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ELSEVIER

Scopus

Karagandy University of the name of academician E.A. Buketov is pleased to announce that the “Bulle-
tin of the Karaganda University. Chemistry Series” scientific journal has been accepted for indexing in the
Scopus bibliographic database.

Scopus is the world’s largest abstract and citation database of peer-reviewed scientific literature, devel-
oped and owned by Elsevier Publishing Corporation. The inclusion of the “Bulletin of the Karaganda Uni-
versity. Chemistry Series” in the Scopus database demonstrates the commitment of the journal’s editorial
policy to ethical rules and principles supported by the community of leading scientific periodicals publishers;
legal requirements for copyright; principles of scientific integrity; rejection of plagiarism and slander.

E.A. bekeroB arbinmarel Kaparanapl yHuBepcuTeTi «KaparaHapl yHHMBEPCHTETIHIH XaOapIIbICHL.
«XUMHS» CEepHSChI» FBUIBIMH JKypHaJIBI Scopus pedepaTHBTI MomiMeTTep 0a3achlHa HWHICKCTEY YIIiH
KaObLUTIaHFaHBIH Xa0apIai/IbL.

Scopus — Oyn Elsevier Oacma Kopropamusachl KOJNJAWTHIH JKOHE PEICH3MSUIAHFAH FHUIBIMH
omebueTTepiH 1olieKco3iH OaKplIayFa MYMKIHAIK OepeTiH €H YJIKeH OMOMUOrpadusuIbK KoHe pedepaTThiK
nepektep 6azacel. «KaparaHapl yHHBEPCUTETIHIH Xa0apIIbIChl. XUMUS CEPUSCHIHBIHY» Scopus 0a3achiHa eHyl
— KypHAJIBIH PENaKIMSUIIBIK CAsICATHIHBIH KETEeKII FUTBIMU Mep3iMIi OachlIbIMIap/abl MIBIFapyIIbLIaPIbIH
KaybIMAACTBIFBI KOJJIANTHIH STHKAJIBIK epexesiep MEH MPHUHIUITEPre; aBTOPIbIK KYKbIKKa KOHBUIATHIH 3aH
TananTapblHa; FRUIBIMA aKUKATKA, FRUIBIMU aIalIJIbIK, TUIaruaT MeH Kaa skadyaaH 0ac TapTy NpUHLIUNTEPiHEe
aJlaJIBIFBIH KOPCETe .

Kaparanguackuii yHUBepCUTET UMEHH akajemuka E.A. BykeroBa cooOliaer, 4yTo Hay4HBIH KypHaT
«Bectauk Kaparannuackoro ynusepcurera. Cepuss Xumus» ObUT MPHUHAT U MHAEKCUPOBaHUS B pedepa-
TUBHYIO 0a3y TaHHBIX SCOPUS.

Scopus — kpynHeinras oubimorpadudeckas u pedeparuBHast 6a3a JTaHHBIX, MOJAJEP)KUBaeMast U3/a-
TeNIbCKO# Kopropanueit «Elseviery u mo3Bosnsonas 0TCIeKHBATh IIUTHPYEMOCTh PEICH3UPYEMON HAy4IHON
JIUTEPATYPBHI.

Bxmrouenne «BectHuka Kaparangumackoro yHuBepcureta. Cepust XuMus» B SCOpus AEMOHCTPUPYET
MIPUBEPKEHHOCTh PEIAKIIMOHHON MONUTUKU KypHala 3THUYECKHUM IpaBWJIaM U MPHHLMIIAM, TOJAep KuBae-
MBIM COOOILECTBOM BEAYIIMX M3/aTelieil HayYHOH NEepHOAMKH, 3aKOHOJATEIbHBIM TPEOOBAHUSAM B OTHOIIIE-
HUU aBTOPCKOIO MpaBa, MPUHIMIAM HayYHOH MCTHUHBI, HAYYHON YECTHOCTH, HEMPUATHS IIaruaTta U KieBe-
THI.
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Design of potential vitamin-drug conjugate for enhanced anticancer activity

5-Fluorouracil, a primary molecule widely used in the treatment of various cancer stages, is rapidly metabo-
lized to an inactive form, namely 5,6-dihydro-5-FU and various mutational changes in chemotherapy. We uti-
lized a carbodiimide catalyst to form a conjugate with folic acid. As folic acid receptors are over-expressed in
cancerous tissues, it increases the bioavailability of 5-FU. This work represents design and synthesis of the
new vitamin-drug conjugate, possibly enhancing anticancer activity. 5-Fluorouracil has potent action on
breast, colorectal, stomach, and skin cancer tissues. Folic acid aided in targeting FRa receptors of cancer cells
selectively. 5-FUFA was subjected to spectral characterization to confirm successful conjugation. The molec-
ular dynamics simulation was studied in the Schrodinger suite and validated by molecular trajectory in
CPPTRAJ software. This conjugate was further studied for molecular modeling studies and the docking score
of the conjugate represented a higher binding score than 5-FU, i.e., —8.0 Kcal/mol. The drug-receptor interac-
tion was further validated using molecular dynamics simulation in the Schrodinger suite and molecular trajec-
tory CPPTRAJ software for 100 ns. The molecular dynamics simulation results showed stability with slight
conformational change at 25 ns from 2—4 A.

Keywords: 5-Fluorouracil, folic acid, synthetic conjugate, molecular docking, molecular dynamics, drug de-
sign, chemotherapeutic agent, human thymidylate synthase.

Introduction

5-Fluorouracil (5-FU) has been 3 most commonly prescribed antimetabolite cytotoxic drug in treat-
ment of various malignant forms of tumors, namely breast, head, and neck, as well as pancreas, stomach, and
skin since 1957. It is an aromatic water soluble heterocyclic compound structurally common to pyrimidine
nitrogenous base pairing found in DNA and RNA. 5-FU is a prodrug, which is bio activated by nucleotides,
namely 5-fluoro-2'-deoxyuridine 5'-monophosphate (5-FAUMP), 5-fluoro-2'-deoxyuridine 5'-triphosphate
(5-FAUTP) and 5-fluorouridine triphosphate (5-FUTP) [1-5]. 5-FU administered IV for tumors located with-
in body tissues has several issues. It is rapidly metabolized into inactive form i.e., 5,6-dihydro-5-FU (80—
90 %). It has low bioavailability and non-specificity to cancer cells. Large doses, namely 400-600 mg/m? are
needed for optimum therapeutic effect. Another primary reason of resistance to 5-FU was observed due to
overproduction of Bcl-2, Bcl-XL, Mcl-1 proteins, augmentation of drug inactivation and mutation of target
leading to anomalous conformation [6]. In a study by Yu & co-workers [7] it is stated that Rosmaric acid
increases sensitivity to gastric carcinoma SGC7901 cells by downregulating miR-6785-5p and miR-642a-3p
leading to increase in expression of FOXO4 in 5-FU treatment regime. In another study by Zheng & co-
workers [8] Oridion was proposed to enhance cytotoxicity of 5-FU in renal carcinoma cells by inducing
necroptosis.

6 © 2022 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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The study carried out in France showed that among 76,200 patients who received fluoropyrimidine as
chemotherapy 1,200 suffered from life threatening toxicity and 150 (0.197 %) died each year might be due to
the lack of dihydropyrimidine dehydrogenase (DPD) activity [9].

DPD is a vital enzyme in catabolism of pyrimidine bases uracil and thymidine. It is highly expressed in
liver and blood. It is found in monocytes followed by lymphocytes, granulocytes and platelets. In contrast,
no effect on erythrocytes is detected. Wormann & et al. [10] state that activity of DPD prior administration
of 5-FU, capecitabine and tegafur is blocked by folinic acid, increasing intracellular concentration leading to
increase in active metabolite rate. Thus, pharmacologically blocking of DPD increases intracellular concen-
tration, increasing active metabolite rate.

Folic acid is a water-soluble vitamin consisting of pteridine, p-aminobenzoic acid and glutamic acid. It
is a fully oxidized folate. Folates play an essential role in DNA synthesis and methylation, responsible for
maintaining DNA integrity, metabolizing amino acid, gene expression, and remethylation of homocysteine to
methionine [11-12].

Folates obtained from food intake have presence of extra glutamate residues that are hydrolyzed to sin-
gle glutamate within gut before absorption by active transport across intestinal mucosa. Whereas passive dif-
fusion is observed in doses of pharmacological administration. Monoglutamate is converted to tetrahydro-
folate, further converted to methyl or formyl forms. Folates are in 5-methyl-THF forms in blood. Some fo-
lates are also circulating in blood unaltered, i.e., unmetabolized folic acid [13].

Folates are transported by Reduced Folate Carrier (RFC), Proton-Coupled Folate Transporter (PCFT),
and Folate receptors a, P, respectively [14-16]. FRa and FRp are glycosylphosphatidylinositol (GPI)-
anchored cell surface glycoproteins and FRy is a secretory protein [17]. The uptake of folates by FRa and
FRP is receptor-mediated endocytosis [18]. FRa is mostly expressed in epithelial cells of uterus, placenta,
choroid plexus, retina, and Kidney. It is also expressed in cancers of epithelial origin, namely adenocarcino-
ma of breast, ovary, cervix, uterus, kidney, lung, bladder, and pancreas [19-22].

Folate transporters, PCFT are active in acidic pH, while RFC has low binding to non-reduced FA.
Hence, we estimate that the hypothesized folate receptor o (FRa) may take up the 5-FUFA scaffold, as it is
upregulated in many primary and metastatic cancer, namely epithelial and over 90% of non-mucinous OCs
also platinum-resistant ovarian cancer. Thus, targeting cancer cells selectively, associated side effects (non-
specificity, resistance, toxicity, high doses, etc.) are overcome. The bioavailability of 5-FU within cancer
cells is improvised with either cleavage by amidase enzyme or showing action as a whole, e.g., CT900. At
concentration as low as 100-250 nM, i.e. in nanomolar range, it is possible to overcome drug resistance is-
sues by not affecting levels of HTS and having allosteric action [23-29].

The present study aims to design a new vitamin-drug conjugate by utilizing folic acid and 5-fluorouracil
as a primary compound to form 5-fluorouracil folic acid (5-FUFA). The conjugate is expected to have the
targeted drug activity with minimal side effects [30—-33].

Experimental

Chemicals: 5-Fluorouracil was a kindly gifted sample from Intas Pharmaceuticals, Ahmedabad. Folic
acid (FA) was purchased from Sigma Aldrich Chemicals Pvt. Ltd. Dimethylformamide (DMF). 4-dimethyl-
aminopyridine (DMAP), isopropanol, and N-hydroxysuccinamide (NHS) were purchased from SD Fine
Chem Ltd. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide HCI (EDC. HCI) was purchased from AVRA
Laboratories Pvt. Ltd. Ethyl acetate and methanol were purchased from HiMedia Laboratories Pvt. Ltd.

Instruments used: Melting-boiling point apparatus (Veego) was used to determine the melting point.
FTIR analysis was carried out to obtain the FTIR spectra on FTIR spectrophotometer Shimadzu FTIR
8400S. Mass spectra were recorded on a mass spectrometer, Shimadzu LCMS-8040. MD simulation was
executed on Nvidia V100-SXM2-16GB Graphic Processing Unit using the PMEMD.CUDA module in-
stalled on the Computational Shared Facility (CSF3), UCL School of Pharmacy, UK.

Methodology:

Synthesis of 5-Fluorouracil Folic acid (5-FUFA)

1. Folic acid activation

3 g of FA were activated by EDC and NHS in 15 mL of DCM (molar ratio of FA:EDC:NHS =1:1:1) at
room temperature under nitrogen gas for 24 h.

CHEMISTRY Series. No. 1(105)/2022 7
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2. Conjugation

The 2° amine group of 5-FU (1 g) was conjugated to the carboxylic group of FA through the amide
bond. 5-FU dissolved in 5 mL of DMF was added to the activated FA in DMF then EDC & DMAP were
added at room temperature under nitrogen gas for 24 h.

Marverti et al. [34] performed peptide conjugates of folic acid that would selectively enter cancer cells
by thymidylate synthase dimer. Presented research work utilized their synthetic scheme by incorporating var-
ious synthetic procedures with variations in catalyst to form an amide linkage between folic acid and 5-
fluorouracil, respectively. Initially, 3 g of FA were activated in the presence of an equimolar concentration of
EDC.HCI, NHS, (4 mL) DMF, inert atmosphere for 24 h followed by adding 1 g of 5-FU dissolved in 1 mL
of DMF and equimolar concentration of DMAP in the same reaction mixture continued to stir for another
24 h (Fig. 1). EDC is a water-soluble carbodiimide that creates a zero-length linker between carboxyl and
amine groups. EDC coupled with NHS reacts with the carboxyl group of FA to form a semi-stable NHS-
ester intermediate. The secondary amine of 5-FU reacts with the ester intermediate to form an amide bond.
Resultant was treated with 10 mL of ethyl acetate and 10 mL of methanol. Unreacted FA & 5-FU were sepa-
rated. FA is insoluble in methanol, precipitates out, and 5-FU is soluble in ethyl acetate. Thus, the product
formed is present in insoluble methanol form. It was checked for purity and homogeneity by TLC. It was
concentrated and dried to evaporate. This was further utilized for spectral analysis to confirm amide linkage
formation.

The melting point of 5-FUFA was found to be 155°C. Rf was 0.5.

Physical and spectral data for 5-FUFA: IR (KBr, cm™): Amide | bond at 1687.77 (C=0 stretching), am-
ide 1l bond at 1591.33 (N-H bending), O-H of carboxylic acid at 3244.66, (N-C stretching) at 1379.15 &
(N-H wag) at 802.41, 3163.23 (C-H stretching). Ms: m/z (%) = 554.15 (M+1).

Protein structure preparation: The protein crystal structure of human Thymidylate Synthase (TS) en-
zyme (PDB ID- 1HVY) was retrieved from Protein Data Bank with the resolution of 1.90 A°. The enzyme
structures were checked for missing atoms, bonds and contacts. The hydrogen atoms were added to the en-
zyme structure. The water molecules and bound ligands were deleted manually. The parameters during pro-
tein preparation were set with ionization and tautomerization using the Epik module for a pH range of 7 to 9.

Molecular docking studies: The compounds were subjected to docking with extra precision (XP) mo-
lecular docking using the Glide module of the Schrodinger suite. Before performing the docking studies, a
grid generation protocol was performed to determine the binding site. The already bound ligand was used as
a reference site for the grid generation with the Glide grid module. The generated grid was further used for
the docking experiment. For the docking method, the van der Waals radii and scaling factor were set to 0.80
and 0.15, respectively, to soften the potential of nonpolar parts on drug molecules. No restraints were applied
to the ligands during the entire docking protocol. Post-docking minimization was allowed to provide mini-
mized docked structures with a maximum of five best poses per ligand to include in the docking output file.
The drug molecules were allowed to be flexible during the docking process. The RMSD, docking score,
Glide score, and binding energy were recorded for each molecule.

Molecular Dynamics Simulations: To explore the docked complex’s structural, energetic status, and ste-
ric refinement, an all-atom MD simulation of 100 ns was performed using the AMBER18 software package.
The docked complexes were immersed in a truncated octahedron of TIP3P water, giving 24,515 water mole-
cules to the system. A sufficient number of Na* and CI- counter ions were added to neutralize the system and
achieve an ionic strength of 0.1M to mimic the physiological pH. The ff14SB force field was used for pro-
tein topology generation. The entire experiment of MD simulation was executed on Nvidia V100-SXM2-
16GB Graphic Processing Unit using the PMEMD.CUDA module installed on the Computational Shared
Facility (CSF3), University of Manchester, UK. Simulations were run at 300 K using the Langevin thermo-
stat with a collision frequency of 2 ps-1; at 1 atm using a Monte Carlo barostat with volume exchange at-
tempts every 100 fs. A 2-fs integration step was employed. Covalent bonds involving hydrogen constrained
using SHAKE algorithm. A cut-off of 8 A was used for short-range non-bonded interactions, while long-
range electrostatics were treated using the particle mesh Ewald method. Equilibration comprised rounds of
NVT and NPT equilibration for 10 ns in total. Production MD run was performed for 100 ns. Root-mean-
square deviation (RMSD), root-mean-square fluctuation (RMSF), and other interactions were analyzed using
CPPTRAJ over full trajectory, taking configuration every 4 ps.
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Results and Discussion

5-FUFA conjugate was synthesized. The melting point and TLC were performed to ascertain its purity
and homogeneity. Spectral analytical data confirmed formation of conjugate.

SO N e e

Activated Folic Acid

Folic Acid H
EDC O~__N
DMAP in DMF| Y™ ]
Ny 24h | HN
F
Hs0 )
5-FU

o T,

5-FU — 5-Fluorouracil; EDC — 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide HCI;
NHS — N-hydroxysuccinamide; DMAP — 4-Dimethylaminopyridine; DMF — Dimethylformamide;
N2 — Nitrogen gas

Figure 1. Proposed scheme for synthesis of 5-Fluorouracil folic acid (5-FUFA)

FT-IR

There are observed peaks at 1687.77 (C=0 stretching) for an amide I bond and 1591.33 (N-H bending)
for an amide Il bond, which are characteristic of an amide C=0 bond. These peaks in the IR spectra of
5-fluorouracil folic acid demonstrate the formation of 5-fluorouracil folic acid conjugate via the formation of
an amide linkage.

Mass Spectroscopy

Mass spectra of 5-FUFA conjugate were recorded for its structural confirmation. The mass spectra of
5-FUFA conjugate showed the molecular ion peak at 554.15 m/z, confirming the conjugation of 5-FUFA by
forming an amidase linkage and forming the final product, i.e., 5-FUFA conjugate.

Molecular simulation:

The molecular docking study was conducted to understand the binding of 5-fluorouracil-folic acid con-
jugate (5-FUFA) on the human thymidylate synthase (PDB: 1HVY). The crystal structure of human thymi-
dylate synthase is complexed with dUMP and Raltitrexed. During the processing of the target receptor, water
molecules and other crystallographic solvents were removed. The protein was minimised in the Glide protein
preparation protocol. The Grid generation was performed with Raltitrexed as a reference ligand and the 5-
FUFA was docked with the extra precision (XP) method. The docking studies showed that 5-FUFA conju-
gate interacted at Asn226, Cyc195, Asnl112, Asp49 and Lys47 of the human thymidylate synthase proteins
through hydrogen bonding and arene interaction with the n stacking with the Asp218 and the phenyl ring
from the conjugate respectively with a binding score of —8.0 Kcal/mol (Figures 2, 3), which was higher than
5-FU, i.e., —3.475. So, it was proved that forming 5-FUFA conjugate showed greater binding to the target
protein.

Molecular docking studies were performed in the Schrodinger suite utilizing the Glide module with the
extra precision method. 5-FUFA was bound on human thymidylate synthase, which was complexed with
dUMP & Raltitrexed as a reference ligand. Followed by Molecular Dynamic simulation was carried on
AMBER18 software for 100 ns, and later to validate further the resultant docking score analysis of full tra-
jectory was done using CPPTRAJ, resulting in possible variations by a ligand and a receptor (Figure 4).
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Figure 2. The figure 2a, ¢ and 2b, d shows the initial and final conformation
from the simulation of the protein-ligand complex for 100 ns

Figure 3. Docked complex of 5-FUFA with the human thymidylate synthase,
the highlighted region shows the 3D image of protein ligand interactions
and the 2D image shows the formation of various interaction between the ligand and receptor

Time(ns) Readue

Time(ns)

a— Protein RMSD; b — Protein RMSF; ¢ — Ligand RMSD

Figure 4. The trajectory analysis of the Protein-ligand complex

Molecular Dynamic simulation:

The molecular docking study was performed to understand the binding of 5- fluorouracil-folic acid con-
jugate (5-FUFA) on the human thymidylate synthase (PDB:1HVY). The crystal structure of human thymi-
dylate synthase is complexed with dUMP and Raltitrexed. During the processing of the target receptor, water
molecules and other crystallographic solvents were removed, and the protein was minimised in the Glide
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protein preparation protocol. The Grid generation was performed with Raltitrexed as a reference ligand, and
the 5-FUFA was docked with the extra precision (XP) method. The docking studies showed that 5-FUFA
conjugate interacted at Asn226, Cyc195, Asn112, Asp49, and Lys47 of the human thymidylate synthase pro-
teins through hydrogen bonding and an arene interaction with the n stacking with the Asp218 and the phenyl
ring from the conjugate respectively with a binding score of -8.0 Kcal/mol, which was higher than 5-FU, i.e.,
-3.475. So, it was proved that forming 5- FUFA conjugate showed greater binding to the target protein.

The MD simulation suggests that the receptor residues form several new interactions during simulation
with the formation of hydrogen bonds with Asn226, Cyc195, Asn112, Asp49, and Lys47. It forms the arene
interaction with the = stacking with the Asp218 and the phenyl ring from the conjugate (Figure 3). The anal-
ysis of the MD trajectory was performed with the help of CPPTRAJ, and plots were prepared with
XMGRACE software. The RMSD of the protein suggests a smooth transition and convergence between 1—
2.5 A. The RMSF for most of the residues was below 2.0 A throughout the simulation. It was also found that
the ligand underwent a conformational change, which was reflected in its RMSD (Figure 4c) around 25 ns.
The ligand RMSD fluctuated from 2 to 4 A and then remained stable for the remaining simulation time. All
these findings suggest good docking and further good stability for most of the MD simulation time.

Conclusions

We conclude scaffold formed by simple carbodiimide catalyst (EDC.HCI) and 5-FUFA conjugate be-
tween 5-FU and folic acid was successfully synthesized. The characterization of the synthesized compounds
was in line with the structure proposed. The drug design studies reveal that 5-FUFA forms hydrogen bonds
with the residues in the active site of the receptor, i.e., Agr50 and Tyr258 form hydrogen bonds whereas the
Gly222 and Asn226 form n-m stacking interactions with the best dock pose to present —8.0 Kcal/mol, which
represents the highest dock score. By assessing the stability of the drug-receptor complex, the docked pose
was subjected to molecular dynamics simulation in the Schrodinger suite and validated by molecular trajec-
tory CRPPTRAJ software for 100 ns. It was found to be stable, with a slight conformational change at 25 ns
from 2 to 4 A.

Thus, the conjugate may be a potential molecule to increase the bio efficiency of 5-FU and decrease as-
sociated side effects by selectively targeting cancer cells, such as the uptake of folic acid by cancer cells dur-
ing folate receptor endocytosis. However, this hypothesis may be further tested by performing detailed anti-
cancer evaluation in the future.
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P.I1. bxone, M. Camu, P. Basxeiin, K.I'. boune, P. Unxaiin

KarepJiicikke Kapcbl 0eJICeHTITIKTI apTTHIPY
YLIiH MOTEeHIHAJIbI BATAMUH-IIPLIIK KOHbIOTaTThIH JAU3aiiHbI

5-@ropypanu, KaTepiiiCiKTiH opTYpIli caThUIapbiH eMey e KeHiHeH KONJaHbUIATEIH OipiHIIIIK MOJIeKya,
Oencenai emec Typre, aram aiTkaHma S,6-qurunpo-5-OV-ra gelin  Te3 MerabonmM3ICHENl KOHE
XUMHOTEpaNus Ke3iHae apTypill MyTalMsUIBIK e3repicrepre ysipaipl. Doinii KpIIIKBUTEI KOHBIOTATHH aTy
YIIiH KapOOAMMHITI KaTaliu3aTop KoJgaHbUIFaH. onuil KBIIKBUIBIHBIH PELENTOpiaphl icik TiHIAepiHAe
[IaMasiad THIC AKCIIPECCIsUIaHFaHIBIKTaH, Oy1 5-DY OHOKETIMAUTITIH apTThIpaabl. by skyMbIc icikKKeKapchl
OETICeHAUTIKTI KYLIIEHTETiH KaHa BUTAMHUH—AOPUIIK KOHBIOTATTHl ally MEH CHHTE37ey OOJBIN TaObUIafbl. 5-
®dropypanumi cyT 6e3i, TOK ilIeK, acka3aH jKOHE Tepi iciri TiHAepiHe KYWTi ocep ereai. Dol KIIKBLUIB paK
kieTkantapeHelH FRa pernenToprapeiHa cenekTHBTI acep eTyre keMekreceni. KoHbIoranusiHel pacTay YIIiH
5-FUFA KOCBUIBICBIHA CIIEKTPJIIK CHIaTTama skacanaabl. MONEKyIspiblK IWHAMUKAIBIK MOJIEIBACY
Schrodinger maxkeringe 3eprrenni skoHe CRPPTRAJ Oarmapiamanblk —KypaJblHIA —MOJIEKYJIAJBIK
TpaeKTOpHsMeH pactangbl. KoHBIOraT omaH opi MOJEKYJIIPJIBIK MOJENbACY SAICTepIMEH 3epTTeNil JKoHe
KOHBIOTAaTThIH KOHJBIPY MHIeKci S-FU-neH canbicThIpraHia sKorapbl OaiiaHpICy IIaMachblH KOPCETTi, aTair
aiitkanma -8,0 Kkan/Monp mIamMachlHa TeH Oonabl. IlpemapaTThlH peLenTopMeH o3apa JpeKeTTecyi
Schrodinger makeriHzeri MOJEKYIAPIBIK JHHAMHKAIBIK MOJenbaey >koHe 100 HC  MOJIEKYJIalbIK
Tpaekropusira apHairaH CRPPTRAJ OarmapiaManblK KypajdblHBIH KOMETriMEH AdNeNAcHl. MOeKyIaibIK
JUHAMEKAIEIK MOJETbICy HOTWKeTepi 25 HC iminme 2-meH 4 A-re meitin aszmarad KoH()OPMAIMSIIBIK
e3repicTep OONATHIHBIH, ajl AaIIbI JKaFaia TYPaKThl OOIATHIHBIH KOPCETTI.

Kinm ce30ep: 5-propypanmn, (oMU KbIIIKBUIBI, CHHTECTHKAIBIK KOHBIOTAT, MOJICKYJAJIbIK KOHIBIPY,
MOJICKYJTABIK TUHAMHKA, JOPUTIK KOHCTPYKIIUS, XUMHOTECPAIEBTIK arcHT, aJaMHbIH TUMH/IHJIATCHHTA3aCHI.

P.I1. bxone, M. CBamu, P. Basxeiin, K.I'. bonae, P. Unxoiin

Ju3aiiH NOTEHIIHAJBHOT0 KOHBIOTaTa «BUTAMHH—JIEKAPCTBO)
JJISl YCHJICHUSI TPOTHBOPAKOBOM AKTUBHOCTH

5-@ropypanu, nepBuUYHAsS MOJIEKYJIa, MIUPOKO HCIIOIb3yeMasl TIPY JICYCHNH PA3IMIHBIX CTa il paka, ObICT-
PO MeTabOU3UPYETCs 10 HEAKTHBHOM (HOPMBI, & IMEHHO 110 5,6-auruapo-5-OY, u noaBepraetcs pa3inuaHbIM
MYTalIOHHBIM N3MEHEHUSIM B XO/ie XMMHOTEpanuu. ABTOpaMH CTaTbU HCIOJIb30BaH KapOOIUUMUIHBIN Ka-
TaJIM3aTop Uil 00pa30BaHus KOHBIOTaTa ¢ (oyieBol KUCI0TOH. [TockonbKy perenTopsl GOIHeBOil KUCIOTHI
CBEPXIKCIPECCHPOBAHBI B PAKOBBIX TKAHSX, 3TO yBEINYUBAET OHONOCTyMHOCTh S-DV. /lannas pabora npex-
cTaBysieT co00i pa3pabOTKy M CHHTE3 HOBOTO KOHBIOTAaTa «BHTAMHH—JIEKAPCTBO», MOTCHIMAIBHO yCHIIIBA-
IOIIETO MPOTHBOPAKOBYIO aKTUBHOCTB. 5-DTOpyparmi obmafaeT MOIIHBIM AeiiCTBIEM Ha TKAHM paka MOJIOY-
HOH JKeJe3bl, TOJICTOH KHIIKH, XKelyaKka U Kokn. DornmeBas KHCIOTa ITOMOTaeT H30HpaTenbHO BO3IEHCTBO-
BaTh Ha perentopsl FRa pakoBeix xmetok. 5S-FUFA moaBepranu criekTpanbHOW XapaKTEPHCTHKE IS MOJ-
TBEP)KACHHS yCHEHIHONH KOHBIOTAMH. MOJIEKYIIpHO-TMHAMHIECKOE MOJIETMPOBAHIE OBIIIO H3YYEHO B ITaKe-
te Schrodinger u moaTBEPXkKIEHO MOJEKYJSIPHOW Tpaekropueil B mporpaMMHoM obecriedyenurn CRPPTRAJ.
KoHblorar ObLT TOMOJHUTEIHHO U3YUeH C MOMOIIBIO HCCIEJOBAaHUI MOJIEKYJISIPHOTO MOJIEIIMPOBAHHS, U T10-
Ka3aTelsb CTHIKOBKH KOHBIOTaTa MpeACTaBisil co00ii Goiee BBICOKHIA MOKa3aTelb CBA3bIBaHU, 4eM y 5-DV, a
uMeHHO 8,0 kkan/mMoib. B3aumonelcTBre JIeKapCTBEHHOTO MpenapaTta ¢ pelenTopoM ObUIO AOMOIHUTEIEHO
MOATBEPKACHO C ITOMOIIBI0 MOJEKYJSIPHO-IHHAMHYECKOTO MOJeIHpoBaHus B makere Schrodinger m mpo-
rpammuoro obecrieuernst CRPPTRAJ st monexysipHOit Tpaektopun B Tedenue 100 He. Beino o6HapyskeHo,
YTO pe3yJbTaThl MOJIEKYJISIPHO-THHAMUYECKOTO MOJCIHPOBAHUS CTAOMIBHEI C HEOONIBIINM KOH(OPMAIHOH-
HBIM W3MEHEHHeM B Teuenre 25 He ot 2 o 4 A.

Knwouesvie cnosa: 5-Oropypanmn, ¢onueBas KUCIOTa, CHHTETUYECKUAI KOHBIOTAT, MOJEKYJIAPHBINA JOKKHT,
MOJIEKyJIIpHas TUHAMUKa, AU3aiiH penapara, XUMUOTEpaeBTHUECKUH areHT, THMUIMIATCHHTAa3a YeloBeKa.
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Properties of cross-linked copolymers of polypropylene glycol maleate
with acrylic acid obtained at various concentrations of the RAFT agent

The initial polypropylene glycol maleate has been obtained by the polycondensation reaction of maleic anhy-
dride and propylene glycol. The molecular weight of the synthesized unsaturated polyester resin has been de-
termined. The copolymers under study have been obtained by radical copolymerization of p-PGM. The pos-
sibility of synthesizing new polymers based on p-PGM with acrylic acid in the presence of a RAFT agent has
been shown. The effect of RAFT agent concentration on the network density and product yield has been stud-
ied. It has been found that the yield of the cross-linked polymer decreases, its swelling capacity increases, and
the yield of the linear polymer increases with an increase in the RAFT agent concentration. The effect of or-
ganic solvents, pH, and low-molecular-weight salts on the swelling degree of the synthesized copolymers has
been investigated. The research results demonstrate that the susceptibility of polymer hydrogels to organic
solvents and changes in pH, and low molecular weight salts, is affected by the amount of RAFT agent in the
polymer. The synthesized objects have been characterized by infrared spectroscopy. Scanning electron mi-
croscopy has estimated the polymer surface morphology and pore sizes.

Keywords: unsaturated polyester resin, polypropylene glycol maleate, RAFT-polymerization, swelling, collapse.

Introduction

Currently, the search for materials with controllable properties and sensitivity to environmental changes
is one of the key issues in macromolecular compound chemistry [1, 2]. Such polymers’ ability feature is to
sorb a huge amount of water and bind low molecular weight substances dissolved in it [3, 4]. Unsaturated
polyesters are among promising co-monomers for synthesizing these materials [5].

Unsaturated polyester resins (UPRs) are increasingly being used. They occupy leading positions among
composite materials due to the ease of production the availability of raw materials [6]. Prior to our research,
a literature-patent search showed [7] the absence of data on radical copolymerization of UPRs with ionic
monomers, which opens prospects for the synthesis of new “smart-systems” [8].

As practice shows, when UPRs interact with vinyl monomers, the reaction is not controllable and leads
to an insoluble product with a chaotic network arrangement in space. The solution to this problem becomes
possible due to the creation of a general concept of macromolecules controlled synthesis [9]. “Pseudo-living”
radical polymerization is of considerable interest from this point of view. This assists in replacing uncon-
trolled chain termination reactions with reversible reactions by adding RAFT agents, allowing regulation of
the quadratic chain termination [10].

Using radical polymerization reactions under such conditions makes it possible to design a macromole-
cule as part of a polymer matrix to obtain (co-)polymers with a given molecular weight, block, and graft co-
polymers with a controlled length, predictable properties [11].

In this regard, an attempt was made to change the copolymerization reaction of polypropylene glycol
maleate (p-PGM) with acrylic acid (AA) in the presence of a RAFT agent at various concentrations. The
sorption properties of new polymers were analyzed as a function of changes in the pH of the medium, the
concentration of low molecular weight salts, and the choice of organic solvents.

Experimental

The following reagents were used: Propylene glycol, maleic anhydride, acrylic acid, benzoyl peroxide,
zinc chloride, 1,4-dioxane, RAFT-agent (2-Cyano-2-propyl dodecyl trithiocarbonate/CPDT) from Sigma-
Aldrich.
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According to the standard procedure [12], initial p-PGM was obtained by the polycondensation reaction
of maleic anhydride and propylene glycol at 423-453 K. The molecular mass of the synthesized p-PGM was
determined indirectly by the amount of released water and the content of acid and hydroxyl numbers by the
titrimetric method. The p-PGM molecular mass obtained by these methods averaged 2442 a.m.u.

Radical copolymerization of p-PGM with AA was carried out under the following conditions: 50:50
mol% co-monomer ratio, 333 K. Dioxane (1:1 weight ratio) was used as a solvent, and benzoyl peroxide was
used as an initiator. After purging with an inert gas for 30 minutes, the radical copolymerization was carried
out for 52 hours. The resulting copolymers were washed with dioxane and dried to constant weight in a vac-
uum drying oven.

Controlled polymerization was carried out similarly to the synthesis of p-PGM-AA, but with the addi-
tion of the calculated amount of the RAFT agent (2-Cyano-2-propyl dodecyl trithiocarbonate CPDT) in di-
oxane solution to initiate the “fluid” polymerization process. The reaction mixtures were poured into am-
poules, degassed in a vacuum unit, and sealed. Then the ampoules were placed in a thermostat and incubated
for 52 hours at a temperature of 70 °C. The ampoules were cooled at the end of the polymerization and
opened. The resulting reaction products were separated quantitatively, and then the cross-linked copolymers
filtered from the mother liquor were dried in a vacuum drying oven until a constant weight was established.

The composition of the synthesized copolymers was determined on a Shimadzu chromatograph (Japan)
using HPLC by the number of unreacted monomers.

IR spectra of these samples were recorded in KBr pellets on a FSM 1201 spectrometer. Samples for IR
spectroscopy were prepared by long-term grinding of 2 + 0.1 mg of a sample with 200 + 0.1 mg of dry KBr.
The samples were pressed at 200 atm. The IR spectra of the obtained materials were recorded on a device
with the best possible resolution of 1 cm™ to measure the relative transmittance. The number of re-scans was
increased to a maximum of 50.

The surface morphology of the samples was investigated on a scanning electron microscope MIRA3
(TESCAN, Czech Republic).

Equilibrium swelling of the obtained copolymers was achieved within 1-2 days. The swelling degree
a (%) of the polymers was measured gravimetrically. The calculation of a (%) was performed as the ratio of
the absolute mass of the swollen hydrogel at the point of equilibrium swelling to its initial mass in the dry
state.

Agueous solutions of low molecular weight salts (LMWS) CuSQ4, FeCls, Pb(NOs), were prepared in
calculated amounts from 0.001 to 1 volume fraction to determine the swelling of copolymers in solutions.
Buffer solutions of working ethanol pH of the third category ST-pH-04.3 were used to determine the swell-
ing ability of the synthesized copolymers with a change in the pH of the medium.

The following solvent mixtures were chosen as model systems: water — ethanol, water — DMF, water —
DMSO, the content of which varied from 0 to 1 volume fractions.

Results and Discussion

As already noted [8, 9], refractory spatially cross-linked copolymers are formed during copolymeriza-
tion of unsaturated polyester resins at all ratios of the monomer mixture. In this regard, it seemed interesting
to follow the change during the copolymerization reaction to the addition of a RAFT agent. Data on the syn-
thesis of copolymers, as well as with the addition of CPDT various concentrations, are shown in Table 1.

Table 1

Influence of the RAFT agent concentration on the mechanism of copolymerization of p-PGM
with AA in dioxane solution, T = 343 K, [I] = 8-:10° mol/L, [M1+M2]=49.9:50.1 mol.%,
the solvent ratio [M1+M2]=1:1 by weight

Cross-linked Swelling of the cross- |, . .
[RAFT]-108, mol/L polymer yield, % linked Solymer, o % Linear polymer yield, %
- 96.93 £1.78 187.12 + 6.56 —
10.02 94.15+6.24 201.16 £3.70 3.87+1.59
30.01 78.21 £6.62 267.21 £4.96 13.52 +1.65
50.01 49.42 +£2.72 314.17 £4.92 47.45+2.51
80.03 4.96 +3.24 385.11 +6.44 9226 £6.11
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Data in Table 1 demonstrate that the copolymerization reaction proceeds in two directions with the for-
mation of spatially cross-linked and linear copolymers. Each obtained product swells or dissolves in polar
solvents, respectively, while antibaticity is observed in the product yield. It should be noted that there is an
increase in the swelling degree of the copolymers obtained at high concentrations of RAFT agent. This phe-
nomenon can be explained by a reduction in the network density due to a decrease in the reaction of bimo-
lecular chain termination with the addition of the chain transfer agent.

IR spectral analysis of the copolymers (Fig. 1a) shows absorption band in the region of 775 cm caused
by pendulum vibrations of —CH,— bonds, as well as an absorption band at 1153 c¢cm?, confirming the
presence of -C-O—C— ester bonds. An intense peak at 1300 cm in the spectrum indicates the presence of
the -C=C- polyester group. Absorption bands at 1736 cm~! and 2986 cm are characteristic of the presence
of —C=0 and symmetrically located —CH bonds in the CH, and COOH groups, respectively. It should also be
noted the presence of signals at 2866 cm™ indicates the presence of the =C-H group of the aromatic
hydrocarbon.

—— p-PGM:AA:CPDT (80x10 mol/l

— p-PGM:AK (50:50 mol.%) a) P ( ) b)
[0}
§ 2
£ 2
= £
@ c
] ©
© o
£ e

T T T T T T T T 1 T T T T T T T T 1

0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber, cm” Wavenumber, cm

Figure 1. IR spectra of copolymers of the p-PGM-AA (a); p-PGM-AA-[CPDT] = 80-102 mol/L (b)

Furthermore, the obtained IR spectra (Fig. 1b) of the p-PGM-AA-CPDT copolymers have been ana-
lyzed. There is an absorption band in the region of 3545 cm, which is characteristic of the O-H bonds.
There is an absorption band in the region of 3082 cm™, which is responsible for the stretching vibration of
the =C—H bond of the aromatic compound, and a weak stretching vibrations band of the C—H groups of the
aliphatic hydrocarbon in the region of 2997 cm. In addition, there is the manifestation of symmetrical vi-
brations of CH3 groups in the region of 1381 cm™ and scissor bending vibrations of CH, groups in the region
of 1466 cm™ and 1454 cm™, which indicates the presence of branched hydrocarbons. In the spectra of copol-
ymers with an increased RAFT agent concentration, signals are observed at 2244 ¢cm?, which indicates the
presence of CN. The data was exported in the form of tables for processing in third-party software.

The spectra were inverted by subtracting the relative transmittance from unity. The positions of the ab-
sorption maxima were detected by the program, after which the amplitudes of the maxima were refined by
approximating the Gaussian contours (Fig. 2 a, b).

The polymer’s surface morphology was determined by scanning electron microscopy. As shown in Fig-
ure 3, the surface of the p-PGM-AA polymer particles (a) has cleavage points characteristic of hard, brittle
materials.

The predominance of a layered, loose structure and the appearance of pores are seen in the image for
samples containing p-PGM-AA-CPDT (b). The chipping of particles is more plastic in comparison with the
p-PGM-AA polymer. The results of electron microscopy confirm that an increase in the CPDT content in the
composition of the polymer-monomer mixture affects the distribution and size of the formed pores, which
causes a high swelling degree.

The presence of functional units in the hydrogel structure, which is capable of ionization, increases their
sensitivity to various changes in the parameters of the external environment.
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Figure 3. Surface morphology of the polymer p-PGM-AA (a);
surface morphology of the polymer p-PGM-AA-[CPDT]=80-10 mol/L (b)
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The pH of the medium is one of the external environment parameters that can significantly affect the
polymer gels properties. In this section, the swelling ability of the synthesized copolymers based on
p-PGM:AA and p-PGM-AA-CPDT was evaluated with a change in the pH of the medium (Fig. 4).
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1 — p-PGM-AA-[CPDT] = 80-10- mol/L; 2 — p-PGM-AA-[CPDT] = 50-10 mol/L;
3 — p-PGM-AA-[CPDT] = 30-10- mol/L; 4 — p-PGM-AA-[CPDT] = 10-10° mol/L; 5 — p-PGM-AA

Figure 4. Effect of the medium pH on the volume of hydrogels
based on p-PGM-AA and p-PGM-AA-CPDT copolymers

In Figure 4, the shape of the swelling curves of p-PGM-AA copolymer samples is similar to the net-
works containing a chain transfer agent. However, lower sensitivity to changes in the pH of the medium ap-
pears with an increase in the RAFT agent content in the composition of the initial polymer-monomer mixture
at the same content of p-PGM-AA. The network density fundamentally affects the pH dependence of the
swelling of p-PGM-AA and p-PGM-AA-CPDT.

The chain of the non-dissociated p-PGM-AA macromolecule tends to curl up at low pH values com-
pared to p-PGM-AA-CPDT. As the pH rises, the dissociation of ionogenic groups (-COOH... HOOC-) of
the p-PGM-AA macromolecule increases, which contributes to the straightening of the folded chain as an
effect of mutual repulsion, resulting in smooth polymer swelling. A further shift of the solution pH to an al-
kaline region has no significant effect on the polymer macromolecules conformation.

The swelling degree in the acidic region does not change noticeably when the RAFT agent concentra-
tion is up to 30-10° mol/L. However, a more significant change in the swelling degree depends on the pH
when the RAFT agent content is over 30-10° mol/L.

Thus, the data presented shows that hydrogels based on copolymers p-PGM-AA and p-PGM-AA-CPDT
behave as typical polyelectrolytes containing ionized acid groups covalently attached the main chain. Fur-
thermore, we studied the effect of the presence of solvents binary mixtures (DMSO, DMF, and ethanol) on
the sorption properties of the synthesized polymers (Figure 5).

Figure 5 demonstrates p-PGM-AA and p-PGM-AA-CPDT-based gels in the fraction range of 0.2 to 0.8
vol. in the water — DMSO mixture are gradually compressed. This may be because carboxyl groups’ disso-
ciation degree, providing electrostatic repulsion of the subchains from each other, decreases, and a collapse
occurs. When DMF and ethanol are added to the system, the volume-phase transition occurs at lower values
of the added solvent, which is associated with a lower dielectric constant of the last one.

The smallest swelling degree of the p-PGM-AA and p-PGM-AA-CPDT copolymers is observed in the
case of ethanol as the least polar solvent in the DMSO>DMF>ethanol series. It should be noted that the co-
polymers swelling degree, depending on the solvent concentration, reduces with a decrease in the RAFT
agent concentration. It follows from the above that practically all hydrogels are characterized by a high de-
gree of sensitivity to the quality of the solvents used and behave in the same manner.
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Figure 5. Effect of the volume fraction of DMSO (a), DMF (b), ethanol (c)
on the hydrogels swelling based on p-PGM-AA and p-PGM-AA-CPDT copolymers

The study of the metal ions interaction processes with cross-linked polymers is of interest to researchers
in this field, and many works of both foreign and domestic scientists are devoted to them [13]. According to
the literature [14-17], polymer networks can both swell and undergo collapse in solutions of low molecular
weight salts (LMWS). Previously, we carried out experiments to determine the influence of external factors
on the behavior of hydrogels in inorganic salts solutions [18, 19]. However, the obtained results do not allow
for creating a unified theory of the interaction of low molecular weight compounds with polymer macromol-
ecules. In this regard, in the continuation of research in this direction, it seemed interesting to study the be-
havior of RAFT polymers based on p-PGM-AA in solutions with an increase in the concentration of mono-,
bi- and trivalent salts (Figure 6).

Figure 6 (a, b, ¢) shows the swelling behavior of p-PGM-AA and p-PGM-AA-CPDT copolymers de-
pending on the concentration of added low molecular weight electrolytes, namely Pb(NOs3),;, CuSO4, and
FeCI3.

The graphical dependence shows that an increase in the salt concentration to a certain value (about
102 mol/L) does not have a significant effect on the size of hydrogel. A further increase in the ionic strength
has practically no effect on the o value. It can be seen that with an increase in the salt concentration (from
102 mol/L), the ions osmotic pressure in the solution increases, resulting in the contraction of the polyelec-
trolyte hydrogel.

The contraction of hydrogels in LMWS solutions during the alteration from trivalent to bivalent is ob-
served at high values of the salt concentration, respectively. Thus, an increase in the LMWS content in the
network leads to the contraction of the copolymer. This may be due to several reasons: first, an increase in
the concentration of salts in the solution worsens the thermodynamic quality of water, and secondly, the
polyelectrolyte effect may be suppressed by the addition of low molecular weight substrates in the surround-
ing solution.
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Figure 6. Effect of the volume fraction of CuSQO4 (a), Pb(NOs)2 (b), FeCls (c) on the swelling of hydrogels
based on p-PGM-AA and p-PGM-AA-CPDT copolymers

Conclusions

For the first time, copolymers based on p-PGM-AA with the addition of a RAFT agent (CPDT) in vari-
ous concentrations were obtained by the method of controlled radical polymerization.

The study of the copolymerization reactions of unsaturated polyester resin, namely polypropylene gly-
col maleate with acrylic acid, showed that the addition of small amounts of RAFT agents significantly af-
fected not only the network density but also the product yield.

Based on the results of scanning electron microscopy, it was found that copolymer samples with the ad-
dition of a RAFT agent have a loose, porous surface with average pore size in the range from 0.39 nm to
2.04 nm.

The gravimetric method for determining the swelling degree of the synthesized hydrogels proves that an
increase in the CPDT content in the initial polymer-monomer mixture at the same p-PGM-AA content makes
it possible to obtain a product capable of absorbing a significantly larger volume of water.

The effect of external factors (pH of the medium, quality of the organic solvent, and the solution ionic
strength) on the swelling ability of copolymers without the addition of a chain transfer agent and samples
containing various concentrations of the RAFT agent has been established.

Thus, understanding the dependence of the density and the network range on the RAFT-agent concen-
tration makes it possible to “regulate” the structure of the copolymers, thereby avoiding chaos in the struc-
ture. Besides, varying the concentration of the RAFT agent will allow purposefully synthesizing copolymers
with desired properties based on experimental and mathematical methods, as well as to control the cross-
linking degree and the swelling degree of polymers.

Considering the fact that the concentration of the RAFT agent contributes to a decrease in the polymer
network density, it is possible to obtain new “smart” systems with desired properties that can change the
swelling capacity under the influence of various external factors.
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Properties of cross-linked copolymers of polypropylene glycol maleate ...

M.XK. bypkees, M.C. Xynicosa, }O. [Tnouek, A.T. Kaxxmyparosa, T.C. XKymaranuesa

PA®DT areHTiHiH IPTYPJii KOHHEHTPANUSIAPHIHAA AJTBIHFAH AKPHJI KbIIIKbLIBIMEH
NMOJIMNPONUJICHTJIMKOJIbMAJIENHATHIHBIH TIiTJITeH cONMOJMMepJIePiHiH KacueTTepi

Bacrankel  mONMIPONMMICHTIMKOIBMANEHHATHl ~ MaJE€MH  aHTHUAPWUAI  MEH  IPONHJICHTIIMKONBIIH
HOJIMKOH/ICHCAIIMSIAHY PEaKIMACHl apKbUIbl albIHABL. CHHTE3/ICNITCH KaHBIKIAFaH MONUA(GUD MIAHBIPBIHBIH
MOJICKYJIANBIK CAJIMaFrbl aHBIKTAJIbl. 3EPTTEIETIH COMOIMMEPIEP PAJHKAIIBI CONOIUMEPIICHY PEaKIUAChI
apkputel I-[II'M meH KaHbIKIaraH KapOOH KBIIKBUIBIHBIH HerisiHae anbiHabl. RAFT-areHTiniH opTypii
KOHIIEHTPALUACHIHBIH KaTbICybIMeH M-III'M MeH akpuil KbIIIKBUIBI HETi31H/IE KaHa MOIMMEPIIEP/i CUHTE3 ey
MYMKiHZiri kepceringi. RAFT-arenTiHiH KOHIEHTPAIMACH! MOJIUMEP TOPBIHBIH THIFBI3IBIFEIHA KOHE OHIM
IIBIFBIMBIHA acepi 3epTTenai. RAFT-areHTiHIH KOHIEHTPAIMACHIHBIH KOFapbUIaybIMEH TITUITeH MOJIMMEepAiH
NIBIFBIMBI TOMCHJICHTIHI )KOHE OHBIH iCiHY KaOlIeTi )KOFapbUTaUTHIHBI, COHBIMEH KaTap CHI3BIKTHI MOJHMEP/IiH
IIBIFBIMBI JKOFAPBUIAMTHIHGI aHBIKTAIIbl. CHHTE3[ENreH CONONMMEpIIepIiH iCIHy JopeKeciHe OpraHHKaIIBIK
epiTkimrepaiH, pH opTaHBIH ’koHE TOMEH MOJICKYJIAJIbl TY3IapJAblH dcepi 3epTTeNai. 3epTTey HoTIKeIepi
MOJMMEPIl THIPOTENBACPIiH OpPraHUKAIBIK EpITKIITEpAiH KOHLEHTPALMACHIHBIH e3repyiHe >xoHe pH
OpTaHBIH e3repyiHe, COHAal-aK TOMEH MOJEKYJANBIK TY3ap epiTiHAUIePiHIH ce3iMTaIbIFbIHA TOJIUMEpeT]
RAFT-arenTTiH Memmepi ocep eTeTiHAIriH kepcerTi. [lonmunponuneHrnukonbMaienHaT TIEH aKpHil
KBILIKBUTBI HETi31HAerT OOBEKTUIep MH(PAKBI3bUI CIEKTPOCKOMMICH apKbpUIbl cumarrananbl. CkaHepieyIi
INEKTPOH/IBI MUKPOCKONTHIH KOMETiMeH IOJIMMepIIepAiH OeTKi MOp(OIOTHsICH 3epTTENreH, COHBIMEH KaTap
TOp eJmeMaepi OaraaHFaH.

Kinm ce30ep: KaHbIKNaFaH MOJUI(PUP HIAHBIPEI, MOJUIPONUICHIIMKOIbManenHat, RAFT-momumepusanus,
iCiHy, KOJIIaIC.

M.X. Bypkees, M.C. XKynucosa, O. [1nonek, A.T. KaxeimypaTtoBa, T.C. )Kymaranuesa

CBoiicTBa ceT4aTHIX CONMOJIUMEPOB MOJTHIIPONMICHIINKOJIbMATCHHATA
C aKPUJIOBOM KU CJIOTOM, IOJY4YEeHHBIX IPH Pa3u4HbIX KOHUeHTpauusax RAFT-arenra

Peaknueli MOMMKOHCHCAMH MaJEHHOBOTO AHTHIPHIA W IIPOIMICHITIMKOIS MOJIy4eH WCXOMHBIN MOJIHIPO-
HUJICHIIMKONbMaienHaT. OnpezeneHa MONeKyJsIpHas Macca CHHTE3MPOBAaHHOW HEHACBIEHHON 1oau3dup-
HOH cMonsl. [lyrem paxukaibHOH comoimnMmepu3aimu n-III'M ¢ HeHAcHIIEHHOH KapOOHOBOM KUCIOTOI Mmo-
JIy4eHBI UccieryemMsle conoauMepsl. IToka3zana BO3MOKHOCTh CHHTE3a HOBBIX IIOJIMMEpOB Ha ocHoge I-I1II'M
¢ aKpwiIoBOH Kucioroil B mpucytcTBHH RAFT-arenta. Usyueno BmusiHue koHueHTpauuud RAFT-areHra Ha
IUIOTHOCTh CETKH M BBHIXOJ MPOAYKTA. YCTAHOBJIEHO, YTO C yBEeNHMYeHHWEM KoHIeHTpauud RAFT-arenra
YMEHBIIIAeTCs BBIXOJ] CETYATOTO IOJIMMEpa, YBEININBAETCS €ro HaOyXalomas ClIoCOOHOCTD, a BBIXOJ JIMHEH-
HOTO ToimMepa Bo3pacTtaeT. ViccienoBaHo BIHMSHHE OpraHWYECKHX pacTBopHTened, PH cpensl, HU3KOMOIIE-
KyJSIPHBIX COJIeH Ha CTeTeHb HaOyXaHMSI CHHTE3MPOBAHHBIX COIOIMMEPOB. Pe3yIbTaThl HCClIeJOBAaHNH MOKa-
3aJI1, YTO Ha BOCIIPHUMYHMBOCTH MOJIMMEPHBIX THIpOreseil K IPUCYTCTBUIO OPTaHUUECKUX PAaCTBOPUTENEH U K
n3MeHeHuo PH cpenpl, a Takke HU3KOMOJIEKYJISIPHBIX coeil Biuser konndectBo RAFT-arenta B nmonumep-
MoOHOMepHOH cMmecH. CHHTe3MpOBaHHBIE OOBEKTHI OXapaKTepPH30BaHBI METOJAMH HMH(PAKPACHOH CIIEKTPO-
ckonuu. ITocpencTBOM CKaHUPYIOIIEH 3IEKTPOHHOH MUKPOCKOIMH HCCIIeJ0BaHA MOP(OIOTrusl MOBEPXHOCTH
MOJMMEpa U OI[EHEHBI pa3MephI Hop.

Kniouesvie cnosa: HeHachllleHHass ToOMMd(QUpHAS CMOJa, MOJUIPONIJICHIHUKONbManenHar, RAFT-
HOJIMIMEpH3anus, HabyXaHue, KOJUIanc.
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Arenediazonium sulfonates: synthesis, comparison
of structural and physicochemical properties

Aromatic diazonium salts are important building blocks in organic synthesis. The present review is concerned
with such aromatic diazonium sulfonates as tosylates, dodecylbenzenesulfonates, triflates, camphorsulfonates,
silica sulfates. The first part of the review provides information on the synthesis and application of these dia-
zonium salts. It is shown that these diazonium compounds are easily synthesized by diazotization of anilines
with sodium nitrite or alkyl nitrites in the presence of corresponding sulfonic acids with high yields. These
diazonium salts have found wide application in the synthesis of aromatic azides, halides, triazenes, azo dyes,
stilbenes, biaryls, etc. The second part of the article presents information on the comparison of the results of
X-ray analysis, infrared spectroscopy and thermal analysis. The structure of diazonium sulfonate salts corre-
sponds to the structure of classical diazonium salts (chlorides, sulfates, tetrafluoroborates). A significant dif-
ference between arenediazonium sulfonates and other diazonium salts is their explosion safety and stability in
an individual form. Arenediazonium tosylates, triflates and camphorasulfonates are easily soluble both in wa-
ter and in polar organic solvents. Arenediazonium dodecylbenzenesulfonates are soluble in nonpolar organic
media. These features of sulfonate salts are paramount for distinguishing characteristics of the effect of the
acid anion on the stability, solubility and reactivity of diazonium salts.

Keywords: diazonium salts, diazotization, sulfonates, tosylate, triflate, camphorsulfonate, silica-sulfate, do-
decylbenzenesulfonate, X-Ray.
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CCly: carbon tetrachloride

Et,O: diethyl ether

ArNz* "Cl: arenediazonium chloride

ArNy* ‘BF.: arenediazonium tetrafluoroborate

ArNz* "OTf: arenediazonium trifluoromethanesulfonate (triflate)
ArNz*"OTs: arenediazonium p-toluenesulfonate (tosylate)
ArNy* p-C12H25C6HaSO5: arenediazonium dodecylbenzenesulfonate
ArN>"0S0O,Camph: arenediazonium camphorsulfonate

ArNz *OS03-SiO;: arenediazonium silicosulfate
ArN2"N(SO,).Ph: arenediazonium o-benzenedisulfonimides
MeCN: acetonitrile

THEF: tetrahydrofuran

CH,ClI;: dichloromethane

CHCl3: chloroform

H>O: water

HCO2H: formic acid

Review Plan

Inclusion and Exclusion Criteria: The present review is concerned with such aromatic diazonium sul-
fonates as tosylates, dodecylbenzenesulfonates, triflates, camphorsulfonates, silicosulfates, their synthesis
and comparison of their structural characteristics.

The review data are based on scientific publications from 1936 to 2021. Some old literature sources
(1936-1980) provide information about the first attempts to synthesize diazonium sulfonate salts. A large-
scale study of diazonium sulfonate salts began with the work of Barbero (1998) and continues now. We
searched and analyzed articles from Scopus, Web of Science, Reaxys, Sci-Finder. The keywords used for the
search were ‘arenediazonium salts’, ‘sulfonates’, ‘diazotization’, ‘sulfonic acid’, etc. The resultant data were
described in this article. No statistical methods were used.

Introduction

Aromatic diazonium salts are of undoubted interest in modern organic synthesis. A huge number of re-
views, monographs and articles in highly rated journals have been published on the synthesis of arenediazo-
nium salts and the study of their chemical properties. The salts discovered by Griss in 1858 [1] became a
huge impetus for the development of organic synthesis: The production of azo dyes, medicines, the synthesis
of halogen and azide-derived benzenes, stilbenes, diaryls, the immobilization of biodegradable polymers,
nanoparticles, etc. Approximately every 10-20 years, scientists discovered new transformations of diazoni-
um salts (Figure 1) [1]:
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Figure 1. Transformations of diazonium salts [1]

Despite the widespread application of diazonium salts in modern organic synthesis, significant prob-
lems of their usage on an industrial scale are instability, explosiveness, non-selectivity of transformations
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and poor solubility in water or organic solvents. Many diazonium salts are thermally unstable and sensitive
to friction and shock. Most diazonium salts are known for their violent decomposition hazard in the solid-
state. This group of chemicals causes many industrial and laboratory incidents. For solving this problem, sci-
entists are developing new types of arenediazonium salts that differ in structure only by the nature of the di-
azo-anion (residues of mineral or organic acids). In recent decades, obtaining and using aromatic diazonium
salts of the sulfonate type devoid of most of the disadvantages of classical diazonium salts has been actively
developing. This review aims to study synthesis methods of arenediazonium sulfonates and compare their
physicochemical properties.

1 Diazotization in the presence of sulfonic acids

The addition of aryl sulfonic acids has a significant effect on the stability of diazonium ions [2]. This in-
fluence has been described in many patents [3]. It has been shown that the addition of a- and B-
naphthalenesulfonic acids to a solution of bisdiazotized benzidine and p-nitrodiazobenzene leads to the for-
mation of precipitates, which can be filtered off and dried without any danger. These products easily dissolve
in water and enter reactions characteristic of diazonium ions after long-term storage.

In later works, one-stage diazotization-iodination reactions of a wide range of aromatic and heterocyclic
amines under the action of the system KI/NaNO;, p-toluenesulfonic acid in acetonitrile [4], and aqueous
paste [5] were demonstrated. These methods provided high yields of the target aryl iodides and were widely
used [6-9]. Before these works [5, 6], individual representatives of arenediazonium sulfonates were known,
namely arenediazonium naphthalenesulfonates [10], p-toluenesulfonates (tosylates) [11, 12], trifluoro-
methanesulfonates (triflates) [13—-15]; arenediazonium methanesulfonates (mesylates obtained in solution but
not isolated individually) [16] (Figure 2).

® o ® S ® o ® O
N=N SO, N=N SO, N=N $SO; NEN SO,
CF
X X X 3 N, CHs
| SR | TR | SR | =R
= = = =
arenediazonium arenediazonium arenediazonium arenediazonium
naphtalenesulfonate p-toluenesulfonate trifluoromethanesulfonate methanesulfonate

Figure 2. Some examples of diazonium sulfonate salts

1.1 Synthesis of arenediazonium tosylates, triflates, mesylates and dodecylbenzenesulfonates

Historically, the first method for preparing arenediazonium sulfonates was the decomposition reaction
of arendiazonium chlorides in the presence of aromatic sulfonic acids [3]. In this case, it was necessary to
resort to rubbing unsafe dry arenediazonium chlorides. This method was used to obtain some benzenediazo-
nium salts of a-, B-naphthalene and a-, f-anthraquinone sulfonic acids [17].

Later, this approach was used to obtain some tosylates (Figure 3) [17] and 2-(trifluoromethoxy) bi-
phenyl-2'-diazonium triflate (Figure 4) [18].

® 06 ® O
N=N BF, N=N OTs
N 1 eq NaOTs X
| NO, —aTeE s, | —NO, FsCO
= MeCN, 2h = 1 eq NaOTf
-20)- CN, 2h
1a,b ( 20) 25°C 2ab Me ,
° ﬁ:N% . (20025°C
3-NO, (a) =N BF,
4-NO, (b) 1c
Figure 3. Obtaining arenediazonium tosylates Figure 4. Obtaining arenediazonium triflate

Some arenediazonium tosylates and triflates were obtained by direct diazotization of anilines with alkyl
nitrites in the presence of p-toluenesulfonic acid [19-21] and trifluoromethanesulfonic acid [19] in a solution
of acetic acid or a mixture of tetrahydrofuran-acetic acid, respectively (Figure 5).
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®_ O
NH; N=N ~0-SO,R'
AIkO-NO, R-SO3H
AcOH
(ACOH/THF)
R 41-91%

R' = -CFj; p-Tol; 2,4,6-(iso-Pr)s;Ph
Alk = jso-Pr or tert-Bu

Figure 5. Preparation of arenediazonium tosylate and triflate in the presence of alkyl nitrites

Arenediazonium mesylates were obtained in situ with the use of methanesulfonic acid [16] and used as
a solution in further transformations (Figure 6).

® ©
=N OMs R
NH2 4 oq BuONO N=N =" S
R+ AN 1 eq MsOH R;— X 2 mol % Pd(OAc)g R/\/ \
=~ MeOH/DMF, 25 °C = —

Figure 6. Preparation and transformation of arenediazonium mesylates in situ

Some examples of arenediazonium triflates were obtained by indirect methods [13, 14]. These methods
were based on N-substituted aniline azodesilylation under the action of NO*CF3;SOs and led to the formation
of benzenediazonium trifluoromethanesulfonate in 93 % yield [13] (Figure 7).

SiMes 1 oq NOOTF ® ©
N - N=N OTf
R 25°C, Ny, 10-12 h

3b 93%

R=H, Si(Me),
Figure 7. Azodesilylation of N-substituted aniline under the action of NO* CF3SOs

Para-substituted benzenediazonium trifluoromethanesulfonates were synthesized by treating the corre-
sponding triazenes with 2 trifluoromethanesulfonic acid [14] (Figure 8).

N"'NRZ
/7

TfOH ® O
R’ N — R N=N OTf

3b-e
R'=H (b), Me (c), MeO (d), NO, (e)

Figure 8. Synthesis of benzenediazonium trifluoromethanesulfonates via the corresponding triazenes

It should be noted that none of these works [10-21] set the task of a detailed study of the structure and
physicochemical properties of arenediazonium sulfonates. This problem was partially solved in the study
conducted by Filimonov V.D. et al. [21]. They developed an efficient method for the preparation of arenedi-
azonium tosylates [21] using a new diazotizing agent with a polymer structure (Figure 9). Diazotization pro-
ceeded in acetic acid at room temperature; the formed diazonium salt was precipitated with diethyl ether.
Initially, cheap sodium nitrite was used as a diazotizing agent [22]; however, in this case, the target products
were contaminated with an admixture of the sodium salt of p-toluenesulfonic acid. The method provided the
synthesis of a wide range of arenediazonium tosylates, which made it possible to conduct a detailed study of
their physicochemical properties.
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®
NH, N=N CoTs
R ") Resin-NO, TsOH R X
= AcOH, 25 °C \
5-30 min 25-97%
2a-p
R= 3-NO, (a), 4-NO, (b), H (c), 2-NO, (d), 4-OMe (e), 2-OMe (f),
4-Me (@), 3-Me (h), 2-Me (i), 3,4-Me (j), 4-NH, (k), 4-CN (1), 2-COOH (m)
4-COOH (n), 4-1 (0), 2,4,6-Br (p)
-, H, - H, H,
— _ H/C — H/C —
\E/C \E'/C ~c ¢
H,0
+NaNO, — > »
t S
@@C| t0-15min | [ g NOp| [
HZC;N\—Me ~fc— ,\fle/\N\—Me THC—
Me Me n H2 B Me n H2
AB-17 Resin-ONO

Figure 9. Preparation of arenediazonium tosylates using a new diazotizing agent with a polymer structure

It turned out that all synthesized arenediazonium tosylates are explosion-proof and have storage stabil-
ity that is unique for diazonium salts (established using DSC/DTA/TGA). In contrast to the known arenedia-
zonium chlorides, sulfates, and tetrafluoroborates, ADT have good solubility both in water and in organic
solvents (EtOH, MeOH, AcOH, and DMSO). Furthermore, the structure of all salts was investigated and re-
liably established by modern physicochemical methods (X-Ray, IR, NMR spectroscopy). Thus, new unique
representatives of the class of aromatic diazonium salts, namely arenediazonium tosylates, were obtained.
These salts immediately found wide application in organic synthesis: preparation of aromatic iodides [5, 22],
arenes containing radioisotope of fluorine [23], aryltriethylsilanes [20], aromatic azides [24], in the synthesis
of heterocyclic systems [25], modification of nanosurfaces [26, 27], in the Heck reaction [28].

Later, this scientific group synthesized unique in their properties arenediazonium dodecylbenzene-
sulfonates [29]. The synthesis was based on the diazotization of anilines with tert-butyl nitrite and do-
decylbenzenesulfonic acid in diethyl ether at room temperature.

@ 0o
NH2 N:N OSOQC6H4C12H25
I AN tert-BUONO, HOSOzC6H4-C12H25 RI X
R{- =~ R~
& Et,0,25°C, 5-20 min N 42.90%
4a-j

R=H (a), 2-NO, (b), 3-NO, (c), 4-NO, (d), 4-OMe (e), 2-Br-4-NO, (f),
4-COOMe (@), 2-CI (h), 2-Me (i), 4-Br (j)

Figure 10. Preparation of arenediazonium dodecylbenzenesulfonates

IR and NMR spectroscopy proved the structures of the synthesized salts. All synthesized salts turned
out to be explosion-proof (DSC/DTA/TGA), stable during storage and having an “abnormally” high solubili-
ty for diazonium salts: Not only in water and polar organic solvents (EtOH, MeOH, AcOH, DMSO) but also
in low-polarity chloroform and CCl,. The latter circumstance provided a specific feature of the chemical be-
havior of these salts. Along with the reactions typical of aromatic diazonium salts (interaction with KI, com-
bination with 2-naphthol), a previously unknown reduction to chlorobenzenes in a CCl4 solution in the pres-
ence of a base was observed [30]. One-pot diazotization-dediazotization reaction was carried out in a CCly
solution under the action of sodium nitrite (Figure 11).
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® 0o
NH, N=N 0S0,CgH4C1oHos cl
6 eq NaNO,
RI— X 1 eq H080206H4-C12H25 RL N 1 eq Et3N R | AN
&~  CCl,, 20 °C, 5-20 min = 75°C T
45-89%
4a-j

R=H (a), 2-NO, (b), 3-NO, (c), 4-NO, (d), 4-OMe (e), 2-Br-4-NO,, (f), 4-COOMe (g), 2-Cl (h), 2-Me (i), 4-Br (j)
Figure 11. Reduction of arenediazonium dodecylbenzenesulfonates to chlorobenzenes in a CCl4

The authors of the work [31] proposed a convenient method for the synthesis of a wide range of
arenediazonium triflates by diazotization of aromatic amines with butyl nitrite in the presence of trifluoro-
methanesulfonic acid in acetic acid (Figure 12). A detailed study of the physicochemical characteristics of
the obtained diazonium salts and their chemical transformations were carried out in the work.

®@ O
NH, N=N OTf
1.2 eq BUONO,
R ) 1.2eqTfOH R =
I I

= AcOH, 10-15 °C = y

. 55-99%
5-30 min 3 b-m

H (b), 4-Me (c), 4-OMe (d), 4-NO, (e), 3-NO, (f), 4-COOH (g)
4 -n-Bu (h), 4-1 (i), 2,4,6-1 (i), 4-Ph (k), 4-NH, (1), 2-NO, (m)

Figure 12. Synthesis of arenediazonium triflates

The authors have shown that arenediazonium triflates are highly soluble both in water and in polar and
low-polar organic media, explosion-proof, and stable at room temperature.

1.2 Synthesis of arenediazonium camphorsulfonates, silicasulfates, biodegradable cellulose-sulfonate,
o-benzenedisulfonimides

In work [32], it has recently been described the preparation of a wide range of arenediazonium cam-
phorsulfonates through diazotization of anilines under the action of NaNO: in the presence of camphor sul-
fonic acid in AcOH solution at room temperature (Figure 13). It has been shown that arenediazonium cam-
phorsulfonates can be successfully used for the preparation of aryl halides (chlorides, bromides, iodides),
while the authors propose a one-stage diazotization-halogenation method both in solution (acetic acid or ace-
tonitrile) and in the absence of a solvent.

N7
® S
NH, N=N Co
1.1 eq NaNO;,
7y 1.1eqCSA N A o
10 ~ RO
N AcOH, rt L~ 87.97%
5a-k

R= 4-NO, (a), 3-NO, (b), 2-NO, (c), 4-CN (d), 2-CN (e), 4-Br (f),
2-Br (@), 4-Cl (h), 4-I (i), 4-1 (j), 4-OMe (k)

Figure 13. Preparation of arenediazonium camphorsulfonates

A number of works were devoted to the preparation and usage of arenediazonium silicosulfates in or-
ganic synthesis [33-38]. According to [34], diazotization of anilines with sodium nitrite in the presence of
silica sulfonic acid at room temperature gave stable diazonium salts (Figure 14). These salts can be used to
obtain azo dyes [34] (a method corresponding to the principles of Green Chemistry), iodoarene [33], aro-
matic azides [35, 36], in the reactions of C-C-coupling of Suzuki-Miyuara [37], Matsuda-Heck [38].
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® O
NH, N=N OSO03-SiO,
2 eq NaNO,
RIC ) _S02SOH o TN 90-98%
= grinding, rt =
6a-g

R=H (a), 2-NO, (b), 4-NO, (c), 4-SO3Na (d), 2-CI (e), 3-CI (), 2-Me (g)
Figure 14. Preparation of arenediazonium silicosulfates

Stable aromatic diazonium salts can be synthesized by using biodegradable sulfonated cellulose (Fig-
ure 15) [39]. Diazotization proceeds mildly for 5-10 minutes at room temperature, while sulfonated cellulose
can be recycled at the end of the synthesis and reused. The diazonium salts obtained easily gave the corre-
sponding iodides and azides with quantitative yields.

® ©)
NH, N=N O3SO-cellulose
2 eq NaNO;,
R A cellulose-SO3H R—:\ KI R N
PZ grinding, rt P Pz
5-10 min

Ta-m  54.97%
R=H (a), 2-1 (b), 2-COOH (c), 3-COOH (d), 4-COOH (e), 2,4-Cl (), 3,4-Cl (g)
4-Cl (h), 4-Br (i), 4-OMe (j), 4-Me (k), 4-NO, (1), 2-NO, (m)
Figure 15. Using biodegradable sulfonated cellulose for diazotization

The preparation of dry arenediazonium o-benzenedisulfonimides was easily carried out by diazotization
of aromatic amines with i-pentyl nitrite in the presence of o-benzenedisulfonimide in glacial acetic acid or in
formic acid at 0-5 °C [40] (Figure 16). Using acetic acid as a solvent allows obtaining quickly a product by
simple precipitation with diethyl ether. Formic acid as a solvent dissolved the diazonium salt well. Therefore,
a large amount of diethyl ether was necessary for its isolation. In both solvents salts were obtained dry in
high purity and excellent yields.

O,

\ o)
1.2 eq @[ /NH ® o Sz
NH, S N=N N j@

02 \S
R@ 1.1 eq i-C5H4, ONO, N Xy O,
, I
Z AcOHorHCOOH, .~

0-5°C, 5 min 8a-t 85-98%

R=H (a), 2-Me (b), 3-Me (c), 4-Me (d), 2-OMe (e), 3-OMe (f), 4-OMe (g), 2-CI (h), 3-ClI (i), 4-ClI (j),
3-Br (k), 4-Br (I), 2-NO, (m), 3-NO, (n), 4-NO,, (0), 4-NMe, (p), 2,6-Me (q), 2-OMe-5-Cl (r), 2,6-Cl (s),
1-naphtyl (t)

Figure 16. Preparation of arenediazonium o-benzenedisulfonimides

1.3 Diazotization of aminopyridines in the presence of sulfonic acids

An attempt to use the method described above to obtain heteroaromatic diazonium salts, in particular,
from aminopyridines, was unsuccessful: diazotization proceeded slowly and the corresponding hydroxypyri-
dines were the only reaction products [41].

However, diazotization of aminopyridines under the action of sodium nitrite in the presence of
p-toluenesulfonic acid in an aqueous paste [41] radically changed the result of the reaction. Pyridyl tosylates
were isolated as the main products (Figure 17).
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2 eq NaNO,
L 2 NH, 3eqTsOH L 2 oTs
1 12h
water-paste 20-85%

9 a-k
R=H, 2-NHj, (a), 3-NH, (b), 4-NH, (¢), R=5-Br, 2-NH, (d), R=5-I, 2-NH, (e),

R= 3,5-Br, 2-NH, (f), R=3-Me, 2-NH, (g), R=4-Me, 2-NH, (h), R= 6-Me, 2-NH, (i)
R= 4-Me, 5-1, 2-NH, (j), R= 2,6-NH, (k)

Figure 17. Preparation of pyridyl tosylates by direct diazotization of aminopyridines

This was the first example of the preparation of pyridyl tosylates — important intermediates in organic
synthesis — by direct diazotization of aminopyridines.

Direct diazotization of aminopyridines in the presence of trifluoromethanesulfonic acid in a DMSO-
paste [42] or a mixture of solvents DMSO: hexane [43] (Figure 18) made it possible to obtain more valuable
pyridyl triflates widely used in modern synthesis [44].

2.5 eq NaNO,
L 3\, —3ed TIOH L/\ ot
1-18 h
DMSO-paste or 30-98%

hexane:DMSO 10a-m

R=H, 2-NH, (a), 3-NH, (b), 4-NH, (c), R=5-Cl, 2-NH, (d), R=6-Me, 2-NH, (e),
R=5-Br, 2-NH, (f), R=5-NO, 2-NH, (@), R=4-Me, 2-NH, (h), R= 2-Cl, 3-NH; (i)
R= 3,5-Br, 2-NH, (j), R= 5-1, 2-NH, (k), R=H, 2,6-NH, (1), R= 3,5-, 2,6-NH, (m)

Figure 18. Preparation of pyridyl triflates by direct diazotization of aminopyridines

Recently, a method has been proposed for the synthesis of pyridyl camphorasulfonates, which are of in-
terest as biologically active substances [45]. The synthesis was based on the diazotization of aminopyridines
in the presence of camphor sulfonic acid in an aqueous paste (Figure 19).

R 2 eq NaNO, oN //
E\/\ NH, —3 eg §+)CSA L/\ ) 3%4
N

aq. paste o
11a-g 40-70 %
R=H, 2-NH, (a), 3-NH, (b), 4-NH, (c), R=5-CI, 2-NH, (d), R=6-Me, 2-NH, (e),
R=5-Br, 2-NH;, (f), R=5-NO, 2-NH, (9)

Figure 19. Preparation of pyridyl camphorasulfonates

This difference between aminopyridines and anilines in the diazotization reaction is due to the fact that
the resulting pyridinediazonium sulfonates are thermodynamically unstable and short-lived, unlike arenedia-
zonium sulfonates. The pyridinediazonium cations decay with the loss of nitrogen and the formation of
pyridyl cations, which are highly reactive and easily interact with all nucleophiles in solution (Figure 20).
This fact has been confirmed both experimentally [41, 42] and by computational methods [46].

Br

|\
- —
?’ N" ot
Br S [NO*], TfOH Br\(j N, |Br S 10f
— | _ J® Nu Br
N "NH, N~ Nyt OTf N T B
—
N Nu

Figure 20. Plausible reaction pathways for the diazotization of 5-bromo-2-aminopyridine
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Thus, arenediazonium sulfonates are easily synthesized by diazotization with sodium nitrite or alkyl ni-
trites in the presence of corresponding sulfonic acids with high yields. These diazonium salts have found
wide application in the synthesis of aromatic azides, halides, triazenes, azo dyes, stilbenes, biaryls, etc.

2 Comparison of spectral and thermal characteristics of arenediazonium sulfonates

Comparison of the structure of aromatic diazonium salts is based on the valence oscillation of the N=N
bond in IR, the chemical shift of Ciso in NMR and the results of X-ray diffraction analysis. The chemical
shift of Cipso carbon for all diazonium salts is in close ranges and does not correlate with the type of anion. In
the IR spectrum, the valence oscillation of the diazonium group N=N is in the characteristic region of 2100—
2300 cmL,

In this review, the comparison of arenediazonium sulfonates is based on their solubility, the results of
X-ray and thermal analysis. Table 1 shows the key geometric parameters, the crystallographic data, and the
results of thermal analysis and information about solubility.

Table 1
The properties of some diazonium salts
No. Nan;z;fp?jncélazo D'ét_a}{}ce D',fltmce CA rl]\(l;]—llsl Decomposition energy, kJ/mol The solubility Ref.
1 ArN*;Cl 1.385! | 1.097 180 No information. Explosive Soluble in water [2]
ArN*BF,4 1.415% | 1.083 | 179.5 —229.2 (at 146.5 °C) Slightly soluble in wa- | [47]
explosive ter and organic com-
pounds
ArN, *OTf 1.405° | 1.089 |178.99 From -136.1 to -840.4 Soluble in water, EtOH,| [31]
non-explosive MeOH, AcOH, DMSO,
MeCN, THF; during
heating in CHCl,,
CHC I3, CClq4
ArNz *OTs 1.371* | 1.104 | 177.7 From —60 to —885.2 soluble in H,O, EtOH, | [21]
non-explosive MeOH, AcOH, DMSO,
MeCN, acetone
ArNz* Crystals cannot be grown From -118 to —-410 Soluble in highand | [29]
p-C12H25CeH4SO3 for X-ray (oil) non-explosive medium polarity sol-
vents (water, DMSO,
alcohols, ketones, ace-
tic acid, chloroform)
and non-polar (hexane,
benzene, CCl,) solvents
ArN;*0SO,Camph | 1.41° 1.09 177 | Stable and could be stored at | Soluble in proticas | [32]
room temperature under anhy- | well as aprotic solvents
drous conditions. No infor-
mation about results of ther-
mal analysis
ArNz *OS03SiO; | Crystals cannot be grown |Stability was proved indirectly| Insoluble in aqueous | [34]
for X-ray through the azo combination media
reaction after 6, 24, 48 and 72
hours. The diazotization and
diazo coupling method was
found to be safe and the grind-
ing of these aryldiazonium
salts was not found to be haz-
ardous.

ArN2;*"N(SO,).Ph 1.3875 | 1.088 | 178.6 | Stored at 0 °C and at room Soluble in water, [40]
temperature for two months HCO2H, MeOH,
underwent no decomposition DMSO, MeCN

Notes:
Crystallographic info for Ph N*2"Cl. “Crystallographic info for p-1CsHsN2 *OTs.
2Crystallographic info for PhN*BF4. SCrystallographic info for p-BrCeHaN2 *OSO2Camph.
3Crystallographic info for p-ICeHsN2*OTf. SCrystallographic info for 2,6-CICsH3sN2 *'N(SO2)2Ph
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The X-ray data show that the bond lengths N=N are in the same range and differ not significantly. The
length of the C-N bond is of interest from the point of view of predicting reactivity, since that participates in
the process of de-diazotization. The length of this bond is higher in arenediazonium tetrafluoroborates, tri-
flates and camphorasulfonates, which indicates their greater reactivity in contrast to diazonium salts.

C-N-N bond angle in diazonium sulfonate salts differs from the bond angle in classical diazonium salts
by 1-3°, which may cause greater stability of these salts. At the C-N-N bond angle equal 180°, the salt forms
an easily destroyed layered crystal lattice. Changing the bond angle leads to better coordination with the ani-
on and the formation of more complex structure (Figure 21).

Figure 21. Crystalline networks of arenediazonium chloride (a) [48] and arenediazonium tosylate (b) [21]

The proof of stability for the diazonium salts was preserving chemical properties during the shelf life.
Stability of arenediazonium silica-sulfate was proved indirectly through the azo combination reaction after 6,
24, 48, and 72 hours. Arenediazonium silica sulfates with electron-withdrawing groups on aromatic rings are
more stable than those with electron-donating groups because of the instability of the resulting aryl cation.
The diazotization and diazo coupling method was found to be safe and the grinding of these arenediazonium
salts was not hazardous. At the same time, the authors of works recommend storing the obtained salts at 0 °C.

The stability of diazonium salts usually is compared by TGA-DSC methods. This method determines
the temperature and energy of decomposition. According to the UNICEF international standard, the sub-
stance having decomposition energies of less than 800 kJ/mol is explosion-proof and can be transported.
Among the considered salts, analysis was carried out only for arenediazonium tosylates, triflates, and do-
decylbenzenesulfonates by TGA-DSC methods. All the studied salts are explosion-proof; the exception is m-
nitro derivatives.

In work [49], for the first time, using isothermal flow calorimetry and DSC/TGA, authors determined
the thermal decomposition energies of arenediazonium triflates, 4-nitrobenzene tosylate, and
4-nitrobenzentetrafluoroborate. The authors calculated the decomposition energies of salts accurately. 4-
Nitrobenzenediazonium triflate of all the studied diazonium salts has increased stability stored under normal
conditions. The experimental and theoretical results demonstrated that, compared to DSC/TGA, isothermal
flow calorimetry more adequately reflected the energetics of the thermal decomposition of DSs and their
storage stability under normal conditions.

Arenediazonium sulfonates have high solubility in water and in organic solvents, which opens up more
areas for their usage in contrast to arenediazonium tetrafluoroborates and chlorides.

Conclusions

Arenediazonium sulfonates are easily synthesized by diazotization with sodium nitrite or alkyl nitrites
in the presence of corresponding sulfonic acids with high yields. These diazonium salts have found wide ap-
plication in the synthesis of aromatic azides, halides, triazenes, azo dyes, stilbenes, biaryls, etc. The structure
of diazonium sulfonate salts corresponds to the structure of classical diazonium salts (chlorides, sulfates, tet-
rafluoroborates). A significant difference between arenediazonium sulfonates and other diazonium salts is
their explosion safety and stability in an individual form. Arenediazonium tosylate, triflates, and campho-
rasulfonates are easily soluble both in water and in polar organic solvents. Arenediazonium dodecylbenzene-
sulfonates are dissolved in nonpolar organic media. These features of sulfonate salts are paramount for dis-
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tinguishing characteristics of the effect of the acid anion on the stability, solubility, and reactivity of diazoni-
um salts.
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ApeH1Ma30HHUIl CYJIb(OHATTAPBI: CHHTE3/1ey, KYPbLIbIMIABIK
KIHE (PU3MKA-XUMHSIBIK KACHETTEePiH CAJIBICTBIPY

Xomr vicTi [Ma30HUN TY3apbl OPraHUKAIBIK CHHTE3/IC MaHbI3/IbI KYPBUIBIC MAaTepHaiIbl OOJIBIT TabbIIaabl. Op
TYpJi aHUOHAApHl Oap IWA30HWH TY3JApbIHBIH Ken Memmiepi Oenrimi. Makamaga Xomr HWIiCTi JHa30HHN
cynb(oHaTTapsl KapacTBIPhUIFaH: TO3WJIATTAp, AOACHIIOCH30JCYIb(OHATTap, TpudmatTap, kampopacyib-
(donatTap, cunukarcyiabdarrap. MakananslH OipiHm OeniMiHAE OCHI QUA30HHK TY3JapblH CHHTE3NCY JKOHE
KOJIIaHy Typajbl akmapar OepiireH. OnerrTe, IMa30HUN Ty3AapblH aHWIMHICP.I HATPUH HUTPUTIMEH HeMece
QIKWJI HHUTPUTIMEH THICTI CyJIb(OKBIIIKBUIIAPABIH KaThICybIMEH IMa30TTay apKbUIBl OHAW CHHTE3[eyre
Gomansl. Byn nuasoHmit Ty3mapel Xoml HWicTi asunaTep, TaJOTeHAep, TpUaseHnIep, a30-OO0SFbINITapH,
cTunOeHep, Ouapuaep *oHe T.0. CHHTE3JepiH/Ie KCHIHCH KOJIaHbUIaAbL. JKYMBICTBIH eKiHIII OeniMiHe
PEHTIeHIIK Tanjay, WH(PAKBI3bUI CHEKTPOCKONMS JKOHE TEPMMSUIBIK Tajl[ay HOTWIKEIEPiH CaJbICTHIPY
Typaslbl aKnapar Kenrtipiired. [ua3oHWAIH Cylb(OHAT TY3AapbIHBIH KYPBUIBIMBI HETi3iHEH KIIACCHKAIBIK
IUAa30HUHA TY3IOapBIHBIH (XJopuarep, cynbdarrap, TeTpadTopOOoparTap) KYpPBUIBIMBIHA COHKEC KeJemi.
CynppoHaATTapplH apeHINa30HWi MeH Oacka [OWa30HHH TY3/JapblHBIH  apachblHAAFbl  MaHBI3IbI
AfBIPMAIIBUIBIK OJIAPJBIH JKapBUIBIC KAyilCi3Airi MEH TYPaKTBUIBIFBI OOJBIN TaObUIagbl. ApeHINa30HUM
To3mWiaTTap, TpudIaTTap jxoHe KamdopacyibpoHaTTap Cynaa JAa, HOJSIPIbI OPraHUKAJbIK epiTKIimTepae e
OHail epumi. ApeHANA30HUN TOMCIMIOCH30JICYIbQOHATTAPS JTUIODWIBII aHHOHFA OAMIAHBICTBI MOJISIPIIBI
eMeC OpraHHKalblK OpTana epuji. ApeHJUa3OHUH CyNb(OHAT TY3IapBIHBIH OYJl epeKIIeNiKTepi KBIIIKBUI
AQHWOHBIHBIH [TMAa30HUHA TY3JapbIHBIH TYPAaKTHUIBIFBIHA, EPITIITITiHE J>KOHE PEaKTUBTUIriHE ocep eTy
€PEKIIETIKTEePiH TYCIHY YIIiH 6T¢ MaHBI3IbL.

Kinm ce3dep: nua3oHWil Ty3maphl, IWA30TTay, Cyiab(oHaTTap, TO3Wnarrap, Tpudiarrap, kKamdopacyib-
(honatTap, cunmka-cynbdaTTap, I0IeIIIOCH30ICYIb(QOHATTAp, PEHTIeH-KYPBUTBIMABIK TaAay.

A. K. KacanoBa, M.T. Ectaea, M.O. TyptyGaeBa

ApeHaua3oHu#l CyJb(OHATHI: CHHTE3, CDABHEHHE CTPYKTYPHBIX
U (PM3UKO-XUMHYECKHX CBOMCTB

ApOMaTI/I‘IeCKI/Ie COJIM JUA30HUS ABJISIIOTCA BAXXHBIMHU CTpOI/ITeHbeIMH 6.]'[0KaMI/I B OpFaHI/l‘{eCKOM CHUHTCEC3€C.
M3BecTHO GOIBIIIOE KOMMYIECTBO COJICH JUA30HUS C PA3HBIMH aHHOHAMH-OCTaTKaMu. B maHHOM 0630pe pac-
CMOTPEHBI apOMAaTHYECKHE HA30HUHA CyIb(QOHATHL: TO3MIATHI, IOACHMIOECH30JICYIbGOHATHI, TPHQIATHI,
kamdopacynbhoHaTsl, cHiInKa-Cyibharel. B mepBoil yacTH cTaThH MPEACTABICHBI CBEICHHS [0 CHHTE3Y U
MPUMEHEHHIO JIAHHBIX COJel aua3onus. [Toka3aHo, 4To, Kak MPaBHUJIO, YKa3aHHbIE COJM AUA30HHUS JIETKO CHH-
Te3l/lpy}OTCﬂ JII/IaSOTI/IpOBaHHCM AHUJIMHOB HI/lTpI/ITOM Hanl/Iﬂ UJIn aJ'IKI/IJ'[HI/ITpI/lTaMI/l B HpI/ICyTCTBI/II/l COOTBET-
CTBleLLlPIX Cy.]'lb(l)O](I/ICJ'IOT C BBICOKMMH BBIXOOaMHU. ﬂaHHbIe COJIM JUA30HHUA HAIIH L[Il/IpOKOC HpHMeHeHl/Ie B
CHUHTE3€ apOMAaTHYECKHUX a3HJI0B, TAJIOTCHUIOB, TPUA3E€HOB, a30KpacUTelNei, CTHILOSCHOB, OUAapUIOB U T.J.
AMUHONMPUANHBI THAa30TUPYIOTCS B MPUCYTCTBUH CYJIb(OKHUCIOT C 00pa30BaHUEM JIPYTHX BaXKHBIX IOJY-
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A.Zh. Kassanova, M.T. Yestayeva, M.O. Turtubayeva

HPOIYKTOB OPraHHYECKOr0 CHHTE3a — IMHPUANHUICYIb(GOHATOB. Bo BTOpoi yacth 0630pa aHa uHpopMa-
LM TI0 CPAaBHEHHUIO PE3YJIbTaTOB PEHTIEHOCTPYKTYPHOTO aHAIN3a, HHPPAKPACHOH CIEKTPOCKOIIMH M TePMH-
yeckoro aHaiau3a. CTpoeHue Cynb(OHATHBIX COJCH AMAa30HHUS B OCHOBHOM COOTBETCTBYET CTPOCHHIO KIIACCH-
YEeCKUX COJIed AMa3oHMs (XJIOopumsl, cyiabdatel, Terpadropoopatsr). CymiecTBEHHBIM OTIMYHEM apeHIna3o-
HHUH CyIb()OHATOB OT APYTUX COJEH AMa30HUS SIBISIOTCS MX B3PHIBOOE30MACHOCTh U CTAOMIBHOCTH B MHAH-
BUJIyJIbHOM BHJIe. ApEHIUa30HUH TO3MWIATHI, TpUMIATH U KaM(opacynb(hOHATH JIETKO PacTBOPSIIOTCS KaK B
BOJIC, TaK M B MOJIIPHBIX OPraHMYECKUX PACTBOPUTEISX. ApeHIMA30HUN JoJerIOeH30cyIb(poHaThl, 611a-
rozapst JIMIOGHUIPHOMY aHHMOHY, PacTBOPUMBI B HEHOJSIPHBIX OPTaHMYECKHX cpefax. OTH OCOOCHHOCTH
CyJIb()OHATHBIX COJICH OYEeHb BaXKHBI AU IIOHHMMAaHHs BIMSHUS aHHOHA KUCJIOTHI HA YCTOHYMBOCTB, PAaCTBO-
PHMOCTb M PEAaKLIHOHHYIO CIIOCOOHOCTh ANA30HUEBBIX COJIEH.

Kniouesvie cnosa: conu nua3oHusi, JUa30TUPOBAHKE, CYJIb(OHATHI, TO3WIATHI, TpUdiaTsl, kamdopacyibho-
HAaTHI, CHJIMKa-CyIb(aThl, TOAEMIOCH30ICYIb()OHATEI, PEHTTCHOCTPYKTYPHBIH aHAIH3.
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Aggregation-induced emission of 5-(benzylidene)pyrimidine-2,4,6-triones

5-(Benzylidene)pyrimidine-2,4,6-triones with different substituents on the phenyl rings: 5-(4’-dimethyl-
aminobenzylidene) barbituric acid and 5-(4’-methoxybenzylidene) barbituric acid were synthesized, and their
spectral-luminescent properties were investigated. A decreasing fluorescence efficiency in the solid-state is
general and is mainly attributed to the intermolecular vibronic interactions, which induce the nonradiative de-
activation process. Whereas the isolated dye molecules are virtually non-luminescent in dilute solutions, they
become highly emissive upon solution thickening or aggregation in poor solvents or in the solid-state, show
an increase of luminescence intensity, the phenomenon of the aggregation-induced emission (AIE phenome-
non). The development of efficient luminescent materials is a topic of great current interest. The emission
color is changed from red (maximum at 630 nm) to green (maximum at 540 nm) by varying the substituent on
the phenyl ring from dimethylamino to the methoxy group. Theoretical calculation shows that the dye mole-
cules' aggregation-induced emission characteristics result from intermolecular interactions. Utilizing such fea-
tures, the molecules can be employed as fluorescent probes for the detection of the ethanol content in aqueous
solutions.

Keywords: aggregation-induced emission, barbituric acid, fluorescent probes, fluorescence peak intensities,
luminophore, dye molecules, substituent phenyl ring, solid state, intramolecular rotations.

Introduction

Whereas light emissions of luminophores are normally investigated in the solution state, they are practi-
cally used as materials commonly in the solid-state [1]. The formation of aggregates with an ordered or ran-
dom structure in the solid-state is facilitated by the close proximity of molecules that experience strong m-n
stacking interactions. The nonradiative decay of the excited state of molecules is often caused by aggrega-
tion-caused quenching (ACQ) of light radiation in the condensed phase.

Various chemical, physical, and engineering approaches and processes have been developed to elimi-
nate the effect of ACQ, but attempts have met with only limited success [2].

It would be good if a system can be developed in which light emission is enhanced, rather than
guenched, by aggregation because no additional effect will need to be placed to artificially interrupt the very
natural process of luminophore aggregation.

Recently, Tang and co-workers found that the fluorescence of some molecules was weak in dilute solu-
tions but became strong when they were in aggregate states [2—4]. The restriction of intramolecular rotation
is responsible for such effects. This effect is called Aggregation-Induced Emission (AIE). Utilizing the AIE
characteristics, many authors explored potential applications of the AIE luminogens as chemical sensors [5],
biological probes [6, 7], smart nanomaterials [8-10], and solid-state emitters [11-15].

We are interested in expanding the AIE system to cover the whole visible spectral region. In this work,
we designed and synthesized two derivatives of barbituric acid (Figure 1) and reported their AIE effect.
Firstly, the AIE in derivatives of barbituric acid was reported by Barashkov, Bolotin, and Tang in 2004 [16].
Later, these derivatives became the subjects of the number of publications [17, 18]. By changing the substit-
uent on the phenyl group, the conjugation and hence the emission color of the luminophore can be varied.
The molecules can be employed as fluorescent probes and can detect the ethanol contents in ethanol-water
mixtures [19-23].
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Figure 1. Molecular structures of the pyrimidine-2,4,6-triones derivatives 1 and 2

Experimental

Materials and Instrumentation. Tetrahydrofuran (THF; Labscan), methanol (RDH), N, N-dimethyl-
formamide (DMF, Labscan), and other solvents were used as received without further purification. Barbitu-
ric acid (pyrimidine-2,4-6-trione), 4-dimethylaminobenzaldehyde, 4-methoxybenzaldehyde were purchased
from Aldrich and used without further treatment.

UV absorption spectra were measured on a Milton Roy Spectronic 3000 Array spectrophotometer. Pho-
toluminescence (PL) spectra were recorded on Perkin Elmer LS 55 Fluorescence spectrometer or Hitachi
Fluorescence Spectrophotometer F-2000. Particle size measurements were performed on a Beckman Coulter
Delsa 440SX Zeta potential analyzer. Scanning electron microscope (SEM) image was taken on a JEOL
JSM-7500F electron microscope.

Synthesis. Dye 1 and 2, namely 5-[(4-dimethylamino)benzylidene]pyrimidine-2,4,6-trione and 5-[(4-
methoxy)benzylidene]pyrimidine-2,4,6-trione, were prepared by coupling reaction of barbituric acid with
4-dimethylaminobenzaldehyde and 4-methoxybenzaldehyde in an ethanol solution of sodium hydroxide
(Scheme 1). A typical procedure for the synthesis of 1 is given below.

8.96 g (0.07 mol) barbituric acid, 120 mL ethanol, 11.92 g (0.08 mol) 4-dimethylaminobenzaldehyde
and 1.2 mL 10 % aqueous solution of sodium hydroxide were added into a 250 mL round-bottom flask. After
stirring for 4 h at 80-85 °C, the solution was filtered. The residue was washed with hot water and then etha-
nol, and dried in vacuum. Dye 1 was obtained as red powder with a yield of 88 %. 'H NMR (400 MHz,
DMSO-dg), 0 (ppm): 3.12 (s, 6H), 6.80 (d, 2H), 8.15 (s, 1H), 8.42 (d, 2H), 10.92 (s, 1H), 11.03 (s, 1H).
13C NMR (100 MHz, DMSO-dg), 6 (ppm): 39.71, 109.53, 111.20, 119.98, 139.05, 150.31, 154.18, 155.48,
162.70, 164.70. Dye 2 was prepared similarly from 8.96 g (0.07 mol) of barbituric acid and 10.88 g
(0.08 mol) of 4-methoxybenzaldehyde and isolated as yellow-green powder with a yield of 86 %. *H NMR
(400 MHz, DMSO-dg), ¢ (ppm): 3.86 (s, 3H), 7.15 (d, 2H), 8.43 (d, 2H), 8.24 (s, 1H), 11.04 (s, 1H), 11.17 (s,
1H). ¥C NMR (100 MHz, DMSO-dg), 6 (ppm): 55.70, 113.95, 115.54, 125.16, 137.48, 150.20, 154.98,
162.17, 163.46, 163.92.

Results and Discussion

Synthesis and Absorption. To enrich the family of AlE-active molecules, we obtained two pyrimidine-
2,4,6-triones (1 and 2) with different substituents on the phenyl rings according to Figure 1. While the dye-
containing dimethylamino group appears red, that with methoxy substituent is greenish-yellow.

O O R

4
}_NH CH3CH,OH >_NH
O O

R= N(CH3)2 1

OCHjs 2
Figure 1. Synthesis of dye 1 and 2

Figure 2 shows the absorption spectra of 1 and 2 in different solvents. In chloroform, 1 absorbs at
468 nm. The spectrum shifts to shorter wavelengths when the solvent is changed to ethyl acetate and THF. In
methanol, the absorption maximum (/) is located at a wavelength similar to that in chloroform. To correlate
the position of the 14 with the solvent, we performed additional measurements and checked the orientation
polarizabilities (Af) of the solvents. The results are summarized in Table 1. In solvents with “lower” and
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“higher” polarities, such as chloroform and methanol, 1 shows redder absorption. Since 1 has a high dipole
moment, it can be better solvated in highly polar solvents. The good solvation of the molecule enables better
planarity and hence shifts the Aa, to the longer wavelengths. On the contrary, the solvating ability of chloro-
form is comparatively less, but it disturbs little the hydrogen bonding between molecules of 1. Thus, the Aa is
found in the redder region. A similar change in the absorption behavior with the solvent polarity is also ob-
served in 2. The Aa is located at much shorter wavelengths because the electron-donating ability of the meth-
oxy group of 2 is weaker than the dimethylamino moiety in 1, which has thus lowered its conjugation.

— chloroform
—— ethyl acetate
—— THF
methanol
= chloroform
8 — ethyl acetate
[0} — THF
8 methanol
I
2
o
n
o
<
L L L R B AL LR L AL B AL T T T
300 350 400 450 500 550 300 345 390 435 480

Wavelength (nm) Wavelength (nm)

Figure 2. UV spectra of (A) 1 and (B) 2 in different solvents. Concentration: 25 pM.

Table 1

Absorption of 1 and 2 in Nonhalogenated and Chlorinated Solvents with Different Polarities?

Aap (NM)
Solvent Af 1 >
Ethyl acetate 0.199 450 367
THF 0.210 452 368
DMF 0.275 460 370
Acetonitrile 0.305 461 372
Methanol 0.308 465 375
Chloroform 0.148 468 388
Note: 2 In solutions with a dye concentration of 25 pM.

Abbreviation: As = absorption maximum, Af = orientation polarizability = [(e — 1)/(2¢ + 1)]/[(n? - 1)
(2n% + 1)] (¢ and n are the dielectric constant and refractive index of the solvent) [16, 17].

Light Emission. We then investigated the photoluminescence (PL) of 1 in different organic solvents. In
chloroform, 1 exhibits a weak emission at 535 and 630 nm, which can hardly be observed (Figure 3). In
more polar solvents, such as THF and methanol, the PL spectrum varies little but displays only broadband at
507 and 539 nm, respectively. The small influence of solvent polarity on the luminescence of 1 suggests that
its dipole is too small and leads to a normal n-n” instead of an intramolecular charge transfer singlet-excited
state observed in highly polarized molecules.

The peak at 630 nm in chloroform is due to the aggregate emission of 1 because it is intensified when
the solution is concentrated (Figure 2B). The absence of such emission in THF and methanol suggests that 1
is still molecularly dissolved in the solutions. A much higher dye concentration is required for aggregate
formation in these solvents.
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Figure 3. Photoluminescence spectra of 1 in different solvents.
Concentration (uM): (A) 5 and (B) 10. Excitation wavelength: 350 nm

To have a more detailed investigation, we prepared solutions of 1 in THF with different concentrations
and measured the PL change (Figure 4). When the solution concentration becomes higher, the broad peak
centered at ~500 nm is intensified and progressively shifts to the longer wavelengths. At a concentration of
250 uM, the PL is located at 628 nm, which is 100 nm red-shift from that at 100 uM. The peak intensity is
10-fold higher, revealing that the emission of 1 is enhanced instead of quenched by aggregate formation. In
other words, 1 displays a phenomenon of aggregation-induced emission (AIE). Dye 2 is also AlE-active. In
chloroform, it emits at 552 nm, which intensifies when the solution concentration is increased (Figure 5).

conc (uM)
conc (uM)
§ — 100
> — 250
‘0
c
2
£
ey
o
n
R
e
11]
- . - T - . T T 1T T T T T —r r . 1 r r r r 1 r r T r 1 r T T T
450 500 550 600 450 500 550 600 650

Wavelength (nm) Wavelength (nm)

Figure 4. Photoluminescence spectra of THF solutions of 1 with different concentrations.
Excitation wavelength: 350 nm

All the above data indicate that 1 and 2 emit weakly in the dilute solutions but become strong emitters
upon aggregation in concentrated solutions [24, 25]. If so, they should also emit intensely in the solid state,
since the molecules are in close vicinity in the condensed phase. As expected, powders 1 and 2 give strong
red and green lights upon photoexcitation, whose emission maxima are located at the same wavelengths as in
concentrated solutions (Figure 6).
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Figure 5. Photoluminescence spectra of chloroform Figure 6. Emission spectra of solid powders of 1 and 2.

solutions of 2 with different concentrations. Excitation wavelength (nm): 452 (1), 368 (2)
Excitation wavelength: 330 nm

Figure 7 shows the visual observations of THF solutions and solid powders of 1 and 2 under UV irradi-
ation. Whereas the THF solutions of 1 and 2 are transparent, strong red and green emissions are observed in
their solid powders.

A B Cc D

Figure 7. Photographs of (A and C) dilute THF solutions and (B and D) solid powders
of 1 (left) and 2 (right) taken under UV light

To determine 1 and 2 are AlE-active, we added water into their THF solutions and studied their PL.
Since water does not dissolve 1 and 2, the dye molecules should be aggregated in THF/water mixtures with
high water fractions. Figure 8A depicts the PL spectra of 1lin THF/water mixtures with different water con-
tents. The emission of the solution is enhanced in water and reaches its maximum intensity at 60 % water
content (Figure 8B). However, a further increase in the amount of water led to a decrease in the PL intensity,
probably due to the change in the packing order of the aggregates from a crystalline to an amorphous state.
In the mixture with “lower” water content, the molecules of 1 can slowly assemble in an ordered manner to
form more emissive crystalline clusters. In contrast, the dye molecules can abruptly agglomerate in the mix-
ture with a very high water fraction to form less emissive amorphous powders.
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Figure 8. (A) Photoluminescence spectra of 1 in THF/water mixtures with different water contents.
(B) Plot of fluorescence peak intensities versus water contents in THF/water mixtures.
Concentration: 2.5x1073 M; excitation wavelength: 350 nm

The PL of 2 in THF also becomes stronger when water is added. The peak intensity remains almost un-
changed in the presence of up to 70 % water in the solvent mixture, but after that, it starts to increase rapidly
(Figure 9). At 90 % water content, the intensity is more than 800 times higher than that of a pure THF solu-
tion. Similar to 1, the emission becomes weaker as more water is added.
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Figure 9. (A) PL spectra of 2 in THF/water mixtures with different water fractions. (B) Plot of fluorescence peak inten-
sities versus water contents in THF/water mixtures. Concentration: 5x10 M; excitation wavelength: 368 nm

As shown in Figures 8, 9, the emission intensity of solutions 1 and 2 rises with an increase in the con-
centration of the non-solvent, while the wavelength of the maximum of the luminescence remains un-
changed. This is the main difference between the AEE effect and the solvatochromism effect, in which the
luminescence wavelength changes with an increase in the concentration of the non-solvent [26, 27].

It should be noted that even at water content as high as 90 %, the THF/water mixtures 1 and 2 remain
visually transparent and macroscopically homogeneous. This suggests that the aggregates of molecules
should be nanosized. Indeed, we measured the aggregate sizes and found that the particles of 1 and 2 in
THF/water mixtures with 90 % water are in the range of 140-200 nm (Figure 10).
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Figure 10. Particle distributions of (A) 1 and (B) 2 in THF/water mixtures with 90 % water. Concentration: 10 M

Mechanism. For some molecules, such as siloles, the AIE feature is believed to be the result of intra-
molecular rotation restriction, which shuts down nonradiative relaxation processes and thus boosts their PL
emissions. To evaluate this possibility, we doped 1 and 2 into poly(methyl methacrylate) films (1 %), which
function as a kind of solid solvent to separate the dye molecules and impede molecular motions at the same
time. PL signals cannot be captured from the doped films. Thus, in contrast to their silole congeners, the AIE
feature of 1 and 2 should result from intermolecular interactions rather than the restriction of intramolecular
rotations.

We carried out quantum chemical calculations using the ZINDO method to further study the structures
and optical properties of the dye molecules. Figure 11 shows a sandwich model of an aggregate of 1 formed
by intermolecular hydrogen bonds and donor-acceptor interactions. The preferred distance between mole-
cules of 1 in the same plane is 2.6 A, indicating the existence of strong edge-to-edge interaction or J-
aggregation. The HOMO is mainly located on the dimethylamino group, while the LUMO is situated on the
pyrimidine-2,4,6-trione ring. The absorption band undergoes a bathochromic shift when more molecules are
clustered together. For instance, the aggregate formed by 10 molecules of 1 absorbs at 442 nm, close to its
experimental value.

Figure 11. Aggregate formation of molecules 1 via intermolecular hydrogen bonds
and D-A interactions in different planes (A, B, and C)
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Fluorescence probe. The AIE characteristic has encouraged us to use it as a fluorescent probe to detect
the ethanol content in water solution [16]. Since 1 is slightly soluble in ethanol, we prepared a solution of 1
in N-methylpyrrolidone and investigated the PL change by adding ethanol/water mixtures with varying etha-
nol content. The emission intensity increases when the mixture’s ethanol fraction is changed from 67 to 40 %
(Figure 12). This is understandable since the solvation of the solution becomes poorer progressively, which
encourages the aggregation of the molecules of 1. Through such measurements, a linear dependence of the
fluorescence intensity on the ethanol content was established (Figure 12B).
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Figure 12. (A) Change in photoluminescence of 1 in N-methylpyrrolidone solution upon addition of ethanol/water
mixtures with different ethanol contents. Concentration of 1: 0.13 %,; excitation wavelength: 405 nm.
The ratio between N-methylpyrrolidone and ethanol/water mixture was kept at 3:1 by weight in all measurements.
(B) Dependence of fluorescence intensity at 644 nm on the ethanol contents for ethanol/water mixtures

Conclusions

In this work, 5-(benzylidene)pyrimidine-2,4,6-triones with different substituents on the phenyl rings
were synthesized, and their optical properties were investigated. Whereas the isolated molecules of 1 and 2
are virtually non-luminescent in dilute solutions, they become highly emissive upon solution thickening or
aggregation in poor solvents or the solid-state, demonstrating the AIE phenomenon. The color of the AIE of
the dye molecules can be varied by changing the substituent on the phenyl ring. While 1 with a dimethyla-
mino group exhibits red emission, the molecule substituted with methoxy functionality (i.e., 2) emits green
light upon photoexcitation. Analysis by theoretical calculation reveals the strong dependence of the emission
of 1 and 2 on their molecular packing. The dye molecules can act as a fluorescent probe and determine the
ethanol content in an aqueous solution.
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C.C. Menauranuesa, JI.A. bupumxkanosa, 1.C. Uprubaesa, H.H. bapamkos, }0. Caxno

5-(BeH3nauaeH) MUPUMHUINH-2,4,6-TPHOHAAPBIHBIH
arperaTThIK-HHAYKIUAJIAHFAH IMHCCHSICHI

OeHMT CaKMHANAPBIHAA OPTYPIi aIMacTBIPFBIITApel 6ap S-(OeH3WTHICH)TUPHUMUINH-2,4,6-TpHOHIAPABIH
CIIEKTPIIIK-TFOMHHECIIEHTTIK KACHeTTepi CHHTE3ZENAI >KoHe 3eprTrenmi: S5-(4'-muMeTHiaMuHOOEH3HMITHICH)
0apOUTYp KBIIIKBUIBI KoHE 5-(4'-MeTokcHOeH3MiIeH) 6apOuTyp KbIIKBUIBL. KaTThl Kyiiaeri GiyopecieHius
THIMJIUTITIHIH TOMEHICYl ©Te JKaIbl CHNATKa W€ CHAKTHI PaJHallisUIBIK €MeC JIe3aKTHBAIUS MPOIECTepiH
TYIBIpaThIH MOJIEKYJIaapajblK TepOeric acepiecyiMeH TyciHmipineni. OKiiayiaHFaH OOSFBINI MOJIEKyJaaap
CYWBUITBUIFAH CPITIHIUICpAC iC KY3iHIEC JIIOMUHECICHIMIAHOAW B, OJap CPITIHII KOHIICHTPAIUSICHIHBIH
JKOFapblIaybIMEH HeMece Hallap epiTKinITepAae HemMece KaTThl Kyiiie arperaTrTalybIMeH KaTTHI Coylie
IIBIFApabl, JTIOMUHECLCHINS KapKbIHABUIBIFBIHBIH JKOFApbUIAYBIH, arperaTThIK-MHAYKIMSIIAHFAH SMUCCHS
KyOBbUIBICHIH KopceTeni (AUD kyObuibicel). THiMAl TFIOMHHECIIEHTTI MaTepUaIAap bl 93ipiaey ©3¢KTi TaKbIPbII
Gonbin TabblIaabl. DEHUNT CaKUHACBIHIAFbl OpbIHOAcAp NMMETHIAMHUHOJAH METOKCHUTONKA ©3repreH Kesze
CoyJIeNeHy Tycli KbI3buiIaH (MakcumMyM 630 HM) skacsutra (MakcuMyM 540 HM) esrepeni. TeopHsUIbIK ecentey
GOSFBILI MOJICKYJIATAP/BIH arperaTThIK—MHAYKIMIIAHFaH SMUCCHSCHIHBIH CHITATTaMallapbl MOJIEKYJIaapaJibIK
e3apa OpEKETTeCyNiH HOTIKeci eKkeHiH kepceremi. OChbl  KAaCHETTIH apKachlHIA MOJCKYJanapibl
(biyopeclieHTTI 30HATap peTiHAe KOJAaHyFa OoNamsl KOHE CYJbl CPITIHAUIEpAETi 3TaHON KypaMbIH
aHBIKTayFa 00JaIbL.

Kinm ce30ep: arperaTThIK—MHIYKIWSUIAHFAH 3MUCCUS, 0apOUTYp KBIIIKBUIB, (IIyOPECHCHTTI 30HATap,
(hTyopecueHIUSHBIH €H JKOFaphl KapKBIHABUIBIFBI, (Gocdop, OOSFRII MoJeKymanapbl, (HEHHI CaKHHACHIH
AIMACTBIPFBILI, KATTHI KYH, MOJIEKYJAIIIiIiK aifHaIbIMaap.

C.C. Menpguramuesa, [I.A. bupuvmxanosa, U.C. Uprubaesa, H.H. bapamkos, 10.E. Caxno

ArperanoHHO-UHIYUMPOBAHHAS IMUCCHSI
5-(DeH3MIUIeH)IMPUMUIUH-2,4,6-TPHOHOB

CHHTE3UpOBaHBl M HCCIIEIOBAHbl CHEKTPaIbHO-TIOMHUHECIICHTHBIE CBOWCTBA 5-(OCH3MIMICH )TMPHUMHUINH-
2,4,6-TpHOHOB C Pa3IWYHBIMH 3aMECTHTEISIMH B (DEHHJIBHBIX KOJbIAX: 5-(4'-IuMMeTHIaMHHOOCH3MITHICH)
GapburypoBast kuciora u 5-(4'-meroxcubensmnuaen) Gapouryposast kuciora. CHikenue 3((eKTHBHOCTH
(iryopeclieHIIMM B TBEPAOM COCTOSIHUM HOCHT JOBOJIBHO OOIIMH XapakTep M, B OCHOBHOM, OOBSICHSETCS
MEXMOJIEKYJISIPHBIMI KOJIE0ATETbHBIMH B3aUMOICHCTBUSIMH, KOTOPbIE MHAYIMPYIOT MPOILECcCH Oe3bI3Iyda-
TENBHON JIe3aKTUBAIMH. Torja Kak N30JIMPOBAHHEIE MOJIEKYJIB KPACUTEIS IPAKTHYECKH HE TIOMHHECIUPYIOT
B pa30aBJICHHBIX PacTBOPaX, OHM CTAHOBSTCS CHJIBHO M3JIyYalOIIMMH IIPU YBEJIMYECHHH KOHLCHTPAIMHU pac-
TBOpPA WJIM arperalyy B IIOXUX PACTBOPHUTENSX WJIM B TBEPAOM COCTOSIHUH, NPOSBIISIOT YBEIWYECHHE HHTCH-
CHBHOCTH JIOMHHECLICHIINH, SIBICHUE arperalioHHO-UHIYIIMPOBaHHOW sMuccn (sBienne AND). Pazpabot-
Ka () (HeKTUBHBIX JTIOMHHECIIEHTHBIX MaTePHAJIOB SIBISIETCS aKTyalbHOH TeMoil. [Ipy u3MeHeHnu 3aMecTuTe-
751 B pEHUIIBHOM KOJIBIE C JUMETHIAMHHO- HA METOKCUTPYIIITY LIBET U3JIyYESHHS MEHSETCS C KPAaCHOTo (Mak-
cumyM nipu 630 HM) Ha 3eneHbli (MakcumyM npu 540 HM). TeopeTndeckuii pacdeT MOKa3bIBaeT, YTO Xapak-
TEpUCTHKN arperaidoHHO-UHIYIINPOBAHHOW SMUCCHH MOJIEKYJ KPACHTENs SBISIOTCS Pe3yIbTaTOM MEXMO-
JIEKyJSIpHBIX B3auMoJieiicTBuil. brnaromapsi 5ToMy CBOWCTBY MOJEKYJIbI MOKHO HMCIOJb30BAaTh B KauecTBE
(ITyOpeCIIeHTHBIX 30HI0B U ONIPEACIISATH COAEPKAHUE STAHONA B BOJHBIX PACTBOPAX.

Knrouesvle cnosa: arperalliOHHO-UHAYLUPOBaHHAs dMHCCHs, 6apOUTYpOBast KUCIOTa, (pIIyOpECIeHTHBIC 30H-
JIbl, THTEHCUBHOCTH NMHKOB (DIIyOpECLeHIINH, TIOMHUHOGOP, MOJIEKYJIbI KPACUTENsI, 3aMEeCTUTENb (DEHUILHOTO
KOJIbIIa, TBEPJOE COCTOSIHNE, BHYTPUMOJIEKYJIIPHbIE BPAILIEHHS.
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Anti-inflammatory and antioxidant activities of 4-allylpyrocatechol and its derivatives
with molecular docking and ADMET investigations

Abnormal production of pro-inflammatory mediators and generation of reactive oxygen species (ROS) play a
key role in the development and progression of various human disorders. The study aims to investigate the in
vitro anti-inflammatory and antioxidant activity of 4-allyl pyrocatechol (4-APC) and its derivatives (APC-1
and APC-2) by albumin denaturation and 1,1-Diphenyl-2-picrylhydrazyl (DPPH) methods, respectively. Al-
S0, the test compounds are studied in silico for their inhibitory potential against the pro-inflammatory and ox-
idative markers (calpain, FAAH, and TNF-o) via molecular docking. The compounds have exhibited appre-
ciable in vitro anti-inflammatory and antioxidant activities. The APC-2 compound has demonstrated signifi-
cant anti-inflammatory and antioxidant activity (percentage inhibition = 694+0.76 and 77.05+0.92, respective-
ly, at 100 pg/ml) compared to the standard drugs, aspirin and ascorbic acid (percentage inhibition = 82+0.83
and 92.35+0.75, respectively, at 100 ug/ml). The docking study has showed that APC-2 significantly inhibit-
ed calpain (PDB ID: 2R9C), FAAH (2WJ1) and TNF-a (2AZ5) inflammatory markers. The drug-likeness,
bioactivities, ADME profile (pharmacokinetic) and toxicity properties have also been determined using
online tools (Molinspiration, pkCSM, SwissADME, PreADMET). The test compounds have showed accepta-
ble drug-likeness, bioactivity score, ADME and toxicity properties. Finally, we conclude that the 4-
allylpyrocatechol and its derivatives can be used as lead molecules for their further development as therapeu-
tically useful anti-inflammatory agents.

Keywords: pyrocatechol, anti-inflammatory, antioxidant, lead molecule, inflammatory markers, calpain,
FAAH, TNF-a, docking, ADMET.

Introduction

Chronic anti-inflammatory diseases, including rheumatoid arthritis, are still one of the major health
problems of the world’s population. Chronic inflammation may lead to considerable tissue damage in human
diseases [1, 2]. Inflammation can cause damage to body tissues (endothelial cells, muscle cells, nerve cells)
through the production of an array of pro-inflammatory and inflammatory mediators, such as prostaglandins
(PGEs), interleukins (ILs), tumor necrosis factor-alpha (TNF), etc. [3]. The abnormal production of pro-
inflammatory mediators and the generation of reactive oxygen species (ROS) play a key role in the devel-
opment of inflammations and associated human illness [4, 5]. ROS are free oxygen radicals that can rapidly
react with biological molecules (lipids, DNA, and proteins), resulting in oxidative stress (OS) and conse-
guently cellular damage [6]. The production of free radicals and pro-inflammatory/ inflammatory mediators
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is believed to be the underlying cause of inflammatory diseases [6-9]. The anti-inflammatory, antioxidant,
antimicrobial, antifungal activities of 4-allylpyrocatechol (APC) have already been reported [10, 11]. As
continuation of our work [12], this work aims to study the anti-inflammatory and antioxidant activity of pre-
viously synthesized 4-allylpyrocatechol and its derivatives by using in vitro methods. Further, molecular
docking was carried out by in silico method to investigate the inhibitory potential of test compounds against
oxidative (calpain), fatty acid amide hydrolase (FAAH), and pro-inflammatory (TNF-a) markers. To evalu-
ate the overall drug-likeness, drug-likeness parameters, bioactivities, ADME profile (pharmacokinetic) and
toxicity properties were also determined using online tools.

Experimental

Chemicals: 1,1-Diphenyl-2-picrylhydrazyl (DPPH), DMSQO, ethanol, ascorbic acid, bovine albumin
were purchased from National Scientific Products, Guntur, A.P. India. All other chemical reagents and
chemicals used were of analytical grade.

In vitro anti-inflammatory activity: The protein denaturation method was used to determine the anti-
inflammatory activity of the synthesized molecules according to the previously reported technique [8] with
some minor modifications. The final volume of the reaction mixture was 5 ml and comprised 0.2 ml bovine
albumin (1 %), 0.70 ml phosphate buffer saline (PBS, pH 6.4), and 0.1 ml test compound (sample). The pH
was adjusted to 1N HCI. The reaction mixture was incubated in water bath for 15 min at 37 °C, and then it
was heated to 70 °C for 5 min. The absorbance of the turbid solution was determined at 660 nm by using a
UV-Visible Spectrophotometer (Elico, India). The phosphate buffer was used as a control, and aspirin was
used as a standard reference drug. The percentage inhibition of protein denature was calculated using the fol-
lowing formula:

Percentage inhibition of denaturation = ([1 — (AJAc)] x 100),

where A; — the absorbance of a control; As — the absorbance of a sample.

In vitro antioxidant activity: The antioxidant activity was assessed by DPPH radical scavenging assay
according to the previously published method [13] with some modifications. The 1 mg/ml stock solution was
prepared by mixing the test compound using DMSO as a solvent. The DPPH radical solution (0.5 mM) was
prepared using ethanol. The stock solution was used to prepare different concentrations (100 ug/ml, 50
ug/ml, and 25ug/ml) of the test compound with DMSO. The standard solution of ascorbic acid was also pre-
pared in the same way as mentioned above. The different final test solutions consisted of 0.5 ml sample solu-
tion, 3 ml absolute ethanol and 0.3 ml 0.5 mM DPPH solution in ethanol. The blank consisted of 3.3 ml eth-
anol and 0.5 ml sample solution. The control solution was prepared by mixing 3.5 ml ethanol and 0.3 ml
DPPH solution. Test solutions were incubated for 30 min at room temperature. The change in color (from
deep violet to light yellow) was measured at 517 nm using a UV-Visible Spectrophotometer against the
blank. The radical scavenging activity was measured in percentage using the following formula:

Percentage of scavenging activity = ([1 — (Abs/Ab¢)] x 100),

where Ab; — the absorbance of a control; Abs — the absorbance of a sample.

Statistical analysis: The statistical analysis was performed using GraphPad Prism 8.0, and values were
expressed in mean + SEM. The statistical comparison was made using ANOVA, where p < 0.05 was consid-
ered statistically significant.

Molecular docking study: The docking study was performed for 4-allyl pyrocatechol (4-APC) and its two
derivatives, APC-1 and APC-2, against the oxidative and pro-inflammatory markers such as calpain, FAAH,
and TNF-a. The protein-ligand docking was conducted in PyRx Virtual Screening software 0.8 [14-16].

The X-ray crystal structures of calpain (PDB ID: 2R9C), FAAH (PDB ID: 2WJ1, FAAH) and TNF-a
(PDB ID: 2AZ5) were retrieved from Protein Data Bank [17-20]. The water molecules were removed, hy-
drogen atoms were added, and co-crystal ligands were extracted using PyMOL 2.3.4 and saved in .mol2
format. The mol2 file of protein was loaded converted to .pdbqgt format through AutoDock module Macro-
molecule tool in PyRx Virtual Screening software 0.8.

The 2D structures of ligands (4-APC, APC-1, and APC-2), which were previously characterized by
'H-NMR, ¥C-NMR, and high-resolution mass spectrophotometry [12], were drawn using ChemSketch
v14.00 and saved as .sdf file. The ligand files were subjected to energy minimization (force filed-off)
through the Open babel tool and then conformers for the selected ligands were generated through AutoDock
.pdbaqt files in PyRx Virtual screening software 0.8. The 2D structures of 4-APC and its derivatives (APC-1
and APC-2) are presented in Figure 1.
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Figure 1. Structures of 4-APC and its derivatives (APC-1 and APC-2)

Drug-likeness, bioactivities, ADME and toxicity prediction: The 2D structures of 4-APC, APC-1, and
APC-2 were used for assessing drug-likeness, bioactivities, ADME and toxicity properties [21-23]. Various
online tools such as Molinspiration, pkCSM, SwissADME and PreADMET [24, 25] were used to calculate
the abovementioned properties.

Results and Discussion

Anti-inflammatory activity: The results of in vitro anti-inflammatory activity of the test compounds are
shown in Figure 2. The compound APC-2 showed maximum inhibitory activity of 69+0.76 % at 100 ug/ml.
The standard anti-inflammatory drug aspirin exhibited 74+0.83 % inhibition of protein denaturation at
100 pg/ml. The other two compounds, 4-APC and APC-1 also exhibited anti-inflammatory activity with
47+0.96 % and 56+0.45 % inhibition of protein denaturation at 100 pg/ml, respectively.

Antioxidant activity: Figure 3 presents the results of in vitro antioxidant activity. Test compounds, 4-
APC, APC-1, and APC-2 showed significant DPPH radical scavenging activity compared with the standard
drug, ascorbic acid. The decrease in absorbance of DPPH radicals was observed with increase in the concen-
tration of test compounds due to the scavenging of radicals by hydrogen donation. This was easily observed
with change in color from purple to yellow. Among the test samples, APC-2 exhibited a significant percent-
age inhibition (77.05+£0.92 %, 100 pg/ml) compared with standard ascorbic acid (92.35+0.75 %, 100 ug/ml).
The other two compounds (4-APC and APC-1) showed considerable DPPH radical scavenging activity.

100 100 ,
e APC - Em APC
80 T == APC-1 80 - = oo APC-1
5 = aPc2  § H = APC2
= 60 = 60 -
e o3 Aspirin ) - o Ascorbic Acid
H— o -
£ 40 £ 40 i
xR 2 H
20 204 H
0- . . T 0- : ..
25pg/mi 50pg/mi 100pg/ml 25ug/ml 50pg/ml 100pg/ml
Concentrations Concentrations
Figure 2. Protein denaturation activity Figure 3. DPPH radical scavenging activity
of 4-APC and its derivatives (APC-1 and APC-2) of 4-APC and its derivatives (APC-1 and APC-2)

Docking study: A molecular docking study substantiated the anti-inflammatory and antioxidant activi-
ties of 4-APC, APC-1, and APC-2. Three oxidative and pro-inflammatory markers, such as calpain, FAAH,
and TNF-a, were used as target proteins in the docking study. Results of protein-ligand docking are ex-
pressed as binding energies (kcal/mol) of protein-ligand interaction and are presented in Tables 1, 2, 3. From
docking results, the compound APC-2 showed the lowest binding energies against all three different pro-
teins. The other two compounds (4-APC and APC-1) exhibited comparatively more binding energies than
the compound APC-2. However, the binding energies of internal ligands (co-crystal ligands) were found
over the test compounds. From binding energies, it is clear that APC-2 possesses more binding affinity than
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the other two compounds (4-APC and APC-1) against all the three target proteins (calpain, FAAH, and

TNF-a).
Table 1
Binding energies and interacting amino acids of 4-APC, APC-1, and APC-2 against calpain
Binding energy . . . .
Sl. No. Compound (kcal/mol) Interaction(s) Interacting amino acids
H bond Gly110
1 4-APC 47 pi-alkyl Trp298, Val301
2 APC-1 -5.8 H bond Ser251, Glu349
H bond Arg270, His272, Glu300
3 APC-2 6.8 pi-alkyl Ala262
Internal ligand i Glul09, Leull2, Cys115, Gly208,
4 (GRD) 8.2 H bond Thr210, Trp298, Glu349
Table 2
Binding energies and interacting amino acids of 4-APC, APC-1, and APC-2 against FAAH
Binding energy . . . .
Sl. No. Compound (kcal/mol) Interaction(s) Interacting amino acids
i i pi-sigma Phe192
1 4-APC 6.5 Pi-alkyl Ser193
) i H bond Tyrl94, Gly216, Ser241,
2 APC-1 8.6 pi-alkyl Leu04, Val491
H bond Lys142, Thr236, Ser241, GIn273
3 APC-2 -9.1 pi-sigma 11e238, Met191
pi-alkyl Val270, Leu278
Internal ligand H bond Cys269, Val270
4 (899)9 -8.6 pi-sigma 116238
pi-alkyl Leu278, Leu380
Table 3
Binding energies and interacting amino acids of 4-APC, APC-1, and APC-2 against TNF-a
Binding energy . . . .
Sl. No. Compound (kcal/mol) Interaction(s) Interacting amino acids
H bond Leul20, Gly121
1 4-APC -4.7 pi-alkyl 1le155
pi-pi staking Tyr59
H bond Ser60, Leul20
2 APC-1 -5.6 pi-alkyl Leu57
pi-pi staking Tyr59
H bond GIn61
3 APC-2 -6.6 pi-alkyl His15, Tyr59, Tyr151
pi-pi stacking Tyr59, Tyrl19
Internal ligand H-bond Luel120
4 (307)9 6.8 pi-alkyl GIn61, Tyr119
pi- pi staking Tyr59, Tyrl19, Tyrl51

Upon analysis of protein-ligand interactions, various non-bonding interactions exist between ligands
(4-APC, APC-1, and APC-2) and proteins (calpain, FAAH, and TNF-a). Non-bonding interactions like
H bond, pi-alkyl and pi-pi staking are involved between ligand and protein molecules. Various amino acid
residues, such as Tyr59, Ser60, GIn61, Tyrl19, Leul20, Gly121, lle1l55, Tyr194, Gly216, Ser241, Leud04,
Val491, and so on, are involved in the interactions from the active binding sites of calpain, FAAH, and
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TNF-a. Binding poses (3D) and protein-ligand interaction diagrams (2D) of protein-ligand are presented in
Figures 4, 5, 6.
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a— 4-APC; b — APC-1; c — APC-2; d — internal ligand (GRD)

Figure 4. Binding poses (3D) and interaction diagrams (2D) of protein-ligand docking against calpain
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Figure 5. Binding poses (3D) and interaction diagrams (2D) of protein-ligand docking against FAAH

Drug-likeness, bioactivities, ADME and toxicity profile: The results of drug-likeness, bioactivities,
ADME and toxicity profile are given in Tables 4, 5, 6 and 7. Three compounds, such as 4-APC, APC-1, and
APC-2, possess acceptable drug-likeness parameters (molecular weight, LogP, H bond acceptors, H bond
donors etc.), bioactivities (GPCR ligand, ion channel modulator, kinase inhibitor, nuclear receptor ligand,
protease or enzyme inhibitor etc.), pharmacokinetics (ADME), and toxic properties. All the compounds were
found to be drug-like molecules, biologically active, water/lipid soluble, non-toxic or non-mutagenic.
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Figure 6. Binding poses (3D) and interaction diagrams (2D) of protein-ligand docking against TNF-a

Table 4
Predicted drug-likeliness properties of 4-APC, APC-1, and APC-2
Sl. No. Descriptor 4-APC APC-1 APC-2
1 Molecular weight 150.177 227.263 277.323
2 LogP 1.8263 2.7487 3.9019
3 H bond acceptors 2 3 3
4 H bond donors 2 2 3
5 Surface area 65.425 99.702 122.384
Table 5
Predicted Bioactivity of 4-APC, APC-1, and APC-2
L Bioactivity score
Sl. No. Bioactivity 1-APC APC-1 APC2
1 GPCR ligand -0.88 0.11 0.28
2 lon channel modulator -0.28 0.33 0.25
3 Kinase inhibitor -1.26 -0.04 0.18
4 Nuclear receptor ligand -0.76 0.06 0.31
5 Protease inhibitor -1.28 -0.48 -0.12
6 Enzyme inhibitor -0.40 0.30 0.31
Table 6
Predicted ADME profile of 4-APC, APC-1, and APC-2
Parameter ADME properties 4-APC APC-1 APC-2
1 2 3 4 5
Absorption  |Water solubility (log mol/L) -0.974 -2.511 -4.428
Caco2 permeability (log Papp in 10 cm/s) 1.596 1.298 1.342
Intestinal absorption (human) (% Absorbed) 90.171 91.252 92.235
Skin permeability (log Kp) -2.278 -2.612 -2.766
P-glycoprotein substrate (Yes/No) No Yes Yes
P-glycoprotein | inhibitor (Yes/No) No No No
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Continuation of Table 6

1 2 3 4 5
P-glycoprotein 11 inhibitor (Yes/No) No No No
Distribution |VDss (human) (log L/kg) 0.31 0.196 0.133
Fraction unbound (human) (Fu) 0.448 0.198 0.033
BBB permeability (log BB) 0.166 0.118 0.057
CNS permeability (log PS) -2.075 -2.164 -1.864
Metabolism |CYP2D6 substrate (Yes/No) No No No
CYP3A4 substrate (Yes/No) No Yes Yes
CYP1A2 inhibitor (Yes/No) Yes Yes Yes
CYP2C19 inhibition(Yes/No) No Yes Yes
CYP2C9 inhibitor (Yes/No) No No Yes
CYP2D6 inhibitor (Yes/No) No No No
CYP3A4 inhibitor (Yes/No) No No Yes
Excretion  |Total clearance (log ml/min/kg 0.214 0.175 0.164
Renal OCT?2 substrate (Yes/No) No No No
Table 7
Predicted drug toxicity for 4-APC, APC-1, and APC-2
Sl. No. Toxicity parameter 4-APC APC-1 APC-2
1 AMES toxicity Yes Yes No
2 Max. tolerated dose (human) (log mg/kg/day) 0.696 0.484 0.049
3 hERG I inhibitor No No No
4 hERG Il inhibitor No No Yes
5 Oral rat acute toxicity (LDsp) (mol/kg) 2.079 2.021 2.082
6 Oral rat chronic toxicity (log mg/kg_bw/day) 2.204 1.721 1.795
7 Hepatotoxicity No No Yes
8 Skin sensitisation Yes No No
9 Tetrahymena pyriformis toxicity (log ug/L) 0.166 1211 1.067
10 Minnow toxicity (log mM) 1.724 1.062 -0.114
11 |Acute algae toxicity 0.05680 0.06064 0.02052
12 |2 years carcinogenicity bioassay in mouse Positive Negative Negative
13 |2 years carcinogenicity bioassay in rat Negative Negative Negative
14 |Acute daphnia toxicity 0.12609 0.16367 0.04595
15 In vitro Human ether-a-go-go related gene channel inhibi- | Medium Risk | Medium Risk | Medium Risk
tion
16 |Acute fish toxicity (medaka) 0.02144 0.03946 0.00407
17 |Acute fish toxicity (minnow) 0.01102 0.03670 0.00812
18 In vitro Ames test results in TA100 strain (Metabolic ac- Negative Positive Positive
tivation by rat liver homogenate)
19 In vitro Ames test results in TAL100 strain (No metabolic Negative Negative Negative
activation)
20 In vitro Ames test results in TA1535 strain (Metabolic Positive Positive Negative
activation by rat liver homogenate)
21 In vitro Ames test results in TA1535 strain (No metabolic Positive Positive Negative
activation)

Conclusions

In conclusion, we conclude that the pyrocatechol and its derivatives possess appreciable in vitro anti-
inflammatory and antioxidant activities. The pyrocatechol derivative 2 (APC-2) has a better activity profile
among the three compounds. The in silico studies revealed a significant inhibitory potential of the com-
pounds, especially the compound APC-2, against the oxidative and pro-inflammatory markers with an ac-
ceptable level of drug-likeness, ADME profile, and toxicities. Finally, it was suggested that the
4-allylpyrocatechol and its derivatives can be used as lead molecules for their further development as thera-
peutically useful anti-inflammatory agents.
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T. AunaBapany, C. Kamenamnu, C.K. Konnana, B. Kotpa,
C.P. Yanna, M. Pyapanan, A.P. benaein

4- ANININMUPOKATEXMHHIH KAOBIHYFA KAPChI JKOHE AaHTHOKCHAAHTTBIK,
0eJICEHILTINH K9He OHbIH TYBIHABLIAPBIH MOJIEKYJIAJBIK,
AoxkuHI neH ADMET apkbLIbI 3epTTey

KalbiHyFa Kapchl MeuaToOpIIapAbIH aHOMAJIbIBI OHIM/IEp] JKoHE OTTETIiHIH OeJICeH i TYPIIePiHiH reHepaIusCchl
(OBT) amamHBIH OpTYpIi aypyJapblHbIH AaMybl MEH ©pUIyiHje Ienrynr pes atkapansl. OCbl 3epTTeyIiH
Makcatel anpOymuH ageHarypammsicel Men DPPH  (1,1-mudeHun-2-nmukpunruapasui) Omici  apKbUIbI
4-ammunmuparexudHiH (4-APC) xone oHbIH TysIHABUIAPHIHBIH (APC-1 sxone APC-2) xaObIHYFaKapchl xKoHE
AHTHOKCHIAHTTBIK OeNceH/imirin in Vvitro 3eprrey. CoHBIMEH Karap, ChIHAIFaH Kocbuibictap in silico-na
KaOBIHYFaKkapchl JKOHE TOTBHIKTBIPFBINI Mapkepnepre (xainbmamH, FAAH xome TNF-0) KaTbIcTHI
HUHTUOUTOPJIBIK MOTEHIMANBI YIIIH MOJEKYNalblK JOKHHT ojiciMeH 3eprrenmi. KocwuibicTap in Vitro
JKaFalbIHa KaOBIHYFaKapchl )KOHEe aHTHOKCHAAHTTHIK allKbIH OesceHaumikTi kepceTTi. APC-2 KOCBIHIBICH
ACIIMPHH JKOHE acKOPOMH KBIMIKBUIBI CHUSIKTBI CTAHIApTTH INperapaTrTapMeH cajbICThIpFaHia (MaibI3IbIK
texeny = 100 mMxr/mi kesinae coiikecinme 82+0,83 xone 92,35+0,75) aiitapiplkrail KaOBIHYFaKapChl XKoHE
AQHTUOKCHUAAHTTHIK OeJICEHALTIKTI KopceTTi (maitp3apIK Texkemy = 100 MKr/mit ke3inzae coiikecinme 69 + 0,76
sxone 77,05 + 0,92). Monekynaibik gokudr oaici APC-2 kambnansHiH KaObiHy Genrinepin (PDB ID: 2R9C),
FAAH (2W1J1) xone TNF-o (2AZ5) alitapneikrail TexeiTiHiH kepceTTi. OHIalH KypainapAblH KeMeTiMeH
(Molinspiration, pkCSM, Swiss ADME, PreADMET) nopinik 3aTTapiblH YKCACTBIFBI, OHOJOTHSIIBIK
6encenniniriniy kepcerkimi, ADME npoduni (papMakoKHHETHKACKI) JKOHE YBITTBUIBIK KACHETTEepi CHUSIKTHI
napamerpiep aHbIKTanael. COHBIMEH Karap, CBHIHAJFaH KOCBUIBICTAp J9pire JKakblH YKCACTHIFBIH,
OuonormsbIK  Oencenainik kepcerkimin, ADME kacuerTepiH jXoHE YHITTBUIBIK KAaCHETTEpiH KOPCETKEH.
KopsITbiHABIa 4-anIMIMHIPOKAaTeXUH SKOHE OHBIH TYBIHABUIAPHIH TEPANeBTIK MalAanbsl KaOBIHYFaKapChl
KypaJl peTiHAe OJaH opi JaMBITy YIIiH JKETEKIIl MOJIEKyJa peTiHAe MaiinanaHyra OoNaabl JereH TY KBIPBIM
JKacalFaH.

Kinm ce30ep: mupokaTexvH, KaOBIHyFakapChl OpPEKeT, aHTHOKCHIAHT, KOPFACBIH MOJIEKYJachl, KaOBIHY
Mapkepaepi, kanmaita, FAAH, TNF-o, nokuar, ADMET.

T. AnunaBapany, C. Kamenamnu, C.K. Konnana, B. Kotpa,
C.P. Yamna, M. Pyapanan, A.P. benneiin

HccaenoBanne npoOTUBOBOCHAJIUTEIHLHOM U AHTHOKCUIAHTHOM AKTUBHOCTH
4-aNanJINMpoOKATEXNHA U €ro MPOU3BOIHBIX MEeTOIaMM
MOJIeKYJSIpHOTo 10KuHra u ADMET

AHOManbHast IPOAYKIHS TPOBOCHATIUTEIBHBIX MEJUATOPOB M I'eHepalys akTUBHEIX GopM kuciopoaa (ADK)
UTparoT KIOYEBYIO POJb B PasBUTUM U INPOrPECCUPOBAHUM DPA3IMYHBIX 3a00jeBaHUH dyenoBeka. lleibro
HACTOSIIIET0 MCCIIEIOBaHMs ObUIO H3y4eHue in Vitro mpoTHBOBOCTIAIMTENBHON H AHTHOKCHIAHTHOW aKTHBHO-
ctu 4-ammmupokatexuna (4-APC) u ero npousBoansix (APC-1 u APC-2) myrem aeHaTypanuu ans0yMHHA
u DPPH (1,1-mudernn-2-mukpuirnapasun) Meto oM. TecTupyemble COeMUHEHUs TakkKe ObLIH U3y9eHsI in
silico Ha mpeaMeT WX MHTHOMPYIOIIETO MOTEHIMANA B OTHOLUICHUH MPOBOCHAIUTENIBHBIX M OKUCIUTEIBHBIX
mapkepoB (kanbrnand, FAAH u TNF-o) MeTomoM MosnekyisipHoro gokunra. CoeJuHEHHs MoKas3and in Vitro
3aMETHYIO TIPOTHBOBOCIATUTENbHYIO H aHTHOKCHIAHTHYIO akTUBHOCTh. Coennnenne APC-2 npoaeMoHCTpH-
POBaIO 3HAYUTEIbHYIO IPOTHUBOBOCHAIUTENIBHYIO U @HTHOKCUIAHTHYIO aKTUBHOCTH (TIPOLIEHTHOE MHIMOHPO-
Banue = 69+0,76 u 77,05+£0,92 coorBercTBeHHO MpH 100 MKI/MIT) IO CPABHEHHIO C TAKMMHU CTAHIAPTHBIMH
npenaparamMmy, Kak acliAPHH U aCKOpOMHOBAsI KUCIIOTa (MIPOIICHTHOe HHTHOUpoBanue = 82+0,83 u 92,35+0,75
cootBeTcTBeHHO TpH 100 MKr/Mir). MeTomoM MOJEKyIISIpHOTO IOKHMHTa OBUIO MoKa3aHo, 9To APC-2 3Haum-
TENPHO MHTHOMpYeT BocHaiuTenbHble Mapkepbl kambrmamHa (PDB ID: 2R9C), FAAH (2WJ1) u TNF-a
(2AZ5). C nomortupto onnaiiH-uHCTpyMeHTOB (Molinspiration, pkCSM, Swiss ADME, PreADMET) Ttaxke
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ObLIM OIpe/ieNieHbl TaKue MapaMeTphl, KaKk CXOICTBO C JIEKapCTBOM, OHOJiOrHYeckas akTuBHOCTb, ADME
npoduis (hapMaKOKUHETHKA) U CBOMCTBA TOKCHYHOCTH. VICHBITHIBAGMBIC COCAMHEHHs TOKa3aid HpUeMIIe-
MO€ CXOJICTBO C JICKapCTBOM, IMOKa3aTedb Ouonorudeckoir aktuBHOCTH, ADME cBoiicTBa U CBOWCTBa TOK-
CHUYHOCTH. B 3akiroueHne ObUT CENaH BBIBOJ, YTO 4-aJUTMIITHPOKATEXUH M €ro MPOHU3BOJHBIC MOTYT OBITh
HCIIOJIb30BaHbl B KAUECTBE BEAYIIMX MOJEKYJ JJIS UX JaJbHEHIIero pa3BuUTHs B KauecTBE TEpareBTUUYECKU
TOJIE3HBIX TPOTUBOBOCHAIUTENLHBIX CPE/ICTB.

Kniouesvie cnosa: MUPOKATEXWH, MPOTUBOBOCIAIUTEIBHOE ICHCTBHE, aHTHOKCHJIIAHT, MOJIEKyJia CBHHIIA,
Mapkepsl Bocnianenus, kansnand, FAAH, TNF-a, noxunar, ADMET.
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QSAR tool for optimization of nitrobenzamide pharmacophore
for antitubercular activity

Tuberculosis (TB) is a leading cause of death worldwide from a single infectious agent, Mycobacterium tu-
berculosis (MTB), especially due to the development of resistant strains and its co-infections in HIV. Quanti-
tative-structure activity relationship (QSAR) studies aid rapid drug discovery. In this work, 2D and 3D QSAR
studies were carried out on a series of nitrobenzamide derivatives to design newer analogues for antitubercu-
lar activity. 2D QSAR was performed using MLR on a data set showing antitubercular activity. The
3D-QSAR studies were performed by KNN-MFA using simulated annealing variable selection method. Align-
ment of given set of molecules was carried out by the template-based alignment method and then was used to
build the 3D-QSAR model. Robustness and predictive ability of the models were evaluated by using various tra-
ditional validating parameters. Different physiochemical, alignment-based, topological, electrostatic, and steric
descriptors were generated, which indicated the key structural requirements for optimizing the pharmacophore
for better antitubercular activity. For 2D QSAR, the best statistical model was generated using SA-MLR method
(r?=0.892, g% = 0.819) while 3D QSAR model was derived using the SA KNN method (g? = 0.722). The posi-
tively contributing descriptors can be incorporated to design new chemical entities for future study.

Keywords: tuberculosis, 2D QSAR, 3D QSAR, nitrobenzamide, SA-MLR, SA-kNN, pharmacophore, an-
titubercular activity.

Introduction

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis (MTB). It has
emerged as a global health menace due to drug resistance strains, such as multidrug-resistant, totally drug-
resistant, and extremely drug-resistant TB. Also, its co-existence with HIVV makes it even more challenging
to treat [1]. Moreover, COVID-19 pandemic threatens the progress in reducing the global burden of TB dis-
ease [2]. This necessitates rapid drug development in this area. One way to achieve this is by applying statis-
tical analytical methods as quantitative structure—activity relationship (QSAR). This technique is valuable as
it helps to narrow down a library of molecules to effective potential inhibitors by predicting biological activi-
ties [3-5]. In the present study, 2D and 3D QSAR studies were carried out on nitrobenzamide derivatives to
optimise the pharmacophore for antitubercular activity.

Experimental

All QSAR studies were performed using V-Life sciences MDS Version 4.3 [6].

Data set: A data set of 24 nitrobenzamide derivatives with chemical and biological variation processing
antitubercular activity reported by Wang H. et al. was used for the QSAR study (Table 1) [7]. Biological ac-
tivity expressed as Minimum Inhibitory concentration (MIC, uM) values was converted into pMIC values
[PMIC = -log (MIC)]. QSAR structures of the compounds were drawn using the ChemDraw tool and con-
verted into 3D structures (.mol2) using the V life MDS software. Geometry optimisation of the structures
was carried out using the standard Merck Molecular Force Field (MMFF).
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Table 1
Data set of 24 nitrobenzamide derivatives for the QSAR study
Compound No. Y- Z- MIC(uM) pMIC
1 5-F - 1.357 -0.599
2* 5-Br - 0.459 0.055
3 : —§-NC>—QF 0.060 0.903
4 - -F 0.120 -0.574
5 - -CFs 0.059 -0.201
6 - -OCFs3 0.033 -1.346
7 5-NO;, - 0.059 0.886
8 5-Br - 0.944 -0.288
9 - §—<:>7 0.094 0.632
10 . —~C>—cu 0.030 1.146
11 —/\:>— 0.030 1.189
F
12 - —NC>< 0.108 0.591
F
13* - — s 0.059 0.835
14 - —NQOF 0.119 0.603
15 . —Q@ 0.452 0.040
16 - —m 0.235 0.361
17 - —m 0.480 0.042
18 —QO 1.255 10.361
19 : —{ O 0.210 0.359
B
20 - — ) 0.178 0.446
* ~ <)
21 - 0.233 0.366
20% . —{ )~ )— 0.491 0.033
23 - —{ ) 0.973 -0.250
__/
24 - 7N© 2> ) 0.143 0.542
*Test set
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Generation of training and test set: Entire data set of 24 compounds was distributed as training set
(19 molecules) and test set (5 molecules) using the sphere exclusion method. The selection of the test com-
pounds was made based on their biological activity, structural diversity, and activity distribution plot.
Unicolumn statistics for both training and test set was applied to check rightness of selection criteria for
training and test set molecules. The mean of the test set was higher than the mean in the training set, indicat-
ing the presence of relatively more active molecules than inactive ones. A higher standard deviation in the
training set indicated a wide distribution of the molecules' activity compared to the test set molecules.

QSAR studies: 2D and 3D QSAR were computed using various statistical models. Robustness and pre-
dictive ability of the models was evaluated by using various traditional validating parameters for internal val-
idation—correlation coefficient (r?), cross-validated correlation coefficient (q?) and external validation
(pred_r?) [3,4,5,8-11].

2D QSAR studies: V life MDS software can calculate various 2D descriptors such as physicochemical
and alignment-based. While calculating the physicochemical descriptors, dipole moment, distance-based
topological indices, electrostatic, hydrophobic descriptors were deselected as they are 3D descriptors. A mo-
lecular descriptor based upon a counting statistic of the topological distance matrix is used in QSAR studies.
Thus Baumann alignment independent topological descriptors with attributes 2, T, C, N, O, F, S, and Cl,
were selected. These topological descriptors provide an idea about the desired 2D pharmacophoric features.
Correlation matrix was applied to select the predominant descriptors influencing the antitubercular activity of
the analogues taking each descriptor as independent and pMIC as dependent variable. Descriptors showing
the highest correlation with pMIC were selected for generation of the QSAR model using multiple linear re-
gression (MLR), Partial Least Square (PLS), Principal component regression (PCR). Regression methods
were performed by selecting Set Cross-Correlation Limit as 0.5, Number of variables in final Equation as 10,
Term Selection criteria as r?. Various models were generated and were analysed using the fitness plot, con-
tribution plot, and statistical parameter compliance.

3D QSAR Studies: The 3D-QSAR studies were performed by KNN-MFA using simulated annealing
variable selection method. KNN-MFA method requires suitable alignment of a given set of molecules. After
optimization, alignment was carried out by the template-based alignment method. This was followed by gen-
erating common rectangular grid around the molecules (Figure 1). The resulting set of aligned molecules was
then used to build 3D-QSAR models and information generated was used to predict activity of those de-
signed molecules that have a similar template or set of atoms. Steric, hydrophobic and electrostatic interac-
tion energies were computed at the lattice points of the grid.

O,N

R

Figure 1. Common template used and alignment of nitrobenzamide derivatives

Results and Discussion

2D QSAR: Amongst the various 2D QSAR methods developed, SA-MLR method demonstrated the best

results as given in Equation (1):
pMIC =-0.2140 (£0.0249) (T_T_F _5) +0.3571 (£0.0455) (SssCH2count) —

—0.2377 (£0.0455) (SaasCE-index) 1)

This model produced a correlation coefficient r>=0.8922, cross-validated correlation coefficient

0?=0.8197 and pred_r?=0.7356 (Table 2). The observed and predicted activities of the test and training sets

are shown in Table 3. Contribution plot of descriptors is depicted in Figure 2. This plot describes the extent

(percentage) to which different descriptors influence biological activity. Also, the plot of actual versus pre-

dicted activity of training set and test set is shown in Figure 3. Positive descriptors favor biological activity,
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whereas negative descriptors would have a detrimental effect on biological activity. Hence while designing
new chemical entities, positively contributing descriptors are favored, and negative descriptors should be
avoided. In the present study, the positively contributing descriptors SssCH2count indicated that a total
number of —CH. group connected with two single bonds would increase activity. Negatively contributing
descriptors T_T_F_5 indicated that any atom separated from fluorine by five bond distance would result in
decrease of activity. Negative Saas CE-index indicated electrotopological state indices for a number of car-
bon atoms connected with one single bond along with two aromatic bonds would decrease the antitubercular
activity.

Table 2
Statistical parameters of 2D-QSAR model
Statistical parameter Regression method SA-MLR
N 19
r? 0.892
q? 0.819
Pred r? 0.735
Pred r’e 0.336
F test 0.336
s 0.225
0 se 0.292
Best Rand r? 0.447
Best Rand g 0.227
Z score R? 8.317
Z score Q? 5.618
Alpha Rand R? 0.000
Alpha Rand Q? 0.000
TTF5
Descriptors SssCH2count
SaasCE-index
-0.214(+0.024)
Coefficients 0.357(£0.045)
-0.237(+0.045)
Table 3

Observed, predicted and residual values for training set and test set

Compound no. Observed activity Pre@ic_ted Res_id_ual
(pMIC) activity activity
1 2 3 4

1 -0.599 0.049 -0.648
2 0.055 -0.507 0.562
3 0.903 0.514 0.388
4* -0.574 -0.521 -0.052
5 -0.201 0.493 0.694
6 -1.346 0.0507 -1.853
7 0.886 0.814 0.071
8 -0.288 -0.371 0.083
9 0.632 0.496 0.139
10 1.146 0.915 0.231
11 1.189 0.958 0.230
12 0.591 0.664 -0.072
13* 0.835 -0.156 0.991
14 0.603 0.559 0.442
15 0.040 0.593 -0.553
16 0.361 0.456 -0.094
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Continuation of Table 3

1 3 4
17 0.042 0.335 -0.293
18 -0.361 0.226 -0.587
19 0.359 0.443 -0.084
20 0.446 0.411 0.035
21%* 0.366 0.226 0.139
22% 0.033 -0.452 0.485
23 -0.250 0.336 -0.586
24 0.542 0.522 0.02
RMSE 0.558
~ 401
e 2
o
E 20
(=} 1 u_—e.
g 0 g ) ') /,,7;'_d:{ 2
— L0 —
2 20 | T __awn "
(=} E -1 .
© -40 1
) = by =
H = E
::, E‘Ei BT -1.0 -0.5 0.0 0.5 1.0
7 u Actual
w wn — —
Descriptors B Training ® Test

Figure 2. Contribution of descriptors

Figure 3. Plot of actual versus predicted Activity of training set

and test set of SA-MLR method

3D QSAR: In continuation to 2D QSAR studies, 3D QSAR SA kNN MFA models were also commuted.
The statistical results generated by SA-kNN MFA methods are depicted in Table 4. The g2, pred r?, pred r?
se and K values of model were found to be statistically significant hence model was considered for designing
of NCE's. The 3D data point descriptors were generated in rectangular grid according to the range of contri-
bution mentioned in parenthesis using SA kKNN-MFA are depicted in Figure 4. Experimental and predicted
activities are shown in Table 5. In model, residuals obtained are near to zero indicating a good predicting
ability of the model. The plots of observed vs. predicted activity for the optimal cross-validated kKNN-QSAR

model are depicted in Figure 5.

Table 4

Statistical results of 3D QSAR generated by SA kKNN-MFA methods

64

Statistical Parameters SA-KNN MFA
k Nearest Neighbour 4
N 19
Degree of freedom 14
¢ 0.722
q’ se 0.330
pred r? 0.879
pred r’se 0.227
E 671-0.0228 -0.0198
Contributing descriptors SE—_9;‘ g 0 ?(1)2‘2% 430%6;4
S 901 -0.8031 -0.4015
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To visualise the information contained in the 3D-QSAR models, grid was generated. The electrostatic
and steric descriptors are shown in Figure 4. Points generated in SA KNN-MFA 3D-QSAR model were
E_671 (-0.0228-0.0198), S_943(-6.0242-3.0694), E_580 (1.1626 4.0054), S_901(-0.8031 -0.4015) i.e., elec-
trostatic and steric interaction at lattice points 671,580 and 943,901, respectively. Negative values in electro-
static field descriptors indicated that negative electronic potential is required to increase activity and more
electronegative substituent is preferred on the aryl group. Similarly, negative values of steric descriptors re-
vealed that less sterically bulky aryl groups are favorable for maximum activity.

o
0
-
=
b
0
k=
o

-1.0 0.5 0,0 05 1,.-'|
Actual

| Traning T-.-:t|

Figure 5. Plot of actual versus predicted activity of training set and test set of SA-KNN MFA

Table 5
Experimental and predicted activities

L Model
Compound no. | Actual activity (pMIC) Predicted activity | Residual activity

1 2 3 4

1 -0.599 -0.609 0.010
2 0.055 -0.529 0.585
3* 0.903 0.780 0.122
4 -0.574 -0.625 0.151
5 -0.201 -0.215 0.014
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Continuation of Table 5

1 2 3 4
6 -1.346 -1.001 -0.344
7 0.886 0.165 0.720
8 -0.288 0.529 -0.817
9 0.632 0.448 0.184
10* 1.146 1.137 0.009
11 1.189 1.132 0.057
12 0.591 -0.184 0.775
13 0.835 1.239 -0.404
14 0.603 0.443 0.160
15 0.040 0.586 -0.546
16 0.361 0.588 -0.227
17 0.042 0.259 -0.217
18 -0.361 -0.648 0.287
19* 0.359 0.043 0.315
20 0.446 0.187 0.258
21* 0.366 0.189 0.176
22* 0.0330 -0.140 0.173
23 -0.250 -1.179 0.929
24 0.542 -0.195 0.737
RMSE 0.438

Conclusions

In order to optimise pharmacophore for antitubercular activity, a data set of nitrobenzamide derivatives
was selected to perform QSAR studies. 2D and 3D QSAR were performed using MLR and SA KNN meth-
ods, respectively. Statistically significant models were used for interpretation. The study indicated a positive
contribution of 2D descriptors (SssCH2count), 3D descriptors (more electronegative substituent on the aryl
group and less sterically bulky aryl groups) are favorable for maximum antitubercular activity (Fig. 6). Con-
sidering different descriptors generated from 2D and 3D QSAR, new chemical entities can be designed for

further studies.

2D QSAR
Positively contibuting
SssCH2 Count

Negativeley contributing
TTFS5

Saas CE-index

3D QSAR

Z position-Sterically less
bulky and Electronegative
substituent increases activity:

O,N

NO,

Figure 6. Optimised Pharmacophore
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K.J. Acraonkap, C.M. Ilatun, T.C. Yutpe, C./1. Banu, M.T. Cunrx

TyOepkyJe3rekapcbl 0eJICeHALTIK YIIIH HUTPOOeH3aMu/1
papmaxodopacbinbiH QSAR oHTaAHIAHABIPYBI

Ty6epkyne3 (TB) Oykin amemme Mycobacterium tuberculosis (MTB) cusiktel MHGMDEKUMSUTBIK areHTTEH,
acipece Te3iMI IITaMIApAbIH AaMybiHa %oHe OoHBIH AV TB-MeH Gipre >KyKThIpybIHa OaiiJIaHBICTHI JKYKITaIbl
KO3IBIPFHIIIBIHAH OJIIMHIH Heri3ri ce6ebi 0onbIm TaObuTambl. XUMHUSIIBIK KOCBUTBICTAPIBIH KYPBUIBIMBI MEH
oencenpiniri (QSAR) apacsiHmarbl OailIaHBICTHI CAaHIBIK 3€PTTEY JKaHa MPETapaTThIH 1aMy MPOIECIH endyip
KpUigaMaatyra kemektecedi. Ochl JKYMbICTa TyOepKyJe3rekapchl OeiceHainiri 0ap kaHa aHamortapbl
a3ipiey MakcaThlHIa HUTPOOEH3aMHJl TYBIHABUIAPBIHBIH OipkaTapbiHa 2D xene 3D QSAR-3eprreynep
xyprizinai. 2D QSAR TybGepkynesrekapcsl OeNCEHIUTIKTI KOPCETETIH MaJiMeTTep JKMBIHTBIFbIHAa MLR
oniciH KonmaHy apkpuisl skacanabl. 3D-QSAR seprreynepi kKNN-MFA anropuTMid KojmaHsll, KYHZipy
MPOIIECiH MOJENBACHTIH alHBIMATBUIAPIBl TaHAAY OIici apKbUIBI OpPBIHAANABL. bepiareH Moiexymamap
JKUBIHTBIFBIH TETiCTEY MIa0JIOHFa HETi3MIeNITeH TETiCTey alrOpUTMi apKBUIBI XKYpri3inmi, comaH keiin 3D-
QSAR MopzeniH Kypy YIIiH KOJIIaHBUIABL. MoaenbaepIaid CeHIMIUTIT MeH 0oinkay KaOlleTi opTypati A9CTYpaIi
TeKcepy MmapameTpiiepiH KONJaHa OTHIPHIN OaramaHbl. TeHecTipyre HeTi3nenreH dpTypii Gpu3nKa-XUMUSITBIK,
TOIOJIOTUSIIBIK, YJIEKTPOCTATUKAJIBIK JKOHE CTEPUIIB/II AECKPUIITOPIIAP aHBIKTANIBI, oJlap TyOepKyie3rekapchl
Gencenpiniri jkorapputaraH (apmMako(Opasl OHTAWIAHABIPY YINIH HETi3ri KYpPBUIBIMIBIK TajanTapbl
kepcerTi. 2D QSAR ymliH eH KaKchl CTaTHCTHKAIBIK Moaedh SA-MLR (12 = 0.892, g? = 0.819) oxicin
KoJIIaHa OTBIPHIT xkacansl, an 3D gsar Mogeni SA KNN (q? = 0.722) anropiT™iH KOJIJIaHa OTHIPBI aTbIHIBL.
AHBIKTaIFaH JeCKPUITOPIAp/bl Opi KapaifFbl 3epTTeysep/e KaHa XMMHSUIBIK TYBIHIBUIAP/BI d3ipiey YIUiH
naiiananyra 0omasl.

Kinm ce30ep: Tybepkyne3, 2D QSAR, 3D QSAR, nurpobenszamuza, SA-MLR, SA-kNN, dapmakodop,
TyOepKye3rekapchl OeICeHILTIK.
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K.J. Acraonkap, C.M. Ilatun, T.C. Yutpe, C./1. Banu, M.T. Cunrx

QSAR-onTumu3anun papmaxodopa HUTPoOOGeH3aMHUIA
JJIs1 MPOTUBOTY0EPKYJIE€3HOI AKTUBHOCTH

TyOepkyne3 siBiseTcss Bexylied NMPUIMHON CMEPTH BO BCEM MHUpPE OT TaKOTO MH(EKIMOHHOTO areHTa, Kak
Mycobacterium tuberculosis, 0oco6eHHO BCIeACTBHE Pa3BUTHS PE3UCTEHTHBIX MITAMMOB M €r0 KOMH(EKINH
npu BUY. KonnvecTBeHHBIE HCCIEIOBAaHHUA B3aHMMOCBS3H CTPYKTYpHI U akTUBHOCTH (QSAR) xummdeckux
COEIMHEHUH TTOMOTal0T 3HAUUTEIBHO YCKOPUTH Mpoliecc pa3paboTKu HOBOTO JeKapcTBa. B crathe mposene-
Hbl 2D u 3D QSAR-uccnenoBanus psaa Npou3BOJHBIX HUTPOOEH3aMuUAa ¢ IEIbI0 pa3padOTKH HOBBIX aHAJO-
TOB C MPOTHBOTYOEPKYIIe3HON akTHBHOCTHIO. 2D QSAR ObL1 BEIIONHEH ¢ HcToNb30BaHueM MLR-meTona Ha
Habope JMaHHBIX, IOKa3bIBAIOIINX IIPOTHBOTYOEPKYJIe3HyI0 akTHBHOCTE. MccnenoBanus 3D-QSAR Obun BEI-
nonHeHs! ¢ nomoinsio kKNN-MFA-anroputma ¢ ucnos30BaHAEM MeTOa BHIOOPA IepEeMEHHbIX, MOACIUPY-
IOIINX OTXKWT. BrIpaBHUBaHME 3a1aHHOrO HAOOpa MOJIEKYJI IIPOBOIIIOCH C IOMOIINBIO AJITOPHTMA BEIPaBHH-
BaHWS Ha OCHOBE IIA0JIOHA, a 3aTeM HCIIOJB30BaJOCh s mocTpoeHnst moxenu 3D-QSAR. HanexHocts u
MPOTHOCTHYECKask CIIOCOOHOCTh MOJIeNIEH OLIEHUBATIHCH C TOMOIIBIO PA3INYHBIX TPAJULUOHHBIX TapaMETPOB
HPOBEPKU. BbUIN BBINEICHBI Pa3IuyHbIe (PU3NKO-XUMHUYECKHE, OCHOBAHHbBIC Ha BIPAaBHHUBAHUH, TOMOJIOTHYC-
CKHE, JIEKTPOCTATHYECKHE U CTEPUUECKUE IECKPUNTOPHI, KOTOPHIE YKa3bIBaIH Ha KIIIOUEBBIE CTPYKTYypHBIE
TpeGoBaHMs A1 ONTUMH3aLuU (apMakodopa ¢ MOBBIICHHOH MPOTHBOTYOEPKYIE3HOH aKTHBHOCTBIO. s
2D QSAR Hawy4inas cTaTHCTHYECKash MOJECNb ObLIa CO3/1aHa C UCMoNb3oBaHHeM Metona SA-MLR (r2 =
0,892, g? = 0,819), Torna kax mozens 3D QSAR 6buia monmydena ¢ mpuMenenneM anropurma SA KNN (g2 =
0,722). BbIsABICHHBIC JCCKPUITOPHI MOTYT OBITH MOJIC3HBI Ul Pa3pabOTKH HOBBIX XHMHYECKHX
MPOU3BOJIHBIX B TAJIGHEHIIINX HCCIIEJOBAHMUSIX.

Knroueeswie cnosa: tybepkyines, 2D QSAR, 3D QSAR, uurpobensamua, SA-MLR, SA-KNN, ¢papmakodop,
HPOTHBOTYOEPKyIIe3Has! aKTHBHOCTb.
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Polylactide-co-glycolide nanoparticles immobilized with isoniazid:
optimization using the experimental Taguchi method

The research aims to optimize and minimize the number of experiments to obtain polylactide-co-glycolide
(PLGA) nanoparticles (NPs) immobilized with antituberculosis (anti-TB) drug — isoniazid (INH) by apply-
ing the Taguchi method and Design Expert statistical software. Several experiments were performed with
varying parameters, namely polymer/drug ratio, polyvinyl alcohol (PVA) concentration, the ratio of organic
solvent to the aqueous phase, and solvent type. Three different levels and a fractional factorial design were
derived for each parameter, particularly the standard orthogonal array (OA) L9. Drug-loaded nanoparticles
were prepared by the double emulsion method. The results were obtained from 9 runs indicated particle sizes
ranging from 152.246.4 nm to 496.4+9.5 nm. These results were used to predict the optimum conditions for
synthesizing INH-PLGA particles. The calculated data correlate well with the experimental data. INH-PLGA
NPs were obtained with a mean size and polydispersity of nanoparticles of 152.242.25 nm and 0.279+0.03,
respectively. Scanning electron microscopy, thermogravimetric analysis, and differential scanning calorime-
try were carried out to characterize the obtained nanoparticles. The degree of drug release from PLGA NPs
was studied, and the results showed that PLGA prolonged the release of INH from the polymer matrix.

Keywords: isoniazid, nanoparticles, Taguchi method, polylactide-co-glycolide, double emulsion, anti-TB
drug, experimental design, biopolymers.

Introduction

Nanoparticles (NPs) based on polymers have drawn a major interest in biomedical research, in particu-
lar for drug delivery applications of anti-tuberculosis (anti-TB) drugs. Drug delivery based on polymeric NPs
has shown perspective for addressing poor bioavailability, toxicity, and long-term treatment of tuberculosis
or overcoming the side effects of anti-TB drugs. It has been successfully used in various preclinical studies
[1]. Polymeric materials, namely polylactide, poly butyl cyanoacrylate, and polylactide-co-glycolide
(PLGA), have generated considerable interest in encapsulating various therapeutic agents [2—4]. Nanoparti-
cles prepared from these and other polymers have been investigated and used as delivery systems for anti-TB
drugs [5-7]. PLGA is one of the promising carriers. It is one of the few polymers that the Food and Drug
Administration (FDA) has approved for use in humans due to its biocompatibility and biodegradability [8,
9]. In this study, we used PLGA as a carrier to prepare isoniazid (INH) loaded NPs.

There are different methods to produce PLGA-based nanoparticles: Simple emulsion, double emulsion,
salting-out, nanoprecipitation, microfluidic technology, flow focusing, and membrane emulsification [8, 11].
All these methods for the production of PLGA NPs share a common feature of mixing a PLGA dispersed
organic phase with a non-solvent. Evaporation, extraction, and/or combinations are commonly used for sol-
vent removal [8, 10, 11].

Physicochemical properties of the obtained NPs, such as particle size, polydispersity, encapsulation ef-
ficiency (EE) and NPs’ yield, play an important role. In addition, particle size is an important characteristic
when passively targeting macrophages since it affects the success of internalization in these cells. In this re-
spect, particles with a diameter of approximately 500 nm are ideal for phagocytosis by alveolar macrophages
[7, 12]. Therefore, this work aims to develop and optimize the conditions for obtaining PLGA nanoparticles
and immobilizing INH in them. A controlled INH delivery system with high drug loading and EE, as well as
NPs’ yield should be obtained. Polymeric nanoparticles containing INH were prepared using the double
emulsion (W/O/W) method. The Taguchi design method was used to optimize the nanoparticle preparation
method. The Taguchi design method is a fractional factorial design that uses an orthogonal array (OA),
which can considerably reduce the number of experiments. The effects of the proposed experiments on the
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responses were analyzed using Design Expert (test version 13, Stat-Ease, Minneapolis, USA) to inde-
pendently obtain the main effects of these factors. Then an analysis of variance (ANOVA) was performed to
determine the statistically significant factors [12-14]. In this way, various parameters such as ratio and type
of organic solvent, surfactant concentration, and polymer/anti-TB drug ratio were investigated. A selection
function determined the optimal conditions. The resulting formulation was characterized by analysis of vari-
ance (ANOVA), which can be used to estimate the influence of factors on the characteristic properties. In
addition, we investigated the release kinetics of the INH drug in vitro.

Experimental

Isoniazid (INH) with indicated purity over 99 %, polyvinyl alcohol (PVA) (hydrolyzed, MW 9000-
10000) and polylactide-co-glycolide (PLGA 50:50, MW 24,000-38,000) were purchased from Sigma Al-
drich (Germany). Ethyl acetate (EA) and dichloromethane (DCM), sodium phosphate dibasic and potassium
phosphate monobasic were obtained from Component Reagent (Russia).

Preparation of polylactide-co-glycolide nanoparticles immobilized with isoniazid.

INH-loaded PLGA NPs were prepared by a double emulsion method [12]. 1 mL of an aqueous INH so-
lution was first emulsified in 5 mL of solvent (EA, DCM, or mixture of EA/DCM 50/50) containing PLGA
(INH/PLGA ratio: 1/1-1/5 by weight) for 2 min using a homogenizer (Ultra-Turrax T-10, IKA, Germany).
The resulting primary emulsion was added to 0.5-2 % PVA (at an organic /aqueous phase ratio from 1/1 to
1/10); the mixture was then homogenized using a homogenizer for 3 min to form a secondary emulsion. The
secondary emulsion was stirred continuously for 6 hours on a magnetic stirrer to completely remove solvent
at room temperature. INH-loaded PLGA NPs were extracted by centrifugation (MiniSpi, Eppendorf, Ham-
burg, Germany) (14,000 rpm, 20 min). The resulting nanoparticle suspension was rinsed with distilled water
using three centrifugation steps at 14,000 rpm for 15 min each to remove dissolved solids and organic sol-
vent from the mixture.

Determination of particle size, polydispersity (PDI)

Particle size and PDI of nanoparticles were determined using photon correlation spectroscopy (PCS) on
a Zetasizer Nano S90 from Malvern (Malvern Instruments Ltd., Malvern, UK). Samples were diluted in
distilled water. Each dimensional analysis lasted 120 seconds and was carried out at 298 K with a 90° angle
determination. Measurements were conducted in triplicate (n = 3). The surface morphology of INH-PLGA
NPs was analysed with a scanning electron microscope (SEM) (MIRA 3 LM TESCAN, Czech Republic).

Encapsulation efficiency and yield of PLGA NPs

The amount of isoniazid encapsulated in PLGA NPs was quantified by measuring the amount of
unencapsulated isoniazid in the supernatant after centrifugation and particle washing. The amount of free
INH was determined using a UV spectrophotometer at 262 nm. The EE and NPs yields were calculated as
below:

_ Mass of the total drug — Mass of free drug 100 %:

Encapsulation efficiency (EE%) Mass of total d
ass of total drug

Mass of total nanoparticles
Mass of the total drug + Mass of total PLGA

In vitro study of drug release from PLGA NPs

In vitro drug release experiments were carried out to determine the extent of INH release from PLGA
NPs. NPs (24 mg) were re-dispersed in 14 mL of phosphate-buffered saline (PBS, pH 7.4) and kept at 335 K
with stirring. Periodically, samples of the dialysates were taken (3 mL at a time). The amount of released
drug was recorded on a UV-spectrophotometer (Promekolab, Russia) at wavelength Amax = 262 nm for the
drug compared to the pure PBS.

Thermogravimetric analysis and differential scanning colorimetry

Thermogravimetric and differential thermal analysis were performed on a LabSYS evo TGA/DTA/DSC
analyser (Setaram, France) in the temperature range of 30-550 °C in an aluminum oxide crucible at a heating
rate of 10 °C/min in nitrogen inert medium and flow rate was 30 mL/min by decomposition of a nanoparticle
sample.

x 100 %.

Nanoparticles yield (%) =
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Results and Discussion

Optimization of Nanoparticles Preparation

In our research work, the Taguchi method was used to optimize the immobilization of the biologically
active substance isoniazid into PLGA nanoparticles. Four important factors influencing nanoparticle size and
polydispersity (PDI) were as follows: Solvent type, INH/PLGA ratio, organic phase / aqueous phase volume
ratio and PVA concentration. Three different levels and a fractional factorial design were derived for each
parameter, particularly the standard OA L9 (Table 1).

Table 1

Selected process parameters and corresponding levels in the Taguchi experimental design

Process parameters Level 1 Level 2 Level 3
Solvent type DCM EA/DCM EA
INH/PLGA ratio 11 1/2.5 1/5
Organic solvent/water phase ratio 11 1/5 1/10
PVA concentration (%) 0.5 1 2

Taguchi’s design was used to determine the significant factors that affect the size of INH-PLGA NPs.
Considering four factors to be investigated, non-usage of an experimental design would have resulted in
3% = 81 separate experiments, which would have been difficult and inefficient. Instead, the Taguchi OA L9
design allowed nine experiments to determine the optimum conditions for each factor in achieving the small-
est size of INH-PLGA NPs. By using these optimal results, PLGA nanoparticles immobilized with drug were
synthesized. The results are shown in Table 2.

Table 2
Structure of the Taguchi OA L9, corresponding particle size and polydispersity
Organic PVA Size
No. Solvent type | INH/PLGA ratio | solvent/water concentration PDI
. (nm)
phase ratio (%)
1 EA 1/1 1/5 1 282.6+16.6 0.485+0.02
2 EA 1/2.5 1/1 0.5 160.24+32 0.101£0.05
3 EA 1/5 1/10 2 403.6+15.7 0.654+0.06
4 DCM 1/1 1/1 0.5 496.4+9.5 0.837+0.08
5 DCM 1/5 1/5 2 265.7+18.5 0.681+0.03
6 DCM/EA 1/1 1/5 0.5 365.8+4.4 0.8+0.03
7 DCM/EA 1/1 1/10 1 422.6+£8.4 0.678+0.05
8 DCM/EA 1/2.5 1/1 1 189.6+£18.4 0.518+0.02
9 DCM/EA 1/5 1/5 2 152.2+6.4 0.285+0.02

Table 2 shows the results for the diameters of PLGA nanoparticles obtained by PCS. It can be seen
from the above numbers that PLGA nanoparticles have satisfactory physicochemical characteristics. The re-
sults obtained from 9 runs showed that the particle size ranged from 152.2+6.4 nm to 496.4£9.5 nm.

After these indicators, the experiments results were analyzed. Design-Expert software developed to in-
dependently obtain the main effects of these factors and then analysis of variance to determine the statistical-
ly significant factors was developed using ANOVA table [12-14]. The ANOVA tables for mean size and PDI
are presented in Table 3. When the raw data were analyzed by ANOVA, the results showed that solvent type
had no effect on mean particle size and PDI. Therefore, this parameter does not appear in the ANOVA analy-
sis. For the mean particle size (Table 3a), the “P-value” for the model is below 0.05, indicating that the mod-
el is significant. The ratios of INH/PLGA and organic solvent/aqueous phase are significant conditions of the
model, while the concentration of PVA can be considered as not significant. By removing the non-significant
variable, the model can be improved. Although PVA concentration has a “P-value” of 0.4, this variable was
still included in the model because the model becomes significant when this parameter is retained.

The PDI values were analyzed similarly to the mean particle size. In the ANOVA table (Table 3b), the
“P-value” for the model is greater than 0.05, indicating that the model is not significant. The “F-value” of the
model is 1.14, indicating that the model is not significant with respect to noise. The probability that such a
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large “F-value” could arise due to noise is 48.83 %. In this case, the concentrations of INH/PLGA ratio, or-
ganic solvent/water phase ratio, and PVA concentration are all significant conditions to support the model
structure since we did not consider the effect of noise (stirrer speed and sonication time) on the PDI values in

the nanoparticle preparation process.

Table 3
ANOVA for selected factorial model
Sum of Degrees Mean F- P-
Source
Squares of freedom Square | value | value
(a) Size (nm)
Model 97158.79 5 19431.76 | 17.28 |0.0203
B — INH/PLGA ratio 59358.26 2 29679.13 | 26.39 |0.0125
C — Organic solvent/water phase ratio 31538.13 2 15769.07 | 14.02 |0.0300 Significant
D — PVA concentration (%) 1032.32 1 1032.32  |0.9178|0.4087
Residual 3374.50 3 1124.83
Cor Total 1.005E+05 8
b) PDI
Model 0.2533 5 0.0507 1.14 10.4883
B — INH/PLGA ratio 0.1851 2 0.0925 2.08 |0.2712
C — Organic solvent/water phase ratio 0.0257 2 0.0129 |0.2889|0.7678 Not
D — PVA concentration (%) 0.0029 1 0.0029 |0.0643|0.8162| significant
Residual 0.1335 3 0.0445
Cor Total 0.3868 8

Figure 1 shows the different effect of the independent variables on the average nanoparticle size and
PDI. The smallest size and PDI of nanoparticles are observed with INH/PLGA ratios of 1/2.5 and organic
solvent/water phase of 1/5. With increasing PVA concentration, the particle size decreases and the PDI in-

creases.
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Figure 1. Influence of parameters on particle size and polydispersity

After processing the data by ANOVA, parameters were selected to optimize the process to obtain parti-
cles with minimum size and PDI (Table 4).
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Table 4
Optimum solutions for synthesis of INH-PLGA NPs
Lower Upper Lower Upper

Name Goal Limit Limit | Weight | Weight |'MPortance
A — Solvent type is in range DCM EA 1 1 3
B — INH/PLGA ratio is in range 1/1 1/5 1 1 3
C — Organic solvent/water phase ratio | is equal to 1/5 1/1 1/10 1 1 3
D — PVA concentration (%) is in range 0.5 2 1 1 3
Size Minimize 152.2 496.4 1 1 3
PDI Minimize 0.101 0.83 1 1 3

The best parameters for obtaining INH-PLGA NPs were as follows: solvent type — DCM and EA mix-
ture, INH/PLGA ratio 1/5, PVA concentration 1 %, and organic solvent to aqueous phase ratio 1/5. Under
these conditions, the software estimated a nanoparticle size of 150.65 nm, while the nanoparticle size ob-
tained from the experiment was 152.2+2.25 nm, as shown in Figure 2. Experiments were carried out to con-
firm the optimum parameters obtained by the Taguchi method. A good agreement was observed between the
predicted particle size and the experimental particle size (Table 5). Consequently, the size of the synthesized
isoniazid-loaded polylactide-co-glycolide nanoparticles can be improved using the Taguchi method.

Table 5
Predicted and experimental results for INH-PLGA NPs
Size (nm) PDI
Predicted 150.65 0.232
Experimental 152.2+2.25 0.279+0.03
Error % 1.03 20.3
Size Distribution by Intensity
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R 20 ............... ............. ,80
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Figure 2. Histogram of particle size distribution of INH-PLGA NPs obtained under optimum conditions

Physicochemical characteristics of PLGA NPs immobilized with isoniazid

Morphological analysis of the polymeric nanoparticles was performed using a scanning electron
microscope (SEM) MIRA 3 LM TESCAN (Czech Republic). The obtained images are shown in Figure 3.
Micrographs of nanoparticle samples show both single particles and their agglomerates. The systems mainly
consist of particles of the same size in the range of 100-250 nm, but larger particles (over 300 nm) are also
present. We suggest that they are formed in combining nanoparticles by evaporation of the organic solvent.
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Figure 3. SEM image of PLGA-INH NPs (scale = 200 um and 20 um).

A thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of the individual
system components and the obtained NPs were carried out to confirm the incorporation of isoniazid into the
PLGA NPs. Figure 4 shows TGA and DSC curves of isoniazid, PLGA and PLGA nanoparticles immobilised
with isoniazid. A characteristic endothermic peak for INH is detected at 162.55 °C (Figure 4a). That is not
followed by weight loss and characterizes the isoniazid melting point. Further, an exothermic peak is
detected at 282.73 °C; weight loss up to 68 % occurs in 260—360 °C, which may correspond to drug decom-
position temperature. PLGA demonstrates an endothermic peak at 368.5 °C (Figure 4b). A weight loss of up
to 80 % occurs between 295-385 °C, possibly corresponding to the degradation temperature of the polymer.
The TGA curve for INH-PLGA NPs (Figure 4c) shows a slight endothermic peak at 360 °C. The next peak
in the TGA curve corresponds to the degradation of the INH-PLGA NPs at temperatures between 260—
350 °C with a mass loss of approximately 50 %. However, compared with the pure PLGA curves, a
significant movement into lower temperature regions is observed. This may be due to the influence of the
drug substance.
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Figure 4. Thermogravimetric analysis and differential scanning calorimetry:

The drug release rate from the polymer NPs is one of the most important parameters of a nanosomal
drug form. It can have a decisive influence on the biodistribution of the drug and its efficacy in general [15].
The study was carried out for NPs obtained under optimized conditions. The experiment was performed in
PBS (pH 7.4; 37 °C). The results are presented in Figure 5. It can be noticed that the rate of drug release is
rapid at the beginning of the process: 26 % of INH is released within the first hour, 37 % of the immobilized
drug in 4 hours and about 50 % of the drug is released from the polymer NPs within 24 hours. The highest
rate of INH release characterizes the initial step, apparently because the drug adsorbed on the surface of the
NPs is released first [16, 17].
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Figure 5. Release rate of isoniazid from polylactide-co-glycolide nanoparticles

Conclusions

This study has shown that the size of polylactide-so-glycolide nanoparticles with isoniazid synthesized
by the double emulsion method can be controlled by changing the process conditions. The smallest size and
PDI of nanoparticles are observed with INH/PLGA ratios of 1/2.5 and an organic solvent/water phase of 1/5.
The particle size decreases with increasing PVA concentration, and the PDI increases. Using the Taguchi
method, it has been found that the INH/PLGA ratio has the most significant effect on the size of polylactide-
so-glycolide nanoparticles. The Taguchi method is one of the most suitable methods for optimizing the
experimental conditions to achieve the minimum PLGA nanoparticle size for drug delivery systems. The
obtained nanoparticles have been characterized by PCS, which shows that the system consists of rather small
particles of 152.242.25 nm. The obtained particles have a narrow particle size distribution
(PDI = 0.279+0.03). The drug loading and encapsulation efficiency are 67 and 83 %, respectively. The yield
of INH-PLGA NPs is 45 %. The synthesized NPs have a spherical morphology and average size of less than
300 nm. The results of in vitro study show that PLGA prolongs the release of INH from the polymer matrix.
The obtained INH-PLGA NPs have satisfactory physicochemical parameters for further application as
targeted drug transport systems.
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A.P. l'anuera, E.M. Tax06aes, T.C. XKymaranuesa, /I.T. CaaplpOexos,
J.A. Kaiikenos, b.H. Kapumoga, C.C. [1lokenoBa

N3oHua3naned MMMOOMIN3ANUSIIAHFAH MOJUJIAKTH/I-CO-TJIMKOJIU HAHOO0OIIIeKTepi:
Tary4ym 3KCnepUMEHTTIK diCiHiH KoMeriMeH OHTANJIAHABIPY

3eprreynin Makcatsl u3onnazuaneH (INH) uMMOOHIM3alMsIIaHFAH TTOTMIAKTHA-CO-rukonu iy (PLGA)
HaHobemuekrepin (HB) amy ymin Taryuu omici men Design Expert crarucTukanbik GaraapiaMaHbl KOJIaHy
apKBUTBl OHTAMIIAHIBIPY KOHE DKCIIEPUMEHTTEP CaHBIH a3aiiTy Ooneim TaObuTambl. IlommMmep MeH Mopiimik
3aTThIH KarblHacekl, monuBuHWI coupTiHiH ([IBC) KoOHLEHTpauumschl, OpraHUKajJbIK epiTKill TeH cy
(a3acelHBIH KATBIHACHI JKOHE epPITKIIUTIH Typl CHSAKTHI HapamMeTpiiepAi TYpJIeHZipy Ke3iHme OipkaTap
JKCIIEpUMEHTTEp JKYpri3inmi. OpOip mapaMeTp YVIIIH YII Typii JeHred jxoHe Oeimek (akTOpIbIK
KOHCTPYKIIMS, aTan aliTKaH[ga, CTaHIAapTThl OPTOroHaibipl Marpuua L9 amemzasl. [lopidik mpemnapaTiieH
JKYKTENTeH HaHOOONIIeKTep KOC OMYIBbCHSA ONICIMEH albHABL. 9 SKCIEepHMEHT OapbICHIHAA allbIHFaH
HOTWDKEJepre CYWeHe OTBIPHIN, OemmekTepnid kememi 152,2+6,4 aM-HeH 496,4+9,5 HM-Te neiliH OOIFaHbI
aHbIKTanAel. byn Hotmkenep PLGA— INH Oemmexrepi CHHTE3iHIH OHTAMIBI JKargailapblH OOJDKay YIIiH
naiianaspuiabl. Ecenrenren nepexTep SKCIepUMEHTTIK MamiMeTTepMeH colikec kemeni. PLGA — INH Hb-
HIH OpTaIla MeJIepi MeH MOIUIUCIepeTiiri Tuicinme 152,2+2.25 uM xone 0,279+0,03 anbiHabl. AnbIHFaH
HAaHOOOJIIIEKTEP/l CHUMAaTTay YIOIH MblHA (U3UKA-XUMUSUIBIK —Talgayjap OKYpri3iimi: ckaHepieymi
JNEKTPOHJIBIK MHUKPOCKOIIHS, TEPMOIPaBUMETPIIIK Tanjaay, AuddepeHunanasl CKaHepieyIi KalopuMeTpHsl.
PLGA HaHOGeINIIeKTepiHEH JOpUTiK 3aTTBIH OO0call IIBIFY JOpeXeci 3epTTeNl KoOHEe aJbIHFaH HATHXKeNep
PLGA nommmep:ik matpunagan INH 6ocaty Mep3iMiH y3apTaTHIHBI aHBIKTAIIbL.

Kinm ce30ep: w30HWa3Wn, HaHOOemmekTep, Tarydu omici, MONWIAKTHI-CO-TJIMKOIHI, KOC OMYIbCHS,
TyOepKye3reKapchl AOPITiK 3aT, TOKIpUOETiK u3aiiH, OHomomMepIiep.

A.P. 'aimmera, E.M. Tax6aes, T.C. XKymaranuena, JI.T. Canpipbexos,
J.A. Kaiikenos, b.H. Kapumosa, C.C. IllokeHoBa

HanoyacTUIbI MOJMIAKTH CO-TJIUKOJIM/A, HMMOOMJIN30BaHHbIE H30HHUA3ZUIA0M:
ONTHMMU3AIUA C MOMOIIBLIO JKCIEPUMEHTAJIBLHOI0 METOAA Taryqn

Ienbi0 HACTOSIIIIETO KCCIIEMOBaHMS ObUIA ONTHMH3AIMS M MUHUMH3AIHMS KOJNYECTBA IKCIEPUMEHTOB JUIS
nonyueHuss HaHowactul (HY) mommnmaktun co-rmukonuna (PLGA), MMMOOWIM30BaHHBIX HM30HHA3UIOM
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(INH), nytem mpumeHeHHs: MeTofa Tary4n U CTaTUCTHYECKOro mporpamMmuoro obecrnedenuns: Design Expert.
IIpoBeneH ps SKCIEPUMEHTOB IIPU BaApbUPOBAHUH NApPaMETPOB: COOTHOIIEHHE MOIMMEPA U JIEKAPCTBEHHOTO
npenapara, KOHIEHTPAIXs OJIUBUHUIOBOTO CIHHPTA, COOTHOIIEHUE OPIraHUYECKOT0 PACTBOPUTENS U BOAHOM
¢as3sl 1 THI pacTBopHTens. I8 KaKIoro mapaMerpa ObUIM MONYdYEeHBI TPH Pa3iIMYHBIX YPOBHS W APOOHAs
(axTOpHAsT KOHCTPYKIHS, B YaCTHOCTH, CTaHAApTHas opToroHaidbHas Marpuma L9. Hanowactumel, 3arpy-
JKCHHBIE JIEKapCTBEHHBIM IIperapaToM, OBIIM MONYy4YeHBI METOJOM JIBOHHOW SMyJIbcHH. Pe3yibTarhl, moiy-
YCHHBIE B X0J€ 9-TM OSKCIEPHMEHTOB, IOKa3ald, 4TO pa3Mep 4YacTHLl BapbupoBaics or 152,2+6,4 no
496,4+9,5 uMm. IlomydeHHble naHHBIE OBUIM HCIOJB30BAHBI JUIA MPOTHO3UPOBAHUS ONTUMAJBHBIX YCIOBHUH
cunre3a yactul PLGA-INH. Paccuntannbie pe3ysibTaThl XOpOLIO KOPPETHPYIOT € IKCIEPUMEHTATbHBIMHU.
Tonyuenst HH PLGA-INH co cpensuMm pa3MepoMm ¥ MOJHAMCIEPCHOCThIO HaHOYacTUL 15224225 M u
0,279+0,03, cooTBETCTBEHHO. {7151 XapaKTepUCTUKH MOJIyYCHHBIX HAHOYACTHL OBUTH MPOBEACHBI CIICAYIOIINE
(DU3UKO-XMMHYECKHE aHAIM3bl: CKaHHPYIOIIas 3JIEKTPOHHAs MHKPOCKOIUS, TepPMOTrpaBUMETPHUECKUH aHa-
3, muddepeHnnanbHas CKaHUPYIoIas KalopuMeTpHsl. bruta m3ydeHa crereHb BEICBOOOXKACHHS JIeKapcTBa
n3 HY PLGA, u pesynbrars! mokasany, 4o PLGA mpononrupyer BeicBoOokaeHne INH u3 mommmMepHOit
MaTpHIIbL.

Kniouesvie cnosa: n3o0HMa3u], HAHOYACTHULEL, MeTOA Tarydu, MONUIAKTH] CO-IJIMKOIN], IBOMHAS IMYNIbCUS,
MPOTHUBOTYOEPKYJIE3HBIH MTpenapar, 3KCIIepUMEHTAIbHbIA AU3aiiH, OHOTIOIUMEPHI.
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Isolation and in silico SARS-CoV-2 main protease inhibition potential
of chrysoeriol from Chondrilla brevirostris Fisch. & C.A. Mey.

The genus Chondrilla L. comprises 22 species on the CIS territory. 16 species of them grow in Kazakhstan.
All species of the genus Chondrilla L. are rubber-bearing herbaceous plants that belong to the Asteraceae
family. We picked Chondrilla brevirostris Fisch. & C.A. Mey. for the chemical study. It is a perennial herb
that grows in desert steppes and forest meadows. The aboveground parts of Ch. brevirostris were extracted
with ethanol at room temperature. Several fractions were obtained by separating ethanol extract on column
chromatography. Rechromatography and preparative thin-layer chromatography were used to further study
the obtained fractions and the isolation of flavonoids. As a result of preparative thin-layer chromatography,
the flavonoid 5,7,4'-trihydroxy-3'-methoxyflavone (compound 1) was isolated. The chemical structure of 1
was established by spectroscopic data. Compound 1 was isolated for the first time from the species of
Chondrilla. Compound 1 was subjected to a molecular docking study against COVID-19 main protease
(MP) to investigate its expected activity against SARS-CoV-2. In this case, the substance showed a good
binding mode with a free energy of —6.22 kcal/mol, while the binding energy of the co-crystallized ligand was
—7.83 kcal/mol.

Keywords: Chondrilla brevirostris, Asteraceae, extraction, column chromatography, PTLC, isolation, flavo-
noid, structure, spectroscopy, molecular docking study.

Introduction

Chondrilla L. is a genus of plants in the Asteraceae family. Chondrilla brevirostris Fisch. & C.A. Mey.
is the most well-known species from this genus. It widely grows in Kazakhstan, China, Kyrgyzstan and Rus-
sia. Synonyms of the plant are Chondrilla filifolia Iljin and Chondrilla juncea Ledeb. [1].

Previously, four flavonoids, including luteolin, luteolin-7-glucoside, luteolin-7-galactosylglucuronide
and quercetin-3-galactoside, were reported from this plant [2].

Plant material is still important in finding new and bioactive compounds that are of practical interest as
a source of new drugs. This indicates the relevance of this research. This work aims to isolate and identify, as
well as to study the molecular docking of the isolated flavonoid from a plant source.

Recently, several scientific records reported the use of molecular docking studies to prove the biological
activities of natural compounds [3-6]. Accordingly, we applied the isolated compound to in silico studies
aiming at exploring its biological importance.

Experimental

General experimental procedures. Column chromatography separations (CC) were performed on glass
columns packed with silica gel (230-400 mesh ASTM, Merck, LTD, Japan). Thin layer chromatography
(analytical and preparative thin layer chromatography (TLC) was performed on silica gel 60 F 254 Glass
plates (Merck, LTD, Japan). Spots were visualized under a UV light (254 and 366 nm) and by spraying with
10 % sulfuric acid reagent followed by heating. Isolated compound was identified by NMR analysis (*H 500
MHz) acquired on the Jeol Delta. TMS was an internal standard. DMSO-ds was a solvent. Coupling con-
stants are given in Hertz. The chemical shifts are expressed in 6 ppm.
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Plant Material. The aerial parts of Ch. brevirostris were collected in the steppe, 200 km from
Zhezkazgan city, Kazakhstan, in August 2019, stage flowering — fruiting. The plant material was examined
by Professor M. Ishmuratova, Department of Botany, Karagandy University of the name of academician
E.A. Buketov (Republic of Kazakhstan), and classified as belonging to the Ch. brevirostris group and depos-
ited in the herbarium of the faculty of biology and geography.

Extraction and Isolation. Dry finely ground raw materials (aboveground part) of Ch. brevirostris
(1.0 kg) were extracted three times with ethanol by standing for 1 day at room temperature. The ethanol ex-
tracts were combined and evaporated under reduced pressure to yield a crude extract of 68 g. Chromato-
graphic separation of the crude extract was carried out on a silica gel column using the system hexane —
acetone with a gradient increase of the latter and then with methanol. The fractions were studied on TLC,
and similar fractions were combined. Compound (1) (4 mg) was separated by using PTLC in the system of
chloroform-methanol (200+10 mL).

Compound identification. 5,7,4'-Trihydroxy-3'-methoxyflavone (chrysoeriol) (1) [7]: Pale yellow pow-
der, C1H120s, Yield is 4 mg. *"H NMR (DMSO-ds, 500 MHz) & (ppm): 12.97 (s, 5-OH), 6.87 (s, H-3), 6.15
(d, J =2.0 Hz, H-6), 6.46 (d, J =2.0 Hz, H-8), 7.55 (d, J =2.0 Hz, H-2"), 6.92 (d, J =9.0 Hz, H-5"), 7.55 (dd,
J=2.0,9.0 Hz, H-67), 3.89 (s, 3’-OCHj).

Molecular docking study. The crystal structures of the target enzymes COVID-19 main protease (M)
(PDB ID: 6lu7, resolution: 2.16 A) were downloaded from Protein Data Bank (http://www.pdb.org). Mo-
lecular Operating Environment (MOE) was used for the docking analysis [8, 9]. The free energies and bind-
ing modes of the examined molecules against MP° were determined. At first, water molecules were removed
from the crystal structure of MP™, retaining only one chain, which was essential for binding. The Co-
crystallized ligand (PRD-002214) was used as a reference ligand. Then, the protein structure was protonated
and the hydrogen atoms were hidden. Next, the energy was minimized and the binding pocket of the protein
was determined [10, 11].

The structure of the examined compound and the co-crystallized ligand were drawn using Chem Bio
Draw Ultra 14.0 and saved as SDF format. Then, the saved file was opened using MOE software and 3D
structures were protonated. Next, the energy of the molecules was minimized. A validation process was per-
formed for the target receptor by running the docking process for only the co-crystallized ligand. Low
RMSD values between docked and crystal conformations indicated valid performance. The docking proce-
dures were carried out utilizing a default protocol. In each case, 30 docked structures were generated using
genetic algorithm searches. The output from MOE software was analyzed further and visualized using Dis-
covery Studio 4.0 software [12, 13].

Results and Discussion

The aerial parts of Ch. brevirostris were extracted with ethanol. The EtOH solutions were combined
and evaporated under reduced pressure. As a result of chromatography (rechromatography, PTLC), a pale
yellow powder (1) was obtained. The yield was 4 mg. Analysis of spectral (*H NMR) characteristics
suggested that the isolated substance (1) was flavonoid chrysoeriol (5,7,4'-Trihydroxy-3'-methoxyflavone).

The compound (1) structure was established based on *H NMR spectrum data. Characteristic proton
signal at C-3 was detected in the form of a singlet at 6.87 ppm. Proton signals at C-6 and C-8 resonate as
doublets at 6.15 and 6.46 ppm, respectively, with J=2 Hz. Proton signals at C-2’ and C-5’ appear in the form
of doublets in the area of 7.55 and 6.92 ppm with J=2 and J=9 Hz, respectively. A proton signal appears in
the form of a doublet-doublets at 7.55 ppm with the J=9 Hz. The signal of protons of the methoxy group
appears in the spectrum at 3.89 ppm in the form of a singlet. The presence of a hydroxyl group at C-5 is
confirmed by the presence of a single-proton singlet signal in the *H NMR spectra spectrum at 12.97 ppm.
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A docking study was carried out for compound (1) against the COVID-19 main protease (MP°) (PDB
ID: 6lu7, resolution: 2.16 A) to examine the mode of binding with the proposed target. The co-crystallized
ligand (PRD-002214) was used as a reference molecule. The docking studies revealed that the docked com-
pound had good binding affinities against COVID-19 main protease with binding free energies.

The crystallized ligand (PRD-002214) showed binding energy of -7.83 kcal/mol. The detailed binding
mode of the crystallized ligand was as follows: The 2-oxopyrrolidin-3-yl moiety occupied the first pocket of
MP forming three hydrogen bonds with Phe140, His163, and Glu166. Additionally, tert-butyl carbamate
moiety occupied the second pocket of MP™. Furthermore, the phenyl ring of phenylalanine moiety occupied
the third pocket of the receptor forming hydrophobic interaction with His41. Moreover, ethyl propionate
moiety was incorporated in the fourth pocket (Figures 1-3).

Figure 1. Co-crystallized ligand (PRD-002214) docked into the active site of the COVID-19 main protease,
the hydrogen bonds are represented in green dashed lines and the hydrophaobic interactions are represented
in orange dashed lines
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Figure 2. Mapping surface showing the co-crystallized ligand (PRD-002214)
occupying the active pocket of the COVID-19 main protease
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Figure 3. 2D interaction of the co-crystallized ligand (PRD-002214)
in the active site of the COVID-19 main protease

Compound (1) showed good binding mode with energy of —6.22 kcal/mol (Tab. 1) occupying three
pockets of MP™. The detailed binding mode was as follows: The 2-methoxyphenol moiety occupied the first
pocket of MP™ forming two hydrogen bonds with Gly143 and Leul4l. Additionally, it showed one electro-
static attraction with Cys145. The 4H-pyran-4-one moiety occupied the second pocket of MP™ forming one
hydrophobic interaction with Met165. Furthermore, the 1,3-dihydroxybenzen moiety occupied the third
pocket of the receptor forming one hydrogen bond with GIn192 (Figures 4-6).

Table 1

The docking binding free energies of compounds, simeprevir and the co-crystallized ligand (PRD-002214)
against COVID-19 main protease

Compounds Binding free energy (kcal/mol)
() —6.19
Co-crystallized ligand (PRD-002214) —-7.83

Figure 4. Compound 1 docked into the active site of the COVID-19 main protease, the hydrogen bonds are represented
in green dashed lines and the hydrophobic interactions are represented in orange dashed lines
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Figure 5. Mapping surface showing compound 1 occupying the active pocket of the COVID-19 main protease

Arg
188

*
Phe Asp
140 187

Figure 6. 2D interaction of compound 1 in the active site of the COVID-19 main protease

Conclusions

By virtue of the column chromatography, then by preparative thin-layer chromatography of the extract
obtained from ethanol extraction of the aboveground parts of Chondrilla brevirostris Fisch. & C.A. Mey.,
the flavonoid 5,7,4'-trihydroxy-3'-methoxyflavone was isolated. This compound from Ch. brevirostris was
isolated for the first time. In silico, molecular docking study was carried out for the isolated compound
against the COVID-19 main protease. As a result, the compound showed good binding energy.
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P.U. XKanmaxanberoBa, E.M. Cyneiimen, H. A6e, M. Osma,
A.M. Meryamu, U.X. Diica, M.IO. Ummypatosa, )K.A. NbOaraes

Chondrilla brevirostris Fisch & C.A. Mey-1eH Xpu303pHoJIIbIH 061l ATbIHYbI
aaue N Silico SARS-CoV-2 Herisri nporeazanbl HHrUOMpJIEY MOTEHIHATBI

Chondrilla L. tysiceiabin TMJI aymarsiaa 22 typi Gap, omapasin 16—ce Kaszakcranma. Chondrilla L.
TYBICBIHBIH OapIIBIK Typyiepi — caFbI3fibl ©CIMIIK, Kypaeni ryiiaep (Asteraceae) TyKbIMIachlHA JKaTaThIH
menrecid ecimaikrep. Xumusblk 3eprrey yurin Chondrilla brevirostris Fisch & C.A. Mey. ansiaapl. Byn
LIOJIIi Jlajla MEH OpMaH MIAJFBIHIAPhIHIA OCEeTiH KOIDKBULIBIK menTi ecimaik. Ch. brevirostris-tin ecimmix
NIMKi3aThIH 3epTTey i 2019 xpuinsiH TaMbi3 aiibiana Kaparauaer o0mbickiHBIH JKe3ka3raH KanackiHaH 200
HIAKBIPBIM JKEpJie TYJAEHY MeH jkemic Oepy keseHinme »xuHainasl. Ch. Brevirostris sxep ycri Geiri Genme
TeMIIepaTypachlHa ATAaHOJIMEH SKCTPAKIMSUIAHIbl. DTAHOJ CHIFBIHIBICEIH KOJIOHKAJIBIK XpoMarorpadus
apKpUTBl 0oy HoTiKeciHae OipHemie (pakiusuiap anbiHAbL. AJBIHFaH (QpakuusIapasl api Kapail 3eprrey
XKoHe (aBoHOMATApAbl Oejim anxy ymiH pexpomarorpadus »KoHE TMpernapaTuBTI JKyKa KabaTThl
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xpomarorpadus KoiaaHbUiasl. [IpenapaTtuBTi xyKa KabarTbl XpoMarorpadusuiay HoTIKeciHae (aaBoHOUA
5,7,4-tpurnapoxcu-3'-merokcudaBon (kocbutbic 1) OGeminmi. KocbutblcTBIH | XUMHSIBIK KYPBUIBIMBI
CIIEKTPOCKOMUSUIBIK MajtiMeTTep GoiibiHiIa ganenaesai. byn koceuibic Chondrilla-ueIH ockl TypiHeH anrain
pert OedmiHin ansiHaBl. BeiHin anblHFaH KOCHIIBICKA JOKHHT 3epTTeyiepi sKyprisinai. by skarmaiina Kocsuisic
JKAKChl OaiIaHBIC SHEPTHACHIH —6,22 KKaI/MOIb KOPCETTi, al ATAJOHIBIK MOJICKYJIaHbIH OailaHbic
SHEPTHACH —7,83 KKai / MOJIb/1 Kypassl.

Kinm co30ep: Chondrilla brevirostris, Asteraceae, skcrpaxuus, KonoOHKanslK xpomarorpadus, TDKKX,
oK1Iaynay, GIaBOHOW, KYPBUIBIM, CIIEKTPOCKOMHS, JOKHUHT 3ePTTeYi.

P.U. Ixanmaxan6etoBa, E.M. Cyneiimen, H. A6e, M. Osima,
A.M. Meryaiu, N.X. Diica, M.IO. Ummyparosa, )K.A. NbOaraes

Boiaesienne u in siliCO ocHOBHOI mMoTeHIMAJ HHTHOMPOBAHUS MPOTEa3bl
SARS-CoV-2 xpu3zo3puonaa u3 Chondrilla brevirostris Fisch. & C.A. Mey

Pon Chondrilla L. na tepputopun CHI' HacuuThiBaetest 22 Buja, u3 Hux 16 — B Kasaxcrane. Bee Busl posa
Chondrilla L. sBusroTcss KaydyKOHOCHBIMH DACTCHHSIMH, POJOM TPABAHUCTBIX PACTEHHH cemeicTBa
cnoxnouseTHrx (Asteraceae). [lnsg XUMHYECKOTO MCCenoBaHus ucmoiszosano Chondrilla brevirostris
Fisch. & C.A.Mey., npexacrapnsmiomee MHOTOJCTHEE TPaBIHUCTOE pPAcTeHHE, IpoM3pacTraromee B
MYCTBHIHHBIX CTEMSAX W HA JICCHBIX Jiyrax. PacturenbHoe ceipbe Ch. Brevirostris mms mccnenoBanuii 6110
cobpano B aBrycte 2019 roma B 200 xm ot r. XKeskasrana Kaparanmuuckoit obmactu B ase 1BeTeHHUsI—
wiogoHomeHusi. HamzemHyro uacte Ch. brevirostris skcTparupoBanud 3TaHOJIOM IPH  KOMHATHOW
TemIiepatrype. B pesynbrate pasneneHus 3TAHOJIBHOTO JKCTPAKTa Ha KOJIOHOYHOW XpomaTorpaduu ObLIO
MOJYYEeHO HECKONBKO (pakiuid. Jna nanpHEHIIEro H3y4eHHUs IIOJNyYCHHBIX (pakimuii W BBLACICHHS
(h1aBOHOMIOB TMPHMEHSUTM pEXpoMarorpaduio ¥ MPENapaTHBHYI0 TOHKOCIOWHYIO XpoMmarorpaduro.
B pesynprare mpenapaTuBHOH TOHKOCIOWHOW XpomaTtorpadguu ObpuT  BbENeH ¢uaBoHonn 5,7,4'-
Tpuruapokcu-3'-merokcudnaBon (coemunenne 1). Xumudeckas cTpyktypa | OblUia yCTaHOBIEHa IO
CIIEKTpaJIbHBIM JaHHBIM. [JlaHHbIi (raBonoun u3 storo Buzaa Chondrilla 6su1 Beinenen Brnepsbie. OHO OBLIO
MOABEPTHYTO JOKUHI HCCIeNOBaHUIO. [IpM 3TOM BemIECTBO MOKAa3aj0 XOPOIIYI0 OSHEPrHIO0 CBS3H
—6,22 KKaJ/MOJb, @ SHEPTHUS CBA3U 3TAIOHHOW MOJIEKYJIBI COCTaBUIIA —7,83 KKaJl/MOJIb.

Knroueswie cnosa: Chondrilla brevirostris, Asteraceae, sxcrpakuus, kojgoHo4Has xpomarorpadus, I[TTCX,
BbIIEIIEHHE, (DIABOHOM/, CTPYKTYpa, CIIEKTPOCKOIIHS, IOKUHT UCCIIEI0BAHHUE.
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Study of thermal stability and determination of effective activation energy values
during degradation of unsaturated polyester copolymers in the air atmosphere

The study of the kinetic parameters of copolymers based on polyethylene glycol fumarates, as well as the exter-
nal and internal effects on them, is essential for production processes at various levels. This will solve a whole
range of issues in the field of the shelf life of materials and storage conditions. All these point to the relevance of
this research. The authors of the research attempt to test the most common thermogravimetric data processing
methods and to improve them in terms of the quality of the predictive capabilities of the resulting regression
equation. Both of them are important for the production of initial components and the manufacture of the final
product from the studied materials. Therefore, the study and further use of the numerical data of the TG/DTA
curves applies to both theoretical and practical branches of science. Thus, summarizing the experimental data on
the thermal stability studies, we assume that p-EGF: AA copolymers with compositions of 21.03:78.97 and
68.96:31.04 wt.% have a relatively high degree of resistance to heating. It was found that the calculation by the
FR method agreed well with the results of the KAS method. It should be noted that for the p-EGF: AA copoly-
mer (21.03:78.97 wt.%) at heating rates of 5.0, 10.0, 20.0 °C-min %, the average activation energy data obtained
for two methods increase in the following series: EKAS =187.34 kJ /mol < EFR =200.17 kJ/mol.

Keywords: thermogravimetry, thermal analysis, kinetic parameters, copolymers, polyethylene glycol
fumarate, acrylic acid, activation energy, polyesters.

Introduction

Previously, we have developed methods for producing unsaturated polyester resins [1]. By implement-
ing radical co-and terpolymerization of ionic monomers, a number of cross-linked polymers with a mesh
structure were obtained, which can be used as hydrogels in vegetable crops. Also, the main Kinetic parame-
ters of the decomposition of some of the above copolymers were identified using differential and integral
methods [2, 3]. The research result showed the practical value of this technique. It should be noted that, be-
fore our study, the process of studying the thermal stability of unsaturated polymers had not yet been consid-
ered by experts.

An integral part of the research is that no domestic or international professional literature has yet been
developed that allows the most accurate prediction of the composition of polymeric materials and their kinet-
ic properties. Determining the properties of kinetic polymers is a complex process in which many external
factors have to be considered, especially thermal exposure, which requires significant time, material and
physical cost. With the help of data, the prediction accuracy will increase, and the process itself will become
less costly and time-consuming.

The main purpose of this work is to conduct a thermal analysis [4] of unsaturated polyester resin copol-
ymers of various compositions in the atmosphere and to interpret the kinetic parameters obtained as a result
of mathematical processing of thermogravimetric data.

Experimental

The study of the thermal decomposition of the copolymer of polyethylene glycol fumarates with acrylic
acid was carried out on a differential scanning calorimeter LABSYS™ EVO 1600 °C SETARAM, (France)
in dynamic mode in the temperature range of 30-1000 °C at heating rates 5.0, 10.0, 20.0 °C-min in the puri-
fied air environment, at a speed flow 30 mL/min. The device calibration for thermogravimetric studies and
heat flux was performed according to CaCOsz and In (Indium) standards, respectively.
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As arule, the differential kinetic equation for the thermal decomposition process can be written as follows:

In(Bg—_(;j ~ In[ Af (a)]—% )

The expression on the right side of the equation contains an exponential function and this expression
cannot be represented as an analytical function. The solution can be the search for some approximation [5].
In practice, the most common way to overcome this difficulty is to use the following methods:

a) The Friedman method (FR) [6] is considered a “model-free” method, since f(a) is not explicitly spec-
ified.

b) The main equation of the Kissinger-Akahira-Sunose (KAS) method [7, 8] is as follows:
In(B/T?)=In[ AE/(Rg(at))|-E/RT

The choice of methods is due to the possibility of comparing the activation energy obtained by differen-
tial and integral methods, which makes it possible to assess the validity of the assumptions made when deriv-
ing these equations. The results of the FR and KAS methods are systematized in Table 1 the graphical inter-
pretation is shown in Figure 3.

Results and Discussion

In this work, the objects of study were previously synthesized copolymers of polyethylene glycol
fumarate with acrylic acid with compositions of 21.03:78.97 and 68.96:31.04 wt.%. Figure 1 demonstrates
the results of thermogravimetric analysis of these copolymers.

2
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01 \J\‘_ .

80 24
$ =
= E 4]
£ 60 X
o O ]
= E -6

©
40 1 l
-8 |
] |
20
-10 + \ —— 21.03:78.97 Wit %
N —  68.96:31.04 Wt. %
T T T T '12 T T T T
0 200 400 600 800 100( 0 200 400 600 800 1000
Temperature, °C Temperature, °C

Figure 1. Dependences of samples mass on temperature (a) and mass change rate (b)
of p-EGF:AA copolymers at a heating rate of 10 °C/min

Figure 1 indicates the thermograms of copolymers of p-EGF:AA composition 21.03:78.97 and
68.96:31.04 wt.%. It is shown that the copolymers of p-EGF:AA (21.03:78.97 and 68.96:31.04 of the wt.%)
are resistant to 1000.0 °C, while the copolymers are observed exothermic effect Tinitia = 277 + 0.1 °C (at
386 °C) for p-EGF:AK (21.03:78.97) and Tinitias = 265.0 = 0.1 °C (at 375.0 °C). The low-temperature peak is
associated with the cleavage of crystallization water, the second peak is explained by the destruction of the
main chains, which proceeds by random rupture model. The p-EGF:AK copolymers composites 21.03:78.97
and 68.96:31.04 wt.% (Figure 1, b) are resistant at 1000.0 °C, from 10 % to 15 % weight loss at 200.0 °C.
The residual weight is 58-60 %.

Table 1
Thermogravimetric data for copolymers 21.03:78.97 and 68.96:31.04 wt.%

Copolymer Tinitial(°C) Tpeak(°C) Ttinai(°C)
21.03:78.97 wt.% 277 386 472
68.96:31.04 wt.% 265 375 470
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To determine the activation energy of the thermal decomposition process, the main stage of the copol-
ymer decomposition was chosen (Figure 1b). Figure 2 (a, b) shows the decomposition degree.
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Figure 2. Dependence of conversion degree a on temperature of p-EGF:AA copolymers 21.03:78.97 (a)

and 68.96:31.04 (b) at different heating rates

As can be seen from Figure 2, the calculated values of the degree [9] of transformation have a similar
conversion nature. However, there is a delay in the decomposition process with an increasing heating rate.
This can be seen from the shift in the initial temperature from 300 °C to 330 °C for lower and higher heating
rates, respectively. Kinetic parameters obtained from the slope and intersection of the straight lines are pre-
sented in Table 1; graphical interpretation is shown in Figure 3.
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Figure 3. Graphical dependences of Kissinger-Akahira-Sunose (a, b) and Friedman (c, d) equations
for the p-EGF:AK copolymer at 21.03:78.97 and 68.96:31.04 wt.% ratios

88

Bulletin of the Karaganda University



Study of thermal stability and determination of effective ...

The curves (Figure 3) obtained by the KAS and FR methods for p-EGF:AA copolymers at 21.03:78.97
and 68.96:31.04 wt.% ratios are linear, which means that both methods provide reliable results regarding
their thermal decomposition kinetics. The conclusion further [10] is supported by the fact that the activation
energies calculated by both methods agree relatively closely (Table 1). This experimental result suggests that
both the composition and, most importantly, the ability of NPS (polyethylene glycol fumarate) to form co-
polymers with acrylic acid (AA) play an important role in determining the thermal degradation kinetics of p-
EGF: AA copolymers. The fact that in the FR method [6] (model-free analysis) f(a) is a constant value,

while the logarithm of the conversion rate In[B(da /dT )] is considered as a function of the corresponding
temperature at any fixed value of a. In contrast, in the KAS method [7, 8] (integral method), the determina-
tion of Kkinetic triplets is based on determining the temperature (T) corresponding to a certain, derivatively
chosen value of the degree of conversion () at various heating rates (). Analysis of the obtained results

(Figure 4) led to the conclusion that the FR and KAS methods make it possible to determine the kinetic char-
acteristics of the decomposition of p-EGF:AA copolymers.
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Figure 4. Activation energies according to Kissinger-Akahira-Sunose (KAS) and Friedman (FR)

Comparing the data (Figure 2) from the KAS and FR approaches, it can be noted that the results for ac-

tivation energies are similar. Nevertheless, the first method (KAS) provides activation energies ( E ) values
which are10 % lower than those of the FR method. This makes sense because these methods are based on
relatively different approximations. However, the FR equation provides more reliable and accurate results
than the KAS equation [11].

Conclusions

The thermostability and thermal decomposition kinetics of copolymers of polyethylene glycol fumarate
with acrylic acid (21.03:78.97 and 68.96:31.04 wt.%) were first studied by thermogravimetric analysis
(TGA) and differential thermogravimetry (DTG). A new direction of application in the identification of co-
polymers, as well as in the development of production technology [12] and safe disposal of macromolecular
substances based on NPS (polyethylene glycol fumarate), was investigated. These parameters were deter-
mined based on FR and KAS methods, which have good convergence. It was shown that thermostability de-
creases in the following order: p-EGF:AA (21.03:78.97) > p-EGF:AA (68.96:31.04). Based on the study of
TG/DTG curves for copolymers of polyethylene glycol fumarate with acrylic acid of two different composi-
tions 21.03:78.97 and 68.96:31.04 wt.%, it can be assumed that these compounds have a relatively high de-
gree of heat resistance. Under the influence of oxygen, the copolymers are completely decomposed to high
temperatures without a carbon residue. It was also found that the copolymer with a high content of polyester
resins exhibits less activity.
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Aya atmocdepachbIHIaFrbl KAHBIKIIAFaH MOJUIGUP conomMepJiepiHiH
Aerpagaumschbl Ke3injae :KblL1y TYPAKTBLIBIFBIH 3€PTTEY
’KOHE AKTUBTEH/IIPY IJHEPIrUsiCbIHbIH THIM/I MOH/IEPiH AHBIKTAY

TomuaTinerrmukonspymapar HETi3iHIAETi COMOJIMMEpIEPAiH KHHETHKAIBIK KOPCETKIITepi, COHIai-ak,
oNlapFa iMIKi JKOHE CHIPTKBI oCcep €Ty CalachIHIAFBI 3epTTEyJiep op TYPJIi ACHTeHIeri eHaipicTiK mpouecTep
YIIiH erTe MaHp3ABL. byn MarepmangapiblH KapaMIbUIBIK Mep3iMi MEH OnapAbl CakTay MapTTapsl
caslaChIHIarbl OipKaTap Moceseep i memreai. MyHbIH 09pi OCHI 3epTTeyIiH 03eKTiIiriH kepeeTeni. XKympicta
TEpMOTPaBUMETPHSUIIBIK IePEKTepAi OHJIEYIH KoHE OoJlap/iaH aJIbIHFaH PErpecCHsUIBIK TEHJCYIiH O0IDKaMIbI
MYMKIHJIKTEpiH camachkl TYPFBICBIHAH JKETUINIPY/iH KeH TapaifaH oJICTepiH TeKcepyre opeKeT jKacayFaH.
CoHbIMEH Karap, Oyl KepceTkimTep OacTanmKpl KOMIIOHEHTTEpHl OHIIpy YLIH Je, 3epTTeleTiH
MaTepHangapAaH TYNKUTIKTI eHiMIl jkacay yiniH ae ete maimansl. ConapiktaH TI/JJTA KHCBIKTapbIHBIH
CaHABIK JIEPEKTEPiH 3epTTey KoHE OJaH opi Kapal maijanaHy FBUIBIMHBIH TEOPHSIIBIK JKOHE IPAKTHKAJBIK
cajajapsl YIIiH MaHb3BI Oap. Ocbutaiiiia, TEPMUSIBIK TYPAKTBUIBIFBIH 3epTTey OOMBIHINA KCHEPHMEHTTIK
JIepeKTepai SKMHAaKTail  oTeIpem, Kypambsl 21.03:78.97 xome 68.96:31.04 OGomarerH n-OI'®:AK
COTIONIMMEPIIEPiHIH KBI3ABIPYFa TO3IMALIITIH CalBICTRIPMANbI TYpJe JKOFaphl Jopekere Me Ien OOmKaHaIbl.
Conpaii-ak, ®P amici GoiibiHina ecenteynep, KAC aniciHiH ecentey HATHXENEPIMEH JKaKChl CoHKeCeTiHir
anpikTanael. 1-O0®: AK cononumepi ymin (21.03:78.97 macc. %) 5.0, 10.0, 20.00 C. mun. xp3abIpy
KBUITAMIBIFBI Ke3iHJe aKTHBTCHIIPY SHEPruschl OOWBIHIIA aJbIHFAH OpTalla JepeKTep eKi oic yIuiHae
MbIHA KaTap/a apTaJibl: Exac= 187.34 kJx/MomB <Eop=200.17 kJk/MOJIb.

Kinm ce30ep: TepMOrpaBUMETpHs, TEPMUSAIBIK aHAJIM3, KUHETHKAJBIK IapaMeTpiiep, COMOIMMeEpIep,
HOJIMATHICHIIMKOIb(YMaparT, aKpUJT KbIIIKbUIBI, aKTUBTSHIIPY YHEPIUSICHL, OIHI(UpIep.
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A K. Capcenbexosa, A.H. bonar6aii, B.B. MopryHs,
. Xasmuek, C. K. Jlaepenoekos, E. Hacuxatyibt

HN3y4yenne TepMuyecKoi CTa0MJIBHOCTH U onpeaeaeHue 3¢ GpeKTHBHBIX
3HAYeHHMH YJHEPIruH AKTHBALMH NPH JAerpaJjaluu CONoJIHMEpPOB
HEHACBILEHHBIX 013} uUpoB B aTMocdepe Bo3ayxa

HccnenoBanus B 001aCTH KMHETHYECKUX IOKa3aTelel CONMOJIMMEPOB Ha OCHOBE ITOJMITIIICHITIMKOIb(pYMa-
paToB, a TaKKe BHEIIHErO W BHYTPEHHETO BO3JCHCTBUS Ha HUX OYCHb Ba)XKHBI JUISI IPOU3BOACTBEHHEIX IPO-
[IECCOB CaMOT0 Pa3IMIHOTO YPOBHSA. JTO MO3BOJHUT PEUINTH LIENBIH CIIEKTP BOIIPOCOB B 00JIACTH CpPOKa TOJI-
HOCTU MaTepuajoB U YCIOBHH MX XpaHeHHsA. Bce 3To ykas3bIBaeT Ha akTyallbHOCTb JaHHOTO HCCIIEJOBAHUS.
B craThe mpennpuHATa MOMBITKA IPOBEPKU HanOoJIEe PacCIPOCTPAHEHHBIX METOA0B 0OPabOTKH TEpMOTpaBH-
METPUYECKHUX JAHHBIX U MX COBEPLICHCTBOBAHUS C TOUKH 3PEHUS] KAaueCTBA MPOTHO3HPYIOIIUX BO3MOXKHO-
CTell TTOJTyJaeMOro perpecCHOHHOTO YpaBHEHHA. B To ke BpeMs JaHHbIE MTOKA3aTeNN OYEeHb Ba)KHBI KaK IS
MPON3BOJICTBA UCXOHBIX KOMIIOHEHTOB, TaK M JUIS M3TOTOBJICHHS! KOHEYHOTO TIPOIYKTa U3 MCCIeIyeMbIX Ma-
Tepuasio. [lo3TOMy HcciieIoBaHAE U JadbHEHINIEe HCIOIF30BaHNAE YNCIOBBIX TaHHBIX KpuBbIX TI//ITA mme-
€T aKTyaJbHOe 3HaYeHHe Kak Ul TEOPETHYECKOH, Tak | Ul IPaKTHIecKoH oTpacieil Hayku. Takum ob6pa-
30M, 000011ast SKCIIEPUMEHTAIBHbIE JaHHBIE 110 H3YYSHUIO TePMHIECKOH CTaOMIBHOCTH, aBTOPHI MIPUXOJIIT K
BBIBOZY, 4T0 cononuMepsl I-OI'D: AK cocraBom 21.03:78.97 u 68.96:31.04 macc, % 06magatoT OTHOCHTEIb-
HO BBICOKOH CTENEHBIO YCTOHYMBOCTH K HarpeBaHHio. Kpome Toro, ObIIO YCTaHOBIECHO, ITO, PACCUHTaHHBIE
o metoxy ®P xopomo cornacyroTes ¢ pe3yiabpTaTaMu pacyera ¢ mpumeneHneM meroga KAC. Crenyer otMme-
TUTh, 4To s comomuMepa m-OI'®:AK (21.03:78.97 macc, %) mpm ckopoctsix Harpesa 5.0, 10.0,
20.0 °C-mun'noNTyYeHHbIE Cpe/IHUE JaHHBIE TI0 SHEPTHH AKTHBALMH YBEJIMUMBAIOTCS IS JBYX METOJIOB B
cnenytoreM pany: Exac=187.34 k/lx/monb <Eop= 200.17 kJ[#/MOJb.

Kniouesvie cnosa: TepMOTpaBUMETpHs, TEPMUIESCKUN aHAIN3, KHHETUYECKHE MapaMeTphl, COMOIUMEPEL, II0-
JIMATUIICHIIIMKOIIb(yMapaT, akpuiIoBast KHCIIOTa, SHEPTUs aKTHBALNH, TIOIHI(QHUPEL.
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Synthesis and study of a new mixed-layered compound GeBisTes
belonging to the nBi.—mGeBi>Tes homologous series

In light of the structural properties of tetradymite-like layered chalcogenide compounds, the mixed-layered
compound GeBisTes was predicted and synthesized for the first time, which belongs to the nBi-—mGeBizTes
homologous series in the Ge-Te-Bi system. A polycrystal of a new phase was synthesized, and its single crys-
tal was grown by the Bridgman-—Stockbarger method. The obtained samples were investigated by differential
thermal analysis (DTA) and powder X-ray diffraction (XRD). It was found that the compound melts peritec-
tically at 563 °C and has a rhombohedral lattice-type structure with the following lattice parameters: a =
43625 (5) A, c = 31.381 (2) A (sp. gr R3m). The crystal structure of the layered van der Waals compound
GeBisTes consists of a repetition of seven-layer GeBiz2Tes packets and two-layer Bi packets in the form of -7-
2-7-7-2-7-7-2-7- which differ from the previously discovered GeBisTes phase, which consists of unit cells
from only one seven-layer packet. The discovery of a new mixed-layered compound indicates the possibility
of the formation of similar compounds in AV-BV-Te (A!Y = Ge, Sn, Pb; BY = Sb, Bi) systems.

Keywords: Ge-Bi-Te ternary system, nBi—mGeBi2Tes homologous series, GeBisTes, GeBisTes, tetradymite-
like structure, Bi-bilayers, crystal structure, topological insulators.

Introduction

In recent years, researchers have intensively studied the members of the homologous series (A™Te)q(
B} Tes)m (A" = Ge, Sn, Pb; BY = Sh, Bi) due to their extraordinary properties. These tetradymite-type lay-
ered ternary phases are potentially attractive thermoelectric materials with low thermal conductivity
[1-6]. In addition, homologous members of (A'VTe)n(B) Tes)m have been confirmed as three-dimensional
topological insulators (T1) [7-11], which gave impetus to the study of the AV-BY—Te systems and the search
for new layered compounds in the indicated systems. Since topological insulators can demonstrate many ex-

otic properties, scientists believe that these materials have a huge perspective in the use of spintronics, quan-
tum computers, medicine, protection systems, etc. [12-15].

An interesting feature of the Ge-BV-Te systems is that compounds belonging to the nGeTe- B} Tes ho-

mologous series are formed in the AV-BY-Te systems in addition to A™VTe-m B} Tes homologous series. The
crystal structure of Bi,Tes-rich and GeTe-rich members of nGeTe-mBi.Tes differ significantly from each
other due to their structures [16-19]. The ternary compounds with GeTe-rich phase made up of identical
slabs in which introduction of one GeTe bilayer unit to seven-layer packed increases the number of layers by
two, giving 9-, 11-, and 13-layer slabs (Ge.Bi,Tes, GesBi>Tes, and GesBi,Tez) [20]. Compounds with a high
Bi,Tes content are also built of two types of slabs: Seven-layer packets typical to GeBi,Tes, which comprises
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four anionic and three cationic layers and five-layered tetradymite. The general formula for these mixed lay-
ers can be written as nGeBi,Tes-mBi,Tes, where n and m are the numbers of seven-layer and five-layer pack-
ets per unit cell, respectively. The slabs are bonded with each other by weak van der Waals forces.

The existence of another type of mix-layered compounds belonging to nB; ‘m B} Xs homologous se-
ries is also confirmed [21-23]. The crystal structure of this type of homologous series consists of repeating
five-layered BY X3 and two-layered B packets connected by the van der Waals forces that are stacked along

the c axes in an ordered manner.
Analysis of the literature shows that in the AV-BY-Te systems, along with the homologous series

(AVTe)n( B} Tes)m, there also exist ternary phases corresponding to the nB) —m A"B} Tes homologous se-

ries. The formation of such kinds of members is confirmed in numerous works: SnBisTes [24], GeShsTes
[25], and GeBisTes [26]. The existence of these compounds, in particular GeBisTes, increases the probability
of formation of other members of nBi.—mGeBi>Tes homologous series in the Ge-Te-Bi system. Considering
foresaid, in this paper, for the first time, a new van der Waals type of mixed-layered compound
Bi,2(GeBi,Tes) was synthesized and studied, which comprises seven-layer GeBi.Tes packets and two-layer
Bi packets repeating along the c axis in the form of -7-2-7-7-2-7-7-2-7-.

Experimental

For synthesis GeBisTes compound, high purity elements Ge (99.999 %, Alfa Aesar), Bi (99.999 %, Alfa
Aesar), and Te (99.999 %, Alfa Aesar) (Table 1) were melted in a quartz ampoule according to stoichio-
metric amounts under the vacuum condition (10~ Pa) at 800 °C for 3 hours and quenched in ice water. Then
annealing was carried out at 450 °C for 1000 h to reach an equilibrium state. In the second part of the work, a
single-crystal sample with GeBisTes composition was grown by the vertical Bridgman—Stockbarger method.
For this, a quartz ampoule with a conical bottom was sealed (1072 Pa) and passed through the hot zone
(650 °C) of the two-zone furnace into the cold zone (450 °C) at the 1.0 mm/h speed. As a result, bulk single-
crystal ingots 2.5 cm in length and 0.8 cm in diameter were grown by the vertical Bridgman—Stockbarger
method. The obtained samples were investigated by DTA and XRD methods.

X-ray diffraction analysis was performed at room temperature in the range 20 = 5-75 degrees on a
Bruker D2 PHASER diffractometer (CuK,; radiation). The “NETZSCH 404 F1 Pegasus” system was used
for differential thermal analysis. DTA of the annealed alloy was carried out from room temperature to
800 °C with a heating and cooling rate of 5 °C min™t. The crystal lattice parameters were calculated using the
TOPAS V3.0 program.

Table 1
Information about initial elements
Element CAS number Source Purity Form
Germanium 7440-56-4 Alfa Aesar 99.999 % Pieces
Tellurium 13494-80-9 Alfa Aesar 99.999 % Lump
Bismuth 7440-69-9 Alfa Aesar 99.998 % Polycrystalline lump

Results and Discussion

The polycrystalline sample of GeBisTes was analyzed by powder X-ray diffraction method and ob-
tained XRD patterns were compared with bismuth, GeBi.Tes, and GeBisTes (Figure 1). XRD pattern of
GeBi4Ted was taken from [26]. Comparison of diffraction lines of the synthesized polycrystalline sample
with the bismuth, GeBi,Tes, and GeBisTes data shows that new diffraction lines appear on the diffraction
pattern of the GeBisTes sample. Using TOPAS V3.0 software, the XRD result of the new phase was indexed
and identified as a GeBiszTes compound with a tetradymite-like layered structure and has the lattice parame-
ter values a = 4.3625 (5) A, ¢ =31.381 (2) A (sp. gr R3m1).
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Figure 1. PXRD patterns of Bismuth, GeBi,Tes, GeBisTes, and GeBisTes

In Figure 2, the Rietveld refinement profile for the new synthesized GeBisTes phase was shown. It is
seen that all peak positions of the PXRD pattern are perfectly indexed with calculated lattice parameters.
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Figure 2. PXRD pattern for the GeBisTes

Analyses performed on the cleaved surface of the single-crystal sample, obtained by the Bridgman-—
Stockbarger method (nominal composition of GeBisTes), show that crystal comprises several phases along
with the sample (Figure 3). The XRD results show that the primary crystallization phase is GeBisTes, then
comes a mix of two phases GeBisTes and GeBisTes, and finally pure phase of GeBisTes. Subsequent research
shows that no other ternary mixed-layered compounds were found.
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Figure 3. XRD pattern of a sample from the cleaved surface of the single-crystal a) GeBisTes, b) GeBisTes + GeBisTes,
c) GeBisTes

The novel synthesized compound belongs to the tetradymite-type layered structure family where crystal
structure consists of stacked together two rocksalt-type septuple blocks of Te-Bi-Te-Ge-Te-Bi-Te (GeBi,Tes,
sp. gr R-3m) and bismuth bilayer Bi-Bi (Figure 4) repeating along the ¢ axis. Each atomic layer is strongly
bonded with each other by covalent bonds, while weak van der Waals forces exist between blocks.

Figure 4. Crystal structure of GeBisTes
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Figure 5 shows DTA results of the newly synthesized GeBisTes phase which was analyzed from the
powder sample. As can be seen, two endothermic effects are observed in the thermogram. The first and in-
tensive endothermic effect noted at 563 °C belongs to the peritectic decomposition of the GeBisTes com-
pound, while the second endothermic effect at 585 °C refers to the end of melting. No additional effects are
detected in DTA analysis which confirms that the synthesized sample is phase pure and does not contain any
traces of other phases alongside GeBisTea.
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Figure 5. Heating thermogram of the GeBisTes phase

Finding one more compound alongside GeBisTes in nBi.-mGeBi,Tes homologous series opens to re-
searchers great opportunities for searching new mixed layered ternary compounds in another homologous

series such as nBY -mA"VB] Te; and nB) -mA}'B; Tes. New ternary materials with more complex and
long-period mixed layered structures will potentially show more extraordinary properties.

Conclusions

In this paper, for the first time, the mixed-layered compound GeBisTes was synthesized and analyzed
which belongs to nBi,-mGeBi,Tes homologous series in the Ge-Te-Bi system. Novel ternary compound
melts peritectically at 563 °C and crystallizes: a = 4.3625 (5) A, ¢ =31.381 (2) A (sp. gr R3m). The structure
of the novel phase is consists of a repetition of seven-layer GeBi,Tes and Bi bilayer packets in the -7-7-2-7-
7-2-7-7-2- form. Finding a second ternary compound in nBi, — mGeBi,Te, increases the probability of the
existence of other mixed-layered ternary compounds in nBY-m A"B} Tes homologous series. Synthesized

novel phase has potential application as topological insulators.
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®.P. Anmues, D.H. Opymxiy, [1.M. baGannbt

NBi—mGeBi>Tes roMoJiorThIK KaTapbiHa skatathiH GeBisTes
JKAHA apajiac-KaTnapJbl KOChUIBICTAPBIH CHHTE3/IEY JKIHe 3epTTey

BypeaHan Oenrini TeTpagMMHT Topi3mi KabaTTacKaH XaJIbKOT€HHATI KOCBUIBICTAPIBIH KYPBUIBIMIBIK
KacueTTepiH eckepe oThIpsn, Ge-Te-Bi xkyitecinne NBiz—mGeBiz2Tes roMonorTeIk KatapbiHa jKaTaThlH jKaHa
TeTpaIUMHUT Topi3ai apanac-karmapisl GeBisTes kocbuibichl Gomkanbin, cuHTeszenai. JKana daszamnbik
MOJMKPHUCTAl CHHTE3JENIN, OHBIH MOHOKpHcTansl bpurman—CrokOaprep omiciMeH aibIHIBL AJIBIHFaH
yiarinep auddepentmanasl tepmusiislk tangay (JITT) xoHe pentrenaikdaszansik tangay (POT) apkpuisn
seprrenai. Kocvuieic 563 °C  TemmepaTypaga MNEpUTEKTUKAIBIK OAalKUTBIHBI aHBIKTANABl JKOHE TOP
napaMeTpiepiHiH MbIHamai MoHzepi 6ap: a = 4,3625(5) A, ¢ = 31,381(2) A (sp. gr R3m). GeBisTes Ban zep
Baanbc KaTmapisl KOCBUIBICEIHBIH KPUCTANIBIK KYPBUIBIMBI KabatThl -7-2-7-7-2-7-7-2-7- typinzgeri GeBizTes
JKeTi KabaTThl makeTTepi MeH Bi exi KaOaTThl makeTTepiHiH KaWTaigaHyblHaH Typaasl. On OYpbIH alIbuFaH
3JIEMEHTApIIBl YAIIBIKTA TeK Oip FaHa ’KeTi KabaTThl akeTTi Oipiik yambIkTaH TypaThlH GeBisTes dazacrHan
Gackamra Gosnasel. JKaHa apanac-kabarThl KOChUTBICTBIH amibutysl AIV-BV-Te (AIV = Ge, Sn, Pb; BV = Sbh,
Bi) xxyifenepinae ykcac KOCBUIBICTApBIH O0IyBl MYMKIHIITIH K@pceTeTi.

Kinm ceo30ep: Ge-Bi-Te ymrik skyiteci, nBi>—mGeBi2Tes romonorusibik xarap, GeBisTes, GeBisTes,
TETPAIMMHUTTIPI3/I KYphUIbIM, Bi-OnKkadarTap, KpUCTAIIBIK KYPBUIBIM, TOTIOJIOTHSIIBIK H30JIATOpIIAp.

®.P. Anues, 3.H. Opymxiy, J[.M. baGanms

CuHTe3 U HCcJIeI0BAHHE HOBOTO CMEIIAHHO-CJIOMCTOr0 COeTMHEeHHS
GeBisTes, npunamnexamero k NBi.-mGeBi, Tes romosnornueckomy psiay

VY4uTEIBas CTPYKTYPHBIE CBOMCTBA YK€ M3BECTHBIX TETPAJAUMHUTOIONOOHBIX CIOUCTBIX XaJIbKOT€HHIHBIX CO-
enuHeHni, B cucreme Ge—Te—Bi ObUIO IpeacKa3aHO W CHHTE3MPOBAHO HOBOE TETPAJMMHUTONONOOHOE CMe-
manHo-cioucroe coequuenne GeBisTes, otHocsmeecss k NBi—mGeBi2Tes romonornyeckomy psiay. Ilomu-
KPHCTAJUT HOBOM (ha3bl OBUT CHHTE3UPOBAH, a €r0 MOHOKPUCTAILT BhIpaleH MeToaoM bpurmana—Ctokbaprepa.
Ilonmyuyennsie 00pasiel nccnenoBamu MetogaMu auddepenmansaoro repmudeckoro ananmsa (ATA) u penr-
rerodazoBoro ananmmza (POA). beuto 0OHapykeHO, YTO COCAWHEHUE TUIABUTCS MEPUTEKTHYCCKU TPH TEMIIe-
parype 563 °C u mMeeT cleAylOIINe 3HAUCHHA mHapaMeTpoB pemerku: a=4,3625(5) A, ¢=31,381(2) A
(sp. gr R3m). Kpucrammdeckasi CTpyKTypa CIOUCTOTO coequHeHust Ban-nep-Baansca GeBisTes cocrout u3
MOBTOPEHHUS] CEMUCIIOHHBIX makeToB GeBi2Tes u nByxcnoiHbIX nakeroB Bi B dpopme -7-2-7-7-2-7-7-2-7-, Ko-
Topasi OTIMYACTCS OT OOHapy)KeHHOM paHee (a3el GeBisTes, cocTosImei B 3IeMEHTapHOH siueifke BCEro JHIIh
U3 OJTHOTO CEMHCIIOHHOro makera. OTKPBITHE HOBOTO CMEIIAHHO-CIIONCTOTO COCIMHEHHs YKa3bIBaeT Ha BO3-
MOYKHOCTB CYIIECTBOBaHHeE M0A00HbIX coemunennii B A'™V-BV-Te (AlY = Ge, Sn, Pb; BY = Sb, Bi) cucremax.

Knroueswie cnosa: tpoitnas cucrema Ge—Bi-Te, romonoruueckuii psia NBi>-mGeBizTes, GeBisTes, GeBiaTes,
TETPAIMMHUTONIONO0HAS CTPYKTypa, Bi-Onciion, Kpuctamieckas CTpyKTypa, TOTONOTHIECKHE U30JIATOPEL.
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Assessing polyacrylamide solution chemical stability
during a polymer flood in the Kalamkas field, Western Kazakhstan

During a polymer flood, the field operator must be convinced that significant chemical investment is not
compromised at the early stages of polymer injection. Further, dissolved oxygen in the viscous polymer solu-
tion must be controlled at a safe level, where viscosity loss will be insignificant. Under anaerobic conditions,
the hydrolyzed polyacrylamide (HPAM) solution is stable even if iron ions are present in the process water.
Thus, in the field operation, introduced oxygen and existing iron ions will cause an enormous viscosity de-
cline. The geochemical calculation reveals that dissolved oxygen can rapidly deplete after entering Kalamkas
formation. This paper confirms this prediction through a combination of laboratory measurements and field
observations. This study is based on rheology measurements of polymer solutions and produced fluid from
the offset production well associated with the Kalamkas oilfield in Western Kazakhstan. Comprehensive
analysis confirms no viscosity loss at the surface facilities during polymer preparation and injection at a Pol-
ymer Slicing Unit and significant viscosity loss at an Eductor-type unit caused by oxygen introduced during
polymer solution preparation. However, even introduced high dissolved oxygen levels that degrade polymer
at the surface can be rapidly depleted during contact with the formation, thereby promoting polymer chemical
stability in the reservoir.

Keywords: polyacrylamide, polymer solution, chemical degradation, polymer flood, iron, oxygen, viscosity,
injection.

Introduction

During a typical polymer flood, a high-molecular-weight partially-hydrolyzed polyacrylamide (HPAM)
considerably increases viscosity for the injected water, thereby reducing the water-oil mobility ratio and im-
proving reservoir sweep efficiency [1]. However, HPAM solutions can experience significant viscosity losses
through mechanical and oxidative degradation [2-11]. Because chemical floods commonly involve a huge in-
vestment in polymers, it is critical to have confidence that the polymer is not degraded while being injected into
the reservoir. Thus, any polymer degradation (and consequently reduced solution viscosity) can incur a sub-
stantial investment loss, and minimizing polymer degradation is a key to successful polymer flooding. Most
Kazakhstan oil fields formation water (including the Kalamkas field) have high salinity and iron content.
Commonly, those oil fields have no alternative fresh or low salinity (i.e., without iron content) water source
similar to Daging [12] or Milne Point [13]. The HPAM solution at sealed and anaerobic conditions is stable if
iron ions exist in the process water [6]. Therefore, a sealing system for a polymer injection unit is crucial.

Nevertheless, in a field application, controlling dissolved oxygen content at the “zero” level is challeng-
ing. The study [6] suggested that 200 ppb oxygen is the highest value, where viscosity losses will be insignif-
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icant. In contrast, [9] found that 46 ppb can lead to 10 % viscosity loss. Based on the geochemical calcula-
tion and laboratory experiment, [5] revealed that high dissolved oxygen content (which can be introduced
during polymer solution preparation and injection) after entering the sandstone with 1 % pyrite (FeS;) — as
in the case of Kalamkas formation — can rapidly be depleted. On the other hand, lower dissolved oxygen
content leads to higher polymer chemical stability, and the “zero” (undetectable) level is an ideal case. So
how much-dissolved oxygen will be feasibly acceptable in a real field setting? A significant part of this paper
is dedicated to testing and confirming those predictions in a field application at the Kalamkas polymer pro-
ject. This confirmation required developing a special method to back-produce polymer solutions without fur-
ther mechanical or oxidative degradation.

The Kalamkas Qilfield and Polymer Flood Review

The research in this paper is associated with the Kalamkas oilfield discovered in 1976. The field has
been developed commercially since 1979 [14]. The brownfield Kalamkas oilfield has reached high water cut
and non-uniform oil depletion, which is caused by a high difference in the mobility of water and oil [15]. The
oil viscosity is over 16 cp at reservoir temperature (38—43 °C). Under these conditions, the application of
polymer flooding is essential to increase oil recovery.

Pilot projects have been conducted in the West part since September 2014 and in the East part of the
field since March 2015. These pilots use two types of polymer preparation and injection units having differ-
ences. Both units use polymer powder. The first unit uses the Polymer Slicing Unit (PSU) to dissolve poly-
mer powder into water. This PSU reduces the polymer particle size to a uniform and allows for significantly
higher polymer concentrations [16] up to 1.5 % or 15 000 ppm. In this unit, a polyacrylamide powder inlet is
at the upper part to supply polymer by gravity force (positive pressure) to the screw pump and PSU. The unit
is completely isolated from air by a nitrogen blanketing system (Fig. 1). The second one is the eductor-type
unit. This conventional eductor works on the Venturi principle, and polymer powder is supplied by air injec-
tion. There is no action to isolate air from the unit (Fig. 2). After initial dissolution with these units, this pol-
ymer and water mixture flow to maturations tanks to achieve the mother solution’s target viscosity. The time
to fully dissolve the polymer in water for the PSU is ~45 minutes and for the eductor-type is ~3 hours. The
next step is mixing the mother solution with brine to achieve the target viscosity, and then it is transferred by
a low-shear pump to the injection well. An individual pump was used for each injection well. The PSU was
used for the two West injectors and the seven injectors’ East extension. The other four wells were supplied
by the eductor-type polymer unit. Two types of commercially available HPAM were used for the West and
East projects.

Polymer Inlet
Polymer

Polymer Injection Well

D Mother
\ Solution
Dilution,

= e e
|| BT || BT

Maturation Tank Pump
(mother solution)

Figure 1. Main components of the polymer slicing unit (PSU)

The field oil pay zones are concentrated at Jurassic deposits, and Cretaceous deposits have massive gas
and water reservoirs (Fig. 3). Cretaceous brine is used in the polymer-solution injection process (preparing
the mother solution and diluting the target concentration). The brines’ physical and chemical properties (sa-
linity, density, viscosity, pH) of the Cretaceous and Jurassic formations are similar. The main reason for us-
ing Cretaceous brine is the absence of dissolved oxygen and lower total suspended solids (TSS) content. As
mentioned previously in the Kalamkas field, there is no alternative to low salinity or freshwater sources (e.g.,
lakes and rivers) to reduce polymer consumption.
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Figure 2. Main components of the eductor-type polymer unit
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Cretaceous brine for polymer units is supplied from dedicated wells. The brine has high salinity (TDS
10-11.5 %) and high content of divalent cations (6 500—7 700 ppm). The field brine iron content varies be-
tween 2040 ppm. Consistent with [6] experimental work, polymer solution viscosity losses at Kalamkas
field conditions should be insignificant if the initial dissolved-oxygen concentration is 200 ppb or less. We
recognize that the formation salinities are high and that HPAM provides much more cost-effective viscosity
in low-salinity brine than in high-salinity brine. Nevertheless, polymer flooding with HPAM under the con-
ditions at Kalamkas still provides a substantial economic benefit. Further, as in most current situations
throughout the world, given the price and (lack of) availability of biopolymer, the use of HPAM is still more
cost-effective than alternatives.

HM 1 H 'A:I;,»_J_ gt

- Cretaceous o7 za,
4 Jurassic - A Y et

‘“_ -:\/

I water

Figure 3. Geological profile of the Kalamkas field

The water’s dissolved oxygen level was measured at the wellhead of production wells supplying West
and East polymer projects. It was also measured in the water at storage tanks and in the mother solution from
maturation tanks of the West PSU, the East PSU, and the East eductor-type polymer unit using CHEMets®
express tests. The measurement results are shown in Table 1. Tests results reveal that, at the formation, brine
(from the wellhead) dissolved oxygen level is undetectable (less than 0.025 ppm or 25 ppb). This finding is
consistent with the fact that Kalamkas oil reservoirs have a reducing environment due to iron-containing
minerals up to 2—4 % [5].
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Table 1 represents that at the West polymer project, oxygen was introduced during water transportation
from the production well to the storage tank, and its level was at 0.3-0.4 ppm. In contrast, this problem did
not occur at the East polymer project, where the oxygen level at the storage tanks was undetectable. During
the polymer dissolving process, the oxygen was introduced into the mother solution. The oxygen level was
0.3-0.4 ppm for the PSU-type system, and for the eductor-type unit was 2-3 ppm. For the PSU, the dissolved
oxygen was close to the acceptable safe range, according to [6]. However, for the eductor-type, this value
was over ten times higher than the acceptable level. As will be shown later, this unacceptable oxygen level
resulted in 45 % viscosity loss and the equivalent of 25 % polymer concentration loss.

Table 1

The dissolved oxygen measurement results during polymer injection in the Kalamkas field

Polymer injection unit Dissolved oxygen content, ppm
Water producer Water storage tank | Polymer mother solution | Polymer Injector
West PSU 0 0.2-0.3 0.3-0.4 0-0.3
East PSU 0 0 0.3-0.4 0.3
East eductor 0 0 2-3 1-2

Experimental

A field sampling of polymer solutions

We compared laboratory prepared and sampled polymer solutions viscosities to assess chemical stabil-
ity, where polymer concentrations were the same as at the field. Mother solutions were sampled from poly-
mer dissolving units (PSU and eductor type) and polymer solution from injectors wellhead. We used fresh
polymer solution viscosities as a baseline for comparison (the methodology will be shown later in this sec-
tion). Viscosities were measured using a high-precision rheometer Anton Paar MCR 502 (Austria) at a shear
rate of 7.34 s, at room temperature (25 °C), and aerobic conditions. A shear rate of 7.34 s is commonly
used as a standard single-point for comparison of viscosities for non-Newtonian enhanced oil recovery fluids
[7; 17-19]. Because most liquids (including polymer solution) are incompressible at low or medium pres-
sures, a considerable change in pressure from 14.5 to 4350 psi causes no significant change in viscosity [20].
Therefore, the reservoir pressure condition for polymer solution viscosity measurement is not essential. The
viscosity of each sample was usually measured twice and then averaged.

Polymer solution at the wellhead was collected in pressurized cylinders (Fig. 4). Pressurized cylinders
and collection procedures were specially designed for the polymer flood project to protect the solution from
oxidative degradation [7; 21]. These cylinders are made of stainless steel and coated with an inert material to
prevent corrosion and any iron contamination. Oxygen can be effectively excluded by carefully flushing air
from the cylinder with a polymer solution while collecting the sample.

PR =

Figure 4. Pressurized cylinders for a polymer solution sampling at the wellhead
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The Brine, Polymers and Concentrations

During this study, brine was collected from the dedicated production wells of the Cretaceous water res-
ervoir (which is used for polymer dilution, as shown in Table 2). Brines (West and East Producers) have high
iron content. Consequently, Fe?* reacts with oxygen after exposure to the air. Therefore, to eliminate the ef-
fect of oxidized products, both brines are pumped by air to oxidize all iron from the solution and then passed
through paper filters before further use.

Table 2

Cretaceous formation brine physical and chemical properties

Cretaceous formation brine
Parameter (used for polymer dilution)
West Producer East Producer

pH 5.8 6.0
Density, g/cm® 1.071 1.082
Ca®* content, ppm 4 809.6 5611.2
Mg?* content, ppm 1702.4 2 067.2
K* and Na* content, ppm 327225 35890.9
ClI- content, ppm 63 810 712545
SO4* content, ppm 118.5 21.4
COs* content, ppm 0 0
Total salinity, ppm 103 187.4 1148574
Water type by Sulin 1946" Cl-Ca Cl-Ca
Water hardness, mg-eq/| 410 470
Iron (Fe) content, ppm 40.6 18.2
Total suspended solids (TSS) content, ppm 14.0 12.0
Dissolved oxygen content, ppm 0? 0
Notes: " [22]; "“dissolved oxygen content measured with CHEMets® express tests shows the unde-
tectable value (less than 0.025 ppm or 25 ppb).

Two powder-form partially hydrolyzed polyacrylamides (HPAM) (SNF products) were used, hamely
Superpusher K-129 and Polyacrylamide R-1. They had a molecular weight of 14 million Daltons and a hy-
drolysis degree of 16 %.

Polymer solutions were prepared by sprinkling the appropriate mass of polymer powder onto the brine
vortex created by an overhead stirrer with a four-blade propeller. After mixing for several hours at a high
rate, the stir rate was reduced for at least four hours, and the solution stood overnight. As in the field applica-
tion, our target polymer concentrations for the three projects are in Table 3. For Superpusher K-129, we used
brine from West producer (10.3 % TDS) and for Polyacrylamide R-1 — East Producer (11.5 % TDS).

Table 3

Polymer concentrations for the laboratory study

S . Active polymer concentration, ppm
Polymer injection unit Polymer type Mother solution Injector wellhead
West PSU Superpusher K-129 9 200 1600
East PSU Polyacrylamide R-1 15 000 1700
East eductor Polyacrylamide R-1 4900 2 200

A sampling of producer fluid

Many polymer flood projects reported that production wells responded to polymer flooding by water
cut decreases and increased produced polymer concentration [7; 23-26]. In some cases, the polymer chan-
neled directly from an injector to a producer through a fracture, i.e., producing the same polymer concentra-
tion as injected. This circumstance occurred in Kalamkas field, where severe channeling and polymer break-
through was observed from Injector XX37 to Producer XX87 in June 2019. Note that this polymer-
channeling problem developed only once during over seven years of polymer injection (i.e., since 2014). The
distance between the producer and injector was 400 m. After the breakthrough, polymer concentration in-

CHEMISTRY Series. No. 1(105)/2022 103



M.S. Sagyndikov, I.I. Salimgarayev et al.

creased roughly from undetectable values (i.e., <1 ppm) to the injected values. Injector pressure fall-off tests
(using the same method utilized later in this paper) after polymer injection revealed that injection occurred
above the formation parting pressure and the fracture half-length was close to 400 m. This value is close to
the well spacing (Fig. 10 and Table 7). Thus, the fracture was detrimental to sweep efficiency in this particu-
lar case because it extended from the injector to the producer. After several unsuccessful attempts to plug the
fracture (both from the production and injection sides), the production well was shut down.

Figure 5 shows Injector XX37 and Producer XX87 operation history before and after polymer break-
through. This history indicates a powerful hydrodynamic connection expressed by a quick change in produc-
er dynamic fluid level during an injector workover and after injection. After the polymer breakthrough, the
water cut increased from 87 % to 100 %. Tracer tests (Table 4 and Fig. 6) during water and polymer injec-
tion confirmed that the source of polymer breakthrough was Injector XX37.

This unusual case provided the opportunity to assess polymer solution chemical and mechanical stabil-
ity that traveled from the injector to the producer through the reservoir.

Table 4

The interwell tracer tests results on Polymer Injector XX37 and surrounding producers

. . .| Atracer | Tracer max | Tracer min | Tracer aver-
Injected | Injected | Prod-ed | Prod/Inj . . .
Date | Tracer type 3 reached well| velocity, velocity, | age velocity,
Mass, kg| V,m M, kg M, %
number m/d m/d m/d
2'\'001"7' Urea 5000 18 1478 | 2.96 25 1808 188 638
Nov. | Fluorescein
2019 | (Uranin) 60 9 0.6172 | 1.03 | 1(XX87) 2781 2781 2781
2N002Vd Rhodamine C| 60 18 0.1 0.11 6 1162 62 210
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Figure 5. Well XX87 production and Well XX37 injection history, where polymer breakthrough was observed
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o]
L]

Figure legend: === Tracer (Urea) flow direction during a water flood, Nov. 2017
ﬂ Tracer (Fluorescein) flow direction during a polymer flood after breakthrough to Producer XX87, Nov. 2019

Tracer (Rhodamine C) flow direction during a polymer flood after shut down Producer XX87, Nov. 2020

Injection well Production well

Figure 6. The interwell tracer tests results on Injection well XX37 and surrounding producers

A special scheme (Fig. 7) and procedure were developed to collect produced polymer solution samples
from Producer XX87 and assess in situ polymer stability. The production well was equipped with a produc-
tion line valve, check valve, annulus valve, wing valve, pressure gauge, sampler, and X-mas tree. The well
downhole was equipped with tubing and a rod pump. The top of the perforation interval was at 806 m MD
(measured depth), and the tubing end was at 590 m MD. A dedicated high-pressure hose was installed to
connect the sampler to the pressurized cylinder to collect polymer solution samples at the wellhead. The spe-
cial procedure was as follows as applied in Well XX87:

— Stop polymer solution injection unit (including Injector XX37) for planned repair work for >6 hours.

— Install pressure gauge flow meter, and connect the pressurized cylinder to collect samples before put-

ting on production well XX87.

— Open wing and production line valve to put the well on the production and start to collect samples.

— Open the sampler valve and flush several-cylinder volumes with the produced polymer solution to

prevent air from entering the sample.

— Collect six samples (total) at different cumulative production volumes with the same procedure de-

scribed above and measure dissolved oxygen level.

— Collect injecting polymer solution at Well XX37 (source of the polymer breakthrough) and measure

dissolved oxygen level.

— After collecting all samples, immediately transport pressurized cylinders to the field lab to measure

viscosity.

— Viscosity measurements proceed as described above in the subsection “A field sampling of polymer

solutions” and determine the rheological power-law index [21].
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Figure 7. Scheme to collect polymer solutions from Producer XX87

Results and Discussion

Effect of Dissolved Oxygen

As shown in Table 2, process water has high dissolved iron content. Therefore, if dissolved oxygen is
introduced to the polymer injection system, it will cause chemical degradation. The PSU is designed to keep
dissolved oxygen low, and the eductor-type unit has no action to treat the oxygen or iron. Further, the effects
of dissolved oxygen and Fe?* on polymer viscosity for three polymer units are demonstrated in Table 5. Ex-
amination of this table first reveals that the PSU for both projects (West and East) has a good performance
due to chemical stability. Chemical stability provided by nitrogen blanketing system and its efficiency is
consistent with [6] work. The field viscosity of the PSU mother solution did not reach the lab viscosity.
However, after subsequent dissolution processes (Fig. 1), the solution reached the required polymer viscosity
and dissolving quality at the wellhead. Finally, viscosity losses were zero at the injector wellhead for the
West and East PSUs, demonstrating high technical efficiency.

For the East eductor, both mother and polymer solutions showed a high level of viscosity losses. The
viscosity loss for the mother solution and the injector wellhead were 36 and 45 %, respectively. These losses
are unrelated to dissolving quality but are due to oxidative (chemical) degradation caused by dissolved oxy-
gen and divalent iron reactions. As shown in Fig. 2, the dissolved oxygen was introduced by air injection
associated with the polymer powder supply. At the first mixing step, the mother solution had 2—-3 ppm dis-
solved oxygen. Due to the absence of oxygen in the process water and the polymer dilution process, the oxy-
gen level at the wellhead decreased to 1.5 ppm (Table 1). This oxygen content was higher than the accepta-
ble range — by roughly ten times. The final viscosity loss was about 45 % or equivalent to a 25 % loss of
polymer concentration. The primary oxidative degradation location in the system is the dispersion tank. Sub-
sequently, during transit from the injection unit to the wellhead, it loses about 10 % more viscosity. We as-
sume this process continues in the tubing before entering the formation. As will be shown later, after the pol-
ymer solution enters the formation, all oxygen will be consumed by the surrounding rock quickly and pro-
vide subsequent chemical stability. Even so, severe degradation at the surface affects project economics and
feasibility.
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Table 5
The viscosity measurement results at different injection units

Polvmer Lab viscosity, cp Field viscosity, cp Viscosity loss, % Polymer
in'ecti):)n unit Mother Injector Mother Injector Mother Injector concentration

J solution wellhead solution wellhead solution | wellhead loss, %

West PSU 680 20 652 20 4 0 0

East PSU 1980 23 1850 23 14 0 0
East eductor 240 38 154 21 36 45 25 %

Note: The viscosity of the polymer solution measured at 7.34 s, T = 25 °C.

The polymer rheology and concentration loss

Figure 8 shows polymer concentration and viscosity relationship for two types of used polymers in the
field. In our case, polymer viscosity roughly depended on the square of its concentration. This figure analysis
reveals that 45 % viscosity loss for the East eductor polymer injection unit corresponds to 25 % equivalent
polymer concentration loss.

Several views exist on how to solve this problem. They include: (1) chemical/mechanical treatment of
the process water to remove all iron from the solution [27], (2) chemical additives such as free-radical scav-
engers or pH adjustment [28, 29], (3) keeping dissolved oxygen at an undetectable or acceptable level (close
to zero) [5], and (4) no action [25] as in our example of the East eductor unit.

The viscosity measurement results at different injection units (Table 5) reveal that removing all oxygen
from the system is the feasible and effective way to provide the chemical stability of the solution. Thus, we
suggest modifying the East eductor injection unit to ensure an undetectable or acceptable oxygen level that
will save 25 % cost of chemicals.
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Figure 8. Polymer solution viscosities at different concentrations

Effect of the formation on the polymer stability

Fluid sampling for Producer XX87 and injection of polymer solution at the wellhead of Well XX37 oc-
curred on 30" April 2021, as described above in the section “A sampling of producer fluid”. The typical sur-
face temperature was +20 °C during the test. As shown in Fig. 7, samples from Producer XX87 were collect-
ed after polymer breakthrough and that polymer solution propagated over 400 m through the reservoir from
Injector XX37. Additionally, the dissolved oxygen level was measured at the wellhead of Polymer Injection
Well XX37 and the last four produced samples (# 3, 4, 5, 6) using CHEMets® colorimetric tests. The viscos-
ity and oxygen measurement results are shown in Figure 9 and Table 6. Note in Table 6 that after the first
listing (the original sample that was injected), the samples are listed in reverse chronological order of collec-
tion — i.e., Sample 6 was collected last from the formation, and Sample 1 was collected first in the tubing).
Test results show that injected solution from Well XX37 had roughly 1.5 ppm (i.e., between 1 and 2 ppm)
dissolved oxygen content and viscosity of 21.4 cp with a power-law index of 0.763. The first three produced
samples (originating closest to the surface) contained 0.2 ppm dissolved oxygen and different degrees of vis-
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cosity loss relative to the injected (25-50 %). The last three samples show undetectable dissolved oxygen
levels (less than 0.025 ppm or 25 ppb) and minor viscosity loss, with a power-law index close to the injected
solution. We presume that significant degradation was seen for the first collected samples because oxygen
(air) was introduced into the production well during the well repair work. The gradual decrease in the level
of degradation (i.e., increase in viscosity) with time reflected flushing this oxygen out of the system. These
findings indicate that injected oxygen in the polymer solution (that transported 400 m through the Kalamkas
reservoir) was consumed by the surrounding reservoir rock provided chemical (oxidative) stability of the
solution (due to iron-containing minerals up to 2—4 %) [5].

100

Injector XX37 ProducerNo.6 ProducerNo.5 ProducerNo.7  Producer No.3
y = 4213559297 y=2897xO2 = 272500147 y =26 475x0141  y = 23,423x0128
R? = 0,9895 R?=0,9708 R?=0,9702 R?=0,9675 R?=0,965

Viscosity, cp

1 10 100
Shear rate, s
Producer XX87 No. 1 Producer XX87 No.2 ~ ——Producer XX87 No. 3 ~ ——Producer XX87 No. 4
——Producer XX87 No. 5  ——Producer XX87 No.6  ——Injector XX37

Figure 9. Rheological curve analysis of injected (Well XX37) and produced (Well XX87) polymer solutions

Table 6

Rheology measurements of the injected and produced polymer solution
from Injector XX37 and Producer XX87

Produced D'SSOIVed.02 The location of the col- Viscosity Th_e power law
Well Volume, | concentration, 1 index (n),
3 lected sample at7.34s? cp . - "
m ppm dimensionless

Injector XX37 15 Injected 25.1 1-0.237 = 0.763

Producer XX87 No. 6 6.5 0 Formation 21.0 1-0.162 = 0.838

Producer XX87 No.5| 4.4 0 between tubing and per- 21.3 1-0.147 = 0.853
foration

Producer XX87 No. 4| 3.6 0 between tubing and per- 213 1-0.141 = 0.859
foration

Producer XX87 No.3| 3.3 0.2 between tubing and per- 19.2 1-0.128 = 0.872
foration

Producer XX87 No. 2| 2.9 N/A be“”’ee”fgjrgi?gnand per- 14.9 1-0.070 = 0.930

Producer XX87 No. 1 2.0 N/A downhole tubing 13.1 1-0.035 = 0.965

Note: "API RP 63 1990.

Pressure fall-off test

We ran pressure fall-off tests in injection wells to obtain valuable well test data. The Well XX37 pres-
sure fall-off test analysis during polymer flood is presented in Fig. 10 and Table 7. The transient pressure
analysis plots pressure versus time and the Bourdet derivative on a log-log scale [30]. Comparing and ana-
lyzing two pressure curves (original and derivative) for each flood can display the signature of numerous
well, reservoir, and boundary behaviors. In our case, the analyses of pressure fall-off tests showed that dur-
ing polymer flood injection occurs over formation parting pressure. The absence of fractures during water-
flood showed in other wells similar to Well XX37. The fracture half-length for Well XX37 where severe
channeling and polymer breakthrough was observed, fracture half-length is close to the well spacing. We can
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see that polymer injection leads to natural well stimulation. Consequently, the polymer solution flows
through the perforations and near wellbore zone with an area high enough to ensure mechanical stability of
the solution. If Well XX37 were not fractured, injection of viscous polymer solution would necessarily de-
crease injectivity, roughly in proportion to the polymer solution viscosity [4; 7]. In our case, the expected
injectivity without open fractures would be 20 times lower than that for water. Our injectivity was enhanced
by a factor of 1.6.

The presence of fractures during the polymer flood is consistent with most of the worldwide polymer
flood projects injections in vertical wells occur above the formation parting pressure [4; 19; 31-32], where
linear flow is expected. In contrast, if fractures or fracture-like features are not present during polymer injec-
tion, achieving a favorable economical injection rate and acceptable voidage replacement ratio (e.g., the
same as during a waterflood) is impossible. Additionally, according to the analytical calculations of [19] and
the work of [33], fractures do not seriously affect a sweeping efficiency if the fracture half-length is less than
1/3 of the well spacing. These findings reveal that the advantages of fracture features during polymer flood
(i.e., little or no injectivity loss, the mechanical stability of the polymer solution) outweigh its disadvantages
(e.g., possible severe channeling, jeopardized sweep efficiency).
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Figure 10. Analysis of pressure fall-off test during polymer injection into Well XX37 (2020)

Table 7

Analysis of pressure fall-off test during polymer injection into Well XX37

Value
No. Parameters During polymer flood During polymer flood During water flood
(2021) (2020) (2018)
1 |Perforation interval, 806-810, 812.5-820.5 m | 806-810, 812.5-820.5 m | 806-810, 812.5-820.5 m
Top-Bottom
2 |Test duration, hours 162.7 233.6
3 |Wellbore storage (WBS) model Changing WBS Changing WBS
4 |Well model Vertical fractured finite | Vertical fractured finite
conductivity conductivity
5 |Reservoir model Homogenous Homogenous
6 [Boundary model Infinite Infinite
7 |Reservoir pressure, bar 87.42 86.3 N/A
8 |Conductivity, mD-m 5670 5630
9 |Average permeability, mD 506.5 503.1
10 |Total skin -7.5 —7.13
11 |Geometrical skin 0 0.1
12 |Fracture half length, m 396 308
13 |Fracture conductivity, mD-m 6.13E+6 0.384E+6
14 |Fracture permeability, mD 7740 623
15 |Injectivity index, m%(day-bar) 6.7 5.7 4.3
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Conclusions

The large investment associated with the polymer bank during a polymer flood necessitates a determi-
nation that the polymer is not substantially degraded during the process of preparation and injection. This
paper provides a methodology for assessing chemical degradation in the field, and the methodology is
demonstrated for an important field of application in Kazakhstan. This study indicates the possibility of op-
timizing operational expenditure and increasing the economic efficiency of the polymer flood project operat-
ed by the eductor-type unit. Modifying the East eductor injection unit, which ensures the acceptable oxygen
level, will save 25 % cost of chemicals. Consistent with [6], 300—400 ppb oxygen in polymer preparation and
injection process does not degrade polymer viscosity. Furthermore, polymer solutions that propagated over
400 m through a fracture from the injector to the producer were depleted of dissolved oxygen from 1.5to 0
ppm, thereby providing field-based support that the Kalamkas formation provides further chemical stability.
The injector pressure fall-off test indicated that fracture is open during polymer flood. In addition, field stud-
ies reveal that the advantages of fracture features during polymer flood are no injectivity loss and stability of
the polymer solution.
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M.C. Carbingukos, M.1. Canumrapaes, E.K. Orait, P.C. Cepaiit, C.E. Kynaii6eprenos

Bbarbic Kazakcrangarsl Kajiamkac keH OpHBIHAA MOJUMEPJIIK CYJAHABIPY Ke3inae
MOJIHAKPWJIAMM/L ePITIHAICIHIH XUMHSUIBIK TYPAaKThUIBIFBIH 0aFaJjiay

IMonumepii cynaHaplpy Ke3iHJEe KeH OPHBIHBIH ONEPaTOphl MOJIMMEpAl aiaay/bIH alFallKsl Ke3eHIepiHae
XUMHUSAFa alTapJbIKTall CajJbIHFAH KapaXaTThlH 00C KeTmeyiHe ceHimai Oosybl KaxkeT. COHBIMEH Karap,
TYTKBIp TIOJIMMEP EPITIHAICIHAETI epiTUIreH OTTETiHIH NIeHreii Kayilci3 aeHreiae OakpUIaHyBl Kepek, Oy
JKaFIai/1a TYTKBIPIIBIKTHIH JKOFAYhl aifTapisikTaid OonmMmaiinsl. ['unpommsaenren mommakpmnamunria (I'TIAA)
epiTiHzici aHa’poOTHl KaFmaiina, TINTI TEXHOJNOTHAIBIK Cyda TeMip HOHOAphl OONFaH >Kardaiiia aa eTe
TypakTel OonarbiHel Oenrimi. Ochulaiiia, KeH OpPHBIHIA EHTI3UITeH OTTEri MeH cyaa 0ap TeMip HMOHAaphI
TYTKBIPJIBIKTHIH TOMEHIeyiHe oKkeneni. ['eoxumMusuiblk ecentey Kagamkac keH OpHBIHBIH KaOaTbIHA €HICHHEH
KeifiH epireH oTTeri Te3 CiHipineTiHiH kepceTeni. Ockl Makanajga 3epTXaHAIBIK 3epTTeyJiep MEH AalalbIK
GakplIayapJpiH KeMeriMeH Oy Gomxampmap pacranrad. JKyprisinren 3eprreyiep bateic Kasakcranmars!
Kanamkac MyHail keH OpHBIMEH OaiiaHBICTHI MONMMEp epiTiHIUIepl MEH PEeaKTUBTI OHIIPYIIi YHFBIMAJaH
QIBIHFAH CYHBIKTBIKTBHIH PEOJOTHSICHIH emeyre HerizgenreH. JKaH—xakTsl Tanpay PSU tunti KOHABIpFBITA
(polymer slicing unit) monmmMmepai nmaiiplHOAy KOHE aiimay Ke3iHge OeTKi KaOIBIKTa TYTKBIPIIBIK
JKOFaJIMaraHbIH JKOHE TOJIUMEDP EPITIHIICIH NalblHAAy Ke3iHJe CHTi3UIreH orTeri TyblHAaraH Eductor tumri
KOHJIBIPFBI/IA IOJTUMEP/IIH TYTKBIPJIBIFBIHBIH A TapJIbIKTal KOFaIybIH pacTaibl. Anaiina, OeTiHIE XUMHSIBIK
BIIBIPAY TYFBI3AaTBIH epireH OTTEriHiH JKOFapbl JCHTeiiHIH 031 Tay JKBIHBICTapbIMEH OaillaHbICy Ke3iHAe Te3
ciHemi, ochLIaiiia KabaTTarbl XUMUSIIBIK TYPAKTHUTBIKTEI KAMTaMachI3 eTe/i.

Kinm cesodep: nonuakpuiaMu, MOJIMMeEp epiTiHAICI, XUMUSIIBIK Oy3y, MOIMMeEpIli CylaHbIpy, TEMIp, OTTeri,
TYTKBIPIBIK, aiigay.
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M.C. Carpinaukos, .M. Canumrapaes, E.K. Orait, P.C. Cepaiit, C.E. Kynaii6eprenos

OuneHka XuMHYeCKOH CTa0MJIBLHOCTH PACTBOPA NMOJHAKPUIAMHIA
NpH MOJMMEPHOM 3aBOIHeHUH Ha MecTopoxaennu Kamamkac (3amagubiii Kazaxcran)

IIpn momMepHOM 3aBOJHEHHH OTIEPATOP MECTOPOXKICHHS TOJDKEH OBITH yOXKIeH, YTO 3HAUUTEIIbHBIE HHBE-
CTHLIMM B XMMHIO HE TEPSIIOTCS HAa PaHHE CTa[uy 3aKkauku noiaumepa. Kpome 3Toro, ypoBeHb pacTBOPEHHOTO
KHUCJIOPOJia B BA3KOM IOJIMMEPHOM PacTBOPE JIOJKEH KOHTPOJIMPOBAThCS Ha GE30IaCHOM YPOBHE, IIPH KOTO-
POM TIOTeps BA3KOCTH OyAeT HecylecTBeHHOM. 1I3BecTHO, YTO pacTBOP IMAPOIN30BAHHOTO MOIHAKPUIAMHIA
B aHa’POOHBIX YCIOBHAX OYEHb CTAOMJICH, JaXke IPU MPUCYTCTBHU HOHOB JKEJIe3a B TEXHOJIIOTHUYECKOI BOJIE.
Takum 00pa3oM, B MOJEBBIX YCIOBHSIX BBEIACHHBIH KHCIOPOX U CYHIECTBYIONIHE MOHBI JKejie3a MPUBEIYT K
KOJIOCCATBHBIM TIOTEPSIM BSI3KOCTH. [ €OXMMHUYECKHI pacyeT ITOKa3bIBaeT, YTO PACTBOPEHHBIH KUCIOPO] IO-
cJie IPOHUKHOBEHUS B IUIacT MectoposkaeHns Kamamkac Oyner O6bicTpo moriyomes. Hacrosmast cratest moa-
TBEpP)KAAeT JTH MPEANOJIOKEHHS C HMOMOIIbI0 KOMOWHAIMK Ja0OpaTOPHBIX HCCIIEOBAaHHWN W IIOJEBBIX
HaOmoeHnit. [IpoBeneHHBIE HCCIIeIOBaHNS OCHOBAHBI Ha M3MEPEHUSX PEOJIOTHH TIOJIMMEPHBIX PAaCTBOPOB U
JKHUAKOCTH M3 pearupyolen 1o0bIBatoIel CKBaKHHBI, CBSI3aHHOM ¢ He(TAHBIM MecTopoxaeHneM Kanamkac
B 3amanHoM Kaszaxcrane. BeecTopoHHMI aHanM3 MOATBEPKAACT OTCYTCTBHE IOTEPH BSI3KOCTH Ha MOBEPX-
HOCTHOM 000pYyIOBaHMH BO BpeMs IIOATOTOBKY M 3aKayku monumepa B ycranoBke tuna PSU (polymer slicing
unit) ¥ 3HAYUTEIBbHYIO OTEPIO BA3KOCTH MOJIMMepa B ycTaHoBKe THIa Eductor, KOTOpbIi BBI3BaH BBEACHHBIM
KHCJIOPOJIOM IIPH TIPUTOTOBJICHHH TIOJIMMEPHOro pactBopa. OHaKo Aake BBEACHHBIN BHICOKHI YPOBEHb pac-
TBOPEHHOTO KHCIIOPOJIA, BHI3BIBAIOIINIA XMMHUECKYIO JECTPYKIHUIO HA MOBEPXHOCTH, OBICTPO IOIJIOMIASTCS
IPU KOHTAKTe C MMOPOIOH, TEM CaMbIM 00eCIIeunBasi XUMUYECKYIO CTAOMIBHOCTb B IIIACTE.

Kniouesvie crosa: oNMaKpuiiaMuzl, MOJIMMEPHBIA PACTBOP, XMMHYECKAs ECTPYKIIHS, OJMMEPHOE 3aBOJIHE-
HHE, KeJe30, KHCIOPO/I, BA3KOCTh, 3aKaYKa.
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Physical-chemical properties of FM-1 reagent
as a potential collector for ion flotation of lanthanoids

The physical-chemical properties of the industrial reagent “FM-1" have been investigated. These properties
are necessary for evaluating its use as a collector in the processes of concentration of rare earth metal ions by
ion flotation. “FM-1”, which is based on sodium salts of aminomethylenephosphonic acids, is used as a floc-
culant for oil production and purification of process waters from suspended particles and petroleum products.
Protolytic equilibriums in aqueous solutions of the reagents were studied. The values of dissociation constants
equaling pKai = 2.3140.26 and pKaz = 8.82+0.34 were determined spectrophotometrically. Surface tension of
the reagent solutions at the solution-air interface was studied. The “FM-1" reagent was classified as a strong
surface-active substance with the following parameters: Minimal surface tension omin = 29 mN-m™, surface
activity G = 0.031 N-m?mol™, critical concentration of micelle formation 1:103 mol-L. The regularities of
the reagent’s interaction with lanthanum (III) ions were studied. A high degree of lanthanum ions’ precipita-
tion (over 99.7 %) was observed over a rather wide interval of pH values (4.00—12.00); at this point, at pH >
7.5, lanthanum hydroxide can co-precipitate. The formation of compounds in a solution with molar ratios
[La]:[FM-1] = 1:1 and 1:2 was established by conductometric titration method. The findings of chemical
analysis, FTIR spectroscopy and elemental analysis of the isolated precipitates suggested their structural for-
mula. A possibility for the “FM-1" reagent to be used as a collector for the ion flotation of lanthanum (111)
ions was shown.

Keywords: ion flotation, rare-earth elements, aminomethylenephosphonic acid salts, collector, physical-
chemical properties, surface-active substance, lanthanum, FM-1.

Introduction

lon flotation has been one of promising techniques for extracting small amounts of rare-earth elements,
first of all for producing collective concentrates from technological solutions [1-4]. In interaction with metal
ions, collectors form highly stable structures and are of the most current importance [5]. Reagents having in
their compositions heteroatoms capable of forming complex compounds are of most interest [6]. Three-
valence lanthanoids form many complexes with organic ligands, more often with oxygen- and/or nitrogen-
containing ones [7-10]. A commercial reagent termed FM-1 containing aminomethylenephosphonic acid
salts is known as a flocculant for collecting suspended particles and oil products in the oil industry and puri-
fication of waste/technological waters [11]. The functional group “FM-1" contains nitrogen and oxygen at-
oms capable of interacting with rare earth element ions and long alkyl radicals that give the compound sur-
factant properties. Therefore, this reagent can be considered a potential collector for ion flotation processes.

The purpose of the research is to study the physical-chemical properties of the reagent “FM-1" to estab-
lish the possibility of using it in the processes of lanthanoids (I11).

Experimental

We used solutions of La(NOs)s prepared by dissolving a weighed portion of La;Os; in 6 M HNO; fol-
lowed by evaporation of excess acid and dilution with distilled water. The FM-1 reagent (H.L) as a 30 %
aqueous solution served as an object to be assayed (formula 1).

/ONa
R—NH—CH,~P—0 1)
OH

Herein, R is a normal (linear) hydrocarbon radical C10-C14 (Technical Conditions 2483-001-79102376-
2005, Russia). The main substance’s content was calculated in terms of phosphorus content determined by
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atomic-emission spectroscopy with inductively coupled plasma model ICAP 6500 DUO (Thermo Fisher Sci-
entific, USA).

Protolytic equilibriums in the reagent solutes were studied spectrophotometrically [12]. The values pKa
and pKa2 were calculated using the formulas below:

Ay —A A —A
L L
. pPK,=pH + lg——, )
— AL A-AL
Here, pKa and pKa are negative logarithms of acidic dissociation constants for neutral and ionized
forms of the reagent, respectively; An,L is optical density of solution containing neutral form of the reagent;

Aui-is optical density of solution containing ionized form of the reagent; A2 is optical density of solution

containing doubly ionized form of the reagent; Ai is optical density of solution at a certain pH value.

UV spectra were acquired on a SF-2000 spectrophotometer (OKB-Spectr, Russia), pH values were
measured on a MultiTest IPL-01c ionometer with use of a combined electrode ESK-10603/7 (Russia).

To determine adsorption of FM-1 on the water-air boundary interphase, the drop count method and a
stalagmometer ST-1 (Russia) were employed [13, 14]. The first measurement was taken with a background
solution (distilled water), all the successive ones — with the reagent solutes under study, at progressively
increasing concentration.

The interaction processes between FM-1 and La (I11) ions were explored by the precipitation technique
[15]. HCI or NaOH solutions were used for creating necessary pH values of working solutions. The content
of micro-amounts of La (I11) in solution after precipitation was determined by atomic-emission spectroscopy
(Thermo ICAP 6500 DUO, USA), that of macro-amounts of La (I11) — by direct complexometric titration
(Mettler Toledo T70, Switzerland) with xylenol orange [16]. The composition of La — FM-1 compounds
being formed in solution was determined by the molar-ratio method [12]. The preparative isolation of precip-
itates and their analysis were performed in accord with a known method [15]. A Vario EL cube CHNS ana-
lyzer (Elementar, Germany) was used to determine the content of elements in precipitates; a Vertex 80V
spectrometer (Bruker, Germany) was used to register the FTIR spectra of samples (a suspension in vaseline
oil). Molar ratios [La]: [FM-1] in solutions were ascertained by conductometric titration with use of a
SEVEN MULTI S70-K conductometer (Mettler Toledo, Switzerland). The experimental procedure used to
study ion flotation, along with a laboratory flotation cell, is described in [17].

We used the following reagents: La>0Os (99,99 %, “TDM96”, Russia); HNOz (chemically pure, 65 %,
“RM Engineering”, Russia); HCI (chemically pure, “Component-Reaktiv”’, Russia); NaOH (chemically pure,
“Vekton”, Russia).

pK, =pH + g

Results and Discussion

Based on the structure, it can be assumed that “FM-1" is an amphoteric compound. The protolytic equi-
libria can be represented by the following scheme:

0} o

+ - Kal / Kaz /o-
R—NH; —CHZ—P\—O - R=NH—CH,—P=0 <—> R—NH-CH,—P=0 (3)
OH OH o
HoL HL L”

The electronic absorption spectra of solutions differ with varying pH values, thereby corroborating
availability of different forms of the reagent (Figure 1).

The dependence of the optical density of FM-1 solutions on pH values was studied to calculate the val-
ues of ionization constants (Figure 2). The curves display two S-shaped inflections: the first one at pH 1.92-
2.67, corresponding to dissociation of neutral form of FM-1 (H.L) (Figure 2a), the second one — at pH 8.4-
9.3, corresponding to dissociation of HL™ form (Figure 2b).
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Figure 1. Absorption spectra of FM-1 reagent in water vs pH values. Cev1= 110 mol-L*!
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Figure 2. Optical density (A) of FM-1 in aqueous solutions vs pH values. Cem-1= 1-10° mol-L;

The ionization constants’ values calculated as per formulas (2) equaled: pKa1 = 2.31£0.26 and pKa =
8.82+0.34.

One of characteristics enabling a possibility for a compound to be employed as a flotation reagent is its
ability to lessen surface tension on a liquid-gas boundary [13]. Figure 3 presents the surface tension isotherm
of FM-1 solutes. With the reagent at concentrations from 5.0-10° to 1.0-102 added, surface tension lessens
by a factor of 2-2.5 as compared with the background solution (Gmin Of FM-1soluties equals 29 mN'm?; OH,0
=72.75 mN-m™ at 20 °C). The results obtained enable the reagent to be classified as a strong surface-active
substance.

The findings derived from Figure 3 gave rise to the following results: the surface activity (G) of the re-
agent calculated as the tangent value of the slope angle of the tangent line to the surface tension isotherm at
C —0 [14] equaled 0.031 N-m?mol?; the critical concentration of micelle formation equaled 1-10° mol-L™.
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Figure 3. The surface tension isotherm of FM-1 solutions on liquid-gas boundary

Figure 4 shows the degree of precipitation (S, %) of La (I11) ions with the reagent as dependent on the
equilibrium pH value of solution.

S, %
100 A

20 A

0 2 4 6 8 10 12
pH

Figure 4. The degree of precipitation (S, %) of La (I11) ions with FM-1 vs pH values of solution

A high degree of lanthanum ions’ precipitation (over 99.7 %) was observed over a rather wide interval
of pH values (4.00-12.00). It should be noted, however, that at pH > 7.5, lanthanum hydroxide can co-
precipitate in solution [18]. Therefore, all the precipitation regularities were studied at pH = 4.77; 5.70; 6.85
(acetate-ammonium buffer solutions were used).

By using the saturation method (Figure 5), the qualitative binding of La®* ions was ascertained to occur
already at ratio [La]:[FM-1] = 1:1. Within the interval mentioned above, the pH values of the medium do not
markedly affect the degree of precipitation.
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Figure 5. The degree of extraction of La (I11) ions vs concentration of FM-1

The conductometric titration method enabled the formation of compounds in solutions with molar ratios
[La]:[FM-1] = 1:1 and 1:2 to be established (Figure 6).
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Figure 6. Electrical conductivity of La(NO3)s solution vs portions of the reagent added

The compounds with the ratios found were preparedly isolated. Elemental analysis of the compounds
isolated at pH 5 is presented in Table 1. No sodium ions were detected in the samples after decomposition.
The results of the analysis corroborated the ratio [metal]:[reagent] as equaling 1:1 for both compounds and
were well in line with theoretical calculations.

Table 1
Chemical analysis of the compounds isolated
Compounds Molecular Found, % Calculated”, %
P mass N P La N P La
[La]:[FM-1] = 1:1 416 3.30 8.51 35.47 3.38 7.45 33.41
[La]:[FM-1] =1:2 693 3.36 8.34 36.41 4.04 8.95 20.06

Note: “In terms of average molecular mass (R = C12Ha2s).
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The analyzed FTIR spectra of the compounds isolated also corroborated them as being identical. In the
FTIR spectra of La — FM-1 compounds, P-OH absorption bands typical of the reagent in the range 2700—
2550 cm™ are absent. The wide band appears in the La — FM-1 compounds in the region of 3500-3300 cm™™.
It can be considered as a result of the superposition of bands of N-H valence vibrations and the formed new
O-H bond (Figure 7) [19].
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Figure 7. FTIR spectra of the reagent (firm line) and of its compound with lanthanum (111) at ratio 1:1 (dotted line)

With the findings of elemental analysis and FTIR spectroscopy as an underlying basis, the following
structural formula of the reagent can presumably be presented:

0]
)
RfNHfCHZH\/ ;La—OH 4)
0]

Table 2 lists the findings of FM-1 investigated as a collector for the ion extraction of lanthanum.

Table 2

lon flotation of La (111) with FM-1 reagent;
Cragin=1:10"° mol-L*; Cr= 1-10" mol-L!; flotation duration 5 minutes

No pH Cremaining La mg-L'l E, %

1 3.25 97.02 30.2

2 5.61 15.29 89.1

3 8.78 16.26 88.3
Conclusions

Based on the research results of the reagent “FM-1” properties, it can be recommended as a collector in
the processes of rare earth elements ion flotation. The FM-1 reagent was evinced to be an amphoteric com-
pound (pKa; = 2,31+0,26; pKa, = 8,82+0,34) and was classified as a strong surface-active substance (with
the reagent at concentrations from 5.0-10° to 1.0-10 added, surface tension lessens by a factor of 2-2.5 as
compared with the background solution). Strong surface-active properties enable the “FM-1" compound to
be employed in ion flotation procedures with no additional foaming agents added. In conjoint presence with
lanthanum (111) ions in a solution, the reagent forms hardly-soluble compounds over a rather wide interval of
pH values (4.00-12.00). The formation of compounds with molar ratios [La]:[FM-1] = 1:1 and 1:2 was es-
tablished in a solution (pH 4,8-6,8). The findings of chemical analysis, FTIR spectroscopy and elemental
analysis of the isolated precipitates suggested their structure. A possibility for the “FM-1" reagent to be used
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as a collector for the ion flotation of lanthanum (111) ions was shown, with a maximal degree of extraction
equaling 89.1 % (Cremaining = 15.29 mg/l at pH 5.61, [La]:[R] = 1:1).
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A.A. FOmunoga, E.A. I'mnusarynnuna, JI.M. Kapuesa, JI.I'. Yekanosa
JlantaHOMATAPABIH HOHIBIK (JIOTANUSCHI YIIIH MOTEHIUAIbI KHHAKTAYIIbI —
«®M-1» peareHTiHiH QU3UKA-XUMHSIIBIK KacueTTepi

«DM-1» eHEpKACINTIK peareHTiHiH HOHIBIK (GIOoTanus SHiCIMEH CHPEKKEp METAaJUl HOHJAPBIH KOHIICHTPIICY
IPOLECTepiH/Ie KMHAKTAYIIBl PETiHAe NMaiaanaHyasl Oaraiay YIIiH KaXeTTi (GU3HKa-XUMUSUIBIK KacHeTTepi
3eprrenni. Herizi amuHaiMerineHpocOH KBIIKBUIIAPBIHBIH HAaTPUH Ty3aapbl GomatbiH «PM-1» myHai
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OHJIPY JKOHE TEXHOJIOTMSUIBIK CyJapibl KalKbIMa OeJILIeKTep MEH MyHail eHIMIEpiHeH Ta3apTy YIUiH
(GITOKYISIHT peTiHze KosiAaHbUIaabl. PeareHTTiH CyJibl epiTiHAIepiHAeri IPOTONUTTIK Tere-TeH/IIr 3epTTeIi.
Jucconmanus TypaKThUIAPbIHBIH MOHIIEPI CIEKTPOGOTOMETPHSIIBIK 9iceH aHbIKTangsl: pKai = 2,3140,26
xoHe pKaz = 8,82+0,34. Epitinzi-aya mekapacbIHAAFbl peareHT epiTiHAiIepiHiH OeTTiK Kepiyl aHbIKTalFaH.
«®M-1» xymTi GerTik GenceH i 3aTTap KIachlHA JKaTaThIHBI AaNenaeHrer. Epitinainepaiy 6eTTik KepityiHig
MUHAMAIIE! MOHI (Gyum.) 29,0 MH/M Kypasr; 6ertik Gencenitiri (G) — 0,031 H-M?/MoTh, MUTIEIIaNap bIH
mekTi KoHnenTparmscel (MIIK) — 1-10° Mons/n mamackna TeH 6omapl. «®M-1» pearenrinin nantan (111)
HMOHAAPBIMEH OPEKeTTeCY 3aHABUIBIKTAphl 3epTrengi. «PM-1» mantan (III) nonmapeiMeH e3apa opekerTecy
3aHAbUIBIKTaphl 3epTTengi. La (I1) nonmapbIHbIH peareHTIeH TYHABIPBUTYBIHBIH JKOFaphl AeHreit (99,7 % —
naH actam) PH MoHzepiHiH KeTKUTKTI KeH Auana3oHbiHga Oaiikanansi-4,0-men 12,0-re neiiin (pH >7,5
Ke3iHJe JIaHTaH THIPOKCHIIHIH TYHABIPBUIYBl MYMKiH). Konmykromerpusibik tutpney (pH 4,8-6,8) omici
MOJIIPJIBIK KAaTBIHACHI Oap epiTiHmine KochUiblcTapiablH Ty3imyiH anbikragel [La(IID)]:[R] = 1:1 xeme 1:2.
XumumsutslK  Tanpay, UK-crmexrpockonmst sxoHe OJHTeH IIOriHADIEpIl AJIEMEHTTIK Taljay JepeKrepi
HETi31HJe OJapIblH KYPBUIBIMABIK (opMynacsl YCHHBUIABL «DM-1» pearentin santanHbH (I1I) HOHIBIK
(hrToTanMsACH YIUiH XMHAKTAYIIBI peTiH/Ie TaiaanaHy MYMKIHJIT KOpCeTUIreH.

Kinm ce30ep: WOHABIK (uioTamust, CHpPEKKEp 3JIEeMEHTTepl, aMUHIIMUMETHIEH()OCHOH KBINIKBUIAAPEL,
JKUHAKTayIIbl, PU3UKa-XUMHUSUIBIK KacHeTTepi, OeTTik Oencenai 3artap, Jantan, PM-1.

A.A. YOmunosa, E.A. I'uuusatyuna, JI.M. Kapuesa, JI.I'. YekanoBa

Du3uK0-XUMHYECKHE CBOlicTBAa pearenTa «®M-1)» —
NMOTEHHAJBHOI0 COOUpAaTeJIs 1 HOHHOM (MJIOTALMHU JIAHTAHOU/I0B

HccnenoBansl (Qu3MKo-XMMHUYECKHE CBOMCTBa MPOMBIIUICHHOTO peareHTa «®PM-1», HeoOXomuMele IS
OLICHKU €ro IPHMEHEHHs B Ka4eCcTBe coOMpaTels B Mpoleccax KOHIEHTPUPOBAHNUS HOHOB PEIKO3EMETbHBIX
METaJUIOB METOJIOM HOHHOH (uoTarn. «OM-1», 0CHOBY KOTOPOTO COCTaBIISIFOT HATPUEBEIE COJIM aMUHOMe-
TUIEHPOCPOHOBBIX KUCIIOT, IPUMEHSAETCS B KauecTBe (IOKYISIHTA A HePTEeZOOBIYH U OYHCTKH TEXHOJIO-
THYECKHUX BOJ{ OT B3BELICHHBIX YacCTUIl U HeTenmpoaykToB. M3ydeHbl IPOTONUTHYECKHE PABHOBECHS B BOA-
HBIX pacTBOpax peareHra. CIeKTpopOTOMETPUIECKIM METOJOM OINPEAENICHbI 3HAUCHUSI KOHCTAHT JUCCOLHA-
mn: pKar =2,31+£0,26 u pKaz = 8,82+0,34. M3yueHo MOBEpXHOCTHOE HATSHKEHHE PACTBOPOB PeareHTa Ha
TrpaHUle pacTBOP-BO3AYX. YCTaHOBIEHO, YTo «DM-1» oTHOcUTCs K Kiaccy cuiibHbIX [IAB. MunumansHoe
3HaYCHHE MTOBEPXHOCTHOTO HATSHKEHUS (Gwvum.) pacTBOpoB coctaBmiio 29,0 MH/M; oBEepXHOCTHAs aKTHBHOCTD
(G) — 0,031 H-M?/Monb, KpuTUUecKash KOHIEHTpalus MuLemiooopasopanus (KKM) — 1-10° mons/n. Hc-
ClleOBaHbl 3aKOHOMEPHOCTH B3anMoencTBus «PM-1» ¢ nonamu nantana (111). Haiineno, uro BeicOkast cTe-
neHs ocaxaenust nouos La (I11) pearertom (6omee 99,7 %) HaGIIOZAETCS B JOCTATOYHO IIMPOKOM IHAa30HEe
3HageHuit pH — ot 4,0 mo 12,0 (mpu pH > 7,5 BO3MOXXHO cOOCaX[eHHE THAPOKCHIA JIaHTaHa). MeToaom
KoHayKTOMeTpHudeckoro turpoBanus (pH 4,8-6,8) ycranoneno o6pa3oBaHue COeIUHEHUI B PaCTBOPE C MO-
msipabiMu cootromenusmu [La(lll)]:[R] = 1:1 u 1:2. Ha ocHOBaHMM AaHHBIX XHMHYECKOro aHamm3a, K-
CIIEKTPOCKOIHH ¥ HJIEMEHTHOTO aHaIN3a BBIJEIEHHBIX 0CAIKOB, MIPEUIOKEHA X CTPYKTypHas ¢popmyna. ITo-
Ka3aHa BO3MOXKHOCTb NpUMeHeHus1 peareHTa «®M-1» B kauecTBe codupaTens A HOHHOH (oTanuu JaHTa-
Ha (I11).

Kniouesvle cnosa: vioHHas Quoranus, peaKko3eMeIbHbIC 3JIEMEHTHI, aMHHOMETHICH()OCHOHOBBIC KUCIOTHI,
cobuparenb, PU3HKO-XUMHICCKUE CBOWCTBA, MOBEPXHOCTHO-aKTUBHOE BEIIECTBO, JaHTaH, DM-1.
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Thermodynamics of chalcocite dissolving in solutions of flotation reagents

This work describes the formation of the ionic composition of the sorption layer during the concentration of
copper-lead and pyrite-copper-zinc ore. The thermodynamics of the sorption layer of a sulfhydryl collector
(sodium diisobutyl thiophosphate and potassium butyl xanthate) on the surface of chalcocite under various
conditions of its oxidation has been studied using pH- and redoxometry. The nature of the change in the chal-
cocite electrode potential depending on the type of modifier and storage device, as well as on pH, has been
experimentally clarified. The differences in the collective action of a one-component accumulator and a mix-
ture of flotation reagents were revealed based on the thermodynamics analysis of the flotation process reac-
tions. In addition, the optimal conditions for the flotation were determined. It was found that the quality of the
concentrate is mainly influenced by two factors, such as the pulp redox potential and the pH of the medium.
Mathematical equations of the optimal reagent and hydrodynamic enrichment regimes with the maximum
dissolution of ore minerals in solutions of flotation reagents were modeled.

Keywords: flotation, hydrophobicity, sorption layer of collector, the ionic composition of the pulp in a liquid
phase, flotation reagents, sulfide minerals.

Introduction

Modernized technologies of the enrichment of ores from new deposits should ensure the production of
high-quality products from raw materials of medium and low quality [1-3]. However, most of the resources
of ore raw materials in the Republic of Kazakhstan (pyrite-copper-zinc, copper, copper-lead, iron-
manganese) are at a great depth and scattered over a large area. In this regard, the intensification of enrich-
ment processes based on an integrated approach, which uses various enrichment methods in one technologi-
cal scheme and reagent compositions selective for a specific mineral, takes on high relevance [4-6].

Improving polymetallic ores in production is predicated on examining economically profitable and en-
vironmentally friendly flotation reagents from a scientific research perspective, providing the necessary en-
richment indicators [7-10].

The selection of flotation reagents for ore beneficiation is acquired from the ability of adsorption com-
plexes on the surfaces of minerals. The sorption capacity is determined by the strength of the complex, poor-
ly soluble compounds of metal ions that make up the crystal lattices. In this regard, the literature analysis of
sorption processes on the surface of ore minerals is currently considered relevant and forward-looking to se-
lect cost-effective storage devices [11-16].

Along with the above, general criteria of selection of collector compositions capable of directional ac-
tion on the surface of ore material are the quantitative indices of absolute stiffness and electronegativity, ac-
cording to the theory of HSAB and Pearson principle, the affinity of individual collectors or their mixtures
for cations of heavy metals in solution, based on the recovery of valuable components in concentrate [17].

The evaluation sources of physicochemical characteristics of dissolution of sulfide ores and minerals
included in their composition have also been analyzed. It was shown that the processes of dissolution of sul-
fide minerals (CuFeS;) are significantly intensified in the presence of catalysts (Ag). The dissolution mecha-
nism is entirely determined by the semiconductor properties of chalcopyrite, namely, the electronic conduc-
tivity [18]. The solubility of minerals increases in the presence of potent oxidizing agents in an acidic medi-
um. In particular, the dissolving ability of an electrolyte containing H.SO4 and Fe®** has been studied. More-
over, the presence of Fe** ions plays a key role.

On the other hand, the possibility of dissolution of copper sulfides in solutions of complexing agents is
traced [19]. At the same time, the results of elemental and phase analyses of leaching products were used to
establish the dissolution mechanism. The complete theoretical description of the mineral dissolution process
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is given in [20]. In the example of a waste rock mineral (serpentine), using the DLFO theory, a relationship
was established between the intensive dissolution of serpentine and a decrease in brucite extraction. Howev-
er, more attention is paid to the practical side of the issue. The relationship of the physicochemical character-
istics of minerals in the dissolution process with the extraction efficiency of valuable components is poorly
expressed.

Experimental

Flotation experiments were carried out on an FML-1 laboratory flotation machine with a chamber vol-
ume of 0.5 | according to the following procedure: a sample of ore (size 0.074 mm, weight 10 g) is loaded
into the flotation cell and mixed with water.

Potentiometric measurements were performed using an ion-selective chalcogenide (Cu.S) electrode
based on the pH meter-ionomer (1-500). A chlorinated ESL-1M electrode was used as an electrode for com-
parison. The solutions were stirred using a magnetic stirrer.

During the experiment, tannin solutions with a concentration of 10 mol/l, potassium bichromate
(K2Cr207) 102 mol/l, hydrogen peroxide (H202) 102 mol/l were used. To maintain the required pH level,
solutions of sodium hydroxide (NaOH) and sulfuric acid (H2SO4) were used in the concentration range from
10%2-10° mol/l. A mixture of (CsHy0),PSSNa (main substance is sodium diisobutyl dithiophosphate
(W((i-C4H90)2PS2Na)= 65 %)) with butyl, potassium xanthogenate was used as a floater agent. All measure-
ments were made in the temperature range 298-318 K. The electrode stationary potential was fixed within 30
minutes.

The values of activation energy, activation enthalpy, and activation entropy of chalcocite dissolution
were calculated using the Arrhenius equation and the transition state equation [21]:

E

IgW = Ig A———2 1

=A™ 303RT @)

AS* =RINA—InX 1 )
Th

AH* =E, —2RT 3)

The method of the full factorial experiment was chosen for optimal control. This method involves the
use of 4 factors 3 level matrices and allows obtaining generalized regression equations that consider the in-
fluence of all factors [22]. The calculation and evaluation of the results of flotation studies were carried out
by the statistical options of the Excel application.

X-ray phase analysis of ore samples was carried out on an X-ray diffractometer (XRD-7000 Shimadzu,
Shimadzu, Japan). The valuable part of copper-lead ore is represented mainly by chalcocite, pyrite, galena,
and cuprite. Gangue is silica, aluminosilicates, calcium carbonates. Elemental analysis of the initial ores was
carried out on the ore grade instrument (Spektrolab, SPECTRO Analytical Instruments GmbH, Germany).
The study of the results showed that sulfide ore>copper-zinc ore>oxide ore>tailings (primary enrichment)
are the richest in the content of Cu, Pb, Zn industrial elements.

Results and Discussion

In this work, the process of collective absorption of minerals on the surface of a chalcocite electrode
was studied using a mixture of potassium butyl xanthogenate and sodium diisobutyl dithiophosphate as flota-
tion reagents, as well as potassium dichromate as an activator and sodium hydroxide as a depressor.

Considering the experimental data on the potential of a multi-component system, the values of the acti-
vation energy, entropy and enthalpy of the process were calculated using the Excel application (Table 1).

Under the data of [15], interpreting the achieved values of the activation energy specified in Table 1 in-
dicates that the electrode potential (E{mV?}) in the diffusion mode occurs on the surface of the mineral. Acti-
vation energy is diffused during the limitation period.

The negative value of the enthalpy of activation in a weakly alkaline medium has a combined structure,
which leads to a decrease in the number of “active” particles. On the contrary, a change to positive values of
the enthalpy of activation indicates an increase in the number of “active” particles. By the obtained values of
the activation entropy, it can be assumed that compounds of variable composition in the anionic form are
formed on the surface of the mineral.
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Table 1
Thermodynamic parameters of the theory of absolute speeds
in the system NaOH — K2Cr207 — (i-C4Hs0)2PS2Na
T{K} | 298 | 303 | 308 | 313 | 318
pH=8
E.{kJ/mol} 43.93+0.01
AS#{J/mol K} -41.5940.01 -41.61+0.01 -41.627+0.01 -41.643+0.01 -41.659+0.01
AH# {kJ/mol} -4.95+0.01 -5.038+0,01 -5.121+.0.01 -5.205+0.01 -5.288+0.01
pH=10
E.{kJ/mol} 45.81+0.02
AS# {J/mol K} 102.9+0.01 102.89+0.01 102.87+0.01 102.86+0.01 102.84+0.01
AH#{kJ/mol} 40.85+0.01 40.77£0.01 40.68+0.03 40.60+0.01 40.52+0.01
pH=12
E.{kJ/mol} 49.00+0.01
AS# {J/mol K} 122.80+0.01 122.78+0.01 122.76+0.01 122.75+0.01 122.73+£0.01
AH#{kJ/mol} 44.05+0.01 43.96+0.01 43.88+0.01 43.80+0.01 43.71+£0.01
E, mV E, mV
250 - 150
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Figure 1. The investigation of the behaviour Figure 2. The behaviour of the electrode potential
of the surface potential of the working electrode in the K,Cr,07 — NaOH — (i-C4Hy0),PS;Na system

in solutions (K2Cr207 — NaOH) with increasing in the range of temperature 298-318 K and pH 8-12

temperature and pH

Figure 1 demonstrates that the working area of the stationary potential of the chalcosine electrode in po-
tassium dichromate solutions (pH =8+0.3) is abruptly shifted to the electronegative region with increasing
temperature. Cuprite (Cu2Q) formation occurs on the Cu.S surface in these solutions. The following fact is
confirmed by the results of the phase diagram in [23], where the analysis of CuFeS, oxidation is described in
three stages:

2CUFeS; + 15H,0 = CU,S + 2Fe(OH)s+3S0Z + 24H* + 18e”  (E = -260{mV}) ()
CuzS + 4H,0 = Cu,0 + SO + 8H* + 6e- (E = -130{mV}) (5)
Cu,0 + 3H,0 = 2CU(OH), + 2H* + 2¢ (E = +157{mV/}) (6)

The E{mV?} curve in the K;Cr,07 — NaOH subsystem at pH = (10+0.3) is expressed by the ambiguous
destabilization of the electrode potential of the chalcocite dissolution process in potassium dichromate solu-
tions. With a stepwise increase in hydrogen concentration (pH = 12+0.3), the dependence of the electrode
potential is formed on an electropositive scale. This indicates the formation of copper chromate, according to
reaction (7):

CusS + 2Cr02~ + 3H,0 = 2CUCrO, + SOZ + 6H" + 8e- (E = +109++20{mV/}) )

Analyzing the obtained low values of the electrochemical potential in the system K.Cr,O7 — NaOH —
(1-C4H90)2PS2Na (Figure 2), we suggest that copper and butyl xanthate interact at (pH = 8) with the for-
mation of CuC4sHyOPSS. In this experiment, the oxidation of chalcocite sulfide sulfur proceeds intensively
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due to the influence of Cr,0;* ions. The chalcocite electrode potential dependence in an alkaline solution of
potassium dichromate in the presence of a mixture of a sulfhydryl collector at pH = 12 confirms the passage
of ionic flotation due to the oxidation of sulfide sulfur and dissolution of copper ions. The thermodynamic
characteristics, in particular, the activation energy and enthalpy values (Table 1), agree with the above reac-
tions.

Despite specific achievements in expanding the list of effective reagents-fillers for flotation, the domes-
tic industry is experiencing a shortage of its products. Based on the foregoing, in this work, a set of experi-
mental studies has been carried out to develop the subsystems using tannin (CzsHs2Ous) as a complexing rea-
gent-collector for refractory ores flotation concentration. The experimental results of the dependence of the
CuzS potential in the H,O,-tannin-H2SO4 system are shown in Figures 3-4.

A stable complex of tannin with copper ions is formed on the surface of the mineral at pH = 4. It was
found that the oxidation of sulfide sulfur of chalcocite by dichromate ions promotes the binding of copper
ions with tannin (Figure 4). An increase in the pH of solutions leads to a shift in the equilibrium of the reac-
tion. It may be due to the hydrophilization of the chalcocite surface. The calculated values of the reaction
thermodynamics in K,Cr,O7-Tannin-H,SO4 confirm the exothermicity of the process of Cu?* binding with
tannin at pH = 4 and 318{K} (Table 2).

Table 2
Thermodynamic factors of the system K2Cr207-Tannin-HzS04
T{K} 298 | 303 | 308 | 313 | 318
pH=4
E. {kJ/mol} 25.3+0.01
AS# {J/mol K} -391.82+0.01 —391.94+0.01 —391.98+0.01 —391.97+0.01 —391.9940.01
AH# {kJ/mol} —49.55+0.01 —50.38+0.01 —51.21+0.01 —52.04+0.01 —52.8740.01
pH=5
Ea {kJ/mol} 48.53+0.01
AS# {J/mol K} 109.05+0.01 109.0340.01 109.01+0.01 109.0140.01 108.954+0.01
AH# {kJ/mol} 43.63+0.01 43.55+0.01 43.46+0.01 43.38+0.01 43.36+0.01
pH=6
E.{kJ/mol} 32.39+0.01
AS# {J/mol K} 58.47+0.01 58.46+0.01 58.44+0.01 58.43+0.01 58.41+0.01
AH# {kJ/mol} 27.451+0.01 27.35+0.01 27.274£0.01 27.1840.01 27.1440.01
E, mV E, mV
150 - 150 -
120 { _ 140 | }\
130 | %’ %_-'{__—{ 130 - L7 S
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Figure 3. Characteristics of the electrode potential

Figure 4. The behaviour of the electrode potential

in the solutions (H20; — tannin — H2SO4)
with increasing temperature and pH

in the K2Cr,07 — tannin — H2SO4 system
with a change in the pH range from 4 to 6

The thermodynamic characteristics of the copper-zinc ore beneficiation process were determined to test
the optimal reagent modes of the modified polyfunctional collector (based on a mixture of potassium butyl
xanthogenate-sodium diisobutyl dithiophosphate (w((i-C4sHsO).PS,Na)) flotation reagents. The results are
presented in Table 3.
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Table 3

Thermodynamic values of the formation of a flotation complex of potassium butylxanthogenate —

sodium diisobutyldithiophosphate on the surface of copper-lead ore

T{K} 298 303 308 313 318
1 2 3 4 5 6
pH=8
E.{kJ/mol} 68.89+0.01
19A 11.44
AS# {J/mol K} 187.93+0.01 187.92+0.01 187.94+0.01 187.87+0.01 187.87+0.01
AH#{kJ/mol} 63.94+0.01 63.86+0.01 63.77+0.01 63.69+0.01 63.61+0.01
pH=10
AS# {J/mol K} -31.28+0.01 -31.3140.01 -31.37+0.01 -31.33+0.01 -31.3440.01
AH#{kJ/mol} 156.02+0.01 155.94+0.01 155.85+0.01 155.77+0.01 155.69+0.01
pH=12
E.{kJ/mol} 173.65+0.01
IgA -30.41
AS# {J/mol K} -613.7+0.01 -613.7240.01 -613.73+0.01 -613.75+0.01 -613.77+0.01
AH#{kJ/mol} -178.68+0.01 -178.62+0.01 -178.75+0.01 -178.85+0.01 -178.94+0.01

The indicated activation entropy data suggest that the flotation reagent has an active effect on the inter-
action of copper with butyl xanthogenate with the formation of CuC4HsOCSS. Furthermore, the exothermici-
ty of the process is confirmed by the maximum value of work and entropy, which indicates the direction. The
potentiometric method results for determining the dependence of the electrode potential in an alkaline medi-
um in the presence of a mixture of flotation reagents are shown in Figures 5-6.

E, mV E, mV
150 - 100 -
80 4
[
100 - colecceceens | TXTTTTRTY SO
L TP €0 |
50 - 40 4
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0 — ‘ ‘ ‘ - T,K
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Figure 5. Dependence of the change in the potential
of the working electrode in an alkaline medium
with increasing temperature

Figure 6. Changes in electrode potential
in the system (NaOH — H,0; — (i-C4H90)2PS;Na)
from temperature and pH

The potential shift to the electronegative region at pH = 10 is caused by the formation of poorly soluble
copper hydroxides on the surface of the mineral. Sulfide sulfur oxidation to SOZ and SO; is due to the ad-

sorption of OH-radicals and atomic oxygen on the Cus,S surface.

Taking into account all the revealed trends in the various-component systems of the model ore benefi-
ciation process, the activation process of the “intermediate” copper complex occurs. In this study, using the
Gauss method in the calculations, the equations of the electrode function are derived with temperature and
pH change. The temperature dependence of the Cu,S potential with a variable value of pH solutions is pre-
sented in Figure 7.
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Figure 7. Effect of temperature and pH on the potential of the chalcocine electrode

The optimal mode for the maximum enrichment process of copper-lead and pyrite-copper-zinc ores was
found using a mixture of flotation reagents according to the obtained obtained linear equations (8-10):

E =1.9997 — 153.77t + 2764.8 (pH=8) (8)
E = 471.34t2 — 10562t + 87407 (pH=10) 9)
E =-0.8491t% + 61.04t — 1010.1 (pH=12) (10)

The method of mathematical planning was applied to establish the optimal reagent and hydrodynamic
enrichment modes.

Table 4 represents the generalized equation of surface modelling changes in the dissolving mineral raw
materials process based on the changed electrode potential in multicomponent flotation process systems.

Table 4

The generalized equation of surface modelling changes in the process of dissolving mineral raw materials

Systems Mathematical model R
v = (20.475 + (_3.061)-(pH) + 0.106-(pH)?) + ((_L.08) + 0.157 pH +
K2Cr207 - NaOH £(20.005)-(pH)*°C) + (0.0124 + (-0.002) -pH + 0.0001-(pH)*> (ecy) | 0%°
. y = ((-107.79 + 73.019-pH + (-5.396) -(pH)2) + ((419.280 + 88.824-pH +
K2Cr207 —H,S0, — tannin + (£3.979) -(pH)2 4°C) + (16.48 + (-3.294) - pH + 0.1597-(pH)2(°C)?) | ° 28
o NaOH y=((-50.813) + 1.349 pH + (-8.7358) (pH)?) + (2.725+ 2562 PH + | o o
2=z + (~7.563)-(pH)? t°C) + (1.7329 + (—1.756)-pH + (0.0283-(pH)? (t°C)?) '
Y= ((-388.08 + 94.877-pH + (_5.1541) -(pH)?) + (341.397 + (_82.957) -pH +
NaOH —H20; ~(CaHs0)oPSaNa ™ T 4o 11112y . toc) + ((-1.355) + 0.286 -pH + (-0.0137)-(pH)2)-(t°C)) | O

It can be seen that the potential of the halcosin is shifted to the negative area with an increased tempera-
ture in a weakly alkaline medium (pH = 8) and to the positive zone in a more alkaline medium, which indi-
cates an intensive occurrence of oxidative processes due to hydroxide and bichromate ions. This model is
characterized by the interaction of the mineral in an alkaline oxidant solution; therefore, it may be tested to
calculate the values of stationary potentials of copper sulfide (I) in the temperature range and the acidity of
the medium.

It should be noted that the steady-state potential data (Figures 1-7) indicate that the sulfur oxidation re-
actions of copper and lead minerals to thiosulfate ions occur most fully in alkaline media. These ions are re-
placed by xanthogenate and dibutyldithiophosphate to form complex compounds. Moreover, sulfur oxidation
products are thiosulfate and sulfate ions in the medium with high redox potential. These ions, which have a
higher ability to hydrate, contribute to the formation of poorly soluble copper xanthates and copper diisobu-
tyldithiophosphates in the volume of the solution, reducing the hydrophobicity of the surface, and conse-
quently the quality of the concentrate [24].
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In pursuance of the probabilistic-deterministic approach, the optimization of copper-lead ore concentra-
tion was carried out. Likewise, the partial dependences of chemical and technological parameters on variable
factors of air supply rate, impeller speed, consumption of the (C4HyO),PSSNa collector mixture and potassi-
um butyl xanthogenate were obtained (Table 5).

Table 5
Dependence of the degree of copper extraction and the degree
of ore reduction for the process of concentration of copper ore using a mixture
of potassium butyl xanthogenate — sodium diisobutyl dithiophosphate

Factors (x) eme, %0 (Y) R K(y) R
vair. {I/h} y = —0.05x? + 4.4819x — 5.6996 0.99 y =-0.0063x? + 0.3594x + 12.035 0.99
vrot. {HZ} y = -0.0039x? + 0.2767x + 95.093 0.99 y =-0.0146x2 + 0.956x — 10.853 0.99
Criotation {9/t} y = -0.0246x° + 4.484x — 109.17 0.99 y =0.0042x + 4.1161 0.99

For lead minerals, the high redox potential of the pulp initiates the reaction of the formation of poorly
soluble lead sulfate at low pH and high pH of lead hydroxocarbonate. Therefore, hydrophobization in the
presence of oxidized lead sulfide is difficult, which reduces the amount of metal extracted into the concen-
trate [25].

The large-scale laboratory studies have been carried out to recommend the use of a mixture of a flota-
tion reagent (potassium butyl xanthogenate and sodium diisobutyl dithiophosphate (w((i-CsHsO).PS;Na) for
flotation of copper ore from the Nurkazgan deposit.

Conclusions

The thermodynamic parameters characterizing the chalcocite dissolution process in copper minerals flo-
tation solutions have been determined. The progress of the enrichment process is mainly determined not only
by the change in the pulp potential’s redox action, but also by the electrode potential of dissolution of chal-
cogenide minerals.

Due to this fact, it is possible to eliminate the formation of hydroxide compounds at the stage of selec-
tive flotation of copper concentrates in alkaline media due to the equalization of the chromate- and xan-
thogenate ions concentration in the liquid phase.

A qualitatively new approach to the prediction of the behavior of sulfide minerals is proposed. It con-
sists in considering the relationship between the redox ability of minerals and the flotation characteristics of
polymetallic ores and the hydrodynamic enrichment regime. It was shown that copper recovery degree into
concentrate is closely related to air consumption and dispersion degree of bubbles for copper- lead ore sam-
ples. These factors directly affect the oxidation-reduction balance in the pulp. Namely, they increase the
probability of the formation reactions of hydroxo complexes, thiosulfates, copper, lead sulfates on the sur-
face of sulfide minerals.

A statistical model was proposed to calculate the value of the relative fractions of the surface sorption
layer of the pulp during the flotation of copper ore from the “Nurkazgan” deposit.

This model takes into account the oxidation processes occurring in parallel on the surface of the mixed
sorption layer of the collector of potassium butyl xanthogenate and sodium dissobutyl dithiophosphate
(W((i-C4H90)2PSzNa).

References

1 CrpembuoBa A.A. ®noTannoHHbIE H3BIEYEHHS TOBEPXHOCTHO-AKTHBHBIX BEIIECTB PA3INIHOI MPUPOJIBI U3 CMEIIaHHBIX pac-
TBOPOB, COZEPKAIINX BBICOKOMOJEKYISIpHBIN peareHT / A.A. CtpensioBa, A.A. Masypux E.A. Xpowmsimesa // Xumudeckast 6e3-
omacuocTh. — 2018. — T. 2, Ne 1. — C. 116-126. http://chemsafety.ru/index.php/chemsafety/article/view/44

2 TepmanoB A.A. HoBble TEXHHYECKHE CPECTBA aBTOMATHYECKOTO KOHTPOJIS TEXHOJIOTHYECKUX MApaMETPOB B 00OraTHTENb-
HoM mpousBojactBe / A.A. TepmanoB, A.A. TpyumH, H.O. Tuxonos, A.A. Tpery6or // TopH. unb.-aHanmut. Orour. (Hayd.-Tex.
KypH.). — 2019. — Ne 2. — C. 114-122. https://giab-online.ru/catalog/12694

3 Tinashe O. Ndoro. A Review of the Flotation of Copper Minerals / Tinashe O. Ndoro, Lordwell K. Witika // International
Journal of Sciences: Basic and Applied Research (IJSBAR), 2017. — Vol.34(2). — P.145-165.
https://www.researchgate.net/publication/318284476

128 Bulletin of the Karaganda University


http://chemsafety.ru/index.php/chemsafety/article/view/44
https://giab-online.ru/catalog/12694
https://www.researchgate.net/publication/318284476

Thermodynamics of chalcocite dissolving in solutions ...

4 AsarsH A.B. Tepmonunamudeckoe 000CHOBaHHME Tporecca CyabQUANPOBAHUS OKHCICHHBIX MEIHBIX MHHEpPAJIOB cepoi /
A.B. Aarsia // Bectn. Hai. nosnutex. yH-Ta ApMenun. Merajutyprus, MaTepruaioBeieHue, Heaponoib3oBanue. — 2018. — Ne 2, —
C. 34-44. http:/ltest.journals.sci.am/index.php/polytech_banber-metalurgia/issue/view/228

5 TopsueB B.E. Tepmonunamuka (popMHpPOBaHHSA COPOLIMOHHOTO CIIOS THOJBHBIX coOMpaTesell Ha MOBEPXHOCTH canepura
IIPU YCIIOBHH OKUCICHHS CYIbGHUIHON cepbl MUHEpaa 0 dneMenTHoi [Dnekrponusiii pecypc] / B.E. Topsiues, A.A. Hukomaes, 3ait
Sla Uxo, A.A. Moprys // I]setabie metamisl. — 2018. — Ne 4. — C. 2-10. http://www.rudmet.ru/journal/1715/article/29442/

6 AJ'[eKcaHZ[pOBa T.H. MCTOH TANU3aluN MEAHO-IUHKOBBIX Py CJIIOKHOI'O COCTaBa C IPUMECHCHUEM HeﬁpOCGTeBBIX MOI[eJ'IefI /
T.H. Anekcanzaposa, E.K. Ymakos, A.B. Opnosa // T'opH. un¢.-ananur. 6romwt. (Hayu.-tex. xypH.). — 2020. — Ne 5. — C. 140-147.
https://cyberleninka.ru/article/n/metod-tipizatsii-medno-tsinkovyh-rud-slozhnogo-sostava-s-primeneniem-neyrosetevyh-modeley

7 3aBapyx1/IHa E.A. Biustaue JOITOJIHHUTCIIHHOT'O CO6I/IpaTeJ'IH Ha CCIICKTUBHOCTbH d)HOTaHI/IOHHOFO pasaciicHust CyJ'IB(I)I/I,Z[OB MEan
u uHka / E.A. 3aBapyxuna, H.H. Opexosa // Top. und.-ananur. 6romwt. (Hayu.-tex. xkypH.). — 2017. — Ne 3. — C. 305-311.
https://cyberleninka.ru/article/n/vliyanie-dopolnitelnogo-sobiratelya-na-selektivnost-flotatsionnogo-razdeleniya-sulfidov-medi-i-tsinka

8 Owmaposa H.K. ®noranus cynsdumom mennoit pyzsr ¢ ¢utotopearenToM «PS» / H.K. Omapoga, P.T. lllepembaesa // O6ora-
wenne pya. — 2015. — T. 356, Ne 2. — C. 15-17. http://dx.doi.org/10.17580/0r.2015.02.03

9 KougpareeB C.A. Ouenka cobupatensHoit cuibl ¢uoranuonnoro pearenra / C.A. Konaparees, B.U. Psaboii // ®usuko-
TeXHHYEeCKHe  mpobieMbl  pa3pabOTKM  MONEe3HbIX  Hckomaembix. — 2015, —  Nel, C. 137-144.
http://lwww.rudmet.ru/journal/1428/article/24521/

10 Ps6oii B.1. Cobuparesb A MeJHO-MBIIIBIKOBUCTRIX pya / B.W. Ps6oii, E.JI. Illenera // TopHble HAYKH M TEXHOJIOTHH. —
2020. —T. 5, Ne 4. — C. 297-306. https://doi.org/10.17073/2500-0632-2020-4-297-306

11 UrnarkmHa B.A. DKClieprMeHTaJlbHBIC HCCIIEIOBAHUS MU3MEHEHHH KOHTPACTHOCTH (DIOTAIMOHHBIX CBOMCTB KaJbI[HEBBIX
munepanos / B.A. Urnatkuna // ®u3uK0-TeXHUYECKUE MPOOIeMbl pa3paboTku moje3Hbix uckomaembix. — 2017. — Ne 5. — C. 113-
122. https://elibrary.ru/item.asp? id=30488395

12 PamazanoBa B.P. TlepCrieKTHBBI HCIOJIb30BaHMSI HOBOTO pearcHTa Uil (IOTAlWM OKHUCICHBIX MEIHBIX pyn [/
B.P. PamaszanoBa, A.C. XKumun / AxryanbHble TIPOOJIEMBI pa3BUTHS TEXHHYECKUX HayK: ¢0. cT. yuacTH. XX OO KOHKypca Hayd.-
uccnen. pabor «Hayuneiii omumm» 1o Hanpaenenuto «Texuudeckue Haykm». — M. Dmurye, 2018. — C.89-91.
https://elibrary.ru/item.asp? id=35049070

13 banacansa C.11. KomneroTepHas MOAENb ISl CTOXaCTHYECKOT'O YIIPABJICHUS TEXHOJIOTHYECKIM HPOIeccoM (hIoTaruy pyasl
C YYETOM HAJIS)KHOCTH U3MenbunuTenbHoro odopynosanus / C.1. Banacansu, C.O. Cumonss, .M. I'eBoprsia // 13B. ToM. momurex.
yH-Ta. — 2013. — T. 323, Ne 5. — C. 50-57. http://earchive.tpu.ru/handle/ 11683/5058

14 Moses Nduna. A model for the zeta potential of copper sulphide/ Moses Nduna, Alison Emslie Lewis, Patrice Nortier // Col-
loids and Surfaces A: Physicochemical and Engineering Aspects, Elsevier, 2014. — Vol.441. — P.643-652.
https://www.sciencedirect.com/science/article/abs/pii/S0927775713007784

15 Awmepxanosa III.K. Kunernueckue oco6eHHOCTH Tpoliecca copOIMU cepocoaepKamux codupareeil Ha MOBEPXHOCTH Mel-
no#t pyxst / IILLK. Amepxanosa, P.M. isinos, A.C. Yamu // Bectn. Boponex. roc. yu-ta. Cep. Xumust. buonorust. ®@apmarys. —
2017. — Ne 1. — C. 7-10. https://elibrary.ru/item.asp? id=29025082

16 Margeesa T.H. HoBble (IOTAIIMOHHBIE PEATEHTHI JIs H3BJICYEHHST MUKPO- U HAHOYACTHI[ OJIATOPOJHBIX METAUIOB U3 YIIOp-
weix pyn / T.H. Marseesa, T.A. Banosa, B.B. 'erman, H.K. I'pomosa // Topu. xypu. — 2017. — Ne11. — C.89-93. —
http://rudmet.net/media/articles/Article_MJ_11_17_pp.89-93_2.pdf

17 Kondratev, S.A., Bochkarev, 1.G. Physically absorbable reagents-collectors in elementary flotation // J. Min. Sci, Elsevier,
2007. — Vol. 43. — P. 530-538. https://doi.org/10.1007/s10913-007-0056-9

18 Zand, L., Vakylabad, A.B. & Masoumi, M.E. Homogeneous Catalytic Dissolution of Recalcitrant Chalcopyrite (CuFeS2)//
Top Catal, Elsevier, 2022. https://doi.org/10.1007/s11244-022-01565-x

19 Baba A.A., Balogun A.F., Olaoluwa D.T. Leaching kinetics of a Nigerian complex covellite ore by the ammonia-ammonium
sulfate solution // Korean J. Chem. Eng., Elsevier, 2017. — Vol. 34. — P. 1133-1140. https://doi.org/10.1007/s11814-017-0005-5

20 Fu Yf., Yin Wz., Dong Xs. New insights into the flotation responses of brucite and serpentine for different conditioning
times: Surface dissolution behavior // Int J Miner Metall Mater.,, Elsevier, 2021. — Vol. 28. P. 1898-1907.
https://doi.org/10.1007/s12613-020-2158-1

21 Al-Juaid S.S. Inhibition of carbon steel corrosion in hydrochloric acid solutions using polyoxyethylene sorbitan fatty acid es-
ters (tween compounds). Chemistry and Technology of Fuels and Oils, Scopus, 2012. — Vol. 48. — P. 313-320.
https://doi.org/10.1007/s10553-012-0374-8

22 Khovanskyi S., Pavlenko 1., Pitel J., Mizakova J., Ochowiak M., Grechka I. Solving the coupled aerodynamic and thermal
problem for modeling the air distribution devices with perforated plates // Energies, Elsevier, 2019. — Vol. 12. — P. 3488.
https://doi.org/10.3390/en12183488

23 HukomnaeB A.A. TepMoanHaMuKa B3aMMOJEHCTBHS XpPOMAT-HOHOB C MUHEPAIbHBIM KOMIUICKCOM ITOJIMMETAIIMNYECKHX Pyl
xanpkomuput / A.A. HukonaeB, B.E.TopsueB // W3B. Bys3oB. IlserHas wmeramwryprus. — 2013, — Ne5. — C.3-9.
https://doi.org/10.17073/0021-3438-2013-5-3-9

24 Vigdergauz V.E., Makarov D.V., Zorenko 1.V. Effect exerted by structural features of copper-zinc ores on their oxidation and
technological properties// J Min Sci., Elsevier, 2008. — Vol. 44. — P. 413-420. https://doi.org/10.1007/s10913-008-0046-6

25 Chander S. Oxidation/Reduction Effects in Depression of Sulfide Minerals — A Review // Mining, Metallurgy & Explora-
tion, Scopus, 1985. — Vol. 2. — P. 26--35. https://doi.org/10.1007/bf03402591

CHEMISTRY Series. No. 1(105)/2022 129


http://test.journals.sci.am/index.php/polytech_banber-metalurgia/issue/view/228
http://www.rudmet.ru/journal/1715/article/29442/
https://cyberleninka.ru/article/n/metod-tipizatsii-medno-tsinkovyh-rud-slozhnogo-sostava-s-primeneniem-neyrosetevyh-modeley
https://cyberleninka.ru/article/n/vliyanie-dopolnitelnogo-sobiratelya-na-selektivnost-flotatsionnogo-razdeleniya-sulfidov-medi-i-tsinka
http://dx.doi.org/10.17580/or.2015.02.03
http://www.rudmet.ru/journal/1428/article/24521/
https://doi.org/10.17073/2500-0632-2020-4-297-306
https://elibrary.ru/item.asp?%20id=30488395
https://elibrary.ru/item.asp?id=35049070
http://earchive.tpu.ru/handle/11683/5058
https://www.sciencedirect.com/science/article/abs/pii/S0927775713007784
https://elibrary.ru/item.asp?id=29025082
https://doi.org/10.1007/s10913-007-0056-9
https://doi.org/10.1007/s11244-022-01565-x
https://doi.org/10.1007/s11814-017-0005-5
https://doi.org/10.1007/s12613-020-2158-1
https://doi.org/10.1007/s10553-012-0374-8
https://doi.org/10.3390/en12183488
https://doi.org/10.17073/0021-3438-2013-5-3-9
https://doi.org/10.1007/s10913-008-0046-6
https://doi.org/10.1007/bf03402591

R.M. Shlyapov, Sh.K. Amerkhanova et al.

P.M. llnsmos, HI.K. Amepxanosa, A.C. Yamu, T.b. Omapbekos, JI.C. benbru6aesa

DJI0TAIMSJIBIK PeareHTTep KOoCnajJapbIHbIH epiTiHaiiepinae
XaJbKO3UHHIH epyiHiH TepMOAUHAMHKACHI

MBIC-KOPFachIH JKOHE KOIYeNaH-MBIC-MBIPBIII KEHJEpiH OalbITy Ke3iHAe COpOLMSIBIK KaOaTTBIH HOHIBIK
KYPaMbIH KaJIBIITACTBIPY Hpoleci KapacThIpbULIbl. pH MeTpHs MEH peJOKCOMETPHSHBI KOJNAaHa OThIPHIIL,
XaNbKO3WH O€TiHIH op TYpJl TOTBIFY JKaFjaillapelHAa CyJIbGOTHUIPUI JKUHAFBIIBIHBIH COPOLUSIBIK
KabaTeiHblH (HaTpuil Aum300yTHATHOGOCOATH KOHE Kamuii OyTHUI KCAaHTOTEHAThl) TEPMOIUHAMUKACHI
3epTTensi. XaabKO3UH 3NEKTPObIHBIH IEKTPOJ MOTeHIMaIbIHBIH pH-Fa OaiinaHbICThl MOAU(HKATOP MEH
JKMHAKTay TYpiHE ©3repy CHIIAThl OKCIIEpHMEHTANAbl TypAe TyciHmipingi. OnoTamus npoeciHiy
peaKIHsUIapBIHBIH TEPMOAMHAMHKACHIH TAJAAy HETi3iHe Oip KOMIIOHEHTTI KHMHAKTay MeH (IoTopeareHTTep
KOCHACBIHBIH Y)KBIMIIBIK OCEpiHIH albIpMalIbUIBIKTApel aHBIKTAIABL DIoTamus >KYpri3yAiH OHTaiIbI
MIapTTaphl aHBIKTANABL, KOMBIpTHAK IeH pH OpTaHBIH TOTHIFY-TOTBIKCHI3IAHY oJIEyeTiHIH €Ki (aKTOPBIHBIH
KOHIIGHTpAT camachblHa OacklM acepi mamenpeHnai. @DnoTtannsulelk  peareHTTEp epiTiHALIEpiHIE KeH
MUHEpaJIapblH OapblHIIa epiTyMeH OaWbITy[IblH OHTAMIBI PEAreHTTIK JKOHE THIPOANHAMUKAIBIK
PEKUMIEPiHIH MaTeMaTUKANIbIK TEHICYIepi MOJIESIbACH .

Kinm ce30ep: ¢notaunsi, ruapopoOTHUIBIK, KHHAFBIIITHIH COPOLMSIBIK KabaThl, KOWBIPTIAKTBIH CYHBIK
(ha3achIHBIH HOHABIK KYpaMBbl, (pIOTAMSIIBIK peareHTTep, CyIb(QUATI MHHEpaIap.

P.M. lllnsanos, LK. Amepxanosa, A.C. Yanu, T.b. Omap6ekos, [.C. benbrubdaesa

TepMoaguHaMuKa pacTBOPEeHUs XaIbKO3UHA
B PacTBOpPax (p)JI10TAIMOHHBIX PEAreHTOB

PaccmoTpeH mpouecc (OPMHPOBAaHHS HMOHHOTO COCTaBa COPOLIMOHHOTO CJOS NPH OOOTAIlleHUH MEIHO-
CBUHIIOBOl M KOJTYENaHHO-MEHO-IMHKOBOI pyapl. C npumeHeHneM pH M peoKCOMETPHH H3y4eHa TepMO-
JTUHAMHUKa COPOLMOHHOTO CIOS CyIb(QOrHAPMIEHOTO cobupatens (aum3o0ytunTuodocdara HaTpus u OyTu-
JIOBOTO KCaHTOTEHATA KaJus) Ha MOBEPXHOCTH XaJbKO3HMHA B Pa3JIMYHBIX YCIOBHSAX €r0 OKHUCICHHUs. DKCIIe-
PHMEHTAJIBHO BBIACHEH XapakKTep M3MEHEHHs JISKTPOJHOIO IMTOTEHIHANIA XaTbKO3HHOBOTO AJIEKTPOJia OT TH-
na Moau(UKaTOpa W HaKOMUTENS B 3aBUcHMocTH oT pH. Ha ocHOBaHMM aHanM3a TEPMOJUHAMUKY PEaKIUi
nporecca (IIOTAlNH BBLIBICHBI Pa3iM4Msl COOMPATEIBHOTO NEHCTBHUS OJHOKOMIIOHEHTHOT'O HAKOIHTENS W
cMecu (uiotopeareHToB. ONpenesieHbl ONTUMAIIbHBIC YCIOBUS HMPOBEACHUS (UIOTAIMH, YCTAHOBICHO MPeol-
Jajarolee BIUSHUE ABYX (haKTOPOB OKUCIUTENIBHO-BOCCTAaHOBUTEIBHOTO MOTEHIMANA MyNbIbl U pH cpenbl
Ha Ka4yecTBO KOHIIeHTpaTa. CMOJEIMPOBAHbI MATEMaTHYECKHE YPAaBHEHHS ONTHMAJIbHBIX PEareHTHBIX U THI-
POIMHAMHYECKHX PEKUMOB O0OTAICHUS ¢ MAKCHMAaJIbHBIM PACTBOPEHHEM PYAHBIX MUHEPAJOB B PaCTBOPAX
(IIOTAILIMOHHBIX PEAareHTOB.

Kniouesvie crosa: Gnoranms, ruipooOHOCTH, COPOLMOHHBIH CI10# cOOMpaTes, HOHHBIA COCTaB XKHUIKOH (a-
3BI MyJIBIBL, (JIOTALMOHHBIE PEAareHThl, CYIb(HIHbIE MUHEPAIbL.
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