meters that are not inferior to the films prepared by other methods. Also, CSD
makes it possible to control film growth, maintain accurate process parameters,
and dynamically change conditions to obtain homogeneous continuous films of a
given thickness. This reduces the amount of waste and the volume of solutions
containing cadmium ions eliminates mixing. The equipment used is affordable and
does not require the use of high temperatures and pressures, which reduces energy
consumption and simplifies and reduces the cost of technology.

EXPERIMENTAL

A mathematical model of the film’s deposition process was developed based on the exp-
eriments for more efficiency and reduction of costs for its organization following existing
techniques.!0-12

Factors selected:

— x1 — concentration of starting cadmium—containing salt, ¢;, mol/L;

— x, — concentration of thiourea or sodium selenosulfate, ¢;, mol/L;

— X3 — process temperature, 7, °C;

— x4 — deposition time, ¢, min.

All chemicals used in the experiments were of high-purity grade (Se, Cd(CH;COO),,
CdSQ4, CdCl,, Cd(NO;3),, Cdl,, Alfa Aesar GmbH) and of analytical grade (NH4OH,
(NH,),CS, Na,SO;, Sfera Sim Ltd.) or were freshly synthesized before the experiment
(NaZSeSO3).

Table III gives data on the factor levels and variation intervals. A planning matrix for full
factorial experiment (FFE 310) was compiled for the maximum detection influence of factors
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on the response function taking into account the effect of factors interaction. Since four factors
are at 3 levels and we need to carry out 81 experiments, it is advisable to build a central
compositional rotatable plan of the 2"d order (CCRP), see Table IV. The response function is
the content of cadmium ions in the experimentally obtained thin films samples — y.

TABLE III. Factors levels and variations intervals

The factor name

Coded Factors level

Variations

designation 2 _] 0

+1

+2 interval

¢ — concentration of starting cad- X1 0.01 0.02 0.03 0.04 0.05 0.01
mium-containing salt, mol/L
¢, — concentration of thiourea, mol/L Xy 0.50 0.75 1.00 1.25 1.50 0.25

T — temperature, °C X3 50 60 70 80 90 10

t — time, min X4 1 2 3 4 5 1
TABLE IV. Central compositional rotatable plan of the 2°d order

No. xg x| X X3 X4 X1Xp XX3 X1 X4 XoX3 XpXg X3Xy X172 X237 x4 b4 2 Yep

1 I1-1-1-1-1 1 1 1 1 1 1 1 1 1 1 05461 0.5457 0.5459
2 i1 1-1-1-1 -1 -1 -1 1 1 1 1 1 1 1 17991 1.7985 1.7988
3 i1-11-1-1-1 1 1 -1 -1 1 1 1 1 1 13801 13807 1.3804
4 l111-1-11 -1 -1 -1 -1 1 1 1 1 1 18431 1.8436 1.8434
5 l1-1-11-11 -1 1 -1 1 -1 1 1 1 1 29211 29217 29214
6 r11-11-1-1 1 -1 -1 1 -1 1 1 1 1 45695 45705 4.5700
7 t1-1r11-1-1 -1 1 1 -1 -1 1 1 1 1 24828 24836 2.4832
8 r1r11-1r1 1 -1 1 -1 -1 1 1 1 1 28713 28723 2.8718
9 l1-1-1-11 1 1 -1 1 -1 -1 1 1 1 1 1.6245 1.6239 1.6242
o 11-1-11 -1 -1 1 1 -1 -1 1 1 1 1 52207 52203 5.2205
1M 1-11-11 -1 1 -1 -1 1 -1 1 1 1 1 25233 25238 2.5236
2 111-11 1 -1 1 -1 1 -1 1 11 1 45049 4.5059 4.5054
B3 1-1-1r11 1 -1 -1 -1 -1 1 1 1 1 1 43119 43129 43124
4 11-111 -1 1 1T -1 -1 1 1 1 1 1 46616 4.6608 4.6612
5 1-1r111 -1 -1 -1 1 1 1 1 11 1 26176 2.6184 2.6180
6 11111 1 1 1 1 1 1 1 11 1 38286 3.8294 3.8290
17 12000 0 0 O O O O 4 00 0 07649 0.7639 0.7644
18 12000 0 0 0 0 0O O 4 00 0 4856 4.8548 4.8552
9 10200 0 0 0 O 0O O O 40 0 3.6848 3.6842 3.6845
20 10200 0 0 0 O O O 0 40 0 23208 23212 2.3210
2010020 0 0 O O O O O O4 0 1.1612 1.1604 1.1608
22 10020 0 0 0 0 0 0 0 04 0 28301 2.8294 2.8298
23 100020 0 0O O O O 0 OO 4 29131 29125 29128
24 10002 0 0 0 0 0 0 0 OO0 4 20433 2.0443 2.0438
25 10000 0O O O O O O O OO O 26346 2.6338 2.6342
26 10000 O O O O O O O OO O 2615 26146 2.6151
27 10000 O O O O O O O OO 0 26065 26061 2.6063
286010000 0 0 O O O O O OO O 26518 2.6528 2.6523
299 10000 0 0 O O O O O OO 0 2615 26151 2.6155
30 10000 0 O O O O O O 0O 0O 26242 2.6248 2.6245
3. 10000 O O O O O O O OO0 0 26471 2.6475 2.6473

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

(CC) 2024 Serbian Chemical Society.



1306 GUMINILOVYCH et dl.

The experiments were randomized in time, and each experiment, according to the planning
matrix of Table IV, was repeated twice.

RESULTS AND DISCUSSION

The processing of the measurement results was carried out by the well-
-known methods of mathematical statistics brought to scientific research.!3-15
Each experiment was accompanied by the occurrence of errors, i.e., by the repro-
ducibility errors. Each experiment was carried out several times to assess repro-
ducibility, so a series of parallel experiments were organized. Evaluation of the
experiments’ reproducibility was reduced in order to determine the dispersion of
experiments’ reproducibility.

Also, the randomization of experiments was carried out to eliminate system-
atic errors, when drawing up a plan of a matrix of the experiment. The experiments
were carried out in a random sequence, which was established using a table of
random numbers.

During the experiments, each of them was carried out twice, under the same
conditions, in order to estimate the errors. During each experiment, the values of
the averaged optimization parameters were obtained. The details are given in
Supplementary material to this paper.

In order to check the adequacy and compatibility of the calculated mathem-
atical model with the experimental results of thin film synthesis, the Fig. 2 was
plotted.

10 e Data from mathematical model Experimental data
s » » o Fitting of mathemati cal model data Fitting of experimental data
9
.
=8
=
.5 7
E 6 2
= R=096 .
25
3 .
£ 4
£3 ~e
E e’ 2
8 2 oot RK=0.93
n'..‘
1 r»ro"‘...
o oo
1 2 3 4 5

Amount of variations, N

Fig. 2. Comparison of the results of mathematical modelling and experimental synthesis of
thin film.
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By comparing the R? factors of both dependencies, it is evident that the cal-
culated mathematical model is appropriate, as the experimental data align closely
with the values predicted by the model.

Based on the analysis of regression coefficients, it can be stated:

— a significant effect on the behaviour of the response function is exerted by
the factor x; (concentration of the initial cadmium containing salt, mol/L), x3
(process temperature, 7, °C), and x4 (deposition time, ¢, min), while the factor x;
(concentration of thiourea, mol/L) does not have such a significant effect;

— numerical increase in the concentration of the initial cadmium containing
salt; the process temperature and the deposition time lead to an increase in the
response function and an increase in the concentration of thiourea - to its decrease.

As the regression equation shows, an increase in the 18t 3td and 4th factor
leads to an increase in the response function, and an increase in the 2d factor leads
to its decrease.

Based on the results of experimental studies of the content of cadmium ions
(Table S-II of the Supplementary material), a nomogram is constructed.!”

It was established that the optimum conditions, selected based on the model
and confirmed according to the held experiments under which films with the high-
est cadmium content were produced, are:

— concentration of initial cadmium-containing salt — 0.01 mol/L;

— thiourea concentration — 1 mol/L;

— sodium selenosulfate concentration — 0.1 mol/L;

— process temperature — 70 °C;

— deposition time — 3 min.45,7,18-21

CONCLUSION

The scientific basics for synthesizing CdS and CdSe semiconductor thin films
from the aqueous solutions of cadmium-containing salts has been established
through mathematical modelling of this process. An important scientific problem
of great practical importance has been solved: the optimal conditions for the syn-
thesis of CdS and CdSe thin films by the method of chemical surface deposition
using the aqueous solutions of cadmium-containing salts: chloride, nitrate, sul-
phate, acetate and iodide have been determined. The influence of the nature of the
initial salt, process temperature, deposition duration and the concentrations of salts,
thiourea and sodium selenosulphate were studied. A mathematical model of chem-
ical surface deposition of CdS and CdSe thin films as the effective photoconverters
of solar radiation has been developed. The use of chemically deposited semi-
conductor materials of the AIIBV! type significantly reduces the cost and simplifies
the process of creating solar cells, which can become the basis for the mass pro-
duction of solar cells and solar battery modules. The adequacy of the obtained
mathematical model was checked by Fisher’s and Cochran’s criteria. The optimal
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synthesis conditions by means of the mathematical calculations were the follow-
ing: the cadmium-source salt — 0.01 mol/L; the chalcogenizer — 1.0 or 0.1 mol/L
in the chase of thiourea or sodium selenosulphate, respectively; the temperature —
70 °C and the duration of 3 min.

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/12637, or from the corres-
ponding author on request.

H3BOI

MATEMATHYKH IMPUCTYITI METOJIW CUHTESE ITOJIYIIPOBOOHUYKHUX MATEPHUJAJTA
OUJIMOBA TUTIA A"BV! 3A ®OTOOCET/BUBE CTPYKTYPE KOJE CE KOPUCTE 3A
AJITEPHATHUBHY EHEPTUJY

RUSLANA R. GUMINILOVYCH, PAVLO Y. SHAPOVAL, MARTYN A. SOZANSKYI, VITALITY. STADNIK
u LILIYA R. DEVA

Lviv Polytechnic National University, 12, S. Bandera str., 79013 Lviv, Ukraine

PasBujeHa je HayyHa CMEpHMLA 3a CHUHTe3y TaHkUX ¢uiamosa CdS u CdSe meronmom
XEMHjCKOT TIOBPIIUHCKOT HaHomema (CSD), kopunrhemeM pacTBopa ca COMMMA KoOje CafpKe
KaIMHjyM: XJIIOpUI, HUTpAT, cyndat, auetar u jopun. Ja du ce nojayana edukacHOCT eKkcre-
PUMEHTa U CMaBbUIH TPOLUIKOBU, Pa3BHjeH je MaTeMaTuuku mopen 3a CSD mpouec 3a CdS u
CdSe Tanke dunmose. Mogen omoryhasa ompehuBame KOHLEHTpalKje peareHaca, Tpajame u
temnepatypy CSD, koju cy notpedHH 3a fodujamwe punmosa onpehene nedmpune. CipoBeneHa
je onTUMH3anuja mapamerapa XeMHujcke Jernosunuje GUIMacTor NOTyIPOBOSHHYKOT MaTepH-
jana. Ha ocHOBy MaTeMaTH4KOT MOJiesla, ONTUMAa/IHU YCIIOBH 3a CUHTe3y cy cinenehu: KoHLeH-
Tpauuja kagmujymose cond — 0,01 mol/L, xankorenusarop — 1,0 mol/L, ogHocHo 0.1 mol/L y
Clly4yajy THOypee WM HaTpujyM-ceneHocyindara; temmeparypa — 70 °C, u Tpajame 3 min.
Y3umajyhu y 003up rpeluke, IpejioxkeHa je MaTeMaTHuka 3aBHCHOCT pe3ysTaTa eKCIepH-
MEHTAJIHUX [TpoydYaBaka Ofl calpkaja MeTaTHHX joHa y TaHKOM (uiamy conapHux hemnuja 3a
eduKacHy IUPEKTHY KOHBEP3Hjy CyHUEBOI 3pauea y eJeKTPUYHY eHeprujy.

(ITpumrmeno 17. oxtobpa, pesuauparo 15. Hosembdpa 2023, mpuxsaheno 1. janyapa 2024)
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The deviation of the result of any experiments from the arithmetic mean
indicates the variability of parallel experiments. A variance can be used to measure
this variability:

52 — Z?(Yi'}’cp)z’ (S-l)
n-1

where (n — 1) — the number of degrees of liberty, which is 1 less than the

number of experiments.

The quadratic error is determined:

_ Z?(Yi_Yr:p)z
s = /—n_l (S-2)

Fisher's criterion F was used to check the homogeneity of variances, which is
equal to the ratio of the larger variance Sfm to the smaller variance Sim :
Shax
F = 2 (S-3)
Further, the obtained value of F was compared with the tabular value of
Fisher's criterion Fy,p. If the tabular value is lower than the value obtained from
the experiment, then this dispersion is inhomogeneous and additional verification
of the measurement results is required.
For inhomogeneous dispersions, as well as for the certainty of the dispersion
homogeneity, the Cochran criterion G was used.
The results of processing experimental data are presented in Table S-1.
Fisher's criterion:
_0.00000100 _
~ 0.00000016

6.25. (S-4)

* Corresponding author. E-mail: saytac@ahievran.edu.tr
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TABLE S-1. Determination of errors in the study of cadmium ions content

s2, x 104
x3x4yCp
xx4ycp
x2x3ycp
X [x4ycp
X [x3ycp
x [x2ycp

x4 yep
X3 yep
x2 yep
x] yep
Mé.m yep
x4%vep
x3%yep
x2%vep
x1% yep
Yep
x4
x3
x2
xj
Ne

0.44
0.55
0.55
0.55
0.55
0.55
0.55
-0.55
-0.55
-0.55
-0.55
2.18
0.55
0.55
0.55
0.55
0.5459
2
60
0.75
0.02

57.46
1.80
1.80
1.80
-1.80
-1.80
-1.80
-1.80
-1.80
-1.80
1.80
7.20
1.80
1.80
1.80
1.80
1.7988
2
60
0.75
0.04

0.27
1.38
-1.38
-1.38
1.38
1.38
-1.38
-1.38
-1.38
1.38
-1.38
5.52
1.38
1.38
1.38
1.38
1.3804
2
60
1.25
0.02

4.16
1.84
-1.84
-1.84
-1.84
-1.84
1.84
-1.84
-1.84
1.84
1.84
7.37
1.84
1.84
1.84
1.84
1.8434
2
60
1.25
0.04

214.92
-2.92
2.92
-2.92
292
-2.92
2.92
-2.92
2.92
-2.92
-2.92
11.69
292
292
292
292
29214
2
80
0.75
0.02

3.61
-4.57
4.57
-4.57
-4.57
4.57
-4.57
-4.57
4.57
-4.57
4.57
18.28
4.57
4.57
4.57
4.57
4.57

80
0.75
0.04

0.18
-2.48
-2.48
2.48
2.48
-2.48
-2.48
-2.48
2.48
2.48
-2.48
9.93
2.48
2.48
2.48
2.48
2.4832

80
1.25
0.02

0.55
-2.87
-2.87
2.87
-2.87
2.87
2.87
-2.87
2.87
2.87
2.87
11.49
2.87
2.87
2.87
2.87
2.8718
2
80
1.25
0.04
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0.03
-1.62
-1.62

1.62
-1.62

1.62

1.62

1.62
-1.62
-1.62
-1.62
6.50

1.62

1.62

1.62

1.62

1.6242

60
0.75
0.02

135.96
-5.22
-5.22
5.22
5.22
-5.22
-5.22
5.22
-5.22
-5.22
5.22
20.88
5.22
5.22
5.22
5.22

5.2205

4
60
0.75
0.04
10

0.02
-2.52
2.52
-2.52
-2.52
2.52
-2.52
2.52
-2.52
2.52
-2.52
10.09
2.52
2.52
2.52
2.52
2.5236
4
60
1.25
0.02
11

14.36
-4.51
451
-4.51
451
-4.51
451
451
451
451
451
18.02
451
451
451
451
4.5054
4
60
1.25
0.04
12

14.14
431
-4.31
-4.31
-4.31
-4.31
431
431
431
-4.31
-4.31
17.25
431
431
431
431
43124

80
0.75
0.02

13

0.77
4.66
-4.66
-4.66
4.66
4.66
-4.66
4.66
4.66
-4.66
4.66
18.64
4.66
4.66
4.66
4.66
4.6612

80
0.75
0.04

14

4.80
2.62
2.62
2.62
-2.62
-2.62
-2.62
2.62
2.62
2.62
-2.62
10.47
2.62
2.62
2.62
2.62
2.618

80
1.25
0.02

15

2.99
3.83
3.83
3.83
3.83
3.83
3.83
3.83
3.83
3.83
3.83
15.32
3.83
3.83
3.83
3.83
3.829

80
1.25
0.04

16

0.67
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-1.53
3.06
0.00
0.00
0.00
3.06
0.7644
3
70
1.00
0.01
17
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0.90
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
9.71
19.42
0.00
0.00
0.00
19.42
4.8552

70
1.00
0.05

18

32.95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-1.37
0.00
14.74
0.00
0.00
14.74
0.00

3.6845

70
0.50
0.03

19

3.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
4.64
0.00
9.28
0.00
0.00
9.28
0.00
2.321

70
1.50
0.03

0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-2.32
0.00
0.00
4.64
0.00
4.64
0.00
0.00

1.1608

3
50
1.00
0.03
21

1.72
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.66
0.00
0.00
11.32
0.00
11.32
0.00
0.00
2.8298
3
90
1.00
0.03
22

3.39
0.00
0.00
0.00
0.00
0.00
0.00
-5.83
0.00
0.00
0.00
11.65
11.65
0.00
0.00
0.00
29128
1
70
1.00
0.03
23

0.81
0.00
0.00
0.00
0.00
0.00
0.00
4.09
0.00
0.00
0.00
8.18
8.18
0.00
0.00
0.00
2.0438
5
70
1.00
0.03
24

0.67
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.6342
3
70
1.00
0.03
25

2.69
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.6151
3
70
1.00
0.03
26
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The value of the Fisher criterion for the significance level 0.05 was taken from
the corresponding table: Fy 5 = 19.

Comparing the data obtained from the experiments and the tabular value of
Fisher's criterion 6.25 <19 it can be seen that the tabular value is greater than the
experimental one. But to be sure, Cochran's criterion was used:

2
G = % (S-5)
L1 Si5.00001743
From the corresponding table for the number of degrees of freedom f=n — 1
=3 and the number of experiments N=31, G;p) = 0.2113 is taken for a significance
level of 0.05.
Since the tabular value of the Cochran criterion is greater than the
experimental 0.0574 < 0.2113, the homogeneity of the dispersion is confirmed.
After checking for homogeneity, the variance is averaged and the following
formula is used:
Nyni,.
s2(y) = H2e) (5-6)
Therefore, the reproducibility variance is equal:
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s2(y) = % =1.8742-107". (S-7)

The reliability of the results of experimental measurements of the content of
cadmium ions was checked for adequacy according to the corresponding Fisher
and Cochran criteria outside the confidence interval a = 0.95.

Since the homogeneity of the variance has been confirmed, it is possible to
average the variance and use the formula (S-5):

Nyne., _ 2 10-11
s2(y) = 21 210i—Yep)?  1.27-10

— . -13 -
N(n-1)  31-(4-1) 1.36-10 (S-8)

Regression coefficients were determined by formulas:

by == [222(k +2) ¥y yu — 2Ac X%, X0y xE ], (S-9)
bi = % 3=1xiuyu (S-lO)
2
b;; = %ZZ=1 XiuXjulu (S-11)
_4 Ak +2)A — k]l Xnoy x2 0 + .
v n{+c2(1 =) Z?:l u=1 xiquu —2Ac X1V (S 12)

In these formulas, the following designations are accepted:

n n2k . .
c=— A= 5 - for a plan whose core is a full factorial
u=1%iy (Er_; %)
n2k-1

experiment; A = - for a plan whose core is a semi replicaton of a

(23=1xiu)2

full factorial experiment; A = 1

2A[(k+2)A-k]’

As can be seen from the above formulas, the influence of the plan core
structure on the values of the regression coefficients is taken into account by the
value of A. If formulas (S-9) - (S-12) calculate all the values that depend on the
plan structure, they can be written as:

Do = 6 ey u — 8 Tiey Ty XB (S-13)
by = 6; Xii=1 XiuVu (S5-14)
bij = Sij 2i=1 XiuXjuVu (S-15)

bll = 61/4 ZZ=1 xizuyu + 61'/1/ Zi';l ZZ=1 xizuyu - Sl/l// Z=1 Yu (8_16)

The values of ¢ included in formulas (S-13) - (S-16) can be taken from Table

S-I. The data given in the tables provide everything for the construction of rotatable

plans and minimize the calculations required to obtain the regression
coefficients.16

The following model is accepted:

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

(CC) 2024 Serbian Chemical Society.



SUPPLEMENTARY MATERIAL S35 1

Yi = by + bix1 + byxy + b3x3 + byxy + b1px1X5 + bizx1X3 + byaXx1Xx4 +
bysxyXs + boaXyXy + bygXsx, + x% + x2 + x5 + x32 (S-17)
After calculating the regression coefficients, you can write the regression
equation:
y = (9.00 — 0.91x,) + (—2.13 + 0.01x,)p + (0.10 + 0.03x,)p? (S-18)

where: p = (—23.76 + 0.36x3) + (13.43 — 0.13x3)t + (—1.39 + 0.01x3)t?;
t = (2.82 —0.97x,) + (—24.98 — 0.54x,)x; + (882.14 — 214.29x,)x?;  xj,
X7, X3 and x4 — coded designations from Table S-II.

TABLE S-II. Data for calculating regression coefficients in second-order rotatable planning

The b() bi bii bii
plan
core 8/ 8 8 8ij 5 5/ 5/

22 0.200000 0.100000 0.125000 0.250000 0.125000 0.018750 0.100000
23 0.166338  0.056791 0.073224 0.125000 0.062500 0.006889 0.056791
24 0.142857 0.035714 0.041667 0.062500 0.031250 0.003720 0.035714
241 0.150091 0.034091 0.041667 0.062500 0.031250 0.002841 0.034091
25 0.099982 0.019392 0.023088 0.031346 0.015666 0.001523 0.019392
26-10.110749  0.018738 0.023087 0.031250 0.015625 0.001217 0.018738
26 0.066653 0.010553 0.012499 0.015833 0.007914 0.000681 0.010553
27-1°0.070312  0.009766 0.012500 0.015625 0.007812  0.000489  0.009766
2/ 0.047611 0.006428 0.006656 0.008089 0.004044 0.000418 0.006428

The regression coefficients show how strongly the factor affects the
optimization parameter and how a change in the factor will affect the change in the
response function.

It is necessary to hold statistical estimates by obtaining a polynomial model.
This procedure, described earlier, remains unchanged when experimenting with a
rotatable plan. The difference is that the regression coefficients are determined
with different variances, which are calculated using the following formulas:

2 _ 242%(k+2)

Sbo =7 4 Sy (5-19)
s, = %sg (S-20)
Al(k+2)A—(k-1)]c?
by = - S5 (s-21)
CZ
Shy = ﬁsjz, (S-22)

; Forn;ulazs (S-19) 2— (S-22) can be rewritten as: sp. = ¥oSy; Sh,; = YuSy;
Sbi = Yisy; Sbij = Yijsy'
The corresponding values of y are summarized in Table S-I11.16
Experimental error in rotatable planning can be determined by:

no —_v\2
Sg — Zu=1(y0u yO) (8-23)

ne—1
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The numerator of the expression (S-23) is the residual sum of squares in the
centre of the plan:

So = 2311(}’% - %)2 (S-24)
It is obvious from expression (S-23) that this sum is associated with the

number of degrees of freedom fy = ng - 1. The total residual sum of squares of the
plan:

Szar = Zu=1u — yup03p)2 (S-25)
_ (kH2)(kt1)

with the number of liberty degrees f,,. = n 5

TABLE S-III. Data for determining the variances of regression coefficients in rotatable planning
of the second-order

The plan core Yo Yi Yii Yii
22 0.2000 0.1250 0.2500 0.1250
23 0.1663 0.0732  0.1250  0.0625
24 0.1429 0.0417 0.0625 0.0312
25-1 0.1591 0.0417 0.0625 0.0312
25 0.1000 0.0231 0.03125 0.0157
206-1 0.1107 0.0231 0.03125 0.0156
26 0.0667 0.0125 0.0158  0.0079
27-1 0.0703 0.0125 0.0156  0.0078
27 0.0476 0.0067 0.0081  0.0040

The variance of the adequacy of the model is characterized by the sum

Sao = Ssaz — So (8'26)
with the number of liberty degrees
k+2)(k+1
fuo =~ — (g~ 1) (-27)
Dispersion of adequacy s2, = ;ﬂ
ao
The adequacy of the model is checked by Fisher's criterion:
2
F=2 (S-28)
So

The coefficient will be significant if its absolute value is greater than the
possible error. Since it was established that all factors are significant using the
above formulas, we could proceed to the analysis of research the results and the
construction of a nomogram, and obtain an empirical formula.
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Abstract: Lithium-ion batteries (LIBs) play a vital role in advancing the hybrid
industry, especially in electric vehicles, as clean and sustainable electrochemical
energy sources. However, the prevalent use of organic solvents in the liquid elec-
trolytes of these energy storage systems raises environmental concerns. In this
study, we investigated the impact of a polar aprotic solvent, ethylene carbonate
(EC), on the structural, dynamic and dielectric properties of the LiF electrolyte
using molecular dynamics simulations. By employing the CHARMM 36 force
field, our goal was to comprehend the various physicochemical phenomena
occurring in this electrolytic system across different temperatures within the sat-
uration region. The structural properties were analyzed through the computation
of the radial distribution function (RDF) for various pairs, while the dynamic and
dielectric behaviors were elucidated by simulating the self-diffusion coefficient
(D) and the dielectric constant (¢).

Keywords: molecular dynamics; energy storage; solvation phenomenon; lithium
fluoride; ethylene carbonate; lithium-ion batteries.

INTRODUCTION

Energy storage is at the heart of today’s challenges because it is an essential
element for the evolution towards a more sustainable, reliable, and profitable
energy future.! It modulates energy production and consumption by reducing
waste and storing excess energy when available, releasing it during periods of
higher demand.2 This capability proves particularly useful in compensating for the
intermittency or fluctuation of renewable energy production, thereby meeting a
constant demand.3 Various forms of energy, including thermal, chemical, mech-
anical and electrical energy.®> Energy storage technologies are diverse and
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encompass batteries, systems such as flywheels, springs, gravity energy storage
systems and pumped hydraulic storage.®

Rechargeable lithium-ion batteries (LIBs) stand out as one of the most ver-
satile battery systems, exhibiting significant improvements in energy density and
efficiency. They find wide applications in electronic devices, such as laptops and
mobile phones, and are crucial for storing the energy required to power electric
vehicles.”~12 Furthermore, the performance of rechargeable lithium batteries is
strongly influenced by the nature of the chosen electrolyte and the understanding
of the different mechanisms at play within the electrolyte solution in the presence
of an organic solvent. Presently, new materials utilized as cathodes or anodes
necessitate solvate electrolytes to ensure the highest possible conductivity and ion
mobility between electrodes.13:14

The objective of this study is to use the molecular dynamics approach to
simulate the structural, dynamic and dielectric behavior of the LiF—ethylene
carbonate (EC) system, and then understanding the effect of temperature on the
solvation mechanism of Li™ and F~ in the presence of an organic aprotic solvent
namely EC widely used in lithium battery technology, it can also be used in other
applications as plasticizer and precursor of vinylene carbonate, and it is present in
fibers, plastics, surface coatings, and dyes.15-16

The present article is a continuation of our previous work focused on mole-
cular simulations.!7-19 Literature analysis has shown that this LiF-EC energy
storage system is very little studied, especially in the temperature range from
313.15 to 373.15 K, which is the subject of our simulations using the molecular
dynamics approach.

COMPUTATIONAL DETAILS

The molecular dynamics (MD) simulations approach is one of the powerful and appropri-
ate methods to study the properties of the LiF-EC energy storage system due to its precision,
its ability to provide a detailed understanding of molecular interactions, its flexibility, its num-
erous applications, and its capacity for validation through experimentation. The GROMACS-
-2020-6 software package was employed to conduct radial distribution function (RDF), self-
diffusion coefficient and dielectric constant calculations, allowing for the extraction of the struc-
tural, dynamic and dielectric properties of this system over a wide range of temperatures.2%-21
In this work, all simulations were performed using the CHARMM force field.22-23

The values of the charges and intermolecular interactions between the solvent molecules,
Li* and F~ are described with the Lennard—Jones (LJ) parameters (Table I). The Ewald sum-
mation method was used to calculate electrostatic interactions.2*2

After the optimization process, the following dynamics simulation procedures are per-
formed, NVT equilibration was executed to control the temperature for this system using Nose—
~Hoover thermostat.?%-?7 After that, NPT equilibration was done using Parrinello-Rahman
barostat?® at 1 bar for 60 ns. All these simulations were conducted with a time-step of 1 fs.

The simulation was conducted with 803 EC solvent molecules, and the concentration of
the system is 0.9 M LiF salt, corresponding to 68 Li* and 68 F~ in a simulation box of (5%5x5)
nm?3, with temperatures ranging from 313.15 to 373.15 K.
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In addition, our previous research?®0 elaborates on the theoretical and mathematical
approaches employed to analyze all properties calculated in this work.

TABLE I. Lennard—Jones and electrostatic parameters for the EC solvent3!; O;: oxygen of
ethylene carbonate cycle, C;: carbon of ethylene carbonate cycle, O,: Oxygen of carbonyl
group, C,: carbone of carbonyl group

Element q(e) oL/ nm gLy / kJ/mol
Li* +1.000 0.2311 0.0097
F- —-1.000 0.2513 0.5648
0, —0.4684 0.3153 0.6363
(O 0.0330 0.3875 0.2301
0, 0.6452 0.3029 0.5021
C, 1.0996 0.3563 0.4602
H 0.1041 0.2351 0.0920
RESULTS AND DISCUSSION

Thermodynamics and solvation properties

The structural properties of the electrolytic system involving lithium fluoride
dissolved in the aprotic solvent ethylene carbonate (EC) were determined through
molecular simulation. This was achieved by calculating the radial distribution
function (RDF), which evaluates the structural behavior of various pairs: ion—ion,
ion—solvent and solvent—solvent. The interatomic distance and the degree of coor-
dination were also calculated. Table II presents the solvation’s structural and
thermodynamic properties for this electrolytic system at different temperatures
ranging from 313.15 to 373.15 K.

TABLE II. Simulation values of thermodynamics and structural properties of LiF-EC energy
storage system at various temperatures

LiF-EC system for 0.9 M 1 2 3 4 5 6 Reference
Temperature, K 313.15323.15333.15343.15353.15 373.15 -
Volume, nm? 96.704 97.499 98.203 99.039 99.883 101.446 -
Density, 103 kg m? 1.244 1234 1225 1.215 1.204 1.186 1.320 for EC*?
Eyin / 10? kJ mol! 27.70528.591 29.476 30.363 31.247 33.015 -
Fmax(Li-02) / M 0.19 0.19 0.19 0.19 0.19 0.19 0.19%
Coordination number (CNLio2) 1.81 1.67 1.57 148 133 1.29 -
Pmax(F-H) / M 025 025 025 025 025 0.25 -
Coordination number (CNF.n) 248 245 236 223 213 210 -
Finax(Li-F) / M 0.18 0.18 0.18 0.18 0.18 0.18 0.17%
Coordination number (CNLir) 223 259 266 283 314 3.19 -
Pmax(O2-H) / M 020 020 020 0.20 020 0.20 0.28%
Tnax(©02-02) / M 038 0.38 038 0.38 038 0.38 0.39%

Fig. 1 illustrates that the density of the LiF-EC electrolyte system decreases
as the temperature increases, with values ranging between 1.244 and 1.186 g cm 3.
Additionally, our molecular simulation results follow the same trend observed by
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Chang et al. for the pure aprotic solvent EC.32 Indeed, the observed difference is
mainly due to the effect of adding the LiF electrolyte, which generates mutual
interactions between the aprotic polar solvent (EC) and the ions (Li* and F")
present in the electrolyte solution, leading to a noticeable decrease in density. In
Fig. 2, the microstructure formed by organic solvent molecules is analyzed. The
RDFs variation as a function of the interatomic distance for O—O in ethylene car-
bonate exhibits multiple peaks. The first layer, situated at a distance of 0.38 nm,
indicates a maximization of intramolecular dipole interactions. The intensity dec-
reases with rising temperature due to thermal agitation.32.35

1.324

—#— Our MD results of {LiF-EC}

1.30
—e— Results of EC by Chang et al*?

1.28 4

m3

1.26 4

p /10% kg

1.24

122 4

1.20 4

1.18

T

T T T T T
300 320 340 360 380 400 420
Temperature / K

Fig. 1. Density simulations for the LiF-EC system at different temperatures.

Fig. 3 depicts the RDF for Op—H. The temperature-disrupting effect is evident,
showing a single peak at a distance of 0.20 nm. This interatomic distance is shorter
compared to that found between O,—0,, suggesting that carbonyl oxygen has a
preference for association with hydrogen atoms due to the attraction between Or—
H.32,36

Analysis of Fig. 4 reveals a prominent peak at a distance of 0.19 nm, suggest-
ing a coordination number between 1.81 and 1.29 EC molecules around Lit*. This
value is lower than those reported in classical simulations by Skarmoutsos et al.,3”
Smith and Borodin38 and other theoretical studies.3%4! Experimental studies gen-
erally indicate a coordination number of lithium between 4 and 5 in the presence
of EC, with the highest value observed so far being CN =7 in 1 M of LiClO4 by
Castriota et al.*? Additionally, we found that lithium completes its coordination
with F~ which compete with the oxygen of the carbonyl due to their high electro-
negativity. The absence of an acidic proton in the aprotic solvent, such as EC,
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facilitates the penetration of fluoride. Consequently, lithium manages to complete
its coordination with 5 species (2 EC molecules, and 3 F7).

14+
——T=313.15K
——T=323.15K
——T=333.15K
1.2 ——T=343.15K
T=353.15K
——T=373.15K
1.0
g 0.8
o
0.6 4
0.4
0.2+
0.0 . ; : — !
0.0 0.4 0.8 1.2 1.6 2.0

r/nm

Fig. 2. Evolution of the gn,.0,(7) functions at different temperatures.

16 - 158
~—
14 4 o
12 A
= 10
m r(nm)
8 ——T=313.15K
——T=323.15K
6 ——T=333.15K
——T=343.15K
T=353.15K
4 ——T=373.15K
O T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

r/ nm

Fig. 3. Evolution of the gg,.5(7) functions at different temperatures.

Moreover, the distribution of F—H bonds is depicted in Fig. 5. This curve
illustrates that F~ is predominantly surrounded by two hydrogen shells of EC mole-
cules. The first shell, located at 0.25 nm, is broad and intense, resulting from the
mutual polarizability of F~ and the solvent. Notably, there is no contribution to the
solvation of the anions through hydrogen bonding, as the aprotic polar solvent’s
nature exclusively favors the solvation of Li". Consequently, F~ remains free and
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unsolvated in the solution due to the absence of an acidic hydrogen atom. Addit-
ionally, the distribution of the F-H network undergoes significant degradation due

to thermal agitation evolution, as observed by Castriota, Armand and Parker et
al 4244

20+
16
12
=
o
——T=313.15K
8 ——T=323.15K
——T=333.15K
——T=2343.15K
T=353.15K
44 ——T=373.15K
0 T T T T 1
0.0 0.2 04 0.6 08 1.0

r/ nm

Fig. 4. Variation of the g ;.oo(#) functions at various temperatures.

3.04
— T=313K
2.5 — T=323K
— T=333K
—— T=343K
T=353K
201 — T=373K
£
o 154
1.0 1
0.5+
0.0 T T 1
0.0 0.2 0.4 06

r/nm

Fig. 5. Variation of the gg_(») functions at various temperatures.

The analysis of Fig. 6 reveals that the solvation process of the LiF electrolyte
in the presence of an aprotic solvent primarily occurs in the form of pairs of contact
ions. This process is evidently influenced by temperature evolution; specifically,
an increase in temperature results in heightened intensity of RDF functions. This
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is substantiated by the presence of a major and more intense peak at a distance of
0.18 nm, corresponding to the formation of a substantial number of contact ion
pairs (CIP) in the electrolyte.34 Consequently, this leads to the creation of success-
ive shells formed by F~ around Li*, attributed to the freedom of the anion and the
aprotic polar behavior of the solvent, suggesting robust interactions between non-
-ionized ions, influenced by the solvent’s polarity.

] —T=313.15K
——T=323.15K
7001 ——7=333.15K P R i)
| ——T=343.15K
T=353.15K <
600 4 ——T1=373.15K . -
500 A
= ] R
o 400
300 + /
4 o ‘ /
200 Vo
100 T Jz)yl 020 022 02 026 028 0 032 O0M
0 T I @ b T 1 1
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
r/nm

Fig. 6. Variation of the g ; () functions at various temperatures.

Moreover, our findings indicate that Li* is surrounded by 2.32 up to 3.19 F~.
This coordination variation is significantly impacted by thermal agitation, electro-
negativity difference in Li—F, as well as the size and charge, particularly of the
fluorides.5-46

Dynamics and dielectric properties

In this study, we investigated the transport and dielectric properties of the elec-
trolytic system LiF-EC at various temperatures for a concentration of 0.9 M using
molecular dynamics simulations, as summarized in Table III.

TABLE III. Simulation results for the dynamical and dielectric properties of EC, Li* and F at
various temperatures — the self-diffusion coefficient (10" m2/s)

Temperature, K DEC-LiF DEC DLi+ DF— e

313.15 0.202+0.002 0.206+0.002 0.046+0.004 0.050+0.003 59.67+0.34
323.15 0.287+0.003 0.293+0.003 0.057+0.017 0.071+0.022 54.88+0.43
333.15 0.364+£0.003 0.372+0.003 0.055£0.003 0.069+0.005 56.03+0.59
343.15 0.451+£0.006 0.459+0.007 0.092+0.004 0.126+0.005 58.52+0.24
353.15 0.628+0.009 0.641+0.007 0.113£0.075 0.116+£0.074 61.82+0.48
373.15 0.812+0.005 0.829+0.007 0.139+0.071 0.145+0.067 57.20+0.07
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The analysis of Fig. 7 illustrates that the self-diffusion coefficient increases
with the evolution of the temperature. In addition, Lit and F~ move with almost
the same speed during the simulation time, suggesting that this relative mobility is
mainly due to the strong electrostatic interactions, the difference in electro-
negativity between the two ions (1 ;_f = 3), the size of the ions, and also the polar
and aprotic nature of the solvent. These factors favor the formation of contact ion
pairs and the reduction of ion—solvent interactions.32-47-48

084 —m=—F
—o—Li*
07{ —A—EC
—v—EC-LiF
- 06-
‘n
E
£ 054
)
2 0.4 /
a

0.3 1

:_ /:>'/. Fig. 7. 1§elf-diffusion coefficients vari-

——— atlonl 0 .the EC solvegt, lithium and

0.0 41—, . . : . : : fluoride ions in the LiF-EC storage

310 320 330 340 350 360 370  energetic system as a function of tem-
Temperature / K perature.

Fig. 8 reveals that the temperature evolution influences the dielectric behavior
of the electrolytic system; indeed, the dielectric constant decreases with an increase
in temperature. Additionally, we observed a significant decrease in the dielectric
constant of the pure solvent, dropping from 89.78 to 59.67 at T = 313 K.*° This
phenomenon can be explained by the disruptive effect of the LiF on the pure EC
solvent. Furthermore, Parida et al. reported a similar behavior during the study of
the energy system LiPF¢-EC.33

——T=313.15K
——T=323.15K

40 T=333.15K
——T=343.15K

T=353.15K

——T=373.15K

30

T T T T T
0 10000 20000 30000 40000 50000
time / ps

Fig. 8. Dielectric constant of the LiF-EC system at various temperatures.
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CONCLUSION

In this study, we employed the molecular dynamics approach to simulate new
structural, dynamic and dielectric properties of the innovative energy storage sys-
tem LiF—ethylene carbonate, an electrolyte system with an ionic composition
widely employed in lithium-ion battery technology. Specific algorithms were imp-
lemented based on the choice of a CHARMM force field, enabling the description
of various ion—ion, ion—solvent and solvent—solvent interactions. The influence of
temperature on structural behavior was assessed using the radial distribution func-
tion (RDF), which involved calculating the interatomic distance and coordination
of various pairs within the solvation shells.

Furthermore, this scientific approach allowed us to enhance our understanding
of different interactions and molecular mechanisms inherent in such an innovative
energy storage system extensively used in rechargeable lithium battery technology.
Temperature also plays a significant role in influencing the mobility and dielectric
behavior of the current system, with its self-diffusion coefficient increasing as the
temperature rises. Notably, the solvent was found to have a minimal impact on ion
diffusion. The molecular simulation results obtained will offer valuable inform-
ation for designing new materials and improving our comprehension of the pro-
cesses governing this type of electrolytic energy storage systems.

H3BOI

MOJEJIOBAIGE CTPYKTYPHUX, ITMHAMUWYKHX U TUEJIEKTPUUHUX CBOJCTABA
CUCTEMA LiF-ETHUJIEH-KAPBOHAT 3A CKJTAOJUILITELE EHEPTUJE MOJIEKYJICKOM
OUHAMHUKOM HA PA3JTMUUTUM TEMITEPATYPAMA

SANAA RABII, AYOUB LAHMIDI, SAMIR CHTITA, MHAMMED EL KOUALI, MOHAMMED TALBI
n ABDELKBIR ERROUGUI

Laboratory of Analytical and Molecular Chemistry, Faculty of Sciences Ben M’Sick, Hassan II University of
Casablanca, Morocco

Jlutujym-joHCKe DaTepHje Urpajy BaXkHy YJIOTY y Pa3B0jy MHAYCTpHje XudpHia, mocedHo y
CITy4ajy elekTPUYHUX BO3MIIA, Ka0 YUCTH U OZIPKUBHU €IeKTPOXeMHUjCKH U3BOpH eHepruje. Mehy-
THM, nipeosnahyjyha ymorpeda opraHCckix pacTBapaya y TEYHUM eJIeKTPOTHTHMA OBUX CHCTEMa
3a CKJIa[IMIITeHe eHepryje u3a3rBa 3aDpHUHYTOCT 3a KUBOTHY CpeluHy. Y 0BOM Pajly, HCIIUTHBAaH
je yTHliaj noslapHOT alpoOTUYHOT pacTBapaya, eTHIeH-kapdoHaTa, Ha CTPYKTYpHa, AUHAMHYKa U
IueneKkTpuyYHa cBojctea LiF enexTposnTa NpUMEHOM CUMYyJIaliija MOJIeKyIcKke JUHaMuke. [1pu-
menom CHARMM 36 nossa cuna, nuss je 61o na ce odjacHe pasnuunTy GU3HUKOXeMHUjCKH deHo-
MEHH KOjH Ce jaBhajy Y OBOM €JEeKTPOJIMTHYKOM CHCTEMY Ha PaslIM4YUTHM TeMIlepaTtypama y
odnmacty 3acuhema. CTpyKTypHe 0cODMHe Cy aHalIM3upaHe Kpo3 MpopavyyHe panujaiHe JUCTPU-
OyuroHe dyHKUHMje 3a paslIHyUTe NapoBe, IOK Cy JUHAMHYKO M JWIEKTPHYHO IIOHALIabke pas-
jallleHu cuMyranyjama koeduirjeHTa camonudysyje U ArenekTpuyHe KOHCTaHTe.

(ITpumiseHo 5. dedpyapa, peBunvpaHo 21. mapTa, npuxsaheHo 16. jyna 2024)
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Abstract: With the aim of studying the use of conjugated polymers poly(3-
-methylthiophene) (P3MT), poly(3-hexylthiophene) (P3HT) and polydiphenyl-
amine (PDPA) in order to produce the active layer of inverted organic solar
cells forming the interface with TiO, and also to help shed light on the optical
and electronic properties applied to develop this technology, the interfaces bet-
ween films containing P3MT, P3HT and PDPA on the indium tin oxide (ITO)
electrode were electrochemically prepared, after chemically depositing a film
of TiO,. The systems under investigation were designated ITO/TiO,/P3MT, ITO/
/TiO,/PDPA/P3MT, ITO/TiO,/PDPA, ITO/TiO,/P3HT and ITO/TiO,/PDPA/
/P3HT and characterized by Raman techniques (spectroscopy and microscopy),
electrochemical impedance spectroscopy (EIS) and photoluminescence (PL). In
this study, the aromatic, semiquinone and quinone segments in the polymer
matrices of P3ATs and PDPA at these interfaces were monitored and charac-
terized by comparison with films of their homopolymers by means of Raman
spectroscopy and EIS. The Raman imaging demonstrates that the P3MT film can
be incorporated into the titanium oxide crystalline lattice. The systems contain-
ing P3MT or P3HT were found to strongly interact with the TiO,, stabilizing
the P3AT radical cation segments and the presence of PDPA destabilized this
interaction. These findings were complemented by the low-temperature (15 K)
PL spectra, revealing a reduction in the intensity and displacement of the band
associated with the radical cation emission, observed in the absence of TiO, in
the system under investigation.
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* Corresponding author. E-mail: hensan@uel.br
https://doi.org/10.2298/JSC231125024K

1323

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

(CC) 2024 Serbian Chemical Society.



1 324 KUBOTA, FERNANDES and de SANTANA

INTRODUCTION

Over the last few decades, the attempts have been made to incorporate org-
anic solar cells as a possible renewable, clean, sustainable and low-cost energy
source.!2 In this context, the organic semiconductor polymers play a central role,
since they exhibit a number of advantages over inorganic materials, i.e., they are
low-cost, lightweight and flexible.! However, despite the numerous advantages
of these polymers, they are still not commercially available because they are still
not very efficient in terms of solar energy conversion into electrical energy. For
this reason, it is of key importance to study and characterize new materials to
make up the photoactive lay of the device in order to improve the energy con-
version rate. !4

Most solar cells based on conjugated polymers are manufactured using
conventional architecture, designed in layers made up of a transparent conducting
substrate (ITO), a hole-transporting layer (anode), a photoactive layer containing
an electron donor polymer, a photoactive layer containing an electron donor
polymer and electron acceptor compound and a metal electrode with high work
function to improve electron transportation (cathode). However, in this config-
uration some compounds such as poly(3,4-ethylenodioxithiophene) : poly(styrene
sulfonate), generally used in the anode, cause instability at the interface of the
photoactive layer due to ITO corrosion.!-2 To improve the interface stability and
prevent device degradation, one alternative would be to use an inverted config-
uration in which the ITO acts as the cathode and a high work function metal as
the anode, affording greater device stability.!=3 The use of a thin layer of TiO; as
an electron selective layer is very effective in inverted solar cells.2

For the photoactive layer, the polymer mix system currently under investig-
ation is based on P3HT and fullerene [6,6]-phenyl-Cg1-butyric acid methyl ester
(PCBM). This polymer mix boosted efficiency by up to 5 % and interfaces incor-
porating this material have been fairly well investigated in order to improve its
properties. The use of optical and spectroscopic techniques in the structural char-
acterization of these systems has helped to improve our understanding of the
emission and charge transporting processes.2->~7

The studies aimed at the structural characterization using Raman spectros-
copy and EIS on systems containing PDPA, P3HT and P3MT to form the active
layer on platinum and ITO and their comparison with the monomer structures
have shown variations in charge transfer resistance processes and linked them to
the equilibrium displacements among aromatic, radical cation and dication seg-
ments along the polymer matrix of the materials produced.$

With the aim of evaluating the interfaces forming the active layer and exam-
ine whether their properties are suitable for the inverted organic solar cell appli-
cations, ITO/TiOy/P3MT, ITO/TiO2/PDPA/P3MT, ITO/TiO2/PDPA, ITO/TiOy/
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/P3HT and ITO/TiO/PDPA/P3HT systems were prepared using chemical and
electrochemical techniques and characterized by Raman spectroscopy, EIS and PL.

EXPERIMENTAL
Reagents
3-hexylthiophene monomer (C;oH;¢S), 3-methylthiophene (CsH¢S) and diphenylamine
((C4Hs),NH) were supplied by Sigma—Aldrich and used as received. The support electrolyte

was lithium perchlorate (LiClOy, 99 % pure; AcrosOrganics) and the solvent was acetonitrile
(ACN, high-performance liquid chromatography (HPLC) grade, 99.5 % pure; JT Baker).

Electrochemical synthesis and cyclic voltammetry

PDPA was synthesized by cyclic voltammetry, varying the potential between 0.60 and
1.20 V in steps of 100 mV s™! in a solution of 0.10 mol L' DPA in LiCIO,~ACN onto ITO
electrodes for 50 cycles at 22 °C. The electrode incorporating the PDPA film was removed at
a potential of 1.2 V and kept at ambient temperature.

P3HT and P3MT films were synthesized electrochemically by chronoamperometry,
applying the potentials of 1.80 and 1.65 V to the P3HT and P3MT, respectively, in a solution
of 3-hexylthiophene and 3-methylthiophene monomers at concentrations of 0.04 and 0.035
mol L in LiClO4~ACN respectively. The temperature was kept constant at 22 °C during the
synthesis. The electrode with P3HT and P3MT films were removed from the solution at a pot-
ential of 1.65 or 1.80 V and kept at ambient temperature.

To prepare a layer of P3HT on the substrate/PDPA interphase, PDPA was initially
synthesized on the substrate and the P3HT or P3MT films subsequently synthesized on this
material under the aforementioned synthesis conditions. After the deposition on the electrodes,
the films were kept at ambient temperature pending characterization after the analysis times
stated herein had elapsed.

Both chronoamperometry and cyclic voltammetry were performed using a potentiostat/
/galvanostat (Autolab PGSTAT 302 N) coupled to a microcomputer running NOVA 1.8 soft-
ware. The auxiliary electrode was a platinum plate of an area of 0.50 cm?. The potentials were
determined with reference to Ag/AgCl in a Luggin capillary in a 0.10 mol L-! solution of lith-
ium perchlorate in acetonitrile (LiC104~ACN).

Synthesis of TiO, films

The TiO, sol was synthesized using a method described by Hoffmann et al.® and Nazeer-
uddin et al.1° A solution consisting of 0.39 mL NH,OH, 0.34 mL H,0,, 10 mL H,0 and 0.70 g
TiO, was dispersed in a 25 mL beaker and the gel formed was heated to 75 °C under magnetic
agitation for 2 h. To increase the gel fluidity, three drops of Triton X-100 and seven drops of
acetylacetone were added to the solution. The TiO, thin film was prepared using a painter’s
method on 1.2 cm? of Ti. It was dried at 100 for 10 min and calcined at 500 °C for 2 h. The
films were then cooled to ambient temperature.

Raman spectroscopy and microscopy

Ex situ Raman spectra were obtained using a portable Raman spectrometer (Advant-
age532®, DeltaNu) excited at 532 nm, with a resolution of 8 cm'!. DeltaNu NuSpec software
and baseline resources were used to remove background fluorescence.

Raman imaging was obtained using an alpha300+ WITec® confocal Raman microscope
system (excitation at 532 nm), with a ZEISS 50x lens.

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

(CC) 2024 Serbian Chemical Society.



1 326 KUBOTA, FERNANDES and de SANTANA

Electrochemical impedance spectroscopy (EIS)

The impedance diagrams were obtained using a potentiostat (AutoLab PGSTAT 302 N)
with the FRAM32 impedance module and varying the frequency from 100 kHz to 0.01 Hz.
The open circuit stabilization potentials (Eqc) were reached when the Eqc remained constant
(5 mV) for 30 min, the time necessary to reach the stationary state.

Photoluminescence (PL)

PL measurements were taken in a helium closed-cycle cryostat at a temperature of 15 K.
A 15 mW, 405 nm laser was used (Laserline, FDA Laser Power supply). The emissions from
the sample were captured using a 5.5 cm lens and two colour filters (Schott GG435 and
Edmund GG435). The detection was done by an Ocean Optics USB4000 mini-spectrometer.

RESULTS AND DISCUSSION

To monitor the polymer matrix in terms of thiophene, aromatic and quinone
rings (radical cation and dication segments) were stabilized at the interfaces
between the TiO; and P3HT or P3MT, i.e., at the ITO/TiO,/P3HT and ITO/
/TiOy/P3MT interfaces and we obtained ex sifu Raman spectra of these systems
at different times after the electrochemical synthesis.

Fig. 1 shows the Raman spectra for the ITO/Ti0,/P3HT system obtained at
different post-synthesis times. After the synthesis (Fig. 1a) we observed low
intensity bands at 1373 cm™! characteristic of C—C stretching of the ring and
around 1450 cm™! characteristic of symmetric C=C stretching of the thiophene
ring.!l As time progressed the latter band was displaced from 1450-1454 cm™!
and the spectrum exhibited an improved signal/noise ratio.

15000 -

12500

u

= 100001

7500 -

Fig. 1. Raman spectrum of the ITO/TiO,/P3HT

system. Post-synthesis times of: a) 0, b) 1, ¢) 5,

d) 10, e) 15, f) 24, g) 30 and h) 97 h were

o ' ' : : ' . applied at excitation radiation of 532 nm. Inset:

1300 1350 1400 1450 1500 1550 1600  deconvoluted Raman spectra of the ITO/TiO,/
Raman Shift, cm’ /P3HT system after: A) 0 and B) 97 h.

5000 A

Intensity, a

2500 1

The elongated band centred at 1450 cm™! is associated with the contributing
radical cation, dication and aromatic segments of the thiophene ring, which coex-
isted in the polymer matrix of the P3HT after electrochemical synthesis.!2:13
However, this involved deconvoluting this band in order to observe the presence
of each of these segments.

As shown in th inset A of Fig. 1, shortly after the synthesis of the ITO/TiO»/
/P3HT system, the deconvolution is accompanied by bands at 1440 and 1464 cm™!,
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respectively, associated with the dication and radical cation segments of the thio-
phene ring. Inset B shows that after keeping the film under ambient conditions
for 97 h, the deconvolution enabled us to observe the frequencies at 1424, 1445
and 1463 cm™!, respectively, related to the aromatic, dication and radical cation
segments of the thiophene ring.8 The deconvolution of the band associated with
the radical cation segment was intensified by the deconvolution compared to the
system shortly after synthesis.

These findings can be compared to those obtained by Kubota et al.,8 in
which, under the same electrochemical synthesis conditions, the deposition of
P3HT on the ITO conductive substrate was observed. At this interface, the stab-
ilization of the radical cation was not as pronounced as at the interface with TiO»,
leading us to conclude that the TiO; interacts more strongly with the polymer
material in order to stabilize the radical cation segments of the P3HT.

To complement the results obtained using Raman spectroscopy, the imped-
ance magnitude and the Bode-phase diagrams were plotted based on the data
obtained by EIS for the ITO/TiO; and ITO/TiOo/P3HT systems in 0.100 mol L-!
LiClO4—ACN. EIS measurements were taken at an open circuit potential (OCP)
and monitored at the same post-synthesis times as those applied to the Raman
spectra after deposition of the film on the ITO/TiO; electrode. The intensity mag-
nitude diagram is a piece of data that should be plotted together with the Bode-
-phase diagram to support the latter results; thus, only Bode-phase’s data were
commented on.

Fig. 2a and b show the impedance magnitude and the Bode-phase diagrams
plotted for the ITO/TiO>/P3HT system. The low-frequency phase maxima were
observed at around 0.02, 0.04 and 0.08 Hz (Fig. 2b) and related to the charge
transfer processes at the interface. In the study carried out by Kubota et al.,3 EIS
measurements over time showed that, at times of up to 5 h, the two phase maxi-
mum at low and high frequencies were observed and became unstable after this
time had elapsed. The elongated phase maximum at high frequency was pre-
dominant, indicating the stability of the dication segment after 48 h had elapsed.

In the results obtained in the presence of TiO,, the low-frequency phase
maximum could indicate that the charge transfer by conduction is primarily pol-
aronic. However, instability in the system was observed, mainly after 1, 10 and
24 h, with a drastic reduction in the intensity of the phase angle at ~0.02 Hz. This
effect resulted in more intense phase angles at frequencies of ~0.04 and ~0.08
Hz, probably due to a drop in the contribution of radical cation segments com-
pared to the dication segments, thus increasing the bipolaronic conduction of the
material.5 This natural deprotonation effect, involving the equilibrium between the
number of radical cation and dication segments in the polymer matrix, could be
considered responsible for the instability observed. However, due to the possib-
ility of a strong interaction between TiO; and the P3HT system, the radical cation
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segments could be primarily undergoing restabilization after a period of 30 h, as
observed by the predominance of the stabilized phase maximum at low frequency
(~0.02 Hz). Therefore, this result could be considered contingent on those pre-
viously obtained by the Raman spectra and that show higher intensity in the band
associated with the radical cation segments on the same timescale.

100

10%4 . x . 1 T 1 . g ;
0.01 0.1 1 10 100 1000 10000 0.01 0.1 1 10 100 1000 10000
Log Frequency, Hz Log Frequency, Hz

Fig. 2. a) Impedance magnitude and b) Bode-phase diagrams at open circuit potential and
constant temperature of 22 °C for the ITO/TiO,/P3HT system. Post-synthesis analysis times
were: 0 (solid square), 1 (empty square), 5 (solid circle), 10 (empty circle), 15 (solid triangle),
24 (empty triangle), 30 (empty lozenge) and 97 h (solid lozenge)
after electrochemical synthesis.

To confirm the results obtained previously, the diagrams of the impedance
magnitude (Fig. S-1A of the Supplementary material to this paper) and the phase
angle as a function of the frequency (Fig. S-1B) of the ITO/TiO, system were
presented.

Fig. S-1B shows the Bode-phase diagram plotted for the ITO/TiO; system,
showing the presence of a low-frequency phase maximum around 0.13 Hz and a
high-frequency phase maximum around 14.70 Hz. This result indicates that the
low-frequency phase maximum of TiO» has a strong interaction with the low-fre-
quency phase maximum of P3MT, since in the ITO/P3MT system there are two
phases, one in the low and one in the high frequency, however, in the ITO/TiO,/
/P3MT system there is only the appearance of the low-frequency phase max-
imum, indicating the high amount of cation radical as seen in the data obtained by
the Raman and IES techniques.

Fig. 3 shows the Raman spectra for the ITO/TiO,/P3MT system, obtained at
different time intervals. After synthesis, the Raman spectrum shows the character-
istic frequencies of the P3MT thiophene ring at 1204 cm!, attributed to the C—C
interring stretching, at 1335 cm™! attributed to symmetric inter-ring C—C stretching,
the band at 1423 cm™!, generally attributed to symmetric C=C stretching of the
thiophene ring and the band at 1518 cm™! characteristic of asymmetric C=C
stretching of the thiophene ring.!4
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These results are comparable to those in De Lima et al.,8 in which, under the
same electrochemical synthesis conditions, P3MT deposition on ITO was inves-
tigated. After synthesis, the frequencies were observed at 1205, 1331, 1480 and
1515 cm~1. Of these bands, only the band at 1480 cm™1, attributed to the radical
cation segment of the P3MT, was observed at 1423 cm™! in the spectrum for the
system containing TiO; at the interface with P3MT.

After 15 h, the band at 1423 cm~! was shifted to 1448 cm™!, quite close to
that observed by De Lima et al.,” and after 15 h to 1457 cm™L.

The unconventional position of the band at 1423 cm! in the spectrum
obtained for the recently synthesized ITO/TiO2/P3MT, which is usually observed
at approximately 1440 cm™1, could indicate that the radical cation segments of the
P3MT interact more strongly with the TiO, than observed at the interface with
the P3HT. It can also be seen that the blue coloration film of the P3MT, depos-
ited initially on the surface of the TiO,, underwent an alteration as time prog-
ressed and was incorporated into the TiO; crystalline structure.

In the spectra obtained after 15 h, the band at 1423 cm™! begins to undergo a
slight shift and after 97 h is positioned at 1448 cm~!. Because of this strong
interaction between P3MT and TiO; and incorporation into the TiO; crystalline
structure, the displacement observed indicates the presence of the radical cation
segment in the polymer matrix, even after 97 h.

This result shows that the TiO, contributes to the formation of the radical
cation segment compared to previous studies,’ where it boosts the dication seg-
ment in the P3MT polymer matrix rather than the radical cation segment.

Figs. 4a shows the impedance magnitude and Fig. 4b Bode-phase diagrams
plotted for the ITO/TiOy/P3MT system. The low-frequency phase maxima were
observed at around 0.02, 0.04 and 0.06 Hz (Fig. 4b) at the analysis times. As
shown previously for the system containing P3HT, there was a partial shift of the
frequency at 0.02 to those at ~0.04 and ~0.06 Hz.

As shown by the Raman spectroscopy, there was a strong interaction
between the P3MT and the TiO; as time progressed. It must be the change of the
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phase angles observed, indicating that the conduction charge-transfer process is
primarily polaronic.

After 15 h, the radical cation is stabilized in the P3MT polymer matrix,
confirming the results previously obtained by the Raman spectra.

10*
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Fig. 4. a) Impedance magnitude and b) Bode-Phase diagrams at open circuit potential and
constant temperature of 22 °C for the ITO/TiO,/P3MT system. Post-synthesis analysis times
were: 0 (solid square), 1 (empty square), 5 (solid circle), 10 (empty circle), 15 (solid triangle),
24 (empty triangle), 30 (empty lozenge) and 97 h (solid lozenge), after electrochemical synthesis.

Considering the need to verify the dispersion of the polymeric material on
substrate surface and its incorporation into the porous structure of TiO;, a Raman
imaging was obtained from the real imaging (Fig. 5a) obtained from the confocal
microscope. Filters to the TiO, and P3MT characteristic bands at 1448 and 1423
cm!, respectively, were used to generate a Raman imaging (Fig. 5b) of the film
in the determined area (x and y axes). It was observed that regions with the accu-
mulation of P3MT occur in the red region and in the blue region solid TiO;
predominates. Likewise, the imaging of the thickness (z axis) of the ITO/TiOy/
/P3MT system was obtained (Fig. 5c), where it was observed that the accumul-
ation of P3MT occur in the red region and in the blue region TiO; predominates,
demonstrate that the P3MT film can incorporate into the titanium oxide crys-
talline lattice, as previously discussed.

With the aim of modifying the effect of including P3ATs films, which
underwent rearrangement in the TiO, crystalline structure after the deposition on
TiO,, these films at the ITO/TiO2/PDPA interface were studied, given that the
PDPA was previously examined as an inducer phase to promote the stabilization
of the radical cation segments in the P3ATs polymer matrix.3:13

Fig. S-2 of the Supplementary material shows the Raman spectra for the
ITO/TiO,/PDPA system, obtained at different times. After synthesis and up to 97
h, there was a predominance of the bands characteristic of the PDPA radical
cation at 1202, 1320 and 1530 cm!, respectively attributed to the C—H angular
deformation, the interring C—C stretching and the C—N stretching. Similarly, the
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elongated band characteristic of the aromatic ring at 1607 cm™!, attributed to the
C—C stretching of the PDPA aromatic ring, persisted at the analysis times. !>

¢)

Fig. 5. Raman imaging of the ITO/TiO,/P3MT system obtained from the confocal micro-
scopy: a) real, b) surface and c) thickness imaging. Red regions — P3MT accumulation
occurs and blue region — solid TiO, predominates.

According to the work of De Santana et al.,!5 the radical cation segments
exhibit an elongated absorption band between 450 and 490 nm in the UV—Vis
spectra, so that the spectrum excited at 532 nm undergoes the Raman resonance
intensification. Thus, the bands observed at 1202, 1320 and 1530 cm~! remained
intense in the spectrum. In this study, we considered the feasibility of decon-
voluting the elongated band characteristic of the aromatic ring at 1607 cm~! and
using it to show the relative quantities of dication, aromatic and radical cation
segments present in the polymer matrix.

As shown in insets A and B of Fig. S-2, the deconvolution of the elongated
band at 1607 cm™! in the recently-synthesized system and after 97 h exhibited the
dication, the aromatic and the radical cation segments at 1590/1562—1599, 1608
and 1621-1624 cm™!, respectively.8

These findings are comparable with those of Kubota et al.,8 in which, given
the same electrochemical synthesis conditions, the deposition of PDPA onto the
ITO was examined. The deconvolution of the band at 1608 cm™! after a period of
97 h boosted the formation of the radical cation segment, in contrast to our find-
ings, which showed a boost in the dication segment of the film’s polymer matrix,
due to the presence of TiO; at the interface with the PDPA.

Fig. S-3 of the Supplementary materialshows the Raman spectra at different
times after the electrochemical synthesis of the layered ITO/TiO,/PDPA/P3HT
system.

The spectrum after synthesis (Fig. S-3a) exhibited the bands related respect-
ively to the PDPA radical cation and aromatic segments at 1202, 1322 and 1527
cm!, e, 1608 cm! and an elongated, low-intensity band at 1455 cm!, charac-
teristic of symmetric C=C stretching of the P3HT thiophene ring.
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At the different post-synthesis times, the band at 1455 cm~! exhibited some
variations in frequency and intensity and was more intense after 97 h. In order to
understand better the behaviour of this band at 1455 cm1, this region was decon-
voluted. Inset A of Fig. S-3 shows that, soon after the deposition, the frequencies
showed the aromatic, the dication and the radical cation segments of the thio-
phene ring, respectively, at 1442, 1458 and 1478 cm™L, as in the work of Kubota
et al.8 These observed shifts could probably be explained by the strong interact-
ions between the charged layers of the PDPA and P3HT over the TiO,. After 97
h, the deconvolution (Fig. S-3, inset B) revealed frequencies at 1440 and 1457
cm! related to the aromatic and dication segments of the P3HT, respectively, con-
firming that as time progressed the dication and the aromatic segments of this
system were stabilized.

Fig. S-4 of the Supplementary materialis a Bode-phase diagram for the ITO/
/TiO»/PDPA/P3HT system, revealing the phases at low and high frequency around
0.02, 0.05 and 100 Hz, relating to charge-transfer processes at the interfaces.

In the work of Kubota et al.,8 EIS on the ITO/PDPA/P3HT system showed
high instability at the analysis time, with a predominance of the elongated phase
at high frequencies, indicating the stability of the dication segment. In the results
obtained in the presence of TiO, and PDPA at the interface with P3HT, the low-
frequency phase maximum at ~0.02 Hz, as shown previously for the ITO/TiOy/
/P3HT system, alternates by ~0.05 Hz. As time progressed, the interaction of the
P3HT with TiO; changed the phase angle as observed, indicating that the polaronic
conduction charge-transfer process could be in progress. However, after 15 h, we
also observed a high-frequency phase at 100 Hz, indicating a tendency to stab-
ilize the dication segment, as observed in the Raman spectra.

Fig. S-5 of the Supplementary material shows the Raman spectra at various
analysis times after the electrochemical synthesis of the ITO/TiO,/PDPA/P3MT
systems, prepared by layering. A discussion of these results must include the
comparison with the work of De Lima et al.,” in which deposition of P3MT onto
ITO was investigated under the same electrochemical synthesis conditions. After
the synthesis, the frequencies at 1204/1322 and 1526/1607 cm~! were observed,
related respectively to the radical cation and the aromatic segments of the PDPA
and a band at 1472 cm™! characteristic of P3MT thiophene ring radical cation
segments.

After 10 h, the band at 1472 cm~! was shifted to 1458 cm~! and a similar
result was observed by De Lima et al.,” although the shift was to 1457 cm1.

The band at 1472 cm~! could indicate that the radical cation segments of
P3MT did not strongly interact with the TiO5, as observed in the ITO/TiO»/P3MT
system. On the other hand, this result shows that the P3MT at the interface with
TiO; in the presence of PDPA was not favourable to the formation of the radical
cation segment, as observed in a previous study by De Lima et al.,” in which the
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dication segment of the P3MT polymer matrix was responsible for the band
observed at 1458 cm™L.

Fig. S-6 of the Supplementary material is the Bode-phase diagram for the
ITO/TiO,/PDPA/P3MT system, revealing the presence of low-frequency phase
maximum around ~0.02 and ~0.05 Hz relating to the charge transfer processes at
the interface.

The system as a whole exhibited high instability at the analysis time, alter-
nating between the low-frequency phase maximum at ~0.01 Hz and the phase
maximum at ~0.05 Hz, indicating a problem with stabilization of the polaronic
phase in the presence of PDPA at the interface of P3MT with TiO;. This result
could also indicate a tendency to destabilize the radical cation segment in the
presence of PDPA, as observed in the Raman spectra, with a predominance of
spectra for bands associated with the dication.

With the aim of investigating emission associated with the radical cation
segments at the polymer interface as prepared in the presence of TiO,, photolum-
inescence (PL) spectra of these materials were obtained at low temperature (15 K).
Next, these results were compared to the emission behaviour observed previously
for P3ATs,0 in order to confirm the results obtained by Raman spectroscopy and
EIS, in which the radical cation segments present in P3ATs were observed to
interact with the TiO,.

For the Pt/P3MT system, Bento et al.® observed that the PL spectrum at 15 K
exhibited a band at 476 nm and a shadow around 507 nm, attributed to the mixed
chains formed by the aromatic and the quinone segments,!® and an intense band
at 680 nm, present only at low temperature, which was associated with the
boosted radical cation segments in the polymer matrix at this temperature com-
pared to the PL spectra for the Pt/P3MT system at liquid nitrogen temperature (77
K) and at 298 K.

Fig. 6 shows the PL spectra at 15 K for the ITO/TiO2/P3MT and ITO/TiOy/
/P3HT systems under the same conditions of excitation and recording as the PL
spectra previously obtained by Bento et al.%

After the deconvolution of the elongated band obtained, the emissions were
observed in the PL spectra at 491, 524 and 562 nm for the ITO/TiO2/P3MT sys-
tem and at 496, 524 and 554 nm for the ITO/TiO2/P3HT interface. Comparing
the results obtained herein for the interfaces in the presence of TiO; with the
work of Bento et al.,® it can be inferred that the band observed at 562 nm at the
TiO; interface with P3MT and the band at 554 nm for interfaces with P3HT
could be related to the radical cation emission. This result confirms that there is
an interaction between the radical cation segments of P3ATs and TiO,, based on
the drop in the intensity of the bands related to the radical cation and the shifts
observed.
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CONCLUSION

In this study, we were able to observe the behaviour of the systems under
investigation in the presence of TiO, and how the compounds involved behave
over time at the synthesized interfaces. The presence of TiO, was found to result
in a strong interaction among P3ATs, causing the radical cation segment to
stabilize in the P3MT and P3HT polymer matrices P3HT, with good results at the
post-synthesis analysis times.

After applying EIS and Raman spectroscopy to the systems under inves-
tigation, it was possible to monitor the segments present in these systems. The
interface most favourable to the radical cation segment stabilization was the
ITO/TiOy/P3MT system. This system interacted most strongly with TiO, and
combined with its crystalline structure, as well as producing an unprecedented
result, not previously investigated. The radical cation was observed to stabilize in
the polymer matrix, even after 97 h. The systems containing PDPA were obser-
ved to destabilize the interaction between the TiO, and P3ATs, to the detriment
of radical cation segments at the active layer interface.

Comparing this result with those obtained by the confocal Raman technique,
it was observed that the TiO,, even though it is in excess in some regions on
surface of the film formed after the deposition of the P3MT, it still coats it, even
if in smaller quantities, therefore, the EIS measurements for the systems cont-
aining the P3ATs do not suffer interference from the TiO5.

The PL results were in agreement with those obtained by Raman techniques
and EIS, allowing us to recognize the interaction between the radical cation
segments and TiO;.
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We consider the interfaces investigated herein to be the promising candid-
ates for the formation of the active layer in inverted organic solar cells.

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/12701, or from the corres-
ponding author on request.

Acknowledgments. We would like to express our appreciation to the Spectroscopy Labor-
atory (SPEC) at the PROPPG/UEL Multiuser Center. We would also like to thank the
National Council for Scientific and Technological Development for its support.

U3BOJ
EJIEKTPUYHA, OIITUYKA U CTPYKTYPHA KAPAKTEPU3AITUJA MEHY®PA3HUX
OBJIACTHU KOJA CAIPXKE ITOJIU(3-ANIKUJITUOSEHE) (P3AT) U ITOJIMIVNPEHWIAMUH
HA ITO/TiO,: HHTEPAKIIMJA U3MEBY INTOJIMMEPHUX CETMEHATA P3AT U TiO,
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Y uwmy ucnuTHBama moryhe ynorpede KomyroBaHuX nojumepa noiau(3-MeTHITH-
opena) (P3MT), nonu(3-xexcuntuodena) (P3HT) u nmonupudenunamusa (PDPA) 3a
cacTaB/balb€ aKTUBHOI CJI0ja MHBEPTOBAaHMX OPraHCKHMX colapHUX henwuja koje Gopmu-
pajy mehydasny obnact ca TiO,, a Takohe 1 ma 6u ce mompuHesno pasjalikerny Koja cy
ONTHYKA U eleKTPOHCKAa CBOjCTBA aKTUBHOT CJi0ja MOTpebHA 3a pa3Boj OBe TeXHOJOTHje,
eeKTPOXeMHjCKH Cy HampaB/beHe MehydasHe obmactu usmehy ¢unmona koju cazpike
P3MT, P3HT u PDPA Ha unpuym-kanaj-okcug enexkrpogu (ITO) HakoH LITO je Ha mera
xemujcku ucrtanoxeH duam TiO,. CucTeMH KOjU Cy UCIUTHBAHU O3HauYeHH cy kao ITO/
/TiO,/P3MT, ITO/TiO,/PDPA//P3MT, ITO/TiO,/PDPA, ITO/TiO,/P3HT u ITO/TiO,/
/PDPA/P3HT u kapakTepucaHu PaMaHOBUM TeXHHKaMa (CHEKTPOCKONIHja U MUKPOCKO-
nuja), CIeKTPoCcKonujom enekTpoxemujcke umnenanuuje (EIS) u ¢poronymunucueHnu-
jom (PL). V 0BOj cTymuju Ccy apoMaTHYHH, CEMUXUHOHCKH W XUHOHCKHU CETMEHTH Y
nonumepHum matpuniama P3AT u PDPA Ha HaBeneHUM rpaHullama (asa KkapaKTepH-
canu nomohy Pamanose cnexrpockonuje U EIS u nopehenu ca duimoBumMa BUXOBUX
xoMmononuMmepa. PamaHoBe TexXHHMKe Nokasyjy Aa ce ¢punm P3MT moxe yrpagutv y
kpuctanny pemetrky TiO,. YTBpheHo je ma cuctemu koju cagpxe P3MT unmm P3HT
ocTBapyjy jaky uHTepakuujy ca TiO, crabunumyhu cermMeHTe KaTjOHCKOX pamuKaia
P3AT, mox mpucyctBo PDPA pecrabunusyje oBy uHTepakuujy. IIpukasaHu pesynrartu,
IonyweHU HUckoTemnepaTypHuM (15 K) PL cmexTpoMm, mokasanu cy cMameme HHTEeH-
3uTeTa ¥ IOMepaj Tpake NOBe3aHe C EMUCHjOM KAaTjOHCKUX pajfuKaia, WITo je 3alaXeHo
Kafla y AICIUTUBAHOM CHCTeMY HUje duo npucyTtaH TiO;.

(ITpumsbeHo 25. HoBemdpa 2023, peBuaupaHo 24. janyapa, npuxsaheno 3. mapra 2024)
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Fig. S-1. Impedance magnitude (A) and Bode-Phase (B) diagrams at open-circuit potential
and constant temperature of 22 °C for the ITO/TiO2 system.
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Fig. S-2. Raman spectra of the ITO/TiO2/PDPA system. Post-synthesis analysis times were a)
Oh,b)1h,c)5h,d) 10h,e) 15h, f) 24 h, g) 30 h and h) 97 h at excitation of 532 nm. Insert 5.
Deconvoluted Raman spectra for the ITO/TiO2/PDPA system after A) 0 h and B) 97 h.
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Fig. S-3. Raman spectra of the ITO/TiO2/PDPA/P3HT system. Post-synthesis analysis times
were a) 0 h, b)1 h,c) Sh,d) 10 h, e) 15 h, f) 24 h, g) 30 h and h) 97 h, at excitation of 532 nm.
Insert 6. Deconvoluted spectra for the ITO/TiO2/PDPA/P3HT after A) 0 h and B) 97 h.
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Fig. S-4. Impedance magnitude (A) and Bode-Phase (B) diagrams at open-circuit potential
and constant temperature of 22 °C for the ITO/TiO2/PDPA/P3HT system. Post-synthesis
analysis times were a) 0 h (solid square), b) 1 h (empty square), ¢) 5 h (solid circle), d) 10 h
(empty circle), e) 15 h (solid triangle), f) 24 h (empty triangle), g) 30 h (empty lozenge) and h)
97 h (solid lozenge), after electrochemical synthesis.
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Fig. S-5. Raman spectra of the ITO/TiO2/PDPA/P3MT system. Post-synthesis analysis times
were a) 0 h,b) 1 h,c) Sh,d) 10 h, e) 15 h, f) 24 h, g) 30 h and h) 97 h, at excitation of 532
nm.
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Fig. S-6. Impedance magnitude (A) and Bode-Phase (B) diagrams at open-circuit potential
and constant temperature of 22 °C for the ITO/TiO2/PDPA/P3MT system. Post-synthesis
analysis time were a) 0 h (solid square), b) 1 h (empty square), ¢) 5 h (solid circle), d) 10 h
(empty circle), e) 15 h (solid triangle), f) 24 h (empty triangle) and g) 30 h (empty lozenge),
after electrochemical synthesis.
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Abstract. The monitoring of occupational exposure to chemicals is essential for
assessing the workplace. In the case of hazardous and carcinogenic chemicals,
such as benzene, occupational monitoring becomes even more crucial.
Trans,trans-muconic acid (¢,--MA) is one of the benzene urinary metabolites.
Pretreatment methods for #,--MA generally include liquid-liquid extraction and
solid—phase extraction. Using dispersive liquid—liquid microextraction (DLLME)
during sample preparation and extraction can reduce extraction costs and envi-
ronmental impacts. Furthermore, the process is cost-effective and easy to oper-
ate. This study is aimed to develop, optimize, and validate an analytical method
for measuring #,--MA concentration in urine matrix through DLLME combined
with high-performance liquid chromatography. In this method, five variables
including pH, the volume of the extractant and the disperser, salt content and the
time of centrifugation were optimized using the response surface methodology
with a central composite design approach and experimental data. The proposed
DLLME was successfully applied to real samples of exposed workers to benzene
with extraction efficiencies from 95.8 to 102.4 %. The optimum conditions were
pH 8, extractant solvent, 300 pL, disperser solvent, 300 pL, salt, 3.4 % and
centrifuge, 3 min. According to the result of this study, the proposed DLLME
approach can be effectively applied to the biomonitoring of individuals exposed
to benzene.

Keywords: biomonitoring; DLLME; HPLC; central composite design; exposure
assessment.
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INTRODUCTION

As part of the occupational exposure assessment, monitoring occupational
exposure to chemicals is necessary.! It is important to consider all routes of expo-
sure during this monitoring, including inhalation, ingestion and skin.? The occup-
ational monitoring becomes more important when toxic and carcinogenic chem-
icals are involved, such as benzene.3 Both the United States Environmental Pro-
tection Agency (US-EPA) and the International Agency for Research on Cancer
(IARC) have confirmed that benzene is carcinogenic (a class I carcinogen).®>
People who have been exposed to benzene acutely may experience central nervous
system depression.® On the other hand, long-term exposure to benzene may result
in anemia, leukemia and immune system alterations.” Benzene is present in a wide
range of petroleum products, including motor fuel and solvents, in the workplace,
in the general environment and at home.® Furthermore, both active smokers and
second-hand smokers are at risk of exposure to benzene through cigarettes.”

Two methods are used to monitor the occupational exposure to benzene: air
monitoring and biological monitoring.10-11 As part of air monitoring, benzene con-
centrations in breathing air are measured. Comparatively, biological monitoring
assesses the amount of benzene entering the body via various routes such as inhal-
ation, skin and digestion.5:!! Through its metabolites, such as trans, trans muconic
acid (¢,t-MA), benzene can be eliminated from the body.”-12 According to studies,
there is a significant correlation between exposure to low levels of benzene (lower
than 1 ppm) and urinary #,+-MA levels.!3 Moreover, some organizations and
countries consider urinary 7,--MA as a benzene biological indicator, including the
American Conference of Governmental Industrial Hygienists (ACGIH) and the
Occupational Safety and Health Administration (OSHA).14

Liquid-liquid extraction (LLE) and solid—phase extraction (SPE) are often
used as pretreatments of #,--MA.15:16 These treatments can lead to the separation
of t,--MA from the urine matrix, which makes its analysis easier.!” In general, SPE
is more effective than LLE.5 However, SPE is relatively expensive and requires
the preparation of columns.!® By reducing the amount of solvent and maximizing
its effectiveness, liquid—liquid microextraction (LLME) can be effectively emp-
loyed to extract urinary #,--MA.15:19 In addition, recent research has focused on
developing more efficient, environmentally friendly and miniaturized methods
using microextractions.!6:20 In addition to simplifying the sample preparation and
reducing the amount of solvent used, the microextraction techniques can also
reduce extraction costs and the impact on the environment.2!

Due to its high efficiency and rapidity, dispersive liquid-liquid microext-
raction (DLLME) would be applied for the preconcentration of aqueous samples.
DLLME has been employed for the analysis of analytes such as phthalate esters,
and bisphenol A.!° When an extractant is injected and dispersed rapidly in an
aqueous solution, tiny droplets of the extract disperse. This increases the contact
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surface of the analyte in the sample matrix by extractant solvent. Consequently,
the efficiency of extraction will be enhanced, and a large quantity of analytes can
be collected rapidly. Additionally, this process is easy to operate and cost-effective.

Rismanchian ef al. developed a partitioned dispersive liquid—liquid microext-
raction (PDLLME) method based on chloroform extraction for the extraction of
urinary £,--MA.22 It consists of a two-stage procedure in which tetrahydrofuran is
mixed with chloroform followed by centrifuging and drying using nitrogen flow.
The metabolite is then prepared for injection into HPLC by resolving it in meth-
anol. Despite all its advantages, this method has some limitations, such as a long
extraction time, the use of solvents in relatively high amounts, and the use of
tetrahydrofuran, which is highly volatile. Therefore, this study was designed to
develop a dispersive liquid-liquid microextraction method that is simpler, requires
fewer solvents, and uses a solvent with lower volatility.

The purpose of this study was to develop a valid method using DLLME and
high-performance liquid chromatography (HPLC) for the extraction of ¢-MA
from urine matrix. The biological monitoring of individuals exposed to benzene
was successfully performed using the proposed method.

EXPERIMENTAL
Reagents and solutions

Hydrochloric acid (HCl, 37 %, Merck), chloroform (CHCI, Merck), £,--MA (Sigma—
—Aldrich) analytical grades were used. Acetonitrile (CH3CN) in liquid chromatography grade
(Merck), methanol (CH;0OH) in gas chromatography grade (Merck), and NaCl (purity > 99 %,
Sigma Aldrich) were used in the suggested microextraction/chromatographic method as well.

Purified deionized water was produced by a Direct-Q 3UV Millipore system (Molsheim,
France).

Apparatus

The chromatographic analysis was carried out using an HPLC system (HPLC, Knauer,
Smartline system 1000, Berlin, Germany) coupled with a UV detector (Knauer, 2000) at 274
nm. A C18 analytical column was used to separate the analyte (Knauer, Eurospher 100-5, 150
mmx4.6 mm). The utilized mobile phase was a mixed solvent containing acetic acid (1 %) and
methanol with a volume ratio of 70:30 with a flow rate of 1.0 ml/min for elution. A 100 pl
Hamilton syringe was used for injecting the sample into a 20 pL stainless steel injection loop.
For pH measurement, a Metrohm 827 pH-meter (Metrohm, Switzerland) was used. Organic
solvents were separated from sample solutions using a Hettich EBA 20 centrifuge.

Experimental design

The DLLME efficiency could be affected by a variety of factors, including solution pH,
percentage of salt, the quantity of both dispersers and extractants and the centrifuge time. Ana-
lytes solubility, sample matrix surface area, and interactions between the sample matrix and the
extraction could be affected by these parameters. By optimizing each parameter, the efficiency
of the extraction can be maximized. Thus, determining the optimal conditions for experiments
is an essential step in the extraction process. The optimisation of the extraction process para-
meters can be achieved through experimental design. Using an experimental design method,
time is saved, efficiency is improved, parameter interactions are investigated, and errors are
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reduced with fewer runs. In addition, experimental design methods can be used to optimize
process parameters systematically and cost-effectively.

Central composite design (CCD) has been used to link polynomial models with experi-
mental data utilizing response surface methodology (RSM). This approach enables researchers
to identify the optimal combination of input parameters and to understand the interactions
between them. RSM is an approach to modelling the relationships between a response variable
and a set of predictor variables. RSM is used when there is interest in understanding how the
response variable responds to changes in the predictor variables and for the response optimiz-
ation. CCD is an efficient and cost-effective way to gain deeper insight into the system beh-
aviour and to optimize the design.

A CCD with five variables and five levels was used in this study. The variables included
pH (4), the quantity of the extractant (B, pL), the volume of the disperser (C, puL), the amount
of salt (D, %), and the centrifugation time (£, min). The utilized factors and their levels are
summarized in Table I.

TABLE I. The central composite design matrix and responses

Variable Level . Star points (o =2.0)
Low (—1) Central (0) High (+1) —o +a
Extractant solvent volume, pl 100 150 200 50 250
Disperser solvent volume, pl 200 300 400 100 500
Salt amount ,% 2 4 6 0 8
Centrifuge time, min 2 3 4 1 5
pH 4 6 8 2 10

Standard solutions and calibration curve

A stock solution of 100 ppm of ¢,--MA was prepared by dissolving 7,--MA in a mixture of
deionized water and methanol (1:4 volume ratio). The stock was diluted five times, then the
standard solutions were prepared from the 20 ppm solution (used for spiked urine samples and
calibration curve). Urine samples of non-smokers and healthy volunteers who were not occupat-
ionally exposed to benzene were used for the calibration curve. To reduce and remove coarse
suspended particles and molecules, the samples were centrifuged (5000 rpm; 10 min), then
filtered through a membrane (pore size = 0.45 pm) and were diluted 1:2. After finding the opti-
mal conditions using CCD, seven urine samples were prepared and analysed in the optimum
conditions for calibration curves, including non-spiked urine and six spiked samples (2, 1, 0.5,
0.1, 0.05 and 0.01 ppm).

DLLME procedure

According to the proposed extraction method, Fig. 1 illustrates the DLLME procedure
schematically. To minimize the matrix effect, urine was centrifuged (10 min, 5000 rpm). 2 mL
of urine was diluted 1:2 with deionized water. A stepwise addition of HCl and NaOH solution
was applied to adjust the sample pH (pH 8). The urine was then injected with 300 pL of chloro-
form. Next, the salt concentration was adjusted by the required percentage of NaCl (3.4 %), and
gently shaking the solution. Afterward, 300 uL of dispersive (acetonitrile) was added, which
resulted in a cloudy solution. The cloudy solution remained stable for approximately 10 min.
Finally, the cloudy solution was centrifuged at 4000 rpm for 4 min. The extracted phase was
separated from the bottom of the solution using the syringe and then injected into the HPLC for
further analysis.
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Fig. 1. Schematic procedure for the utilized DLLME technique for determination of #,--MA.

Collection of real samples

Urine samples were collected from four occupationally exposed workers from Petrochem-
ical company at end-of-shift. All samples were analysed within a week. The samples were stored
at —20 °C before analysis. All procedures associated with the collection of urine samples and
human participation conformed to the relevant regulations and the Helsinki Declaration’s
ethical principles. Shiraz University of Medical Sciences Ethics Committee approved this study.

RESULTS AND DISCUSSION

Selection of extraction and dispersive solvents

Two extractants including carbon tetrachloride and chloroform, and three dis-
persants including acetonitrile, methanol and acetone were used as potential sol-
vents for extraction of urinary ¢,.-MA. Both extractants were tested with all dis-
persers. In addition, all possible experiments were carried out under three pH
conditions: pH 2, 7 and 10. For each experiment, 2 ml of centrifuged urine was
diluted 1:2 with deionized water. The urine was treated with 100 pL of extractant
and a dispersive solvent. It was observed that the extractant phase was separated
from the urine phase without centrifugation. Ultimately, the extractant/dispersive
couple that produced the most effective extraction efficiency and the separation of
the organic phase within the shortest possible time was chosen as the extraction
and dispersive solvent.

In different conditions, carbon tetrachloride made two phases between 1550
min with three dispersants. The result showed that the organic phase separation
using carbon tetrachloride and acetonitrile at pH 10 was obtained at 14 min, while
using carbon tetrachloride and methanol at pH 7separation time was 75 min. It is
emphasized that the separation without centrifugation is possible for application in
automated separation in future studies. In addition, in various conditions, the separ-
ation of organic phase from urine were observed using chloroform with three dis-
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persants in times longer than 60 min. Finally, chloroform was chosen as the ext-
ractant and acetonitrile as the dispersant.

Optimization variables; RSM-CCD

As shown in Table S-I (Supplementary material to this paper), the experi-
mental runs were ordered randomly in the CCD matrix to prevent uncontrolled
variables. The CCD matrix was used to ensure that all experimental runs in the
suggested DLLME were conducted in an unbiased manner. This ensured that the
results of the experiment were not influenced by external factors which can be a
guarantee for the application of the method. The results of the experiment were
then analysed to determine the variable’s effect on the peak area of the extracted
t,t-MA as the outcome of model. Following the collection of responses associated
with each run (Table S-I), the quadratic polynomial model was fitted based on the
ANOVA analysis results. A backward elimination variable method was used to
establish a reined model and to eliminate factors or interaction variables with non-
-significant p-values (> 0.1) and the final results are as follows:

Peak Area = 192.5428 + (1.5548734) + (0.544503B) + (~5.74414C) +
+(=73.9784xD) + (~232.203E) + (~0.005774B) + (~0.08685-) +
(0.532968xBXE) + (2.733038CD) + (10.83993CE) + (20.52228DE) (1)

To confirm the capability of the obtained linear regression model (MLR),
Fisher’s statistical test (F-test) was employed. In the model (Eq. (1)), the F-value
(41.17) was higher than the critical F-value in the required degree of freedom,
which shows its significance. The results of the Fisher’s statistical test indicated
that the multiple linear regression model was statistically significant. Therefore,
the model can be used to predict the outcome of the experiment.

To confirm the validity of MLR models obtained for this suggested DLLME,
a non-significant lack of fit (LOF) is another critical criterion to consider. Accord-
ing to the current model, the F-value of LOF was 0.4875, indicating that it was not
significant. Moreover, it indicates that the proposed MLR is free of pure errors.
The squared regression coefficients of MLR model were calculated for the evalu-
ation of overall fitness and predictive ability, such as the calibration R? (RZ.,)),
adjusted R2 (Rzadj) and prediction R? (R2pred)- This showed that the model was
able to accurately predict the peak area of 7,--MA after applying the microextract-
ion based on the given inputs.

As can be seen in Tables II and S-II of the Supplementary material, R2.,
demonstrates the proposed CCD model successfully models 92.8 % of the data. Its
goodness of fit was confirmed by an Rzadj that was greater than 0.8. The Rzpred
(0.807) and the Rzadj (0.894) were consistent. An indication that the prediction
ability is very good is the closeness between Rzpred and Rzadj with a difference of
less than 0.2.23 The degree of precision is another statistic used to measure signal-
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-to-noise (S/N). A precision greater than 4 is considered acceptable and based on
Tables II and S-II, a signal-to-noise ratio of 18.54 is considered appropriate.!?

TABLE II. Analysis of variance (ANOVA), summary statistics of the quadratic model —
statistical parameters of the MLR model, in the current microextraction study

Std. Dev. 6.723 R? 0.970
Mean 45.068 R2 0.946
CV.,% 14.917 R%ed 0.831
PRESS 3570.196 Adeq. Precision 22.585

It is evident from all the above metrics that the factors and interactions inc-
luded in the suggested MLR model are sufficiently correlated. The peak area is
used as the response value of the 7,-~-MA recovery derived from DLLME. Based
on the plot in Fig. 2a, it can be seen that the predicted peak area is in good
agreement with the experimental peak area values, which indicates the ability of
the proposed model to make accurate predictions. Using the residual value (the
difference between actual and predicted response) is a criterion for determining the
applicability domain of an MLR. A narrow range for the studentized residual of
the outcome model is shown in Fig. 2b, demonstrating its reliability.24 Further-
more, all residual values are scattered randomly on either side of the zero line,
indicating that there has been no systematic error.25
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Fig. 2. The internally studentized residuals vs. the performed runs (A); and the predicted value
vs. actual response (B).

MLR model includes some interaction terms, such as the interaction between
AC, AE, CD and CE, as shown in Eq. (1). Three-dimensional (3D) response surface
plots have been used to describe the mixed effects of factors in between-factors-
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-interaction terms and to determine optimal values for the independent parameters
in the suggested DLLME. Additionally, these curves are useful in identifying pos-
sible interactions between two independent variables to provide information about
the maximum responses.

In Fig. 3A, it is demonstrated that the matrix pH and the disperser volume
simultaneously affect the response (peak area of 7,--MA). pH plays an important
role in all extraction techniques involving basic or acidic analytes. Several experi-
ments were conducted to investigate the effect of pH on 7,--MA extraction from
the sample solutions (Table III). As can be seen in Fig. 3a, the maximum response
was observed by increasing the pH and volume of the disperser solvent. It is there-
fore necessary to increase the pH of the sample to achieve the highest extraction
rate. The maximum response was observed at pH 6.

Fig. 3B illustrates the effect of different amounts of dispersive and extraction
on the extraction of £,--MA. To determine whether the quantity of disperser affects
the response level, a variety of examinations were designed, using the acetonitrile
volumes ranging from 100 to 500 pL(Table II). The maximum response (peak
area) was achieved when acetonitrile value was increased. Various tests have been
conducted with various quantities of chloroform ranging from 50 to 250 pL to
determine the impact of the volume of extractant solvent (Table II). As a result of
these tests, which can be seen in Fig. 3B, increasing both dispersing and extractant
solvents provided increasing the #,--MA peak area.

Based on the variations in salt versus pH (Fig. 3C), it appears that increasing
pH led to increase in the efficiency of the suggested DLLME and consequently
increased #,/-MA peak area. However, the increasing salt percentage has no sig-
nificant effect on the analyte signal when compared with pH.

Fig. 3D shows the interaction between centrifuge time and extractant solvent
volume. Assuming that the metabolite concentration, the salt amount, and the vol-
ume of dispersive solvent were constant, increasing the extractant solvent needs a
decrease in the centrifuge time to reach an enhancement in the peak area of meta-
bolite. In other word, by the addition of extractant solvent, increasing the centri-
fuge time showed negative effect on the extraction efficiency (Fig. 3D).

As shown in Fig. 3E, increasing the centrifugation time can decrease the mic-
roextraction efficiency in higher amount of salt. Thus, it can be suggested that
simultaneously increasing the salt amount and centrifugation time has a negative
effect on the peak area.

The change in the peak area in different amounts of pH and centrifugation
time is represented in Fig. 3F. In lower pH values, increasing the centrifuge time
can decrease the peak areas of the metabolite and microextraction efficiency. On
the other hand, at higher values of pH, increasing centrifuge time can lead to higher
peak areas.
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Fig. 3. Three-dimensional response surface plots of between-factor interaction terms.

TABLE III. Analytical characteristics of the method

Correlation coefficient (12) 0.9996

LDR, nL/ml 0.008-5.0
LOD, pg/ml 0.0024

LOO, pg/ml 0.008
Calibration equation ¥y =2x10% + 474423
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Optimum conditions

As given above, the statistical analysis of the suggested MLR model showed
the validity of the proposed DLLME and thus can be applied to find the optimum
conditions. For the determination of the optimal experimental conditions for the
extraction of £,--MA, the simplex optimization was applied. As shown in Table S-
-III (Supplementary material), the optimum conditions were as follows: pH 8, ext-
ractant solvent volume, 300 pL, volume of disperser solvent, 300 pL, applied salt
content, 3.4 % and centrifuge time, 4 min.

To determine the ¢,--MA concentration, a calibration curve was drawn using
spiked samples of trans-muconic acid under the optimum conditions. The calib-
ration graph (Fig. 4a and b) was drawn by spiked values of 0.01, 0.1, 0.5, 1 and 2
ppm. A calibration graph with R = 0.9996 was derived (Table III). Fig. 4a illus-
trates the obtained peaks.

Matrix effect

The chromatograms of two spiked urine samples with two #,-MA concen-
trations extracted by the proposed DLLME method were compared with similar
spiked in distilled water, each with three replicates. The results showed a signi-
ficant change of peaks in urine and water because of the matrix effect (change of
more than 17-20 % in RSD).

Thus, it was decided to perform the calibration curve in the urine sample. On
the other hand, to show the presence or absence of matrix effect in different urine
samples, two concentrations of 7,-MA were spiked into three urine samples
obtained from persons without exposure to benzene (0.5 and 1.0 pg mL-!). The
change in urine samples was estimated by following the RSD between samples.

There was no change in #,¢ retention time and the RSD between different urine
samples was lower than 7.2 (for 0.5 pg mL-!) and 6.8 % (for 1.0 pg mL1).
However, for better performance it could be suggested to do the calibration curve
in a pool of not-exposed urine samples. Fig. 4 shows the chromatograms of spiked
urine samples with concentrations of 0.01, 0.1, 0.5, 1 and 2 pg mL-!.

Method validation

A number of merit measures have been evaluated to assess the effectiveness
of the optimized method. These measures include quantification limit (LOQ),
precision, linear dynamic ranges (LDRs), detection limit (LOD), correlation coef-
ficients of the calibration curve (R2), and relative recovery (RR), Table II1.

To assess the precision of the proposed method, three spiked urine samples in
different levels were used. Three replicates were done on three days and the relat-
ive standard deviation (RSD) was calculated (Table III). The RSDs were in the
range of 5.1-6.8 %. To evaluate the method’s accuracy, the average of the extract-
ion recovery (ER) in the spiked samples was calculated (Table IV). The average
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ER in the spiked samples was between 95.8-102 % and confirmed the ability of
the extraction method for the analyte.

o 1 2 3 4 L] L] 9

[ 7
minutes

Fig. 4. Chromatogram of spiked urine samples after extraction in optimum conditions with
concentrations of 0.01, 0.1, 0.5, 1 and 2 pg mL!.

TABLE IV. Results of the validation of accuracy and precision of suggested DLLME; ER —
extraction recovery; RSD — relative standard deviation

Spiked level, pg/ml Intra-day RSD, % (n = 3) Average ER, %
0.5 <6.1 102.4

1 <6.8 98.6.5

2.5 <5.1 95.8

Application of the optimized DLLME, biomonitoring of benzene-exposed workers

The established DLLME method was applied to the four urine samples of
petrochemical workers exposed to benzene. The suggested method and the con-
ventional standard laboratory method strong anion exchange in SPE (SAX-SPE),
were used to determine the quantity of £,/-MA (Table V). A good agreement was
observed between the proposed and standard methods.

TABLE V. The result of real sample analysis by the suggested DLLME and standard SPE

Predicted conc., pg/mL Residual  Creatinine Predicted adjusted cone.

Sample ID wg/mL mg dL! (ng/g creatinine)
DLLME SPE DLLME SPE
Worker 1 0.85 0.89 —0.04 92 923.9 967.4
Worker 2 0.745 0.692 0.053 81 919.8 854.3
Worker 3 0.38 0.43 —0.06 95 400.0 452.6
Worker 4 1.03 1.16 —0.13 88 1170.5 1318.2
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Comparison with other methods

In Table S-IV (Supplementary material), a comparison of the developed
DLLME with other methods is presented with previous similar methods using
HPLC-UV. Based on the comparison, it can be concluded that the proposed
DLLME resulted in acceptable analytical figures of merit. Further, compared with
most previous methods, a lower volume of samples and solution was consumed,
and the extraction times were decreased.

The proposed DLLME technique is an efficient and simple extraction method
for target metabolite (¢,,-MA) from the urine matrix. Additionally, the LOD and
LDR values were comparable to other developed extraction methods for the urinary
t,t-MA, and the analysis by HPLC-UV. The suggested DLLME method with low
LOD (2.4 pg/L) and LOQ (8 pg/L) showed sufficient sensitivities for benzene bio-
monitoring, especially at low levels of benzene exposure. On the other hand, as
can be seen in Table S-1V (Supplementary material), the extraction time is lower
than in most of the previous reports, which make it suitable for the automatic
extraction systems as well. Accordingly, the proposed DLLME analysis can be
used to determine z,--MA in urine samples in a sensitive, user-friendly, time- and
cost-effective manner.

The method developed by Rismanchian et al. was the most similar to the
method suggested in this study.22 Nevertheless, there are some differences
between the developed DLLME method and the PDLLME method introduced by
Rismanchian et al. In the presented DLLME method in this study, solvents are
employed in smaller amounts than the PDLLME method. According to Risman-
chian et al. study, 5 ml of sample, 200 pL of chloroform, 2000 pL of tetrahydro-
furan, 20 pL of methanol, and nitrogen result in a total of 7220 puL of sample and
solvent was required.

The present DLLME method uses 2 ml of sample, 300 ml of chloroform, and
300 ml of acetonitrile (in total 4600 pL of solvent and sample). Secondly, Ris-
manchian ef al.’s protocol is longer than the current protocol (more than 15 min,
and the suggested method is approximately 8 min). As well as this, the linear range
of the present DLLME method (0.0008—5 pug/mL) is much lower than that in
Rismanchian et al.’s study (0.1-10 ug/mL), which is more suitable for the evalu-
ation of metabolites at low concentrations. Additionally, Rismanchian et al.’s
study used tetrahydrofuran (2000 pL), a volatile substance with a boiling point of
66 °C and a vapour pressure of 162 mm Hg* at 25 °C, whereas in the present study,
acetonitrile (300 pL) was used, which has lower volatility (boiling point 82 °C,
vapor pressure 73 mm Hg at 25 °C). Additionally, acetonitrile has a saturation
concentration 0of 9.6 % at 20 °C and tetrahydrofuran has a saturation concentration
of 19.1 % at 20 °C. Due to its higher volatility and tendency to vaporize,

*1 mm Hg=133.3 Pa
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tetrahydrofuran will have a higher concentration in the air at the same temperature
and pressure. The same working conditions result in a higher risk of the operator
being exposed to tetrahydrofuran. In Rismanchian et al.’s protocol, three solvents
and nitrogen gas were used, while in the present protocol, only two solvents were
used. Therefore, the presented DLLME method has overcome the limitations of
the PDLLME method by having less complexity, less extraction time, less solvent
consumption, less linear range, and fewer exposures to the operator than the
PDLLME method developed by Rismanchian et al.

CONCLUSIONS

The present study proposes a new and efficient DLLME for ¢,t-MA, a well-
-known benzene metabolite. The developed DLLME was coupled with HPLC-UV
and showed significant efficiency for benzene biomonitoring. Moreover, the pro-
posed DLLME method is highly efficient, requires a short extraction time, and
exhibits high selectivity and accuracy. The proposed approach was also success-
fully applied to real urine samples of benzene-exposed workers with the extraction
efficiency ranging from 95.8 to 102.4 %.

In this study, a multivariate approach was applied to optimize variables that
could affect the preconcentration of the #,+~-MA to identify the optimum conditions.
It has been demonstrated that the suggested DLLME approach can be effectively
applied for biomonitoring of individuals who have been occupationally exposed to
benzene in industrial settings. However, the use of organic solvent is a limitation
of this approach. However, the main goal of this work was to suggest a simple
approach to be applicable in an automatic microextraction, which is in progress in
our research group. On the other hand, very small quantities of solvent, in the
microliter range, are sufficient for the suggested DLLME method.

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/12789, or from the corres-
ponding author on request.
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H3BOJ

IOUCITEP3UBHA TEHHO-TEYHA MUKPOEKCTPAKIIUJA 3A OOPEHBUBALE MYKOHCKE
KHCEIHUHE KAO BUOJIOIKOT UHOUKATOPA BEH3EHA Y YPUHY
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[Tpahewe npodecroHanHe H3NI0KEHOCTH XeMUKalhjamMa je of CYyLITHHCKOT 3Haydaja 3a
NPOLIEHY pafHOg MecTa. Y CiIydajy OnacHUX U KaHLIEDOTEHUX XeMUKaIHja, Kao WTo je eHson,
HaJ30p Ha pafy NOCTaje joul Ba)XHUjH. Trans,trans-MyKoHCKa KucenuHa (f,i-MA) je jemaH of
metadonuTta OeH3eHa y YpUHY. MeTofie NIPETXONHOT TpeTMaHa 3a t,1-MA reHepanHo yK/bydyjy
TEYHO—TEYHy M eKCTPaKLHjy Ha UBPCTOj dasu. Ynorpeda AUCIEP3UBHE TEUHO—TEUHO MUKPO-
exkcrpakuuje (DTTME) Tokom mpurmpemMe y30pka M eKCTpaKIHje MOXe CMamHTH TPOIIKOBE
eKCTpaKIije U yTHllaje Ha )KUBOTHY cpenuny. llITaBuile, mpouec je UCIUIAaTHUB U jeIHOCTaBaH 3a
pykoBame. OBa CTynuja je MMaia 3a UWb Ja pa3BHje, ONTUMH3Yje U BalUAUPa aHATUTHUKY
METOZy 3a MEpeme KOHLeHTpauyje f,i-MA y matpukcy ypuHa npumenom DTTME y kombu-
HallMju ca TEYHOM Xpomartorpadujom BUCOKUX nepdopmancu. Iler Bapujabnu yxbyuyjyhu pH,
KOJIMYMHY €KCTpPaKTaHTa M CYICTaHLE 3a OJUCIEeproBame, KOJIUYUHY COMU U BpeMe LeHTpudy-
rUpama ONTHMM30BAHO je NPUMEHOM LIEHTPaJHOT KOMIIO3UTHOT JIM3ajHa Ca METOJOJIOTHjoM
MOBPUIMHE OATOBOPAa M eKCHepUMeHTANHUX mopartaka. IIpemnmoxkenu DTTME mpuctyn je
YCNEIIHO NpPUMEWEH Ha peasHe y30pke, NoOWjeHe off pagHMKa W3JI0KEHUX OeH3eHy, ca
eduxacuourhy excrpakuuje on 95,8 no 102,4 %. Ontumanuu ycnosu cy pH 8, pacTBapau 3a
excrpaxkuyjy, 300 pL, pactBapau 3a gucneproBawe, 300 pL, 3,4 % pacTBOp COIH U Bpeme
ueHTpudyrupamwa, 3 min. [Tpema pesynratima ose cTynuje, npeanoxednd DTTME npucrtyn ce
Moxe edUKaCHO MPUMEHUTH Ha OMOMOHUTOPHHT I0jeJuHalla U3JI0KeHHUX DeH3eHy.

(ITpumsseHo 25. jaHyapa, peBUAMPAHO 5. anpuia, mpuxsaheHo 7. jyna 2024)
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Table S-I. Matrix of of designed runs and related normalized peak areas

Dispersive Extraction Salt% Centrifuge time
(uL) @ P ) (min) Peak Arca
1 100 150 6 4 3 7.12
2 200 100 8 6 4 64.45
3 300 250 6 4 3 90.27
4 300 150 2 4 3 5.66
5 400 100 8 2 4 1.30
6 300 150 6 4 3 44.54
7 400 200 4 6 2 1.44
8 300 150 6 8 3 66.48
9 300 50 6 4 3 5.70
10 300 150 6 4 1 55.23
11 300 150 6 4 3 36.59
12 400 200 4 2 4 493
13 200 200 8 6 2 49.01
14 500 150 6 4 3 72.80
15 400 100 8 6 2 61.78
16 300 150 6 4 3 51.41
17 200 200 4 6 4 69.83
18 400 200 8 2 2 35.02
19 300 150 6 0 3 35.60
20 200 100 4 2 2 29.65
21 300 150 10 4 3 100.00
22 300 150 6 4 3 52.49

* Corresponding authors. E-mail: (*)yousefinejad.s@gmail.com; (**)esoleimani6 1 @gmail.com
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23 300 150 6 4 5 3791
24 200 200 8 2 4 97.97
25 400 100 4 6 4 46.64
26 300 150 6 4 3 47.94

Table S-II. Analysis of variance (ANOVA), summary statistics of the quadratic model, in the
current microextraction study

Source of Mean p-value
o Sum of square Df* F-Value® (Prob> Status
Variation Square F)
Model 2047148 11 1861.043  41.17 <0.0001 significant
A-Dispersive 3095.271 1 3095271 6848  <0.0001
Solvent
B-Extraction 4642807 1 4642807 10272 <0.0001
Solvent
C-pH 7707.412 1 7707412 17052  <0.0001
D-Salt 907.399 1 907.399 20.08  0.0005
E-Centrifuge 373.4016 1 373.401 826  0.0122
Time
AB 3626.333 1 3626333 8023  <0.0001
AC 1863.888 1 1863.888 4124  <0.0001
BE 4386.713 1 4386713 97.05 <0.0001
CD 589.010 1 589.010 13.03  0.0028
CE 2688.925 1 2688925 5949  <0.0001
DE 8302.758 1 8302758  183.69 <0.0001
Residual 632.787 14 45199
Lack of Fit 468.827 10 46.883 1144 04875 . Mot
significant
Pure Error 163.960 4 40.990
Cor Total 21104.27 25

a: Degree of freedom. ?: Test to comparing model variance with residual variance or
significance of included factors.

Table S-III. Result of simplex optimization for the best recovery of tt-MA

Variables Optimum Value
Extractant solvent volume (uL) 300
Disperser solvent volume (pL) 300

Salt amount (w/v,%) 34
Centrifuge time (min) 4
pH 8
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Table S-IV. Comparison between the proposed DLLME method and other preconcentration
methods using HPLC for the extraction of 7,--MA from urine matrix

Metth Extraction Additional Sample Extraction LDR LOD
Ref.  (analytical solvents/method solvents volume time (ng/mL)  (ug/L)
technique) HE HE
SLME e and di
1 (HPLC- P Acetonitrile 3 ml 13 min 0-0.2 10
PDA) nhexyl ether, tri-n-
octylphosphine oxide
2 LLE Ethyl acetat: - 8 ml - 0.25-5 16.7
(HPLC-UV) yhacetate : :
SPE HCI, Ethyl
3 (HPLC- Oasis®MAX sorbents acetate, 50 ul 10 min> 30 min> -
DAD) Formic acid
SPE 10% (v/v)
4 (HPLC-UV)) SAX sorbent Acetic acid 50 ml - - 100
SPE . Acetonitrile, .
5 (HPLC-UV) Elut-SAX cartridges Acetic acid 1 ml 13 min 0.05-2 10.8
. Phosphate
b
6 (HPI\LAg o) I"m)ftfxctl;ar‘:ge buffer, 2 ml 20min>  0.1-10 10
extractio Methanol
HFLPME® Trioctylphosphine .
7 HPLC-UV) oxide(TOPO) - 11 ml 120min ~ 0.005-12 1
10%(v/v)
MEPS¢ . .
8 (HPLC-UV) SAX sorbent ACC.tIC 0.5 ml 4 min 0.1-2 32
acid
. Ethanol
MIMEPS¢ MIP in packed . .
9 (HPLC-UV)) sorbent Acejtlc 500 pl 5 min 0.015-2 15
acid
Ion-pair ..
10 HFLPME éo'/o\fvtfvng} jﬁ?ti‘;;“;% . 10 ml 60min  0.001-0.9 0.1
(HPLC-UV) ° q
PDLLME Tetrahydrofur .
11 (HPLC-UV)) Chloroform s, Wil 5ml 15 min> 0.1-10 0.11
12 SPME 21rcon1u.m-based metal— Acetqmtrl-le, ) ) 0.01-50 10
(HPLC-UV)  organic frameworks Acetic acid
In syringe .
13 woLeme P 11;"353’6‘351 g;)mc - 65ml 10min> 0.032-10 11
(HPLC-UV) e 2R
DLLME-
14 SFODf 1-undecanol Methanol 10 ml 10 min > 0.02-5 6
(HPLC-UV)
LS DLLME Chloroform Acetonitrile 2 ml 8 min 0.008-5 2.4

work (HPLC-UV)

aSupported Liquid Membrane/’molecularly imprinted polymer/*Hollow-fiber liquid-phase
microextraction/d microextraction by packed sorbent/°combination of MIP and MEPS/fSolidiied
loating organic droplet
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Characterization of enalapril maleate: An approach using
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Abstract: Enalapril maleate is a widely used drug for the treatment of cardio-
vascular diseases. Its mechanism of action is to inhibit the angiotensin-con-
verting enzyme selectively. Therefore, it is metabolized to enalaprilat by liver
cells. The thermal behaviour of enalapril maleate was investigated by simul-
taneous thermogravimetry and differential scanning calorimetry (TG-DSC), as
well as with evolved gas analysis by simultaneous thermogravimetry and differ-
ential scanning calorimetry coupled infrared spectroscopy (TG-DSC-FTIR).
The results provided information on thermal stability, purity, thermal decom-
position steps and the main products formed in the heating. The enalapril maleate
was found to be stable up to 148 °C. Above this temperature causes thermal deg-
radation of the substance, which occurs in two stages in an inert atmosphere (N,)
and three stages in an oxidizing atmosphere (air). Through the TG-DSC-FTIR
the released gases were identified as maleic anhydride as a thermal decompo-
sition intermediate. DSC analysis showed that the material obtained 99.5 % pur-
ity, which indicates high purity. Employing both the Kissinger and Friedman
equations, alongside model fitting methods, the study reveals key insights. The
Kissinger method unveils an apparent activation energy of 47.07+15.45 kJ mol'!
for the complete thermal breakdown, a finding corroborated by the Friedman
method. Model fitting methods, the article applies them, yielding an apparent
activation energy of 55.7+3.4 k] mol™! with a three-dimensional diffusion ther-
mal degradation model.

Keywords: thermal stability; thermal decomposition; kinetic characterization.

INTRODUCTION
Enalapril maleate (Fig. 1) is a prodrug of (Z)-but-2-enedioic acid; (25)-1-
-{(28)-2-[((25)-1-ethoxy-1-0x0-4-phenylbutan-2-yl)amino |propanoyl} pyrrolid-
ine-2-carboxylic acid-1-[2-(1-ethoxycarbonyl-3-phenyl-propyl)aminopropanoyl]

* Corresponding author. E-mail: tiagocolman@ufgd.edu.br
https://doi.org/10.2298/JSC231207070A
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pyrolidine-2-carboxylic acid ((£)-carboxylic acid), which undergoes hydrolysis of
the ethyl ester in hepatic cells and is converted to enalaprilat, considered its bio-
active form. Its main indication is for use in cases of heart disease, such as systemic
arterial hypertension and congestive heart failure. It acts by inhibiting the angio-
tensin-converting enzyme, competitively by inhibiting the biotransformation of
angiotensin I in angiotensin II, which promotes the therapeutic effect.!-8

-~ )

@ Carbon

@ Oxigen
© Nitrogen
2 Hydrogen maleate.

Fig. 1. Structural representation of enalapril

For the drug to be safe and effective, strict quality control must be done, which
may be realized through thermoanalytical techniques. The literature demonstrates
the importance of thermal analysis to characterize and evaluate the purity of drugs,
active pharmaceutical ingredients (IFAs), excipients and medications since ther-
mogravimetry and DSC are analytical, quantitative and comparative techniques.”
These techniques are considered capable of quickly and reproducibly producing
the expected results. DSC is used in the pharmaceutical industry as an important
analytical tool to identify and test the purity of active principles, and it produces
results quickly and efficiently. DSC is already accepted in countries such as the
United States of America for quality control of raw materials used in pharma-
ceutical products.3-11

The use of analytical techniques to characterize pharmaceuticals is important.
An example of this importance that can be cited is that by DSC curves, infrared,
and Raman spectra, it was possible to elucidate two polymorphic forms of enal-
april 12,13

Thus, given the importance of quality control of raw materials and pharma-
ceutical products, the objective of this study was to perform thermal character-
ization and determine the purity of the raw material, enalapril maleate, which is
one of the most prescribed drugs for cardiovascular changes. In this way, to obtain
information not yet described in the literature. Such as thermal and chemical stab-
ility, thermal decomposition, and the main products and gaseous intermediates rel-
eased during the thermal decomposition process.
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THERMAL CHARACTERIZATION OF ENALAPRIL MALEATE 1 355

EXPERIMENTAL

Enalapril maleate was purchased commercially in a compounding pharmacy and stored in
an amber bottle for further analysis.

The DSC curves were obtained in a DSC-Q200 calorimeter (TA Instr. Co., USA), which
was calibrated according to the manufacturer’s recommendation, and a standard indium 99.99
% purity, m.p. 156.6 °C and AH = 28.56 J g'! were used to check the calibration. A mass sample
was around 2 mg and the sample was heated from 130 to 180 °C using an aluminium crucible
with a perforated lid with a 1.0 mm orifice, under an N, atmosphere, with a flow rate of 50 mL
min'! and a heating rate of 1 °C min'!. Universal Analysis software was used to determine the
purity of the sample.!415

Simultaneous TG-DTG-DSC curves were obtained on a thermal analysis System, TG-
-DSC1, Mettler Toledo. The purge gases were dried in air and N, with a flow of 50 mL min!,
with a heating rate of 10 °C min™!, weighing about 10.0 mg. Alumina crucibles were used to
record the DSC and TG curves. !¢

The thermokinetic study was conducted using the thermal decomposition curves obtained
through thermogravimetry on a calibrated Netzsch STA 449 F3 Jupiter® apparatus following
the manufacturer’s instructions. The analyses adhered to the recommended parameters in the
literature,!7-20 with a sample mass of approximately 1.0£0.1 mg. The temperature range spanned
from 30 to 700 °C in an inert N, atmosphere (99.99 %), employing the following heating rates:
2,4, 6, 8 and 10 °C min’!. The thermokinetic treatment was performed with THINKS, free
open-source thermokinetic software.2!

The analysis of the detected gases (TG-DSC-FTIR) was performed using a thermogravi-
metric analyser coupled to a Nicolet FTIR spectrophotometer with gas cells and a DTGS detec-
tor. The oven was coupled to the heated gas cell (250 °C) through a heated current (225 °C)
stainless steel transfer line with 3.0 mm diameter and 120 cm length, both purged with 50 ml
min~!. The identification of the gaseous products was based on the reference spectra available
in the spectrometer software (Omnic 8.0) and literature data.!4-16

RESULTS AND DISCUSSION

Thermoanalytical and spectroscopic study

The purity determination of enalapril was based on the assumption that an
impurity will depress the melting point of a pure material for which the fusion was
characterized by melting point (7() and a melting enthalpy (AHyelt.). The effect of
a Ty impurity on enalapril was determined by the DSC method based on the Van’t
Hoff equation (Eq. (1)).16:22 The DSC curve obtained shows an endothermic event
corresponding to the melting point of enalapril at 154 °C (AHeit. = 29.6 kJ mol-1);
the purity was 99.5 %, indicating the high purity of the material:

m2 A2, 1)
h R T T,

The simultaneous TG-DSC curves in dynamic dry air and N, atmospheres of
enalapril are shown in Fig. 2a and b. In both conditions studied (Pyrolysis (N3) and
oxidation (air)), enalapril was stable up to 148 °C and, above this temperature, the
TG-DSC curves showed that the thermal decomposition occurs in two (N3) and

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

(CC) 2024 Serbian Chemical Society.



1356 TEIXEIRA et al.

three (air) stages between 148—-330 °C and 148-605 °C, respectively, the with total
mass loss of 99.85 (N») and 99.95 % (air). The percentages indicated that the
compound has no inorganic impurities.

100
Lo
904 —71G
60 ——DSC -
~ 40 38
S 20 a | =
» 04 =
2 S
100 =
= 80 08
60 =z
40]
20 b) 3
0 150 300 450 600 750 900

Temperature (°C)

Fig. 2. Enalapril maleate TG-DSC simultaneous curves in dynamic dry air (a) and N, (b)
atmosphere (mass (air) = 10.225 mg, mass (N,) = 10.125 mg).

The TG-DSC curves indicate that the first mass loss occurred slowly between
148 and 230 °C (air) and 148 and 220 °C (N3), with loss mass of 25.4 and 25.5 %,
respectively. At this stage, for both analysis conditions (air and N») the DSC curves
have an endothermic peak at 154 °C with a shoulder at 169 °C, attributed to the
melting followed by thermal decomposition of Enalapril maleate, respectively. To
check these attributions, the sample was heated in a glass tube until 169° C, and as
indicated by the TG-DSC curves, and melting followed by thermal decomposition
was observed. The infrared spectrum of the product condensed on the wall of the
glass tube after the thermal decomposition of enalapril maleate was obtained (Fig.
3) and the maleic anhydride was identified as a decomposition gas product at this
stage (Amcgyle. = 26.04%, Amtg = 25.4 % (air), 25.5 % (N3)). The TGA also
identified maleic anhydride at 170 °C, as the gas product from the thermal decom-
position at this stage, as shown in Fig. 3.

The residue mass obtained at the end of the first mass loss stage (220 (N;) and
230 °C (air)) indicates the formation of “pure” enalapril, the proposed mechanism
for this step is shown in Scheme 1 (AResid.cy1c. = 76.74 %, AResid.tg = 74.6 %
(air), 74.5 % (Nj)).

In the air atmosphere, the second step occurs rapidly between 220 and 350 °C,
with a mass loss of 66.90 %, associated with an endothermic peak at 331 °C,
attributed to the “pure” enalapril thermal decomposition and the formation of car-
bonaceous residue at the end of the process. The formation of carbonaceous residue
was confirmed by visual inspection, heating the samples to 350 °C, as indicated by
the TG-DSC curves.
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Fig. 3. Infrared FTIR spectra obtained during the thermal decomposition of enalapril maleate
in air and N,.
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Scheme 1. Proposed mechanism for the first stage of thermal decomposition.

The last step of mass loss in the TG curve between 350-605 °C (Amtg =
= 9.05 %), corresponding to exothermic peaks in the DSC curve at 475, 527 and
607 °C, i1s attributed to the oxidation of the carbonaceous residue formed in the
previous step and/or to the gaseous products that evolved during thermal decom-
position.

Regarding gases released during thermal decomposition, the main gaseous
products identified by TGA were 1,2-diethyl citrate, CO, CO, and N»O in the
second step, and CO, and CO in the third stage.
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In the pyrolysis condition (nitrogen atmosphere), the second and last step
(pure enalapril thermal pyrolysis) in the TGA curve occurs rapidly between 220—
=330 °C (Amcalc. = 76.74 %, Amtg = 73.35 %), associated with the endothermic
peak in the DSC curve at 290 °C, attributed to the thermal decomposition and the
pyrolysis of the material. Due to the absence of oxygen, parallel reactions are
avoided, o which prevents the formation of carbonaceous residue. The infrared
spectrum obtained during this thermal decomposition step by EGA is shown in
Fig. 3. The main gaseous products released were CO,, N>O, 1,2-diethyl citrate and
maleic anhydride.

Thermokinetic study

The thermal decomposition of enalapril occurs in consecutive mass loss steps;
thus, a thermokinetic study was applied to all stages of thermal decomposition.
Isoconversional analysis studies were conducted using the methods of Friedman
and Kissinger,23-24 as well as through model fitting (linear regression).!8.19:25 Fig,
4 shows the results obtained through the application of isoconversional analysis.

The Kissinger and Friedman equations are fundamental tools in isoconver-
sional kinetic analysis, providing valuable insights into the thermal degradation
kinetics of various materials. The Kissinger method, also known as the Kissinger—
—Akahira—Sunose (KAS) method, is widely used to determine the kinetic para-
meters of a reaction. It involves plotting the heating rate’s logarithm against the
temperature’s reciprocal at the maximum degradation rate for different conver-
sions. The slope of the resulting linear relationship yields the activation energy,
while the intercept provides the pre-exponential factor. However, it is important to
note that in cases where the isoconversional activation energy varies significantly,
the Kissinger plots may appear almost perfectly linear, potentially failing to detect
the inherent complexity of the processes.24 The Friedman method is a widely used
differential isoconversional for analysing thermal degradation kinetics. This
method involves plotting the temperature at a given conversion against the heating
rate. The resulting linear relationship provides the means to determine the act-
ivation energy and pre-exponential factor.26

The isoconversional analysis demonstrated an apparent activation energy for
the complete thermal decomposition of enalapril maleate of 47.07+15.45 kJ mol~!
with an R2 of 0.945.

Fig. 5 shows the results of the thermal kinetic analysis through model fitting.
The application of various methods to determine the kinetic parameters of thermal
decomposition processes is involved in model fitting. Both model-free (isoconver-
sional) and model-fitting methods were used for this purpose, each with its advent-
ages and limitations. Model fitting methods have been a subject of debate within
the thermal analysis community, with the interests about the reliability of deriving
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kinetic parameters from a single heating rate, which can lead to some unreliable
and nonsensical results.2’
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Fig. 4. Results obtained through the application of isoconversional analysis, Friedman plot,
and Kissinger plot of thermal decomposition of enalapril.
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Fig. 5. Results of the thermal kinetic analysis through model fitting of thermal decomposition
of enalapril.
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However, model fitting methods have historically been widely used in solid-
-state kinetics and have shown excellent fits to experimental data, although they
may produce uncertain kinetic parameters, especially for nonisothermal condit-
ions.28 The model fitting methods have been used to predict different reaction
mechanisms for thermal disintegration processes.2 Additionally, the model fitting
methods have been employed to estimate the kinetic parameters of complex solid-
-state reactions.30-3! The kinetic parameters for enalapril maleate demonstrate an
apparent activation energy of 55.7+3.4 kJ mol~! with a three-dimensional diffusion
thermal degradation model, where f{ @) = 3(1-R)?/3/(2(1—(1-R)1/3)).

CONCLUSION

When submitted to heating, certain drugs undergo a series of chemical and
physical reactions, including decomposition reactions, resulting in compounds
different from the original. Thermal analysis can be employed to monitor the
sample, while it undergoes the described processes. Thermal analysis was also
effective in determining the purity of enalapril maleate.

The thermoanalytical and spectroscopic study of enalapril maleate was con-
ducted to ascertain its purity and thermal behaviour. Purity determination, based
on melting point and melting enthalpy, yielded a purity of 99.5 %. The Van’t Hoff
equation applied to the DSC curve confirmed the high purity, showcasing a melting
point at 154 °C with a corresponding AH ;. of 29.6 kJ mol~!. Simultaneous TG-
-DSC curves in dynamic air and N; atmospheres revealed enalapril’s stability up
to 148 °C, beyond which thermal decomposition occurred. In air, three decompo-
sition stages were observed between 148—605 °C, with the identified products inc-
luding maleic anhydride and carbonaceous residue. In Nj, two decomposition
stages occurred between 148 and 330 °C. The second step involved thermal
decomposition and pyrolysis, releasing CO», 1,2-diethyl citrate, NoO and maleic
anhydride.

The thermal decomposition of enalapril maleate was systematically investig-
ated through isoconversional analysis using both the Kissinger and Friedman
equations, alongside model fitting methods. The Kissinger method identified an
apparent activation energy of 47.07+15.45 kJ mol-! for the complete thermal
decomposition, exhibiting an R2 value of 0.945. The application of the Friedman
method supported these findings. Additionally, model fitting methods, despite his-
torical debates regarding their reliability, were employed and resulted in an appar-
ent activation energy of 55.7+3.4 kJ mol~!. The chosen model involved a three-
-dimensional diffusion thermal degradation model.
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H3BO
KAPAKTEPU3AIINJA EHAJIAIIPUJI-MAJIEATA: ITPUCTYII KOJU KOPUCTH
TEPMOAHAJIUTUYKE, TEPMOKHUHETHUYKE U CIIEKTPOCKOIICKE TEXHUKE

JOSE AUGUSTO TEIXEIRA!, ADRIAN SANTOS DE SOUZA?, LAIS DA SILVA MENDOZA KARDEK DE MELO?
1 TIAGO ANDRE DENCK COLMAN?

'"Federal Institute of Parand, IFPR, Paranavai, PR, Brazil, *Federal University of Grande Dourados, UFGD,
Dourados, MS, Brazil

Enananpun-manear je Jiek KOjU ce LIMPOKO KOPHCTH 3a JieYeHme KapAWOBaCKyJapHHUX
donectu. Iheros mMexaHu3aMm [enoBama je fa CENEeKTMBHO MHXUOMpa €H3UM KOjU KOHBEDTYje
aHruorteHsuH. 39or Tora ce henujama jerpe Metabomnuiue y eHajaanpuiar. TepMUYKO NOHaLIabe
€Ha/laNpHuI-MaleaTa je UCIMTHBAHO CUMYJITAaHOM TEPMOIDAaBUMETPHjOM U JU(EpEHIHjaTHOM
ckenupajyhom xamopumerpujom (TG-DSC), a aHaIU30M €BOTyUPAHOT raca CUMYJITaHOM TEPMO-
rPaBUMETPHjOM H ArepeHIjalHOM CKeHUPajyhoM KaJlopUMeTpHjoM ca HHGPALPBEHOM CIIeK-
tpockonujoM (TG-DSC-FTIR). Pesynratu cy mamu uHbOpMaudje 0 TEPMUYKOj CTaDHIIHOCTH,
yrcTohy, KopaLumMa TEPMHUYKE NeKOMIIO3ULIYj€e U IJIaBHUM TPOU3BOAMMA HAaCTaTUM TOKOM 3arpe-
Bama. YTBphHeEHo je [1a je eHanmanpui-manear ctadbunal fo 148 °C. VsHaz oBe TeMiiepaTtype fo1a3u
I0 TEpMUYKe Aerpajialifje CyTICTaHLe, Koja ce fAellaBa y ABa CTeleHa y UHepTHoj atMocdepu (Nz)
U TPU CTeNeHa y OKCUIALHoHOj atmocdepu (Ba3myx). OcinoboheHu racoBy, HHTEpMeNjepy Tep-
MHYKe pasrpajmwe, Cy UOeHTU(DHUKOBAHM Kao aHXHIPHUI ManenHcke kucenuHe. DSC aHanmu3a je
yKasajia Ha BUCOKy yucTohy marepujana (99,5 %). [Ipumenom Kucunuepose u dpunmanose
jemHauMHe, 3ajeHO ca MeToflaMa yKJlalama Moziena, ogpeleHa je MpUBUAHA eHepryja akTUBallje
01147,07£15,45 kJ mol™' 3a moTmyHOo TEpMHUYKO pasiarare. [[pHMEHOM METOMIA YK/Ialatba MofIeia
ca TPOOUMEH3HOHAIHUM JU(DY3HUOHUM MOZENIOM TepMasHe Jerpajaudje noduja ce NpUBHOHA
eHeprdja aktuBanuje og 55,7+ 3,4 kJ mol.

(ITpumrseHo 7. neuembpa 2023, pesunupaHo 1. bedpyapa, npuxsaheHo 17. asrycra 2024)
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Abstract: In the present study, the ultrasonic velocity and density data for the
binary mixture of polyethylene glycol (PEG)-400 and dimethyl sulfoxide
(DMSO), at various concentrations and different temperatures (7, 288.15,
298.15 and 308.15 K), have been measured and further apllied to determine
several physical parameters such as adiabatic and isothermal compressibility,
intermolecular free length, internal pressure and free volume. The excess
values of these parameters have also been computed and fitted with the Red-
lich—Kister (R-K) polynomial equation. The nature, type, and strength of inter-
molecular interactions present within the PEG-400 + DMSO mixture have been
explained based on the sign and magnitude of excess values. Furthermore, par-
tial molar volumes, excess partial molar volumes, apparent molar volumes and
apparent molar volumes at infinite dilution have also been determined to inves-
tigate the solute—solvent interactions. Various mixing rules such as the ideal
mixing rule (U,y,), Nomoto relation (Uy), impedance dependence relation (Uy),
Junjie relation (Uj), van Deal-Vangeel relation (Uy) and collision factor theory
(Ucpr) are employed to compute the ultrasonic velocity and compared with the
experimental one. Among these relations, the Nomoto and Junjie relations are
found to be most suitable for the given mixture. In addition to it, the present
system has also been examined using Fourier transform infra-red (FTIR) and
UV-Vis spectroscopic techniques. The change in intensity and shift in peak
position in the FTIR and UV—Vis spectra of the PEG-400 + DMSO mixture are
used to confirm the intermolecular hydrogen bonding in the given system.

Keywords: research development; industry; sustainable development; polyethyl-
ene glycol; Fourier transform infra-red (FTIR); UV—Vis.
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INTRODUCTION

In recent years, several researchers have contributed to synthesizing and
characterizing significant industrial materials and tuning them to specific applic-
ations.!=5 In such chemical synthesis, the emission of sulphur dioxide (SO») is a
serious concern that affects the health and environmental sectors.3—> Therefore,
various processes/techniques have been developed over time to remove SO, from
industrial products, a process called desulphurisation.®8 Dimethyl sulfoxide
(DMSO) is a widely used organic solvent for removing SO, due to its high sol-
ubility for sulphur-containing compounds. However, the high freezing point (18
°C) of DMSO causes problems to use it in the low-temperature range. Adding
another biocompatible polyethylene glycol (PEG)-400 into DMSO will overcome
this limitation. The other advantages of the PEG-400 + DMSO mixture are its
relatively low toxicity and better solubility than virgin DMSO. Furthermore, it
can be easily recovered and reused in chemical processes.

A comprehensive review of the literature®9-12 reveals that most of the
investigations into the PEG-400 and DMSO systems are made to understand their
behaviour towards desulphurisation, whereas only limited work is available to
explore the nature and strength of inter- and intra-molecular interactions pre-
valent within the system based on the ultrasonic velocity, density and viscosity.
Zhang et al.® also measured the density of the PEG-400 + DMSO mixture at
different concentrations and temperatures. To compare the reported density data
with the present data at mutual temperatures (298.15 and 308.15 K), we have
generated the fitting equation for density measured in this work:

d*= Yo + Aexp(RoX1) (1)

where Yy, A and R are the arbitrary constants and their values at: a) 7' = 298.15
K are: Yo = 1.1216, A = —-0.0244 and Rg = -4.8551; b) T = 308.15 K are: Yy =
=1.1139, 4 =-0.0258 and Ry = —4.0890.

Thereafter, Eq. (1) was used to compute the density (d*) at the same mole
fractions as reported in a research paper by Zhang et al® The correlation of
measured density and the one reported in literature® along with the absolute
average percentage deviation (A4APD) at 298.15 and 308.15 K are given in Table
S-I (Supplementary material to this paper). The perusal of Table S-I indicates
that the AAPD is 0.1550 and 0.1488 at 298.15 and 308.15 K, respectively. For a
better understanding, the density data obtained in the present study and litera-
ture,® along with the fitting line, are given in Figs. S-1 and S-2 (Supplementary
material). Additionally, the density values of current measurement (using Eq. (1))
and literature® at the same mole fractions are presented in Figs. S4 and S-5
(Supplementary material). The probable reason for the deviation can be: i) Zhang
et al.% performed the pre-processing (drying over molecular sieves (type 4A) and
decompression filtration by vacuum pump), before density measurement of the
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materials, whereas in the present work, these materials are used as such without
any further purification; i7) additionally, we have measured the density using
more sophisticated DSA 5000 M interferometer, with the density accuracy of
0.000001 g cm3; Zhang et al.® measured density using bicapillary pycnometer.

Moreover, there are several techniques such as infrared (IR) spectroscopy,
nuclear magnetic resonance (NMR) spectroscopy, UV—-Vis spectroscopy, X-ray
crystallography, surface plasmon resonance (SPR), isothermal titration calorim-
etry (ITC), fluorescence resonance energy transfer (FRET) technique, ultrasonic,
volumetric and refractometric techniques are available to investigate different types
of molecular interactions in the solid/liquid systems. A literature surveyl3-18
reveals that the ultrasonic technique is widely accepted to study molecular inter-
actions for liquid systems due to its unique features like its non-destructive nat-
ure, real-time monitoring, versatility, high sensitivity and non-invasiveness. The
ultrasonic technique involves measuring the speed and attenuation of ultrasonic
waves as they pass through a liquid system. The speed of the ultrasonic wave is
affected by the density and compressibility of the liquid mixture, while the
attenuation is affected by the viscosity and molecular interactions present in the
system. By analysing the changes in speed and attenuation of the ultrasonic
waves, it is possible to obtain information about the nature, type, and strength of
interactions among the constituent molecules of the mixture. The speed of sound
in conjunction with density can be further employed to calculate several import-
ant thermodynamical parameters such as acoustic impedance, adiabatic compres-
sibility, intermolecular free length, internal pressure, free volume, etc., which are
generally difficult to determine experimentally. The concentration and tempera-
ture dependence of these parameters also provide useful information about inter
and intra-molecular interactions, prevalent in the system. Other useful techniques
to study the molecular interactions in liquid systems are FTIR, UV and NMR
spectroscopy.!92! These techniques rely on the interaction of electromagnetic
radiation with the molecules in a sample. The absorption, emission, or scattering
of electromagnetic radiation by the sample is measured. The obtained data pro-
vides information about the sample’s molecular structure and interactions. At
present, ultrasonic and spectroscopic techniques are regularly used to investigate
the molecular interactions in organic liquids, polymers, polymer blends, ionic
liquids and liquid crystals.22-24

In the present work, ultrasonic velocity and density values are measured for
PEG-400 + DMSO at different mole fractions and temperatures (288.15, 298.15
and 308.15 K). The measured data are used to compute several important thermo-
dynamical parameters such as adiabatic and isothermal compressibility, inter-
molecular free length, internal pressure, free volume and their excess values.
FTIR and UV—Vis spectroscopic investigation has also been taken to explore the
molecular interactions in the system under study. The variations in sign and mag-
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nitude of excess parameters, with changes in concentration and temperature, have
been used to complement/supplement the information obtained via other inves-
tigative techniques about the nature, type, and strength of molecular interactions
prevalent in the system under study.

EXPERIMENTAL
Materials

Polyethylene glycol (PEG) and DMSO with molar masses of 400 and 78.14 g.mol!,
respectively, and purity > 99% were acquired from Loba Chemie Pvt. Ltd., India. The
chemicals were used without any further purification for the measurement of ultrasonic
velocity (U) and density (d).

Measurement procedure of ultrasonic velocity (U) and density (d)

The ultrasonic velocity (U) and density (d) of the pure PEG-400, DMSO and their mix-
ture at different mole fractions were measured at the three different temperatures (7, 288.15,
298.15 and 308.15 K) using Anton Paar DSA 5000M densimeter which worked at 3 MHZ.
The inbuilt Peltier-thermostat of the densimeter controlled the temperature automatically and
the working temperature was estimated accurately up to +0.01 K. The U and d were measured
by infusing the sample with a syringe inside the instrument. The instrument can measure den-
sity with an accuracy of 0.000001 g cm™ and ultrasonic velocity with an accuracy of 0.01 m s'L.
For density measurement, the apparatus was calibrated with doubly distilled degassed water,
and with dry air at atmospheric pressure. The repeatability is obtained with triplicate measure-
ments on the same sample maintained inside the densimeter at a constant temperature at dif-
ferent times during the course of present measurements. The density and speed of sound mea-
surements both had experimental uncertainties below 0.0005 g-m> and 1.0 m-s’!, respect-
ively. Binary mixtures were prepared by mass percents, using an analytical balance with a
precision of 0.0001 g (Denver Instrument APX-200). The mole fraction of each mixture was
obtained with an accuracy of 0.0001 from the measured masses of the components. The mea-
sured values of U and d of pure components had been compared with literature data and are
reported in Table I. The contents of Table I indicates that the percentage deviation between
experimental and literature values of density and ultrasonic velocity for PEG-400 and DMSO
is less than 0.3 % at all temperatures. The comparisons between experimental and literature
densities and ultrasonic velocity are presented in Fig. 1a—d.

TABLE I. Experimental and literature values of ultrasonic velocity (U) and density (d) of pure
PEG-400 and DMSO; the standard uncertanities («) are u(7) = 0.01 K, u(d) = 0.5 kg m?3,
u(U)=1.0ms’!

Com- U/ms! Modulus of d/gcm3 Modulus of
ponent I’k Exp. Lit. deviation, % Exp. Lit. deviation, %
PEG-400 288.151629.30 - 1.13031 1.13126%5 0.084
298.151595.16 1592.826 0.146 1.12199 1.1226° 0.060
1595.03%7 0.008 1.12225%5 0.023
1593.0128 0.135 1.1223926 0.036
1593.20% 0.123 1.122308%7 0.028
1.1223028 0.028
308.151561.90 1558.930 0.190 1.11373 1.1139° 0.021
1564.426 0.162 1.112830 0.081
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TABLE I. Continued

Com- T/K U/ms! Modulus of d/gcm3 Modulus of
ponent Exp. Lit. deviation, % Exp. Lit. deviation, %

1561.58%7 0.020 1.1143326 0.054

1559.50%8 0.153 1.11487%7 0.103

1558.99% 0.186 1.1148928 0.104

DMSO  288.15 1524.25 - 1.10574 -

298.15 1490.12 149331 0.193 1.09572 1.0958° 0.013

1484.832 0.356 1.095232 0.045

1489.2 33 0.062 1.095719 0.000

1485.10%4 0.338 1.09543% 0.026

148436 0.412 1.0972933 0.144

1485.1237 0.336 1.09538734 0.030

1485.538 0.308 1.095373° 0.032

148740 0.210 1.0956241 0.009

1485.1242 0.336 1.0953743 0.032

1484.294 0.392 1.0952745 0.041

308.15 1456.54 1450.932 0.385 1.08720 1.080704 0.598

1451.334 0.357 1.085232 0.181

1451.6%° 0.337 1.0854810 0.158

1451.2834 0.361 1.085719 0.136

1.08534834 0.170

1.0855047 0.156

1.085648 0.143

1.08396 0.304

FTIR and UV-Vis spectroscopy

The FTIR spectrum for the mixture under study was recorded on sophisticated FTIR
(Bruker, model Eco AR Alpha II) equipped with Opus software. The spectrometer possessed
auto-align energy optimization, dynamically aligned with and RockSolid™ cube corner inter-
ferometer and temperature-controlled DLaTGS-detector. Data were recorded in the spectral
range of 4004000 cm™! at 4 cm’! spectral resolution with standard KBr beam splitter pos-
sessing precision and accuracy of 0.05 cm™! at 1576 cm™! and <0.0006 cm™! at 1576 cm!. A
baseline correction was made for the spectra recorded in the air. For each measurement 10 pL
a solution was used with sample layer thickness typically less than 2 um. All these measure-
ments were performed at room temperature and atmospheric pressure.

The UV-Vis spectrum for the mixture was recorded on Systronics (India) PC-based
double beam UV-Vis spectrophotometer-2202. The spectrophotometer was equipped with
modified Czerny—Turner monochromator geometry for better aberration correction, holo-
graphic diffraction grating with 1200 lines/mm blazed at 250 nm, and advanced beam tech-
nology with PC-controlled settings. The apparatus operates in the wavelength range from 200
to 1100 nm at a resolution of 0.1 nm with an accuracy of +0.5 nm. In the present case, DMSO
is used to make the baseline correction for the spectra.

Theoretical formulation

The experimentally measured data for U and d have been used to compute some physical
parameters such as adiabatic compressibility (Kj), isothermal compressibility (Kt), inter-
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molecular free length (L¢), free volume (V5), and internal pressure (P;) by employing following
standard formulations as reported in the literature:!3

1
Y
_ 1.71x103
= 424473
=
Y5

2

3)

“4)

where Y5 = (36nNV2)!73 is the molar surface area, N is Avogadro’s number, and V,, = V-V,
where V is the molar volume, V, is the available volume at any given temperature, and ¥, is
the molar volume of liquid at absolute zero temperature.
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Fig. 1. The plot of experimental and literature values: a) of ultrasonic velocity of PEG-400 at
288.15,298.15 and 308.15 K; b) of density of PEG-400 at 288.15, 298.15 and 308.15 K
¢) for the ultrasonic velocity of DMSO at 288.15, 298.15 and 308.15 K; d) values for the
density of DMSO at 288.15, 298.15 and 308.15 K. The solid and dotted lines are a guide

for the eye.
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The internal pressure (P;) is a measure of the strength of forces between the molecules
and is obtained by using the following relation:
Ta

P=
Kr

®)

where T is temperature, K is isothermal compressibility, and volume expansivity (a) is given
by a = (0.0191xKp)4,

Another important parameter free volume (¥7), which is the average volume of free space
between the two neighbouring molecules is given below:

_RT
P+P

Ve (6)
where P is external pressure, which is negligible as compared to internal pressure (P;), R is
universal gas constant, and 7' is temperature.

The theoretical evaluation of ultrasonic velocity (U) has been done using various mixing
rules viz., ideal mixing rule (U,,), Nomoto relation (Uy), impedance dependence relation
(Uz), Junjie relation (Uj), Van Deal-Vangeel relation (Uy), and collision factor theory (Ucpy)-
The mathematical formulations for these relations are given below:!3

The ideal mixing relation (U;,,) uses the speed of sound of pure components along with
mole fraction to predict the ultrasonic velocity of the mixture, as:

U :Z,'inUi @)

where X; and U; (i = 1,2) are the mole fraction and sound velocity of pure components,
respectively.

Nomoto relation (Uy) based on the assumption of no volume change on mixing, is given
as:

_ XiRi+ XoR) 4

= ®)
X+ XoV,

N
where V] and V, are the molar volumes and R; and R, are the molar sound velocity values of
the pure components in the binary mixture.

The standard form of impedance dependence relation (Uy) to predict ultrasonic velocity is:

_ X4+ X7,
X ld 1+ X 2d 2
where X, X5, Z1, Z, and d;, d, are, respectively, the mole fraction, acoustic impedance, and
density values of pure components in a binary mixture.
Junjie relation (Uj) predicts ultrasonic velocity using mole fractions X; and X,, molar

masses M| and M,, molar volumes V| and V,, density d;, and d,and ultrasonic speed U; and
U, of pure components:*°

Uz )

X+ X0,
\/(XlMl + XoMo) (X (dUD) + XoVs [ (dyU3)

(10)

] =

Van Deal and Vangeel (Uy) modified the ideal mixing relation using molar weight M,
and M, of pure components;!3
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1
V:
\/(XIMI + XoMo) (X, [ (dUR)) + X5 1 (dyU3)

U (11)
The collision factor theory (Ucgt) is based on the concept of collisions taking place

amongst liquid molecules and the free space available between them. It provides an
expression for the calculation of ultrasonic velocities in a binary mixture, as given below:!3

X\B+X,B,
Vv
where U, is the limiting value of sound velocity for liquids, which is taken as 1600 m s!. S|

and S, are collision factors. By and B, are geometrical volumes per mole of solute and solvent,
respectively.

Ucrr =UL (X181 + X5S5) (12)

RESULTS AND DISCUSSION

Acoustical parameters and molecular interactions

The experimentally measured ultrasonic velocity (U) and density (d) data for
PEG-400 + DMSO binary mixture at various concentrations and temperatures are
reported in Table II. Therein, the obtained results are presented as a function of
the mole fraction (X7) of PEG-400 at different temperatures (288.15, 298.15 and
308.15 K).

TABLE II. Measured values of ultrasonic velocity (U) and density (d) of PEG-400 (X;) +
DMSO (X>) at different temperatures

X1 288.15 K 298.15 K 308.15 K
U/ms! d/gem3 U/ms! d/gem3 U/ms! d/gem?
0 1524.25 1.10574 1490.12 1.09572 1456.54 1.08720
0.0477 1564.03 1.11383 1522.6 1.10408 1489.42 1.09452
0.0790 1569.29 1.11716 1534.37 1.10604 1497.3 1.09549
0.1178 1574.43 1.11877 1547.78 1.10785 1513.44 1.09787
0.1668 1587.41 1.12024 1559.49 1.10936 1529.19 1.09934
0.2310 1598.23 1.12464 1567.88 1.11288 1539.9 1.10375
0.3185 1612.76 1.12614 1579.28 1.11712 1548.13 1.10771
0.4448 1618.22 1.12792 1583.57 1.11870 1550.07 1.11007
0.5516 1621.16 1.12855 1586.64 1.11957 1553.20 1.11104
0.6431 1623.25 1.12900 1588.84 1.12019 1555.44 1.11173
0.8278 1626.71 1.12975 1592.45 1.12122 1559.13 1.11287
1 1629.30 1.13031 1595.16 1.12199 1561.9 1.11373

Using the experimentally measured U and d values, some acoustical and
thermodynamical parameters, viz., K5, K1, Lf, V¢ and P;, have been determined.
These parameters are reported in Table III. Several researchers have pointed out
that acoustical and thermodynamical parameters are important tools to explore
the nature and strength of molecular interactions in a liquid system.50-52 Keeping
this in view, we have calculated the excess values of these acoustical and thermo-
dynamical parameters using a standard relation as given below:
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AEXCSSS = AEXp _(AIXI + A2X2) (13)

where A represents K, K1, Lf, Vy and P;. AExcess and AEXP are the excess and
experimental values of 4. X1 and X, are the mole fractions of the solute and the
solvent, respectively.

The excess values of all these parameters as a function of the mole fraction
(X1) of PEG-400 are plotted in Figs. 2—6 at different temperatures. These excess
values are also fitted with Redlich-Kister (R-K)!! type polynomial equation
given below:

AY = XX, 3 Ag (2, —)ED (14)

where AY is the excess parameter to be fitted with the R—K polynomial equation,
and Ak is the fitting parameter. The number of fitting parameters is optimized by
using F-test.33 The standard deviations (o) are computed using the relation:

2(AYgyn —AY,
O'(AY)Z\/ ( Exp Cal)
N-n
where N is the total number of mole fractions and # is the number of fitting para-

meters. AYexp and AYcq) are the experimental and calculated values of excess para-
meters. The computed values of R—K coefficients and o are reported in Table IV.

(15)

TABLE III. Acoustical parameters, viz., free volume (V5), adiabatic compressibility (K),
isothermal compressibility (Kt), intermolecular free length (L) and internal pressure (P;) for
PEG-400 + DMSO at different temperatures; the standard uncertanities () are u(7) = 0.01 K,
u(d)=05kgm3, u(U)y=1.0ms!

Xi V<10°/ m3 mol'!  Kix10-19/Pal  Krx10-19/Pal L/ pm Pi/ MPa
T=288.15K
0 4.327+0.004 3.893£0.005  5.194+0.007 39.84+0.042  553.7+0.006

0.0477 4.133+0.004 3.670+0.005 4.886+0.007 38.69+0.035 579.7+0.006
0.0790 4.100+0.004 3.635+0.005 4.834+0.006 38.50+0.034  584.3+0.006
0.1178 4.074+0.004 3.606+0.005 4.793+0.006  38.35+0.034  588.1+0.006
0.1668 4.019+0.004 3.543+0.005 4.707+0.006  38.01+0.032  596.1+0.006
0.2310 3.962+0.004 3.481+0.005 4.619+0.006 37.68+0.030 604.6+0.006
0.3185 3.904+0.004 3.414+0.004 4.528+0.006 37.31+£0.029 613.7+0.006
0.4448 3.878+0.003 3.386+0.004 4.488+0.006 37.16+£0.028 617.8+0.006
0.5516 3.865+0.003 3.372+0.004 4.468+0.006 37.08+0.028 619.8+0.006
0.6431 3.856+0.003 3.361+0.004 4.454+0.006 37.02+£0.027 621.3+£0.006
0.8278 3.841+0.003 3.345+0.004 4.432+0.006  36.93+0.027  623.7+0.006

1 3.830+0.003 3.333+0.004 4.415+0.006  36.86+0.027  625.5+0.006
T'=298.15K
0 4.466+0.004 4.110+0.006 5.418+0.008 41.70+0.050 555.0+0.006

0.0477 4.291+0.004 3.907+0.005 5.137+£0.007 40.65+0.043 577.6+0.006
0.0790 4.235+0.004 3.840+0.005 5.047+£0.007 40.31+0.041 585.4+0.006
0.1178 4.173+0.004 3.768+0.005 4.949+0.007  39.93+0.039  594.0+0.006
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TABLE III. Continued
Xi V<100 / m3 mol!  Kix1010/Pal  Krx1010/Pa’l L¢/ pm Pi/ MPa
T=298.15K

0.1668 4.120+0.004 3.706+0.005 4.866+£0.007 39.60+0.037 601.6+0.006
0.2310 4.074+0.004 3.655+0.005 4.794+0.006 39.32+0.036  608.4+0.006
0.3185 4.015+0.004 3.589+0.005 4.701+£0.006 38.97+0.034 617.4+0.006
0.4448 3.993+0.004 3.565+0.005 4.667+0.006 38.83+0.033  620.8+0.006
0.5516 3.978+0.004 3.548+0.005 4.644+0.006 38.74+0.033  623.1+0.006
0.6431 3.968+0.004 3.536+0.005 4.628+0.006 38.68+£0.032 624.7+0.006
0.8278 3.951+0.004 3.517+0.005 4.601+£0.006 38.57+0.032  627.4+0.006

1 3.938+0.004 3.503+0.005 4.581+£0.006 38.49+0.031 629.4+0.006
T=308.15K
0 4.607+0.004 4.336+0.006 5.647+0.008 43.61+0.059 556.1+£0.006

0.0477 4.426+0.004 4.119+0.006 5.352+0.008 42.50+0.051 578.9+0.006
0.0790 4.387+0.004 4.072+0.006 5.290+0.007 42.26+0.049 584.0+0.006
0.1178 4.307+0.004 3.977+0.006 5.163£0.007 41.76+0.046  594.8+0.006
0.1668 4.235+0.004 3.890+0.005 5.048+0.007 41.31+0.043  604.9+0.006
0.2310 4.174+0.004 3.821+0.005 4.951£0.007 40.94+0.041 613.7+0.006
0.3185 4.126+0.004 3.767+0.005 4.876+£0.007 40.65+0.039  620.9+0.006
0.4448 4.110+0.004 3.749+0.005 4.850+0.007 40.55+0.039  623.4+0.006
0.5516 4.094+0.004 3.731+0.005 4.756+0.007 40.45+0.038 632.6+0.006
0.6431 4.083+0.004 3.718+0.005 4.807+0.007 40.38+0.038 627.5+0.006
0.8278 4.064+0.004 3.696+0.005 4.777+0.006  40.27+0.037  630.4+0.006
1 4.050+0.004 3.681+0.005 4.756+£0.006  40.18+0.037  632.6+0.006

Table IV. Coefficients of Redlich—Kister (R—K) equation and standard deviation (o) values for
liquid PEG-400 + DMSO at different temperatures

T/K Parameter Ay Ay Ay A Ay o

288.15 KE -9.237 5.450 -7.918 13.088 0.271
298.15 -9.922 7.449 -9.754 11.338 0.126
308.15 -10.794 10.231 —-10.702 6.867 0.130
288.15 K+E -12.872 7.619 -11.114 18.283 0.372
298.15 —13.665 10.123 -13.263 15.734 0.183
308.15 —14.665 13.650 -14.187 9.448 0.182
288.15 LE —4.883 2911 —4.021 6.573 0.141
298.15 -5.201 3.947 —4.950 5.565 0.064
308.15 -5.614 5.390 -5.399 3.116 0.066
288.15 PE 12.517 -11.399 -10.435 0.046 38408 0474
298.15 12.300 -11.202 0.828 -3.901 18.772  0.082
308.15 12.326 -12.213 9.205 —3.403 2.610 0.160
288.15 VE —0.818 0.487 -0.692 1.131 0.004
298.15 -0.859 0.640 -0.820 0.957 0.001
308.15 -0.913 0.856 —-0.869 0.550 0.001

The inspection of Fig. 2 reveals that the KF is throughout negative in the
given concentration range at 288.15 K. The overall negative trend of KE indi-
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cates the presence of a hydrogen bonding between PEG-400 and DMSO.54
Moreover, a close look at Fig. 2 shows that the magnitude of negative deviation
is the highest around X7 = 0.3. Furthermore, Fig. 2 displays that at temperatures
298.15 and 308.15 K, a similar behaviour is observed for the PEG-400 and
DMSO binary system. However, a slight increase in the negative value of KF is
obvious. This is expected because a rise in temperature enhances the kinetic
energy of molecules, leading to the weakening of molecular interactions. The
variations in KTE values with changes in mole fraction (X;) and rise in tempe-
rature (Fig. 3) are similar to the variations observed for KE values with such
changes.
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Fig. 2. Excess adiabatic compressibility (K F) for PEG-400 + DMSO at different temperatures.
The solid curves represent the Redlich—Kister equation fitting.

Since the intermolecular free length (Lf) and adiabatic compressibility (Kj)
are directly related to each other, so with the increase in K values, an increase in
L¢ values is expected.> Table III reports that both K and L¢ are decreasing with
the rise in the mole fraction (X7) of PEG-400. It is likely due to the quick uncoil-
ing of the small-sized chain (carbon atoms = 17) of PEG-400 in a highly polar
aprotic organo-sulphur solvent DMSO (dipole moment = 3.96 D*), due to the
dipole-induced dipole and hydrogen bonding interactions between solute and sol-
vent molecules. The rise in the temperature from 298.15 to 308.15 K for the mix-
ture shows a slight increase in Ky and Ly values, which is expected, as the enhan-
cement of thermal agitations in the system leads to a higher mobility of the mole-
cules. The excess intermolecular free length (L) is directly linked to the weak-
ening of intra-molecular interactions and the formation of H-bonding in the sys-

*1D=3.335x103Cm
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tem.>455 The overall negative value of L for the mixture (Fig. 4) points to the
presence of inter-molecular H-bonding in the system. The minimum value of L¢E
occurs around X7 = (.3, indicating the presence of the greatest strength of hydro-
gen bonding at that concentration. The order of strength of intermolecular interact-
ions with the increase in temperature is (L£)288 15 k > (L£)298.15 K > (L£)308.15 K-
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Fig. 3. Excess isothermal compressibility (K1F) for PEG-400 + DMSO at different
temperatures. The solid curves represent the Redlich—Kister equation fitting.
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Fig. 4. Excess free length (L) for PEG-400 + DMSO at different temperatures. The solid

curves represent the Redlich—Kister equation fitting.

The internal pressure (P;), the result of the molecules’ attractive and repul-
sive interactions, is a parameter that is sensitive to all three types of interactions,
viz., solute—solute (A—A), solute—solvent (A-B), and solvent—solvent (B—B) inter-
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Fig. 5. Excess internal pressure (P;F) for PEG-400 + DMSO at different temperatures. The
solid curves represent the Redlich—Kister equation fitting.

actions, in a mixture.5® The excess internal pressure (PiE) is also very sensitive to
the variations in the strength of the intermolecular interactions. Fig. 5 exhibits
that PE is positive over the entire mole fraction (X7) range. It confirms that the
A-B interactions dominate over A-A and B-B interactions. Rao et al.,>"reported
that an increase in P; values leads to a decrease in free volume (V¥). The negative
values of V£ throughout the concentration range (Fig. 6) point to the enhancement
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Fig. 6. Excess free volume (V;F) for PEG-400 + DMSO at different temperatures. The solid
curves represent the Redlich—Kister equation fitting.

of compactness among the molecules of the mixture, confirming the existence of
attractive interactions in the system.58Excess parameters, viz., Vit, KEE, K1E, L{E
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and P;E for the binary mixture studied here, are fitted with the R—K polynomial
equation, determined by the least-square regression method. Table IV reports the
R-K polynomial coefficients for the system in the temperature range of 288.15 to
308.15 K. The low o values points to the suitability of the R—K polynomial
equation for the system under study at all the temperatures investigated here.

Partial and apparent molar volumes

For the given system of PEG-400 + DMSO, the partial molar volume
(V1,V5), excess partial molar volume (VlE , VZE ), apparent molar volume
(V(/,1 ,V¢,2 ) and apparent molar volume at infinite dilution (17(/‘;: ,17(;; ) is calculated
and presented in Tables V and VI. Partial molar volumes and apparent molar
volumes of solute and solvent are obtained using the standard procedure reported
below (Egs. (16)—(19)):59:60

_ oV
V=V+(1-X)— 16
| ( 1)8)(1 (16)
Vo=V+(1-X )a—V (17)
2 2 ox,
VE
Vv, =V +-1L 18
a1y (18)
VE
V, =V, +-0 (19)
%) X2

E.
Here, V,; is the molar excess volume.

TABLE V. Partial volume, excess partial molar volume and apparent molar volume for PEG-
-400(1) + DMSO (2) at different temperatures; the standard uncertainties () are u(7) = 0.01
K, u(d) = 0.5 kg m3, u(U)= 1.0 m s”! and U(x;) = 0.0001 kg/mol

X " V) VE vy v, Y,
1 cm? mol™! cm®mol™  cm?mol! cm®mol”!  cm3 mol™! cm?3 mol™!
288.15 K

0 348.87+0.158 70.66+0.032 -5.015 0.000 — 70.66+0.032
0.0477 349.79+0.157 70.61+0.032 —4.096 -0.046  348.87+0.157 70.41+0.032
0.0790 352.60+0.158 70.40+0.032 —-1.290 -0.254 349.64+0.156 70.29+0.031
0.1178 354.62+0.158 70.22+0.031 0.738 -0.435 351.37£0.157 70.32+0.031
0.1668 352.46+0.157 70.67+0.032 —1.428 0.008 352.50+0.157 70.38+0.031
0.2310 351.97£0.156 70.58+0.031 -1.919 -0.075 351.72+0.156 70.01+£0.031
0.3185 353.66+0.157 70.10+0.031 -0.230 -0.561 352.45+£0.156 69.99+0.031
0.4448 353.75+0.157 69.98+0.031 —0.135 —0.680  352.90+0.156 69.87+0.031
0.5516 353.96+0.157 69.82+0.031 0.071 —0.838 353.28+0.157 69.91+£0.031
0.6431 353.92+0.157 69.87+0.031 0.037 —0.786 353.49+0.157 69.94+0.031
0.8278 353.90+0.157 69.95+0.031 0.010 —0.708 353.75+£0.157 70.00+£0.031
1 353.89+0.157 70.00+0.031 0.000 —0.661 353.89+0.157 —
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¥ v 2 Ve Y Vo v
! cm?3 mol~! cm3mol!  cm3mol! cm3mol!  cm3 mol! cm? mol™!
298.15 K
0 351.51+0.160 71.30+0.033  —-5.000 0.000 - 71.30+£0.033
0.0477 354.38+0.160 71.16+0.032 -2.130 -0.144 351.51£0.159 71.05+0.032
0.0790 357.41+0.162 71.00+0.032 0.901 -0.301 353.90+0.160 71.08+0.032
0.1178 357.86+0.162 70.95+0.032 1.345 -0.353 355.21+£0.160 71.13+0.032
0.1668 356.53+0.161 71.24+0.032 0.022 -0.069 356.19+0.161 71.24+0.032
0.2310 354.47£0.159 71.69+0.032 -2.042 0.390 355.77£0.160 71.08+0.032
0.3185 355.28+0.159 71.24+0.032 -1.229 -0.066  355.14+0.159 70.66+0.032
0.4448 356.59+0.159 70.61+0.032 0.082 —0.692 355.73+0.159 70.68+0.032
0.5516 356.61+0.159 70.61+0.032 0.099 —0.696 356.04+0.159 70.73+0.032
0.6431 356.56+0.159 70.68+0.032 0.051 -0.624 356.22+0.159 70.77+£0.032
0.8278 356.52+0.159 70.79+0.032 0.014 -0.515 356.42+0.159 70.86+0.032
1 356.51£0.159 70.86+0.032 0.000 —0.449 356.51+£0.159 —
308.15 K

0 355.86+0.164 71.86+0.033 -3.292 0.000 - 71.86+0.033
0.0477 359.39+0.164 71.69+0.033 0.236 -0.177  355.86+0.163 71.70+0.033
0.0790 361.29+0.165 71.65+0.033 2.137 -0.214 358.80+0.164 71.83+0.033
0.1178 360.56+0.164 71.67+0.033 1.405 -0.193 359.11+0.164 71.86+0.033
0.1668 359.06+0.163 72.03+0.033 —-0.094 0.166 359.89+0.164 72.01£0.033
0.2310 356.96+0.162 72.42+0.033 -2.195 0.558 358.82+0.163 71.76+0.033
0.3185 358.03+0.162 71.97+0.032 -1.119 0.104 358.26+0.162 71.44+0.032
0.4448 359.05+0.162 71.41+0.032  —0.098 -0.452 358.49+0.161 71.33+0.032
0.5516 359.26+0.162 71.25+0.032 0.112 -0.609 358.77£0.161 71.39+0.032
0.6431 359.21+0.162 71.34+0.032 0.058 -0.527 358.92+0.161 71.44+0.032
0.8278 359.17£0.162 71.46+0.032 0.015 -0.404 359.08+0.161 71.53+0.032
1 359.15+0.162 71.53+0.032 0.000 -0.330 359.15+0.161 -

TABLE VI. Molar volume and apparent molar volume at infinite dilution for PEG-400(1) +
DMSO (2) at different temperatures

7 7, 7 7
T/7K cm?3 mol-! cm?3 mol-! cm? %ol‘1 cm3 %ol‘l
288.15 353.89 70.66 350.44 70.40
298.15 356.51 71.30 354.11 71.16
308.15 359.15 71.86 358.22 71.85

The values of 17;;’ and _I7°° are determined using the analytical extrapolation
methods. In this approach, V(/,1 is obtained by taking V(l’l toX1=0(X>=1)and
V(;; is obtained by taking the V,, to X2 =0 (X1 = 1).

The portray of Table V indicate that in general, the excess partial volumes
are negative at all temperatures. It is well mentioned in literature that, the negat-
ive values of 171E and 172E is an indicative of intermolecular interaction by hyd-
rogen bonding or due to the geometrical fitting of one component into another.6!
These findings are in agreement with the results arrived earlier for the given sys-

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

(CC) 2024 Serbian Chemical Society.



1378 DHIMAN et al.

tem PEG-400 + DMSO. The apparent molar volume at infinite dilution is an
important property to access the solute-solvent interaction of the liquid mixtures.
At infinite dilution, the apparent molar volume only depends upon the solute—
—solvent interaction, and the contribution of solute-solute interactions disappears
in the mixture; furthermore, at infinite dilution, solute—solvent interaction
becomes independent of the composition of the mixture.®! The apparent molar
volume for a solute and a solvent at different temperatures are reported in Table
VL. The inspection of Table VI reveals that the apparent molar volume at infinite
dilution for PEG-400 and DMSO is less than that of pure molar volume, which
confirms that the solute—solvent interactions in the system are present.®0 Further-
more, the differences 17(;;’ —V1 and 17(;; —V, decrease with temperature, which indi-
cates that the solute—solvent interactions get weaker with the rise in temperature.

Theoretical estimation of ultrasonic velocity of the mixture

Using various standard relations such as the ideal mixing relation (IMR),
Nomoto relation (NR), impedance dependence relation (IDR), van Deal-Vangeel
relation (VVR), Junjie relation (JR), Schaaff’s collision factor theory (CFT) and
the ultrasonic velocities in the PEG-400 + DMSO mixture have been determined.
The experimentally measured values of ultrasonic velocity (U*) along with theor-
etically predicted U, UN, Uz, Uy, Uy, and Ucpt values at 288.15, 298.15 and
308.15 K, for the binary mixture under study are reported in Table VII. It is obs-

TABLE VII. Experimental (U*) and calculated ultrasonic velocity using different mixing
rules for PEG-400 + DMSO at different temperatures

X U* Um Un Uz Uy Uy Ucrr
T=288.15K
0 1524 1524 1524 1524 1524 1524 1513
0.0477 1564 1529 1545 1529 1422 1543 1529
0.0790 1569 1533 1555 1533 1370 1553 1536
0.1178 1574 1537 1566 1537 1317 1563 1541
0.1668 1587 1542 1576 1542 1264 1574 1545
0.2310 1598 1549 1587 1549 1213 1584 1553
0.3185 1613 1558 1597 1558 1169 1595 1557
0.4448 1618 1571 1608 1572 1140 1606 1560
0.5516 1621 1582 1614 1583 1144 1613 1561
0.6431 1623 1592 1619 1592 1168 1618 1561
0.8278 1627 1611 1625 1612 1296 1625 1561
1 1629 1629 1629 1629 1629 1629 1560
T=298.15K
0 1490 1490 1490 1490 1490 1490 1510
0.0477 1523 1495 1511 1495 1390 1509 1527
0.0790 1534 1498 1521 1499 1339 1519 1532
0.1178 1548 1502 1532 1503 1287 1529 1536
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TABLE VII. Continued

X U* U Ux Uz Uy Uy Ucrr
T=298.15K
0.1668 1559 1508 1542 1508 1236 1539 1541
0.2310 1568 1514 1553 1515 1186 1550 1547
0.3185 1579 1524 1563 1524 1143 1561 1554
0.4448 1584 1537 1574 1537 1115 1572 1557
0.5516 1587 1548 1580 1549 1119 1579 1558
0.6431 1589 1558 1584 1558 1142 1583 1559
0.8278 1592 1577 1591 1577 1268 1590 1559
1 1595 1595 1595 1595 1595 1595 1558
T=308.15K
0 1457 1457 1457 1457 1457 1457 1507
0.0477 1489 1462 1477 1462 1359 1475 1523
0.0790 1497 1465 1488 1465 1309 1485 1526
0.1178 1513 1469 1498 1469 1258 1495 1532
0.1668 1529 1474 1509 1474 1208 1506 1536
0.2310 1540 1481 1519 1481 1160 1516 1544
0.3185 1548 1490 1530 1491 1117 1527 1551
0.4448 1550 1503 1540 1504 1090 1539 1555
0.5516 1553 1515 1547 1515 1094 1545 1556
0.6431 1555 1524 1551 1525 1117 1550 1557
0.8278 1559 1544 1558 1544 1240 1557 1557
1 1562 1562 1562 1562 1562 1562 1557

TABLE VIII. Absolute percentage deviation (4PD) for ultrasonic velocity mixing rules
applied on PEG-400 + DMSO at different temperatures

288.15 2.0 0.5 2.0 18.1 0.6 3.0
298.15 2.1 0.6 2.1 18.2 0.7 1.1
308.15 2.2 0.6 2.2 18.3 0.8 -0.8

erved that Uy and Uy are well matches with U*, whereas Uy, Uz and Ucpr are
showing a reasonable agreement with the experimental values. However, Uy
values show a large departure from experimental values. Thereby, the VVR fails
to determine the ultrasonic velocity values in the given temperature and concen-
tration range for the system. It is likely due to the large difference in size of the
molecules of PEG-400 and DMSO. To have a better understanding of the com-
patibility of these relations to predict the ultrasonic velocity in the given concen-
tration and temperature range for the system, the absolute percentage deviation
(APD) values were determined. These values are presented in Table VIIL. It is
worth noting here that APD values for Ux (NR) and Uy (JR) are <1 %, ~2 % for
Umnm (IMR) and Uz (IDR), respectively, and ~18 % for Uy (VVR) at all the
working temperatures. Moreover, the APD value for CFT is <I % at 308.15 K,
3.0 % at 288.15 K and 1.1 % at 298.15 K. Thus, it can be concluded that except
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VVR, the other five relations investigated here can be successfully employed to
predict the ultrasonic velocity for the system, in the given concentration range
and at all working temperatures.

UV-Vis spectra

The UV—Vis spectra of PEG-400 with DMSO is presented in Fig. 7. A close
look at Fig. 7 reveals that the absorption peak of PEG-400 is shifted from 247 to
253 nm, as DMSO concentration increases in the mixture, which indicates the
possibility of hydrogen bonding between the hydrogen of the hydroxyl group of
PEG-400 and the free lone pair of oxygen atom of DMSO, i.e., (CH3),S=0---H—
(OCH,—CH,-0)pgG—H---O=S(CH3),.35 It can be attributed to the n—m* electro-
nic transition of the unshaped electronic pair of oxygen atoms in DMSO.

2. ——— PEG-400 (X =0.079038)
—— PEGA00 (X =0,166840)
—— PEG-400 (X =0,318452)
—— PEG-400 (X =0,444752)

Absorbance

0.0 i i L | L ! 1 1 L ! 1 1 L L n
200 250 300 350 400
Wavenumber (nin)

Fig. 7. UV—Vis spectra of PEG-400 + DMSO at increasing concentrations of DMSO.

FTIR spectra

The FTIR spectra of pure DMSO, pure PEG-400 and their binary mixture
are presented in Fig. 8a—e, respectively. The perusal of spectra of pure DMSO
(Fig. 8a) indicates a peak at wave number 3430.65 cm™!, which is indicative of
O-H stretching.

A peak at 1019.25 cm-! describes the C-S stretching vibrations of mole-
cules. The close look to Fig. 8 also infers a considerable shift (36-48 cm™!) as
well as a broadening in the 3445.39 cm~! peak with the change in concentration
DSMO in the mixtures (Fig 8c—e), which is most likely due to the breaking of the
intra-molecular interactions of PEG-400 and the formation of intermolecular
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H-bonding between PEG-400 and DMSO molecules. Moreover, when the
amount of PEG-400 (solute) is increased in the mixture the peak, at wave number
1019.25 cm! of pure DMSO (Fig. 8a), splits into two peaks. It indicates the pre-
sence of intermolecular interactions and the formation of a dimmer in the sys-
tem.!% The conclusions based on FTIR spectra of the binary mixtures supplement
the findings obtained using the ultrasonic technique for the system.

CONCLUSION

New experimental values of ultrasonic velocity and density have been deter-
mined for a polymer mixture of PEG-400 and DMSO at 288.15, 298.15 and 308
K. The validity of various mixing rules for the ultrasonic velocity has also been
tested for the given mixtures. Based on the ultrasonic velocity and the density,
some important physical parameters and their excess values are also computed.
The current investigation confirms the intermolecular H-bonding between PEG-
-400 and DMSO molecules. The spectroscopic analysis of the given system also
confirms the presence of intermolecular H-bonding between PEG-400 and DMSO.
Additionally different temperatures. It can be concluded that out of six mixing
rules, the Nomoto relation and the Junjie relation are found to be best suited for
the given mixture. Overall, this insightful analysis of the given mixtures can find
the use in industry for solvent selection, design, extraction and separation pro-
cesses.

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/12720, or from the corres-
ponding author on request.

n3BO[J

NCIIUTHUBAKE MOJIEKYJTAPHUX MHTEPAKIIUJA BUHAPHUX MEIITABHUHA PEG-400
¥ DMSO HA PA3JIMYUTUM TEMIIEPATYPAMA YJITPA3BYKOM U
CIIEKTPOCKOIICKOIIMJOM HUCTPATE

MONIKA DHIMAN', ARUN UPMANYU", DEVINDER PAL SINGH? u KAILASH CHANDRA JUGLAN?
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2Acoustics Research Center, Mississauga, L5A 1Y7, Ontario, Canada u *Department of Physics, Lovely Faculty
of Technology and Sciences, Lovely Professional University, Punjab, India

Y papy cy npuKasaHH pe3yjaTd Mepewa yaTpa3By4yHe Op3uHe U TYCTHHE SUHAapHe CMelle
nonu(etunex-rnukona), PEG-400 u gumerun-cyndokcuna (DMSO), nmpu pasmuyUTUM KOH-
LeHTpalyjaMa U pasnuuuTUM TemnepaTtypama (288,15, 298,15 u 308,15 K), koju cy jonatHo
UCKOpHUTheH! 3a yTBphHBame HEKOMMKO (U3WYKHX MapameTapa Kao WITO Ccy aguadarcka U
H30TepMaliHa KOMIIpecHja, HHTepMoseKylapHa CJI0DOfHA HyKWHA, YHYTPALIBH IPUTHCAK U
c1000HA 3arpeMuHa. Bullak BpeIHOCTH OBUX IapameTapa je Takohe n3pauyHaT ¥ GUTOBaHa
ca Redlich—Kister (R-K) monuHoMHOM jenHaunHOM. [TpHpoda, THN U jauWHA UHTEPMOJIEKY-
JapHUX WHTepaknuja npucyTHux y PEG-400 + DMSO cmemu odjaurmeHu cy nomohy ocHose
3HaKa M BEJMYMHE BULIKA BpeOHOCTH. Ilopen Tora oppeheHH cy mapudjajsiHa 3alpemMHHA,
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BHUIIAK MaplHjaJHe 3allpeMUHe W MoJlapHa 3alpeMuHa NPy DeCKOHAuYHOM pa3bnakuBamky Ia
OM ce WCnUTane WHTEepaklWje pacTBOpak—pacTBapady. Pa3Ha mpaBwia Mellama Kao LITO CY
upeanHo mpaswio Mewamwa (Uin), Nomoto (Un), ofHOC 3aBUCHOCTH off uMnienaHce (Uz), Junjie
(Uy), van Deal-Vangeel (Uv) u Teopuja daxropa cynmapa (Ucer) cy ynorpebibeHa 3a U3pauy-
HaBame yJITpa3ByyHe Op3vHe W yrnopeheHH ca eKCIepUMEHTATHUM pesyiaTratima. Nomoto u
Junjie jemHauuHe Hajbospe omucyjy ucnutHBaHy cmeinry. Cucrem je Takohe vMcnUTaH KOpHLI-
hewem FTIR u UV-Vis cnekrpockonckomndjom. IIpoMeHa UHTeH3UTeTa U NOMepame IMHKa Y
FTIR u UV-Vis cnexrpuma PEG-400 + DMSO cmeme cy mOTBpAWIe BONOHWYHE Bede Y
CUCTEMY.

(MTpumbeno 7. nenemdpa 2023, pesuaupano 22. janyapa, mpuxsaheHo 2. jyHa 2024)
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Table S-1. Calculated density (d*) (using Equation 1), Literature! (d) density along with
AAPD for PEG-400 + DMSO at 298.15 K and 308.15 K.
X | 45 | d* | %deviation
298.15K
0.0102 | 1.0979 | 1.0984 0.0427
0.0213 | 1.0999 | 1.0996 0.0284
0.0333 | 1.1019 | 1.1008 0.0969
0.0466 | 1.1033 | 1.1021 0.1060
0.0611 | 1.105 | 1.1035 0.1400
0.0773 | 1.1067 | 1.1048 0.1694
0.0952 | 1.1086 | 1.1062 0.2146
0.1152 | 1.1099 | 1.1076 0.2034
0.1378 | 1.1117 | 1.1091 0.2346
0.1633 | 1.1131 | 1.1105 0.2293
0.1927 | 1.1145 | 1.1120 0.2228
0.2266 | 1.1157 | 1.1135 0.1999
0.2662 | 1.1171 | 1.1149 0.1979
0.313 | 1.1184 | 1.1163 0.1921
0.3691 | 1.1194 | 1.1175 0.1676
0.4382 | 1.1204 | 1.1187 0.1532
0.5253 | 1.1211 | 1.1197 0.1262
0.637 | 1.1218 | 1.1205 0.1174
0.787 | 1.1222 | 1.1211 0.1020
AAPD 0.1550

* Corresponding author. E-mail: arun.upmanyu@chitkara.edu.in
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Table S-I. Continued

X5 | & | d* | %deviation
308.15 K
0.0102 | 1.0867 | 1.0892 0.2311
0.0213 | 1.0889 | 1.0903 0.1293
0.0333 | 1.0911 | 1.0914 0.0310
0.0466 | 1.0927 | 1.0926 0.0066
0.0611 | 1.0949 | 1.0939 0.0957
0.0773 | 1.0966 | 1.0951 0.1333
0.0952 | 1.0985 | 1.0965 0.1854
0.1152 | 1.1001 | 1.0978 0.2061
0.1378 | 1.1015 | 1.0993 0.2041
0.1633 | 1.1035 | 1.1007 0.2534
0.1927 | 1.1047 | 1.1022 0.2264
0.2266 | 1.1063 | 1.1037 0.2336
0.2662 | 1.1076 | 1.1052 0.2131
0.313 | 1.1088 | 1.1067 0.1849
0.3691 1.11 1.1082 0.1606
0.4382 | 1.111 | 1.1096 0.1244
0.5253 | 1.112 | 1.1109 0.0985
0.637 | 1.1128 | 1.1120 0.0713
0.787 | 1.1133 | 1.1129 0.0378

AAPD 0.1488
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Fig. S-1. Density values from Literature! and present work with fitting equation at 298.15 K.
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Fig. S-2. Density values from Literature! and present work with fitting equation at 308.15 K.
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Joint characteristics and process parameters optimization on
friction stir welding of AA 2024-T6 and AA 5083-H111
aluminum alloys

S. SAKTHIVEL** and K. MOHAN

Department of Mechanical Engineering, K.S. Rangasamy College of Technology,
Tiruchengode-637215, Namakkal, Tamil Nadu, India

(Received 21 September, revised 21 November, accepted 22 December 2023)

Abstract: Friction stir welding (FSW) is a recent method for welding in a solid-
-state environments. The FSW parameters, namely pin rotation speed, welding
speed, axial force and tool tilt angle affect weld joint microstructure and tensile
strength. The study optimizes process settings to enhance mechanical properties
and uses Response surface methodology (RSM) to predict the ultimate tensile
strength (UTS) of FS-welded AA 2024-T6 and AA 5083-H111.These parameters
must be understood in order to get optimal mechanical qualities in manufact-
uring. The created model predicted tensile strength within 5 % of experimental
data, helping optimize process parameters for FSW joints. Tool tilt angle affects
heat, material flow, defect generation, welding force, and friction stir weld joint
quality.

Keywords: aluminum alloys; friction stir welding; optimization; tensile strength.

INTRODUCTION

A new approach for joining the metals in solid-state conditions is friction stir
welding (FSW). This welding is called green welding since it does not emit oxide
fumes as the conventional joining procedures do. A rotating pin is inserted into the
material and moved along the joint line after “dwell time”. A weld junction forms
as material flows from the advancing to the receding weldment. The friction
between the tool and workpiece minimizes the flow stress around the pin and
shoulder. In order to identify the complex flow pattern in a cylindrical tool, a frict-
ion stir forming model was developed by employing the particle streamline tracing
techniques.! Dissimilar joints of AA 5083 and mild steel were evaluated.2 The
experimental design predicted the mechanical characteristics and microstructure

* Corresponding author. E-mail: sundaramsakthivel791@gmail.com

* S. Sakthivel is research Scholar at Dept. of Mech. Eng., K. S. Rangasamy College of
Technology, Tiruchengode-637215, Namakkal, Tamil Nadu, India.
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of the heterogeneous AA 5083-AA 6061 joints.3 The results revealed that the tool
rotation speed affected joint tensile characteristics more than tool pin diameter.
FSW testing on AA 6351 and AA 5083 alloys used continuous plunging force, tool
rotating speed, and welding speeds with different tool probes. The data showed
that straight square probe joints had higher tensile strength. The mechanical pro-
perties of dissimilar alloys of aluminum and copper at different tilt angles were
examined, and a tool tilt angle of 4° produced defect-free joints with excellent
strength and hardness.5 FSW joints manufactured from 2024 and 7075 aluminum
alloys showed a refined microstructure and good mechanical properties, including
high tensile strength and flexibility. The effects of different circumstances on
microstructure and mechanical qualities were studied using the optimal welding
parameters for high-quality joints.® Al-2024 and Al-7039 weld joints with a hetero-
geneous composition of base metals were studied and the failure occurred when
the Cu and Zn were in excess.’ Dissimilar weld joints on AA 6061 and AA5052
alloys exhibited a fine-grained nugget zone with an equiaxed orientation.8 RSM
was used to create the regression models and examine the friction stir welding
response variables. A mathematical model predicted the friction stir-welded 6061
aluminum alloy joint tensile strength.? The ultimate tensile strength, yield strength,
and elongation of friction stir welded aluminum 5083-H111 and 6082-T6 alloys
were examined.!0 FSW was done on AA 2024 and AA 6061 plates utilizing RSM
to maximize elongation and ultimate strength with a suitable FSW pin profile.!!
The aluminum alloys of AA 6101-T6 and AA 1350 AA 5052 and AA 6101 plates
were linked, and statistical analysis showed that traverse speed affected weld
characteristics.!2-13 Rotational speed, welding speed, tool tilt angle, and axial force
must be changed to produce these properties.!4 According to the literature, the
researchers prefer RSM by employing different pin profiles for different materials
to produce high-quality welds for aviation structural parts. To the authors’ know-
ledge, AA 5083-H111 and AA 2024-T6 dissimilar joints are limited by the huge
ranges of four parameters within the authorized scale. In this work, the authors
focused on developing a statistical model to predict the strength of the joints within
the selected range of parameters. The effects of the input parameters with respect
to the tensile strength model will shed new light on the material science and
engineering by the optimization of process parameters and characterizing FS
welded AA 2024-T6 and AA 5083-H111 alloys.

EXPERIMENTAL PROCEDURE
Materials, methods, and experimentation

The study used 5 mm thick rolled AA 2024-T6 and AA 5083-H111 aluminum alloy plates
cut to 100 mm=150 mm. Fig. 1a and b illustrate the clamping mechanism and weld joint sample
used to hold the plates rigidly clamped in the fixture, respectively. The shank portion of the tool
was held in the spindle. AA2024-T6 was fixed in the advancing side and in the retreating side
AAS5083- H111 was fixed. The rotating tool pin would plunge into the workpiece surface with
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a dwell time, the required spindle speed, axial load, welding speed and tilt angles, which were
given as input parameters to complete the weld. Owing to its increased stirring action and the
material flow, high-carbon steel and non-consumable hexagon pin tools were used to fabricate
the joints. The four-sided tool pin rotated well with the shear and mixed materials. The base
metals in AA 2024-T6 are 93.35 Al, 4.3 Cu, 1.315 Mg, 0.522 Mn, 0.09 Si, 0.116 Fe, 0.041 Zn,
0.005 Cr, 0.005 Ni, 0.013 Ti and, for in AA5083, the constituent metals are 93.68 Al, 0.067 Cu,
4.8 Mg, 0.744 Mn, 0.1 Si, 0.231 Fe, 0.096 Zn, 0.092 Cr, 0.009 Ni, 0.017 Ti. Fig. 1c shows the
specimen preparation of tensile strength as per ASTM ES8 standard using electrical discharge
machine. The base final tensile strengths of 397 and 316 MPa were achieved after the tensile
test. The process parameters were varied by three levels and four parameters having the rotat-
ional speed of 600, 1050 and 1500 rpm, the traverse speed of 30, 45 and 60m/min and the tilt
angle of 1, 2, 4 and 5°, and axial load of 3, 6 and 9 kN were chosen. The weld joints were
subjected to the tensile testing machine having a load range of 5 tons with a load accuracy of
0.1 N and cross head speed accuracy of 0.01 mm. Initially, the samples are prepared for 10
mmx10 mm and it is mounted in the press and grinding is done using different grades of emery
fineness papers, while polishing is carried out to remove scratches through a rotatable disc
polishing machine, for microstructure analysis Weck’s reagent is used (4 g KMnOy, 1 g of
NaOH and 100 mL H,O for 20 s). Then the samples were subjected to close examination
through the metallurgical microscope 5 MP camera and images were taken using De-winter
Material plus version-2, Model JEOL JSM7001F for characterizing the weld joints by the scan-
ning electron microscopy.

Parent Metal
o Weld
-~ HAZ

Fig. 1. a) Friction stir joining processes; b) FSW plate; ¢) fractured specimens.

RESULTS AND DISCUSSION

Welded joints with varied parameters were subjected to tests relating to tensile
strength, and their results are discussed based on RSM; the microstructure and
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fractography characterization are also discussed. Maximum and minimum tensile
strengths of 320 and 284 MPa were obtained, as shown in Fig. 2.

Normal Plot of Residuals

—s— PREDICTED
(a) 325 4 —e— ACTUAL (b)

TENSILE STRENGTH (MPa)
N @ @ 8w 8 W

& 8 &8 3 & B8
PR L
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»
8

o,

Normal % Probability

N
@
a
1
1

»
g

T R % s/ 0
SAMPLE NUMBERS ¢ 3 200 o 2 0x ‘
—————

Externally Studentized Residuals

Fig. 2. a) Predicted vs. actual tensile strength; b) probability curve for predicted vs. actual
tensile strength.

The TS response ANOVA results for the second-order polynomial regression
model are presented in Table I. F-value and P-value determined the model and the
coefficient significance. The model and coefficients were more significant, with a
higher F-value and lower P-value. With an F-value of 8.3 and a P-value of 0.0001,
the hypothesis is quite significant. If the P-value of the predicted coefficients is
less than 0.05, the variables in the model are essential. If it was greater than 0.1, it
was not significant. This model includes the major effects of welding speed (B),
tilt angle (C) and axial load (D), the interaction terms 4B, AC and BC; and the
quadratic terms 42, B2, C2 and D2. According to the F-values, D? > C2> B2 > 42
> BC>AC > AB > D > C > B were the most relevant parameters. The model is
adequate with the estimated R2? and adjusted R? values of 0.9809 and 0.9619,
respectively. The multiple regression analysis of the experimental data yielded the
following mathematical model in terms of coded parameters:

Tensile strength =318.00 — 1.004 + 1.42B + 1.25C — 1.33D + 4.504B +
+4.504C — 1.504D — 5.00BC + 1.75BD + 0.7500CD — 14.00 42 —
—11.62 B2-12.38 C2-11.00 D2

Effect of tool rotational speed and welding speed

Choosing the correct tool rotational speed is essential for the welding success.
It directly affects process heat generation, material flow and mixing.!5 Low rot-
ating speed may not generate enough heat, resulting in poor material mixing and
weak joints. Conversely, high rotational speeds can generate excessive heat, pro-
ducing material flaws or tool wear.16 A frequent case shows that tool rotation speed
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impacts joint tensile strength, as seen in Fig. 3a and b. Joint tensile strength is lower
than basic aluminum alloys at all tool rotating speeds. UTS escalates from 600 to
1050 rpm, and it lowers when the tool rotational speed is increased further.

TABLE I. ANOVA for tensile strength

Source Sum of squares df Mean square F-value  P-value Model
Model 2885.71 14  206.12 51.45 <0.0001 Significant
A-rotational speed 12 1 12 3 0.1055

B-traverse speed 24.08 1 24.08 6.01 0.0279

C-tilt angle 18.75 1 18.75 4.68 0.0483

D-axial load 21.33 1 21.33 5.33 0.0368

AB 81 1 81 20.22 0.0005

AC 81 1 81 20.22 0.0005

AD 9 1 9 2.25 0.1561

BC 100 1 100 24.96 0.0002

BD 12.25 1 12.25 3.06 0.1022

CD 2.25 1 2.25 0.5617 0.466

A2 1271.35 1 1271.35 317.37 <0.0001

B2 876.59 1 876.59 218.82 < 0.0001

c? 993.34 1 993.34 24797 <0.0001

D? 784.86 1 784.86 195.92  <0.0001

Residual 56.08 14 4.01

Lack of fit 46.08 10 4.61 1.84 0.2915  Not significant
Pure error 10 4 2.5

Cor Total 2941.79 28

R 0.9809
Adjusted R 0.9619

Micro-voids and micro-tunnels occur in the nugget owing to the limited heat
release at slow rotation, resulting in undesirable mechanical properties (Fig. 3b).
The rotational speed promotes plasticizing metal heat and turbulent motion.!7 The
range of tool rotational rates that can generate strong joints is restricted, and the
UTS is particularly sensitive to speeds exceeding 1050 rpm. During FSW, friction
and plastic deformation generate heat. The material yield strength and slide rate
determine the deformation heat. At 600 rpm, the combined effects of heating and
strain rate produce an IMC layer that is thin at the joint interface and does not
spread IMCs in the stirred zone (SZ). A higher rotating speed may generate heat
and material swirling to produce a thick intermetallic layer at the interface, par-
ticularly on the top side of the joint where the tool comes in contact. The frictional
heat generation is 33 % higher at 1050 than at 600 rpm, resulting in a thicker IMC
layer along the joints, which may explain the low tensile strength at this speed, as
shown in Fig. 3¢ and d.

The tool generates 11 % less heat at 1050 than at 600 rpm; therefore, less
intense material stirring may not be sufficient to form IMC across the contact,
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especially in the lower joint farthest from the tool shoulder. The low joint strength
may come from the 600 rpm base bonding. The FSW heat has increased the weaker
zone of the foundation material, toughening it. High heat generation has delayed
cooling, allowing the strengthening phases to recoil and coarse grains in the nugget
to soften. Changing the tool speed creates a fine and sound weld zone with better
efficiency. Precipitate dissolution, defect formation, grain coarsening, and micro-
-gap coalescence have weakened owing to the insufficient rotational speed of the
tool (Fig. 3d).

Tensile strength
(Mpa)

8001 A: rotational speed

D: axial load 400
300 6008590 (rpm)

(KN)

Fig. 3. a) Effect of tool rotational speed on tensile strength; b) micro-voids and micro-tunnels;
¢) thicker intermetallic layer (IMC); d) micro-gaps observed through scanning electron
microscopy.

The tool moves along the joint at the welding speed. This severely affects the
weld quality and integrity. The material flow, microstructural evolution, and heat
input depend on the welding speed. The tool rotation speed, welding speed, tilt
angle, axial force, and plunge depth affect the welded junction quality.!8 Fig. 4a
shows the influence of welding speed in the tensile strength. The insufficient heat
input at high welding speeds can result in incomplete mixing, top groove faults and
material bonding.!9 Low welding speeds increase heat input, material distortion,
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defects and metallurgical changes. Strong welds require the correct speed. Material
mixing and bonding must be balanced by minimizing the heat input.

Tensile strength
(Mpa)

60.00 \ # &5{@ 00
o

B: traverse speed 3600 = %ooa%’d’]ﬁmounoml speed
(mm/min) 3000 601)&? (rpm)

Fig. 4. a) The effect of welding speed on tensile strength; b) IMC layer at low welding speed.

The highest UTS is 45 mm/min. The UTS has changed proportionally with
the welding speed on both sides of the maximum. The peak tensile strength of the
joint has decreased by less than 10 %. Slow welding produces greater heat but less
strain.20 The speed of the welding has had a beneficial as well as detrimental imp-
act on the formation of the interface IMC layer. Fig. 4b shows that when the weld-
ing speed has increased, the fewer IMCs are formed.2! The heat has increased
when the UTS declines from 30 to 45 mm/min. Moderate speeds provided a thin
IMC layer at the interface, making the weld durable despite a high heat output. The
UTS has dropped by 8 % with 60 mm/min welding. An increased FSW welding
speed reduces metallurgical changes owing to the lower heat inputs and rapid joint
cooling. Faster welding velocities provide less heat, but the IMC layer strain rate
increases bond strength.22

Effect of axial load and tool tilt angle

Axial force is important in FSW, and it affects the weld strength and product
quality. The axial force in FSW must be understood to obtain optimal results. The
right axial force ensures a robust and consistent weld. This force helps to fuse
materials together, resulting in a high-quality joint.23 As shown in Fig. 5a, a low
axial force might cause partial penetration and poor mixing of materials, reducing
the weld strength.

The FSW joints have lost the tensile strength when the axial force is below 3
kN. The tensile strength has increased linearly from 3 to 6 kN. The tensile strength
of the joint reduced when the axial force of 9 kN. All the welded joints exhibit this
pattern, regardless of the tool inclination.

As can be seen in Fig. 6a the joints produced with AA 2024-T6 at a lower
axial force of 3 kN have featured tunnel flaws on the advancing side of the joint,
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leading to low tensile strength.24 The weld joints subjected to a 9 kN axial stress
have exhibited satisfactory welds; nevertheless, the presence of extra shear fract-
ures on both sides have led to unfavorable tensile properties.

(Mpa)

400 B: traverse speed
—_— ym JmoL /202 o 300 30.00 (mem/emin)

Fig. 5 a) Inadequate mixing observed through SEM; b) effect of welding speed on tensile
strength.

2 pmi] 4 R umg AT,

Fig. 6 a) Tunnel flaws defect in fabricated sample; b) material flow in the weld zone.

FSW frictionally heats, plasticizes, mixes, and extrudes two parts using a
revolving pin-shoulder tool.25 The linear weld load characteristics focus on the
tool forces, particularly the shoulder force that governs the tool pin plunge depth
into the workpiece. Tool rotation under static conditions can heat and plasticize the
material. The shoulder force that controls the tool pin plunge depth into the work-
piece changes significantly along the joint line. Extrusion moves the material after
plastic deformation with applied forces and tool pin motion.2¢ The extension of
the tool pin into the workpiece depends on shoulder force.2”

Fig. 7 shows the effect of the tool-tilt angle on the tensile strength. The inc-
lination of the tool is relative to the workpiece surface.?8 The tool tilt angle affects
the welding, the friction between the pins, and the plates are increase the heat with
a larger tilt angle, which improves the material softening and mixing.2® Void,
porosity and weld joint penetration can result from an improper tool tilt angle.
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Tensile strength
(Mpa)
n
&

C: tilt angle 1.60 80098(?' A: rotational speed

700.00
Fig. 7. Effect of tool tilt angle on tensile strength.

When the tool is tilted by 2.5°, the UTS drops by 1 % from the maximum
value. The UTS decreases by 3 % when the tool tilt angle exceeds 4°. Tilting the
tool enhances stirring, prevents shoulders from plunging, and increases the trailing
side forging pressure, which consolidates the material.30 However, tilting the tool
beyond a certain degree affects the frictional coefficient, heat output, and material
consolidation, causing the weld joint defects, including voids and pinholes, as
shown in Fig. 8a. Thus, material mixing and coalescence under heat generation
may explain the higher UTS projected at tool tilt angle of 2.5°. A review was
conducted on the broad area of FSW and dealt with finding main process para-
meters of dissimilar alloys and prediction of mechanical behaviour of FSW joints.
It is revealed that keeping tilt angles of 1 and 2.5° shows good plasticization
besides avoiding the defects in the joints.34

Material straining and coalescence lower the UTS at lower tool tilt angles,
heat production, and straining rate, and lower coalescence at tilt angles up to 2.5°
as shown in Fig. 8b. The material strain rate increases when the tool tilt angle
exceeds 4.5°; however, the effective drop in the heat output and material flow may
induce a larger UTS drop. The movement of the elements and the mixing of the
bonded materials improved as the tilt angle increased.3! An improved material flow
increased the mechanical characteristics of the weld joint. The mild UTS loss may
be due to the reduced straining and coalescence at low tool tilt angles and increased
straining rate, coalescence, and heat output at high tilt angles of up to 2.5°.

Characterization

The welding tool rotates and mixes the material, creating a unique onion ring
structure, for maximum observed tensile strength of 320 MPa (Fig. 9a) which
gradually transforms into a “V” shape pattern. Fig. 9b shows that the SZ formed a
basin when the input heat has decreased or the cooling rate has increased. Without
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the onion rings, the material viscosity improves, the strain rate increases, and the
welding tool affects the material more.
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Fig. 9. a) Onion ring structure; b) basin form of stir zone; c) stirred zone (SZ);
d) heat-affected zone (HAZ).

Fig. 9c¢ illustrates the sample's stirred zone (SZ) and heat-affected zone (HAZ)
cross-sectional microstructures. The dynamic recrystallization of aluminum grains
is controlled by the temperature and cooling rate.32-33 Many dislocations were
observed in the induced grain boundaries when the magnification improved above
800x, as it is shown in Fig. 9d. Grain boundaries and recovery occur when there
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are too many dislocations. During the mechanical stirring forced by the welding
tool, these grain boundaries fluctuate and rotate. Recrystallized grains develop
when the grain borders absorb the dislocations from the neighbouring grains.

CONCLUSIONS

e The friction stir welding was carried out using FSW machine and the
maximum tensile strength was observed to be 320 MPa. From the ANOVA Table
1 it is concluded that the selected models are significant due to the value less than
0.0001.

e The R? value 0.9809 and the adjusted R? value 0.9619 are very close so
that the predicted and the experimental values do not have much deviation.

e Theincreased heat generation and the material swirling at higher rotational
rates may result in the creation of a thick IMC layer at the interface, particularly at
the top portion of the joint where the tool shoulder engages.

¢ The inadequate bonding at the joint base at 600 rpm is likely to be the root
because of its low joint strength.

e The forces produced by the tool, particularly the shoulder force that is
directly responsible for the plunge depth of the tool pin into the workpiece, have
been the primary focus of load characteristics associated with a linear weld.

e A greater decrease in the UTS is likely to have been caused by a decrease
in heat production and material fusion when the tool tilt angle exceeds 4.5°, despite
the increase in the substrate rate of strain.

e Varying the rate of welding has had both favorable and detrimental imp-
acts on the IMC layer formation at the interface. By increasing the traverse speed,
the degree of metallurgical changes may be reduced, the lower heat inputs are
linked to the rapid cooling of the welded joint.
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HU3BO[NO

KAPAKTEPUCTHUKE 3ABAPEHOTI CITIOJA U OTITUMH3ALIUJA TTOCTYITKA 3ABAPHUBAIBA
TPEFbEM MEHIAILEM AJTYMUHUWJYMCKUX JIETYPA AA 2024-T6 U AA 5083-H111

SAKTHIVEL SUNDARAM 1 MOHAN KUMARASAMY

Department of Mechanical Engineering, K. S. Rangasamy College of Technology, Tiruchengode, Namakkal,
Tamil Nadu, India

3aBapuBame TpewmeM ca MemaweM (FSW) je caBpemeHH mocTynak criajama MaTepHjana y
YBPCTOM CTamy, €3 ToIbea U 0e3 yrnoTpede HoHaTHUX CyNCTaHIU. HajBaKHUjH TapaMeTpy 0BOT
nporieca: dp3xHa poTalyje anara (TpHa), Op3vHa 3aBapHBatha, OMy’KHa CHIa M yrao KOHyca anata
(TpHA), YTHUY Ha KApaKTEPUCTHUKE 3aBapeHOT CI0ja, OOHOCHO HAa MHUKPOCTPYKTYPY W 3aTe3HY
yBpcTohy. Y 0BOM pazy je kopuitheHa MeTononoryja og3usHe nospiurHe (RSM) ca uumem fa ce
0de3denu moryhHoct npensuhama U ONTHMHK3aLMje 3aTe3He YBPCTOhe 3aBapeHor crioja usmehy
nerypa AA 2024-T6 u AA 5083-H111. PasymeBame yTHiaja cBuX mapamerapa FSW mocrtymnka
omoryhaBa INOCTH3ame ONTHManaHe yBpcTohe 3aBapeHOr cloja. BpemHoctu 3aTesHe uBpcrohe
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