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Synthesis of Cucurbit[6]uril Using 1-Hydroxyethylidene-1,1-Diphosphonic Acid
as a “Green Catalyst”

Glycoluril (2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dione) and its derivatives have a special place in chemis-
try of heterocyclic compounds. The macrocyclic derivatives of glycoluril, namely cucurbit[n]urils have re-
cently attracted the greatest interest due to their unique properties. Cucurbit[n]urils are usually synthesized by
the condensation reaction of glycoluril with paraformaldehyde using strong mineral acids as a catalyst. In this
work, 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP) was used for the first time as a catalyst for “Green
chemistry” in the synthesis of cucurbit[6]uril in an aqueous medium. The reaction of glycoluril and paraform-
aldehyde in a ratio of 1: 2 with two equivalents of 1-hydroxyethylidene-1,1-diphosphonic acid as a catalyst
was carried out, in which the hexamer of cucurbituril (n = 6) was obtained in 25 % yield. The clathrate of cu-
curbit[6]uril with acetone was obtained by treating the cucurbituril hexamer with acetone. The reaction of
glycoluril with paraformaldehyde in the presence of HEDP can be used as a competitive method for the syn-
thesis of cucurbit[6]uril. The structures of the obtained compounds were proven by NMR and IR spectrosco-
py methods. The phase composition of isolated crystals of cucurbit[6]uril hydrate was analyzed by the pow-
der X-ray diffraction (XRD).

Keywords: cucurbit[6]uril, 1-hydroxyethylidene-1,1-diphosphonic acid, glycoluril, paraformaldehyde, NMR,
“Green” catalyst, oligomer, “guest-host” interactions.

Introduction

2,4,6,8-Tetraazabicyclo[3.3.0.]Joctane-3,7-dione (glycoluril) 1 (Scheme 1) and its derivatives are the
most interesting objects among bicyclic bisureas, which have a special place in the chemistry of heterocyclic
compounds [1]. It has been reflected in the creation of valuable substances in various fields of human activi-
ty such as disinfectants [2, 3], medicines [4, 5], polymer stabilizers [6], and other important substances and
materials based on these compounds. Geometrical features of glycoluril 1 determined the possibility of syn-
thesis and investigation of macromolecular and supramolecular compounds on its basis [7-21]. Cucur-
bit[n]Jurils (CB[n]) are the main representatives of this type of compounds [9-21]. Macrocycles CB[n] have
a narrowed hydrophobic cavity, which is outlined by two identical polar portals of carbonyl groups (Fig. 1
[16]). Hexamer cucurbit[6]uril CB[6] is the major reaction product due to the favorable deformation and
abundance of hydrogen bonds [17-21].

In recent years, cucurbit[n]urils have attracted the significant interest due to their unique properties
[11]. It is known [11, 16-21], that cucurbit[n]urils CB[n] are usually synthesized by the condensation reac-
tion of glycoluril 1 with formaldehyde or paraformaldehyde in solutions of strong mineral acids at tempera-
tures above 50 °C for a day or more. The use of organic acids in the synthesis of cucurbit[n]urils CB[n] is
limited only by the use of methanesulfonic acid [21].

© 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/) 5
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CB[5] CB[6] CB[7] ?:st] CB[10]

Figure 1. Cucurbit[n]urils, CB[n], n=5, 6, 7, 8, 10.

More recently, in a number of works [22-25] it was shown that 1-hydroxyethylidene-1,1-diphosphonic
acid (HEDP) proved to be a convenient “green” catalyst in heterocyclization reactions. 1-Hydroxyethylidene
diphosphonic acid (HEDP) is known for its anti-corrosion properties. It is used as a retardant in concrete,
scale and corrosion inhibition in circulating cool water system, oil field and low-pressure boilers in fields
such as electric power, chemical industry, metallurgy, fertilizer, etc [26]. The HEDP substance decomposes
at a temperature of about 250 °C, and decomposes in aqueous solutions at 140 °C [26]. In natural water bod-
ies, HEDP rapidly decomposes under the action of ultraviolet light, and the decomposition products are used
as fertilizers [27].

In this work, we first carried out the synthesis of cucurbit[6]uril CB[6] in the presence of HEDP as a

“green” catalyst (Scheme 1).
o 9 o»\

X T
HN NH CH20 e(ﬁ(Nﬁ\N N” NNﬁﬁ
) < tHEDP +  CBn]

HN NH N\N \\y\/
Tl K\ “NT s
CBI6]

(0]

Scheme 1. The synthesis of cucurbit[6]uril CB[6] in the presence of HEDP

Experimental

NMR spectra were recorded on a Bruker AVANCE 111 HD spectrometer (Bruker Corporation, Germa-
ny) with an operating frequency of 400 and 100 MHz for *H and **C nuclei respectively, in solutions of
DMSO-ds and F3CSOsH. The internal standard was tetramethylsilane (TMS).

IR spectra were recorded on a Nicolet 6700 IR spectrometer, Thermo Fisher Scientific. The samples
were studied by the method of disturbed total internal reflection in the spectral range from 400 to 4000 cm2.

Powder X-ray diffraction for substance CB[6] was recorded on a Shimadzu XRD 7000 diffractometer
using Cu Ko radiation at A = 1.54053 A. Reflections were collected from 5 to 50 in 20O with a step of 0.014,
a rate of 20 deg / min and a step time of 21.49 sat 17 °C.

Synthesis of cucurbit[6]uril hydrate CB[6] using HEDP. Glycoluril 1 (21.4 g, 0.15 mol), HEDP
(61.8 g, 0.30 mol) and 120 ml of water were added to a 250 mL round-bottomed flask equipped with a mag-
netic stir bar. The mixture was heated to 50 °C and then paraformaldehyde (9 g, 0.30 mol) was slowly added,
allowing the solution to stir well. The viscous solution was allowed to stir for 30 min more until the solution
set as a gel, which then was heated to 100 °C resulting in a rapid dissolution of the gel. The reaction mass
was refluxed for 20 h at 100 °C. Then it was allowed to cool down to room temperature. The resulting pre-
cipitate was filtered off and washed with boiling water, after which it was dissolved in boiling 37 % HCI ac-
id. The resulting solution was cooled and left at 0 °C for a week for crystallization. The colorless hexagonal
crystals of cucurbit[6]uril hydrate CB[6] with high purity were formed on the vessel walls. Substance CB[6]
is white powder with a yield of CB[6] 6.3 g (25 %). T. of decomp. is more than 400 °C. IR spectrum, v,
cmt: 3441 (H20), 2927 (CH), 1712 (C = O). *H NMR (400 MHz, FsCSO3H/D,0): & = 5.82 (s. 12H, CH),

6 Bulletin of the Karaganda University
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5.58 (d. J=16.4, 12H, CHy), 4.63 (d. J = 16.6, 12H, CHy). **C NMR (101 MHz, FsCSOs;H/D,0): § = 160.21
(C=0), 72.71 (CH), 52.04 (CHy).

The obtained CBJ[6] powder was treated with hot acetone, where the clathrate of hydrate of the cucur-
bit[6]uril with acetone CB[6]A [19] was obtained in a yield of 6.1 g (23 %). The substance CB[6]A is practi-
cally insoluble in concentrated boiling acids HCI, H.SO4 and hardly soluble in FsCSOs;H. T. of decomp. is
more than 400 °C. IR spectrum, v, cm': 3503 (H20), 2998 (CHs), 2933 (CH), 1730 (C=0). 'H NMR
(400 MHz, FsCSO3H/D-0): 6 = 5.81 (d. J = 5.6, 12H, CH), 5.56 (d. J = 13.9, 12H, CH,), 4.61 (d. J = 14.5,
12H, CHy), 2.67 (s, 3H, CHs). *C NMR (101 MHz, F;CSO3H/D20): & = 198.49 (C=0acetone), 160.11 (C=0),
72.68 (CH), 51.87 (CHy), 29.97 (CH3 acetone)-

Results and Discussion

The reaction (Scheme 1) of glycoluril 1 and paraformaldehyde in a ratio of 1:2 was carried out with the
traditional procedure [19], but HEDP was used as a catalyst in two equivalents relative to substrate 1. It was
suggested [28] that HEDP promoted more efficient transfer of glycoluril 1 into solution, which significantly
accelerated the condensation reaction. In the process of carrying out the synthesis of CB[6] upon heating, the
reaction mass was homogenized after 5 minutes. Then, after 20 minutes of reaction, a precipitate formed.
These are intermediate oligomers 2a—c of the cucurbit[6]uril CB[6] synthesis [18], the proposed structures of
which are shown in Scheme 2.

a (o]
)L :
. q_OH Jk
HN NH / HN N/\OH‘\

HN” NH  H -
HEDP/H* H
+ ° > >—< HEDP/H] > < HEDP/H?
HNTNH H H

N NH

1
o o o

(0]
i\ hH \ HEDP/H*
+ : : +
HEDP/H . HEDP/H H H
T HN NH HNTN \/NYNH
Ir I I

A o
00 o

HN N“TSN N/\NJLNH HN N/\NJJ\N/\NJLN/\NJL N/ ﬁi »\ A
)—< H HEDP/H* )_< NH LEDP/H* NN'NN‘N Ny N
HNTNVN N N_ NH HN_ N N N NH H ﬁm )_x N Nﬁ
- ~ ~ N -N_ NH VINPL s oY

S A [ D Ny

2 z CBI6]

Scheme 2. Formation of cucurbit[6]uril CB[n] by stepwise oligomerization

The reaction mixture was heated for 20 hours and then left to stand in a cold place overnight to crystal-
lize the precipitate, which was isolated and washed with hot water. When the washing solution was cooled,
precipitates of intermediate oligomers 2a—c precipitated. According to the NMR results of the reaction mix-
ture, glycoluril 1 reacted completely.

In the *H NMR spectrum (DMSO-ds) of oligomers 2a—c, there are multiplets of the main signals of the
structure, namely chemical shifts of NH-groups are found at & 7.68—7.99 ppm, signals of protons of the me-
thine group CH-CH are resonated at 6 5.26-5.60 ppm, and the chemical shifts of the protons of the meth-
ylene N-CH2-N groups are at & 4.24-4.90 ppm (Fig. 2, a).

CHEMISTRY Series. Ne 4(108)/2022 7
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Oligomers 2a—c, 1H NMR spectrum (401 MHz, DMSO-d6) Oligomers 2a—c, 13C NMR spectrum (101 MHz, DMSO-d6)
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Figure 2. The NMR spectra of oligomers 2a—c in DMSO-dg

In the ¥*C NMR spectrum (DMSO-ds) of oligomers 2a—c, chemical shifts are observed at &
51.8-52.3 ppm, 6 64.7-70.6 ppm and ¢ 155.2—158.3 ppm, which refer to carbon atoms of N-CH,-N, CH-CH
and C=0, respectively (Fig. 2, b). In the IR spectrum of oligomers 2a—c there are characteristic absorption
bands indicating the linearity of the structure of the obtained substances, namely the band at 3231 cm cor-
responds to NH-groups and the band at 1673 cm™ corresponds to amide C=0-groups.

The formation of acyclic structures 2a—c shows that HEDP acts as a trigger for the formation of a linear
platform for further thermodynamically cyclization to cucurbit[n]urils CB[n] in an aqueous medium. The
obtained cucurbit[6]uril CB[6] and non-cyclized oligomers with a high molecular weight are equally insolu-
ble in water, which makes it difficult to isolate CB[6] from the aqueous medium. In the IR spectrum of the
final precipitate, characteristic absorption bands of C=0-groups of non-cyclized oligomers (1675 cm!) and
C=0-groups of cucurbit[6]uril CB[6] (1714 cm™) are observed. The characteristic absorption band of C=0-
groups of cucurbit[6]uril CB[6] is shifted to short-wavelength region due to the resonance of the negative
charge of the carbamide group of the cavity of cucurbit[6]uril CB[6].

Isolation and purification of cucurbit[6]uril CB[6] was carried out in accordance with the procedure
[19]. The separated precipitate was dissolved in boiling 37 % acid HCI and left in the cold place. After a
week, colorless hexagonal crystals of cucurbit[6]uril CB[6] hydrate were obtained.

Due to the low solubility of cucurbit[6]uril CB[6], NMR spectra were recorded in a trifluoromethane-
sulfonic acid solution (Fig. 3a, b).

CB[6], 1H NMR spectrum (401 MHz, F3CSO3H) CB[6], 13C NMR (101 MHz, F3CSO3H)

52.00

— 160.21
72.71

0
—

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

12 11 10 9 7 o (6 ) 5 4 3 2 1 0 200 180 160 140 120 f1%00 ) 80 60 40 20 0
(Ppm ppm
a) 'H NMR spectrum of CB[6] b) *H NMR spectrum of CB[6]

Figure 3. The NMR spectra of CBJ[6] in F3CSO3H

The recorded NMR spectra of the substance CBJ[6] (Fig. 3a, b), in general, are identical to those previ-
ously recorded in the solvent DCI [18, 19].

We additionally analyzed the phase composition of the isolated crystals of cucurbit[6]uril hydrate
CB[6] by the powder X-ray diffraction (XRD) (Fig. 4). XRD analysis showed that the type of crystal lattice
and phase composition of crystals of cucurbit[6]uril hydrate CBJ[6] obtained in the presence of HEDP was
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identical to crystals of cucurbit[6]uril hydrate CB[6]*4.66 H.O [19], which were synthesized in the presence
of HCI acid as a catalyst.

Intensity (a.u.)

10,0 15,0 20,0 25,0 e30,0 35,0 40,0 45,0
2

Figure 4. XRD of powder crystals of the isolated hydrate cucurbit[6]uril CB[6] structure (red line)
and the corresponding theoretical picture of hydrate cucurbit[6]uril, (black line)

The clathrate of cucurbit[6]uril with acetone CB[6]A was obtained by treating the substance CB[6]
with hot acetone. Substance CBI[6]A is insoluble in concentrated acids HCI, H,SO4 and slightly soluble in
F3sCSO3H acid. The structure of CB[6]A was investigated by IR- and NMR spectroscopy (Fig. 5a, b).

-

CB[6]A, 1H NMR (401 MHz, F3CSO3H) CB[6]A, 13C NMR (101 MHz, F3CSO3H)
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Figure 5. The NMR spectra of CB[6]A in FsCSOsH

Previously, a similar clathrate [19], was described using X-ray diffraction analysis, the structure of
which was a composition of one CBJ[6] per one acetone and eight water molecules. In our case, according to
NMR data, the ratio of CB[6] and acetone molecules was also 1:1 in the clathrate. In the NMR spectra
(Fig. 5a, b) of the clathrate CB[6]A, in addition to the main chemical shifts of cucurbit[6]uril CB[6], there
are chemical shifts of acetone.

“Guest-host” interactions in cucurbit[n]uril chemistry have been studied in detail [11], and ion-dipole
and dipole-dipole interactions are considered as the main driving forces for binding various guests (acetone)
with CB[6]. Dipole-dipole interactions are shown in NMR spectra, where in the **C NMR spectrum the peak
of the C=0 group of acetone is shielding by an average of 8 ppm (Fig. 5b), and in the *H NMR spectrum the
chemical shift of the CHs-groups of acetone is deshielding by an average of 0.3 ppm (Fig. 5a), relative to
chemical shifts of a free acetone molecule.

Conclusions

Thus, HEDP has been first used in the synthesis of cucurbit[6]uril as a catalyst for “green chemistry” in
an aqueous medium. It has been shown that HEDP not only forms linear structures, but also cyclizes oligo-
mers into cucurbit[n]urils, where the most probable and stable hexamer of cucurbituril (n = 6) is obtained in
25 % yield.
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The reaction of glycoluril with paraformaldehyde in the presence of HEDP can be used as a competitive
method for the synthesis of cucurbit[6]uril. The advantages of using HEDP are in the “green” synthesis con-
ditions and in the rapidity of the formation of the crystal structure of cucurbit[6]uril CB[6] hydrate, however,
at the purification stage it is necessary to use mineral acids to separate linear products with similar solubility
in water.
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C.IO. [Tanmmna, A.A. baku6aes, A.H. I'yciaxos, B.C. Mankos

Kykypout[6]ypuaain cunresi 1-ruapoxcudtan-1,1-1udochon KbIKbIIBIH
«KaChLI KaTAJIN3aToOpP» peTiHAe naigajgany

Tereponnkini KOCBUIBICTap XUMHACHIHAA TIHKOMypui (2,4,6,8-terpaaazadbunmkio|3.3.0]okran-3,7-010H)
JKOHE OHBIH TYBIH/BLIAPHI €peKIe OPbIH anapl. ATan aliTKaHAa, MIMKOJYPUIAIH MaKpOLUKIIAI TYBIHBUIAPEI,
KyKypOuT[n]ypunaep, e3iniH Oipereil KacuerTepiHe OailIaHBICTBI COHFBI YaKbITTa YJIKEH KBI3BIFYLIBUIBIK
Tyasipabl. KykypOut[n]ypunzaep onerte Katanu3aTop peTiHae KYIITi MUHEpalabl KbIIKBULAAPAbI aiiianana
OTBIPBIN, TIHKOIYPWIAIH mnapadopManbaeruineH KOHICHCALMSIAHY PEaKIHMACHl apKbUIbl CHHTE3JENe]i.
JKaxprama Gipkartap 3eprreyiep 1-ruapokcndtan-1,1-mudocdon KemkpubHEH (O2®P) rereporukim3anus
peaKIysIapbIH/IA BIHFAIMIIBI «OKaChD» KaTalM3aTop eKeHIH Joneneni. by )yMbIcTa Cysl OpTalaFbl «Kachll
XUMHSD) KaTallM3aToOphl peTiHae KyKypOuT[6]ypmn cuHTe3iHAe |-rmapokcudTaH-1,1-mudocdoH KBIMIKBLIIEI
aJFanl peT KOJNAaHBUFaH. [ THKOIypHil MeH mapadopMalbIeTHATIH KaTaIu3aTop PeTiHAe €Ki SKBUBAJICHTTI 1-
THIPOKCHATAaH-1,1-mupochOoH KBIMKBUIBIMEH 1:2 KaThIHACBIHIA PEAKIUIChl JKypri3ingi, myHma 25 %
IIBIFBIMAA  KyKypOuTypws  rekcamep (N=6) ambiasl. OD3JI®  KaThICybIMEH — IJIMKOJIYPHIIIH
napadopMallbIeTHIIIEH peakuusIChl KyKypOUT[6]ypmin cuHTe3l yIIiH OaocekerekadineTTi ofic peTiHae
naifanaselIysl MYMKiH. OKuaynanraH KyKypOuT[6]ypmil rekcamepsl areToHMeH eHzenin, «KoHak-
KOJKalBIH» OpPEKETTeCyl apKbUIBI KOCHUIBIC aJbIHIBL. AJIBIHFAH KOCBUTBICTapABIH KYpbUTBIMEL SIMP sxone UK
CHEKTPOCKOIUACH! apKbUTBl monenaeHi. KykypOut[6]ypuia THOpaThHBIH OKMIAyJTaHFaH KPHUCTAJIIAPBIHBIH
(hazanbik Kypambl YHTaK peHTreHaik audpakausmer (POT) cunarrangpl. POT Tannaysl KprcTalabIK TOPABIH
Typi MeH l-ruapokcudTtas-1,1-nudochoH KBIIKBI KaTBICYBIMEH aJbIHFaH KyKypOWT[6]ypmn rumpar
KPHCTAIIapbIHBIH (Da3anblK KYpaMbl KIACCHKAIBIK dHICTEPMEH CHHTE3IeNTeH KyKypOuT(6]ypuil THIpaTHIHBIH
KpHUCTaniapeIMeH OipAeit ekeHiH KOpCeTTi.

Kinm ceszdep: xkykypout[6]ypwmi, l-runpoxcustan-1,1-aupocdoH KbIIIKBUIBI, TIUKOIYypHI, mapadopmaiib-
nerun, SIMP, «kaceun katanuzarop, oiauromep, « KoHak-KoxkailbIiH» opeKkeTTecyi.
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C.IO. [Nanmmna, A.A. bakubaes, A.H. I'ycnsikos, B.C. ManbkoB

CuHTe3 KYKypOuT[6]ypHia ¢ ucnoab3oBanueMm l-ruapokcudTad-1,1-1udochoHoBoii
KHCJIOThI B KA4eCTBE «3eJIEHOT0» KaTajlu3aTopa

B XxumuM TeTepOUMKINYECKUX COCAMHEHUH 0c000e MECTO 3aHMMAaT TiHKoIypun (2,4,6,8-Terpaaasa-
6urmkio[3.3.0]okran-3,7-a1oH) u ero npousBoaHsie. OcOOCHHO B MOCIHEqHEe BpeMsi HAaHOOBIINH HHTEPEC
BBI3BIBAIOT MAKPOIMKINYECKHE MTPOH3BOIHbBIE TIUKOIypHIa — KyKypOUT[n]ypHIibl, 4TO CBA3aHO C MX YHH-
KaJbHBIMU cBoWcTBaMHU. KyKkypOuT[n]ypuiasl 0ObIYHO CHHTE3UPYIOT peakiiell KOHASHCAUH TIHKOIypuiIa ¢
napadopMabIEruIoM C HCIOJIb30BaHUEM CHIIBHBIX MHHEPAIBHBIX KHUCIOT B KauecTBe Karaiusatopa. Co-
BCEM HEZABHO B psze paboT ObUIO NOKa3aHo, 4To 1-ruapokcuatan-1,1-mudochonosas kuciaora (O3dD) oxa-
3a7ach YHOOHBIM «3€JICHBIM» KaTaIN3aTOPOM B PEaKLUIX I'eTepOnUKIN3aly. B Hacrosmeil pabore Hamu
BIEpBbIe ObDIa MCHONB30BaHa 1-rHapokcusTan-1,1-nudocdonoBas kuciora B cHHTE3e KyKypOHT[6]ypnna B
KauecTBe KaTalnu3aTropa «3eJlIeHOi» XUMHUH B BOJHOH cpene. [IpoBeneHa peakius IIHKOIypwiia U mnapadop-
MaJbJerHaa B COOTHOIIECHUH 1:2 ¢ nByMs SKBHBaNeHTaMu l-runpoxcustad-1,1-nudocdoHOBOM KHUCIOTH B
KauecTBE KaTalM3aTopa, Ije rekcamep KyKypoutypuia (n = 6) moiydeH ¢ BeixogoM 25 %. Peaxuuro rimko-
aypuia ¢ napadopmanbaeruiom B npucyrctBun O3/[d MOXHO HCHOJIB30BaTh KaK KOHKYPEHTHBIH METOJ
CHHTe3a KyKypOuT[6]ypuina. Beinenennslii rekcamep KyKypOuT[6]ypuiaa oOpabaTbiBaiy alieTOHOM, ¢ MOJY-
YEHHEM COEJUHEHUS IO TUIy B3aUMOAEHCTBHS «TOCTb—X03SUH». CTpOeHUE MOMy4YeHHBIX COSANHEHUH JT0Ka-
3aHo0 Merogamu SIMP u UK-cnekrpockomuu. @a30BbIi COCTaB BBIIEIEHHBIX KPHCTAJUIOB KYKyp-
OouT[6]yprnruapara oxapakTepHU30BaH METOIOM HopomkoBoil pentreHorpaduun (POA). POA anammus moka-
3aJ1, YTO TUIl KPUCTAJUIMIECKON PEIeTKH M (a30BbIH COCTaB KPUCTALIOB TUApaTa KyKypOuT[6]ypuna, moiy-
4yeHHbIX B mpucyrctBud O3/, MIEHTHYHBI KpUCTAUIaM THApaTta KyKypOHT[6]ypuia, CHHTE3HpYEeMbIM
KJTACCHYECKHMH METOJaMH.

Kniouesvie cnosa: xykypout[6|ypur; 1-runpokxcustan-1,1-1upochoHoBas KHCIOTA; TIIUKOIYPWT; napadop-
Manbaeru; SIMP; «3eneHslity katanu3atop, OJIUroMep, B3aUMOACHCTBUS «TOCTb—XO035UH».
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Temperature and Salt Responsivity of Anionic, Cationic and Amphoteric Nanogels
Based on N-Isopropylacrylamide, 2-Acrylamido-2-Methyl-1-Propanesulfonic Acid
Sodium Salt and (3-Acrylamidopropyl) Trimethylammonium Chloride

Three different nanogels possessing anionic, cationic and amphoteric character were synthesized via conven-
tional redox initiated free radical copolymerization of N-isopropylacrylamide (NIPAM), 2-acrylamido-2-
methyl-1-propanesulfonic acid sodium salt (AMPS) and (3-acrylamidopropyl) trimethylammonium chloride
(APTAC). The negatively charged [NIPAM]:.[AMPS] = 90:10 mol.%, positively charged [NIPAM]:[APTAC] =
=90:10 mol.%, and charge-balanced amphoteric nanogels [NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% ab-
breviated as NIPAMoo-AMPS10, NIPAMgo-APTAC10, and NIPAMgo-APTACs-AMPSs, respectively, were
characterized by FTIR spectroscopy, TGA, UV-Vis spectroscopy and DLS measurements. The temperature
and salt responsive properties of nanogels in aqueous and aqueous-salt solutions were studied in the tempera-
ture range of 25-60 °C and ionic strength (p) of 0.001-1.0 M NaCl. Anionic NIPAMgo-AMPS10 and cationic
NIPAMgo-APTAC10 nanogels, exhibit a pronounced polyelectrolyte effect in aqueous-salt solution due to
screening of the negative or positive charges by low-molecular-weight salt. Whereas the charge-balanced
amphoteric nanogel NIPAMgo-APTACs-AMPSs exhibits an antipolyelectrolyte effect due to the screening of
electrostatic attraction between opposite charges by low-molecular-weight salt. The difference between the
temperature-dependent behaviors of anionic, cationic and amphoteric nanogels is explained by shrinking
(polyelectrolyte effect) and expanding (antipolyelectrolyte effect) of macromolecular chains in aqueous-salt
solutions.

Keywords: polyampholyte nanogels, poly-N-isopropylacrylamide, ionic monomers, volume phase transition
temperature, amphoteric nanogel, anionic nanogel, cationic nanogel.

Introduction

Nanogels are three-dimensional structures that have the properties of both nanomaterials and hydro-
gels [1]. The main advantages of nanogels are their small size (from 1 to 100 nm), high degree of swelling in
water, high stability, biodegradability, adjustable toxicity, stimuli-sensitivity etc. [2—6].

Thermoresponsive nanogels respond to changes in ambient temperature. The temperature at which the
nanogel acquires the largest and sharpest change in hydrodynamic diameter due to swelling/deswelling is
called the volume phase transition temperature (VPTT). Nanogel swells in water at temperatures below
VPTT, and shrinks at temperatures above VPTT [7, 8]. Hydrophobic fragments attached as side chains in the
main chain impart thermoresponsive properties to the nanogel [1]. For example, Judah et. al. synthesized
nanogels based on NIPAM, N-hydroxyethylacrylamide and N-acryloyl-I-proline by high dilution radical
polymerization using DMSO as a solvent. The temperature-responsive properties have been studied in vari-
ous buffer media and their dependence on the chemical structure of the polymer network has been proven. A
slight change in the chemical structure of the side chains of monomers from branched isopropyl groups to
linear propy!l groups leads to a decrease in the VPTT value by about 10°C [9].

The most common thermoresponsive polymer is poly-N-isopropylacrylamide (PNIPAM), which con-
tains in structure hydrophilic amide and hydrophaobic isopropyl groups [10]. NIPAM-based nanogels can be
modified by incorporating various comonomers and cross-linking agents, which can reduce or increase
VPTT [11]. Copolymerization of NIPAM and various ionic monomers makes it possible to obtain ther-
moresponsive nanogels with increased VPTT [12, 13]. It is possible to control the VPTT and use the result-
ing nanogels for controlled drug release by modifying a PNIPAM-based nanogel with different amounts of

14  © 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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acrylic acid (AAc) [14]. The PNIPAM-co-AAc nanogels showed two volume phase transitions and the
VPTT increased with AAc content.

The authors [15] describe the synthesis of thermoresponsive nanogels based on NIPAM and allylacetic
acid (AAA) by radical polymerization. The DLS data at various pH values demonstrate that the phase transi-
tion temperature of the microgel shifts towards higher temperatures with an increase in the amount of
comonomer AAA.

Zhou et. al. synthesized nanogels based on NIPAM and strongly ionic 2-acrylamido-2-methyl-1-
propanesulfonic acid sodium salt (AMPS) by precipitation polymerization in the presence of Fe;O.. The re-
sulting nanogels have thermoresponsive and paramagnetic properties, which allows them to be used as draw
agents in forward osmosis [16].

In general, despite the progress in the field of synthesis and study of stimuli-responsive polymers, in-
formation on comparative study of thermo- and salt responsive polyelectrolyte and polyampholyte nanogels
is limited. This article describes the synthesis and characterization of anionic, cationic and amphoteric nano-
gels based on N-isopropylacrylamide (NIPAM), (3-acrylamidopropyl) trimethylammonium chloride
(APTAC) and 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS). The volume phase transi-
tion behavior of nanogels was studied in aqueous and aqueous-salt solutions depending on the charge of ion-
ic monomers.

Experimental

Materials

The following chemicals were used: N-isopropylacrylamide (NIPAM, 97 % purity), 2-acrylamido-2-
methylpropanesulfonic acid sodium salt (AMPS, 50 wt.%) and (3-acrylamidopropyl) trimethylammonium
chloride (APTAC, 75 wt.%) as monomers; ammonium persulfate (APS, 98 % purity) and sodium metabisul-
fite (SMBS, 97 % purity) as redox initiator; sodium dodecyl sulfate (SDS, 99 % purity) as surfactant; N,N-
methylenebis(acrylamide) (MBAA, 99 % purity) as crosslinking agent; sodium chloride (NaCl) and dialysis
tubing cellulose membrane (12-14 kDa) as further materials. All chemicals were purchased from Sigma-
Aldrich Chemical Co. and used as received.

Methods

Synthesis of nanogels based on NIPAM, APTAC and AMPS

Nanogels NIPAMg-APTAC15, NIPAMg-AMPS;, and NIPAMgo-APTACs-AMPSs were synthesized
via conventional redox initiated free radical copolymerization.

The required amounts of monomers (NIPAM, APTAC and (or) AMPS), MBAA and SDS, listed in Ta-
ble 1 were dissolved in deionized water with constant stirring. Further, the required amount of APS/SMBS
redox system was added to the solution and stirred until complete dissolution. The solution with dissolved
monomers, crosslinking agent, surfactant and redox system was transferred to a round bottom flask and heat-
ed on a water bath. Free radical copolymerization was carried out at 80 °C for 4 h in an inert atmosphere
with constant stirring of the solution. The resulting solutions of nanogels of the indicated compositions were
dialyzed against deionized water for 14 days to remove unreacted residues.

Table 1
Ratios of NIPAM, APTAC and AMPS for nanogels synthesis

NIPAM, | APTAC, | AMPS, | APS, | MBAA, | SMBS, | SDS, | H20, | Yield,
Nanogel sample
g g s mg g mg g mL | wt%
NIPAMgo-APTACo 0.83 0.225 - 50 0.125 0.35 97 90
NIPAMgo-AMPS19 0.815 - 0.367 30 0.123 10 0.23 | 975 72
NIPAMgo-APTACs-AMPSs 0.735 0.099 0.165 30 0.11 0.23 | 985 70

FTIR spectroscopy. Chemical structure of nanogels was characterized using Cary 660 FTIR spectrosco-
py (Agilent, USA). Before measurements, nanogels were freeze-dried for 24 h until moisture was removed.
The FTIR spectra were measured at room temperature within the 7004000 cm™ wavenumber range.

TGA analysis. Thermogravimetric analysis of nanogels was carried out using LabSys Evo device (Seta-
ram, France) in the temperature range 25-500 °C (heating rate is 10 °C-mint) in an inert atmosphere. The
maximum decomposition temperature of the nanogels was determined from the differential thermal analysis
(DTA) curve.
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VPTT determination for NIPAMg-APTAC10, NIPAMgo-AMPS1o and NIPAMgy-APTACs-AMPSs nanogels
in agueous and aqueous-salt solutions. The method for determining the volume phase transition temperature
was described in our previous studies [17, 18]. Experiments were carried out at A = 700 nm at a nanogel con-
centration of 0.1 wt.%, in the temperature range of 25-60 °C (0.5 °C-min’! heating rate). The VPTT of
NIPAMg-AMPS15, NIPAMg-APTAC1o and NIPAMg-APTACs-AMPSs nanogels in NaCl solutions with
pn=0.001; 0.01; 0.1; 0.5 and 1 M corresponds to the minimum points on the DTA curves.

DLS measurements. Dynamic Light Scattering (DLS) data were obtained using Zetasizer Nano ZS 90
(Malvern, UK) with a 633 nm laser beam. The mean hydrodynamic radius (Rn) was measured in a 0.1 wt.%
solution of nanogels in the temperature range from 25 to 60 °C with an interval of 5 °C and at p = 0.001; 0.1
and 1 M NaCl.

Results and Discussion

Synthesis and characterization of NIPAMgo-AMPS10, NIPAMgo-APTAC:0 and NIPAMgo-APTACs-AMPSs
nanogels

The NIPAMg-AMPS19, NIPAMgo-APTAC10 and NIPAMg-APTACs-AMPSs nanogels were synthe-
sized via conventional redox initiated free radical copolymerization (Scheme 1).
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\ NH n KL' NH
-
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Scheme 1. Nanogels synthesized by free radical copolymerization of NIPAM, APTAC and AMPS monomers
in the presence of MBAA

The NIPAMg-AMPS;o and NIPAMg-APTAC0 hanogels contain either anionic or cationic monomers;
NIPAMg-AMPSy, is negatively charged, while NIPAMg-APTAC is positively charged. The NIPAMgp-
APTACs-AMPSs nanogel has an equal molar ratio of cationic (APTAC) and anionic (AMPS) monomers,
therefore, it belongs to charge-balanced nanogel.

FTIR analysis of the NIPAMgo-AMPS19, NIPAMgo-APTAC10 and NIPAMgo-APTACs-AMPSs nanogels

Figure 1 shows the FTIR spectra of the NIPAMgy-APTAC1, NIPAMg-AMPS1; and NIPAMgo-
APTACs-AMPSs nanogels. The broad absorption band in the region of 3290-3500 cm™ corresponds to the
secondary and tertiary amine groups, and the absorption bands in the region of 2800-3000 cm correspond
to the asymmetric and symmetric vibrations of CH groups. Intensive peaks at v =1640 and 1540 cm belong
to N-substituted groups (amide | and amide 11). The S=O groups containing in AMPS fragments are detected
at v =1040 cm™.
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Figure 1. FTIR spectra of the NIPAMgo-APTAC10, NIPAMgo-AMPS10 and NIPAMgo-APTACs-AMPSs nanogels

TGA and DTA data of the NIPAMg-AMPS10, NIPAMgo-APTAC10 and NIPAMeo-APTACs-AMPSs nano-

gels
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Figure 2 shows the thermogravimetric and differential thermal analysis data for nanogels from which 3
regions can be defined.
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Figure 2. (a) TGA and (b) DTA curves of (1) NIPAMgo-AMPS1o; (2) NIPAMgo-APTAC ;

(3) NIPAMgo-APTACs-AMPSs nanogels

The sample mass is lost at >100 °C, probably due to the evaporation of physically adsorbed moisture.
The weight loss between 250-300 °C is probably due to the decomposition of NIPAM fragments. Complete
thermal decomposition of nanogels occurs in the temperature range of 410-420 °C. The thermal stability of
nanogels changes in the following order: NIPAMg-APTACs-AMPSs > NIPAMg-AMPS;o > NIPAMgo-
APTAC0. This demonstrates that the charge-balanced nanogel is more stable than the anionic and cationic
ones.
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Volume Phase Transition Behavior (VPTB) of NIPAMg-AMPS1o and NIPAMg-APTAC, nanogels in
agueous and aqueous-salt solutions

Figures 3, 4 show the effect of temperature and salt additive on the phase behavior of the anionic
NIPAMgo-AMPS; and cationic NIPAMgo-APTAC1 nanogels. Since the NIPAMgo-AMPS1o and NIPAMgo-
APTAC; nanogels are anionic and cationic polyelectrolytes, the addition of a salt leads to the screening of
electrostatic repulsion between uniformly charged groups respectively. As a result, the macromolecular
chains tend to shrink. However, there are no changes in the phase behavior of the NIPAMg-AMPS1, hanogel
and the transmittance remain constant at ionic strengths p = 0.001-0.01 M. Only starting from p =0.1 M
NaCl the polyelectrolyte effect is suppressed and the value of VPTT is equal to 42.1 °C (Fig. 3, Table 2). As
a further increase in the ionic strength to u = 0.5 and 1 M NacCl, the VPTT values of NIPAMgo-AMPSy, de-
crease and amount to 36.2 and 31.3 °C, respectively. The VPTT value at u = 1 M is less than the LCST of
pure PNIPAM, which is ~33 °C. It is likely that, at high NaCl concentrations, the screening of electrostatic
repulsion between negatively charged AMPS groups is so effective that the phase behavior and solubility of
NIPAMgo-AMPS;o nanogel is determined by NIPAMg fragments. In case of NIPAMg-APTAC, nanogel
the ionic strength in the range of u = 0.001-0.1 M NaCl does not significantly change the phase behavior of
the NIPAMgo-APTAC:o nanogel and the values of VPTT are equal to 46.4, 47.7, and 45.2 °C, respectively
(Fig. 4, Table 2). Even further increase of the ionic strength up to u = 0.5 and 1 M slightly changes the solu-
bility and phase behavior of the NIPAMg,-APTAC:o nanogel. This is probably due to the stronger polyelec-
trolyte character of NIPAMgo-APTAC, hanogel compared to NIPAMgo-AMPS;o and its less salt-sensitivity.
An increase in temperature enhances inter- and intramolecular hydrophobic interactions between NIPAMg
fragments, thereby causing a shift in the VPTT towards lower temperatures, that are equal to 41.8 and
35.9 °C, respectively.
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Figure 3. Effect of temperature and ionic strength (u)
on transmittance of NIPAMgy-AMPS1 nanogel

Figure 4. Effect of temperature and ionic strength (n)
on transmittance of NIPAMgo-APTAC10 nanogel

Table 2

The effect of the ionic strength on the volume phase transition temperature of NIPAMoo-AMP S0,
NIPAMogo-APTAC10and NIPAMoo-APTACs-AMPSs nanogels

lonic strength, u, mol-L* (NaCl)
Nanogel 0 | 0001 [ o001 0.1 0.5 1.0
Volume phase transition temperature, VPTT, °C
NIPAMgo-AMPS1o - — — 42.1 36.2 31.3
NIPAMgo-APTAC10 48 46.4 47.7 45.2 41.8 35.9
NIPAMgo-APTACs-AMPSs 40.4 39.2 40.4 47.8 45.1 38.3
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Thus, NIPAMg-AMPS;0 and NIPAMg-APTAC:o nanogels exhibit a strong polyelectrolyte effect and
only at higher ionic strength u > 0.1 M NaCl the polyelectrolyte effect is suppressed due to screening of the
electrostatic repulsion between uniformly charged groups by low-molecular-weight electrolytes.

Volume Phase Transition Behavior (VPTT) of charge-balanced NIPAMgo-APTACs-AMPSs nanogel in
agueous-salt solutions

Figure 5 shows the effect of temperature and ionic strength on the phase behavior of the charge-
balanced NIPAMgo-APTACs-AMPSs nanogel. At ionic strengths equal to u = 0.001 and 0.01, the phase tran-
sition temperatures are equal to 39.2 °C and 40.4 °C and shift towards higher temperatures, respectively. The
reason for this phenomenon is the demonstration of the antipolyelectrolyte effect, in which there is a gradual
destruction of ionic contacts between the APTAC and AMPS monomers due to the screening of the electro-
static attraction between oppositely charged fragments by low-molecular-weight salts. The antipolyelectro-
Iyte effect is characterized by the unfolding (swelling) of macromolecules of charge-balanced polyampho-
Iytes in a quasi-neutral state in a low-molecular-weight salt solution due to screening of the electrostatic at-
traction of oppositely charged fragments.

A further increase in ionic strength shifts the VPTT to maximal value 47.8 °C at p = 0.1 M. The VPTT
values decrease to 45.1 and 38.3°C at p = 0.5 and 1 M respectively. At extremely high ionic strengths
(n=0.5 and 1 M), the charged macromolecules approach neutrality due to a sufficient number of counteri-
ons, therefore, complete screening of opposite charges. In addition, probably there is a “salting out” effect of
ionic groups, which leads to a decrease of VPTT. Under these conditions, NIPAMy, fragments determine the
solubility and phase behavior of the charge-balanced NIPAMgo-APTACs-AMPSs nanogel.

It should be noted that at u > 0.1 M, a smaller change in the turbidity of the NIPAMgo-APTACs-AMPSs
solution observed than when the nanogel is in solutions with a lower concentration of salt. This is due to the
dependence of light scattering on the size, density of individual particles and the increase in temperature at
which particles stick together, hence the change in transmittance.

NIPAMgq - APTAC5 - AMPSg
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80 +
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40 4
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T T T T
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Temperature, ~C

Figure 5. Effect of temperature and ionic strength (i) on transmittance
of the nanogel NIPAMgo-APTACs-AMPSs

Thus, the addition of a low-molecular-weight salt promotes an increase in the hydrophilicity of ionic
groups of the charge-balanced NIPAMg-APTACs-AMPSs nanogel due to the antipolyelectrolyte effect, as
well as an increase in the hydrophobicity of NIPAM due to enhancement of inter- and intramolecular hydro-
phobic interactions. An increase in temperature reduces the quality of water in relation to NIPAMg, frag-
ments, causing phase separation.

The mean hydrodynamic radius (Rn) of NIPAMg-AMPS1o and NIPAMgo-APTACo nanogels in aqueous-
salt solutions

The mean hydrodynamic radius was measured in a 0.1 wt.% solution of NIPAMg-AMPS;, and
NIPAMgo-APTAC nanogels in the temperature range from 25 to 50 °C with an interval of 5 °C in deionized
water and in NaCl solutions with = 0.001; 0.1 and 1 M.

The dependence of the average hydrodynamic particle size of the NIPAMg-AMPS;, nanogel on tem-
perature and ionic strength is shown in Figure 6. It was previously described that the ionic strength equal to
p = 0.001 M does not affect the phase behavior of the nanogel, the transmittance remains constant (Fig. 3).
Therefore, an increase of temperature does not affect the nanogel particle size, in the temperature range of
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25-50 °C in 0.001 M NaCl solution Ry is ~10-20(=1) nm (Fig. 6a). At p = 0.1 M and temperatures of 25—
35 °C, there are particles with sizes of ~12(%0.5), 60(£1) and 100(=5) nm (Fig. 6b). The VPTT of the nano-
gel ina 0.1 M NaCl solution is 42.1 °C (Table 2); upon reaching 40 °C, in addition to particles with a size of
~12(£0.5) nm, the aggregation of nanogel particles is observed and Ry increases up to 300(x5) nm. At 45 and
50 °C, the Ry particle size is ~250(+2) and 300(£5) nm, respectively.
At 25 °C and ionic strength p = 1 M, the particle size is ~15(x1) nm (Fig. 6¢). Raising the temperature
to 30 °C causes the aggregation of nanoparticles and their size Rn is 240(=5) nm. The VPTT of the
NIPAMg-AMPS1 nanogel in 1 M NaCl is 31.3 °C (Table 2), therefore, an increase in size up to ~550(x10)
nm at 3540 °C is observed. A further increase in temperature to 45-50 °C leads to a decrease in the particle
size to 310-420(+5) nm; probably, the formed nanogel aggregates begin to shrink.
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The effect of temperature and salt additive on the average hydrodynamic particle size of the NIPAMgo-
APTAC o nanogel is shown in Figure 7. At ionic strength u = 0.001 and 0.1 M and in the temperature range
of 25-35 °C, the particle size Ry is ~15(£2), 115(£5) nm (Fig. 7a, 7b). An increase of temperature to 40 °C
leads to a decrease in the size of Ry particles to ~10(£0.5) and 60(+5) nm. At 45 and 50 °C, temperatures
close to VPTT (Table 2), the particle size distribution becomes monomodal and have values ~ 95(=1) nm in
0.001 M NaCl solution and ~ 60(+1) nm in 0.01 M. In solutions with ionic strength p =1 M at room temper-
ature, the Ry is ~10(+0.5) and 90(£0.5) nm (Fig. 7c). With a further increase in temperature from 30 to 50 °C,
the average Ry values are in the range of 60—70 (+5) nm; therefore, at temperatures close to the VPTT, no
significant changes in size occur.

The mean hydrodynamic radius (Rn) of NIPAMgo-APTACs-AMPSs nanogel in aqueous and aqueous-salt
solutions

The mean hydrodynamic size of NIPAMg,-APTACs-AMPSs was measured in a 0.1 wt.% solution of
nanogel in the temperature range from 25 to 50 °C with an interval of 5 °C in deionized water and in NaCl
solutions with p = 0.001; 0.1 and 1 M (Fig. 8).

A particle size of ~ 18(x1) nm is observed in solution with an ionic strength of p = 0.001 M at 25 °C
(Fig. 8a). An increase in the ionic strength to un = 0.1 and 1 M leads to the appearance of particles with sizes
of ~10, 45 and 90 (£1) nm. Most likely, the appearance of large particles leads to the determination of the

antipolyelectrolyte effect, due to unfolding of macromolecules and the aggregation of nanogel particles oc-
curs.
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Figure 8. Effect of temperature and ionic strength (p) on the mean hydrodynamic radius (Rn)
of NIPAM90-APTAC5-AMPS5: p = (a) 0.001, (b) 0.1 and (c) 1.0

An increase in temperature promotes the aggregation of nanogels. Aggregates with R;~560-600
(£10) nm formed in 0.001 M NaCl solution at 35 and 40 °C. Under these conditions, the hydrophobicity of
the NIPAM regions prevails over the antipolyelectrolyte effect. In a 0.1 M salt solution at 47.8 °C, a bulk
phase transition observed (Fig. 8b). An increase of temperature directly proportionally affects the aggrega-
tion of nanogel particles, reaching a maximum at 45.1 °C. A further increase in temperature does not affect
the size and structure of nanogel particles. As the ionic strength increases, the opposing AMPS and APTAC
blocks electrostatically screened. A bulk phase transition observed by NIPAM fragments at p = 1 M, since
the antipolyelectrolyte effect is suppressed (Fig. 8c). The increase in nanogel particles size remained colloi-
dal stable above the VPTT.
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Conclusions

Polyelectrolyte NIPAMgo-AMPS19, NIPAMgo-APTAC 0 and polyampholyte NIPAMgo-APTACs-AMPSs
nanogels were obtained via conventional redox initiated free radical copolymerization with N,N-methylene-
bis(acrylamide) (MBAA) as a crosslinking agent.

The effect of ionic monomers on the volume phase transition behavior of nanogels based on the results
of UV-Vis and DLS measurements was studied. Negatively and positively charged nanogels NIPAMgo-
AMPS10and NIPAMg-APTAC1o demonstrate a volume phase transition at ionic strengths equal to or higher
than 0.1 M NaCl due to the presence of polyelectrolyte effect. The volume phase transition temperature
(VPTT) of the amphoteric nanogel NIPAMgo-APTACs-AMPS:s increases with the addition of salt, which can
be explained by the antipolyelectrolyte effect. With an increase in ionic strength, the general hydrophobi-
zation of macromolecular chains occurs and, as a result, the VPTT of NIPAMg-APTACs-AMPSs decreases.
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A.E. As36aeBa, A.B. [llaxBopocrtos, C.E. Kynaiibeprenos

N-u30nponuIaKpuwiIaMmu/l, 2-aKpuIaMua0-2-MeTIHJI-1-nponancyab(oH KbIIIKbLIbI
HATPHUH TY3bI KoHe (3-aKpHIaAMHIONPONNJI) TPUMETHIAMMOHHUI XJIOpHAi Herizinaeri
AHUOH/bI, KATHOH/BI )KdHe aM(oTepJIi HAaHOTeJIbAEePAiH TeMIIepaTypara
JK9He TY3Fa ce3iMTaJAbIFbI

N-monpormmakpunamun (HUITAM), 2-akpuimamnmo-2-MeTHINIponancyinbpoHat Harpuii Ty3sl (AMIIC)
JKoHE 3-akpmiamunonponmwitpuMermiaMMmoruid xiopuai (AIITAX) werisinge 60c paauKaIgsl CONONUMEp-
Jiey apKbUIBl aHUOHJIBIK, KaTHOHJIBIK JXKOHE aM(OTepiiK CHUIATTarbl YII TYpJi HaHOTENbAEP CHHTE3IENi.
Tepic 3apsaramran [HUTTAM]:.JAMIIC] = 90:10 wmonb.%, o 3apsnranran [HUIIAM]:[AIITAX] =
=90:10 monb.% >xone amborepiik 3apsa terecripinren [HUTTAM]:[AIITAX]:JAMIIC] = 90:5:5 mo:5.%,
tuicinme NIPAMoo-AMPS10, NIPAMgo-APTAC10 sxone NIPAMoo-APTACs-AMPSs nen KpicKapThUIFaH
Ha"orempaepi MK cnexrpockommsicel, TI'A, Y®-kepinetin cnexrpockonusicsl sxoHe [JIC emmemuepiMer
cumatTangel. HaHorempaepniH cy jkoHE Ty3 CpITIHAUIEpIHIEri TeMmIeparypa MEH Ty3Fa Ce3IMTaIbIK
kacuerrepi 25-60 °C Temmepatypa auana3oHbHAA xoHe MOHIBIK Kymi (i) 0.001-1.0 M NaCl apansirsiana
3eprrengi. AHuoHABIK NIPAMgo-AMPS10 xoHe katnoHABIK NIPAMoo-APTAC10 HaHOTEeNmbAEpi TOMEH
MOJIEKYJIaIBIK CaJMakK TY3bIMEH Tepic HeMece OH 3apsiAThl CKDHHUHTKE OaiJIaHBICTBI TY3 epiTIHIICIHIEe aifKbIH
MOJIMAJICKTPOIIUTTIK dcep KepceTeli. 3apsineH TeHecTipiireH amdorepnik HaHoreab NIPAMoo-APTACs-
AMPSs ToeMeH MOJNEKyJIaNbIK CAIMaKThl Ty30€H Kapama-Kapchl 3apsiaTap apachbIHAAFbl JEKTPOCTATUKAIBIK
TapTBUIBICTBI KOPFayFa OalJIaHBICTHI aHTHIIOJIMAJIEKTPOIUT 9CEPiH KopceTelli. AHMOH/BIK, KaTHOH/BIK KOHE
aM(OTepIIiKk HaHOTENbICPAIH TeMIlepaTypara TOYeNIl OpeKeTiHiH aWbIpMAaIIbUIBIFBl TY3 EpiTiHAiIepiHAeri
MaKpOMOJIEKYJISIPIIBIK Ti30€KTepAiH KbICHUTYBIMEH (MIOJHMAIEKTPOIUTTIK 9cep) jKOHE KCHEIIMEH (aHTHUIIONN-
3IEKTPOJIUTTIK 9Cep) TYCIHIIpineTi.

Kinm coe30ep: nonmaMponuT HaHOTeINbIep, MOJIH-N-H30IpoIakpriIaMyl, HOHABIK MOHOMEpIIEp, KOJIEeM/IIK
(hasaibIK aybicy TeMIepaTypachl, aM)OTepIIiKk HAHOTEJIb, AHUOHIBI HAHOTEJ1b, KATHOH/IBI HAHOT€JTb.

A.E. As36aeBa, A.B. lllaxBopocros, C.E. Kynaitbeprenon

TemnepatypHasi u coJieBasi YyBCTBUTEJIbHOCTH AHHOHHOI0, KATHOHHOI0
U aM(OTEepHOro HaHOreJ el Ha 0cHOBe N-M30NPONUIAKPHIAMH/A,
HATPHUEBOH COJIU 2-aKPWIAMUI0-2-MeTHJI-1-nponancyib(poHOBOI KUCIOTHI
U (3-akpuIaMHUAONPONMI) TPMMETHIAMMOHUI XJIOPUAA

Tpu pa3nu4HBIX HaHOTENS, 00JaJalOIINX AHHOHHBIM, KATHOHHBIM U aM(OTEpHBIM XapaKkTepoM, ObLIN CHHTe-
3HUPOBaHbl C TMOMOIIBIO OOBIYHONW CBOOOTHOPAIUKAIBHOW CcOMONMMepHU3aui N-H30NpONUIaKprIaMuIa
(HUTTAM), nHatpueBoit coin 2-akpunamuio-2-MeTii-1-nponancyiasponoBoi kucnotsl (AMIIC) u (3-akpmit-
amugonponwia) tTpumerwiammonuii xnopuna (AIITAX). OrpunarensHo 3apsbkeHsslit [HUTTAM]:[AMIIC] =
=90:10 mon.%, monoxurensHo 3apsukeHHb [HUTTAM]:[AIITAX] = 90:10 Mon.% u amdoTepHsIii co cba-
nmancupoBaHHeIM  3apsaom  [HUITAM]:[AIITAX]:[AMIIC] = 90:5:5 mon.%  HaHOTENH, COKpAIIEHHO
NIPAMgo-AMPS10, NIPAMgo-APTAC10 1 NIPAMgo-APTACs-AMPSs, cooTBeTCTBEHHO, OBIIIM OXapaKTepH-
3oBaHsI ¢ nomomsio MK-criekrpockormun, TT'A, Y ®-Buanmoit cnekrpockonun u m3mepenuit JIJIC. Temmepa-
TypHBIE U COJICUyBCTBUTEIbHbIE CBOWCTBA HaHOTeJIeH B BOAHBIX M BOAHO-COJIEBBIX PACTBOPAX M3Yy4aaH B MH-
tepBaine Temnepatyp 25-60 °C u monnoit cunsl () 0.001-1.0 M NaCl. Aunonnsiit HUITAMgeo-AMIICio n
kaTroHHbIi HUTTAMgo-AIITAX10 HaHOTEIHM MPOSABISIOT BHIPAKECHHBIH MTOJMICKTPOIUTHBIH 3G deKT B BO-
HO-COJIEBOM PACTBOPE 3a CUET SKPAHUPOBAHUS OTPULATEILHOTO MM MTOJIOKUTEIBFHOTO 3apsiaa HU3KOMOJIEKY-
JSpHOU conbio. B TO BpeMsi kak 3apsin-cOanmaHcHUpoBaHHBIN am@orepHbIii HaHorens NIPAMoo-APTACs-
AMPSs nposiBIsIeT aHTHIONMNAIEKTPOIUTHEIN 3P (EKT 3a c4eT 3KPaHUPOBAHUS IIMEKTPOCTATHIECKOTO TIPUTS-
JKEHUsST MEXJy HpPOTHBOIOJIOKHBIMU 3apsaaMH HU3KOMOJEKYISIPHOH conblo. Pasnmdme B TeMmeparypHO-
3aBUCHMOM IIOBEICHUH aHHOHHOTO, KATHOHHOTO M aM(OTEPHOT0 HaHOTelel OOBSICHIeTCS CKaThueM (IIOJH-
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ANEKTPONUTHBIH 3((DeKT) u pacipeHreM (aHTUIOIUIIESKTPOIUTHBIN 2P dEeKT) MaKPOMONIEKYISIPHBIX LeMei
B BOIHO-COJICBBIX PaCTBOPAX.

Kniouesgvie cnosa: nonmamdonuTHee HAHOTENH, 110IH-N-H30NPONIIAKPUIaAMH, HOHHbIE MOHOMEpHI, TeMIIe-
partypa 00beMHO-(ha30BOTO Iepexona, aM(poTepHbIH HaHOTeJIb, aHNOHHBIN HaHOTeJIb, KATHOHHBII HAHOT€JIb.
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Synthesis and Antibacterial Activity of Hydrazones of Isonicotinic and Salicylic Acids
Based on Acetyl Derivatives of Coumarin and Benzo[g][1,3,5]Oxadiazocine

In recent decades, the efforts of many researchers in the sphere of organic chemistry, physics and pharmacol-
ogy have been focused on the search for new agents with pronounced antibacterial and especially antifungal
activity. This is due to the widespread increase in the resistance of many bacterial strains and fungi to antibi-
otics and antifungal drugs available in medical practice. In this regard, the number of works related to the
synthesis of new potential antibiotics from the most diverse class of organic derivatives, which either include
known pharmacophore groups or represent a new structural class of compounds with unknown and unex-
plored activity, is increasing in the scientific literature. In this work, new previously undescribed hydrazones
derivatives were obtained on the basis of physiologically active isonicotinic and salicylic acid hydroxides and
laboratory-available acetyl-substituted heterocycles, namely 3-acetyl-2H-chromen-2-one 3,2-acetyl-3H-
benzo[flchromen-3-one 4 and 2,6-methanobenzo[g][1,3,5]oxadiazocine 5. The obtained hydrazones structure
is explicitly proved by IR and H, 13C NMR spectroscopy data. The synthesized six new hydrazones under-
went biological screening for antibacterial and antifungal activity on strains of microorganisms, namely
gram-positive bacterium Staphylococcus aureus 209P, gram-negative bacterium Pectobacterium carotovorum
VKM-B1247, and yeast-like fungus Candida albicans ATCC 10231. Screening revealed three compounds
with antimicrobial activity and one promising compound — (E)-2-hydroxy-N’-(1-(2-oxochroman-3-
yl)ethylidene)benzohydrazide 9, which also exhibits antifungal activity along with antimicrobial activity.
Keywords: hydrazides, isoniazid, salicylic acid hydrazide, coumarins, 3-acetyl-2H-chromen-2-one, 2-acetyl-
3H-benzo[f]chromen-3-one, 2,6-methanobenzo[g][1,3,5]oxadiazocine, hydrazones, antimicrobial activity.

Introduction

Over the years the attention of many researchers in the field of medicinal chemistry has been focused on
the search and development of new antibacterial drugs. Due to the widespread uncontrolled use of various
antibiotics in recent decades, there has been a significant increase in antimicrobial resistance against many
viruses, bacteria and fungi [1-3].

According to the World Health Organization (WHQ) antimicrobial resistance is among the ten major
public health problems that are progressing worldwide [4, 5]. Antibiotics, antiviral, antifungal and antipara-
sitic agents are combined into one class of compounds called antimicrobials. The devastating consequences
related to resistance are much more global than it seems. Threats to human health caused by both gram-
negative and gram-positive resistant strains of bacteria force scientists to investigate new classes of com-
pounds exhibiting antibacterial biological effects and new approaches to solving the antimicrobial resistance
problem [6, 7].

It is known that hydrazides and their various derivatives, including hydrazones, have a wide range of
biological activity [8-12]. Anti-tuberculosis drugs such as isoniazid (isonicotinic acid hydrazide) and ftivazid
(vanillin isonicotinoyl hydrazone) are well known among this class of compounds [13]. Moreover hydra-
zones are worth noticing due to the presence of antibacterial and analgesic properties [14-16].

Isonicotinic acid hydrazide (tubazid, isoniazid) is especially noteworthy among them, which despite the
presence of a huge number of new drugs used in the tuberculosis treatment practice [17], currently holds a
leading place in the treatment of various forms of tuberculosis as a new dosage form (“Isonicotinoyl Hydra-
zine iron sulfate” or the trade name “Fenazid”), i.e. its complex with iron (II) sulfate [18]. Modification of
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isoniazid in particular its hydrazone with vanillin (“Ftivazid”) (Fig. 1) led not only to a decrease in toxicity,
but also to a better individual tolerance of the drug [19].

Salicylic acid hydrazide should also be noted among other hydrazides. Its derivatives such as Diflunisal
[20] and Salsalate [21, 22] are used as antipyretic and anti-inflammatory agents [23]. In the case of Salsalate
scientists investigated the possibility of its application in the treatment of diabetes [24, 25].
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o “NH;~
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Figure 1. Derivatives of isonicotinic and salicylic acid used as pharmaceuticals

Thus, we took well-known pharmacophores, namely hydrazides of isonicotinic and salicylic acids as the
chemical modification basis in order to obtain new hydrazones with potential antimicrobial activity.

Experimental

Materials and Methods

FTIR spectra were obtained with an Agilent Cary 630 spectrophotometer in a thin sample layer on a
crystal attachment. *H and *C NMR spectra were recorded on a JNN-ECA Jeol 400 (400 and 100 MHz, re-
spectively) and Magritek spinsolve 80 carbon ultra (81 and 20 MHz, respectively) instruments using
DMSO-dg, the internal standard was residual solvent signals (2.49 and 39.9 ppm for *H and **C nuclei in
DMSO-ds).

The reactions progress and the products purity were monitored by TLC on Sorbfil plates and visualized
using iodine vapor or UV light.

Synthetic procedures

(E)-N’-(1-(2-ox0-2H-chromen-3-yl)ethylidene)isonicotinohydrazide (8). The solution of 3 (1.88 g,
10 mmol) and hydrazide 6 (1.37 g, 10 mmol) in 2-PrOH was heated at reflux for 10 h. The resulting yellow
precipitate was filtered off. The yield was 60 %. Recrystallization from 2-PrOH gave yellow crystals,
mp 237-240 °C.

'H NMR (400 MHz, DMSO-ds), 8, ppm: 2.33 s (3 H, CH3), 7.35-7.44 m (3 H, H-6, H-7, H-8), 7.63 d
(1H,J=7.1, H-5), 7.75d (2H, J = 2.2, H-3', H-5', Py), 7.82 s (1H, H-4), 8.73 d (2H, J = 2.7, H-2', H-6', Py),
11.02 br. s (1H, NH).

(E)-2-hydroxy-N’-(1-(2-oxo-2H-chromen-3-yl)ethylidene)benzohydrazide (9). The solution of 3
(1.50 g, 8.0 mmol) and hydrazide 7 (1.22 g, 8.0 mmol) in 2-PrOH was heated at reflux for 10 h. The result-
ing orange precipitate was filtered off. The yield was 78 %. Recrystallization from 2-PrOH gave orange crys-
tals, mp 230-233 °C.

'H NMR (400 MHz, DMSO-ds), 5, ppm: 2.28 s (3 H, CH3), 6.98 t (1 H, J = 7.3 Hz, H-5'), 7.03 d (1 H,
J=7.8 Hz, H-3"), 7.38-7.46 m (3H, H6, H-8, H-4"), 7.66 t (1H, J=8.0 Hz, H-7), 7.89 d (1H, J=7.8 Hz,
H-5), 7.98 d (1H, J = 7.3 Hz, H-6"), 8.27 s (1H, H-4), 11.38 br. s (1H, NH), 11.74 br. s (1H, OH).

(E)-2-hydroxy-N'-(1-(2-ox0-3,4-dihydro-2H-benzo[h]chromen-3-yl)ethylidene)isonicotinohydrazi-
de (10). The solution of 4 (0.48 g, 2 mmol) and hydrazide 6 (0.27 g, 2 mmol) in 2-PrOH was heated at reflux
for 10 h. The resulting dark orange precipitate was filtered off. The yield was 65 %. Recrystallization from 2-
PrOH gave orange crystals, mp 224-225 °C.
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'H NMR (80 MHz, DMSO-dg), 8, ppm: 2.40 s (3H, CHzs), 7.47 br. s (1H, H-5), 7.58 br. s (1H, H-6),
7.67 br. s (1H, H-9), 7.75 br. t (1H, J = 7.5, H-8), 7.82 br. s (2H, H-3', H-5', Py), 8.21 d (1H, J=8.7 Hz,
H-7), 8.56 d (1H, J = 8.2, H-10), 8.72 br. s (2H, H-2', H-6', Py), 8.93 s (1 H, H-1), 11.11 br. s (1H, NH).

(E)-2-hydroxy-N'-(1-(2-oxo0-3,4-dihydro-2H-benzo[h]Jchromen-3-yl)ethylidene)benzohydrazide (11).
The solution of 4 (0.48 g, 2 mmol) and hydrazide 7 (0.30 g, 2 mmol) in 2-PrOH was heated at reflux for
10 h. The resulting orange precipitate was filtered off. The yield was 80 %. Recrystallization from 2-PrOH
gave orange crystals, mp 266-267 °C.

'H NMR (400 MHz, DMSO-dg), 8, ppm: 2.34 s (3H, CHs), 6.99 t (1H, J=7.1 Hz, H-5'), 7.04 d (1 H,
J=8.2 Hz, H-3), 743t (1H, J=7.1 Hz, H-4"), 7.57 d (1H, J=7.8, H-5), 7.64 d (1H, J=7.8, H-6), 7.73 t
(1H,J=7.8, H-9), 7.75 t (1H, J = 7.8, H-8), 8.01 d (1H, J=7.3 Hz, H-6"), 8.21 d (1H, J=8.7 Hz, H-7),
8.57d (1H, J = 8.2 Hz, H-10), 8.91 s (1 H, H-1), 11.44 br. s (1H, NH), 11.76 br. s (1H, OH).

(E)-N’-[(2)-1-(2-methyl-4-thioxo-3,4,5,6-tetrahydro-2H-2,6-methanobenzo[g][1,3,5]oxadiazocin-11-
yl)ethylidene]isonicotinohydrazide (12). The solution of 5 (0.48 g, 2 mmol) and hydrazide 6 (0.30 g,
2 mmol) in 2-PrOH was heated at reflux for 24 h. The resulting white precipitate was filtered off and washed
with water. The yield was 82 %. Recrystallization from 2-PrOH with 1,4-dioxane gave white crystals,
mp 248-250 °C.

'H NMR (400 MHz, DMSO-dg), 8, ppm: 1.83 s (3H, CHs), 2.05 s (3H, N=C-CHz), 3.17 br. s (1H,
H-11), 4.49 br. s (1 H, H-6), 6.83 d (1H, J=8.2, H-10), 6.93 t (1H, J=7.3, H-9), 7.17-7.24 m (2H, H-7,
H-8), 7.72 d (2H, J = 2.2, H-3', H-5', Py), 8.73 br. s (2H, H-2', H-6', Py), 9.03 br. s (1H, 3-NH), 9.10 br. d
(1H, J =10.5 Hz, 5-NH), 10.97 br. s (1H, NH).

(E)-2-hydroxy-N’-[(1)-1-(2-methyl-4-thioxo-3,4,5,6-tetrahydro-2H-2,6-methanobenzo[g][1,3,5]oxa-
diazocin-11-yl)ethylidene]benzohydrazide (13). The solution of 5 (0.26 g, 1 mmol) and hydrazide 7
(0.20 g, 1 mmol) in 2-PrOH was heated at reflux for 24 h. The resulting white precipitate was filtered off and
washed with water. The yield was 73 %. Recrystallization from 2-PrOH gave white crystals, mp 230-232 °C.

'H NMR (400 MHz, DMSO-dg), 8, ppm: 1.80 s (3H, CHs), 2.02 s (3H, N=C-CHs), 3.16 br. s (1H,
H-11), 448 d (1 H, J = 3.2 Hz, H-6), 6.84 d (1H, J = 8.2, H-10), 6.91-6.97 m (2H, H-9, H-5%), 7.00 d (1 H,
J=8.2 Hz, H-3"), 7.18-7.23 m (2H, H-7, H-8), 7.40 t (1H, J=7.3 Hz, H-4"), 7.94 d (1H, J=7.3 Hz, H-6),
9.08 br.d (1H, J = 4.6 Hz, 5-NH), 9.14 br. s (1H, 3-NH), 11.14 br. s (1H, NH), 11.76 br.s (1H, OH).

Results and Discussion

Based on the initial aim and the literature review data, it was of great interest to combine several phar-
macophore groups in one molecule, namely isonicotinic and salicylic acid hydrazide and laboratory available
acetyl-substituted heterocycles such as acetyl derivatives of coumarin 3, 4 (Scheme 1) and
2,6-methanobenzo[g][1,3,5]oxadiazocine 5 (Scheme 2). The choice was also based on the absence of such
derivatives in chemical databases. The Perkin reaction is the main method of synthesis of coumarins and
their derivatives, in which 2-hydroxyaromatic aldehydes are used as initial compounds. 3-Acetyl-2H-
chromen-2-one 3 and 2-acetyl-3H-benzo[f]Jchromen-3-one 4 [26] were obtained with high yields by the reac-
tion of acetoacetic ester with the corresponding salicylic and 2-hydroxynaphthaldehyde and diethylamine as

a catalyst (Scheme 1).
o)
CHO N
@ OWO —
OH Ot 0~ ~o
3

1

Et,NH o
|‘ 10-20 min, 20 °C R O
T
0~ o
4

OH
2

Scheme 1

CHEMISTRY Series. Ne 4(108)/2022 27



D.M. Turgunalieva, D.S. Dilbaryan et al.

The obtained acetylcoumarins 3, 4 were identified by comparing their literature data on melting points
and the *H NMR spectra. The Biginelli reaction product, namely 2,6-methanobenzo[g][1,3,5]oxadiazocine 5
was synthesized according to the method specified in the article [27] (Scheme 2).

0 0 S
HNTONH, iPOH45°C L \
OH S N
H
1 5
Scheme 2

The structure of compound 5 was also identified by a comparative analysis of the melting point and
H NMR spectrum [27].

Listed acetyl-substituted heterocycles were chosen because many natural coumarins are biologically ac-
tive compounds (Fig. 2) with different effects on the organism, namely hepatoprotective, diuretic, analgesic,
anti-microbial (Scoparone) [28]; antitumor, cardioprotective, neuroprotective (Isofraxidin) [29, 30], antide-
pressant [31], hepatoprotective [32] and antioxidant [33] (Scopoletin) ones; and also show photosensitizing
and antitumor activity [34-37].

Many researchers refer derivatives of 2,6-methanobenzo[g][1,3,5]oxadiazocine to the analogues of the
anti-cancer drug monastrol, which has the structure of pyrimidinethione [38] (Fig. 2), but with an oxygen
linkage. Monastrol has revealed a completely new mechanism of anticancer effects due to its specific effect
on mitosis, which makes it a unique precursor in the synthesis of a wide range of biologically active com-
pounds, in particular, pharmaceuticals.

O
\O o~
HN™ ™ O
_0 Oo. _0O HO 0. .0 HO 0.__0O
Ay OH
o = ~o ~ o = H
Scoparone Isofraxidin Scopoletin monastrol

Figure 2. Chemical structure of biologically active derivatives of coumarin and monastrol

The incorporation of another active pharmacophore group into the structure of a physiologically active
substance is a widely used method for obtaining new biologically active compounds in medicinal chemistry.
The combination of two or more pharmacophore groups in one molecule increases the likelihood of the syn-
thesized substance showing not only high biological activity, but also the presence of a new therapeutic po-
tential.

Therefore, the introduction of pharmacophore groups into the structure of biologically active hydra-
zones can result in potentially increased biological activity. And in turn, the synthesis of coumarin deriva-
tives is also an urgent task for the researchers in terms of finding new compounds with a diverse effect on the
human organism.

The synthesis of hydrazones was carried out by boiling the initial hydrazides 6, 7 with acetyl derivatives
3-5in 2-PrOH in the presence of catalytic amounts of formic acid (Scheme 3).

The obtained hydrazones 8-13 are yellowish crystals that are difficult to dissolve in common organic
solvents. The structure of compounds 8-13 was confirmed by IR and NMR spectroscopy data. Thus, in the
'H NMR spectrum of compound 9, methyl group protons were registered by a singlet at 2.28 ppm. There
were also singlets of the OH-group proton at 11.74 ppm and NH-group proton at 11.38 ppm.
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Biological studies

All the biological tests were carried out in the Laboratory of Antimicrobial Resistance, Institute of En-
vironmental and Agricultural Biology (X-BIO) of University of Tyumen.

Taking into account the enlisted data in the literature review on the potential antibacterial activity of
hydrazone derivatives, we carried out some biological studies of the compounds 8-13. The antimicrobial
activity of the synthesized samples was evaluated by diffusion into agar using the following strains of micro-
organisms: gram-positive bacterium — Staphylococcus aureus 209P, gram-negative bacterium — Pectobac-
terium carotovorum VKM-B1247 — (antibacterial activity) and yeast-like fungus — Candida albicans
ATCC 10231 — (antifungal activity).

Microorganisms Staphylococcus aureus 209 P and Pectobacterium carotovorum VKM-B 1247 were
cultivated on a liquid nutrient solution Luria—Bertani (LB) containing: trypton — 10 g/l (“Diaem”, Russia),
yeast extract ultrafiltered powder — 5 g/ (“Diaem”, Russia), sodium chloride (“Diaem”, Russia) — 5 g/I.
Staphylococcus aureus 209 P and Pectobacterium carotovorum VKM-B 1247 were grown at 37 °C (pressure
index: 150 rpm) and 28 °C (pressure index: 150 rpm), respectively. Yeast-like fungus Candida albicans
ATTC 10231 was cultivated on a liquid nutrient solution YPD: peptone — 20 g/l (“Diaem”, Russia), yeast
extract — 10 g/l (“Diaem”, Russia), glucose — 20 g/l (“Diaem”, Russia). Candida albicans ATCC 10231
was grown at 37 °C (pressure index: 150 rpm).

Samples with a volume of 10 mql (at a concentration of 10 mg/ml, 5 mg/ml, 1 mg/ml) were applied to
the surface of a nutrient solution (0.75 % LB) inoculated with the corresponding test strain. Petri dishes were
incubated for 24 h, namely Staphylococcus aureus 209P and Candida albicans ATCC 10231 at 37 °C, Pec-
tobacterium carotovorum VKM-B1247 at 28 °C. On the next day, the diameter of the microbial growth sup-
pression zones was measured. Screening results of the compounds 8-13 for antimicrobial activity are shown
in Table 1.

Table 1

Zones diameter of microorganisms’ growth suppression by compounds 8-13

Compound Staphylococcus aureus Pectobacterium carotovorum Candida albicans
10 mg/ml | 5mg/ml | 1 mg/ml | 10 mg/ml | 5mg/ml | 1 mg/ml | 10 mg/ml | 5 mg/ml | 1 mg/ml

8 5mm /[ +/- - - - - - - - —

9 11 mm/++|9 mm/ ++ - 5 mm/ +/- - - 4 mm/ +/— - —

10 — - - - - - - - —

11 — - - - - - - - —

12 5mm/+/—|4 mm/ +/—- — — - — _ _ _

13 — - - - - - - - —
Antimicrobial effect: ++ pronounced antimicrobial activity; +/— very weak antimicrobial activity; — no activity
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Compound 9 exhibits the highest antimicrobial activity against a gram-positive microorganism —
Staphylococcus aureus 209P at a concentration of 10 mg/ml. Compounds 8 and 12 showed a weak bacterio-
static effect at a concentration of 10 mg/ml. A low bacteriostatic effect against a gram-negative microorgan-
ism — Pectobacterium carotovorum VKM-B1247 and a yeast-free fungus — Candida albicans ATCC
10231 was demonstrated by the compound 9 at a concentration of 10 mg/ml.

Conclusions

Thus, new derivatives of hydrazones, which had not been described in the literature before, were ob-
tained based on physiologically active hydrazides of isonicotinic and salicylic acids and acetyl-substituted
heterocycles, namely 3-acetyl-2H-chromen-2-one 3, 2-acetyl-3H-benzo[f]Jchromen-3-one 4 and 2,6-metha-
nobenzo[g][1,3,5]oxadiazocine 5. Obtained hydrazones structure was explicitly proved by IR and !H,
13C NMR spectroscopy data. As a result of the carried out biological antibacterial and antifungal studies on
strains of microorganisms, hamely gram-positive bacterium — Staphylococcus aureus 209P, gram-negative
bacterium — Pectobacterium carotovorum VKM-B1247, yeast-like fungus — Candida albicans ATCC
10231, three compounds demonstrated antimicrobial activity and compound 9 was also a promising agent
since it exhibited anti-fungal effect along with antimicrobial activity.
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D.M. Turgunalieva, D.S. Dilbaryan et al.

JO.M. Typrynanuesa, JI.C. Tunbapsn, A.C. Bacunsuenko, O.A. HypkeHoB,
C.[. ®azpuios, I'.K. Kopinosa, T.M. Ceiinxanos, 1.B. Kynakos

Kymapun men 6en3o[g][1,3,5]okcagua3onun aueTusa TybIHABLIAPHI HeTi3iHae
M30HUKOTHH KIHEe CATUIUI KbIIIKbUIIAPbl THAPA30HAAPbIHbIH CUHTE31
JKOHe DaKTepUsiFakapchl OesceHaiiri

COHFBI OHXXBUIIBIKTApAa KONTEreH OPTaHMK-XMMHKTEp, Iopirepiep MeH (apMaKoJIOTTapIblH KeNTereH
3epTTEeyNIIepiHiH Ha3zaphl afiKpIH OaKkTepHsFaKapchl JKOHE acipece 3eHreKapchl OelceHIurnri Oap jkaHa
3aTtapapl Tabyra OaFbITTajfaH. Byl KenTereH OakTepHsUIBIK IITaMAap MEH CaHbIpAyKYJIaKTapIIbIH
MEIUIMHAIBIK TOKipuOene Oap aHTHOMOTHKTEp MEH 3CHIEKapchl Ipenaparrapra Te3IMIUITiHIH KeH
TapanyblHa OaiimaHbICThl. OChIFaH OalIaHBICTHI FRUIBIMH ofiebueTTepae Oenrim ¢apMakodopiblK TonTapIabl
KaMTHTBIH HeMece OeNrici3 :oHe 3epTTeIMEereH OelIceHIuir 0ap KOChUIBICTap IbIH KaHa KYPBUIBIMABIK TOOBI
00BN TaOBUIATHIH OPTAHUKAIBIK TYBIHABUIAPIBIH Op TYPJi TOOBIHAH jKaHa MOTEHUUAIABI aHTHOMOTHKTEPIL
CHHTe3Jieyre OaiJIaHBICTBI JKYMBICTap CaHBl apThin Keneni. OChl XKYMBICTA H30HHKOTHH MEH CaJHIAII
KBIIIKBIIIAPBIHBIH  (DU3HOJIOTHSUIBIK O€JCeHAl THApa3suATepi >KOHE 3epTXAHANBIK KOJDKETIMAI aleTHIMEH
OpBIHOACBUIFaH TETepPOIMKIAAp HETi3iHIe o[eOHeTTe CHIaTTajJMaraH THAPa3OHAApIbIH JKaHA TYBIHIbLIA-
pbl — 3-anermn-2H-xpomen-2-on 3, 2-anetui-3H-6en3o[f]xpomen-3-on 4 xoHe 2,6-meranobenso[g][1,3,5]-
OKCaJMa30LiH 5 alblHIbL. AJIBIHFAH TUAPa3OHIapAbIH KypblibiMbl K- sxone SIMP 'H, ¥C-cnekrpockonus
nepekrepimMen ponenaeHi. CHHTE3NeNreH KaHa 6 TuapasoH rpamoH Oakrepusutap Staphylococcus aureus
209P, Trpamrepic Oakrepustiap Pectobacterium  carotovorum VKM-B1247, ambiTkel — Topi3ai
canpipaykyiakrap Candida albicans ATCC 10231 mukpoopraHu3mjep IITaMIapbiHIa OaKTEepHUsFaKapChl
JKOHE 3eHIeKapChl OeJICeHIUTIKKE OMONOTHSIIBIK CKPUHUHITEH OTTi. CKPUHUHT HOTHXXECIHIe MUKPOOKAKapChl
Genceniniri 6ap 3 KOCBUIBIC JKoHE Oip mepcnekTuBaibl Kocblibic — (E)-2-ruapokcu-N'-(1-(2-okcoxpoman-3-
WI)3THIIHJICH JOCH30THAPA3H 9 aHBIKTAIIBI, O MHKpPOOKaKapchl OCNCEHIUTIKIICH Karap, 3C€HTe Kapchl
OEeJICeHMIITIKTI JIe KOPCEeTTi.

Kinm ce30dep: TuapasunTep, M30HUA3U]I, CATMIAI KBIIIKBLUIBI THAPA3HI, KyMapuHep, 3-anetui-2H-xpoMen-
2-on, 2-anermn-3H-6enso[f]xpomen-3-oH, 2,6-metanoben3o[g][1,3,5]okcaanazonus, TUIPa30HAAp,
MHUKpPOOKaKapchl OEJICEeHILTIK.

M. Typrynamuesa, JI.C. {unbapsn, A.C. Bacunsuenko, O.A. HypkeHoB,
C.J. ®azpuios, I'.)K. Kapunosa, T.M. Ceitnixanos, 11.B. Kynakos

CuHTe3 M aHTH0AKTEPUAJIbHAS AKTUBHOCTH I'MIPA30HOB H30HUKOTHHOBOM
U CAJTMIIMJIOBOI KHCJIOT HA OCHOBE alleTUJINPOU3BOIHbIX KyMapHHAa
u 0en3o[g][1,3,5]okcagnazouuna

B nociennue necaTHiIeTHS YCHIMS MHOTHX HCCIIeIOBaTeNeil XUMUKOB-OPTaHUKOB, MEIMKOB U (hapMaKoJIoros
COCpPEeIOTOYEHBI Ha MOMCKE HOBBIX CPEJICTB C BBIPAKCHHON aHTHOAKTepHAIBLHOH U, 0COOEHHO, MPOTHBOTPUO-
KOBOH aKTHBHOCTBIO. DJTO CBSI3aHO C IOBCEMECTHBIM POCTOM PE3UCTCHTHOCTH MHOTHX OaKTepHaJ bHBIX
IITAMMOB ¥ T'PHOKOB K MMEIOLINMCS B MEANIIMHCKON IIPaKTUKE aHTUOMOTHKAM U MPOTUBOTPUOKOBBIM Ipema-
pataM. B cBsI3u ¢ 3THM B Hay4HOI JIMTepaType yBEIWINBAETCS YHCIO paboT, CBA3aHHBIX C CHHTE30M HOBBIX
MOTEHINATBHBIX aHTHOMOTHKOB U3 CaMOT0 Pa3HOOOpPAa3HOTO Kiacca OPraHMYECKHX MPOHM3BOIHBIX, KOTOPHIE
00 BKITIOYAIOT M3BECTHBIE (apMako(OpHBIC TPYIIIEL, JTUOO MPEACTABISIOT COOOM HOBBI CTPYKTYpPHBIH
KJIacC COEIMHEHNH ¢ HEN3BECTHOW M HEM3YYEHHON aKTHBHOCTBIO. B HacTosmIel paboTe HaMH IMOKa3aHo, 4TO
Ha OCHOBE (hM3MOJIOTUUECKU aKTHBHBIX THUIPA3UI0B H30HHKOTHHOBOW M CANMIIMIOBOH KHCIIOT U J1aDOpaTOpHO
JMOCTYMHBIX  alleTWI3aMEIIECHHBIX  TeTepolMkiIoB —  3-anetwi-2H-xpomen-2-on  3,2-anetun-3H-
6en3o[f]xpomen-3-on 4 u 2,6-meranoben3o[g][1,3,5]okcanua3onuy 5 ObUTH MOTYUYECHBI HOBBIC HEOTHCAHHBIC
B JIUTEpaType MPOU3BOIHBIE THAPa3oHOB. CTPYKTypa MOTyYSHHBIX THAPAa30HOB OJHO3HAYHO JOKa3aHa JaH-
upiMu MK- u SIMP 'H, 3C- cnekrpockonueii. CUHTE3MpOBaHHBIE HOBBIE IIECTh THAPA30HOB IIPONLIM OHOJIO-
THYECKHH CKPUHMHT Ha aHTHOAKTEPHAIBHYIO M NPOTUBOTPHOKOBYIO aKTHBHOCTh HA IMITaMMaxX MHKPOOpIa-
HHU3MOB: TpaMmonoxurenpHoi Oaxrepun Staphylococcus aureus 209P, rpamorpuiatenbHONU OakTepuu
Pectobacterium carotovorum VKM-B1247, npoxokenono6Horo rpuda Candida albicans ATCC 10231. B
pe3yibTaTeé CKpMHHUHIA GBIJ'IO BBISABJICHO TPpU COCAUHCHUA, 06na11al0umx aHTI/lMI/leOGHOI\/'I AKTUBHOCTBIO, U
oJiHO mepcnekTuBHoe coequHeHne — (E)-2-rumpokcu-N’-(1-(2-okcoxpoman-3-1in)3THIINAeH)0eH30THAPa3H T
9, KoTOpoOE, HApsIy C AHTUMUKPOOHO! aKTHBHOCTBIO, TAKXKE TPOSIBIISIET U TIPOTHBOIPHOKOBYIO.

Kniouesvle crosa: THIAPasUIpl, U30HHA3U[, THIPA3W CAIHIMIOBONW KHUCIOTHI, KyMapHHbl, 3-arerui-2H-
XpoMeH-2-0H, 2-aretni-3H-6en3o[f]xpomen-3-on, 2,6-meTaHoben30[g][1,3,5]okcaana3onus, THAPA3OHBI,
AHTHMHKPOOHAst aKTHBHOCTb.
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Mechanical and Thermal Properties of Biodegradable Composites
Based on graft copolymer LLDPE-g-MA/Gelatin

The uncontrolled development of morphology at the stage of formation of biodegradable compositions based
on synthetic and natural polymers limits the possibility of achieving satisfactory physical and mechanical and
operational characteristics. In the present work, to achieve finely dispersed mixture morphology, an approach
was proposed for reactive mixing of functionalized polyethylene with gelatin to form a linear low density
polyethylene-grafted-maleic anhydride and gelatin (LLDPE-g-MA/GEL) graft copolymer. Using the selective
extraction of the mixture components, we determined amount of graft copolymer LLDPE-g-MA/GEL, free
gelatin, mechanical and thermal properties, as well as biodegradability data. It was found that as the amount
of maleic groups in the polyethylene macromolecule increased, the amount of graft copolymer increased, and
an increase in the content of gelatin in the blend led to a noticeable increase in the elastic modulus, tensile
strength, and a decrease in elongation at break. Due to the degradation of gelatin, the thermal stability of the
composite (initial temperature) decreased with increasing gelatin content. The maximum rate of destruction
of the graft copolymer in the temperature range of 400-500 °C increased markedly with an increase in the
content of gelatin. It was found that the rate of biodegradability would increase with an increase in the content
of gelatin in the blend; the maximum level of degradation was observed during the first 10 days and was more
than 50 %. It was found that the maximum degree of grafting LLDPE-g-MA and gelatin to each other de-
pended on the amount of maleic anhydride in the graft copolymer. The maximum degree of grafting was ob-
served to be higher with increasing amount of maleic anhydride in the composites.

Keywords: Biodegradation, gelatin, glycerin, polyethylene, maleic anhydride, polymer composite.

Introduction

The packaging industry needs biodegradable materials. Traditional synthetic polymers, in particular
polyolefins, despite a good combination of production technology, the possibility of varying physical and
mechanical characteristics and prices, pose significant problems for ecology and the environment.

An analysis of the scientific literature indicates that the solution to this problem is seen in the use of bi-
opolymers, or their combination with synthetic polymers. These approaches, of course, have their limita-
tions, such as optimization of physical and mechanical characteristics (with accelerated natural biodegrada-
bility) and limited degradability, depending on the biopolymer/synthetic polymer ratio, respectively. The list
of promising biopolymers includes proteins (soy and milk proteins, gelatin, etc.) and polysaccharides (chi-
tosan, carboxymethylcellulose, starch, etc.). Gelatin and starch occupy leading positions in the creation of
packaging materials based on them due to their low cost [1-4]. The special structure of these biopolymers,
that is, the presence of a dense network of hydrogen bonds between macromolecules, requires plasticization
to transfer to a thermoplastic state. Many studies carried out in this direction [5-11] have shown the funda-
mental possibility of forming biodegradable high-quality films with satisfactory physical and mechanical
properties. Generally accepted, gelatin is defined as the product obtained by the partial hydrolysis of collagen
present in the skin, connective tissues and bones of animals [12, 13]. The structure of gelatin includes a cer-
tain sequence of hydrophilic amino acids (glycine, proline, hydroxyproline), when an aqueous solution of
gelatin is cooled, a gel is formed with the restoration of the collagen triple helix. The most effective plasti-
cizers for gelatin are glycerol, sorbitol, polyethylene glycols, the variation of the content of which makes it
possible to obtain films with a tensile strength in the range of one hundred MPa and more, an elastic modulus
of hundreds of MPa with very low relative deformation. At the same time, the high sensitivity of gelatin to
water, that is low barrier properties to water vapor (swelling, dissolution) hinder the scale of production and
use [14-16].

From this point of view, interest in the creation of blends of gelatin with synthetic polymers continues
unabated [17]. At the same time, it was noted that the usual mixing of gelatin with polyolefin in various rati-
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0s gave very low biodegradability rates (up to 10 %). Optimization of the blend morphology by transferring
gelatin to a thermoplastic state slightly increased this indicator, and record biodegradability rates were
achieved when creating conditions for the formation of graft copolymers of polyethylene with gelatin (more
than 80 %) [18].

In this work, the formation of such a structure was carried out by means of an additional stage; blends
of gelatin with polyethylene were obtained on pre-irradiated polyethylene (®°Co source, dose 3.4 kGy/h). Un-
fortunately, these studies lack the structural data of the polyethylene matrix and their inherent physico-
mechanical and thermal characteristics. Previously, we showed [19] the realization of such a possibility on
maleated polyethylene.

This approach was implemented via the formation of a graft copolymer throughout the entire volume of
the sample, which ultimately resulted in the desired finely dispersed mixture morphology. In mixtures, de-
pending on the content of gelatin and the level of maleated polyethylene, along with the graft copolymer, the
presence of free gelatin was detected. The latter, as a rule, aggregated with the gelatin fragment of the graft
copolymer. It was of interest to reveal the relationship of structural elements with the physical, mechanical
and temperature characteristics of the compositions. The results obtained indicated that mixtures with a fine-
ly dispersed morphology increased elastic-strength properties with satisfactory deformability.

Materials and research methods

Materials

Linear low-density polyethylene (LLDPE, Shurtan Gas Chemical Complex of the Republic of Uzbeki-
stan) grade F-0320, d = 0.920 g/cm?, MFI = 2.5 g/10 min (at a load of 2.16 kg,) and edible gelatin (GEL)
grade P-200 (State Standard 11293-2019, JSC “MOGELIT”, Belarus) were used without any purification.
Maleic anhydride (MA, CsH,0s3, analytical grade, colorless rhombic crystals, M, = 98.06 g/mol) was distilled
at Top = 84.0 °C/14 mm Hg, T = 60 °C, p®° = 1.3140 g/cm?.

Preparation of thermoplastic gelatin

To dissolve gelatin granules and make them thermoplastic, glycerin was added to distilled water and
stirred until the same mixture was obtained. Gelatin was added to the resulting mixture and mixed again,
then heated in an oven at 80 °C for two hours.

Functionalization

Functionalization of LLDPE with maleic anhydride (LLDPE-g-MA) was carried out on a Brabender
plastograph (Plasticorder Brabender OHGDUISBURG Germany), with a cam velocity of 98 rpm and at a
temperature of 180 = 5 °C [19]. The concentration of grafted maleic anhydride was varied in the range of
0.5-5.0 wt%.

Polymer blends based on LLDPE-g-MA and gelatin were obtained on a Brabender plastograph, for
30 min, at 50 rpm and 180+5 °C by adding plasticized gelatin to the LLDPE-g-MA melt.

The maximum grafting percentage of LLDPE-g-MA and gelatin was 114 %; the grafting percentage
was calculated by extracting unreacted PE and gelatin with water and xylene.

Grafting rate was calculated using the following formula:

Grafting % = (Wg — Wo) / Wo x 100, (1)
where Wo and Wg are the masses of the initial composite and after the complete removal of polyethylene and
gelatin that did not participate in the reaction, respectively [18].

Bio-degradability test (Soil Degradation)

The polymer compositions were tested for biodegradation in the form of films in a specially prepared
soil (with a moisture content of at least 25 %). During the testing period, the soil moisture was maintained at
30 %, and the samples were immersed to a depth of 15 cm. Soil samples were removed every 10 days for
biodegradation testing, washed in ethanol, wiped and equilibrated in a desiccator for at least one day before
weight was recorded. Sample weight loss (W) in % was determined depending on the number of days as fol-
lows:

W = (Wo— W;) / Wo x 100. (2
Weight loss in % after every 10 days (Wa):
Wdi = (Wi — Wi.l)/ Wi X 100, (3)

where Wy is the initial mass, g; Wi is the final weight every 10 days; Wi.1 is the initial weight every 10 days
[18, 20].
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Physico-mechanical tests

The tensile diagrams of the samples were determined on a SHIMADZU AG-X plus universal testing
machine (JAPAN) in the uniaxial tensile mode with a set strain rate in accordance with the requirements es-
tablished by ASTM D 638-99 “Standard Test Method for the Strength Properties of Plastics”.

For analysis, at least five samples of the studied material were used, made in the form of double-sided
blades with a thickness of 2 mm. For measuring tensile module (E), 1 mm/min crosshead velocity was cho-
sen until 0.3 % deformation, after that crosshead velocity was increased immediately to 20 mm/min for fur-
ther exploring yield stress (o) and deformation (g).

DSC and TGA measurements

Thermal analyses DSC and TGA of polymer blends was carried out in a dynamic mode on a LINSEIS
THERMAL ANALYSIS PT1600 [thermogravimetric analysis (TGA)] instrument (in air atmosphere) in the
range from room temperature to 1000 °C, guided by the requirements established by the ASTM E 1131
standard. The heating rate was 10 °C/min; the sample weight for analysis was from 2 to 100 mg.

Results and Discussion

The uniform distribution of the gelatin phase in the polyethylene matrix and their accessibility to mi-
croorganisms determine the biodegradation efficiency of such compositions [20]. The desired uniform distri-
bution is achievable by grafting gelatin onto the polyethylene macromolecules. The possibility of implement-
ing this reaction was shown by us [21] using a maleated linear copolymer of ethylene with butene-1 (MA
content was 0.5-5 wt %) and in [18] on pre-irradiated polyethylene [22]. It should be noted that before ob-
taining blends of polyethylene with gelatin, the latter must be transferred to a thermoplastic state by plasticiz-
ing the optimal ratio of glycerol with water [23-25].

To determine the blends compositions at the selected polyethylene/gelatin ratios, the extraction experi-
ments were carried out using xylene and water to selectively dissolve the components, respectively. Due to
the gelatin degradation under conditions of LLDPE dissolution in xylene at a temperature of 120 °C, we ana-
lyzed only the extraction data in an aqueous medium. Taking into account that unreacted gelatin was extract-
ed under these conditions, we calculated the amount of polyethylene-gelatin graft copolymer (Table 1).

Table 1
Amount of grafted LLDPE-g-MA/gelatin and unreacted gelatin
Samples 70/30 60/40 50/50 40/60
Extraction Products % % % %
LLDPE-g-MA(0.5 %)/GEL
Pure gelatin % 7.6 10.8 20.5 39.5
LLDPE-g-MA-g-GEL % 39.6 59.5 79.6 90.8
LLDPE-g-MA(5 %)/GEL
Pure gelatin % 1.8 8.5 13.7 24
LLDPE-g-MA-g-GEL % 42 61 86.3 114

As can be seen from the table, the amount of free gelatin varied between 1.8-24 % by weight when its
content in the composition of the initial blend was 30-60 % wit., respectively, in relation to the content of PE.
Based on these data, the grafting degree of gelatin to polyethylene was determined. Naturally, as the gelatin
increased, the degree of grafting increased in the range of 42-114 % by weight. Blends formed in the pres-
ence of thermoplastic gelatin with the formation of a graft copolymer were homogeneous formations with a
uniform distribution of components [19]. Increasing the gelatin concentration above equimolar with respect
to the concentration of maleic groups in polyethylene resulted in the formation of an additional gelatin phase,
which agglomerated with the gelatin end of the graft copolymer in the form of a dispersed phase.

As expected, blends of gelatin with polyethylene containing 0.5 % wt. of maleic anhydride contained a
markedly higher amount of unreacted gelatin, 7.6-39.5 % wt. On that case, the grafting degree for the same
initial formulations was 39.6-90.8 % by weight.
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TGA and DSC measurements

Weight loss (%)

1. LLDPE

2. LLDPE g MA (5%)

Y. LLDPE g MA/GEL: 70/30
4. LLDPE g MA/GEL: 60/40
S. LLDPE g MA/GEL: 50/50
|6. LLDPE-g MA/GEL: 40/60
7. GELATIN

Figure 1. Thermogravimetric curves (a) and the first derivative of the TGA curves (b) of the film sample

In mixtures, depending on the content of gelatin and the level of polyethylene maleization, along with
the graft copolymer, the presence of free gelatin was detected. The latter, as a rule, aggregated with the gela-
tin fragment of the graft copolymer.

The presence of these reaction products was noticeably manifested in the thermogravimetric character-
istics (Fig. 1). The initial degradation temperature (Ti) and the temperature of the maximum degradation rate
(Tmax) for various compositions of mixtures and initial components are given in Table 2.

Table 2
Thermal characteristics of LLDPE-g-MA/gelatin blends
The temperature corresponding to the loss of mass is °C Degree of
Sample name and — - : — S O
No. component ratio (wt%) Initial degradation| Maximum thermal decomposition rates (Tmax), °C| crystallinity,
temperature Tj, °C|  first stage second stage third stage %
1 |LLDPE 186 19.85
2 |LLDPE-g-MA (5 %) 242 18.15
3 |LLDPE-g-MA/GEL 70/30 233 100-200 °C 975400 °C 400-500 °C 14.85
4 |LLDPE-g-MA/GEL 60/40 223 M(Mg)<10 % | 10<m(mg)<50 % | m(mg)>50 % 13.32
5 |LLDPE-g-MA/GEL 50/50 190 9= =mime/)= &)= 12.02
6 |LLDPE-g-MA/GEL 40/60 201 10.4
7 |GELATIN 97 -

The thermal decomposition of the LLDPE-g-MA/gelatin mixture on TGA curves consisted of three se-
guential stages. The first stage in the temperature range of 100-200 °C was due to the loss of absorbed and
bound water molecules (weight loss less than 10 % weight). The second stage, observed in the region of
275-400 °C (weight loss in the range of 10-50 wt%), corresponded to the breaking of peptide bonds in the
gelatin macrochain [26]. Temperatures, depending on the expected rate of thermal decomposition of the
gelatin phase, were found in the range of 250-280 °C. A partial contribution to the consumption of the com-
position in this area included the beginning of LLDPE-g-MA dehydration, an increased rate of thermal de-
composition (third stage), which felt at a temperature of 450 °C. The position of this peak was practically
independent of the content of gelatin in the composition; as the content of gelatin increased, it increased sig-
nificantly at high temperatures (up to 7 °C). Summarizing the above TGA data, it can be noted that the for-
mation of a graft copolymer LLDPE-g-MA/gelatin led to the decrease in thermal stability in terms of T; by
10-40 °C, depending on the content of gelatin 30-60 wt%, respectively. While the maximum rate of thermal
decomposition of the graft copolymer (third stage) increase in the biopolymer content increased significantly
(from —0.14 to —0.23 mg/K) due to degradation of the grafted gelatin.
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Figure 2. A fragment of the DSC curve of PE (a) Fragments of the DSC curves of the studied compositions (b)

Figure 2 a) shows a fragment of the DSC curve for a PE sample in the melting region. The endothermic
peak is highlighted here (shaded part). The melting enthalpy AH» PE was determined, with the help of which
it was possible to calculate the crystallinity degree of PE y. (%) as a percentage according to equation (4):

xe (%) = AHm / AHmo x 100 %, 4)
where AHmo is the value of the melting enthalpy of a hypothetical fully crystalline PE, which is equal to 293
Jig [27].

The values of y. (%) for the rest of the studied samples were calculated in a similar way. For this, frag-
ments of DSC curves were used, shown in Figure 2 b). This figure shows that the gelatin sample does not
have an endothermic peak corresponding to the melting process, i.e. it does not crystallize. The calculations
results of the crystallinity degree of all samples are presented in Table 2.

Mechanical properties

Interfacial adhesion is the determining parameter of the deformation process for the systems under con-
sideration with an elastic matrix and rigid inclusions (gelatinous phase). It should be noted that the studied
LLDPE-g-MA/gelatin blends differ from classical two-phase blends [28-34] in the form of clearly separated
continuous and dispersed phases. In our case, the dispersed phase consists of segregated domains of grafted
gelatin macrochains with free unreacted gelatin.

The general picture of the deformation process for blends proposed in [35] includes three stages, elastic
(stage | — up to 1 % deformation), then slight delamination of the matrix from the surface of a rigid inclu-
sion until the appearance of dumbbell-shaped microvoids (stage Il — reaching the yield point) and the last
stage (11 stage) can manifest itself in two forms, as the destruction of the sample due to the coalescence of
microvoids, or the ordering of macromolecules in the direction of the applied stress (called orientational
crystallization, recrystallization, cold — drawing). Exactly on that part, interfacial adhesion is determined,
the strengthening of which is accompanied by an increase in the stress at the yield point and the level of de-
formation.

Let’s consider the features of the curves 6-¢ of the compositions studied (Fig. 3).

The introduction of maleic groups into the polyethylene macromolecule did not introduce significant
changes in the shape of the o-¢ curves; they contained all three stages of the deformation process. At the
same time, the strengthening of intermolecular interactions, due to the presence of maleic functional groups
(0.5-5 wt%.), resulted in a noticeable increase in the yield stress (from 8.5 MPa to 13.5 MPa), tensile
strength at break (from 11 MPa to 14.5 MPa), modulus of elasticity (from 130 MPa to 220 MPa).
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Figure 3. Mechanical properties of samples of different composition

There are curves of deformation of the composition of polyethylene with gelatin (ratio 60/40 % wt.)
based on polyethylene with a content of 0 %, 0.5 %, 5 % wt. MA groups were undergone significant chang-
es. On the o-¢ curves, the length of the orientational ordering stage noticeably decreased, that was, after
reaching the yield stress, the colescence of microvoids around inhomogeneities led to a sequence of fibrilla-
tion and rapid destruction processes. This was most pronounced for conventional blends of polyethylene with
gelatin and polyethylene with a content of 5 % by weight, maleic groups, the relative elongation at break of
which was 48 % and 11.5 %, respectively. Accounting for 80 % deformability, maleinization of polyethylene
at the level of 0.5 % wt. was also significantly inferior to the original polyethylene (600 %). Let’s consider
the mechanical properties of the PE/gelatin composition by varying the content of gelatin based on polyeth-
ylene with different content of maleic groups (Table 3).

Table 3

Physical and mechanical properties of composites

. Tensile strength, Elongation at break, Young modulus,
No. Content of composites MPa % MPa
LLDPE/GEL

1 LLDPE 11+0.22 655+0.5 129.9+3.6

2 70/30 7.03+0.31 125.6+11.3 237.79+10.12
3 60/40 6.52+0.28 48+10.4 253.19+31.96
4 50/50 3.8+0.26 26.8+6.6 179.8+31.12
5 40/60 4.4+0.21 15.6+5.3 293.62+44.78

LLDPE-g-MA(0.5 %)/GEL
6 LLDPE-g-MA(0.5 %) 10.92+0.5 610.1+£18.03 119.25+10.34
7 70/30 16.20+0.33 122.71+10.58 286.46+3.64
8 60/40 17.48+0.15 78.65+5.24 338.31+10.07
9 50/50 17.68+0.91 54.88+2.96 278.41+12.33
10 40/60 19.84+1.02 26.21+£2.15 335.99+34.66
LLDPE-g-MA(5 %)/GEL
11 LLDPE-g-MA(5 %) 14.65+0.28 146.8+7,32 218.1+£5.8
12 70/30 17.41£1.9 12.40+1.84 481+10.98
13 60/40 20.63+1.74 11.43+1.41 550+27.77
14 50/50 24.02+3.24 10.21£1.29 676+8.07
15 40/60 27.56+2.42 6.73+1.06 736.534+49.84
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In conventional compositions (the absence of graft copolymers), due to the lack of interfacial adhesion,
and hence the weak stress transfer at the PE/gelatin interface, as the gelatin content increased, a noticeable
drop in oy, Obreak, and €nreak Dy More than 40 % was observed.

On the contrary, the presence of graft copolymers segregated with free gelatin enhanced 6y and Gureak by
20-80 % (0.5 % wt. MA) and more than 100 % in polyethylene compositions with gelatin at content of 5 %
wt. MA on a polyethylene macromolecule.

At the same time, the relative elongation at break for the composition based on graft copolymers, due to
the presence of inhomogeneities at the phase boundary, as well as for conventional PE/gelatin compositions,
was significantly reduced. As can be seen from Table 3, for all three groups of the composition, as the gela-
tin content increased, despite the insignificant degree of crystallinity of the polyethylene phase (Table 2), it
increased in comparison with the original polyethylene and maleated polyethylenes in the range of 130 %,
180 %, and 240 %, respectively. This effect was due to the fact that the presence of hydrogen bonds in the
structure of double helixes of crystalline sections of gelatin provided a high elastic modulus, more than 1000
MPa [36, 37] compared to PE. Therefore, it can be observed that as the content of grafted gelatin increased,
the elastic modulus increased for formulations with gelatin content of 60 % by weight from 300 MPa to more
than 700 MPa.

Based on the totality of all mechanical characteristics, compositions of polyethylene with gelatin with a
content of 0.5 wt % MA in the polyethylene chain are of the greatest interest for applications.

Biodegradation of polymer composites

The biodegradability of LLDPE-g-MA/gelatin compositions is shown in Figure 3 as a function of resi-
dence time in soil. As is known, attacking agents of the biodegradation process are microorganisms such as
actinomycetes, fungi and bacteria [18, 38]. Almost all compositions reached the level of maximum degrada-
tion on the 40th-50th day of testing. The level of degradation as the content of gelatin in the composition in-
creased (30 %, 40 %, 50 %, and 60 % by weight) was on the order of 20 %, 35 %, 48 %, 58 %, respectively.
The highest degradation rate was observed for a mixture containing 60 wt%. gelatin, less than 10 days deg-
radation rate was 55 %.

100
90 —o— LLDPE-g-MA/GEL 70/30
1 —o— LLDPE-g-MA/GEL 60/40
80 LLDPE-g-MA/GEL 50/50
70 —v— LLDPE-g-MA/GEL 40/60

Weight loss %

— 7T T T
50 60 70 8 9 100 110

Days

Figure 3. Weight loss of composites in the soil

Thus, the carried out studies showed the fundamental possibility of creating highly efficient biode-
gradable systems with a wide range of possible elastic and elastic properties. The achieved performance was
due to the optimal morphology of the mixture and satisfactory interfacial adhesion of the components be-
cause of the formation of grafted LLDPE-g-MA/gelatin copolymers and segregated domains of grafted
fragments and free gelatin.
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Conclusions

The grafting of thermoplastic gelatin to maleated polyethylene promoted the formation of homogeneous
compositions with a finer dispersion of the gelatin phase in the polyethylene matrix. Depending on the con-
tent of maleic groups in polyethylene and the content of gelatin in the blend, the grafting degree varied be-
tween 40-150 %. Three stages of thermal decomposition of the LLDPE-g-MA/gelatin composition associat-
ed with the presence of water molecules, degradation of the gelatin and polyethylene phases were identified.
The presence of gelatin significantly shifted the onset temperature of decomposition towards low tempera-
tures (from 242 °C to 201 °C), while the temperature range of degradation of the polyethylene matrix did not
undergo significant changes. The maximum rate of degradation of the graft copolymer in the temperature
range of 400-500 °C with an increase in the content of gelatin noticeably increased from -0.14 to
-0.23 mg/K.

The presence of gelatin in the composition in the form of grafted chains, compared to conventional
blends of polyethylene with gelatin, led to an increase in yield stress, stress at breaking and elastic modulus
by 80 % and 240 %, respectively. This trend was the most pronounced for the composition of PE with the
content of MA groups of 5 wt%.

In terms of applications, polyethylene compositions with 0.5 wt. MA-groups exhibited good strength
properties and modulus of elasticity in combination with satisfactory deformability. The resulting composi-
tions exhibited high biodegradability of up to 58 %, the level of maximum degradation was observed on the
40-50th day. The weight loss rate was observed for the composition with a gelatin content of 60 wt%.
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Ioau3THIIEH KIHE JKeJTATHH HeTi3iHaeri 0MoJ0rusIbIK bIIBIPANTHIH
KOMIIO3UTTEPAiH MEXaHUKAJIBIK JKOHE TEPMHUSJIBIK KacueTTepi

CHHTETHKAJBIK JKOHE TaOWFM MOJMMeEpJep HEri3iHaeri OWOJOTHSIBIK BIIBIPANTHIH KOMIO3HISIIAPABIH
KaJIBINTACy CATHICBIHAAFBI MOPQOJIOTUSHBIH OaKbUIayChI3 aMybl KaHaraTTaHApIBIK (M3UKAIBIK, MEXaHH-
KaJIbIK JKOHE HKCIUTyaTalMsUIBIK CHUIIaTTaManapra KOJI KeTKi3y MYMKIHIITIH ImekTelai. KyMpicTa KOCTIaHBIH
ycakaucrepcti MOp(QOJOTHSICEIHA KON JKeTKi3y VINIH (DyHKIMOHANABl MOJNMATHICHAI KeTaTHHMEH
PEaKIMsUIIBIK, apajacTHIPBIN, eriareH MamewH aHrugpuai meH xematuaMer (LLDPE-g-MA/GEL) erinren
TOMEH THIFBI3JIBIKTAFb! CHI3BIKTHIK MOJIMATHICH COIOJIMMEPIH KAIbITACTBIPY TACUI YChIHBUIFaH. KocmaHbIH
Kypamzaac OeitikTepiH cenekTuBTi aimy amiciMeH erinreH LLDPE-mma/GEL comonmmepiniy Memmepi, 60c
JKENaTHH, MEXaHUKAJbIK JKOHE TEPMHSUIBIK KACHETTepi, COHJAH-aK OHOJOTHSIBIK bIObIpAY JAepeKTepi
aHBIKTANABL. [TOMMATHICHHIH MaKpOMOJICKYJIAChIHAAFbl MAJCHHIIK TONTAPIbIH MeJIepi apTKaH CailblH
ETUIreH COMONMMEp MeJIIepi KoOeHeTiHi, al KOCTIaAaFhl )KeJaTHH MOJIIIEPiHiH apTybl CEPIIMALIIK MOy iHIH
alTapibIkTail JKOFapblIayblHa, KEpHEYAIH Oy3bUIyblHa JKOHE OY3bUIFAH Ke3e CalbICTHIPMAIIBI y3apyFa
OKeJeTiHi aHBIKTaIIbl. JKenaTHHHIH bIIbIpayblHa OaiIaHBICTBI KOMITO3HMTTIH TEPMUSUIBIK TYPAKTBUIBIFBI
(OacTankel TeMmreparypa) JKelaTWH MeJIIepiHiH xorapeuiaybiMeH ToMenneiai. 400-500 °C Temmneparypa
JMaIa30HbIHA TPAHCIDIAHTAT COIIOJMMEPIiHIH MaKCUMaJAbl OY3bLTy JKbUIJaMABIFBI JKEJIATHH MOJIIIepiHiH
JKOFapbUIaybIMEH aWTapiblKTail aprambl. Kocmamarbsl JKeNaTHHHIH KOFapbUIAybIMEH —OHOBIIBIPAYIBIH
JKBUTIAMIBIFBI ©CE/Ti, MeTPaIallisIHBIH MaKCUMaJIIbI AeHreii anramkel 10 kyHae Oaiikanansl xoHe 50%- naH
acagsl. [IOOMA MmeH xenatuHzi Oip-OipiHe eryIiH MaKCHMAAbl J9PEXkKeci eriireH CONOINMEPIETi MaICHH
AQHTUPHUIIHIH MeJIepiHe OalaHBICTBl €KeHMIr alKbIHIanApl. KoMmmosuTrepaeri MajenH aHTHAPUAIHIH
MOJIIIEPiHiH KOFapbUIaybIMEH eryIiH MaKCUMAJIIbI I9PEXKeci )KOFaphl OOJIFaHbl OalKaIbI.

Kinm ce30ep: GUOBIABIPAY, KEIATHH, TIHLEPHH, MONUATHIICH, MaJIeNH aHTHAPHIL, TOJIHUMEpIIi KOMIIO3HT.

H.®. Hopmyponos, K.H. bepaunazapos, M. Aoaypa3zakos, H.P. Anrypos

MexaHnuuyeckue u TCPMHUICCKHUE CBOMCTBA 6n0pa3.11araeMblx KOMITIO3UTOB
HA OCHOBE€ MMOJHUITUJICHA M KeJIAaTHHA

HexonTpomupyemoe pa3BuTie MOPQONOTHH Ha cTaaud (GopMUpOBaHUS OMOpa3NIaracMbIX KOMIO3WIMNA Ha
OCHOBE CHHTETHYECKHX M NPHUPOTHBIX IMOJMMEPOB OTPAaHMYMBAET BO3MOKHOCTH JTOCTIKEHHS YIOBIETBO-
PUTENBHBIX (PU3UKO-MEXaHHIECKUX U IKCILTYyaTallMOHHBIX XapaKTepUCTUK. B Hacrosmei pabore 1t JOCTH-
JKEHHSI MEJIKOIUCTIEPCHONH MOP(OIOTHH CMECH OBLT MPEAIOKEH MOIXO0I K PEaKIIMOHHOMY CMEHIEHHUIO (pYyHK-
IIUOHATM3UPOBAHHOTO MOJMATHIICHA C JKEJIATHHOM ¢ 00pa30BaHUEM MPUBHUTOrO COTOJIMMEpA JIMHEHHOTO TO-
JIM3THJIEHa HU3KOW TIOTHOCTH C NIPUBHTBHIM MAJICHHOBBIM aHrHIApuaoM H skxeiatnroM (LLDPE-g-MA/GEL).
MeTo10M CeIeKTUBHOTO U3BJICUEHUSI KOMIIOHEHTOB CMECH OMPEIEIISIIN KOJUYECTBO MPUBUTOTO COMOJIMMEpa
LLDPE-g-MA/GEL, cBOOOAHOTO KeTaTHHA, MEXaHUUECKHE U TEPMUYECCKUE CBOWCTBA, a TAKXKe JaHHBIC MO
OmopasznaraeMocTH. BrIsiBI€HO, UTO, 10 Mepe YBEIMUEHHUS MaJCHHOBBIX TPYIII B MaKPOMOJIEKYJIE TTOJUITH-
JIeHa, KOJIMYECTBO IMPUBHUTOTO COMOIMMEPA BO3PACTET, YBEIMUEHHE COACPIKAHUS JKEJIATHHA B CMECH TPHUBO-
AT K 3aMETHOMY YBEITMUEHHIO MOIYJISL YIIPYTOCTH, pa3pyIIArONIero HAMPsDKEHHS U TaJeHUI0 OTHOCHTEBHO-
TO YAJIMHEHHS TIPH pa3pylieHud. BBULy merpamanuu xeJaTHHa TePMOCTAOMIBHOCTh KOMITO3HTA (HadatbHas
TeMIIepaTypa) MpH YBEIHMYCHUH COIEPKAHMS JKellaTWHA CHIDKaeTcs. MakcuMalbHash CKOPOCTh AECTPYKIUH
MPUBUTOTO comonumepa B obsactu Temmneparyp 400-500 °C, mo mMepe yBeIHUCHHUS COACPIKAHUS JKEIATHHA,
3aMeTHO yBennuuBaetcs. OOHAPYKEHO, YTO CKOPOCTh OHOCTPATUPYEMOCTH BO3PACTET MPH YBEIUUCHHUN CO-
JIepKaHUsI KeJaTHHA B CMECH, MaKCUMaJbHBI YPOBEHb JAErpajaliid HaONoAacTcs B TEUYeHHE MepBhix 10
nmHel u coctaBisier 6osee 50 %. YcTaHOBIIEHO, YTO MaKCUMaJbHAs CTeMeHb NpuBUBKU [IDMA u xenaThHa
IpYT K APYTY 3aBUCHT OT KOJIHYECTBA MAaJCHHOBOTO aHTHIPHWAA B MPHBUTOM COIOJHMEpE. 3aMEUeHO, UTO
MaKCHMAaJIbHasl CTETIEHb MPUBUBKH ObLIA BHIIIE C YBEIUUYCHHEM KOJIMYESCTBA MAJICHHOBOTO aHTHIPU/IA B KOM-
MO3UTaXx.

Knouesvie crosa. 6H0nerpaaau1/m, JKEJIaTUH, IIUIEPUH, TOJIUITUIICH, MaJICHOBEII AHTUJApUAI, HOJII/IMepHI)II\;I
KOMIIO3HT.
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Design and Synthesis of Vitamin Drug Conjugate for its Probable Potential
Against SARS-COV-2 Infections

The novel corona virus infection had become a global epidemic due to its rapid spread. So, there is an urgent
need to treat COVID-19 patients. The aim of this research was to hypothesize and examine vitamin drug con-
jugate as targeted moiety. The present scaffold may have potential role to fight against COVID-19 infection
due to its antimicrobial, antioxidants and immunomodulatory activities. Here, we've highlighted the term Vit-
amin Drug Conjugate as possible therapy approach for SARS-COV-2 infection. As a result, we synthesize,
characterized, and evaluated a Hydroxychloroquine — Folic Acid conjugate (HCQ-FA) by esterification
mechanism to provide effective treatment against SARS-CoV-2 infection by enhancing therapeutic effect
through synergistic mechanism, masking undesired side effects, and improving cellular internalization. By us-
ing prodrug, the efficacy and bioavailability of existing antiviral drugs could be improved. The structure of
the conjugate was determined by spectroscopic data like IR, NMR, and mass spectra, which indicates that
HCQ-FA conjugate formed by esteric conjugation. Molecular docking studies revealed that HCQ-FA conju-
gate shows good level of docking as well as binding interaction with main protease moiety. Molecular dy-
namic stimulation revealed that this conjugate shows good stability at the binding site of SARS main protease
moiety and exhibits inhibitory activity against COVID-19 infection.

Keywords: Vitamin drug conjugate, SARS-COV-2, Hydroxychloroquine, Folic acid, Molecular modelling,
Molecular Dynamic stimulation.

Introduction

Coronavirus infection (COVID-19) has received a lot of attention around the world due to its quick
transmission within humans and extremely high mortality [1]. The coronavirus outbreak that began in Wu-
han, China in December 2019 has become now a global disaster [2, 3]. The novel corona virus is also known
as SARS-COV-2 and causes a contagious disease called COVID-19 [4, 5].

But there are currently no therapies for COVID-19 that have been approved by the FDA [6]. During the
COVID-19 pandemic, significant efforts have been made to develop therapeutic methods for the treatment
and prevention of SARS-CoV-2 infection, but still no drug therapy has proven effective against SARS-
COV-2 infection. But there is hope on the drugs such as hydroxychloroquine, remdesivir, favipiravir, lop-
inavir and ritonavir, which are used in the treatment guidelines in many hospitals around the world, and these
drugs play a vital role in prevention a novel coronavirus infection [2, 7-8]. However, it was found that each
antiviral drug alone is ineffective in the therapy of COVID-19 individuals, particularly in severe instances.
Combination drug therapy is used to increase their effectiveness, which invariably result in adverse effects.
As a result, there is an urgent need for treatment alternatives necessary to manage the COVID-19 epidemic
with minimizing adverse effects [1, 9]. Another way to prevent this disease is by enhancing immunity, as it
plays a critical role in fighting against SARS-COV-2 infection [6-7]. Apart from this many studies have ex-
plored that vitamins play a critical role against SARS-COV-2 infection through antioxidant, immunomodula-
tory and antimicrobial effects. According to new research, significantly higher dosages of nutrients including
vitamins D, B, C, E, Zinc, and Omega-3 fatty acids may have a positive impact, potentially reducing SARS-
CoV-2 viral infection and duration of hospitalization. It has recently been found that deficiency of these vit-
amins is associated with COVID-19 progression and an increase in patient mortality [6-10]. So here we
highlighted the emerging concept “Vitamin-Drug Conjugate” which could be potential therapeutic option to
treat SARS-COV-2 infection. Although coronavirus illness is being continuously increasing, there is current-
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ly no particular antiviral drug effective on COVID-19. So it is required to develop targeted drug delivery
with minimal side effects. This requirement can be met by the development of a “Vitamin-Drug Conjugate”
(targeted) [10-12].

To create a pharmacologically active novel chemical entity, a drug is coupled to the targeted moiety
through a spacer during the synthesis of a vitamin-drug conjugate. Vitamin drug conjugates will be non-
toxic, specifically internalize into infected cells and release the medications without loss of activity, reduce
toxic effects by remaining stable in blood circulation, and provide a target-specific delivery without harming
normal cells, will help to minimize side effects [13, 14]. A vitamin-drug conjugate is one of the most promis-
ing methods for treating illnesses including cancer, tuberculosis, and a range of viral infections while also
enhancing the therapeutic result. It selectively delivers medicine to the intended target [15-18].

Hydroxychloroquine and folic acid were used as raw materials to synthesize vitamin drug conjugates in
this work. In addition, high-yield synthetic procedures for conjugate synthesis are presented in this paper, as
well as detailed characterization information. Molecular modeling studies were also performed to compare
the binding affinity of the supplied synthetic conjugate to the significant protease of SARS-COV-2. Molecu-
lar docking study was conducted to comprehend how Hydroxychloroguine Folic Acid Conjugate (HCQFA)
binds to the main protease of SAR-CoV-2. We ran the molecular dynamic (MD) simulation to better under-
stand the complex's stability. According to docking experiments, the HCQ-FA compound effectively inhibits
the primary protease of the SARS-COV-2 virus. The current prodrug strategy may also improve drug poten-
cy and bioavailability and offer efficient treatment for new coronaviruses [19].

Experimental

Materials: All of the reactants used in this experiment were of analytical grade. Hydroxychloroquine
sulphate was purchased from BLD Pharmatech Pvt. Ltd. Folic acid was purchased from Loba Chemie Pvt.
Ltd. N-Hydroxy Succinimide (NHS) and 1-(3-Dimethylaminopropyl)ethyl carbodiimide HCI (EDC-HCI)
were purchased from Sisco research laboratories Pvt. Ltd. and 4-Dimethylaminopyridine (DMAP) was pur-
chased from Research lab fine chem industries.

Instruments used: Melting point was determined by using melting-boiling point apparatus (Veego).
TLC was performed by sing Silica Gel plates F254 on Aluminium sheets to monitor the reaction process and
assess the purity of the product. Spectroscopic data were recorded using following instruments. The Shimad-
zu FT-IR 8400S FTIR spectrophotometer was used to record FTIR spectra. Tetramethysilane served as an
internal standard, and DMSO was used as the solvent to acquire nuclear magnetic resonance spectra. Mass
spectra were captured using a Shimadzu LC-MS 8040 mass spectrometer. Schrodinger software was used to
conduct docking studies. A 100 ns molecular dynamic (MD) simulation was run using the AMBER18 pro-
gramme.

Methodology:

Hydroxychloroquine-Folic Acid Conjugate (HCQ-FA Conjugate)

HCQ-FA Conjugate were synthesized as per the synthetic route was shown in Scheme 1. An esterifica-
tion method was used to synthesize HCQ-FA conjugate where HCQ hydroxyl group reacts with carboxyl
group of folic acid result into formation of esteric derivative. Briefly, FA and EDC, DMAP, NHS were uti-
lized to make activated folic acid and after that HCQ was added to generate HCQ-FA derivative.

The mixture containing Folic acid (440mg) were dissolved in 5 ml of distilled water and EDC, DMAP
and NHS were added in the FA:EDC:DMAP:NHS in molar ratio of 1:2:3:1 to generate activated folic acid.
The carboxyl group of FA were activated by stirred the reaction mixture using magnetic stirrer for 2 hrs. at
room temperature by keeping the dark environment. After that, in the solution of activated folic acid, 400 mg
of HCQ was added and left the reaction mixture to react for next 24 hrs. at room temperature by keeping
dark environment. The reaction mixture was continuously monitored by TLC. The reaction was terminated
once folic acid and HCQ were no longer present in the reaction mixture, and the product was then isolated
using column chromatography. The given separated solution was then filtered and evaporated at 40°C in a
rotary evaporator. The synthesized product's yield and Rf values were recorded.

Physical and Spectral data values of HCQ-FA Conjugate:

M.P. — 186-188 °C; IR (KBr, 4000-400 cm™) 1737.92 C=0 (ester), 1693 (C=0 carboxylic), 3093
(C-H stretch), 3338.89 (N-H stretch), 1417.73 (C-C stretch), 1291 (C-N), 2555 (O-H), 1635 (N-H); *H NMR
(DMSO, 500 MHz): & (ppm) = *H NMR & = 6.5 to 8.5 (10H, Ar-H), 1.15 (t, 3H,), 1.17 (t, 3H), 1.37 (p, 2H),
1.44 (q, 2H), 2.35 (t, 2H), 2.43 (t, 2H,), 4.35 (t, 2H,), 4.39 (d, 2H), 4.55 (g, 1H), 11.5 (s, 1H), 6.63 (s, 2H),
Ms: m/z(%) =759.04 (M+).
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Scheme 1. Synthetic route of Hydroxychloroquine-Folic Acid conjugate

Molecular docking studies

The Schrodinger suite's Glide module was used to perform extra-precision (XP) molecular docking on
the compounds. A grid generating approach was used to determine the binding location prior to the docking
studies. The already-bound ligand was used as a reference site for the grid generation using the Glide grid
module. The experiment involving docking also made use of the created grid. To lessen the potential of non-
polar components on drug molecules, the van der Waals radii and scaling factor for the docking approach
were set to 0.80 and 0.15, respectively. Throughout the entire docking protocol, the ligands were unrestrict-
ed. A maximum of five optimal postures for each ligand could be provided by post-docking minimization,
which could then be included in the docking output file as reduced docked structures. The docking approach
enables the drug molecules to be flexible. Each molecule’s RMSD, docking score, glide score, and binding
energy were noted.

Molecular Dynamics (MD) Simulations

In order to investigate the structural, energetic, and steric refinement of the docked complex, an all-
atom MD simulation lasting 100 ns was carried out using the AMBER18 software. A total of 24,515 water
molecules were present in the system when the docked complexes were submerged in truncated TIP3P water
octahedrons. To neutralize the system and reach an ionic strength of 0.1M (which mimics the physiological
pH), enough Na* and CI- counterions were added. Using the PMEMD, the complete MD simulation experi-
ment was run on the Nvidia V100-SXM2-16GB Graphic Processing Unit. The Computational Shared Facili-
ty (CSF3) at the University of Manchester in the UK has a CUDA module installed. Simulations were car-
ried out utilizing the Langevin thermostat at 300 K, a Monte Carlo barostat at 1 atm, and volume exchange
attempts every 100 fs. The integration step used was 2 fs. Using the SHAKE algorithm, covalent bonds, in-
cluding hydrogen, are restricted. An 8-cutoff was used for short-range nonbonded interactions, while the par-
ticle mesh Ewald approach was used to handle long-range electrostatics. For a total of 10 ns, equilibration
involved cycles of NVT and NPT equilibration. A 100 ns production MD run was completed. CPPTRAJ was
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used to assess the root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), and other
interactions along the entire trajectory, obtaining configuration measurements every 4 ps.

Results and Discussion

Scheme 1 shows the synthesis process for the HCQ-FA conjugate. Melting point and TLC tests were
performed on the synthesized conjugate to ensure that it was pure and homogeneous. The structures of HCQ-
FA Conjugate were ascertained through the use of IR, NMR, and mass spectrometry. Results from IR, NMR,
and mass spectrometry were listed in the experiment section. In order to determine the conjugate's binding
affinity to the SARS-COV-2 Main protease, molecular docking and MD stimulation studies were conducted.
The results of MD stimulation of the HCQ-FA Conjugate and molecular docking investigations have also
been presented in the experimental section.

FTIR

In the IR spectra of HCQ-FA, the primary peaks observed for C=0 carboxylic acid 1693 cm™,
3093 cm™ for C—H aromatic stretching, 3338.89 cm™ for N-H stretching. The C-N and O-H stretching were
observed at 1291 and 2555 cm™. Peaks at 17237.92 cm™* for C=0 of ester which indicate the formation of
HCQ-FA conjugate through the formation of esteric bond. The development of an esteric linkage is only
seen in the IR spectra of HCQ-FA conjugate but not observed in other molecules.

NMR

HCQ-FA Conjugate shows 'H NMR at & values, 4.35 (t, 2H,), 4.39 (d, 2H), 4.55 (g, 1H) respectively.
The HCQ-FA Conjugates NMR spectra indicate peaks at the above-mentioned 6 values, confirming the
structure of the HCQ-FA Conjugate. Peaks in the 3-5 ppm range suggest the development of an esteric bond-
ing in the conjugate.

Mass Spectroscopy:

The structural conformation of HCQ-FA conjugate was determined using mass spectra. The molecular
ion peak at 759.04 m/z in the mass spectra of HCQ-FA conjugate confirms the conjugation of HCQ with
Vitamin Folic acid through the development of an esteric linkage and confirms the synthesis of the final
product, i.e., HCQ-FA conjugate.

Molecular modeling:

Molecular docking study was performed to comprehend how Hydroxychloroquine Folic Acid Conju-
gate (HCQFA) binds to the main protease of SAR-CoV2. The inhibitor N3 was complexed with the main
protease of SAR-CoV-2 in the crystal structure (PDB:6LU7). Water molecules and other crystallographic
solvents were removed from the targe receptor during processing, and the protein was reduced according to
the Glide protein preparation methodology. The HCQFA was docked using the extra precision (XP) tech-
nigue, and the Grid generation was carried out using N3 as the reference ligand. In comparison to hy-
droxychloroquine (6.3 Kcal/mol), the best docked pose had a dock score of —7.4 Kcal/mol (Fig. 1). Thus, it
was established that the target protein binds more strongly when the HCQ-FA conjugate is formed.
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Figure 1. Docked complex of HCQFA with the SAR-CoV-2 main protease, the highlighted region
shows the 3D image of protein ligand interactions and the 2D image sows the formation
of various interaction between the ligand and receptor
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Figure 2. The figure 2a, c and 2b, d shows the initial and final conformations
from the simulation of the protein-ligand complex for 100 ns

The ligand was seen to create multiple hydrogen bonds with the receptor's active site residues. The most
significant ones are displayed in the three-dimensional (3D) schematic of the ligand-receptor interaction,
where hydrogen bonds are formed by the amino acids Thr190, GIn189, Hisl64, Hisl72, Phel40, and
Asnl42.

We ran the MD simulation to better understand the stability of the complex. Figures 2a, 2b, and 2d
show the simulation’s initial and final conformations, respectively, while Figure 3 displays the findings from
an examination of the complex's MD trajectory data.
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Figure 3. The trajectory analysis of the Protein-ligand complex

According to the MD simulation, the receptor residues engage in a number of novel interactions with
HCQFA throughout the simulation, including the creation of hydrogen bonds with Met165 and Ser144 (Fig.
2a, ¢). The last frame of the MD simulation underwent examination, and it revealed the creation of hydrogen
bonds with Arg188, His41, and His164. The conjugate's phenyl ring and the residue GIn180 interact through
an arene (Fig. 2). With the use of CPPTRAJ and XMGRACE software, the MD trajectory was analyzed and
graphs were created. The protein's RMSD points to a seamless transition and convergence between 1.5 and
3.0 A. The conjugate's phenyl ring and the residue GIn180 interact through an arene. Throughout the simula-
tion, the RMSF for the majority of the residues was below 2.0 A additionally, it was discovered that the lig-
and experiences a conformational change that is reflected in its RMSD (Fig. 3c). At this time, the ligand's
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RMSD varies between 1 and 5 and then rises sharply from 5 to 10 before stabilizing for the remainder of the
simulation. All of these results point to good docking and even better stability over the majority of the MD
simulation duration.

Conclusions

Hydroxychloroquine-Folic acid (HCQ-FA) conjugate was synthesized, characterized and evaluated.
HCQ-FA conjugate may act as a novel approach against COVID-19 infection. HCQ-FA conjugate may ex-
hibit synergistic antiviral activity against COVID-19 infection, indicating that this combination therapy could
be used to combat the COVID-19 outbreak. This HCQ-FA conjugate was developed and investigated as a
novel prodrug method to address HCQ's non-specificity and toxicology problems. The efficacy and bioavail-
ability of the present antiviral drugs could be improved by using this prodrug method. Molecular docking
studies demonstrated that HCQ-FA conjugate shows good docking score as well as greater binding towards
target protein as compare to HCQ. MD stimulation revealed that this conjugate shows good stability at the
binding site of SARS main protease moiety and exhibits inhibitory activity against COVID-19 infection. We
concluded that this study could be useful for developing an effective therapeutic agent for SARS-COV-2 in-
fection due to the additive effect of HCQ-FA conjugate. It can exhibit excellent antiviral activity and also
helps to modulate immune system by synergistic mechanism.
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SARS-COV-2 nndexknusiyiapbiHa Kapchl BIKTUMAJ dj1eyeTi 6ap
BUTAMUH-TIPiTiK KOHBIOTATTHIH 1aMYbI JK9HE CHHTe3i

JKana KOpoHaBHPYCTHIK MHGEKIUS Te3 TapalyblHa OainaHbICTHI jkahaHIBIK SMHAEMHS MOpTeOeciH ajbl.
Ocpbriran GaitnanpicThl Oyringae COVID-19-MeH aybIpaThiH HayKacTapabl THIMII eMACYIIH ©3€KTi KaXeTTLIIr
TYBIHJQI OTBIP. 3epTTEYAIH MaKcaThl — MaKCaTThI ASpi PeTiHAe BUTAMUHMI-ISPLTIK KOHBIOraTTapabl 00Ky
JKOHE 3epTTey. MyHIall KOHBIOTATTBIH MHKPOOKaKapChl, aHTHOKCHAAHTTHIK >KOHE HMMMYHOMOMYIISIUSIIBIK
Oencenpinirine Oaitnanpictel COVID-19 mHbEKIMsICEIMEH Kypecyne aTapibIKTail oneyeTi 00Iybl MYMKiH.
Kympicta SARS-COV-2 uH)EKIMACHIH eMIeyre BIKTHMAl TOCIT PETiHIE «ISpYyMEH-IPLTK KOHBIOraT»
TepMUHI KepceTinreH. [ 'mapokcuxmopoxuH-Gpomuii KeUKbUIbl ([ XX-®PK) koHBIOTaTEl 3TepuUKANUsL
MEXaHU3Mi apKbUIBl CHHTE3/EN[i, CHHEPreTHKAIbIK MEXaHHU3M apKbUIBI TEpPaleBTIK oCepAl KYIIEHTy,
Ka)KETCi3 )kaHama acepiiepii )Kachlpy jKoHe KacyIlaJbIK MHTEPHAIN3ALUSIHBI XKakcapTy apkeuisl SARS-CoV-
2 wHOEKIMACBIH THIMAI eMJICyAi KaMTaMachl3 €Ty VIIH CHIIATTANIBI XoHe OaranmaHipl. KosimaHbICTaFbI
BUPYCKAKapChl IpernapaTTapAblH THIMALNIT MeH OHOTHMIMIUIINIH OCBHIHIAH aiiblH aja IpenapaTieH
Kakcaptyra Oomamel. Konbrorar kypeutbiMbl UK, SIMP koHe MaccajblK CIEKTpJiEpP  CHSIKTHI
CHEKTPOCKOIMSUIBIK  AEPEKTEPMEH AaHBIKTaNABL. AJbIHFaH crnekTpiik nepektep [ XX-OK xoHbroraTsl
KOCBUIBICTBIH KYpZeli 3(HUp peakisacsl HOTWXKECIHe Maliaa OOMFaHBIH pacTaigsl. MONeKyIspibIK JOKUHT
apkputel [ XX-®DK KOHBIOTaThl JKaKChl TOFBICY IEHICHiH, COHMAAif-aK MpoTea3aHBbIH Heri3ri OemiriMeH
OalTaHBICTHIPATHIH ©3apa OPEKETTeCYyiH KopceTTi. MONeKyIalblK AWHAMUKANBIK MOJAETBIACYAl KOJAaHa
oTeIpsil, SARS mpoTeazachiHbIH Herisri Oeiriniy Oainanbicy opHbIHAA [ XX-DK KOHBIOTATHIHBIH KaKChI
TypakTbuIBIFbI )koHe COVID-19 nHpeKImsacpHa Kapchl TeXKETII OeJICEHATIT aTam oTiIreH.

Kinm ce30ep: BuTamMuH-10pinik koubroratr, SARS-CoV-2, ruapoKCUXIOPOKUH, (ONUI KBIIIKBLIBI, MOJICKYJIa-
JIBIK MOJICTIB/ICY, MOJICKYJIAJBIK TUHAMHUKAIIBIK MOJICIIBICY.

P.II. bxoxne, [1.M. Kapue, 1O. Illunge, I1.P. Kyre, C.C. I'ypas, P.J1. BaBxeiin

Pa3paboTka ¥ CHHTe3 BUTAMHHHO-JICKAPCTBEHHOI0 KOHBIOraTa
C BEPOSITHBIM NOTeHIHAJI0M NPpoTUB HHexkuuiit SARS-COV-2

H3-3a OBICTPOTrO pacrpocTpaHEeHHs] HOBasi KOPOHABUPYCHAss MH(EKIMS MOTyYHiIa CTaTyC II00albHON dMue-
MHH. B CBSI3M ¢ 3TUM CerojHs CyIecTBYeT ocTpasi HeOOXOAUMOCTh B TOMCKe 3()(EKTUBHOTO JI€UECHHUS MalH-
enToB ¢ COVID-19. Ilenp HACTOALIETO UCCIEIOBAHUS COCTOSANA B TOM, YTOOBI BBIABUHYThH TUIIOTE3Y U U3Y-
YHUTh KOHBIOTaThl BATAMUHOB U JICKAPCTBEHHBIX CPEJICTB B KAUeCTBE IIEJIEBOTO Ipernapara. Takol KOHBIOraT
MOXKET UMETh 3HaYMTEIbHBII nmoTeHuan B 6opbde ¢ nnpekuueir COVID-19 Onaronapst cBoeit aHTUMHKPOO-
HOU, aHTHOKCHIAHTHON W MMMYHOMOIYIHpYIOUIe aKTUBHOCTH. B paboTe mokazaH TEpMUH «BHTAaMHHHO-
JIEKapCTBEHHBII KOHBIOTAT» KaK BO3MOXHBIA moaxon K Tepanuu uHpekmun SARS-CoV-2. Konsiorar rua-
pokcuxiopoxuH-ommenas kucnora (I'XX-PK) Obu1 cHHTE3MPOBAaH MO MEXAaHU3MY STepH(HUKAINN, OXapaK-
TEpU30BaH U OIEHEH C IeNbio obecnedeHus 3¢ dexruBHoro gedeHus nHdpekuu SARS-CoV-2 gepes ycuie-
HHE TepaneBTHIecKoro 3¢ eKra 3a CueT CHHepreTHIeCKOro MexaHH3Ma, MaCKUPOBaHHs HeXKENaTeNbHbIX 110-
60uHBIX 3()(GEKTOB U yIyULIeHHUs KICTOYHON MHTepHaIu3aluu. D(GEeKTUBHOCTh U OHOAOCTYHMHOCTH CyIlle-
CTBYIOLIUX MNPOTUBOBUPYCHBIX IIpE€NapaTtoB MOTYT 6])ITI> YJIy4YII€Hbl € IMOMOLIBIO TAaKOr'o ITPOJIEKapCTBa.
CTpyKTypy KOHBIOTaTa OINpeNe/sUId IO CIEKTPOCKONMYecKUM JAaHHbIM, TakuM kak WK, SIMP u macc-
cnekTpel. [loydeHHBIE CIIeKTpajbHBIC JaHHBIE YKa3bIBatOT Ha TO, uTo [ XX-®K kowbptorar obpazoBaics B
pe3yJibTaTe CI0XHOA(PUPHOH peaknnuy coeanHeHnsI. MeTo0M MOJIeKYJISIPHOTO JOKHHTA IToKa3aHo, uro ['XX-
OK KoHBIOTaT JEMOHCTPHUPYET XOPOIINH yPOBEHb CTHIKOBKH, a TAKXKE CBSI3BIBAIOIIEE B3aUMOJCHCTBHE C OC-
HOBHOH JacTpio nmpoteassl. C IIOMOMIIBI0 MOJIEKYIISIPHO-ANHAMIYECKOTO MO/ISIMPOBAHNS OTMEUYEHa XOpoIas

Bulletin of the Karaganda University

P.C. (2020). Nutrition, immunity and COVID-19. BMJ Nutrition, Prevention & Health, 3(1), 74-92.


https://doi.org/10.1136/bmjnph-2020-000085
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1038/s41586-020-2312-y
https://doi.org/10.1002/path.5471

Design and Synthesis of Vitamin Drug Conjugate ...

ctabmnbHOCTh ' XX-DK KoHBIOraTa B MecTe CBSI3BIBAaHMS OCHOBHOW yacTu mpotea3sl SARS u unrubupyio-
I11asi akTUBHOCTh B oTHOIeHnH uHbekuun COVID-19.

Kniouesvie cnoea: BUTaMUHHO-TIEKapCTBeHHBIH KoHbIorat, SARS-COV-2, rumpokcuxmnopoxut, (ouesas
KHCIIOTa, MOJIEKYJIIPHOE MOACIUPOBAHNE, MOJICKYJIIPHO - TMHAMUYECKOEe MOACIPOBAHHE.
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Validated High Performance Thin Layer Chromatography Method
for Simultaneous Estimation for Gallic Acid and Quercetin
in Polyherbal Blend and Their Quantitative Estimation

Simple, sensitive high performance thin layer chromatography method for the estimation of gallic acid and
quercetin in in-house polyherbal blend has been developed and validated. Methanolic solution of herbal blend
comprising of Emblica officinalis, Camellia sinensis and Garcinia cambogia was used for analysis. The sepa-
ration was performed on TLC aluminum plates precoated with silica gel G60 F2s4 and toluene: ethyl ace-
tate: formic acid (5:1.5:1 v/v/v) at 254 nm scanning wavelength. The system gave well resolved peaks for gal-
lic acid and quercetin at Rr 0.14 and R 0.29 respectively. The method validated as per ICH Q2R1 guidelines
which shows regression co-efficient 0.9939 for gallic acid and 0.9988 for quercetin in range of 2-6 pg/ml.
Recovery of gallic acid and quercetin was found in range of 98—-102 % which confirms the accuracy of meth-
od. Precision study (interday & intraday) showed that the relative standard deviation is less than 2 %, show-
ing method is well precise. Proposed validated HPTLC method is simple, precise, specific, robust and accu-
rate, and could find application in routine quality-control analysis. The method was used for quantitative es-
timation of gallic acid and quercetin in the polyherbal blend and was found as 1.648 % w/w and 3.165 % w/w
respectively.

Keywords: gallic acid, quercetin, simultaneous estimation, high performance thin layer chromatography, vali-
dation, quantification, polyherbal, herbal, extracts.

Introduction

During past decades, public interest in herbal has increased exponentially. According to WHO, mass
population (about 80 %) in developing countries depends essentially on herbal plants for primary health care
needs owing to efficacy and lower side effect. Also now researchers are exploring plants as source for new
lead structure against different diseases [1-2]. Many herbal formulations as single and polyherbal have been
proved to be active and are widely available in market. The major cause of concern with herbal plants is bio-
diversity and quality of the plants which ultimately affects the efficacy of the formulation. High performance
thin layer chromatography (HPTLC) has become a widely acceptable analytical tool for the quality control of
herbal drugs. It serves as a low operation- cost and quick analysis tool in herbal analysis.

The polyherbal mixture prepared for the study comprised of three plants viz. Emblica officinalis, Ca-
mellia sinensis and Garcinia cambogia, each of which are known to have therapeutic value [3-5]. The poly-
herbal blend was prepared with the aim to enhance the overall potential of the herbal extracts as these are
used as antioxidant, anti-inflammatory and anti-obesity agent. These herbal plants consist of various phyto-
constituents as alkaloids, flavanoids, tannins and polyphenols which contribute to their pharmacological ac-
tivity. To be specific quercetin, gallic acid, ellagic acid and ascorbic acid are present in polyherbal blend and
known for its effect.
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Some methods are reported which includes HPTLC method for simultaneous estimation of quercetin
and gallic acid in Leea indica [6], in Eclipta alba and Guiera senegalensis simultaneous HPTLC method is
developed for estimation of quercetin and gallic acid [7], HPTLC simultaneous estimation of gallic acid and
guercetin is also reported in single plant extract of Abutilon indicus [8] and HPTLC method is also reported
in literature for estimation of gallic acid, rutin and quercetin in aqueous extract of Terminalia chebula [9]
But simultaneous estimation of gallic acid and quercetin is not reported in polyherbal blend viz. three herbal
plant mixture. Hence the present study aims to determine gallic acid and quercetin simultaneously in poly-
herbal blend. Same developed and validated method can be used for quantification of the biomarker in herbal
mixture consisting of gallic acid and quercetion.

Gallic acid is phenyl propanoid, chemically it is 3,4,5-Trihydroxybenzoic acid, and possesses anti-
oxidant, anti-inflammatory and astringent activity [10-11]. Quercetin is 3,3,4,5,7-pentahydroxyflavone and
possesses anti-inflammatory, antihypertensive, vasodilator effects, antiobesity, antihypercholesterolemic and
antiatherosclerotic activities [12-13].

Experimental

Chemicals and solvents

Reference standard quercetin was purchased from Cayman Chemical Company, USA and gallic acid
from Natural Remedies, India. All chemicals and solvents used were of analytical grade.

Plant material

Herbal plant powder extracts of Emblica officinalis, Camellia sinensis and Garcinia cambogia were
procured from Kisalaya Herbals Ltd., Indore, Madhya Pradesh.

Polyherbal blend composition

A polyherbal blend was prepared by mixing equal amount of fruit of Emblica officinalis, leaves of Ca-
mellia sinensis and fruit of Garcinia combogia extracts.

HPTLC analysis

a) Preparation of standard solution of gallic acid and quercetin

Standard stock solution of Gallic acid and Quercetin was prepared separately by dissolving 10 mg of
Gallic acid and Quercetin up to 10 ml of methanol, to get stock solution containing 1000 pg/ml of Gallic acid
and Quercetin. 5 pl of the above solution was applied on plate to obtain standard densitogram of Gallic acid
and quercetin.

b) Preparation of sample solution of Herbal blend

Sample stock solution was prepared by dissolving 50 mg of mixture in 1ml methanol sonicated for
10 min any insoluble fraction was removed by filtration. 30 ul of the above solution was applied on plate to
obtain standard densitogram of blend. Presence of Gallic acid and Quercetin in blend was confirmed by over-
lay spectra.

¢) Chromatographic condition

Based on sample solubility, stability and suitability various mobile phase compositions were tried to get
a good resolution and sharp peaks. The standard and sample solution was run in various mobile phases,
showed that Toluene, Ethyl acetate and Formic acid in proportion of 5:1.5:1 (v/v/v) was best suitable for
Herbal mixture. Chromatography was performed using commercially-prepared, pre-activated (110 °C) silica
gel 60 Fus4 TLC plates (10x10 cm). A Linomat IV (Camag, Muttenz, Switzerland) semi-automatic TLC ap-
plicator was used to apply samples and standards onto the TLC plate under a flow of nitrogen gas. After the
application of sample, the chromatogram was developed in twin trough glass chamber 10x10 cm saturated
with previously equilibrated mobile phase for 15 min. The chromatographic conditions were optimized to
obtain the best peak shape. The plates were fixed in the scanner stage (CAMAG TLC SCANNER) and scan-
ning was done at UV 254 nm. The peak table, peak display, spectrum mode were recorded. The retention
factor (Rf) was calculated by WINCAT’S software version 1.4.3.6336

d) Validation

ICH Q2 (R1) guidelines were followed for the validation of the analytical method developed. Calibra-
tion curve for gallic acid and quercetin was obtained from the system as graph of concentration versus ab-
sorbance. The precision of the method was determined by interday and intraday precision by analyzing sam-
ple solutions at different time intervals on the same day and on three different days, respectively. System
precision was evaluated from six replicate application of standard as 6ul of gallic acid and quercetin at 3
tracks and method precision was carried out from six replicate applications (30 ul application at 3 tracks) and
was expressed as % relative standard deviation. Recovery studies were performed using standard addition
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method and at three different levels viz. at 80, 100 and 120 % of the test concentration as per ICH guidelines.
Limit of Detection (LOD) and Limit of Quantification (LOQ) were determined using the formula based on
the standard deviation of the response and the slope. To evaluate the robustness of the proposed method,
small but deliberate variations in the optimized method parameters such as composition of the mobile phase
and chamber saturation time in the range of 0.2 ml and £5 min, respectively was carried out. The effect of
these changes on Rrvalues and peak area were studied.

e) Quantification of Standard Gallic acid and Quercetin in Herbal blend

Concentration of Gallic acid and Quercetin in Herbal blend was calculated using linearity equation of

gallic acid and Quercetin.

Result and Discussion

Figure 1 shows developed HPTLC plate. Optimized chromatographic conditions are shown in Table 1.

Tracks — Blank, Gallic acid, quercetin and herbal blend at different concentrations

Figure 1. Developed HPTLC plate under UV light at 254 nm

Table 1
Optimized Chromatographic Condition

Sr. No. Parameters Details
1 |Stationary phase Silica gel 60 Fjs4 plates
2 |Mobile Phase Toluene: Ethyl Acetate: Formic Acid
3 |Sample Applicator Camag linomat V applicator
4 |Development chamber Twin-through glass chamber, 10x10 cm with stainless steel lid
5  |Saturation time 15 min
6  |Scanning wavelength 254 nm
7 |Syringe Camag 100 ul syringe
8 |TLC Scanner Camag TLC scanner 111
9 |[Software WIinCATS software version 1.4.3.6336
56 Bulletin of the Karaganda University
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Optimized mobile phase gave sharp peak for gallic acid at Rs 0.14 (Figure 2) and Quercetin at R¢ 0.29
(Figure 3). Herbal blend showed the presence of both actives at Rs 0.14 for gallic acid and R¢ 0.29 for Quer-
cetin (Figure 4). Presence of gallic acid and Quercetin in herbal blend was confirmed by overlay spectra as
shown in Figure 5 and 6.
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Figure 2. Densitogram of Standard Gallic Acid (5 ug/ml)
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Figure 3. Densitogram of Standard Quercetin (5 pg/ml)
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Figure 4. Densitogram of Herbal blend (1500 pg)
100.0 * * * 1000
F

[A0] / - [AU]

0.0 A ,.-" - 200

00 14 b Gallic acid f7on

B0.0 A ] ) b L BO0.0

# Herbal blend

0.0 A U - S0.0

0.0 . - 0.0

300 : - 300

200 A Z20.0

100 A 10.0

a.a T T T .o
200.0 250.0 200.0 [nm] <00.0
I Gallic acid in herbal blend
Standard Gallic acid

Figure 5. Overlay Spectra of Gallic acid standard and Gallic acid in Herbal blend
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Figure 6. Overlay Spectra of Quercetin standard and Quercetin in Herbal blend

The linearity of calibration curve in pure solution, over the concentration range of 2-6 ul (1 mg/ml)
through proposed HPTLC method was carried out and regression co-efficient was obtained 0.9939 (Figure 7)
& 0.9988 (Figure 8) for Gallic acid and Quercetin respectively.
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Figure 7. Calibration Curve of Gallic acid (R?=0.9939)

CHEMISTRY Series. Ne 4(108)/2022 59



S.P. Gandhi, A.R. Gawhane et al.

16000 —
Al

Y =5124.409 + 1580.996x

14000 >
R™=0.99883

12000 —
10000 —|
2000 —
G000 —
4000 —

2000 —

0.00 1.00 2.00 3.00 4.00 5.00 G.00
Ha

Regreszion via area Y= 5124409 + 1580996 * = r= 059353 s = 122 %

Figure 8. Calibration Curve of Quercetin (0.9988)

3D densitogram of linearity of standard gallic acid and quercetin is shown in Figure 9.

T

Figure 9. 3D densitogram of linearity of gallic acid and quercetin

System precision and method precision was carried out using standard Gallic acid, Quercetin and Herb-
al blend and % relative standard deviation was calculated. The repeatability of sample application and meas-
urement of the peak area was expressed in terms of % RSD. The % RSD found was in the acceptable limit
that is less than 2.0 which indicates that the method has an acceptable level of precision. Data is shown in

Table 2 and 3 for system precision and method precision.
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Table 2 Table 3
System precision Method precision

St no Peak area (AU) Sr o Peak Area of Herbal blend (30 ul)

T Gallic acid Quercetin T Gallic acid Quercetin

1 15740.21 16010.02 1 9009.75 14126.60

2 15589.45 15680.20 2 9021.30 14128.14

3 15837.19 15848.01 3 9029.00 14120.39

4 15674.14 15828.97 4 9015.10 14126.02

5 15904.31 15986.17 5 9020.12 14122.22

6 15447.08 15749.17 6 9014.62 14122.90
SD 166.8 129.3 SD 6.69 2.98
% RSD 1.06 0.82 % RSD 0.074 0.02

The accuracy levels were checked at three levels of 80 %, 100 % and 120 % using standard addition
method by over spotting herbal extract with standard. The amount of the standard recovered were within ac-
ceptable limits as per ICH guidelines. The percent recovery was found to be 98.52-101.04 % for gallic acid
and 98.92-101.04 % for quercetin. Data represented in Table 4 and 5 is of recovery obtained for gallic acid
and quercetin respectively by standard addition method.

Accuracy studies for Gallic acid

Table 4

Level of Amount of Herbal |Amount of Std. Gallic acid| Amount of Gallic acid Recov-
Sr. no recovery blend taken Added ered % Recovery
(ug/band) (ug/band) (ug/band)
1500 3.2 3.153 98.53
1 80 % 1500 3.2 3.171 99.09
1500 3.2 3.222 100.68
1500 4.0 3.981 99.52
2 100 % 1500 4.0 4.038 100.95
1500 4.0 3.961 99.03
1500 4.8 4.834 100.70
3 120 % 1500 4.8 4.821 100.44
1500 4.8 4.85 101.04
Table 5
Accuracy studies for Quercetin
Level of Amount of Herbal | Amount of Std Quercetin Amount of Quercetin
Sr. no recovery blend taken Added Recovered % Recovery
(ug/band) (ug/band) (ng/band)
1500 3.2 3.194 99.81
1 80 % 1500 3.2 3.165 98.92
1500 3.2 3.182 99.43
1500 4.0 4.031 100.78
2 100 % 1500 4.0 4.026 100.65
1500 4.0 4.001 100.25
1500 4.8 4.819 100.39
3 120 % 1500 4.8 4.826 100.54
1500 4.8 4.84 101.04

The limits of detection (LOD) were obtained 0.35 & 0.027 ug/ml and limit of quantification (LOQ)
0.106 & 0.082 pg/ml for Gallic acid and Quercetin respectively.
The method was found to be robust and specific.
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All the validation parameter results are shown in Table 6
Quantitative estimation have found out that in 1500pug of Herbal blend (Figure 10) 0.065 ug of Gallic
acid i.e. 1.648 % and 0.13 pg of Quercetin i.e. 3.165 % was present. Table 7
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Figure 10. Densitogram of Herbal blend (1500 pg/ml)
Table 6
Validation parameters of gallic acid and quercetin
Parameters Result
Gallic acid Quercetin
Correlation coefficient 0.993 0.998
Linearity range (ng/band) 2000-6000 ng/band 2000-6000 ng/band
Precision (C.V)
System Precision 1.06 0.82
Method precision 0.074 0.02
Intra day 0.21 0.14
Inter day 0.45 0.09
Limit of Detection (ng/band) 35 27
Limit of Quantification 106 82
Accuracy (%) 08.52-101.04 98.92-101.04
Specificity Specific Specific

Quantification of gallic acid and quercetin in Herbal blend

Table 7

. Stock solution | Concentration of extract Calculated concentration .
Phytochemical Area % in extract
y of extract spotted on TLC plate in extract 0
Gallic acid (50 mg/ml) (150033 g/lban N 13281.05 0.065ug 1.648 %
Quercetin (50 mg/ml) (150033 g“/Lan N 11402.21 0.13pg 3.165 %
Conclusions

Thus, a rapid, simple, accurate and specific HPTLC method for quantitative estimation of Gallic acid
and Quercetin in polyherbal blend comprising of Emblica officinalis, Camellia sinensis and Garcinia cam-
bogia has been developed and validated as per ICH guidelines. The method used in this work resulted in
good peak shape with good resolution of Gallic acid and Quercetin from other constituents of the plant mate-
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rial. Also it didn’t show any interference of any other constituents with Gallic acid and Quercetin proving
method specificity. The data could be used as a quality standard method for simultaneous estimation of these
phytochemicals in single and polyherbal blend in in-house or marketed formulations. Also the developed
method can be used for quantification of gallic acid and quercetin in the herbal mixture. Gallic acid and
guercetin are the biomarkers available in most of the herbal plants and have been proved to be an important
phytoconstituents responsible for the activity.
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KenmenTi Kocnagarel rajji KbIIKbLIbI MEH KBepUeTHH/I
0ip yakbITTa 0arajay KoHe CAHIBIK aHbIKTAy YLIiH PacTaJIFaH
JKOFAPBIOHIMI /KYKa BaJuIalusiJIaHFaH XpomaTtorpadus aaici

Kapamaiieim, cesiMrain, >OFapbloHIMII jKyKa KaOaTThl XpomaTorpadus ofici yiiie eHAIpiNTeH KemmenTi
KOCIa/IaFbl Ta/UT KBIIIKBUIBI MEH KBEpPIETHHHIH KYPaMbIH Oaranay YIIiH d3ipieH/l jkoHe pacTtaiisl. Tannay
yurin Emblica officinalis, Camellia sinensis sxone Garcinia cambogia koca, men KoCnacslHbIH METaHOJIBI
epitinzici maimanaHeuIIsl. bey 254 HM ckaHepiey TONKBIH Y3BIHABIFBIHAA G60 Fos4 cummkaresMeH xoHe
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S.P. Gandhi, A.R. Gawhane et al.

TOJIyOJI : 9TUJIAIIETAT | KYMBbIPCKa KbIIKbUIbIMEH (5:1,5:1 kemem/kenem/keseM) aibplH ajla KalTaJlFaH
amomunnii TLC mnactunanapeinaa opsiHnanasl. JKyite colikecinme R 0,14 sxone Rr 0,29 mamackinaa ramt
KBIIIKBLIBI MEH KBEPLETUH YILIH KAKChI MEUIIreH MbIHAAPIbI Oepi. Omic 2—6 MKI/MIT AWaNa30HbIHIA Al
KbIIKBUIB! yimiH 0,9939 sxone kBepuetwH ymriH 0,9988 perpeccus xoadummentin Geperin ICH Q2R1
HYCKayJlapblHa Colikec pacTainabl. ['amm KbIIKeUTEI MeH kBepueTwHnai amy 98-102 % apanbirbsiHga, Oy
QMICTIH MAMIriH HaKThUTAABL. JlonmiKTi 3epTTey (KYH apaiblK jkKoHE KYHJI3Ti) CaJBICTBIPMalIbl CTAaHAAPTTH
aybITKy 2 %-maH a3 eKeHiH KOpCeTTi, OYI ONMICTiH JKOFapbl JOJITIH aWKbIHIaWAbl. ¥ CHIHBUIFAH
Banupanysmanrad HPTLC opici kapanaidbiM, 1911, HAKTHI KOHE CEHIMJI YKOHE KYHIETIKTI camaHbl Oakpuiay
TaJayblHa TaiganaHeulybl MYMKIH. By ozic kemnmienTi Kocnagarbl rajul KbIIIKbUIBI MEH KBEpLETHHHIH
MeJILIEPIH aHBIKTAy YIUiH KOJIaHBULIBI, on TuiciHume 1,648 % macca/macca xone 3,165 % macca/macca

Kypajpl.

Kinm ce30ep: Tamm KBIIKBIIBI, KBEpPIETHH, CHHXPOHIB! Oarajay, JKOFapbloHIMAI JKyka Kabar
Xpomarorpaduschl, Baluianys, CaHABIK aHBIKTay, KOIIeNTep KOCIAckl, IONTep, CHIFBIHABLIAP.

C.IIL I'anam, A.P. T'ageiin, C.J1. Kance, /1. Harope, C.C. Yutnanre

BaguaupoBaHHbIil MeTOA BHICOKOI(P(PEKTUBHON TOHKOCJIOIMHOM XpomMaTorpaguu
AJIsl OTHOBPEMEHHOM OLIEHKH COJeP:KaHUs ra1JI0BO KHCJI0ThI H KBepLEeTHHA
B IIOJJMTPABHOM CMECH U MX KOJIHYECTBEHHAS OLEHKA

Brut pazpabotan W BamMIUpPOBAaH MPOCTOH, YyBCTBHTEIBHBIH BBHICOKOA((EKTUBHBII METOJ TOHKOCIOHHOH
xpomarorpaduu I OLEHKH COJEp)KaHWs TaIoBO KUCIOTHI M KBEpIETHHA B HOJUTPABHON CMecH CO0-
CTBEHHOT'O IIPOM3BOJCTBA. J)Is aHAIIM3a MCIONB30BaI METAaHOJIBHBIH PAacCTBOP TPaBSTHOHW CMECH, BKIIIOYAIO-
weii Emblica officinalis, Camellia sinensis u Garcinia cambogia. Pa3xeneHre npoBouii Ha aTlOMHHHEBBIX
mwiactuHax g TCX, mpenBapurensHO HOKpPBHITHIX cuiiukareneM G60 Fasa um cMmecblo Toiyol : aTHiaLe-
TaT: MypaBbuHas kuciota (5:1,5:1 00./06./00.) mpu mmuHe BoHBI ckaHupoBaHust 254 HM. Cucrema nana Xo-
po1LIO pa3pelieHHbIe MTUKH IS TaIOBOM KUCIOTH U kBepretuHa npu Rr 0,14 u Rr 0,29 cootBeTcTBeHHO. Me-
TOJI BAJIMIUPOBaH B cooTBeTCTBHHU ¢ pekoMeHaauusmu ICH Q2R 1, uto naer ko dunument perpeccun 0,9939
IUTs TaJumoBo# kucinoTel u 0,9988 mns xBeprieTnHa B 1uanazone 2—6 MKr/mil. M3BieueHne rayioBOH KHCIOTHI
U KBepIlieTHHa Haxoxutcs B npenenax 98—102 %, uro moAaTBepkaaeT TOYHOCTH MeToaa. MccnenoBanue Tou-
HOCTH (MEXIHEBHOW M BHYTPHUAHEBHOI) ITOKA3aJI0, YTO OTHOCHUTEIEHOE CTAaHIAPTHOE OTKJIOHEHHE COCTaBIIS-
eT MeHee 2 %, 4TO CBUJIETENILCTBYET O BBICOKOIT TOUHOCTH MeTona. [IpearaeMelii BauqupOBaHHbBIH METO
BOTCX mpocr, ToueH, ciennuieH ¥ HAJISKSH, MOXKET HaliTH IPHIMEHEHHEe B PyTUHHOM aHAJIN3e KOHTPOJIS
KauecTBa. JJaHHBII MeTO]] OBUT HCIONIB30BaH AN KOJMIECTBEHHON OIEHKH COAEP KAaHMS TaJUIOBOH KHCIIOTHI H
KBEpLETHHA B TIOJMTPABHOW cMecH, KoTopoe cocraBmio 1,648 % macc./mace. u 3,165 % macc./mace. cooT-
BETCTBEHHO.

Kniouesvie cnoea: ramnoBas KHCIOTA, KBEPIETHH, OJHOBPEMEHHAs OIICHKA, BHICOKOI((EKTHBHAS TOHKO-
clloiiHast xpoMarorpadus, BaIMIALHs, KOJIHUECTBEHHAs OIIEHKA, TOJUTPaBHAs CMECh, TPABBI, SKCTPAKTHI.
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Direct Correlation between Fluid Cluster Structure and Its Viscosity

The research purpose is to prove the probability of a direct quantitative correlation between proportion of
these clusters and liquid viscosity. A quasi-polycrystalline clustering model of the liquid (in particular, melts)
should be used. The Boltzmann distribution, the concepts of the chaotic particles and the virtual cluster size
distribution should be applied to achieve this purpose. This study analyzed the complete reference data on the
temperature dependences of the dynamic viscosity for the alkali metals. As a result, a directly proportional
correlation between viscosity and cluster content in liquid has been determined. It has provided the probabil-
ity for the quantitative concept of the quasi-polycrystalline clustering model on the liquid state of matter due
to its properties. The concept of the chaotic particles in direct correlation to the Boltzmann distribution has
been used as a basis. The Boltzmann energy spectrum has been used for the kinetic energy of the chaotic
thermal particle motion in the solid, liquid and gaseous states of matter. As a result, their three energy classes
have been distinguished with their presence in all aggregate states and in the sum constantly equal to one.
Formulas to calculate the proportion of the virtually ordered clustering and complete chaotic fluid compo-
nents were deduced. These formulas have been derived with using the particle distributions by the energy
class and cluster sizes.

Keywords: Boltzmann distribution, randomized particles, probability, virtuality, cluster, melt, viscosity, alkali
metals.

Introduction

The most adequate physical model of a liquid and, in particular, of melts, is the quasi-polycrystalline
model [1-4]. The most relevant physical model for liquids (namely, melts) is a quasi-polycrystalline model
[1-4]. This model examined the melt as a combination of two structural components such as clusters and the
separating clusters. Thus, clusters were microvolumes with an ordered particle arrangement, close as in a
crystal. By contrast, the separating clusters had a disordered zone with the chaotic and loose particle ar-
rangement. The disordered zone has formed a continuous three-dimensional cellular network in the melt,
which filled the gaps between the clusters. The gaps were disorderly oriented in relation to each other.

The clusters and a disordered zone were thermodynamically unstable. After the energy fluctuations,
they continuously regenerated each other. The volume ratio filled with clusters and a disordered zone was
established by a temperature of the melt. Thus, the temperature rise led to a decrease in the proportion of
clusters due to an increasing of their disordered zone. It was assumed that the cluster zone disappeared at
some temperature. It probably corresponded to a “contrary flexure” on the “physical property-temperature”
curve and transition of the curvilinear section to a straight-line one.

This idea of the cluster disappearance was questionable. Thus, any contrary flexures, i.e. breaks were
not actually observed on such curves. The straight-line proportions were an asymptotic approximation in the
decreasing curvature region with the single temperature dependence of the physical property. In any case,
there was no prohibition to form clusters based on fundamental laws relating to the liquid nature. In addition,
the quasi-polycrystalline model had no analytical expression or the mathematical semi empirical interpreta-
tion.

As a result, the physical model was insufficiently developed. Since, some paradoxes of the temperature
correlation of viscosity were not explained by the quasi-polycrystalline model [5]. Also works were being
studied to determine the shape and structure of clusters with using their formation based on the solid phase
nanoparticles during the melting of matter [6]. To date, the analysis of the unstable clustering phase in the
liquid demonstrated that the structural approach dominated despite the advantage of such phase in a state
without structure [7-10].

© 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/) 65


https://doi.org/10.31489/2022Ch4/4-22-5
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2022Ch4/4-22-5
mailto:astra_mun@mail.ru

A.M. Makasheva, V.P. Malyshev, L.A. Bekbayeva

Thus, the obvious virtuality of the cluster existence and the disordered zone in the liquid has showed
that a probability interpretation of its nature and all aggregate states of matter was relevant. Academician
M.A. Leontovich’s point was fundamental to use the Boltzmann distribution (an energy spectrum) on the
kinetic energy of the chaotic (thermal) particle motion to the gaseous and liquid, solid states of matter [11].

The research purpose is to substantiate the probability of a direct quantitative correlation between pro-
portion of these clusters and liquid viscosity. A quasi-polycrystalline clustering model of the liquid (in par-
ticular, melts) should be applied. The Boltzmann distribution, the concepts of the chaotic particles and the
virtual cluster size distribution should be used to realize this purpose.

Experimental

The Boltzmann distribution and the concept of chaotic particles as a virtual basis

R =N,/N=exp[—¢ /KT]/> exp[—g /KT], 1)
i=1
where P; and N; are share and number of particles with average ;i kinetic energy; N is the total amount of
particles in the system; k is the Boltzmann constant; n is the number of energy levels taken into account.

A significant advantage of the shared distribution was able to interpret P; as the particle content with a
certain energy level and probability to form and detect them. Therefore, the laws of the accidental events
based on combining of the probability of the elementary events were used for them. The different fundamen-
tal property for this distribution was a universal expression of the thermal energy reserve at any temperature
in an aggregate state as kT (per mol RT). And it did not depend on the continuous or discrete nature of this
distribution [12-15].

The ability was additionally created to determine the proportion of the super-barrier, sub-barrier and in-
ter-barrier particles, i.e. any energy classes. Thus, the total proportion of such particles was equal to one. As
a result, a faithful scientific basis was to develop the chaotic particles concepts and to apply their crossing or
not crossing the thermal barriers of RTy, melting and RT, boiling [16, 17].

This concept has demonstrated three particle energy classes at all temperatures and in all aggregate
states:
the crystal-mobile particles with energy no more than the thermal barrier RT, and proportions:

P, =1—exp[-RT, /(RT)]=1-exp(-T, /T), @)
the liquid-mobile particles with energy above RTw, but no more than RTy, and proportions:
Pam =&XP(-T, /T)—exp(-T,/T), (3)
the vapor-mobile particles with energy above RTy and proportions:
P =exp(-T,/T) 4)
upon condition
Pom + Bam + B =1. (5)

In this instance, this nature has been displayed with the melting and boiling points relevant to energy
levels of kT and KT.

The temperature range showed that the regions of the crystalline, liquid, vapor states and crm, Igm- and
vm-particles in each of them should be well defined. The real properties of these states corresponded to it.

The feature of the liquid-mobile particles was compared to the crystal-mobile and vapor-mobile parti-
cles. The proportion of the first above in the full temperature range (from zero to infinity) varied from 1 to 0.
The proportion of the second above varied from 0 to 1. As a result, the feature was defined by difference be-
tween unity and sum of the oppositely varying fractions of crm- and vm-particles, as per (3). Thus, the frac-
tion of Igm-particles varied from zero to zero passing through some maximum. Its position is analytically
calculated by (3) and corresponds to a temperature:

Tammae = (To =T )/ IN(T, /T,). (6)

lgm, max
The obvious dominance of the crystalline particles was observed up to the boiling point. This predomi-
nance was characteristic for the Boltzmann energy spectrum. As a result, the lower levels were more filled
than the upper ones. The crystal-mobile particles were low-energy and realized their dominance. They re-
duced their proportion in a liquid state from the predominant one at a melting point to others at the boiling
point. Thus, it was requested to determine their form in the liquid. If it was abstract from a specific structure
of clusters, it can be argued that crm-particles should be associated or virtually condensed. If the particles
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constantly hit with each other and with all other particles, they should correspond to some virtual distribution
by the number of particles included in cluster, i.e. to be one-, two-, three- and n-particle clusters. Herewith,
abstraction from a specific cluster structures did not mean its ignoring. By contrast, it should be examined as
separation of the chaotic basis to make the certain structures under influence of the potential energy for at-
traction or repulse of particles. The last mentioned above were explicitly analyzed in some papers, namely, in
a review of [18].

In order to determine such distribution, it should be stated that a quantitative expression for the total
matter proportion was first received by a quasi-polycrystalline clustering model of the liquid state based on
the chaotic particles concept. It was as a reservoir to form the clusters. Thereat, this proportion was compli-
ant with the universal criteria for the structural stability of the complex systems [19-21], specifically, by the
proportion of the golden section.

Further development of the chaotic particles concept proved the virtuality of their existence in the form
of cluster distribution by the number of the included particles. The equality conditions of probabilities for the
mutual conversion of clusters were applied, thus, it led to the maximum uncertainty of their system [17].

Pomn = (1= P ) Pl (7)

crm,n crm

where P! is the proportion of n-partial clusters.

As applied to the quasi-polycrystalline model of a liquid [1-4], it has been required to use the found
particle distributions by the energy classes and cluster sizes to distinguish the virtually ordered cluster and
fully chaotic components of the liquid. The last above mentioned was represented by single particles. It in-
cluded all liquid-mobile, vapor-mobile and single crystal-mobile particles. They were the most energy-
intensive in their class and as a transition to liquid-mobile ones. The total proportion of such particles calling
as free, as described in (2)—(5) and (7) should be [17]

Pfr = Pcrm,l +(qum + I:)vm ) = I:)(:rm (1_ Pcrm)+ (1_ I:)t:rm ) =1- Pcfm ' (8)
Thereafter, the cluster zone should take a proportion of
Pcl =1- Pfr = Pcfm . (9)

Integrally, the chaotic component of matter was studied. It was a primary basis to examine the ordered
component through the characteristics of dependence. Besides, the probabilistic distribution of clusters ac-
cording to the number of the included particles created a reservoir to form the supracluster compounds —
associates. The associates were detected in the liquid crystallization area [22]. The recording this loss of
simplicity required the special study in relation to the liquid properties as described in our paper [20] with
regard to viscosity. In all cases, the Boltzmann distribution was an inexhaustible source to develop the theory
of a matter [23-25].

It should be previously to assure oneself of the most direct quantitative correlation of any physicochem-
ical liquid property with the found cluster proportions. This could be exemplified by a dynamic viscosity for
the most typical liquid metals of the basic subgroup of the first group of the periodic element system.

Results and Discussion

The correlation of the dynamic viscosity of the liquid alkali metals to their cluster content should be
present below.

The chaotic particles concept and the quasi-polycrystalline clustering model of a liquid demonstrated
that its viscosity should not be defined by all proportion of the crystal-mobile P.m particles. It should be de-
termined by its part belonging to non-single virtual formations. Thus, it should be equal to P2 . It might be

illustrated with the most complete reference data on the temperature dependences of the dynamic viscosity of
alkali metals [26, 27].

Data correlation of m, mPa-c, with Pom = 1 — exp(-Tw/T) and P2, =[1-exp(-T, /T)]2 in the range
from T to Ty, are resulted in Tables 1-5 and Figures 1-5.
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Table 1
The dependence of the dynamic lithium viscosity on the temperature [26, 27]
and proportion of the crystal-mobile Perm particles and P2 clusters
T, K M, mPa-c Perm P T, K n, mPa-c Perm P
Tm =453.7 - 0.632 0.400 1073 0.238 0.345 0.119
473 0.566 0.617 0.380 1173 0.219 0.321 0.103
573 0.453 0.547 0.299 1273 0.204 0.300 0.089
673 0.379 0.490 0.240 1373 0.191 0.281 0.079
773 0.328 0.444 0.197 1473 0.180 0.265 0.070
873 0.290 0.405 0.164 1573 0.170 0.251 0.063
973 0.261 0.373 0.139 Tp = 1615 - 0.245 0.060
Table 2

The dependence of the dynamic sodium viscosity on the temperature [26, 27] and proportion of the crystal-
mobile Perm particles and P?  clusters

crm

T, K n, mPa-c Perm P2, T, K n, mPa-c Perm P
Tm=2371 - 0.632 0.400 773 0.237 0.381 0.145
373 0.687 0.630 0.397 873 0.208 0.346 0.120
473 0.451 0.544 0.296 973 0.186 0.317 0.100
573 0.341 0.477 0.227 1073 0.170 0.282 0.085
673 0.278 0.424 0.180 Tp = 1156 - 0.274 0.075
Table 3
The dependence of the dynamic potassium viscosity on the temperature [26, 27]
and proportion of the crystal-mobile Perm particles and P2 clusters
T, K 7, mPa-c Perm P2, T, K 1, mPa-c Perm P2
Tm =337 - 0.632 0.400 773 0.166 0.353 0.125
373 0.441 0.585 0.354 873 0.146 0.320 0.103
473 0.303 0.510 0.260 973 0.132 0.293 0.086
573 0.234 0.444 0.198 T, = 1032 - 0.279 0.078
673 0.193 0.394 0.155
Table 4
The dependence of the dynamic rubidium viscosity on the temperature [26, 27]
and proportion of the crystal-mobile Perm particles and P2 clusters
T, K 1, mPa-c Perm P2, T, K 1, mPa-c Perm P
Tm=312.5 - 0.632 0.400 673 0.212 0.371 0.138
373 0.435 0.567 0.322 773 0.185 0.332 0.111
473 0.316 0.484 0.234 873 0.165 0.301 0.090
573 0.252 0.420 0.177 T = 961 - 0.278 0.077
Table 5
The dependence of the dynamic cesium viscosity on the temperature [26, 27]
and proportion of the crystal-mobile Pem particles and P2 clusters
T, K 7, mPa-c Perm Pcfm T, K n, mPa-c Perm Pczm
Tm=23017 - 0.632 0.400 673 0.221 0.365 0.130
373 0.469 0.555 0.308 773 0.192 0.323 0.104
473 0.334 0.472 0.222 873 0.171 0.292 0.085
573 0.264 0.409 0.168 T, =944 - 0.274 0.075
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Figure 1. The dependence of the dynamic lithium viscosity on temperature [26, 27]
and proportion of the crystal-mobile Pem particles and P2 clusters (lines by (10))
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Figure 2. The dependence of the dynamic sodium viscosity on temperature [26, 27]
and proportion of the crystal-mobile Pem particles and PZ clusters (lines by (10))
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Figure 3. The dependence of the dynamic potassium viscosity on temperature [26, 27]
and proportion of the crystal-mobile P particles and P2 clusters (lines by (10))
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Figure 4. The dependence of the dynamic rubidium viscosity on temperature [26, 27]
and proportion of the crystal-mobile Pem particles and PZ clusters (lines by (10))

All figures illustrated a uniform variation in the forms of the dynamic viscosity correlations: from obvi-
ous nonlinear by temperature to smoothed proportion of the crystal-mobile particles and clear enough
straight-line by cluster proportions. Thus, the directly proportional correlation of the viscosity directly with
the cluster content in the liquid was proved.

The probability was discovered for the quantitative concept of the quasi-polycrystalline clustering mod-
el of the liquid matter state through its properties. Therefore, the chaotic particles concept and the Boltzmann
distribution were applied.

In a first approximation, such dependence might be represented as a straight line equation. After calcu-
lation of the P2  variable, the viscosity was showed as

n=a+chfm=a+b[1—exp(—Tm/T):|2, (10)

where a and b are free term and proportionality coefficient, respectively. They could be found by the least
squares method. Then they should be used to determine the physical meaning.

1, mPa-c 7, mPa-c
0.7
05 |
06 | ol
05 f 04
04 03 ¢
03 |
02 |
0.2 |
0,1 }
0’1 [ En Tb
0 | N N N | ; 0 L L L N N N )
200 400 600 800 1000 0 01 02 03 04 05 06 07
T, K Pem (1), Pim (2)

Figure 5. The dependence of the dynamic cesium viscosity on temperature [26, 27]
and proportion of the crystal-mobile Pem particles and P2 clusters (lines by (10))

For instance, at a melting point, the equation (10) had a single formula for all substances
n=a+0.400b . (11)
The different substances were compared by this viscosity value. Since it referred to the liquid phase at a
melting point, where the liquid and solid states were in equilibrium. Thus, the direct experimental definition
of viscosity was difficult due to the simultaneous presence and uncertain ratio of the solid and liquid phases.

70 Bulletin of the Karaganda University



Direct Correlation between Fluid Cluster Structure and Its Viscosity

It was required to ascertain that the straight-line dependence of the discussed data for alkali metals was
adequate. With this view, they were processed by the least squares method to obtain the numerical values of
parameters of a and b, the R correlation coefficient and its significance for the 95 % confidence level (tr > 2),
the determination degree of the received dependencies (D = R?) [28] and the nm melting viscosity. Results
are presented in Table 6 and Figures of 1-5.

Table 6
Parameters of equation (12) for alkali metals
Element Tm, K a b R tr D Nm, MPa-c
Lithium 453.7 0.100 1.18 0.9986 813>2 0.9971 0.572
Sodium 371 0.000 1.58 0.9815 60 > 2 0.9634 0.632
Potassium 337 0.025 1.13 0.9907 118>2 0.9815 0.478
Rubidium 3125 0.045 1.18 0.9948 189>2 0.9896 0.517
Cesium 301.7 0.050 1.32 0.9960 249>2 0.9920 0.578

The Table 6 demonstrated that a high adequacy of the straight-line correlation of viscosity with the
cluster proportions and directly with temperature was established for all alkali metals. Since, they were dis-
played by a single equation (10). A high degree to determine these dependencies indicated their proximity to
the fundamental pattern based on the physical nature of the liquid state.

Somewhat worse correlation of the data for sodium had a physical explanation. Thus, the experimental
values of viscosity were markedly higher than the calculated values at 373 K by two degrees above a melting
point. It might be due to the probability of a partial presence of the solid phase within the accuracy of melt
temperature maintenance.

For all other alkali metals, the first experimental point was established at a temperature no less than
twenty degrees above a melting point.

Herewith, the nm melting viscosity for sodium was abnormally high. A comparative analysis of the data
on this value became difficult because it was a characteristic for the contribution of the chaotic virtual com-
ponent of the melting viscosity.

The graphical data for sodium showed some residual curvature of the correlation on the cluster propor-
tion. It was less visible on similar dependences for other metals. It indicated a more complex nature of the
cluster influence on the melt viscosity. It might be caused by formation of more complex super-cluster virtu-
al structures of less strong cluster associates. This aspect was examined in the monograph [17]. It ended with
construction of a more accurate semi-empirical cluster-associated viscosity model. Thus, the cluster associa-
tion degree was applied, and the correlation with activation energy of fluidity was discovered by the Frenkel-
Andrade viscosity model [29-31].

It was important to state that determination of the activation energy was possible due to linearization of
this model. It was widespread procedure to analyze and process data for the complex physicochemical pat-
terns in order to define their adequacy and apply them to the real processes.

Conclusions

The probabilistic nature of formation and the virtual existence of the solid phase clusters in liquid were
applied to develop the existing quasi-polycrystalline clustering model of the liquid state of matter.

It was studied by Boltzmann distribution of an energy spectrum and the chaotic particles concept with
using an additional cluster distribution per the number of the crystal-mobile particles included in them.

The form of this distribution was defined by the equal probability of the mutual cluster conversions and
expressed by the virtuality essence of the liquid state.

The proportional correlation of viscosity directly with the cluster content in the liquid was established
by the analysis of the most complete reference data on temperature dependences of dynamic viscosity for
alkali metals. Probability was provided to quantitative concept of the quasi-polycrystalline clustering model
of the liquid state of matter based on its properties with using the chaotic particles concept and the Boltz-
mann distribution.

It was clear that each straight-line correlation was not functional. In this case, the argument (the cluster
proportions of P’ ) and function (viscosity) were related as cause and effect. The cluster proportions were

determined by the fundamental Boltzmann distribution. It was found the proportion of low-energy (the crys-
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tal-mobile) particles in it. It was as a reservoir to form (virtual crystallization) clusters. They created more
chaotic particles and a thicker consistency of the liquid state. This consistency might be equated with the lig-
uid viscosity. It was quite possible that a similar straight-line correlation of cluster proportions could be dis-
covered with other properties of the liquid, e.g., by density and electrical conductivity.

In reference to correlation between the cluster proportions and viscosity, it might be physically com-
pared with the state of a mechanical mixture of water and sand. The sand played the role as a cluster phase,
and created the emulsion viscosity. It was important to state that the rectilinearity of correlation between the
cluster proportions and viscosity did not apply to all crystal-mobile particles (Pcm). It was applied for two or

more partial formations (PZ ). It was clearly illustrated by the graphical data for alkali metals. In this case, it

was of no concern a structure of the formed clusters. Since, the chaotic component of the substance was
used. Thus, its contribution to the liquid state was examined. The influence of the potential energy of attrac-
tion and repulse of particles might add the general picture of such state as certain cluster structure formation.
However, the chaotic component of matter by the kinetic energy of the thermal particle motion was basic to
display the formation and properties of matter as a whole.
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A.M. Makamena, B.I1. Maneimes, JI.A. bek6aeBa

CYHBIKTBIKTBIH KJIACTEPJIK KYPbLIBIMbIHBIH TiKeJel 0ailJIaHbIChI
’KOHE OHBIH TYTKBIPJIBIFbI TYPaJbl

JKymbIcTBIH MaKcaThl — BoJbIMaH yiiecTipiMiH, peTci3 OenekTep TYKbIPHIMIaMaChiH JKoHE KlIacTeplepaiy
BUPTYAJIBI YIECTIPLTYiH KOJIaHa OTBIPHII, OJAap.IbIH eJIeMaepi OOMbIHIA CYHBIKTHIKTBIH (aTan alTKaH/a,
OanKpIManap) KBa3UMOJIUKPUCTAIIBI KIACTEPIIK MOJENI asChIHIA OCHI KIACTEPIIEPIiH YIIECiH CYHBIKTHIKTBIH
TYTKBIPJIBIFBIMEH TIiKENEH CaHIBIK OalTlaHBIC MYMKIHAITIH Herizaey. Makajajga CUITUTIK MeTajaapIblH
JMHAMUKAJIBIK TYTKBIPJIBIFBIHBIH ~TEMIIEpaTypaiblK TOYelqimiri OOWBbIHIIA €H TOJBIK AHBIKTAMAJBIK
MOJIIMETTepAl TalAay MbICANBIHAA TYTKBIPIBIKTBIH CYHBIKTHIKTAFbl KJIACTEpJIEPiH KypaMbIMEH TiKenlei
HPONOPLIMOHANBI  OalyIaHBICHl  aHBIKTaJdFaH. byl bBojblMaHHBIH TapanyblHa Tikelied OaillaHBICTHI
XaOTUKAJIBIK OOJIIIEKTep TYKBIPbIMJAMAachlHA HETi3AeNTreH 3aTThIH CYHBIK KYHiHIH KBa3HIIOJIMKPHUCTAJIIBI
(xymacTepitik) MOAENIH OHBIH KAacHeTTepi apKbUIBl CaHIBIK TYypAe OUIAIpYy MYMKIHAITIH KaMTaMachl3 eTeli.
3aTTBIH KaTTBl, CYWBIK JKOHE Ta3 TOpi3di KyWiepiHmeri OeIIeKTepAiH PEeTCi3 JKBUTYJNBIK KO3FaIbICHIHBIH
KHHETHKAJIBIK JHEPrHsChIHA KOJNAAHBUIATBIH BOJBIMOHHBIH SHEPreTHKAIBIK CIEKTPi ONap/blH OapIbIK
arperaTThIK Kyitnepinae O0MybIMEH OJapAblH YII 3HEPTeTHKANBIK KIACHIH aXbIpaTyFa MYMKIHIIK Oepi, ai
KOCBIHIBI OpKamiaH Oipeyre TeH. KiacTepnepiiH SHEpreTHKalbIK KIAacTapbl MEH eJmiemiaepi OoWbIHIIa
OeJILeKTepIiH Tapalybl apKbUIBI TAOBIUTFAH BUPTYANIbl PETTENTeH KIACTEPIIK KHE TOJIBIFBIMEH Xa0THKAJIBIK
CYUBIKTBIK KOMIIOHEHTTEPIHIH YJIECIH ecenTey OOWbIHIIA (POpMyTanapbl KEITIPiIreH.

Kinm ce30ep: BonbIMaHHBIH Tapaiybl, perci3 OeIeKkTep, BIKTHMAaJIbUIBIK, BHUPTYAJIBUIBIK, KiacTtep,
OankbIMa, TYTKBIPJIBIK, CLITLI MeTaaap.

A.M. Makamesa, B.I1. Mansimes, JI.A. bekbaeBa

O npsiMoii CBSI3U KJIACTEPHOI0 CTPOCHMS KHIKOCTH U ee BA3KOCTH

HCJ'[I: paGOTBI — B paMKax KBa3HHOHHKpHCTaHHH‘{eCKOﬁ KJ'[aCTepHOﬁ MOACIIH KUIKOCTHU (B YaCTHOCTH, pac-
HHaBOB) C NMOMOLIBIO pacCIpeaCICHUA EOHLHMaHa, KOHICTINUN XAaOTHU3UPOBAHHBIX YAaCTHUIl U BUPTYaJIbHOI'O
pacnpeacIeHus KJIaCTepoOB IO UX pasMepamM 000CHOBATh BO3MOKHOCTE Hp}IMOﬁ KOJIMYECTBEHHOU CBSI3U JIOJIH
OTHUX KJIaCTCPOB C BA3ZKOCTBHIO KUAKOCTH. B crathe Ha MpUMEPE aHaJIM3a HauboJIee TOTHBIX CIIpaBOYHBIX JaH-
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HBIX 110 TEMIIEpaTypHBIM 3aBUCUMOCTSIM IUHAMUUYECKON BA3KOCTH ILENIOYHBIX METAJUIOB YCTAaHOBJIECHA IPSAMO
MPOMOPLHOHATIbHAS CBSA3b BSI3KOCTH HEIOCPEICTBEHHO C COJEpPKaHUEM KJIACTEPOB B JKUAKOCTH. DTHM obec-
MEYMBAETCS] BO3MOXHOCTh KOJIMYECTBEHHOTO BBIPAKECHHUS KBA3HIIOJUKPUCTAIIIMYECKOH (KI1acTepHOil) MoAeIH
JKUJKOTO COCTOSIHHSI BEUIECTBa Yepe3 €€ CBOMCTBA HAa OCHOBE KOHIEMIWU XaOTH3UPOBAHHBIX YacTHUIl B Mpsi-
Moil cBsi3u ¢ pacrpenenenuem bosbiMana. DHepreTuueckuil criektp bonbliMaHa MPUMEHUTENEHO K KUHETH-
YEeCKOIl SHEPTUU XaOTHYECKOTO TEIUIOBOTO JIBHXKCHHS YACTHIl B TBEPAOM, )KHUIKOM H Ta3000pa3HOM COCTOSI-
HUSIX BEILECTBA MO3BOJIWI BBLACIUTH TPU DHEPreTHUECKUX KJIacca C MPUCYTCTBUEM HMX BO BCEX arperaTHbIX
COCTOSIHUSIX M B CyMMe, Bcer/ia paBHOM eauuuie. [IpuBeneHs! GopMyIibl MO0 pacdyeTy AOJIH BUPTYaIbHO YIO-
PANOYEHHOMN KJIACTEPHON M MOJHOCTHIO XAaOTHU3UPOBAHHOM COCTABISIOIIMX JKMIKOCTH, HAHJAEHHBIX C MOMO-
LIBIO PACHpeieIeHUA YaCTHUI] IT0 SHEPTETHYECKUM KJIACCaM H pa3MepaM KJIaCTEpOB.

Kniouesvie cnosa: pacnpencicHue BOHBHMaHa, XAa0TU3UPOBAHHBIE YaCTULbI, BEPOATHOCTH, BUPTYaAJIbHOCTD,
KJIaCTEp, paciliaB, BA3KOCTb, HICJIOYHBIC METAJJIbI.
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Prospective Hybrid Molecules with Dual Anti-Viral
and Anti-Thrombotic Activity Against the SARS-CoV-2 Infection
and Its Associated Complications Employing in Silico Studies

Covid-19, a SARS-CoV virus-based disease, was identified in Wuhan, China, in December 2019. Initially, it
was considered just an infection of the respiratory system, but due to its transmittable nature, it was declared
a pandemic. A variety of treatment options were implemented, including antivirals like remdesvir, favipiravir
along with vitamins and antioxidants. Further investigations revealed that the Covid-19 infection results in
thrombotic cardiovascular complications, which are the major concern for the increased mortality associated
with this disease. This study investigates the in Silico design of hybrid molecules with antiviral and an-
tithrombotic properties. A docking study was performed using Autodock Vina software, and binding energies
of the designed compounds were determined for papain-like protease (PDB: 3E9S) and 3-chymotrypsin-like
cysteine protease (PDB: 6LU7). The docked poses and amino acids interactions were verified using Biovia
Discovery studio 4.5. The binding energies of all designed compounds were compared with the standards,
Compound RL1 (2-(5-(3-carbamoyl-1H-1,2 4-triazol-1-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methoxy)-
carbonyl)amino)(hydroxy)methyl)carbamoyl)phenyl acetate) and Compound FL2 (8-hydroxy-2-(3-hydroxy-
4-methoxyphenyl)-4-oxochroman-6-yl(2-(6-flouro-3-oxo-3,4-dihydropyrazine-2-carboxamido)-1-hydroxy-3-
phenylpropyl)carbamate) proved to be promising agents with strong binding interactions. Hybrid molecules
that inhibit viral replication, possibly as transition state inhibitors, can be investigated further for use in the
treatment of SARS-Co-V infection and its associated complications.

Keywords: COVID-19; CL-pro, PL-pro, antiviral, antithrombotic, molecular docking, in Silico, hybrid mole-
cule.

Introduction

The Covid-19 pandemic caused by Severe acute respiratory syndrome coronavirus (SARS-CoV-2) virus
has affected majority of population around the globe and has resulted in significant mortality and morbidity.
It has been initially identified as a respiratory illness, but has now demonstrated extreme individual variabil-
ity in its symptoms, and severity of infection [1, 2]. This highly infectious virus has undergone rapid muta-
tions with “the double mutant” strain leading to the second wave in almost all countries worldwide. This
double mutant Covid strain has been found to be more infectious and lethal and has increased the health risk
in patients with high mortality rate [3]. The SARS-CoV-2 belongs to B-coronavirus family and is SS RNA
enveloped protein with 9860 amino acids. SARS-CoV-2 gene fragment consists of structural and nonstruc-
tural proteins encoded from S, E, M and N gene and ORF region, respectively [4, 5]. Spike glycoprotein
(S protein) present on the virus surface is the key component for viral entry into the host cell through recog-
nition and binding with ACE2 (angiotensin-converting enzyme 2) receptor. S1 subunit of S protein recogniz-
es the binding site and binds to the host receptor and S2 subunit forms six-helical bundle with the help of
heptad repeat (HR1 and HR2) and mediates fusion cell membrane. Fusion of host and viral membrane is
achieved by host protease, which cleaves site at the border of S1 and S2. Sixteen nonstructural proteins per-
form different function and carry out processing and replication of RNA [6, 7].

Angiotensin-converting enzyme 2 (ACEZ2) protein, target for coronavirus is found in alveolar epithelial
cells of lungs and in small intestines enterocyctes. Breakdown of ACE2 finally causes systemic inflammation
in the host cell leading to critical illness and multiorgan dysfunction. Covid-19 patients with cardiovascular
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disease have been severely affected and an increase in mortality rate has been observed. Adverse outcomes
have been observed due to systemic inflammation, which destabilizes vascular plaques finally demanding
increased cardiac activity. Increased levels of IL6, D-dimer and troponins (cardiac specific) direct the patient
towards increased risk of pulmonary embolism and thrombosis [8-12].

Currently the treatment line of SARS-CoV-2 infection involves use of anti-virals like remdesivir, favi-
piravir, ritonavir to address the pulmonary infection phase; while for suppressing the inflammato-
ry/coagulopathy phase, drugs like Tocilizumab, Anakinra, Baricitinib, Eculizumab, Emapalumab and Hepa-
rin, including low molecular weight heparins (e.g enoxaprin) are utilized [13, 14]. Several vaccine candidates
have received approval for emergency use across the globe [15] and mass immunization drives are under
progress [16]. However until a considerable mass of population is vaccinated and herd immunity is achieved,
therapeutic interventions will be required to combat the situation.

Latest developments show that SARS-CoV-2 infection precipitates variety of haematological complica-
tions associated with increase in D-Dimer and blood thickening. Mortality occurs either due to respiratory
failure or thromobotic cardiovascular complications, which requires the management of multiple associated
pathways [17-20].

Development of hybrid molecules is an attractive strategy of drug design to achieve multiple targeting,
enhance biological activity and improve Kinetics [21, 22]. In the past decades, several researchers have uti-
lized this concept to develop agents with antimicrobial [23-25], anti-malarial [26—28] and anti-cancer activi-
ty [29, 30]. Researchers have developed multifunctional drugs comprising of two or more pharmacophores
with benefits in treatment of multi-factorial diseases [31-35].

So an attempt was made to design hybrids with dual action, namely antiviral and anti-coagulant activity,
which would prove advantageous in treatment of the multiple complications occurring during SARS-CoV-2
infection. The strategy involved designing of hybrids of reported anti-viral agents with anti-coagulant mole-
cules through suitable linkers converting them into potentially active molecules, which were studied against
suitable anti-viral targets. The hybrids were generated by linking antiviral molecules [36-38], namely ribavi-
rin, favipiravir, oseltimivir and acyclovir with established anti-platelet drugs [39-43] viz. hesperitin, resvera-
trol and aspirin as test compounds. The selected anti-coagulants are reported to possess dual anti-thrombotic
and antiviral action. The criteria for selection of these agents are summarized in Table 1. The linkers selected
for the design of molecules included hydrolysable and cleavable linkers like 2-amino 2-hydroxy ethyl amide,
malonic acid and succinic acid.

Table 1

Selection of anti-viral and anti-platelet molecules for design of hybrid molecules

Selected Anti-viral molecules

Ribavirin Broad activity toward conventional and novel viruses of DNA and RNA types; Multiple mechanisms
of direct antiviral action; Random mutagenesis of viruses to promote T cell response; Tolerable and
well-characterized side effect profile; Mature clinical experience & comprehensive demographic char-
acterization; Accessibility & affordability

Favipiravir Employed for clinical intervention of COVID-19 treatment; Exhibits faster viral clearance and better
chest CT changes; Adverse events are rare and tolerable

Oseltimivir Clinical study suggests that Remdesivir treatment among all of antivirals such as Ribavirin, Favipiravir
and Oseltamivir proved promising therapeutics in COVID treatment

Acyclovir Similar clinical target as approved drug Remdesivir

Selected Anti-platelet agents

Hesperitin Anti-platelet, anticoagulant, antioxidant, radical scavenging activity and anti-inflammatory activities;
Demonstrated antiviral activity by altering the immune system mainly via regulating interferons in the
influenza A virus

Resveratrol Inhibits platelet aggregation and platelet membrane-bound fibrinogen (Pfig) induced by adenosine di-
phosphate (ADP through decreased activity of PLC beta of platelets; Antioxidant-promote nitric oxide
production, Cardioprotective agent, Antiinflammatory, Neuroprotective, Antiviral properties

Aspirin Proven anticoagulant action, considerable dose-dependent antiviral activity (CA9, HRV1A, HRV2 and
substantial activity against FlIuA H1N1, HRV14 and HRV39); Possible MOA-involvement of the
NF-«B-pathway, Differential regulation of influenza virus RNA synthesis by NF-«kB, iNOS expression
by down regulating the promoter activity, mRNA and protein expression levels involvement of p38
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Experimental

Selection of Protein

COVID-19 papain-like protease (PL-pro) (PDB ID- 3E9S) and 3-chymotrypsin-like cysteine protease
(CL-pro) (PDB ID- 6LU7) were selected as the protein targets for the present study. The crystal structure of
desired proteins was downloaded from RCSB Protein data bank in.pdb format. The native ligand present in
protein 6LU7 is n-[(5-methylisoxazol-3-yl)carbonyl]alanyl-I-valyl-n~1~-((1r,2z)-4-(benzyloxy)-4-0xo-1-
{[(3r)-2-oxopyrrolidin-3-ylJmethyl}but-2-enyl)-I-leucinamide and in 3E9S is 5-amino-2-methyl-N-[(1R)-1-
naphthalen-1-ylethyl]benzamide.

Selection of Ligands

Hybrid ligands that can exhibit dual action, anti-viral activity against the SARS-CoV-2 along with anti-
thrombotic activity with improved affinity and efficacy in combination were designed. Promising anti-viral
agents that are currently recommended in treatment of the SARS-CoV-2 infection like oseltamavir, ribavirin,
fevipiravir and acyclovir (Figure 1A) with molecules like salicylic acid, resveratrol and hespiritin with potent
anti-viral and well-established anti-thrombosis profile (Figure 1B) were selected to design the hybrid mole-
cules using appropriate linkers (Figure 1C).

The 3D structures of hybrid type ligands were drawn using Chem Draw in.mol file with all possible
combinations and Open Babel (http://openbabel.org/wiki/Main_Page) was used to convert. mol to. pdbgt
files. Drug-like properties of the ligands were computed using ADME Schrodinger software QikProp
(https://www.schrodinger.com/QikProp).

)oj\ NH, HO
0]
HN N \\\
I\ O
HoN 0 O
2 N\N> = N \\
H\ \[ ~ NHZ NW
) 0 — N |
N~ “OH HoN—( NN
o~ 0 H-0 NH
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a. Oseltamavir (O) b. Ribavirin (R) c. Fevipiravir (F) d. Acyclovir (A)

Figure 1A. Selected Anti-viral agents
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a. Salicylic acid (1) b. Hesperitin (2) c. Resveratrol (3)

Figure 1B. Selected anti-thrombotic agents
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y N)\/NH 0 Ow—(
2 \Vé OH 7 R2
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2-Amino 2-hydroxy ethyl amide (L) Malonic Acid (M) Succinic acid (S)

Figure 1C. 2-D Structure of the selected linkers

Molecular Docking studies

Molecular docking studies were carried out using Autodock Vina software. Optimisation of the ligands
and proteins and grid box creation were carried out using Graphical User Interface program Autodock Tools.
Target proteins were optimised using Autodock Tools by adding polar hydrogen groups, removing water
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molecules, adding kollman and Gasteiger charges and prepared file was saved as.pdbqt file. Ligands were
optimised and converted into.pdbqt file using Open Babel software.

The amino acids making up the active site of the target proteins were established by visualization of the
binding of native ligands using Biovia Discovery Studio 2016. Grid box was generated by arranging the grid
coordinates (X, Y and Z) about the proteins active site. The grid size was set to 40x40x40 xyz points for
both targets with grid centre designated at dimensions (x, y and z): —10.891, 16.159 and 66.647 for CL-pro
and —30.52, 22.402, 30.288 for PL-pro. During the docking procedure, both the proteins and ligands were
considered as rigid structures. The root-mean-square deviation (RMSD) was observed, the pose with the
most favourable free binding energy was considered (RMSD value less than 0.1A). Then with the help of
Biovia discovery studio, the pose with lowest energy of binding was aligned with receptor structure for fur-
ther analysis.

Validation of Target Proteins

Target validation was performed to understand the accuracy and reproducibility of the docking process
and targets selected for the study. The native ligands n-[(5-methylisoxazol-3-yl)carbonyl]alanyl-l-valyl-
n~1~-((1r,2z)-4-(benzyloxy)-4-oxo-1-{[(3r)-2-oxopyrrolidin-3-yl]methyl}but-2-enyl)-I-leucinamide and 5-
amino-2-methyl-N-[(1R)-1-naphthalen-1-ylethyl]benzamide present in target proteins 6LU7 and 3E9S, re-
spectively, were removed from the protein structures and were re-docked into the active sites using Auto-
dock Vina software. The procedure was performed on both the target proteins in Biovia Discovery software;
the native ligands were removed from the co-crystallized complexes and saved in PDB file format. Grids
were generated about the active sites of the target proteins and the docked complexes were superimposed on
their respective reference co-crystallized complexes and the root mean square deviation (RMSD) was com-
puted.

Prediction of ADME properties

Along with the biological activity, the pharmacokinetic properties of compounds are critical for selec-
tion of good drug candidates. In our study we used ADME Schrodinger online software to predict ADME
properties i.e. Absorption, Distribution, Metabolism, and Excretion/Elimination using Lipinski Rule of drug-
likeness.

Results and Discussion

Target validation

Target validation studies using the selected targets and native co-crystallized ligands indicated low
RMSD values within runs confirming the accuracy and repeatability of the docking procedure. The docking
results of native ligands with targets are shown in Figure 2.

Figure 2. a — Papain-like protease with native ligand;
b — 3-chymotrypsin-like cysteine protease with native ligand

Molecular Docking studies

For the docking studies, 24 hybrid ligands were designed using suitable combinations of the anti-viral
and anti-thrombosis agents with selected linkers. Among these hybrids, six ligands demonstrated favourable
affinity for the selected target proteins (PL-pro and CL-pro) with low binding energy comparable to the se-
lected standards (Remdesivir, Acyclovir, Ribavirin, Oseltamavir and Fevipiravir). The results of the docking
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studies of standards and with interacting amino acid residues and type of interactions are summarized in Ta-
ble 2.

Table 2
Docking analysis of Standards with target proteins
Compound Name | Binding Energy (kcal/mol) | Interacting Amino acids | Bond type
Target: Papain-like protease (PDB ID- 3E9S)
H- bond

Tyr 269, Tyr 265

Remdesivir -6.0 Ala 250, Tyr 269 Tyr 274 -7 stack%ng
©-7 stacking
GIn 270, Glyl64 - 7 stacking
. Tyr269 H-bond
Acyclovir -6.3 Tyr274 H-bond
Aspl65 H-bond
Tyr 265 n-1 stacking
S Asp 165 n-1 stacking
Ribavirin —6.8 Tyr274 H-bond
Gly164, Gly267 H-bond
Tyr 269 H-bond
. Aspl65 H-bond
Oseltamavir -8 Tyr 265 n-alkyl stacking
Tyr274 n-alkyl stacking
Tyr 265 n-n stacking
Asp 165 n-n stacking
Fevipiravir -5.7 Tyr274 H-bond
Thr 302, Arg 167 H-bond
Tyr 274 H-bond
Target: 3-chymotrypsin-like cysteine protease (PDB ID- 6LU7)
His 163, Phe 140 Gly 143 :Eggg
Remdesivir -8.2 His 41, .
Met49,165 n-n stacking
n-7 stacking
Leu 141 H-bond
. Ser 144 H-bond
Acyclovir 58 Cys 145, Glu 166 H-bond
His 163 n- stacking
Cys 145 H-bond,n-7t stacking
L His 163 H-bond
Ribavirin -6.3 Thr 26 H-bond
Gly 143 H-bond
Glu 166 H-bond
Oseltamavir -6.0 Met 49, Met165 n-alkyl stacking
His 41 n-alkyl stacking
Asp 187, Tyr 54 H-bond
Fevipiravir -6.3 His 41 H-bond
Met 165 n- stacking
Arg 188 Halogen interaction

The best six hybrid ligands with low binding energies were selected for further docking interaction
analysis. Figure 3 displays the 2-D structure of these hybrid ligands. The best-docked complexes of these
ligands with their interacting amino acid residues are shown in Figures 4 and 5, respectively.

Based on the docking results, among the six hybrid ligands, compound RL1 exhibited high binding af-
finity with both the target proteins (PDB:3E9S and PDB: 6LU7) with dock score of —8.1 and —8.0, respec-
tively. In the interaction study with PL-pro, the hydrogen bonds were observed with Tyr 269, Gln 270, Tyr
274 and Asp 165, n—n interactions with Gly 164, Leu 163 (Figure 4A). With 3CL-pro, compound RL1
formed hydrogen bonds with Thr 24, 25, 26, Thr 45, Ser 46, Ser 144, Gly 143 and n—n interactions with Met
165, 49, His 41(Figure 5A).
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Compound FL2 exhibited the highest binding affinity with both the target proteins (PDB:3E9S and
PDB: 6LU7) with dock score of —9.1 and -9.0, respectively. With PL-pro, compound FL2 formed hydrogen
bonds with Arg 167, Asp 165 and n—r interactions with Tyr 264 and Lys 158 (Figure 4B). In interaction with
3CL-pro, the hydrogen bonds were observed with Thr 24,25,45, Asn 14 and His 164, n—x interactions with
His 41, Met 49, Thr 24 (Figure 5B).

Also, ligand FL3 (Figure 4C) showed greater binding affinity (dock score -8.1) to PL-pro compared to
the standards, which exhibited dock score between —5.7 to —6.3. However, it exhibited lower affinity (Dock
score —7.9) with 3-CLpro protease compared to the other docked ligands, but with greater affinity when
compared to the standards (Dock score —5.7 to —6.3) with the exception of Remdisivir, which showed im-
proved affinity with dock score of —8.2. With PL-pro (PDB:3E9S), ligand FL3 formed hydrogen bond inter-
action with Thr 266 and n—= interactions of phenyl rings with Tyr 265, Thr 302, Tyr 269, Arg 167 and Pro
249. In interaction with 3-CLpro, the hydrogen bonds were observed with Gly 143, Ser 144, Thr 26, Cys
145, Thr 190 and n—r interactions with Met 165, Met 49 (Figure 5C).

D=< O .M
OH :p A g”l':
—

cJFL3

YYD s :
HC ¢ ¢ l” © H‘Cé‘;?
o
oy -\K\ 'Sf
oH

d. RM1 e. RM2 £.RM3

Figure 3. 2-D structures of selected hybrid ligands

Compound RM1 showed the interaction with PL-pro (PDB:3E9S) and formed hydrogen bond interac-
tion with Tyr 269, Asn 268, Gly 267, Tyr 274 and n—r interactions of triazole rings with Asp 165, Tyr 265
(Figure 4D). Figure 5D shows interaction of RM1 with 3-CLpro, the hydrogen bonds were observed with
Gly 189, Glu 166, Met 49, Asp 187, Ser 144, Cys 145 and n—n interactions with His 41, Met 49 and Glu 166.

Figure 4E shows the interaction of RM2 with PL-pro (PDB:3E9S) and hydrogen bond interaction with
Tyr 274, Gly 164, Tyr 269, Asn 268, Gly 267 and m—r interactions with Asp 165, Tyr 265. In interaction
with 3-CLpro, the hydrogen bonds were observed with Gln 189, Met 49, Gly 143, Ser 144, Cys 145 and n—n
interactions with Met 49, His 41, Glu 166 (Figure 5E). Among the docked ligands, RM2 showed good affini-
ty to CL-Pro with dock score of —8.6 when compared to the standard and other ligands.

In Figure 4F, compound RM3 showed the interaction with PL-pro (PDB:3E9S) and formed hydrogen
bond interaction with Tyr 274, Glu 251 and m—r interactions with Asp 165, Lys 158, Pro 249. Figure 5F
shows interaction of RM3 with 3-CLpro, the hydrogen bonds were observed with Thr 24,25,45, Ser 46, Cys
145 and n—= interactions of triazole ring with Met 49 and phenyl ring with Pro 168 AND Met 165.

Some of the common interacting amino acid residues involved in hydrogen bond formation, which play
a vital role in binding to the target, identified through our docking studies include residues Tyr 265, 269,
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274, Thr 266, Asn 268 with the papain-like protease and residues Thr 24,25,26, Cys 145, Ser 144 with the

3-chymotrypsin-like cysteine protease receptor.
The ADME prediction study of the best six molecules evaluated on QikProp ADME Schrodinger online

software, demonstrated relatively satisfactory drug like properties.
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Figure 4. Docked poses in 3E9S receptor binding pocket A) Compound RL1 B) Compound FL2
C) Compound FL3 D) Compound RM1 E) Compound RM2 F) Compound RM3
(The figure shows the ligands docking within the active site. The hydrogen bonds are represented
by green dotted lines, m—= interactions with yellow/pink dotted lines
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Figure 5. Docked poses in 6LU7 receptor binding pocket A) Compound RL1 B) Compound FL2
C) Compound FL3 D) Compound RM1 E) Compound RM2. F) Compound RM3.
(The figure shows the ligands docking within the active site. The hydrogen bonds are represented
by green dotted lines, n—r interactions with yellow/pink dotted lines

Based on the docking and ADME prediction studies on papain-like protease (PL-pro) (PDB ID- 3E9S)
and 3-chymotrypsin-like cysteine protease (CL-pro), two cysteine proteases of the SARS-CoV-2 virus that
are vital for the replication and transcription of the viral genome, there was observed that FL2, which was a
hybrid of favipiravir and hesperitin through 2-amino 2-hydroxy ethyl amide linker seemed to be the most
promising hybrid designed to act with almost similar affinity to both the targets.

Also, RL1, a hybrid of ribavarin and salicyclic acid linked with the 2-amino 2-hydroxy ethyl amide
chain showed comparable efficacy against both the protease targets. Figure 6 represents the docking poses of
the most promising hybrids obtained through this in silico study. Both the identified hybrids contain the
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hydoxyethylamine linker that is an important structural component of currently clinically employed HIV pro-
tease inhibitors like Nelfinavir, Indinavir and other protease inhibitors used in the treatment of HIV infection.
The incorporation of this hydroxyethlyamine linker may help to mimic the transition state of the reactions
catalysed by the PL-pro and CL-pro enzymes in the viral replication cycle. These designed inhibitors may
serve as transition state inhibitors that may bind with greater affinity to the active site and may be less prone
to hydrolysis. Hence these hybrid molecules may represent a new class of anti-viral agents with improved
affinity than the individual substrates.

However it is anticipated that the likely hydrolysis of these hybrids may release the individual sub-
strates that may also separately bind to the anti-viral targets and provide synergistic activity. Also as herperi-
tin and salicyclic acid are well established anti-thrombotic agents, they may also elucidate this response,
thereby proving to be of great potential in treatment of the rising associated complications of the viral infec-
tion.

Figure 6. Docking Poses of RL1 in A) CL-pro and B) PL-pro; Docking Poses of FL2 in C) CL-pro and D) PL-pro

Conclusions

The present study focuses on the design of novel hybrids of antiviral and antithrombotic agents for syn-
ergistic use in the treatment of infections caused by the SARS-CoV-2 virus. Among the 24 compounds
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screened using Autodock vina software, Compound FL2 i.e., 8-hydroxy-2-(3-hydroxy-4-methoxyphenyl)-4-
oxochroman-6-yl(2-(6-flouro-3-ox0-3,4-dihydropyrazine-2 carboxamido)-1-hydroxy-3-phenylpropyl)carba-
mate and Compound RL1 i.e., 2-((((((5-(3-carbamoyl-1H-1,2,4-triazol-1-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methoxy)carbonyl)amino)(hydroxy)methyl)carbamoyl)phenyl acetate prove to be promising agents with
good affinity and strong binding interactions with both target proteins, papain-like protease (PDB:3E9S) and
3-chymotrypsin-like cysteine protease (PDB: 6LU7). The results of this study can prove to be useful to me-
dicinal chemists involved in design of newer agents to fight the COVID pandemic. This novel class of hybrid
agents may help to address the coronavirus infection and its associated complications and may be further
explored for design of novel molecules in this field.
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SARS-CoV-2 undexuusiapbiHa xIHe OHbIMeH 0ailJIaHbICTBI ACKbIHYJIapFa
Kapchbl KOC AHTUBUHPYCTBIK KIHE AHTUTPOMOOTHKAJIBIK MOTEHIHAJIbI 0ap
dseyeTTi rudpuaTi MoJiekyaaaap in silico 3eprreysepin Koaxany

COVID, SARS-CoV BupycsiHa HeriznenreH aypy 2019 XpUinblH skenToKcaH aibpiHAa KertalnbiH YxaHb
KaJIaChIH/Ia aHBIKTaJABL. bacramkeina Oyt kail FaHa THIHBIC aly >KYHeciHiH MH(EKIMsICH OOJBIN CaHAIIbI,
Oipak KeiiH OHBIH Tapaly CHIAThIHA OAaMIaHBICTHI NMAHJEMUs >KaprsuIaHIbsl. EmMueynmiH opTypii HycKamapsl
JKY3€ere achIPBUIIbIL, COHBIH iIIiHIE pEMAECBUD, (haBUMHPABHP CUSKTHI BUPYCKAaKapChl MpenapaTTap, COHbIMEH
KaTap BUTaMHHAEp MEH aHTHOKcunmantrap na Oap. Keiiinri seprreynmep COVID-19 unbeKunsiChIHBIE
TPOMOO3ABIK  KYPEK-KAHTAMBIPJIBIK ~ACKbIHYJAapFa OKEJETIHIH aHbIKTalbl, Oyl OChl HMH(EKUUSIMEeH
OalIaHBICTBI OJIM-XKITIMHIH apTyblHa OacThl aJaHAAyIIBUIBIK TyAblpansl. OCBl 3epTTeyle BHUPYCKAKapChl
JKOHE aHTHTPOMOOTHKAIBIK KacueTTepi 6ap ruOpuaTi MoJeKynanapabiH in SiliC0 KOHCTPYKIMACKH 3epTTEII.
Autodock Vina Oarmapmamanblk KypasblH TaiiajlaHy apKbUIBI JOKHHITI 3€pTTey JKYPri3iami >kKoHe
JKoOallaHFaH KOCBUIBICTap/AblH OaiylaHBICY SHEprusichl mamauHTopi3ai mporeasa (PDB: 3E9S) xome
3-xuMoTpHICcHHTOpi3Ai mucrtenH npoteaszackl (PDB: 6LU7) ymiH asbikranmsl. TyilickeH mo3amap MeH
AMHUHKBIIIKBUIIAPEIHBIH 63apa opekertecyl Biovia Discovery studio 4.5 kemerimeH Ttekcepinmi. Bapibik
’Ko0aNaHFaH KOCBUIBICTApABIH OalIaHbIC >HEPTUSIIApPBl CTAHAAPTTAPMEH CaNBICTBIPBULABI, KOChUIbic RL1
(2-(5-(3-kapbamorut- 1H-1,2,4-tprazon-1-wi)-3,4- IMru ipoKCUTETParuApoQy paH-2 1) METOKCH)KapOOHIT)  aMHH)-
(ruapoxcu)MeTrN)KapOoamMom)heHuIareTar) xone Kocsuibic FL2 (8-rumpokcu-2-(3-rugpokcu-4-merokcude-
HI)-4-0KcoxpoMaH-6-uit-(2-(6-¢rop)3-okco-3,4- muruaponupasun-2-kapookcamu 10 )-1-ruapokcu-3-herun-
npommn)kapbamar) KymnTi OalllaHBICYbl 0ap TEpCIEKTHBAJIBI areHTTEp OOJBIN MIBIKTBL. BHPYCTHIK
PEIUTMKALUSIHBl TEXKEHTIH THOPHATI MOJIeKynanap, MYMKIH eTHeli Kyd MHruoutopnapsl peringe, SARA-
Co0-V wuHQeKnusICchH XoHE OHBIMEH OaiIaHBICTBI ACKBIHYJIAapAbl eMJey/Ae NaijanaHy YIIH opi Kapai
3epTTeyl MYMKIH.

Kinm ce30ep: COVID-19, CL-pro, PL-pro, Bupycka Kapchl, aHTUTPOMOOTHKAIIBIK, MOJEKYJIAIbIK JOKHUHT,
TUOPUATI MOJIEKyTIa.

P. bxumanBap, A. Tomac, JI. Korxanamisl, A. I'ogace,
C.T'anan, C. Yangansrl, ['. Mop, I'. JIxxagxas, C. Hoyaxapu

IMoTeHnuaNbHBbIE THOPUIHBIE MOJIEKYJIbI ¢ IBOWHBIM MPOTHBOBUPYCHBIM
U AHTUTPOMOOTHYECKUM JeiicTBMeM NMpoTuB nHGpeknun SARS-CoV-2
U CBA3AHHBIX C HEH 0CJO0KHEHUH ¢ MCIOJb30BAHUEM HcciaexoBanmud in silico

COVID-19, 3a6oneBanue, Bo3BanHoe BupycoM SARS—CoV, 6suto BeisiBieno B Yxane (Kuraii) B mexabpe
2019 r. IlepBoHa4aIbHO OHO CUUTAIOCH MPOCTO MH(MEKIMEH AbIXaTeNbHON CHCTEMBI, HO U3-3a €r0 TPaHCMHC-
CHBHOTO XapakTepa OHO ObLIO OOBSBICHO MaHAEMHEH. BbUTH peann30BaHbl pa3iMyHble BAPHAHTHI JICUCHUS,
BKJIIOYAsi TPOTUBOBHPYCHBIE MPEIapaThl, TAKUEe KaK peMaecBUp, (aBUIIMpaBUp, a TaKkKe BUTAMHHBI U aHTH-
okcunanThl. JlanbHeiime uccienoBanus mokasany, 4yro uHpeknus Covid—19 npuBoauT K TpOMOOTHUECKUM
CeplIeYHO-COCYANUCTBIM OCJIOKHEHUSIM, YTO SIBIISIETCS OCHOBHOM NMPUYMHOW MOBBIILIEHHOH CMEPTHOCTH, CBS-
3aHHOM ¢ 3TO# mHpeknueil. B aToM uccrenoBannu n3ydena KoHCTpykmus in SilicO rubpuaHBIX MONEKyIT ©
HPOTHBOBHPYCHBIMH M aHTUTPOMOOTHYECKUMH CBOWCTBaMHu. VccieoBaHHE JOKUHTA MPOBOMIHM C HCIIOIb-
30BaHHEM MporpamMMHoro obecrieueHuss Autodock Vina, a sHepruu cBsI3bIBaHUA Pa3pab0TaHHBIX COETUHEHUH
ompenensui s narmanHonogooHoi mpoteassl (PDB: 3E9S) m 3-XxMMOTpHIICHHOTOAO00HOH HMUCTEHMHOBOM
npoteassl (PDB: 6LU7). CocThIKOBaHHBIE MO3BI U B3aUMOACHCTBHS aMHUHOKHCIIOT OBUTH IPOBEPEHBI C HC-
none3oBanreM Biovia Discovery studio 4.5. DHeprum cBsi3u Bcex pa3pabOTaHHBIX COSIUHEHHH CpaBHHBAIIH
co cranmapramu, coeamnenne RL1 (2-(5-(3-xkapGamomi-1H-1,2 4-tpuazon-1-wn)-3,4-auruapokcurerpa-
rusipodypan-2-1iI)MeTOKCH )KapOOHHIT)aMUHO )(THAPOKCH )METHI)KapOoamorn)peHnnaneTaT) U COeAnHEHHe
FL2 (8-ruapokcu-2-(3-ruapokcu-4-merokcudenin)-4-okcoxpoman-6-mn-(2-(6-drop-3-okco-3,4-auruaponu-
pas3uH-2-kapOokcaMuIo)-1-ruapokcu-3-peHumponmn)kapoaMaT) oKa3aaiuch MHOTOOOCHIAIOINMHI areHTaMu
C CHJIBHBIM CBSI3BIBAIOLINM B3auMojeiicTBueM. ['HOpHIHBIE MOJIEKYIIBI, KOTOPbIE HHTHOHPYIOT PEIUIHKALHIO
BHpPYCa, BO3MOXHO, B KA4€CTBE HHIMOUTOPOB TIEPEXOTHOTO COCTOSHHS, MOTYT OBITh JOMOJHUTENIBHO HCCIIe-
JTOBaHBI IS UCTIONB30BaHMs B iedeHun HHPekuun SARS—CoV u CBsI3aHHBIX ¢ HEH OCIIOKHEHUM.

Kouegvie cnosa: COVID-19, CL-pro, PL-pro, npoTHBOBHPYCHBIH, aHTUTPOMOOTHYECKHUIA, MOJICKYJISIPHBIH
JIOKHHT, THOpHIHASA MOJIEKYJIa.
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Kinetics of Thermolysis of a Low-Temperature Tar
in the Presence of a Catalyzer Agent with Deposited Metals

The thermal decomposition of low-temperature coal tar (LTCT) obtained from the coals of Shubarkol Komir
JSC of the Republic of Qazagstan in the presence of nanocatalysts with metal oxides (iron, cobalt and nickel)
supported on microsilicate was studied for the first time. Microsilicate acts as a carrier and catalyst. Microsil-
icate is a product of the Karaganda silicon plant of “Tau-Ken.temir” LLP. The main chemical component of
the original microsilicate is silicon oxide. The individual and chemical phase composition of the microsilicate
was determined using X-ray spectral analysis. The particle size of the initial microsilicate and the mixture of
microsilicate with metal oxide catalysts (nickel, cobalt, and iron) was determined using a nanosizer. Stages of
thermal decomposition of LTCT and a mixture of LTCT with catalysts under conditions of programmed heat-
ing up to 640 °C in a nitrogen atmosphere have been established. On the basis of thermogravimetric analysis,
the kinetic parameters (activation energy, mass loss rate, and pre-exponential factor) of LTCT pyrolysis and
mixture with added catalysts were determined. The modeless integral isoconversion Ozawa—Flynn-Wall
method was used to determine the kinetic parameters. The values of the activation energy for the thermal de-
struction of the LTCT in the absence and presence of the nanocatalyst ranged from 54.04 to 297.5 kJ/mol. A
kinetic compensation effect was revealed, probably due to the multicomponent composition of the LTCT and
the influence of added catalysts to the LTCT. The thermogravimetry method showed a high effect of the sup-
ported catalysts on the thermal degradation of LTCT. This method was used to determine the values of the ac-
tivation energy and the pre-exponential degradation factor for the LTCT and the mixture with catalysts at dif-
ferent heating rates, which allows a detailed interpretation of the thermal analysis data. The obtained results
of the kinetics of decomposition of LTCT can be used to create a database for mathematical modeling of the
process of processing this type of raw material.

Keywords: kinetics, accelerant, microsilica, low-temperature coal tar, thermogravimetric analysis, iron, nick-
el, cobalt.

Introduction

At present, thermogravimetric analysis is widely used to study the kinetics of thermal decomposition of
organic materials, such as LTCT, coal, and polymeric materials [1-5]. Due to the complex composition of
LTCT, it is very important to obtain information about the kinetics of LTCT decomposition in the presence
of various catalysts containing metal oxides of Group VIII of the Mendeleev Periodic Table. To determine
the kinetic parameters of the thermal decomposition of LTCT in the presence of catalysts containing metal
oxides (iron, nickel, cobalt), the integral method presented in [1] and the method for determining the thermo-
kinetic parameters from the inflection point on the thermogravimetric curve [2] were used. Sources [6, 7]
evidence that the mathematical models, which are used to determine the kinetic performance of polymer deg-
radation, cause certain difficulties when applied to the thermal breakdown of low-temperature coal resin
(LTCR) due to their complex structure, the variety of chemical bonds, and simultaneously occurring reac-
tions. In this regard, one of the most important tasks facing the researchers is the designing of recommenda-
tions for the selection and development of an adequate kinetic model of LTCR thermal breakdown in the
presence of a catalyst and the formation of a database of kinetic performance.
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The organic mass of LTCT contains various aromatic, heterocyclic compounds. Due to the complex
composition of the LTCT, it is difficult to select an efficient and selective catalyst for LTCT processing
based on the kinetics of decomposition of the LTCT organic matter. When studying the kinetics of pyrolysis
of organic substances, the thermogravimetric method of analysis (TGA) is widely used [6]. In the literature
[8-10], various methods are known for determining the kinetic parameters of nonisothermal pyrolysis, which
can be divided into model (model-fitting) and model-free (model-free) or isoconversion. One of them is the
Ozawa-Flylin-Wall model-free method for calculating the kinetic parameters [11, 12], which requires the
construction of kinetic curves at different heating rates.

The purpose of this work is to study the kinetics of thermal degradation of LTCT in the presence of cat-
alysts with oxides of nickel, cobalt, and iron supported on microsilicate using thermogravimetric analysis
methods.

Experimental

For the study of thermokinetic decomposition of low-temperature coal tar the raw material obtained
during coal coking at the coking plant of JSC “Shubarkol komir” was used.

Physical and chemical characteristics of low-temperature coal tar JSC “Shubarkol Komir”y» presented in
the paper [13].

The used microsilica performs the role of carrier and catalyst — the product of Karaganda silicon plant
LLP “Tau-Ken.temir”.

The component chemical composition of the initial microsilica was determined by using X-ray and
spectral analysis (Table. 1).

Table 1
Composition of initial microsilicate after leaching
Content of components, %
SiOz Ti02 A|203 Fe,O3 Cao MgO MnO P,0Os K,0 Na,O
95.5 0.02 <0.95 <1.0 -0.5 0.4 0.04 0.06 <0.1 0.3

The initial microsilicate was preliminarily grinded, then samples with a particle size of 0.1 mm were
taken by screen analysis. The initial microsilicate was leached using a 20 % hydrochloric acid solution to
remove alkali and alkali earth metals.

The size of the particles of the original microsilica and the catalyst samples were determined by using
the laser particle size detector Nano-S90 (Fig. 1).
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Figure 1. Particle size (sample 1) of the source microsilica

Figure 1 shows the particle size of the original microsilica — 232 nanometers. Size of metal-coated cat-
alyst particles: sample 2 (microsilica+Ni) — 324.2 nanometers, sample 3 (microsilica + Co) — 139.4 na-
nometers, sample 4 (microsilica + Fe) — 196.3 nanometers.

The catalyst was obtained by wet impregnation of leached microsilica with a 1.5 % solution of
CoClz-6H:0, NiCl,-6H,0, FeSO4-7H-0 salts. The salt-soaked microsilica was kept in the dryer for 2 hours,
at 80-90 °C, and then dried at 105 °C also for 2 hours. Further, the catalyst samples obtained were calcified
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in the muffle oven at 550 °C for 2 hours (applied catalyst). The component chemical composition of the mi-
crosilicate after leaching was established using the X-ray spectral and gravimetric method and was presented
in the (Table 2).

Table 2
Composition of initial microsilicate after leaching
Content of components, %
SiOz Ti02 A|203 Fe,O3 Cao MgO MnO P,0Os K,0 Na,O
97.439 0.023 <0.95 <1.0 0.414 0.304 0.033 0.057 <0.1 0.276

As it can be seen from the data in Tables 1 and 2, the chemical composition of the initial microsilicate
before and after leaching changed insignificantly.

Thermogravimetric study was performed using a Labsys Evo TG-DTA/DSC 1600 derivatograph (Seta-
ram, France) in corundum crucibles in the temperature range from 30 to 600 °C in a nitrogen flow (flow rate
of protective and purge gases was 20 and 50 ml/min-! respectively). The sample weight for DTA analysis
was 0.01 g. Kinetic parameters of thermal decomposition (rate constant, activation energy, and pre-
exponential factor) of low-temperature coal tar (LTCT) with catalysts and microsilicate were calculated by
the methods presented in works [11, 12]. Kinetic characteristics were determined on the basis of TGA —
data at three different heating rates of 10, 20, and 30 deg/min~*. Calculation and report of measurement re-
sults was performed using the software package “OriginLab” and the Python distribution “Anaconda3”.

The model-free Ozawa-Flynn-Wall (OFW) method was used [11, 12] when calculating the Kinetic pa-
rameters of low-temperature coal resin (LTCR) thermal breakdown in the presence of a catalyst.

Results and Discussion

We previously used the integral method to determine the thermogravimetric parameters [1] and the
method by the inflection point on the thermogravimetric curve [2].

The curves dependence of samples mass loss on temperature are shown in Figurel at heating rates p —
10 °C/min, B — 20 °C/min, B — 30 °C/min at intervals of 140480 °C using the Ozawa-Flynn-Wells (OFW)
method. The reactivity of a substance can be described by the activation energy value.

The determination of the activation energy values was based on the generalized value expression (1) for
the rate of the solid-phase reaction under nonisothermal conditions:

da/dT = A/ V1 (), (1)

where a is fractional conversion of raw material; f is the linear heating rate of samples, °C/min; A4 is the pre-
exponential factor, ¢*; T is the absolute temperature, K; £ is the activation energy, kJ/mol; R is the gas con-
stant, kJ/mol K; f(a) is a mathematical model of the dimensionless kinetic function depending on the type
and mechanism of the reaction.

The value a in equation (1) is the relative degree of oil sludge transformation, defined as
a = ms — m/ms — m; where ms and my are the initial and final mass of the substance, m is the mass of the sub-
stance at the measurement point [14].

Ozawa-Flynn-Walls Method According to the Ozawa-Flynn-Walls method of non-isothermal kinetics,
when integrating and then taking logarithm equation (1), we obtain expressions (2)

InG(a)=In(AE/R)—InB+Inp(z). 2)
G(a) for a first-order reaction is equal to

[da/fa=[da/l-a=-In(1-a);

p(z)ze’zlz—_[Z e’/zdz;z=E/RT.

Using the Doyle approximation [15] we obtain equation (3) for substitution into expression (2):
In p(z) =-5.3305 — 1.052z. 3)
The OFW method is based on the assumption that the reaction rate at a constant value of o depends on-
ly on temperature. When analyzing non-isothermal kinetics, the following equation is used:

Ing, =In[ A,E, / Rg(a) | -5.331-1.052E, / RT,; . (4)
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Substitutions (2) and (3) provide the OFW equation (4) to calculate how thermal breakdown rate of cat-
alyst mixtures with LTCR depends on inverse temperature calculated the activation energy and the pre-
exponential multiplier [15]. Thermogravimetric (TG) curves (Fig. 2) were constructed by low-temperature
coal tar to assess the influence of metal-coated microsilicate catalysts (iron, nickel, cobalt) on the thermal
degradation rate. Thermogravimetric (TG) curves (Fig. 2) were constructed by low-temperature coal tar to
assess the impact of metal-based microsilica catalysts (iron, nickel, cobalt) on thermal degradation rates. For
this purpose, based on the thermogravimetry data of the low-temperature coal resin and the catalyst for their
mixtures of a known composition, TG curves and mass loss rates were calculated at three heating speeds 3
— 10 °C/min, B — 20 °C/min, B — 30 °C/min, which described the thermolysis process of the low-
temperature coal resin mixture and with the catalyst (Fig. 2 a—f).
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1 — low-temperature coal tar; 2 — low-temperature coal tar with applied nickel;
3 — low-temperature coal tar with cobalt applied; 4 — low-temperature coal tar with iron applied

Figure 2. Thermogravimetric mass loss curves (a), (), (¢) and mass loss rate (b), (d), (f) of tested NCC samples
in the presence of microsilica with applied catalyst

On the curves, the mass loss rate at three heating speeds B is one maximum (Fig. 2 b, d, f), due to the
decomposition of the organic mass of low-temperature coal tar in the presence of nickel, cobalt and iron to
the formation of volatile substances. It has been established that, when iron is applied to microsilica (Fig. 2
b), the maximum decomposition of the organic mass of low-temperature coal tar is achieved at a temperature
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of 525 K. When the nickel applied to microsilica, the maximum decomposition rate of the organic mass of
low-temperature coal tar is reached at a temperature of 537 K (Fig. 2 d) and when iron is added, there is a
maximum decomposition of the organic mass of low-temperature coal tar at 579 K (Fig. 2 f).

Equation (4) implies that for a series of temperature measurements of thermal degradation of low-
temperature coal tar catalyst mixtures obtained at different  heating speeds of samples and fixed values of
their transformation degree a, the graph of the function Inp = f (1/T) gives straight lines (isoconversion lines)
the tangent of the inclination of which — 1.052E/R is directly proportional to the activation energy [15] (Fig.

3 a-d).
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a— low-temperature coal tar; b — low-temperature coal tar with nickel applied to microsilica,
¢ — low-temperature coal tar with cobalt applied to microsilica;
d — low-temperature coal tar with iron applied to microsilica

Figure 3. Heating rate logarithm dependence  — 10 °C/min, § — 20 °C/min, p — 30 °C/min
low-temperature coal tar mixture samples

The experimental points lie adequately on straight lines in the entire range of conversion degrees, indi-
cating the correct Doyle approximation used in the mathematical treatment of thermogravimetric data. The
calculated activation energy values and preexponential multiplier shows a high correlation coefficient

(R?>0.997) of Table 3.
Energy Activation of Thermal Destruction of Low-temperature Coal Tar Blend and Microsilica with

Applied Catalysts (Table 3).
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Table 3
Energy Activaition of Thermal Destruction of Low-temperature Coal Tar Blend
and Microsilica with Applied Catalysts
. Sample 1 . S_qmple 2. . ?ﬁ‘mp'e 3 . S_qmple A
Relative low-t ture coal tar (microsilica + Ni 1.5 % | (microsilica + Co 1.5 % | (microsilica + Fe 1.5 %
degree of (low emperatu + low-temperature coal | + low-temperature coal | + low-temperature coal
: without catalyst) . - - . . .
conversion, o tar, particle size 0.1 mm) |tar, particle size 0.1 mm) [tar, particle size 0.1 mm)
Ea, KJ/mol InAc? Ea, Kd/mol | InAc?! | Ea Kl/mol InAc! | E, KJ/mol InAc?t
0.1 297.5 87.6 62.18 18.8 54.04 17.09 69.53 20.92
0.2 172.3 50.2 157.3 41.5 59.27 17.74 67.32 19.57
0.3 122.3 35.7 121.2 31.6 62.18 17.93 66.42 18.77
0.4 112.3 32.3 117.4 30.01 65.01 18.11 62.84 17.47
0.5 95.9 27.4 110.7 27.79 63.35 17.31 60.51 16.55
0.6 87.3 24.7 99.9 24.88 65.34 17.40 62.06 16.56
0.7 86.7 24.1 93.2 22.94 70.91 18.22 62.22 16.28
0.8 80.9 22.2 86.8 21.15 74.99 18.72 60.75 15.65
0.9 74.1 20.1 71.6 17.59 77.98 18.89 60.48 15.25

On the Figure 4 activation energy dependence on conversion rate (o) of low-temperature coal tar with-
out catalyst and sample mixture of low-temperature coal tar with catalyst. Ozawa — Flynn — Wells Curve —
E = (a)) (Fig. 4) shows the complex process of thermal destruction of the low-temperature coal tar mixture
with the catalyst.
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1 — low-temperature coal tar; 2 — low-temperature coal tar with nickel applied to microsilica;
3 — low-temperature coal tar with cobalt applied to microsilica;
4 — low-temperature coal tar with iron applied to microsilica

Figure 4. Dependence of activation energy E on the level of conversion of a samples (Ozawa — Flynn — Wells analysis)

Figure 4 shows the calculated activation energy values represented by the thermal breakdown degree o
of low-temperature coal resin and the sample mixture of the low-temperature coal resin with catalyst. It is
shown that for Sample 1 activation energy with increased conversion decreases from 297.5 to 74.1 kJ/mol.
Sample 2 with the conversion degree from 0.1 to 0.2 the activation energy increases from 62.18 to
157.3 kdJ/mol, and further conversion increase rate leads to a reduction in activation energy from 121.2 to
71.6 kd/mol. For Sample 3 with increased conversion rate, there is a significant change in activation energy
from 54.04 to 77.98 kJ/mol. Slight activation energy change with conversion degree obsession is observed
for sample 4 from 69.53 to 60.48 kJ/mol.

Figure 4 shows that for the sample, the first stage of thermal decomposition is flowing with a high
amount of activation energy, which may be due to a low degradation of high molecular weight asphaltene
and tar compounds. Thermal decomposition of the low-temperature coal tar mixture with nickel, cobalt and
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iron applied to microsilica is described by more complex kinetic curves. The initial stages of the activation
energy of sample 2, sample 3 and sample 4 proceed with a lower activation energy than for sample 1. It
seems to be due to the fact that an organo structure with added metals is formed, the latter act as a catalyst,
that is, they accelerate the reaction of the destruction of the organic mass of the low-temperature coal tar and
thus lead to a decrease in the activation energy (Table 3 and Fig. 4.). Among the number of metals added to
the microsilica, cobalt and iron were the most influential, and the addition of nickel with an increased con-
version rate of 0.1-0.2 leads to an increase in activation energy and a pre exponential factor, and further in-
creasing the conversion rate from 0.3 to 0.9 significantly reducing the activation energy. Low activation en-
ergy appears to be associated with the splitting of the weakest oxygen-containing, nitrogen-containing bonds
and the influence of catalytic additives on the thermal degradation of low-temperature coal tar. High activa-
tion energy values are associated with low volatility of condensed aromatic hydrocarbons contained in the
original low-temperature coal tar. Solid semi-coke is formed by condensation of solids that do not degrade.

Conclusions

The information above about the influence of catalysts on the destruction of low-temperature coal resin
shows that the method of thermogravimetry makes it possible to determine sufficiently the influence of the
applied catalysts on the thermal breakdown of low-temperature coal resin. On the basis of TG-analysis, the
kinetic parameters (activation energy and pre-exponential factor) were determined using the model-free
OFW method. The obtained experimental data on the kinetics of LTCT destruction were verified by correla-
tion coefficients (R?> 0.997).

By changing the organometallic structure of low-temperature coal tar with applied catalyst due to meta-
bolic reaction with metal, it is possible to control the process of thermal destruction, changing its speed and
Kinetic parameters, and to test selected catalysts for thermal destruction of low-temperature coal tar.

References

1 Byksapesa O.®. KuHeTHKA B TEPMOXHMHS TIPOLIECCOB TEPMOJECTPYKIMHU yriepoacoepx anux semiects / O.D. byksapesa,
T.B. byxapkuna. — M.: PXTVY um. J[.11. Menneneesa, 2001. — 28 c.

2 TronemamueB A.M. Teoperndeckue ocHOBbI xumud yriist / A.M. Tronemanues, I'.C. Tonosun, T.I'. [magyn. — M.: U3a-Bo
Mock. roc. rop. yH-Ta, 2003. — 556 c.

3 Tsanax C. KuHernmueckoe H3y4eHHE TEPMHYECKOTO PA3JIOKCHHUS INEPBHYHOW KaMEHHOYTOJNBHOH CMOJIBI B IIPHUCYTCTBHU
KaTalM3aTOpOB C HAHECEHHBIMH Ha MHKPOCHIIMKAT OKCHIAMU HHKensd, koOameta W xemeza / C. Tamax, A. Tycunxaw,
AM. I'onemanueB, Ma ®3u-108s, I'.I'. baiikenos, [I.A. KaiikeHos, A.W. XamuroBa, M.!. BaiikeHOB // X¥Mus TBEpIOTO TOILTHBA.
—2022. — Ne 1. — C. 19-27. https://doi.org/10.31857/S002311772201008 X

4 Burkeev M. Kinetic parameters of thermal destruction of the copolymer of polyethylene glycol fumarate with acrylic acid in
inert medium / M. Burkeev, A. Bolatbay, D. Havlicek, Y. Tazhbayev, S. Davrenbekov, L. Zhaparova // Chemical Bulletin of Kazakh
National University. — 2022 — Vol. 105, No. 2. — P. 26-33. https://doi.org/10.15328/ch1260

5 ®@erucoBa [0.0. KuHernueckoe H3y4eHHE CTaIMITHOCTH TEPMHYECKOTO PA3JIOKEHUS pPas3H4HbIX yried Monromuu /
10.0. ®erucoa, I1.H. Kysumenos, b.IlypeBcypen, b. ABun // Xumus tBepmoro TtommmBa. — 2021, — Nel. — C.3.
https://doi.org/10.31857/S0023117721010035

6 Du Z. Activation energy in temperature-programmed desorption: Modeling and application to the soot-oxygen system /
Z. Du, A.F. Sarofim, J.P. Longwell // Energy and Fuels. — 1990. — Vol. 4. — P. 296.

7 bomeikoB N.VY. IlepepaboTka HedTemuiamMa C WCIONB30BaHHEM OJJeKTporuapasimudeckoro s¢pdexra / J1.Y. boasikos,
M.C. A6aukapumoB, M.A. CeliTxanoBa, JK.K. Enemecosa // I'openne u mmazmoxummst. — 2017. — T. 15, Ne 2. — C. 140-147.

8 Li Y. Effects of different ionizable groups on the thermal properties of waterborne polyurethanes used in bulletproof compo-
sites / Y.Li, J.Zheng, Y.Luo, H.Zhou, and Q.Wang // J. Appl. Polym. Sci. — 2015. — Vol.132. — P. 42374,
https://doi.org/10.1002/app.42374

9 Hui K. Status and prospect of oil recovery from oily sludge: A review / K. Hui, Ju. Tang, H. Lu, B. Xi, Ch. Qu, J. Li // Arab.
J. Chem. — 2020. — Vol. 13, No. 8. — P. 6523. https://doi.org/10.1016/j.arabjc.2020.06.009

10 Flynn J.A Quick, Direct Method for the Determination of Activation Energy from Thermogravimetric Data / J. Flynn,
L. Wall // J. Polym. Sci. Part B: Polym. Phys. — 1966. — Vol. 4. — P. 296.

11 Ozawa T.A New Method of Analyzing Thermogravimetric Data / T. Ozawa // Bulletin of the Chemical Society of Japan. —
1965. — Vol. 38. — P. 1881-1886.

12 Aitbekova D.E. Hydrogen distribution in primary coke oven tar and its fractions / D.E. Aitbekova, D.K. Makenov,
E.l. Andreikov, A.G. Tsaur, Ma Feng Yung, G.G. Baikenova, A. Tusipkhan, A.A. Muratbekova, M.l. Baikenov // Bull. University
Karaganda. Chemistry. — 2021. — Vol. 101, No. 1. — P. 82. https://doi.org/10.31489/2021Ch1/82-90

CHEMISTRY Series. Ne 4(108)/2022 95


https://doi.org/10.31857/S002311772201008X
https://doi.org/10.15328/cb1260
https://doi.org/10.31857/S0023117721010035
https://doi.org/10.1002/app.42374
https://doi.org/10.1016/j.arabjc.2020.06.009
https://doi.org/10.31489/2021Ch1/82-90

S. Tyanakh, M.I. Baikenov et al.

13 Doyle C.D. Kinetic Analysis of Thermogravimetric Data / C.D. Doyle // Appl. Polymer Science. — 1961. — Vol. 15, Ne 5.
— P. 285.

14 CrpuxakoB JI.A. Kuneruka TepMonu3a cMecH ryapoHa ¥ cocHOBbIXx ommiok / JI.A. Crpmxkakos, A.W. FOceBuy,
B.B. IOpauka, X.M. Kamues, B.E. Arabekos, C.H.Xamxue // Hedprexumms. — 2016 — T.56, Ne5. — C.475-482
https://doi.org/10.1134/S0965544116080168

15 Balpanova N.zZh. Thermokinetic parameters of the primary coal tars destruction in the presence of catalysts and polymeric
materials / N.Zh. Balpanova, M.l. Baikenov, A.M. Gyulmaliev, Z.B Absat, Zh. Batkhan, F. Ma, K. Su, S.V. Kim, G.G. Baikenova,
D.E. Aitbekova, A. Tusipkhan // Bulletin of University of Karaganda. Series «Chemistry». — 2021. — Ne 2 (102). — P. 86-95.
https://doi.org/10.31489/2021Ch2/86-95

C. Tanax, M.U. baiikenos, A.M. I'toaeManues, Ma @3u-10H,
I'. Mycuna, T.O. XamutoBa, A.H. bonar6ait

MeTtaniapMeH 0aiiBITHIJIFAH KATAJIN3IIK KOCNA KATHICHIHIAFbI
TOMEHTEMIIEPATYPAJIbI IAHBIP TEPMOJIN3iHIH KHHETUKACHI

ArFam per MeTall OKcuarepi (TeMip, KOOalbT >KOHE HHUKENb) Oap MHKPOCHIMKATKA EHri3UIreH
HaHOKaTaIM3aTopJapAbH KaThicybiMeH Kaszakcran PecmyOmmkacer «Illy6apken Kemip» AK kewmipiepineH
IBIHFAH TeMeHTemIlepatypaibl TackeMip madbelpbiHbl (TTTII) TepMHIIBIKBIIBIpAYBl  3€pPTTEII.
MUKpOCHIMKAT TachIMaJIAyIIbl J>KOHE KaTalu3aTop KbI3METiH arkapaigsl. Mukpocwmmkar — «Tau-
Ken.temir» JKIIC Kaparanael KpeMHHI 3aybITBIHBIH ©HiMi. bacTamkbl MHKPOCHIMKATTHIH HETI3Ti
KOMITIOHEHTI KPEeMHHUH OKCHAl. MUKPOCHIHMKATTBIH JKEKe JKOHE XHMHUSUIBIK (ha3ajblK Kypambl PEHTTEHIIK
CHEKTPIIIK Tajmay apKbUIbl aHBIKTANABL. bacTamkpl MUKPOCHIMKATTBIH OONIICKTEpiHIH emeMi >KoHe
MHUKPOCWIMKATTBIH METaJUl OKCHAl KaTalu3aTOpiapbIMeH KOcCmachl (HHKeIb, KOOAIbT >KOHE TeMip)
HaHOCal3epaiH KeMmeriMeH TaObuimbel. A3oT atMmocdepacsiHaa 640 °C neifin OarnmapiaManaHfaH KbI3OBIPY
skarnaibinaa TTTIH TepMusuibIKbIAbIpay caThichl skoHe KaTanuzaTopiapMmen TTTIL xocnacel genenieHreH.
TepmorpaBumeTpusiiblk  Tangay Herizinge TTTIHI muponusi skoHe kaTanmszaropnap KocbutraH TTTII
KOCHACBHIHBIH KHHETHKAIBIK IapameTpiepi (aKTHBTEHAIPY SHEPIUsICHl, MAaCCAHBIH JKOFAITY >KBUIIAMJIBIFbI
JKOHE aJIBIHIAFbl SKCIIOHSHIHANB! KOOCHTKIII) aHBIKTanabl. KMHETHKaNIBIK apaMeTpiiep i aHbIKTay YIiH
OzaBa — @muHH — VYOWIABIH MOZENBCI3 HMHTErpajibl N30KOHBEPCHSUIBIK  9fici  KOJIAHBUIIHI.
Hanokatammzarop Oap Oonran >xoHE OoNMaraH Ke3le TOMEHTEMIIEpATypalbl TAacKeMip IIAHBIPBIHBIH
TEPMUSUTBIKBIIBIPAY aKTUBTCHIIPY SHEPTUACHIHBIH MoHIepi 54,04-ten 297,5 xJx/Monbre OeiiH aybITKUIIBL.
Kunernkanblk KommeHcanust ocepi aHBIKTAIABL, OyJl TOMEHTEMIIEpaTypalbl TacKeMip HIaibIPBIHBIH
KOIIKOMIOHEHTTI ~ KypaMblHa  JXOHE  TOMEHTEMIIepaTypaibl  TacKeMip  IIalBIphIHA  KOCBUIFAaH
KaTalnu3aTopiIap/blH acepiHe OailmaHbICTBl 00Mybl MYMKiH. TeMeHTeMIepaTypaibl TacKeMIp IIaHbIPhIHBIH
BIIbIpay KMHETHKAChIHAH albIHFAH HOTIIKENEpAl KOPCeTUIreH IIMKI3aTThIH TYPIiH KaiiTa eHjiey mnpoleciHue
MaTeMaTHKAJIBIK MOJIENIbICY 1l JKYPri3y YIIIiH AepeKTep 0a3achlH Kypy Ke3iHJe naiiiananyra 0oabl.

Kinm ce30ep: KWHETHKA, KaTalU3aTOp, MUKPOCHUIIMKAT, TOMCHTEMIIEPATYpalbl TACKOMIp IIAHBIPhI, TEMIp,
HHUKEIb, KOOANBT.

C. Tanax, M.U. baiikenos, A.M. I'tonbmanmues, Ma ®31-10H,
I'. Mycuna, T.O. XamutoBa, A.H. bonat0aii

KuneTnka repMosin3a HU3KOTEMIIEPATYPHOM CMOJIbI
B PUCYTCTBUM KATAJIMTHYECKON 100ABKHU ¢ HAHECEHHBIMH METAJLJIAMHU

BriepBbie M3ydeHO TEPMHUYECKOE Pa3ioKeHHE HU3KOTEMIeparypHoi kameHHoyroabHo# cMombl (HKC), mo-
nyderHoi n3 yrieir AO «llly6apkons xomup» Pecriy6onuku KazaxcraH, B IpUCYTCTBHM HaHOKATalIW3aTOPOB
C HAHECEHHBIMH Ha MHKPOCHIMKAT OKCHIBI METAIIOB (Kene30, KOOAIbT W HUKeNb). MHUKPOCHIMKAT
BBITTONTHSIET POJIb HOCHUTENS M KaTamm3aropa. MHKpPOCHIMKAT — MpoayKT KaparaHIMHCKOTO KPEMHHEBOTO
3aBozia TOO «Tau-Ken.temir». OCHOBHBIM XMMHYECKUM KOMIIOHEHTOM HCXOJIHOTO MUKPOCHIIMKATA SIBIISCTCS
OKCHJ KpeMHHA. VHIUBUIYanbHBIH W XUMUYECKHN (Ha30BBI COCTaB MHUKPOCHIMKATA OMPEACISIN C TOMO-
IBIO0 PEHTT€HOCIIEKTPAILHOTO aHanu3a. Pa3Mep 4acTUIl HCXOAHOTO MUKPOCHIIMKATA U CMECH MUKPOCHIIMKATa
C KaTalu3aTopaMH OKCHAa METAJUIOB (HHMKENb, KOOAIBT M JKEJIe30) ONpPEACNsUId C IMOMOIIBI0 HaHocai3epa.
VYcraHoBneHsl craauitHocTs TepMopasnokeHus HKC u cmece HKC € karanmuszatopamu B yCIOBHAX
nporpammupyemoro Harpesa 1o 640 °C B atmocdepe azota. Ha ocHOBe TepMOrpaBUMETPUYECKOTO aHAIHM3a
OTIpe/IeNICHbl KHHETHYECKHE TTapaMeTphl (SHEPTUs aKTUBAIMH, CKOPOCTh MOTEPUH MACChl H MPEI3KCIIOHEHIIN-
anbHbI MHOXUTENb) nuponn3a HKC u cmecn HKC ¢ noGaBneHHbIME KaTanuzatopamu. Ui onpeaeneHus
KAHETHYECKUX MapaMeTPOB HCIOJIb30BaH O€3MOIENIbHBII MHTETPaIbHBI H30KOHBEPCHOHHBIN MeTton O3aBa—
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Onuue—Yomna. 3HaueHus sHepruM akTuBanuu tepmopaectpykiuuu HKC B oTcyTcTBUM M B IPUCYTCTBHU
HaHOKaTalInu3aTopa HaXOAWIUCh B auanasoHe 54,04-297,5 k/[x/mMonb. BeisiBlieH KHHETHYECKHH KOMITEHCAIIN-
OHHBIH 3] deKT, BeposTHO, 00YCIOBICHHbBIH MHOTOKOMIIOHEHTHBIM coctaBoM HKC u BiusiHueM 100aBieH-
HBIX KatanmzaTopoB kK HKC. Metox TepMorpaBUMeTpHHy 1oKa3ayl BEICOKOE BIIMSHIE HAaHECEHHBIX KaTan3a-
TopoB Ha TepmoecTpykio HKC. C momomipio JaHHOTO MeToza onpe/ieieHbl 3HaUYeHUs SHEPTHH aKTHBAINKI
U npeadKcroHeHnuanbHbii MEoxkuTens gectpykiuuu HKC u emecu HKC ¢ kaTanusaropamu npu pa3iuuHbIX
CKOPOCTSIX HarpeBa, 4YTO IIO3BOJSIET IIOAPOOHO HWHTEPIPETHPOBATh JAHHBIC TEPMHUUYESCKOTO aHaIH3a.
Ilonmyuyennsle pe3ynpTaThl KHHETHKH pasziokeHns HKC MoryT OBITH HCIOJB30BaHBI IPU CO3JAHHUU 0a3bl
JaHHBIX OJIs TPOBEJECHHS MaTeMaTHYECKOTO MOAENUPOBAHUS Mpoliecca MepepabOTKH yKa3aHHOTO BHAA
CBIPBSL.

Kniouesvie cnosa: KnHeTHKa, KaTaan3aTop, MUKPOCHIMKAT, HU3KOTEMIIEpaTypHas KAMEHHOYTOJIbHAs CMOJIa,
JKEJIE30, HUKENb, KOOAJIbT.
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Study of the Methionine Electrooxidation at an Electrode
Modified with Vitamin B1. and Multi-Walled Carbon Nanotubes

The electrochemical behavior of methionine at an electrode modified with vitamin B12 and multi-walled car-
bon nanotubes has been studied in this work. A possible mechanism of redox processes occurring on the
modified electrode is proposed. When the electrode is formed, vitamin Bz is fixed on the surface of a carbon-
containing electrode modified with multi-walled carbon nanotubes due to adsorption. In the process of ca-
thodic polarization, cobalt(l11) in cobalamin is reduced to cobalt(ll) to which a partially negatively-charged
sulfur atom in the methionine molecule is attached due to electrostatic interactions. During anodic polariza-
tion, cobalt(l1) in the complex is oxidized up to Co®*, the methyl group from methionine is transferred to co-
balamin, and homocysteine passes into the solution, which is proved by Raman spectra. Based on the study of
the dependence of current and potential on the sweep speed, it was found that the oxidation process is not re-
versible, the limiting stage is adsorption, and one proton and one electron participate in the electrochemical
stage. The following optimal conditions for recording an analytical signal were selected: the background elec-
trolyte is a tartrate buffer solution with pH = 4.01; the electrolysis potential is 1.6 V; the accumulation time is
up to 180 s. The metrological characteristics of the procedure for determining methionine were estimated.
The accuracy index did not exceed 29 %, the repeatability and intermediate precision indices did not exceed
14 % and 16 %, respectively. The range of detectable contents was (1-50)x10~7; the detection limit was
5.0x10°8 M. It was shown that a 10-fold excess of ascorbic acid, tryptophan, glycine, cysteine and tyrosine
does not have a noticeable distorting effect on the procedure for determining methionine.

Keywords: methionine, modified electrode, vitamin Biz, electrooxidation, cobalamin, electron, proton, strip-
ping voltammetry, multi-walled carbon nanotubes.

Introduction

Methionine is an essential amino acid that plays an important role as a precursor for all other sulfur-
bearing amino acids and their derivatives in living organisms. It involves in the regulation of metabolic pro-
cesses of the immune system and has antioxidant activity. The methionine concentration in the range of 5—
15 umol/l is considered normal for men and women. The increased content of methionine is associated with
damage caused to nucleic acids, with various types of cancer and cardiovascular diseases. The reduced me-
thionine concentration leads to neurodegenerative diseases [1-6]. In this regard, the determination of the me-
thionine content in foodstuff and biological fluids is a relevant task. Electrochemical methods of analysis are
promising for this purpose.

The mechanism of methionine electrooxidation remains ambiguous. In 1960, dehydro-methionine was
proposed in [7] as an intermediate of the product of anodic oxidation of methionine at a platinum wire elec-
trode with pH =7.0. Dehydro-methionine was also identified as a by-product of methionine oxidation using
various analytical methods [8-10]. A few years later, voltammetric determination of methionine at platinum
electrodes was reported in [11]. The authors observed a voltammetric wave between +0.7 and +1.0 V (calo-
mel electrode), which manifested itself only in acidic media and only in the presence of hydrogen and chlo-
ride ions [11]. Later, owing to the development of new electrode materials, more detailed studies were car-
ried out. In [12] the authors demonstrated methionine oxidation at a graphite electrode, which is an irreversi-
ble process controlled by diffusion. In [13], the authors reported that the oxidation potential of methionine at
a glassy-carbon electrode remains constant in the pH range from 3 to 7. The authors also noted that the volt-
ammetric wave of methionine oxidation strongly resembles cystine obtained in similar experimental condi-
tions [12] at the glassy-carbon electrode. In 1994, the authors [14] showed that the neighboring carboxylate
and amino groups of thioester, which modifies the electrode, play an important role in the methionine elec-
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trooxidation at the carbon electrode, even if these groups are not rigidly held in a fixed position relatively the
function of thioester in the molecular skeleton. Later, in 2011, glassy-carbon and diamond electrodes doped
with boron were used to study the electrochemical oxidation of methionine in a wide pH range using cyclic
and differential pulse voltammetry [15]. The results conform fully to the conclusions of the work [13]. In
[15] the oxidation reaction proceeds in two stages at the glassy-carbon electrode and in one stage at boron-
doped diamond electrodes, where, probably, the high oxidation current of the second peak is superimposed
on the first one. Oxidation reactions have been found to be irreversible, diffusion-controlled, and one-
electron processes, independent of pH at pH> 3.

In [16], we proposed a technique for determining methionine at an electrode modified with cyano-
cobalamin (vitamin Bi12). When choosing the technique for electrode modification, we proceeded from the
following assumptions: methionine entering the human body, when interacting with enzymes, and is reduced
to homocysteine [17]. Such reaction can serve as a prototype of the corresponding electrode process. We
proposed the use of cyanocobalamin as an auxiliary substance. It is an electroactive substance due to the
presence of cobalt(l11) in the corrin ring. The process of vitamin B1, chemisorption on mesoporous carbon is
known [18]. By attaching vitamin Bi. to the surface of the electrode due to adsorption, it is possible to create
conditions allowing the binding of methionine from the solution to form an electroactive compound at the
electrode. The purpose of this work is to establish the mechanism of methionine oxidation at the modified
electrode to optimize the conditions for the determination of methionine by stripping voltammetry.

Experimental

Equipment and reagents

Methionine (Sigma, USA), multi-walled carbon nanotubes produced by “Graphen” (USA), vitamin B1,
(Belarus) were used in the work. All measurements were taken using standard pH solutions purchased from
“Merck” (Germany). The solutions were prepared using deionized water obtained from “Sartorius” of the
arium® pro brand. All the experiments were carried out at room temperature. Electrochemical measurements
were performed using a TA-LAB voltammetric analyzer (NPO “Tomanalit™) in direct-current mode in a
three-electrode cell. The indicator electrode was a modified carbon-containing electrode; silver-chloride
electrodes in the 3 M KCI solution were used as an auxiliary electrode and a reference electrode. Multi-
walled carbon nanotubes (MCNT) were applied to the surface of the carbon-containing electrode by electrol-
ysis from a MCNT aqueous suspension by means of a universal power source UIP-2.

Modification of the carbon-containing electrode

MCNT were moistened with a small amount of ethyl alcohol; then water was added. After it MCNT
were placed into the ultrasound bath for 3 hours. The ready-to-use suspension was used to apply nanotubes
to the surface of the carbon-containing electrode by anodic polarization. A stainless-steel plate was used as
the cathode (counter electrode). After 8 s of the electrolysis, the applied MCNT were dried and vitamin B2
was deposited. Vitamin B1, was deposited at the electrode modified with MCNT by cycling the potential in
the range of —1.4... +1.0 V. The modification of the electrode is described in more detail in [18].

Results and Discussion

The choice of optimal conditions for the oxidation and/ or reduction processes of the substance is the
essential task in the development of a quantitative technique. Suitable conditions lead to an increase in the
sensitivity of the analysis. The effect of a number of factors, such as the pH of the background electrolyte,
accumulation parameters, and the potential sweep rate on the anode signal of methionine, was studied to se-
lect the optimal conditions for obtaining an analytical signal.

The effect of pH

The pH of the background electrolyte has a significant effect on the mechanism of redox processes in
voltammetric analysis. Standard buffer solutions from 1.65 to 12.43 were used to establish the optimal value
of the hydrogen ion concentration during methionine oxidation at the modified electrode.

Figure 1 shows the dependence of the anode peak value of methionine on the pH of the background
electrolyte. With an increase in the pH from 1.65 to 4.01, the peak current of methionine oxidation increases.
The decrease in the signal at pH<4 is associated with the protonation of the amino groups of methionine and
cobalamin; the adsorption of methionine on the electrode is hindered as a result of electrostatic repulsion.
The signal intensity decreases when the pH shifts to the neutral and alkaline regions, which is due to the lack
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of protons required for methionine oxidation. The peak shift towards more negative values as the pH of the
buffer solution increases. A linear dependence can be observed between the peak potential and the pH:

Y = -0.0492X + 0.6930, (1)

The slope value of 49.2 mV/pH is close to the Nernst slope (59.0 mV/pH), which indicates an equal
number of electrons and protons participating in the electrochemical process.
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Figure 1. Dependence of the electrooxidation current of methionine at the modified electrode on the pH

E Vs .
‘ =0.8923x +0.1641
I, pA v X

2 _
on as | R? =0.9638 ".
035 °

| y=0.0161x +0.1108 "
0.3 | R®=0.9633 2 e
0.25 | 15 L e o
0.2 I 0.
0.15 I 1
0.1 |— 0.5
0.05
o L : 0 '
1 15 2 25 3
0 5 10 15
Wis In Wi/
a) b}
04 03
I'qu35 { v=0.0009x +0.1717 ° lgl [
. ‘ R?=0.9793 04 |
0.3 ‘ ‘y=0.2377x—1.0358 °
0.25 ‘ 05 ‘
0.2 ‘ 06 -
0.15 ‘
‘ 0.7
0.1 ‘ ‘
08
0.05 | ‘
o ! -0.9
0 50 100 150 200 250 0.9 1.4 19 24
W. mVs lgW
c) d)

Ea=-1.6 V;t=120s, C =2x10% mol/dm?
Figure 2. Dependence of the methionine oxidation current on the square root of the potential sweep rate (a),

the dependence of the potential on InW*? (b), the dependences of the current on the potential sweep rate (c)
and Igl on IgW (d)
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The effect of the potential sweep rate on the current and potential of the anode peak

The dependences of the anode peak current and potential on the potential sweep rate allow us to esti-
mate the mechanism of the electrochemical reaction. In this regard, the influence of the potential sweep rate
on the anode current of methionine was studied. To establish the mechanism of methionine electrooxidation
at the modified electrode, the dependences of the current on the square root of the sweep rate (Fig. 2a) and
the peak potential on In(W¥2) were plotted in Figure 2b.

The linear dependence for the current (Fig. 2a) is typical of both reversible and irreversible processes
while the linear dependence of the peak potential of methionine on InWY?2 evidences the irreversibility of the
process (Figure 2b). Figure 2b presents the dependence of the current on the sweep rate and a similar de-
pendence in logarithmic coordinates (Fig. 2d). The linearity of the logarithmic dependence (Fig. 2d) indi-
cates that diffusion is not a limiting stage of the process. The Semerano criterion (the slope of the depend-
ence of Igl on IgW) was 0.24, which indicates the absence of the effect of the diffusion process during the
oxidation of methionine on the electrode surface. The Semerano criterion should be 0.5 for the processes
limited by diffusion [19]. A similar dependence of the current on the sweep rate demonstrates that adsorption
is the limiting stage of the process.

The transfer coefficient of the irreversible process (methionine oxidation) was calculated based on the
Tafel dependence. The value of the transfer coefficient was 0.44. The obtained value shows that the first
electron participates in the limiting stage of the process.

The following formula was used to calculate the electrons in the case of an irreversible process:

47.7
—, ()
on

E,—E,|=
2
where Ep is the peak potential; Epy. is the half-peak potential.

The value of n = 1.08 indicates that one electron takes part in the oxidation reaction.

Earlier in [16] we proposed a possible reaction mechanism based on the Raman spectra of pure methio-
nine and its oxidation products from the electrode. Homocysteine has been shown to be the oxidation product
of the methionine complex with cyanocobalomine. Based on the study of the above-mentioned kinetics, it is
possible to conclude that one electron and one proton participate in the oxidation process of the complex.
This may be conditioned by the fact that cobalt, being in the corrin ring of vitamin B1», is oxidized to Co(lll)
during the anodic potential sweep. During cathodic polarization of the electrode, cobalt in cyanocobalamin is
first reduced to +2, and then it is the reduced complex that interacts with methionine. The reverse process of
cobalt oxidation occurs during anodic sweep: the methyl group of methionine is transferred to cobalamin and

passes into the homocysteine solution (Figure 3).
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Figure 3. Blank drawing of the methionine oxidation process
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The effect of accumulation parameters on the intensity of the electrooxidation signal

The range of values from —1.9 V to —1.1 V was studied when choosing the electrolysis potential (Fig-
ure 4a). The dependence of the anode peak current on the electrolysis potential passes through the maximum.
The anode peaks decrease when the potential is shifted to the negative region, which is most likely due to the
release of hydrogen that prevents the formation of the complex on the electrode surface. Therefore, the po-
tential of —1.6 V was chosen as optimal for concentrating methionine at the modified electrode. As can be
seen from Figure 4b, after accumulation for more than 300 s, the signal intensity changes slightly, which
may be conditioned by the complete filling of the electrode surface with a monolayer of the deposited methi-
onine. Therefore, during subsequent studies, the accumulation was carried out no more than 180 s.
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Figure 4. Dependence of the methionine electrooxidation current on the accumulation potential
at the modified electrode (t = 120 s, W = 80 mV/s, C = 5x10® mol/dm?3) (a) and the dependence of the methionine elec-
trooxidation current on the accumulation time (E¢ = 1.6 V, W = 80 mV/s, C = 2x10® mol/dm?) (b)

Despite the fact that the participation of adsorption during electrooxidation of methionine at the elec-
trode has been established, it can be concluded that the mentioned factor does not prevent quantitative as-
sessment in the specified concentration range. The dependence of current on concentration is linear in the
range of (1-50)x10~" and obeys the equation:

I =0.024C + 0.003 (Ea=-1.6 V, t =150 s, W = 80 mV/s). (3)

The effect of other amino acids on the results of the determination of methionine was studied. The ulti-
mate transferable concentration was defined as the maximum concentration of a hindrance substance, caus-
ing an error in the determination of amino acids of no more than 5 % [19, 20]. The 10-fold excess of ascorbic
acid, tryptophan, histidine, glycine, arginine, cysteine and tyrosine does not have a noticeable distorting ef-
fect on the procedure for methionine determination.

Some metrological characteristics of the procedure for tryptophan and 5-hydroxytryptophan determina-
tion

According to ISR 61-2010, the indices of repeatability, intermediate precision, and accuracy were cal-
culated (Table 1).

Table 1

Metrological characteristics of the procedure for methionine determination (p =0.95, n =2, | = 15)

Concentrationx107~7, Repeatability index, | Intermediate precision index, | Accuracy index (relative accura-
mol/dm? or, % ORI, % cy limits at P = 0.95), +A, %
1 13.9 15.2 29.0
10 13.3 14.7 28.4
20 12.9 14.3 27.3
30 12.5 13.9 26.9
40 12.0 13.5 25.5
50 11.7 13.3 25.4
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Based on the obtained metrological characteristics of the developed procedure for methionine determi-
nation, it is possible to conclude that the accuracy index does not exceed 29 %, the repeatability and inter-
mediate precision indices do not exceed 14 % and 16 %, respectively.

The modified electrode makes it possible to obtain stable analytical signals for at least 25 cycles (blank
experiment, analyzed assay, spiked sample). Further, the electrode sensitivity decreases and the electrode
surface renewal is required. The electrode surface is cleansed by electrolysis for 300 s with a potential of
—0.5 V. Then a new film of vitamin B2 is applied to the surface by cyclic potential scanning.

Conclusions

One proton and one electron take part in the process of oxidation of methionine complex with cobala-
min. During oxidation, methionine takes one proton and one electron. In the process of cathodic polarization,
cobalt(l11) in cobalamin is reduced to cobalt(ll) to which a partially negatively-charged sulfur atom in the
methionine molecule is attached due to electrostatic interactions. In case of anodic polarization, cobalt(ll) in
the complex is oxidized to Co(lll), the methyl group is transferred from methionine to cobalamin, while ho-
mocysteine passes into solution. The process is controlled by adsorption. The following optimal conditions
for methionine determination have been selected: the background electrolyte is the tartrate buffer solution
with pH = 4.01; the electrolysis potential is 1.6 V; the accumulation time is up to 180 s. A number of metro-
logical indices have been established for the procedure of methionine determination: accuracy. repeatability
and intermediate precision indices. The range of detectable contents was (1-50)x10~7; the detection limit was
5.0x108 M.
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B.B. lllenkoBuukoB, A.M. AnteieB, M.C. ®psiHoBa

B12 1opyMeHi MeH KONKa0bIPFraJibl KOMIPTEKTi HAHOTYTIKIIeJIepMeH
MOAU(PUKANUSITIAHFAH JIEKTPOATA METHOHUHHIH 3JIEKTP TOTBHIFYbIH 3€pTTEY

XKympicta Bi2 BHTaMHHIMEH >koHE KONKAOBIPFalbl KOMIPTEKTi HAHOTYTIKTEpMEH MOIU(UKanWsUIaHFaH
JJIEKTPOATAFBl METHOHHHHIH JJIEKTPOXUMHUSIBIK TOpTiOi 3eprrenreH. MoandukanysuiaHFaH 3JIeKTpOATa
OoJIaTBIH  TOTBIFY-TOTBIKCHI3IaHy ~ IPOIECTEPiHIH  BIKTUMAl MEXaHW3Mi YCHIHBUIFaH.  DJIEKTPOATHI
KQJIBINTACTEIpy Ke3iHae Bi2 mopymeni amcopOumsi eceOiHeH KONKAaOAaTTHI KOMIPTEKTI HAHOTYTIKIIETIEpMEH
MOIU(UKAISIIAaHFaH KeMipTeri 0ap >JeKTpoATHIH OeriHe OekiTtineni. KaToarer monmspuzamus kesiHge
kobamamuHAeri ko6anpT (I1I) xobanet (1) meitiH a3asapl, OFaH DJEKTPOCTATHKAIBIK ©3apa OPEKETTecysep
ece0iHeH METHOHUH MOJICKYJIACHIHIAFHI KapThUIail Tepic 3apsATaifaH KYKIPT aTOMBI KOCBUIAZBl. AHOATHI
nojspusauus kesinge kemengeri kobamst (1) Co%* nmellin TOTHIFa[bl, METHOHMHHEH METHJI TOOBI
KoOalaMHHTe ayblcaabl, OYI peTTe TOMOLMCTEHH EpPITIHAIre OTell, AFHU OyJl KOMOMHAIMSIBIK INAIIBIPAy
CIIEKTpJIepiMEH JaJieNieHreH. TOK TeH IOTeHIMANIBIH jKalMalay S>KbUIIaMBIFbIHA TIYCNIUIriH 3epTTey
HETI3iH/e TOTHIFY MPOIeci KAUTBIMChI3 eKeHIIr aHbIKTaIAbL. [llekTey caThichl ancopOIust OO TaObLIAIbI,
aJ1 Oip MPOTOH MeH 0ip MEKTPOH IEKTPOXUMHUSUIBIK CAThIFA KaThICAIbl. AHATUTHKAIBIK CUTHAIIBI TIpKEYIiH
KeJieci OHTAWNBl MIapTTapbl TaHJAIABL: (OHIBIK DJICKTPOJIHUT-TapTparThK Oydepmik epitinmi pH =4.01;
anekTponu3 noteHimansl — 1.6 B; xunHakray yakeitel — 180 ¢ geitin. MeTHOHMHII aHBIKTAy OAICIHIH
METPOJIOTHSUIIBIK CHITaTTaMajlapblHa Oaramnay xyprisingi. Jonmik kepcerkinn 29 %-man acmaiinel. Kalitanany
JKOHE apalbIK JOIAIK KepceTkimTepi colikeciHme 14% sxome 16% Kypaasl. AHBIKTaTFaH KypamAapabIH
nuanasonsl  (1-50)x107; aHBIKTay IIeri — 5.0x10°8 M. ACKOpPOWH KBIIIKBUIBIHBIH, TPHUNTO()AaHHbIH,
TJIMIMHHIH, IMCTCHHHIH XKoHE THPO3MHHIH 10 ece apThiK 00Jybl METHOHHH/I aHBIKTAY 9JIICIHE alTapJIbIKTail
OypMaayIibl 9cep eTIEeHTIHI KOpPCeTireH.

Kinm ce3dep: MeTHOHHMH, MOAW(UKAIMSIAHFAH JJIEKTPOA, Bi2 BUTaMMHI, 37IEKTp TOTBIFY, KOOalaMuH,
JNIEKTPOH, MPOTOH, HHBEPCHSIBI BOJIbTAMIIEpPMETPIIEY, KOTIKAObIPFaIbl KOMIPTEKTi HAHOTYTIKTep.

B.B. lllenkoBaukoB, A.M. AnteieB, M.C. ®psiHoBa

H3yuyenue npouecca 31eKTPOOKHCICHUA METHOHUHA HA MOAU(PUIMPOBAHHOM
BHTAMUHOM B12 1 MHOTOCTEHHBIMH YIJICPOAHBIMH HAHOTPYOKAMM 3JIeKTPOIe

B cTaThe H3y4eHO ANEKTPOXHUMHYECKOE MOBEACHUE METHOHHHA Ha 3JIEKTPO/Ie, MOTH(DHUIPOBAHHOM BUTAMH-
HOM B12 1 MHOTOCTEHHBIMH YTI€pOIHBIMU HAaHOTpyOKamH. IIpesyioxkeH BO3MOKHBIH MEXaHU3M OKHCIIUTEINb-
HO-BOCCTaHOBHTENBHBIX IPOILIECCOB, MPOTEKAIONINX HAa MOAU(UIMPOBAaHHOM 3MekTpose. I1pu hopmupoBanun
anekTpoaa BUTaMUH B12 3akperuisiercs Ha MOBEPXHOCTH YINIEPOJCOJEPIKAILErO IEKTPOAa MOAUPUIMPO-
BaHHOTO MHOTOCTEHHBIMH YTJIEPOAHBIMHM HaHOTPYOKaMu 3a cueT aacopOumu. [Ipu xaTtoaHOW monspu3anuu
ko6ansT (I11) B koGanamune BoccranapuBaercs 10 kobanbra (11), Ha KOTOpPBIi, 38 CYET AMEKTPOCTATHIECKUX
B3aMMOJCHCTBHH, IPUCOSTUHACTCS] YaCTUYHO OTPHULATENBHO 3apSDKEHHBIH aTOM Cepbl B MOJICKYJIe METHOHH-
na. [pu anonHo#t monspusanun ko6ast (11) B kommekce okucisiercs no Co%*, MeTnbHAs TPyTTa ¢ METHO-
HHMHA [IEPEHOCUTCS Ha KOOAlaMKH, IPH 3TOM B PAaCTBOP MEPEXOAUT FOMOLMCTEHH, YTO JOKAa3aHO CIEKTPaMU
KOMOMHAIMOHHOTO paccesiHust. Ha OCHOBaHMH M3y4YeHHs 3aBUCHMOCTH TOKa M MOTEHIMAa OT CKOPOCTH pas-
BEPTKH OBUIO YCTaHOBJIEHO, YTO MPOLECC OKHCIEHHUs HeoOpaTtuM. JIMMHUTHpYOIEeH cTaaueil sBisercs aj-
copOuusi, a B MEKTPOXUMHUYECKOI CTaJiM y4acTBYIOT OAMH IPOTOH M OJUH AJIEKTPOH. BbUIM 1mogo0paHb
CJIYIOIINE ONTHMAIIBHBIC YCIOBHS PETUCTPAIMU aHATUTHYECKOTO CHIHANA: ()OHOBBIH NEKTPOIUT — TapT-
patHblii Oydepnsiii pactBop pH = 4,01; motenuuan siekrpoinza — 1,6 B; Bpems Hakorenus — mo 180 c.
[IpoBeneHa OIEHKa METPOJIOTMUECKHX XapaKTEPUCTHK METOIMKU OIpeneieHHs MeTHOHuHA. [lokasaTens
ToyHOCTH He TpeBbiman 29 %. [TokazaTenn MOBTOPSAEMOCTH M MPOMEXKYTOUHOH NMPEIM3NOHHOCTH HE TIPEBBI-

CHEMISTRY Series. Ne 4(108)/2022 105


https://doi.org/10.1016/j.freeradbiomed.2017.02.010
https://doi.org/10.1016/j.vibspec.2012.12.004
https://doi.org/10.1016/j.msec.2012.11.005
https://doi.org/10.1002/elan.201500236

V.V. Shelkovnikov, A.M. Altyev, M.S. Fryanova

mwami 14 u 16 % cooTBeTcTBEHHO. J[Mana3oH onpeaeiseMblx coaepxanuii coctapua (1-50)x1077; mpenen
o6uapyxkenus — 5,0x108 M. Tlokazano, uto 10-KpaTHBIH H3OBITOK aCKOPOMHOBOW KHMCJIOTHI, TPUNTO(AHA,
IJIMIMHA, IUCTEMHA U TUPO3HHA HE OKA3bIBAET 3aMETHOTO MCKAKAIOIIETO BIMSHUS HAa METOAUKY OIpeere-
HUS METHOHUHA.

Kniouesvie crosa: MeTHOHUH, MOTU(DHUIIUPOBAHHBII JIEKTPOJI, BATAMUH B12, SJIEKTPOOKHUCIICHHE, KOOATaMUH,
3JIEKTPOH, IPOTOH, HHBEPCHOHHAS BOJBTAMIIEPOMETPHS, MHOTOCTEHHBIC YIIIEPOIHBIC HAHOTPYOKH.
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Method for Qualitative and Quantitative Analysis of Ancient Lead Enamel
Using Laser Inducted Breakdown Spectroscopy

The method of laser induced breakdown spectroscopy (LIBS) was used in analysis of the archaeological
enamel samples from the ancient settlement of Jochi Khan (XIV century). During the qualitative analysis, it
was found that the elements of the enamel matrix are Si, Pb, K, Na, Mg, Ca, Al. The glaze color is due to the
presence of copper and iron. Clustering by the k-means method revealed two groups of samples similar in
composition of enamel, but differing in place of origin within the settlement. For the studied samples the
semi-quantitative composition of glazes was established from the spectra of LIBS using a method based on
the hypothesis of local thermodynamic equilibrium (LTE) and a chemometric approach (Projection to Latent
Structures, PLS). Probabilistic deterministic design of experiment was used to search for pairs of element
lines that are not subject to changes when the conditions for spectra registration vary, and to determine the
coefficients in the equations based on LTR. Calculations using the PLC method were carried out in the “R”
programming environment. The following content of the matrix elements was obtained in terms of the most
stable oxides, %: SiO2 — 49-61, PbO — 23-31, MgO — 1.7-2.3, CaO — 4.6-6.9, Na2O — 4.1-5.3, K20 —
5.1-6.4, Al203 — 0.8-1.7, CuO — 0.32-0.4, Fe203 — 0.09-0.16. The results of both methods are generally
consistent with each other. The inaccuracy between 4 parallel determinations were 15-24 % for LTE, and 9—
14 % for PLS. Taking into account the data of semi-quantitative analysis, it was concluded that the division
into two groups is based on a different ratio of copper and iron in enamel.

Keywords: LIBS, chemometrics, cluster analysis, PLS, low-melting lead enamels, probabilistic deterministic
design of experiment, archeology, settlement of Jochi Khan.

Introduction

Method of laser induced breakdown spectroscopy (LIBS) in elemental analysis of a wide variety of ma-
terials is continuously becoming more demand, despite the problems with calibration. LIBS is characterized
by relatively low values of accuracy and reproducibility of the analysis that are associated with the basic im-
possibility of reproducing the recording conditions accurately from spectrum to spectrum. This problem can
hardly be eliminated by improving the method's hardware [1]. Therefore, there is a constant search for math-
ematical methods for LIBS signals processing, which makes it possible to improve the analytical characteris-
tics of this analysis method [2]. Currently, in order to achieve acceptable metrological characteristics, both
theoretical approaches based on the concept of local thermodynamic equilibrium (LTE) and empirical ap-
proaches based on chemometric methods, as well as various combinations of these two approaches are being
developed [3-6].

The LIBS method has a number of advantages along with limitations. First of all, the insignificance of
damage to the object of analysis and the lack of sample preparation should be noted. A laser pulse carries
information not only about the surface layer, but also about the bulk of the sample, since it evaporates the
sample from a certain depth. This feature makes it possible to overcome the problems associated with the
analysis of archaeological artifacts [7, 8], which are characterized by differences in the chemical composition
of the surface material and the bulk.

The mausoleum, located in the Ulytau region of Kazakhstan, 45 km from the city of Zhezkazgan, on the
left bank of the Karakengir River, is associated by Kazakh folk tradition with the name of Jochi Khan as the
eldest son of Genghis Khan. The upper dome of the mausoleum, lined with glazed turquoise tiles, was built
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over the lower early dome without cladding. According to radiocarbon analysis, there are two stages in the
construction of the mausoleum in the XIV century [9]. In order to obtain additional historical information
about the construction of the mausoleum and the settlement of Jochi Khan, it was useful to conduct a com-
parative study of the glaze of tile fragments from different points of the mausoleum and the settlement by the
LIBS method.

Qualitative analysis by the LIBS method was carried out in the traditional way. The aim of this study
was to develop methods of analysis for classification and quantification that provide satisfactory accuracy
with limited possibilities for sample preparation and registration of spectra.

Experimental

Samples of ceramic tiles containing enamel coating of various shades of blue and green were received
from historians and returned to the National Historical, Cultural and Natural Reserve-Museum “Ulytau”
(Ulytau village, Karaganda region, Kazakhstan) immediately after registration of the spectra (Fig. 1).

€

a — the mausoleum of Jochi Khan. A fragment of a tile. Sample 3 (Obr3.1);

b — the mausoleum of Jochi Khan. A fragment of a tile. Sample 4 (Obr4);

¢ — the mausoleum of Jochi Khan. Fragment of the mausoleum crown 2 (preliminary definition).
Sample 5 (Obrb);

d — the settlement of Jochi Khan. A fragment of a tile. Sample 2 (Obr2);

e — the settlement of Jochi Khan. Small house. A fragment of ceramics. Sample 6 (Obr6);

f — the settlement of Jochi Khan. House 2. Tile fragment. Sample 1 (Obr1l);

g — the settlement of Bytygai. Workshop. A fragment of a tile. Sample 7 (Obr2007)

Figure 1. Samples of tiles from different points of the mausoleum and the settlement

Samples were analyzed on a two-pulse spectrometer “LAES Matrix Continuum” (SJSC Spectroscopic
Systems, 2016, Russia) with a double Paschen-Runge optical scheme with an optical path length of 250 mm
and 125 mm, with diffraction gratings of 2400 groove/mm and 1200 groove/mm and 7 CCD detectors from
Toshiba and a wavelength range of 190 up to 800 nm. The emission spectrum of all samples was recorded at
the same instrument settings to facilitate subsequent comparison and interpretation of the spectra. The energy
of the pump lamp was 18 Joules. The remaining settings were chosen based on previous experience [10, 11],
namely: the laser frequency was 10 Hz, the delay time of the first Q—switch was 100 us, the second was
110 ps, the exposure start delay was 2 us and the total exposure time was 5 ms. The number of pulses was
limited to 15, including 2 firing pulses. Spectra were recorded at four randomly selected points without scan-
ning by area to minimize damage and provide some smoothing of random effects. The samples were returned
to storage after the spectra recording. The obtained spectra were used for qualitative analysis of samples.
Both the standard spectrometer software and the NIST [12] database were used to assign lines in the spec-
trum.
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Since each sample was examined at four points, the total number of spectra seemed sufficient for cluster
analysis using the “teaching without a teacher” approach. The spectra were normalized by the intensity of the
Mgl2so line, then cluster analysis was performed in the “R” programming environment [13]. Taking into ac-
count the similarity of the qualitative composition of the samples, the reasons for the cluster separation could
only be established by quantitative analysis in the absence of the possibility of re-registration of the spectra.
Variants using thermodynamic [14] and chemometric [15, 16] approaches were applied to consider the
possibility of quantitative analysis of samples. A set of artificially obtained samples with a qualitative
composition close to the enamel on the archaeological samples was used for training in both variants. The
range of variation in the ratios of elements in the composition of the furnace-charge was selected according
to the data [17]. The furace-charge, composed of oxides of silicon, lead, magnesium, iron and copper,
sodium, potassium and calcium carbonates, and aluminum hydroxide, was mixed by abrasion in a
mechanical mortar for 20 minutes and fused in alund crucibles for 1 hour at 1000 °C, with periodic rocking
of the crucible (Table 1).

Table 1
Composition of calibration and control enamel samples
Ne PbO SiO, Al,O3 Na,O K>0 CaO MgO CuO Fe,O3
1 0.202 0.503 0.008 0.121 0.05 0.05 0.05 0.005 0.01
2 0.287 0.43 0.019 0.076 0.076 0.067 0.029 0.008 0.008
3 0.329 0.376 0.028 0.15 0.009 0.084 0.009 0.009 0.006
4 0.371 0.325 0.037 0.046 0.112 0.009 0.084 0.011 0.005
5 0.431 0.239 0.048 0.01 0.153 0.029 0.067 0.019 0.004

The appearance of the calibration samples is shown in Figure 2.

Figure 2. Calibration samples of enamel
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A number of methods for calibration of atomic emission spectrometers are based on the fact that the in-
tensity of the analytical lines of different elements, which are low in excitation energy, almost equally de-
pends on random factors and conditions of spectrum registration. This means that the ratio of intensities de-
pends only on the concentration of elements. The possibility of the method of probabilistically deterministic
design of the experiment (PDDoE) was used [18, 19] to search for such pairs of lines, and to identify factors
on which the variable in question does not depend. PDDoE method has proven itself well for optimizing the
conditions of the LIBS [20, 21] as well as for other physicochemical methods of analysis [22]. When compil-
ing a six-factor experiment plan with five levels of variation (Table 2), the possibility of using the sample
composition as a single factor was used [23]. The excitation energy of the lines was retrieved from the Atom-
ic Spectra Database [12].

Table 2

Factors and levels of their variation in the experimental plan

N Factor Symb. | Levell | Level2 | Level3 | Level4 | Level5
1 |Ci/Cn X1 1 2 3 4 5
2 |Ejamp, J Xz 12 14 16 17 18
3 |QSWy, mks X3 100 120 140 160 180
4 |AQSW, mks X4 1 3 5 10 20
5 |Delay, mks Xs 1 2 3 5 10
6 |Expos, ms Xe 1 2 3 4 5

The ratios of element concentrations for each sample (levels of the first factor) were calculated accord-

ing to Table 1.
The spectra of the calibration samples were recorded in five repetitions, and averaged as described in

[11].
Results and Discussion
Qualitative analysis of the samples was conducted by identification of all analytical lines of the ob-
tained spectra. The matrix in all cases is silicon, lead, potassium, sodium, calcium, magnesium (Fig. 3).

Enamel coloring is due to the presence of a small amount of iron and copper. Lines of aluminum are also
present.
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Figure 3. Some analytical lines of elements of the enamel matrix
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There are analytical lines of tin in the enamel samples of modern tiles used in the restoration of the
mausoleum. Tin compounds were used to reduce transparency. There is no tin in historical samples, so the
restored materials were not considered in further study.

A dendrogram was obtained as a result of the classification analysis of the samples (Fig. 4). The den-
drogram makes it possible to distinguish 4 groups of enamel spectra.

05

0.3

0.1

Figure 4. Cluster dendrogram of the archeological enamel samples

Samples 3, 1 and 5 have similar spectra. Samples 1, 4 and 7 can also be classified as parts of the same
specimen. The spectra of samples 6 and 3 did not enter into clusters, forming separate groups. It should be
noted that there is a possibility of random separation of closely related samples, while the probability of ran-
dom cluster unification in the analysis by the emission spectrum is very small.

According to the results of qualitative and cluster analysis, it is possible to make conclusions of an ar-
chaeological nature that are beyond the scope of this work. At the same time, clustering can only be ex-
plained using quantitative analysis, which is difficult in this case due to limited access to the samples. In this
regard, only methods of mathematical processing of obtained spectral data were used further in qualitative
analysis. The first approach to quantitative analysis of samples tested in the study was based on the fact that
the intensities of the analytical lines with similar excitation energies almost equally depend on the conditions
of spectrum registration according to the hypothesis of local thermodynamic equilibrium (LTE). Consequent-
ly, the ratio of the intensities of such lines will depend only on the ratio of concentrations, but not on the
conditions of the spectra registration and/or random factors. Figure 5 shows graphs of the dependence of the
ratio of the intensities of the Mg(l)293.67 and Ca(ll)s1s9 lines on the ratio of the concentrations of elements and
the energy of the laser pump lamp.
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Figure 5. Dependence of the ratio of the intensities of the Mg(1)203.67 and Ca(ll)315.9 lines on the:
a) ratio of the concentrations of elements; b) the energy of the laser pump lamp
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As can be seen from Figure 5, even without calculations, the pump lamp energy in the selected range
has almost no effect on the ratio of the intensities of the analytical lines under consideration. The influence of
other factors on this pair of lines is even less significant.

The intensity ratio of a pair of lines of different elements selected by the excitation energy and the
actual presence in all 25 spectra of artificial and archaeological samples (Table 2) was used for calculation
by the PDDoE method. In this case, regardless of the usual practice of the method, those lines were selected
for which only the partial dependence of the intensity ratio on the concentration was significant, and the
remaining partial dependencies were insignificant. Preference was given to those alternatives in which
insignificant functions were most accurately described by the equation Y =Y (Fig.5). The relationship
between the concentration and the intensity ratio was approximated by linear functions:

a(Cl/Cz)+b=I1/I2. Q)
The coefficients a and b of these functions were used in further calculations.
Table 3

Analytical lines used for calculations

Element A E
Mg | 293.67 55891
Mg Il 279.08 71490
Mg | 383.23 47957
Pb | 261.42 46060
Al ll 263.126 123470
Cull 223.01 117928
Si | 252.41 39683
Sill 385.6 81251
Fe ll 259.84 38858
Call 373.71 52166
Na | 588.96 16973
Kl 769.83 12985

There are an infinite number of solutions for the equation with the formula of a function 1, as well as
for systems composed of such equations. Based on this, one of the equations of the system should be normal-
izing, traditionally represented as the sum of the concentrations of all considered elements or elements ox-
ides. The resulting system of equations with formula (2) was solved using the wxMaxima computer algebra
system [23]:
3,(C,/C,)+b =1,/1,
a,(C,/Cy)+hb, =1,/1,
a,(C;/C,)+by=1,/1,
a,(C,/Cy)+b, =1,/14
8(C/Ca) +bs = Is/I; @

s(Cs/C;)+bs =14/1,

(C;/Cq)+b; =1,/1,

a,(Cy/Cy )+ b =g/l
C,+.+C =1

For nine elements of the considered matrix, the set includes eight equations with ratios and one normal-
izing equation.

The solution of such equation set in the course of checking the operability of the method for enamel
samples of known composition obtained in the laboratory allows us to calculate the concentrations of the
matrix elements with an accuracy of + 6-8 %. In the case of archaeological samples, the composition was
calculated for each point of spectrum registration in order to determine the uncertainty of the result. The ob-
tained values of the concentrations of the matrix elements are presented in Table 4.

a
a,
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Table 4

Composition of archaeological samples according to LTE-based data

Sample SiO; PbO Ca0 MgO K20 Na,O Al;,O3 CuO Fe,03
Sample 1 (Obr1) 56.43 28.84 5.89 1.92 3.84 6.06 1.18 0.34 0.10
+6.21 +4.04 +1.18 +0.33 +0.69 +1.21 +0.30 +0.05 +0.02

55.29 28.00 5.72 1.90 4.40 6.48 1.26 0.34 0.15
+6.08 +3.92 +1.14 +0.32 +0.79 +1.30 +0.32 +0.05 +0.02
55.29 27.16 5.78 1.90 3.76 6.54 1.43 0.36 0.10
+6.08 +3.80 +1.16 +0.32 +0.68 +1.31 +0.36 +0.06 +0.02
58.71 29.12 5.67 2.00 3.92 6.60 1.34 0.36 0.16
+6.46 +4.08 +1.13 +0.34 +0.71 +1.32 +0.33 +0.06 +0.02
55.29 30.80 6.05 2.00 4.16 6.42 1.38 0.29 0.19
+6.08 +4.31 +1.21 +0.34 +0.75 +1.28 +0.34 +0.06 +0.02
60.42 26.88 5.67 2.06 3.96 5.94 1.31 0.37 0.11
+6.65 +3.76 +1.13 +0.35 +0.71 +1.19 +0.33 +0.06 +0.02

Sample 3 (Obr3.1)

Sample 4 (Obr4)

Sample 5 (Obrb)

Sample 6 (Obr6)

Sample 7 (Obr2007)

Calculated error of the results for the mass fractions of oxides is 15-24 % that can be considered a good
result for the LIBS in the absence of sample preparation. At the same time, it seemed possible to improve the
accuracy of spectrum analysis using a chemometric data processing method. Based on the literature data, the
projection onto latent structures (PLS) method was chosen as giving good results in most spectrometric stud-
ies [24]. The calculations were carried out in the “R” programming environment.

Table 5

Composition of archaeological samples according to PLS data

Sample SiO, PbO CaO MgO K20 Na,O Al,Os CuO Fe;0s
Sample 1 (Obr1) 54.72 26.73 5.62 2.08 5.70 4.70 1.44 0.35 0.01
+5.47 +2.94 +0.79 +0.27 +0.74 +0.66 +0.36 +0.03 +0.01

55.29 28.08 5.57 2.04 5.82 4.95 1.74 0.35 0.02
+5.53 +3.09 +0.78 +0.26 +0.76 +0.69 +0.44 +0.03 +0.01
57.57 27.00 5.25 2.14 5.94 5.45 1.66 0.36 0.01
+5.76 +2.97 +0.73 +0.28 +0.77 +0.76 +0.42 +0.03 +0.01
59.28 26.46 5.19 2.12 6.54 5.10 1.76 0.36 0.02
+5.93 +2.91 +0.73 +0.28 +0.85 +0.71 +0.44 +0.03 +0.01
59.85 26.19 5.04 221 6.06 5.15 1.50 0.35 0.01
+5.99 +2.88 +0.70 +0.29 +0.79 +0.72 +0.38 +0.03 +0.01
56.43 27.54 5.04 2.04 5.40 5.10 1.65 0.37 0.01
+5.64 +3.03 +0.70 +0.26 +0.70 +0.71 +0.41 +0.03 +0.01

Sample 3 (Obr3.1)

Sample 4 (Obr4)

Sample 5 (Obr5)

Sample 6 (Obr6)

Sample 7 (Obr2007)

As can be seen from Table 5, the error in the results of 4 parallel determinations was 9-14 %. It should
be noted that when testing the PLS model on samples of known composition prepared artificially, the accu-
racy was much higher, and the error did not exceed 4 %. Therefore, the greatest contribution to the inaccura-
cy of the quantitative composition determination was made not by calculations, but by the lack of the possi-
bility of sample preparation and registration of the spectrum with significant destruction of the sample.

Conclusions

In this work, LTE thermodynamic and PLS chemometric approaches have been proposed and tested for
guantitative analysis of samples using their obtained spectra. The error for each element was 15-24 % when
using the LTE hypothesis approach. The chemometric approach with the use of PLS has improved the accu-
racy. In this case, the error for the results of 4 parallel experiments was 9-14 %. As a result of the studies
carried out by the LIBS method using calculation methods based on the LTE hypothesis and the chemomet-
ric approach, the qualitative and semi-quantitative composition of the enamel of tiles from the ancient set-
tlement of Jochi Khan was determined. It was shown that the archaeological samples are lead-silicate glass
with a high potassium content, which can only be explained by its purposeful introduction into the charge.
Presumably, potassium could have been introduced by using the ashes of local plants.
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Classification analysis identified two groups of samples that are similar in chemical composition, there-
fore, made from the same raw materials. This may provide additional information on the chronology of the
settlement's construction. The study also revealed that contemporary restorers used a similar enamel compo-
sition, but used tin compounds for opacification.
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M.A. Typogen, O.1. 3emckuii, JI.M. Caynebekos, C.K. AnmaGeprenona

JlazepJiik YIIKBIH SMHUCCHSJIBIK CIIEKTPOCKONMS KOMeriMeH
KYPaMbIH/1a KOPFACBLIHBI 0ap apXeo010TUsIIbIK KOPFACHIH
IMAJIbIH CANAJIBIK JK9HE CAH/BIK TAJAAY dici

Kommbl xaH KamambiFbIHBIH (XIV F.) 5Manp apXeoNOTHWsJIbIK YIATUIEPiH Tajmay YIIiH Ja3epilik YIIKBIH
smuccusUTBIK criekrpockonust (JI¥DC) omici kommanpuiael. Cananblk Tangay OapbICBIHIA SMallb KypaMBIHBIH
Herisri snementrepi Si, Pb, K, Na, Mg, Ca, Al exeni aHpIKTanael. [Ta3yppaiH Tyci MbIC NIEH TEMIipAiH
OomypiHa OaitmanpicTel. Opramanay oIiciMeH KiacTepiiey OapbhIChIHAA SMaNbAiH KypaMblHa YKcac, Oipak
KQJIAIIBIK iIIiHAe IIBIKKAH Jkepi OOWBIHINA epeKIIeNIeHeTiH eki yiri ToObl aHbikTanabel. JI¥YDC cnekrpiepi
OoMbIHIIA JKeprimikTi TepMoauHaMHUKaibK Tere-TeHIK (JKTT) runoresachlHa Heri3gelreH OMICTI JKOHE
XEMOMETPHSUIBIK TACUIII (PKachIpblH KypbuibiMuapra mpoekiws, JKKII) KoimaHa OTBIPBIN, KapacThIPBUIFaH
YJIrinepae riaa3yphiH KapThllail CaHIbIK Kypambl alKeIHAam bl CrIeKTp i Tipkey IIapTTapbl ©3repreH Ke3zie
e3repicke YIIbIpaMaiThIH 3JIEMEHTTEp TY3YiHiH KynTapbiH i3aey kxoHe JKTT Herizinmeri TeHaeynepaeri
koo dumeHTTepAi aHBIKTAy YIIIH OSKCHEPUMEHTTIH BIKTUMAABIK-ICTEPMUHUPIICHTEH JKOCHapiaybl
konmansutansl. JKKII oxici Goifpianma ecenteynep «R» opraceiHma xyprizigi. TypakTsl okcuarepre KaiTta
ecenTercH/e Heri3 3JIeMEHTTEPAIH Meepi: Kypambinaarsl % wmbiHamaii: SiO2 — 49-61, PbO — 23-31,
MgO — 1.7-2.3, CaO — 4.6-6.9, Na.O — 4.1-5.3, K:O — 5.1-6.4, Al.03 — 0.8-1.7, CuO — 0.32-0.4,
Fe203 — 0.09-0.16. Exki omicTiH ne HoTmkenepi Oip-OipiHe colikec kemeni. JKTT ymiH Tept mapamiens
aHBIKTaMa apachIHAarsl aibipMaibiblk 15-24 %, XKKII yurin 9-14 % kypanel. XKapTeutail caHIslK Tanaay
JIEPEKTEePiH eCKepe OTBIPBIN, €Ki TOomKa OeiHyAiH Heri3iHae SMallbJaFbl MbIC TMEH TEMIpAiH OpTYpJi
KATBIHACKI )KaThIP JIeTeH KOPBITHIHIbBI KacaJFaH.

Kinm cezdep: JI¥DC, xumomerpuka, knactepiik Tanpay, JKKII, skeHin OanKuTBIH KOPFACHIH SMallbIaphl,
9KCHEPUMEHTTI BIKTHMAJbI-1CTEPMUHUPIICHT €H JKOCTIapiiay, apXxeosorns, KOsl XaH KaJlalbIFbL.

B.H. ®omun, O.P. Yemanosa, D.9. I'ons, H.K. Kenecbek,
M.A. Typogen, O.1. 3emckuii, J[.M. Caynebekos, C.K. Annabeprenona

MeToa Ka4eCTBEHHOI'0 ¥ KOJJUYECTBEHHOI0 AaHAJIN3a
CBMHIIOBOM apXe0JIOTHYeCKOM 3MAJIM ¢ UCIO0JIb30BAHUEM
JIa3ePHOI HCKPOBOW YIMUCCHOHHOM CIIEKTPOCKONMH

Mertoz na3zepHO-UCKpOBOI aMuccHOHHOI criekTpockonuu (JIMDC) npuMeHeH 11 aHaIu3a apXeoJorH4ecKux
00pa3noB 3manu ¢ ropoaumia Jxyun xana (XIV B.). B xoze xkauecTBEHHOr0 aHalIn3a MOKa3aHo, YTO 3JIeMEH-
TaMH OCHOBBI 3Manu siBistotest Si, Ph, K, Na, Mg, Ca, Al. Oxpacka riasypu o0yciIoBieHa IPUCYTCTBHEM
Menu ¥ kenesa. Kimacrepuzanueit metonom K cpefiHux GbLIO BBISIBIICHO JIBE TPYMIBI 00PA3IOB, CXOJHBIX MO
COCTaBy MaJH, HO OTJIMYAIOMINXCS 10 MECTy MPOUCXOKACHNS BHYyTpH ropoauima. C npiMeHEeHHeM MeTo/a,
OCHOBaHHOTO Ha THUIIOTE3€ JIOKAIFHOTO TepMoauHammdeckoro pasHoBecus (JITP), m xemomerpudeckoro
noaxoxa (mpoeknus Ha JateHTHBIE cTpyKTyphl, I1JIC) no cnekrpam JIMDC ycraHOBIEH MOTyKOINIECTBEH-
HBIA COCTaB IIa3ypeil Ha pacCMOTPEHHBIX oOpa3nax. [l moncka map JIHHUK 3JIEMEHTOB, HE MOABEP KEHHBIX
M3MEHEHHSIM TPH M3MEHEHUH YCIOBHI PETHCTPALMU CIIEKTPa, U onpeeiaeHus Ko3)(GHINSHTOB B ypaBHEHH-
AX, OCHOBAHHBIX Ha .HTP, UCII0JIB30BAHO BEPOATHOCTHO-ACTEPMHUHUPOBAHHOC TNIAHUPOBAHUEC DKCIICPUMECHTA.
Pacuersl mo merony ITJIC mposenmensr B cpene «R». CopmepkaHue 3JIEeMEHTOB OCHOBBI B IIepecueTe Ha
HarboJiee yCToiurBBIC OKCHIBI coTaBmio, %: Si02 — 49-61, PbO — 23-31, MgO — 1.7-2.3, CaO — 4.6—
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6.9, Na2O — 4.1-5.3, K20 — 5.1-6.4, Al,03 — 0.8-1.7, CuO — 0.32-0.4, Fe203 — 0.09-0.16. Pe3ynbrars!
000MX METOZOB, B IIEJIOM, COIJIACYIOTCS Mexay cobOoil. PacxoxnmeHus Mexnay 4-Ms HapajulelnbHBIMH
onpenenenusmu 111 JITP coctaBumu 15-24 %, na TIJIC 9-14 %. C y4eToM IaHHBIX NOJIYKOJIHYECTBEHHOTO
aHaNM3a C/eNIaH BBIBOJ O TOM, YTO B OCHOBE pa3JieIeHHs Ha JBE IPYIIIEI JISKUT Pa3HOE COOTHONICHNE MEIH U
JKere3a B IMaJTH.

Karouesvie cnosa: JINDC, xemomeTpuka, kiaactepHbiit ananus, [1JIC, nerkonnaBkue CBUHIIOBBIE SMalH, Be-
POSTHOCTHO-JICTEPMUHAPOBAHHOE TUIAHUPOBAHUE SKCIICPUMEHTA, apXeOoJIoT s, Topoaumie JKydn XaHa.
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Synthesis of Transition Metal Ferrites (Co, Cu, Ni, Mn) by the Sol-Gel Method
with Combustion and the Use of Microwave Processing

This review considers recent work on the synthesis of transition metal ferrites (Co, Cu, Ni, Mn) by sol-gel
method with combustion, as well as the effect of microwave radiation. Ferrites are interesting not only for
magnetic and optical properties, but also for their catalytic ones. In recent years, there has been an increasing
amount of literature, which investigates the catalytic properties of transition metal ferrites in various reac-
tions, including oxidative reactions. Given the fact that various organic components are used as complexing
agents and as a fuel in the sol-gel method with combustion, the review considers the influence of the organic
reagent nature, its ratio to precursors, the pH of the medium, the power and time of microwave exposure to
the process of ferrite formation as factors influencing the size of formed particles and their textural character-
istics, which are of great importance in the catalysis. Recently, the attention of chemists working in the field
of catalysis has been attracted by studies of the effect of physical fields, to which the microwave field be-
longs, on various chemical processes, including the nanocatalysts synthesis. The use of microwave radiation
in sol-gel synthesis of ferrite allows obtaining nanoferrites with high specific surface area. From this point of
view, this paper considers the works of recent years devoted to the study of microwave sol-gel synthesis of
ferrite.

Keywords: ferrites, sol-gel method with combustion, complexing agents, microwave technology, microwave
power, dispersion, texture, specific surface area, particle size.
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FESEM — Field Emission Scanning Electron Microscopy
TEM — Transmission electron microscopy

SEM — Scanning electron microscope

EDS — Energy Dispersive X-Ray Spectroscopy

FTIR — Fourier transform infrared spectroscopy

TGA — Thermogravimetric analysis

DTA — Differential Thermal Analysis

BET — Brunauer-Emmett-Teller surface area analysis

Review Plan

Inclusion and exclusion criteria: The present review considers recent works on the synthesis of transi-
tion metal ferrites (Co, Cu, Ni, Mn), which are characterized by a wide range of applications, the sol-gel
method with combustion, as well as the exposure to microwave radiation.

The review data are based on scientific publications of recent 7 years.

The review considers articles from the Scopus, Web of Science, Google Scholar databases.

The keywords used for the search are the “sol-gel method with combustion”, “copper, cobalt, nickel,

9 ¢

manganese ferrites”, “microwave technology” and “texture”. Statistical methods were not used in the review.
Introduction

It should be noted that ferrite materials, which have special magnetic properties and combine high mag-
netization with the characteristics of semiconductors and dielectrics, are widely used in magnetic, electronic,
and microwave devices [1-7]. In addition to their promising magnetic properties, ferrites have catalytic
properties [1, 8-12]. Oxides, salts and hydroxides of appropriate metals are usually starting materials for
producing ferrites. There are various ways to obtain ferrites, namely co-precipitation, thermal decomposition
of salts, sol-gel method, ceramic, burning solutions in a high-temperature stream, plasma-chemical. To date,
the sol-gel method has become widespread among the methods for obtaining highly dispersed materials, in-
cluding nanoferrites. The main advantage of this method is the high homogenization of precursors with the
production of a sol and its transformation into a gel due to hydrolysis and condensation processes, followed
by aging, drying and heat treatment.

The variation of the sol-gel method is the sol-gel with self-combustion. The process of drying and heat
treatment in this method takes place in one stage. The method includes an exothermic and self-sustaining
redox reaction of xerogel, which is obtained from an aqueous solution containing metal salts (oxidizing
agent) and an organic component (reducing agent) also known as a “fuel”. The organic component forms
complexes with metal ions that prevents precipitation of metal salts and thereby improves gelation condi-
tions. In addition to these advantages, owing to the results of the organic component combustion, a large
amount of gaseous products is formed, which prevents the solid phase crystallites from sintering. The latter
is obtained in the form of ash or a fine powder. The reaction proceeds quickly and at a sufficiently low tem-
perature. The method is quite simple enough for practical implementation and economical in terms of time
and energy consumption. Solutions can also be subjected to combustion, the so-called solution combustion.

In recent years, other than the thermal exposure, various types of radiation have also been used in the
synthesis of compounds, in particular microwave [13-16]. Microwave technology has also found application
in the synthesis of ferrites by the sol-gel method with combustion. Microwave technology is used in the syn-
thesis of ferrites by the sol-gel method with combustion at the stage of drying and combustion. The literature
data analysis shows that it is also possible to synthesize nanosized ferrites through the use of microwave ra-
diation in the sol-gel method with combustion [17-22]. The brief review of recent works presents data on the
synthesis of a number of ferrites (Co, Ni, Cu, Mn) by the sol-gel method with combustion, as well as using
microwave treatment as an initiator of the combustion reaction, i.e. carrying out the combustion stage in the
microwave field. The ferrites of these metals were chosen from the perspective of their use as catalysts. In
recent years, more and more works have appeared in the literature in which the catalytic properties of transi-
tion metal ferrites in various reactions, including oxidative ones, are studied. For example, these are follow-
ing reviews [8-10]. Previously, we carried out the microwave synthesis of these ferrites by the ceramic
method from oxides [15]. The catalytic properties of copper ferrite synthesized by the ceramic and sol-gel
method using microwave treatment were investigated by us in the oxidative conversion of carbon monoxide
[23]. So this review focuses on the following issues:
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Given the fact that various organic components are used as complexing agents and a fuel in the combus-
tion sol-gel method, an emphasis is laid on the influence of the organic reagent nature on the formation of
ferrites during combustion, as a factor affecting the size of the resulting ferrite particles and their textural
indicators, which is of great importance in catalysis.

In microwave technology, the given parameters are power and time. It is important to find out how the
time of microwave treatment affects the fineness of the formed ferrite particles when adjusted for the uncon-
trolled rise in temperature, using microwave energy in the sol-gel method with combustion.

1. Synthesis of ferrites by the sol-gel combustion method using citric acid as an organic reagent

An analysis of the literature data showed that the largest number of studies on the synthesis of both in-
dividual and mixed ferrites was carried out by the “citrate” method, i.e. using citric acid as a complexing
agent and “fuel”. That is why it became necessary to summarize them in a separate section.

The process essence is the reaction of hydrolysis and condensation of precursors, which are metal ni-
trates and citric acid, resulting in the formation of gel, upon further drying of which it passes into xerogel,
followed by its spontaneous combustion and the formation of ferrite during combustion.

The synthesis procedure is as follows: a stoichiometric amount of metal nitrates is dissolved in a small
amount of deionized water with stirring and a temperature of 80-90 °C. The pH of the medium is adjusted to
7 with an ammonia solution and the solution is slowly evaporated until a viscous gel is formed which self-
ignites and burns to form a loose bulk powder.

3Me(N03)2 + 6Fe(N03)3 + 2CeHgO7 = 3MeFe, 04+ 12N, + 12C0O, + 8H,0

There were also considered works in which the ferrites synthesis was carried out by burning the solu-
tion.

1.1. Synthesis of individual ferrites

Although the ferrites formation at lower temperatures is one of the important advantages of the combus-
tion sol-gel method, in many studies, the powders obtained after gel combustion are additionally annealed at
higher temperatures. These are mainly works in which the magnetic properties of ferrites are investigated
and where purity and high crystallinity are of great importance.

The synthesis of nanocrystalline cobalt ferrite was carried out in the works [24-26]. The powders ob-
tained after burning the gel were additionally annealed at various temperatures from 600 °C to 900 °C for 2 h
in air [24]. The particle size of the obtained ferrites strongly depends on the calcination temperature. At a
temperature of 700 °C, the size of cobalt ferrite crystallites is 25-30 nm, they look like quasi-spheres. The
crystallite sizes of the sample annealed at 900 °C are in the range of 40-50 nm, which is consistent with the
results of X-ray diffraction (XRD) method. The authors suggest that the agglomeration increases as the an-
nealing temperature increases, and some degree of agglomeration is unavoidable at higher annealing temper-
atures. The influence of the additional calcination temperature at 600, 700, and 800 °C on the structural and
magnetic properties of CoFe,O4 was also considered in [25]. The authors found that as the calcination tem-
perature increased, clearly defined sharp peaks were observed on the X-ray pattern in line with CoFe;O,4 to
indicate an increase in the ferrite crystallinity. Very pure and crystalline cobalt nanoferrite with a uniform
size distribution was also obtained in [26].

Cobalt and copper ferrites obtained by the citrate method were characterized by X-ray diffraction meth-
od, Field Emission Scanning Electron Microscopy (FESEM), Transmission electron microscopy (TEM), En-
ergy Dispersive X-Ray Spectroscopy) [6]. The average size of cobalt and copper nanoferrite crystallites was
24.7 and 37.7 nm, respectively.

The synthesis of nickel ferrite by the sol-gel method with combustion in the presence of citric acid was
described in the works [27-31]. In the work [27], a mixed solution of nitrates (Ni and Fe) and citric acid was
kept in an oven at 120 °C for 12 hours. The dried sample was ground and then annealed in a muffle furnace
at 600 °C for 2 hours and slowly cooled to room temperature. X-ray diffraction analysis confirmed the for-
mation of a cubic structure of nickel ferrite spinel. The average crystallite size was determined using the De-
bye-Scherrer formula and it was 21 and 60 nm, respectively, for the obtained samples before and after an-
nealing. SEM analysis showed that the particles were spherical.

The authors [28] obtained nanoparticles of nickel ferrite with an average size of 23 nm calculated by the
Scherrer formula.

In the work [30], the resulting powder after auto-combustion of the dried gel was also calcined at
550 °C for 4 hours for better crystallinity and purity. The average crystallite size of the prepared nickel fer-
rite sample was 22 nm.
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In the work [29], the authors revealed that the resulting nickel ferrite particles had an approximately
spherical shape and a crystal size in the range of 45-55 nm. The average grain size obtained from the TEM
image of the sample was approximately 60 nm, which was in appropriate with the size determined from the
X-ray diffraction patterns.

Nanosized spinel ferrites MFe;O4 (M = Ni, Co and Zn) were obtained in [31]. Gel ignition was ob-
served at 623 K (350 °C). The resulting powder was sintered in two stages (at 500 °C/5 h and at 700 °C/5 h).
The crystallite size (nm) for each sample was calculated from the broadening of the line of the most intense
(311) diffraction peak using the Debye-Scherrer formula. It was found that sizes of crystallites depended on
the nature of the M?* cation. The lowest nanoscale crystallite value was found for nickel ferrite (30.6 nm),
followed by zinc (34.4 nm) and cobalt (36.7 nm) ferrite.

Nickel ferrite was synthesized using various ratios of fuel (citric acid) to metal nitrate 1:1, 1:2, 1:3 and
1:4 [32]. All samples were characterized by Thermogravimetric (TG) and Differential Thermal (DT) analyz-
es. TG-DTA analysis confirmed the ferritization temperature, which varied slightly with the ratio of fuel to
metal nitrate. All samples were sintered at an average temperature of 560 °C for 4 hours. X-ray diffraction
analysis confirmed the cubic structure of the samples.

The authors [33-34] obtained copper and manganese ferrite particles with good composition uniformity
and high phase purity.

1.2. Synthesis of substituted ferrites

When adjusted for the fact that mixed ferrites which are solid solutions, have the best magnetic charac-
teristics, a promising method for their preparation is the sol-gel method with combustion. This is evidenced
by quite a lot of works in the scientific literature dealing with the production of substituted ferrites by this
method.

Consideration of these works is also important from the point of view of improving the catalytic proper-
ties of ferrites, in which atoms of other elements are introduced in a certain quantitative ratio.

A series of nanocrystalline copper-substituted cobalt-zinc ferrites C0.6Zno.4CuxFex0a4 (x = 0.2, 0.4, 0.6,
0.8, and 1.0) with a cubic spinel crystal structure were synthesized by gel auto-combustion [35]. All samples
after gel combustion were annealed at 400 °C, 600 °C, 800 °C and 1000 °C. X-ray diffraction analysis con-
firmed the formation of a cubic phase with space group Fd-3m for all nanoferrite obtained. The particles
were 25 nm in size and spherical in shape. In this work, the same particle size of ferrite samples processed at
different temperatures raises some doubts. High temperatures of heat treatment should undoubtedly lead to
particle aggregation, which is noted in most works.

In the work [36], cobalt ferrite nanoparticles with substituted transition metals (CoMFez2 xOs, M = Cr¥*,
Ni?*, Cu?" and Zn?*, x = 0.2; 0.4; 0.6; 0.8 and 1.0) were synthesized. The resulting ferrite powders were an-
nealed at 400 °C, 600 °C, 800 °C and 1000 °C for 2 hours. TEM images of CoNigsFe1604 annealed at
400 °C and 1000 °C showed that ferrite particles had nano-sizes of 20 nm to 60 nm, respectively, and spheri-
cal morphology.

The authors [37] obtained nanoparticles of ferrites CoixNixFe204 (x = 0.02, 0.04, and 0.06 M) with a
spherical shape and a particle size in the range of 26.31-31.13 nm.

Ruthenium-doped cobalt ferrite nanoparticles (CoRuxFe>—xO4; X = 0.0, 0.02, 0.06) were obtained in [38].
The average size of ferrite crystallites was 32.12 nm for CoFe;04, 17.77 nm for CoRUgo2Fe19504, and
18.45 nm for CORU0,06F61,9404.

The authors [39] synthesized polycrystalline nickel-substituted cobalt ferrites (CoixNixFe204, Where
x =0, 0.25, 0.50, 0.75, 1). From TEM images of samples after heat treatment at 700 °C for 8 h, it was found
that the nanoparticles were uniform in size, which corresponded to the average size obtained from peak
broadening in X-ray diffraction analysis. The effective diameter of ferrite powder particles was 20-25 nm.

Polycrystalline Ni-Zn ferrites with the chemical formula NigsZnosZrkCuxFe,-»Q4, with x values from
0.0 to 0.4 and 0.08 wt.%, were prepared by the sol-gel method with auto-combustion with the addition of
ethylene glycol to citric acid as an additional combustible agent (Table 1) [40].

It was determined that the size of crystals of complex ferrites NiosCoosNdxFeo«Os, obtained in the work
was 41, 37 and 35 nm for x = 0.025; 0.100 and 0.125, respectively [41].

Polycrystalline  ferrites with  chemical formulas  NiosZnosFe204,  NiosZNosEro.025F€1.97504,
Nio.5ZNo.5Ero.035F€1.96504, and NiosZnosEroesFe1ss04 were obtained in [42]. The authors described in detail all
ferrite synthesis process noting that it took less than 60 minutes from heating the sol to gelling it. And the
time between the actual ignition and the end of the reaction was less than 5 seconds. An emphasis was laid
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on the opportunity of using the combustion sol-gel method as a simple and affordable method for the synthe-
sis of complex compounds.

Table 1

The sizes of the crystallite, particle and grain of Zr and Co substituted Nio.sZnosZrkCoxFez2-2xO4

No. Dopant concentration Crystallite size, D (nm) Particle size, (nm) Grain size, (um)
1 0.0 9.1121 15.5051 2.3137
2 0.08 10.9423 21.7809 3.043
3 0.16 10.2774 15.364 2.7436
4 0.24 10.1211 9.6893 2.6048
5 0.32 10.1474 4.1924 2.4618
6 0.4 10.3397 19.0597 2.2952

The average particle size of nickel-chromium ferrites with the general formula NiCrxFe>,O4 (x = 0.0;
0.1; 0.2; 0.3; 0.4 and 0.5) was calculated using the Scherrer formula from the data on the broadening of dif-
fraction peaks and amounted to 23-43 nm [43].

The authors [44] developed a method for obtaining solid solutions based on nickel-zinc ferrite of the
general composition Nig.7sZno2sFe2xLaxO4 (LN = Nd, Gd, Lu, Yb). Citric acid was taken in a ratio of 1:1 for
trivalent elements and 3:2 for divalent ones. A solution of nitrates and citric acid was evaporated to a jelly-
like state at a temperature of 700 °C for 1 hour. Then the temperature was raised to the start of a self-
developing process (T = 100 °C). The resulting powder was annealed at 700 °C until the remains of the or-
ganic phase were removed. The resulting reaction products were loose agglomerates consisting of nanoparti-
cles. At an annealing temperature of samples up to 900 °C, coarsening of agglomerates and sintering of par-
ticles were observed. The average crystallite size for all synthesized compounds was 80—-90 nm.

Samples of nickel-aluminum ferrites of the chemical composition NiFe,xAlxOs were obtained in [45].
Drying of the xerogel was carried out in air at a temperature of 120-130 °C. Upon complete drying, sponta-
neous combustion of the porous xerogel occurred. The average particle size found from X-ray diffraction
studies was 20-60 nm.

2. Synthesis of ferrites using various organic reagents

In addition to citric acid, the sol-gel combustion method uses such organic compounds that are easily
oxidized and do not contaminate the resulting product, namely glycine, urea, ethylene glycol, polyvinyl al-
cohol.

In the work [46] nanoparticles of cobalt ferrite CoFe,O4 with a spinel structure were synthesized by the
sol-gel method with auto-combustion using three different types of fuel (ethylene glycol, glycine and urea).
The formation of a pure phase of cobalt ferrite with a cubic spinel structure was observed in X-ray diffrac-
tion patterns for all samples. The average crystallite size, lattice parameters and other structural parameters
were calculated from XRD data. The experimental results showed that the average crystallite size of the pre-
pared samples ranged from 15 to 22 nm. A lower average particle size of 15 nm was noted with urea as a
fuel. The average grain size turned out to be in the range of 65-86 nm.

The influence of the ratio of fuel (glycine) to metal nitrates was considered in the work [47] when ob-
taining cobalt ferrite by the sol-gel method with combustion. The particle size of pure phase cobalt ferrite
nanoparticles was found to be < 40 nm.

The authors of [48] synthesized cobalt ferrite (CoFe,04) nanoparticles using several different methods:
combustion, co-precipitation and precipitation. The average particle size obtained by combustion with gly-
cine was 69.5 nm, by co-precipitation it was 49.5 nm and by precipitation it was 34.7 nm.

Ethylene glycol as a complexing agent and fuel was used to obtain copper ferrite in the work [49].

Magnesium-cobalt spinels (CoxMg: xFe204: x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) were synthesized by the
combustion sol-gel method using urea [50] as a fuel. The results showed that the final products were a cubic
spinel phase with spherical nanoparticle morphology.

In our work [51], the copper ferrite was obtained using various organic reagents. It revealed that the av-
erage size of ferrite crystallites obtained using urea was in the range of 15-19 nm, with citric acid — 20—
23 nm and with glycine — 29-32 nm. Dynamic light scattering (DLS) measurements of isopropyl disper-
sions of ferrite samples synthesized using citric acid, glycine and urea were also carried out. Before DLS
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measurements, the dispersions with the studied samples were subjected to ultrasonic (US) treatment. Ultra-
sound treatment was carried out for 10, 20 and 60 min. The results showed that the spectral pattern signifi-
cantly depended on the processing time of the dispersions. The average particle size of the synthesized sam-
ples in isopropyl alcohol dispersions subjected to ultrasonic treatment for 20 minutes ranged from 381 to
447 nm. Large values of the distribution width indicated that the dispersion contained aggregates of particles
of different sizes. These values were much larger than the average crystallite size determined by X-ray dif-
fractometry. Most likely, the studied dispersions contained aggregates that were not destroyed by ultrasonic
treatment. After 60 minutes of sonication, the particle size decreased and fluctuated in the range of 123—
153 nm.

The racemic mixture of the right (d) and left (1) forms of alpha-alanine was used in the work [52] for the
synthesis of highly crystalline cobalt nanoferrite. The synthesized samples were annealed at two different
temperatures, namely 500 °C and 800 °C for 2 hours to study the effect of temperature on crystallite size,
phase purity and thermal stability. The formation of single-phase spinel nanoparticles was observed both in
the initial state and in the annealed state. The size of cobalt ferrite nanoparticles after gel combustion was
37.8 nm, after sample annealing at 500 and 800 °C, 38.8 and 43.7 nm, respectively.

The effect of the ratio of glycine to oxidizing agent (metal nitrates) on the structural, morphological,
and magnetic properties of CoosMgo2Fe.04 was studied in [53]. Samples were prepared with stoichiometric
fuel content to nitrates (G/N=1.48), lean fuel content (G/N=0.74) and high fuel content (G/N=2.22). After
ignition at 180 °C and auto-combustion, the resulting powders were annealed at 600 °C for 2 hours. It was
found that the crystallite size and the crystallinity of the spinel phase increased as G/N ratio increased
(Table 2).

Table 2

Effect of heat treatment and fuel-to-oxidizer ratio (G/N)
on the crystallite size nanoparticles (a) auto-combusted, (b) annealed at 600 °C

No. Fuel Crystallite size, D (nm)
1 |2.22 (fuel rich) 50 (a) 62 (b)
2 |1.48 (stoichiometry) 46 (a) 54 (b)
3 ]0.74 (fuel lean) 43 (a) 49 (b)

In the work [54] for the synthesis of Yo..CoFe1 504, citric acid and polyvinyl alcohol were used as a fuel.
The average crystal size of the synthesized ferrite was in the range of 20—70 nm.

Ferrospinels of CuFe;04, MgFe20s, NigsCoosFe,04 composition were obtained using polyvinyl alcohol
[55] as a fuel. Manganese ferrite was also obtained by the sol-gel method with the participation of polyvinyl
alcohol [56].

As noted above, when synthesizing the compounds by the sol-gel combustion method, it is also possible
to combust the solution. Therefore, works devoted to the production of ferrites by the solution combustion
method are of interest [57-59].

Nanoparticles CoFe;0s, CoFe1gsBioos504, CoFe19Bio104 and CuosCoosFersBio 104 were prepared by
burning a solution using glycine as a fuel [57]. Aqueous solutions of the calculated amounts of precursors
and fuel, after stirring on a magnetic stirrer, were placed in an oven at 500 °C for 5 minutes.

Nanoparticles Coi_yCuyFe, xCexOs (x =0,y =0), (x=0.05,y=0), (x=0,y =0.5) and (x = 0.05,y = 0.5)
were also synthesized by burning a solution of metal nitrates and glycine in a preheated furnace at 350 °C for
5-7 min, after which they were sintered at 700 and 900 °C for 2 h [58].

Especially, there is a need to note the work [59], which studied the influence of the “fuel” concentration
on the composition, structure and size of crystallites in the synthesis of cobalt ferrite by solution combustion.
Glycine was used as a fuel, cobalt and iron nitrates were used as precursors. The solution of precursors and
glycine was placed in an electric oven (400 °C) until complete combustion (approximately 15 minutes) was
formed. Three syntheses were carried out with different fuel concentrations, namely low, stoichiometric and
high ones. The authors concluded that higher concentrations of glycine led to the formation of secondary
phases of cobalt oxide. The sample with low fuel concentration was the only one in which a pure nanosized
CoFe;0,4 phase was formed. Synthesis with an increased concentration of fuel led to rapid ignition and in-
tense combustion during the reaction. With an excess of fuel, oxygen from the atmosphere was required to
complete the reaction. This excess of oxygen could cause the formation of secondary oxide phases in addi-
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tion to the primary cobalt ferrite phase. Sizes of crystallites were calculated using the Scherrer equation for
various concentrations of glycine: 23.58 nm for low (smallest size among all samples), 31.14 nm for stoichi-
ometric and 33.16 nm for high concentrations.

Thus, by varying the concentration of “fuel”, it is possible to attain both a pure ferrite phase and com-
plex systems consisting of ferrite and oxide phases. The second variant is most interesting for the heteroge-
neous catalysis. During the combustion of both the sol and the gel, as a result of an exothermic reaction, var-
ious physicochemical transformations occur, namely melting, chemical reaction, diffusion, which affect the
formation of the composition and structure and result in various defects. At present, the phenomenon of
growth in the catalytic and adsorption activity of solids with a defective surface in comparison with the struc-
ture of a perfect crystal is considered an established fact [60]. Therefore, using various organic reagents and
their concentrations in the combustion sol-gel method, it is possible to obtain not only highly crystalline fer-
rites, but also solid solutions of complex composition and defect structure, which are promising materials for
the heterogeneous catalysis.

3. Synthesis of ferrites by the sol-gel method with combustion in “green chemistry”.

In recent years, works have appeared on the synthesis of ferrites by the sol-gel method with combus-
tion, which belong to “green chemistry”. According to these works, extracts of various plants are used as an
organic reagent and “fuel”. An example is the work [61], in which photocatalysts based on magnesium-
doped nickel ferrite were synthesized by the sol-gel method using an extract from aloe A.Vera as a chelating
agent, reducing agent and natural template. Stoichiometric amounts of nickel nitrate and iron nitrate were
mixed with M3*/M?* in a molar ratio of 2:1, then a solution containing A.Vera extract and the calculated
amount of magnesium nitrate was added dropwise. The mixture was continuously stirred for 1 hour at 80 °C
until a gel formed. The resulting viscous gel was again heated to dry in an autoclave at 200 °C until auto-
ignition started. Finally, the resulting NiFe.O4:Mg?* (1 mol.%) nanoparticles were calcined at 350 °C for 1 h.
Cottage cheese was used as a fuel for the synthesis of cobalt ferrite with different contents of Zn?* and
the general formula [Zn«Co1xFe204 (x = 0.0, 0.2, 0.4 and 0.6) the ZCF] [62]. Solutions of metal nitrates and
cottage cheese were continuously stirred for 30 min until a homogeneous mixture was obtained. The mixture
was placed for 5 minutes in a muffle furnace heated to 500 °C. The resulting powder was calcined at 650 °C
for about 5 hours.
A comparison of 2 methods for obtaining nickel ferrite nanoparticles, namely using citric acid and clove
extract as a fuel was carried out in the work [63]. The structural properties of the resulting nickel ferrites
were characterized by X-ray diffraction analysis, which revealed the cubic structure of the spinel. The aver-
age crystallite size was 24 nm and 26 nm for nanoparticles NiFe,O, obtained respectively through the use of
clove extract and citric acid.
The use of environmentally friendly, non-toxic natural materials in the sol-gel method with combustion
expands the opportunity of using it for the synthesis of complex compounds, including ferrites.
From the analysis of the literature data presented above on the synthesis of transition metal ferrites by
the sol-gel method with combustion, the following conclusions can be drawn:
— Regardless of the complexing agent nature, the formation of a cubic spinel structure is observed in the
X-ray diffraction patterns for all samples;

— Method makes it possible to obtain ferrite nano-powders with a crystallite size in the range of 20—
60 nm. Moreover, the average crystallite size of particles increases with an increase in the calcination
temperature of the nanopowders obtained after combustion.

— Use of higher (superstoichiometric) concentrations of the complexing agent makes it possible to form

the secondary phases.

— Ferritization temperature varies slightly with the ratio of fuel to metal nitrate.

In most of the considered works, the structure and magnetic properties of the synthesized nanoferrites
are mainly studied, which are of interest to physicists, since ferrites are used mainly as magnetic materials in
radio engineering, electronics, automation and computer technology. Substances in the nanocrystalline state
exhibit special magnetic and optical properties, which are not characteristic of bulk materials.

The determination only of nanosizes of ferrites can be sufficient when studying their magnetic proper-
ties; however, ferrites are also used in catalysis, where textural indicators play an important role, namely,
specific surface area, pore volume, and pore radius. Therefore, the study of these parameters is extremely
important in the study of the catalysts activity. This caused the need to highlight the works in which the tex-
ture characteristics of ferrites synthesized by the sol-gel method with combustion were studied, as well as
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their dependence on the type of organic reagent, on the ratio of fuel to metals, since during the combustion of
various types of “fuel”, different amounts of gases were released, which actually “loosen” the resulting mass
of ferrite that also affected the texture of ferrites.

4. Textural parameters of ferrites synthesized by the sol-gel method with combustion

In the work [64], Ni, Co, Mn, Mg, and Zn ferrites were synthesized by the gel combustion method with
the participation of glycine. The sizes of the synthesized ferrite nanoparticles were determined, as well as
their specific surface area (Table 3).

Table 3

Seet — specific surface area, average crystallite size, D

No. Sample S, m?/g D, nm
1 NiFe;04 72.0 20.5
2 CoFe 04 15.4 20.4
3 MnFe 04 54.4 5.8

Nickel ferrite had the largest specific surface area (72 m?/g) among Ni, Co, Mn ferrites obtained using
glycine as an organic reagent, followed by manganese ferrite with a specific surface area of 54.4 m?g and
cobalt 15.4 m?/g.

Metal-substituted cobalt ferrite nanoparticles with the composition MxCo1xFe204 (M = Zn, Cu, Mn;
x=0.0; 0.25; 0.5 and 0.75)] were synthesized by the citrate sol-gel method in [65]. The specific surface of
the samples was in the range from 37.99 to 107.05 m?%g, ZnosCoosFe,O4 nanoparticles had an average pore
radius of 1.84 nm and a pore volume of 0.136 ml/g.

In the work [66], ferrites of the composition CuosNiosFe,O4 were prepared using various ratios between
citric acid and metal ions. A number of secondary phases (Cu, Cu-Ni alloy and hematite) were found in the
obtained samples. An optimal ratio of citric acid to the sum of metal ions was experimentally established, at
which the resulting ferrite samples were characterized by the largest surface area. The sample synthesized at
the maximum ratio of citric acid to metal ions (3:1) was characterized by the smallest size of ferrite crystal-
lites (9.65 nm) and a larger surface area (92 m?/g).

The specific surface area of Ni-Zn-ferrite obtained by various “fuels” (citric acid, carbohydrazide and
glycine) ranged from 12-41 m?/g [67].

Nickel ferrite powders of the composition NiFe,O4 with a crystal size of 18.00 nm and a high specific
surface area of 55.21 m?/g were obtained by a combustion reaction using urea as a fuel [68].

The effect of pH and metal concentration on the textural characteristics of the formed cobalt ferrite na-
noparticles was considered in [69]. Xerogels obtained from solutions with different pH values (<1, 3, 7, and
10) of precursors showed different combustion behavior. Except for pH (<1), all xerogels quickly ignited
with the formation of a large amount of gases: combustion began in the hottest zones of the crucible and
spread from bottom to top, as in a volcanic eruption.

The reaction was over in 10-30 seconds with the formation of a dark gray three-dimensional structure
resembling a branched tree. Table 4 lists the synthesis conditions, nanoparticle sizes and specific surface area
of the cobalt ferrite synthesized.

Table 4

Preparation parameters, BET surface area, XRD and BET average particle sizes of the sample

Preparation parameters
Metal BET surface area | XRD average particle | BET average particle
No. | Sample . 2 . -
pH value concentration (m?/g) size (nm) size (nm)
(mol LY
1 A 7 0.1 38.6 24 29
2 B 7 0.2 37.9 26 30
3 C 7 0.3 31.2 28 36
4 D <1 0.1 6.2 16 185
5 E 3 0.1 19.0 21 60
6 F 10 0.1 35.8 30 32
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As can be seen from the Table 4, the specific surface area of nanoparticles formed from acidic solutions
(samples D and E) was less than that of particles formed from neutral and alkaline solutions; they were also
different in particle size.

Spinels MeFe;Os, in which the divalent cations Cu, Ni, Zn and Cd were synthesized by the sol-gel
method with the participation of a 10 % solution of polyvinyl alcohol with a molecular weight of 145000 as a
“fuel”, were obtained [70]. The size of the obtained nanoparticles was 33-52 nm. The texture parameters are
presented in Table 5 below.

Table 5
Powder characteristics of MeFe2O4 ferrites
Sample Average agglomerat, size (nm) | Specific surface area, Sger (M?/g) Pore volume, cc/g
CuFe04 550 1.48 0.002
NiFe,04 500 3.86 0.0059
CoFe04 350 3.26 0.0048

In the work [71] there was established the specific surface area of ferrites synthesized by the sol-gel
method with auto-combustion using various organic reagents (Table 6).

Table 6

Specific surface area of ferrites synthesized by the sol-gel method with various organic reagents

No. Ferrite B Specific surface.area, m?/g
citric acid glycine urea
1 CuFe;04 18 4 25.5
2 CoFe;04 12 11.7 35.3
3 NiFe 04 6.2 7.8 34.3
4 MnFe;04 36.5 15 32.9

As can be seen from Table 6, the ferrites obtained by the sol-gel method during the combustion with
urea have the largest specific surface and the smallest — with glycine. When burning with citric acid, the
final product is more voluminous and branched; the process does not last long. With glycine, the combustion
occurs in the form of a flash and rapid combustion. With urea, the process takes longer with the release of a
large amount of gaseous substances.

The above few works on the determination of the specific surface area of transition metal ferrites ob-
tained by the sol-gel method with combustion involving various organic components make it possible to
conclude that the nature of the organic reagent affects the specific surface area of the synthesized ferrites. It
varies from a few square meters per gram to tens of square meters per gram. The different nature of combus-
tion leads to the formation of different surface morphology and texture, which ultimately can affect the cata-
lytic activity.

5. Synthesis of ferrites by the sol-gel method with microwave combustion

During the synthesis of ferrites by the sol-gel method with combustion, microwave technology, as noted
above, is used at the stage of drying and combustion. In a microwave oven, the parameters to be set are pow-
er and time. These parameters, along with the nature of the organic reagent, determine the surface morpholo-
gy, texture, and fineness of the resulting ferrites.

In [72], the synthesis of cobalt ferrite doped with nickel was carried out using the method of microwave
combustion of a solution using metal nitrates and urea as a reducing agent. Metal salts were dissolved in wa-
ter; urea was added and homogenized on a magnetic stirrer. The combustion reaction was carried out in a
domestic microwave oven at its maximum value for 5 minutes. The solution first boiled, then it dehydrated,
then decomposed with the release of a large amount of gas and then spontaneous combustion occurred with
the release of a large amount of heat and the formation of a free-flowing powder.

Cobalt ferrite was obtained by burning solutions of metal nitrates (precursors) and glycine and ammo-
nium nitrate as organic promoters in a household microwave oven at a power of 900 W for 30 min [73].

Nickel ferrite nanoparticles were obtained by microwave combustion of a solution containing nickel,
iron nitrates and trisodium citrate (NasCsHsO-) and finally, the sodium salt of citric acid [74]. The mixture
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was placed in a microwave oven and irradiated for 30 minutes. The resulting mass was then ground into
powder.

Nickel-magnesium ferrites were obtained with the participation of urea as a “fuel” and microwave
treatment for 10 minutes at a magnetron power of 850 W [75].

Nickel ferrite was prepared by the sol-gel method from solutions of nickel and iron nitrate with the ad-
dition of citric acid and ammonia, evaporation at 100°C, followed by ignition and the formation of a free-
flowing powder, which was further subjected to microwave treatment [76].

In [77], the effect of an organic reagent on the synthesis of NiFe>O4 nanoparticles by combustion using
microwave radiation was studied; urea, glycine, and citric acid were used as fuel reagents. The synthesized
nanoparticles were characterized by X-ray diffraction, scanning electron microscopy, Brunauer-Emmett-
Teller (BET) surface area. The authors found that the type of fuel affects the surface properties of nanoparti-
cles. According to the results of X-ray diffraction analysis, the highest crystallinity was observed in nanopar-
ticles synthesized with glycine, while nanoparticles prepared with urea had the highest surface area. The
SEM micrographs showed that all nanoparticles had nanocrystalline behavior and the particles were cubic in
shape. In the same work, nickel ferrite was also obtained by the “dry” method as a result of an exothermic
reaction of a mixture of metal nitrates and urea. This method did not use water or any other solvent. Rea-
gents, namely nitrates of nickel and iron, as well as urea were mixed in certain stoichiometric ratios. Owing
to the crystallization water of metal nitrates, a thick mixture was formed. This mixture was placed in a labor-
atory type microwave oven at a maximum power of 800 W for 10 minutes. When the mixture reached the
point of spontaneous combustion, it began to burn, releasing gas and heat, and the sample instantly became
solid.

In [78], nickel-cobalt ferrite NixCoxFe,O4 was obtained by mixing solutions of nitrates and urea, heating
to 100 °C, and microwave treatment for 10 minutes until combustion.

Flash synthesis of NiFe,O. nanoparticles with a particle size close to 4-5 nm and a high specific surface
area (about 240 m?/g) was carried out using a RAMO autoclave microwave heater developed by the au-
thors [79].

The microwave combustion method was used to synthesize nanocrystalline Zn.Nii_xFe.O, from a stoi-
chiometric mixture of the appropriate metal nitrates and urea powders [80]. The resulting ferrite had a high-
purity spinel structure with a calculated crystallite size of ~20 nm.

The paper [81] reported on the synthesis of Zng7Nio3sFe204 nanoparticles using a microwave combus-
tion method using urea as a fuel. X-ray diffraction and FT-IR analyzes confirmed the composition and struc-
ture of the spinel ferrite. The crystallite size was estimated using X-ray diffraction (16.4 nm). The morpho-
logical study of the products was carried out using TEM, which revealed the presence of spherical, spheroi-
dal and polygonal crystallite shapes.

In [82], the authors synthesized a rhombohedral nanostructure of nickel ferrite by the method of rapid
combustion with the help of microwave radiation using ethylenediaminetetraacetic acid as a chelating agent.

Spinel nanoparticles Zn;xCoxFe,O4 with different particle sizes were prepared by microwave combus-
tion with urea as a fuel [83]. Composites were prepared with the addition of cobalt in various molar ratios
(x = 0.0-0.5) to ZnFe,0O4. The obtained spinel ferrites were characterized by powder X-ray diffraction (XRD)
and the average grain size and morphology were determined by high resolution scanning electron microsco-
py (HR-SEM). The formation of a single cubic phase of spinel was confirmed by X-ray diffraction and
Rietveld analysis with an average crystallite size in the range of 43—49 nm.

Nanoparticles of copper ferrite CuFe,O, were obtained by microwave combustion using an extract of
the plant Hibiscus rosa sinensis (Chinese rose) as a fuel. X-ray diffraction and analysis by the Rietveld meth-
od confirmed the formation of a single cubic phase with a crystallite size of 25 to 62 nm due to grain growth
after calcination [84].

Copper ferrite nanoparticles were prepared using starch as a fuel. The starch solution was poured into
solutions of copper and iron nitrates with continuous stirring. The clear solution was placed in a household
microwave oven (2.45 GHz, 950 W) for 20 minutes. After the solution reached the point of spontaneous
combustion, it instantly evaporated and became solid. The obtained solids were well washed with ethanol,
dried and were designated as nanostructures of CuFe2O, obtained by microwave technology [85].

Copper ferrites were synthesized by us on the basis of the ceramic method from oxides and by the sol-
gel method using microwave treatment, following which the values of the specific surface area of the sam-
ples were determined (Table 7) [15, 23]. The specific surface area was also determined after additional mi-
crowave treatment of the ferrite powder obtained after burning the gel.
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Table 7

Values of the specific surface area of copper ferrite obtained by various methods

No. Method for synthesis of copper ferrite CuFe;04 Specific suzrface
area, m4/g
1 |“Ceramic method” from oxides of copper and iron in microwave field 0.4
2 |Sol-gel combustion method with citric acid 18
3 |Sol-gel combustion method with citric acid and additional microwave treatment 1.0
4 |Sol-gel combustion method with urea 25.4
5 |Sol-gel combustion method with urea and additional microwave treatment 2.1

It can be seen from the Table 7, additional microwave treatment of copper ferrite powder leads to a de-
crease in its specific surface area. The same is true of a sample obtained by a ceramic method in a microwave
field. When ferrites are obtained by solid-phase microwave synthesis from oxides, as a result of a very rapid
rise in temperature and a long processing time, aggregation of the resulting ferrite particles is observed

(Fig. 1)

X550 20pm  — x500 50pm
10 Sep 2011 10 Sep 2011

Figure 1. Micrographs of (a) nickel and (b) cobalt ferrite samples
obtained by the solid-phase microwave synthesis from oxides. Reprinted from [15]

A similar picture is also observed during additional microwave heat treatment of the obtained sol-gel
method with the combustion of ferrite powder. The ferrites obtained by these two microwave processing
methods are characterized by low specific surface area. Based on these experimental data, we decided to use
microwave energy to “ignite” the gel without further prolonged irradiation. This process took place even at
low magnetron values within a few seconds. Figure 2 shows photographs of the resulting copper ferrite dur-
ing the combustion of the gel in air (a) and “ignition” in a microwave oven (b). In both cases, branched, vo-
luminous structures are observed.

b

Figure 2. Samples of copper ferrite obtained by the sol-gel method with combustion (a)
and gel treatment in a microwave field. The organic reagent is citric acid. Reprinted from [87]
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From the diffraction patterns of ferrites obtained by the sol-gel method with conventional combustion
and microwave ignition, the crystallite sizes found using the Scherrer equation are quite close (30-35 nm).
The same is true of the values of their specific surface area (Table 8) [86].

Table 8

Specific surface of ferrites synthesized by the sol-gel (s-g) method with combustion

and the use of various organic reagents with conventional heating and microwave exposure (m.e)

Citric acid Glycine Urea
Sample
s-g s-g+m.e s-g s-g +m.e s-g z-g + m.e
Cu:Fe=1:2 18 14.8 4 5.4 255 22.6
CoFe=1:2 12 13.3 11.7 12 35.3 30.6
Mn:Fe =1:2 36.5 27.2 15 13.2 32.9 27.6
Ni:Fe=1:2 6.2 14 7.8 5.8 34.3 28

Microphotographs of Ni, Co, and Cu ferrite samples obtained by the sol-gel method and additional mi-
crowave treatment are shown in Figure 3. For comparison, a micrograph of a copper ferrite sample obtained
by the conventional sol-gel method is also presented. As can be seen from the photographs, additional mi-
crowave treatment of the samples intensifies the crystallization; the photographs show an increase in the
amount of ferrite nanoparticles.

. ' - —
TM3000_2572 2019/04/02 2319 NL_D5.9

a b

TM3000_3346 2022/0429  02:50 NL D7.9 10 um

c d

Figure 3. Micrographs of Ni, Co, Cu ferrite samples obtained by the sol-gel method with combustion
and additional microwave treatment (a, b, ¢) and a copper ferrite sample without microwave treatment (d),
an organic reagent is citric acid

The above-mentioned works on the sol-gel synthesis of ferrites using microwave radiation were indica-
tive that in most works the synthesis of ferrites by the sol-gel method with combustion was carried out in
ordinary household microwave ovens, in which only the magnetron power and exposure time could be con-
trolled, but not the temperature. Hence, the matter was about discrepancies in both the time of microwave
treatment from several minutes to half an hour and power from 120 to 700 watts.

A feature of the synthesis by the sol-gel method with combustion is that the beginning of the combus-
tion process is initiated by an external thermal effect, in some local volume of it an exothermic reaction be-
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gins. The heat released in this case is transferred to the neighboring layers, in which the reaction is occurred
and so the combustion is spread throughout the system. The difference between microwave exposure and
conventional thermal exposure lies in the fact that the initiation of combustion occurs simultaneously
throughout the entire volume of the system, thereby reducing the duration of the combustion process. But a
longer microwave exposure can lead to particle aggregation due to the high rate of temperature rise, which is
especially clearly observed in the ceramic synthesis of ferrites [87]. Therefore, when using microwave radia-
tion in the sol-gel method with combustion, along with the nature of the organic reagent, the power and time
of exposure to the radiation play an important role in the formation of the surface morphology, texture of
ferrites.

Conclusions

The latest studies on the production of cobalt, nickel, copper and manganese ferrites by the sol-gel
method with self-ignition and combustion in a microwave field were considered briefly. Also, the influence
of various reaction parameters, namely the organic reagent nature, its ratio to precursors, pH of the medium,
power and time of microwave exposure on the process of ferrite formation as factors affecting the size of the
formed particles and their textural characteristics were analyzed.
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C.M. 3ynsdyraposa, ['.P. Azumona, 3.®. Aneckeposa, FO.H. JlutBumkos, [.b. Tarues

Otneni meraun peppurrepinin (Co, Cu, Ni, Mn) 3041b-reqab diciMen
JKaHYbI )KOHEe MUKPOTOJKBIHBI OHIEYAi KOJIaHy apKbLIbl CHHTE3/1ey

Maxkanana etneni meraimn ¢eppurrepinin (Co, Cu, Ni, Mn) 30ib-renp oxici apKbUIbI JKaHYBI, COHIAH-aK
MHKPOTOJIKBIHIIBI ~ COyJNETICHYIIH OCEpiHeH CHHTe3[ey OOWBIHIIA COHFBI OKBUITApAarbl IKYMBICTAp
KapacTeIppiIFaH. DeppUTTep MarHUTTIK JXOHE ONTHKAIBIK KACHETTEpIMEH FaHa eMeC, COHBIMEH Karap
KaTaJIUTUKAIBIK KACHETTEPIMEH J€ KbBI3BIKTHL. OJeOHeTTepAe oTmeNi MeTaul (EeppHUTTEepiHiH opTypii
peaKkuysIapiaFbl, COHBIH IIIiHJAEC TOTHIFY pPEaKUMsIApPbIHAAFBl KaTaIMTHKAIBIK KACHETTEpi 3epTTENreH
eHOeKTep KaTapbl KeOeHin keei. 301b-TeNb 9IiCiHAe XKaHy Ke3iHe KOMIUIEKCTY3YIL1 )KOHE OTBIH PETiHE P
TYpJ1i OpraHUKaJIBIK KOMIIOHEHTTEP KOJIJIAaHBUIATBIHBIH €CKEPEe OTHIPHIN, MaKauaga OpraHUKaJbIK PeareHTTiH
TaOWFaThl, OHBIH IPEKypcopilapFa KaThIHACHI, opTaHbIH pH-Fa ocepi, ¢eppur Ty3ilmy mporeci TY3iiIreH
OeJIICKTEpIIH MOJIIepiHe dcep €TeTiH (akTopiiap peTiHAE JKOHE ONIApJbIH KaTalu3[e MAaHbI3Bl 30D
TEKCTYpaIBIK KepceTkimTepi 3eprrenreH. COHFBI KBUIIApHl KaTalW3 CaJlachblHAA JKYMBIC ICTEHTIiH
XUMHUKTEpIIH Ha3apblH MHKPOTOJKBIHIBI OpICKE KATBHICTHI (M3UKAIBIK OpICTEpAiH opTYPJi XUMUSUIBIK
MPOIIeCTePi, COHBIH IIIiHAE HAHOKATAJIHM3AaTOPJIAp CHUHTE3IHE ocepi Typaibl 3epTTeyiep ayaapyna. Onebu
ZepeKTepre ColiKec, (EeppUTTEpHiH 30Jb-T€Ib CHHTE3IHAE MHUKPOTOJIKBIHIB COYIIENEHYAl KOJIaHy
TeTepOTeH I KaTaJu3aTopJiap YIIiH ©Te MaHbI3Ibl, SFHU MEHIIIKTI OCTiHIH ayAaHbl )KOFapbl HAHOQEPPUTTEPIi
amyra MyMKiHIiK 0epeni. OCBl TYpFBIIaH ajFaH/a, MaKaiaia MEKPOTOJIKBIH/IB 30JIb-Telb CHHTE31H 3epTTEeyTe
apHaJIFaH COHFBI XKbUIJApIarbl JKYMBICTap 3epPTTEIreH.

Kinm ce30ep: dhepputTep, 30J1b-Tellb 9ICIMEH JKaHy, KOMIUICKCTY3YIII 3aTTap, MUKPOTOJIKBIHIBI TEXHOJOTHS,
YCaKTBIK, TEKCTYpa, AUCTICPCTLTIK, MEHIIIKTI O€Ti, OOIeKTep IiH MOJIIIepi.

C.M. 3ynbsdyraposa, I'.P. Azumona, 3.®. Aneckeposa, FO.H. JlutBumkos, [1.b. Tarues

Cunre3 peppurtoB nepexoanbix meraaios (Co, Cu, Ni, Mn) 30b-resib MeTO10M
C FrOpeHreM U HCI0JIb30BaAHHEM MUKPOBOJIHOBOI 00padoTKu

B 0630pe paccmoTpensl paboTHI TOCTIEAHUX JIET M0 cuHTe3y (epputoB mepexoanbix meramios (Co, Cu, Ni,
Mn) 301b-TeIb METOIOM C TOPEHHEM, a TAKKe BO3JIEHCTBHEM MHKPOBOJIHOBOTO M3iTy4deHHs. DeppuThl HHTE-
PECHBI HE TOJIBKO CBOMMH MarHHUTHBIMH M ONTHYECKMMH CBOWCTBAMH, HO M KaTaJMTHYECKUMH. B muTepatype
HOSIBJISIETCS BCe OOJiblIe PaboT, B KOTOPBIX HCCICAYIOTCS KaTaIUTHYECKUE CBOICTBA (eppHUTOB MEPEXOIHBIX
METAJUIOB B PA3JIMYHBIX PEAKIUAX, B TOM YHCJIC U OKUCIIUTEIIbHBIX. BBI/I}ly TOro, 4TO B 30JIb-T'CJIb METOJC C
TOpeHHEM B KauecTBEe KOMILIEKCOOOpa30BaTess M TOIUIMBA HCIONB3YIOT Pa3iUYHbIe OPraHUYECKHE KOMIIO-
HEHTBI, B HAaCTOALICH paboTe pacCMOTPEHO BIIMSHHE MPHUPOJIBI OPraHHYECKOr0 peareHTa, ero COOTHOLICHHS K
npexypcopam, pH cpenpl Ha nporecc o6pazoBanust GpeppUTOB Kak (GaKTOPOB, BIHUAIOLIMX HAa pa3Mep o0pasy-
OIMXCS YaCTHUII U MX TEKCTYPHBIE MMOKA3aTeNH, HMEIOLINX O0JIbIIOe 3HAUCHHE B KaTanu3e. B mocneanue ro-
JIbl BHUIMaHHE XHMHKOB, pabOTarOMINX B 00JNACTH KaTalu3a, IPHBJICKAIOT UCCIIEOBAHHS 10 H3yYEHUIO BIIHUS-
HHS (DU3HYECKHUX TI0JIeil, K KOTOPbIM OTHOCHTCS MHKPOBOJIHOBOE II0JIe, HA Pa3IMYHbIe XUMUYECKHE MPOLIec-
CBI, B TOM YHCIIe HA CHHTE3 HaHOKaTanu3aTtopoB. COTIacHO JIHTEpaTypHBIM JAHHBIM, IPUMEHEHHE MHUKPO-
BOJIHOBOTO HM3JIyY€HHS B 30JIb-TeJb CHHTE3e ()epPUTOB MO3BOJSET IMOJydYaTh HAHOQEPPHUTHI C BHICOKOU
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yIeNbHON MOBEPXHOCTBIO, YTO OUEHBb BAXKHO JUISl T€TEPOTE€HHBIX KaTaan3aTopoB. C 3TOH TOYKU 3pEeHHs aBTO-
paMu paccCMOTpPEHbI PaOOTHI MOCIEAHHX JIET, TTOCBAIIEHHBIE N3yYEHHIO MUKPOBOIHOBOTO 30JIb-T€/Ib CUHTE3A.

Knioueswie cnosa: GheppuThl, 301Ib-T€lb METOJ C TOPEHHEM, KOMIIIEKCO0Opa30BaTel, MUKPOBOIHOBAs TEX-
HOJIOTHs1, TUCIIEPCHOCTb, TEKCTYPA, YAENbHas IOBEPXHOCTb, pa3Mep YacTHll.
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Novel Titanium-Manganites of Lanthanum and Alkali Metals

The titanium-manganites of LaMe'2TiMnOs (Me' — Li, Na, K) were synthesized by the ceramic technology
with the high-temperature reaction of oxides of La20s, TiO2, Mn203 with carbonates of Li2COs, Na.COs,
K2COs3 within 800-1200 °C. The X-ray diffraction methods demonstrated that all of them were crystallized in
the cubic syngony with the lattice parameters such as LaLi;TiMnOs — a=13.48+0.02 A,
VO = 2449.46+0.06 A3, Z = 4, V%l ce = 612.8740.02 A3, proent. = 3.81; ppick. = 3.7810.03 g/cm3; LaNaTiMnQOs —
a=14.06£0.02 A, V°=2779.43+0,06 A3, Z = 4, VVP%.cell = 694.96+0.02 A3, proent. = 3.67; ppick = 3.65£0.01 g/em?,
LaKzTiMnOs — a =14.74+0.02 A, V°=3202.52+0.06 A3, Z =4, VCicen=800.52+0.02 A3, proent. = 3.45;
p pick. = 3.4310.01 g/cm?®. Correctness and authenticity of the results on the indexing of X-ray photographs of
titanium-manganite were confirmed with the good experimental and calculated values (10%/d?), the pycnomet-
ric and X-ray densities, and also the theoretical and experimental values of cell volumes. The rising of values
of the lattice parameters of the synthesized titanium-manganites was determined with increasing in the ionic
radii from Li to K.

Key words: titanium-manganite, lanthanum, alkali metals, synthesis, X-ray diffraction, indexing, syngony,
unit cell, lattice parameters.

Introduction

To date the sustained interest in the ferroelectric materials was observed. This is caused by the ability to
develop electrically controlled ultrahigh-frequency (UHF) devices on their basis. The ferroelectric materials
have anomalously high nonlinearity of the dielectric properties. As a result they are very attractive to use in
the ultrahigh-frequency electronics [1]. Manganites of a fixed composition are materials with the high spin
polarization to research some fundamental issues and to use in the spintronic devices and in the magnetic
tunnel structures. The interest in using of manganites is caused by some unique properties such as the high
spin polarization reaching 100 %, high Curie temperature, chemical stability, etc. [2]. Attention is also drawn
to the fact that the semiconductor titanium oxides with transition metal impurities are able to be as the ad-
vancing materials to use in the spin electronics and catalysis [3, 4]. For instance, barium titanate is a tradi-
tional electroceramic material and it has the ferro-, ferroelectric — and pyroelectric properties. It ought to be
noted that the high values of dielectric permittivity in the ferroelectric materials near a transition temperature
permit to use them in the miniature capacitors [5].

It should be pointed out that a field of the potential applications of materials with the colossal magnetic
resistance such as Laix(Ca, Ba)xMnOs; manganites include magnetic field sensors, the reading heads for
high-density magnetic recording, displacement sensors, temperature sensors, bolometers, etc. [6]. Data on
the fuel cells based on perovskite-like solid solutions of (LaosxSros«)1yMnosTiosOss (x = 0-0.25, y = 0—
0.03) are described in [7, 8].

The abovementioned literature review demonstrates that compounds based on manganites and titanates
of the rare-earth elements doped with oxides of s-elements are of the great scientific and practical interest.
As a result, the purpose of this paper is to synthesize and study the X-ray diffraction characteristics of the
novel titanium-manganites of lanthanum and alkali metals.

Experimental

Oxides of lanthanum (IIT) (“puriss. spec.” 99.99 %), titanium (1) and manganese (I11), and carbonates
of lithium, sodium and potassium (production Russia) (“p.a.” 99.0 %) were the initial reagents to synthesize

136 © 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/)


https://doi.org/10.31489/2022Ch4/4-22-6
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2022Ch4/4-22-6
mailto:kasenov1946@mail.ru

Novel Titanium-Manganites of Lanthanum and Alkali Metals

the titanium-manganites of LaMe';TiMnOs (Me' — Li, Na, K). These substances were pre-annealed at
300 °C to remove the adsorption moisture. Then, the stoichiometric amounts of these substances were thor-
oughly mixed and ground in an agate mortar to obtain the titanium-manganites of LaMe';TiMnOs (Me' —
Li, Na, K). Further, the mixtures were placed to the alundum crucibles pre-calcined at 600 °C. Then they
were annealed at 600 °C in a SNOL furnace for 5 h. Mixtures were cooled to a room temperature with the
repeated processes of mixing and grinding. Then the mixtures were heat-treated at 800 °C for 5 h with pro-
cesses of cooling to a room temperature, grinding and stirring. Further the analogous procedures were per-
formed at 1000 °C for 10 h twice and at 1200 °C for 4 h. After repeating the mixing and grinding, a low-
temperature annealing at 400 °C for 10 h was performed to obtain the equilibrium phases at a low tempera-
ture.

Formation of the equilibrium compositions of titanium-manganites was identified with the X-ray phase
analysis on DRON-2.0 diffractometer (production Russia). The recording conditions: CuK,-radiation,
U =30KkV, J=10mA, rotation speed — 1000 pps, time constant t =5 sec and angles 26 from 10 to 90°.
Intensity of diffraction peaks was graded on a 100-point scale.

Results and Discussion

The indexing of X-ray photographs of titanium-manganites demonstrated that all synthesized titanium-
manganites were crystallized in the cubic syngony.

The lattice parameters and X-ray densities were determined. The indexing of X-ray photographs was
performed with the analytical method [9]. Table 1 below demonstrates the indexing results.

Table 1
The indexing of X-ray photographs of LaMe'>TiMnOs (Me' — Li, Na, K) powders

/1, | d/A | 10%d 2%y | hkl | 104/d Ziarc.
LaLizTiMnOe
6 3.89 660.8 410 661.0
100 2.75 1322 433 1322
12 2.50 1600 621 1597
23 2.24 1993 7.11 1982
11 2.06 2356 6.5.0 2368
44 1.94 2657 8.2.0 2643
40 1.57 4057 10.2.0 4075
7 1.41 5030 10.5.2 5011
18 1.37 5328 10.6.1 5341
14 1.22 6719 13.2.0 6718
LaNa,;TiMnOg
10 3.90 657.5 320 658.0
100 2.76 1313 510 1315
11 2.40 1736 530 1720
21 2.23 2011 620 2013
38 1.93 2685 720 2685
33 1.59 3956 752 3945
13 1.37 5328 10.2.1 5311
10 1.23 6610 11.3.1 6625
LaKzTiMnOG
7 3.94 644.2 321 644.0
100 2.82 1257 333 1242
20 2.25 1975 533 1978
30 1.97 2577 642 2577
5 1.74 3305 660 3313
27 1.59 3956 921 3957
12 1.38 5251 871 5246
5 1.23 6610 12.0.0 6626
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It should be stated that the theoretical cell volumes of the synthesized titanium-manganites were deter-
mined with using the actual literature data on the cell volumes of the oxides included in their composition
[10, 11] under the scheme:

VO cet LaMe, TiMNOg = 0.5 V% cenllLaz03 + VOel.cett ME20 +V0%icen TiO2 + 0.5 V% cet MN203, (1)

where Me' — are Li, Na, K.
The X-ray density of compounds (preent.) Was calculated with the formula [1]:
1,66-Mr-Z
proent = V—o ! (2)
where Mr is the molecular weight of a compound; Z is the number of formula units in the lattice; VO is an
elementary cell volume.

Four to five parallel measurements of manganite density were performed in 1-mL glass pycnometers
under the procedure [12]. Toluene was used as an indifferent liquid i.e. it wetted these compounds well. It
was chemically inactive towards them and its density was stable to the temperature changes.

Table 2 below demonstrates the cell parameters, X-ray and pycnometric densities of the synthesized ti-
tanium-manganites.

Table 2
Lattice parameters of titanium-manganites of LaLi2TiMnOe (1),
LaNa TiMnOs (11) and LaK2TiMnOe (111)
Titanium- o %3 o 3 p, g/cm®
manganite a A v A z Voataa, A Proent, Ppick.
I 13.48 £0.02 2449.46 + 0.06 4 612.37 +0.02 3.81 3.78 £0.03
I 14.06 £ 0.02 2779.43 = 0.06 4 694.96 + 0.02 3.67 3.65+0.01
Il 14.74 £ 0.02 3202.52 £0.06 4 800.63 +0.02 3.45 3.43+0.01

Correctness and authenticity of the results on the indexing and determination of the lattice parameters
for titanium-manganites were confirmed with the good experimental and calculated values (10%/d ?), the X-
ray and pycnometric densities, and also the theoretical and experimental data on cell volumes of
LaLi; TiMNnOs (VOreor. = 622.10 A3, Vo = 612.36 A%), LaNa; TiMnOg (V°meor. = 693.71 A3, VO, = 694.86 A%)
and LaK,TiMnOs (Vomeor. = 790.97 A3, Vo, =800.63 A%). All experimental data was processed with
methods of the mathematical statistics.

Based on the described above studies, the obtained titanium-manganites can be attributed to the
perovskite Pm3m space group.

The pattern was observed in change of the lattice parameters of the synthesized titanium-manganites in
transition from Li to K.

The symbate changes i.e. the rising in values of parameters “a”, the lattice volumes and the elementary
cell volumes of titanium-manganites were observed with increasing in the ionic radii from Li to K.

Conclusions

Titanium-manganites of lanthanum and alkali metals of LaMe',TiMnOs (Me' — Li, Na, K) were first
obtained with the ceramic technology, and their syngony types and lattice parameters were determined. It
was found that the lattice parameters of the synthesized titanium-manganites were able to change symbatical-
ly with increasing in the ionic radii of alkali metals. The results are a basis to perform the thermodynamic
and electrophysical investigations, to determine the advancing physical-chemical and physical properties of
the obtained novel titanium-manganites of lanthanum and alkali metals.
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b.K. Kacenos, I11.b. Kacenosa, )X.1. Carsiaracsa, C.O. baiicanos,
H.1O. Jly, E.E. Kyansimb6ekos, M.O. Typri6aea, M.A. HcabaeBa

JIaHTaH JKoHe CIITLII MeTalapAbIH KAHA TUTAH-MAHTAHUTTEPi

Kepamukansik texuomorus omicimen La20s, TiOz, Mn203 rtoteikrapeiasie, Li2COs3, Na:COsz, K2COs
xapOoHnarTapbiMeH 800—-1200 °C apasbIKTa KOFaphl TeMIIepaTypaibsl apekerrecyimen LaMe'2TiMnOs (Me' —
Li, Na, K). Kypamapl THTaH-MaHTaHUTTEpi cuHTE3nenai. PeHTreHorpadms omictepi omapabH OapibIFbI
KeJleciZiell Top mapameTpliepiMeH KyOTBIK CHHTOHHUS/Ia KPUCTAIIAHATHIHABIFBIH aHbIKTaael: Lali2TiIMNnOs —
a=13,48+0,02 A, V°=2449,4620,06 A3, Z=4, VO;ym =612,8740,02 A%, ppewr.=3,81; prucu. = 3,78+
+0,03 r/em3; LaNa2TiMnOs — a = 14,0620,02 A, V° =2779,4340,06 A3, Z = 4, V. yau = 694,96+0,02 A3,
Ppenr. = 3,67; pmen. = 3,65+0,01 r/em?®; LaK2TiMnOs — a = 14,7440,02 A, V°=3202,52+ +0,06 A3, Z =4,
Vs . = 800,5240,02 A3, ppeur. = 3,45; pumar. = 3,43+0,01 r/cm®. TUTAH-MaHTaHMTTEP/IIH PEHTIEHOTpaMMa-
JApBIH MHIULOUPICYAIH HOTHXKEIEPiHiH IONAUTI MEH aHBIKTBUIBIFBI 10%/d? TOKIPUOEITiK MEH TEOPHSIIBIK
MOHIEPIHIH, MHUKHOMETPIIK JKOHE PEHTTCHAIK THIFBI3IBIKTAPBIHBIH JKOHE O3JIEMEHTApIbl YSIIBIKTAP/IbIH
TEOPHSIBIK JKOHE TOKIPHOEIIK KOPCETKIMITEPiHIH KAKCHI YilleciMIiniriMer nonenaeHai. MoHabIK paanyCcThiH
Li-nen K-re s>korapbUIaybIMEH CHHTE3JE]IT€H THUTaH-MAHIAHUTTEP TOP MapaMerpiepi I[aMaiapbiHbIH
apTaTBIH/BIFbI AHBIKTAJIIBL.

Kinm ce30ep: TWTaH-MaHTaHUT, JIAHTaH, CINTUN MeTalAap, CHHTE3, pPEHTreHorpadus, HHAUIUPIEY,
CHHTOHHUSI, DJIEMEHTAPIIBI YSIIIBIK, TOP KOPCETKIIITEP.

b.K. Kacenos, I11.b. Kacenona, XK.1. Carunraesa, C.O. baiicaHoB,
H.I1O. Jly, E.E. Kyansimbekos, M.O. TyprybaeBa, M.A. McabaeBa

HoBble THTAHO-MAHIaHUTHI JIAHTAHA U IICJTOYHBIX ME€TAJIJIOB

MeTooM KepaMHYecKOl TEXHOJOTHH C BBICOKOTEMIIEpPATypHBIM B3auMoeiicTBueM okcuioB Lax0s, TiOz,
Mn203 ¢ kapGonaramu Li2COs3, NaxCOs, K2COs B unrepsane 800-1200 °C cHHTE3MpOBaHBI THTAHO-
MaHTaHuTH coctaBa LaMe'sTiMnOs (Me' — Li, Na, K). Metonamu peHTreHorpaduu yCTaHOBIEHO, UTO BCE
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B.K. Kasenov, Sh.B. Kasenova et al.

OHH KPHCTAJUTH3YIOTCS B KYOHUYECKOM CHHTOHHH CO CIeAyIommMMe napamerpamu pemerku: LaLi:TiMnOs —
a=13,48+0,02 A, V°=2449,46+0,06 A3, Z =4, V. =612,87+0,02 A3, pperr. = 3,81; puur. = 3,7840,03 r/em’,;
LaNa;TiMnOs — a = 14,06+0,02 A, V°=2779,43+0,06 A3, Z =4, VO = 694,96+0,02 A%, ppeur. = 3,67;
Prmar, = 3,65+0,01 r/em®; LaKeTiMnOs — a = 14,74+0,02 A, V°=3202,52+0,06 A%, Z = 4, V.. = 800,52+
+0,02 A3, ppenr. = 3,45; P = 3,4340,01 1/cm®. KOPpEeKTHOCTH M IOCTOBEPHOCTH PE3YIBTATOB HHIMIMPOBA-
HUSI PEHTTEHOIPaMM THTAaHO-MAaHTaHHUTOB MOATBEP)KIATICH C XOPOLIMM COTJIACHEM OIBITHBIX M PAaCUeTHBIX
suavernii 10%/d 2, TMKHOMETPUYECKMX W PEHTTEHOBCKUX TUIOTHOCTEH, & TAKIKE TEOPETHUECKHX U OTBITHBIX
3HaueHHIT 06BEMOB IEMEHTAPHBIX sideeK. BBISIBICHO, 4TO MOBBINIEHHEM HOHHBIX paamycoB ot Li k K yBenn-
YHUBAIOTCS BEJNYHMHBI IAPAMETPOB PELIETOK CHHTE3UPOBAHHBIX THTAHO-MAHI'aHUTOB.

Knrouegvie cnosa: TUTAaHO-MAHI'aHUT, JIaHTaH, IICJIOYHBIC METAJLJIbI, CUHTE3, peHTreHorpa(bnﬂ, UHIUIUPOBa-
HHUE, CHHTI'OHUS, DJIEMECHTapHast 5{‘{6171}(8., napaMeTphl peHICTOK.
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Synthesis and Microwave Absorption Properties of (NigsZnosFe,04/CI1/CB)
Ternary Composites

In this work, ternary composites of NiZn ferrite/carbonyl iron/carbon black (NiosZnosFe.04/Cl/CB) were
prepared via two stages. Firstly, NiosZnosFe204 was prepared by a self-combustion method using sucrose as a
fuel. After that, the operation was continued via mixing CB, CI, and Nio.sZnosFe204 through grinding balls.
Three various weight ratios of Nio.sZnosFe204/CI/CB (1:1:1, 1:1:2, and 2:1:1) with various thicknesses (2—4—
6 mm) were prepared. The absorbers were prepared by dispersing (Nio.sZnosFe204/Cl/CB) composites with a
weight ratio within a paraffin wax matrix of 40 % w/w. X-ray diffractometry and FTIR spectroscopy were
used in order to characterize the samples. The morphology of the powders was investigated by SEM. The
functional characterization was accomplished by measuring the microwave absorption properties in the fre-
quency band of 8.8-12 GHz. The microwave absorption materials (MAMs) showed wide bandwidths under
—10 dB in the range of 2.81-3.20 GHz and reasonable surface density in the range of 3.625-4.041 kg/m?. The
absorber of 3.20 GHz bandwidth had a minimal reflection loss of —19.4 dB at the matching frequency of
9.92 GHz with a thickness of 6 mm.

Keywords: Nizn ferrite; Carbonyl iron, Carbon black, Reflection loss, Absorption bandwidth, Matching fre-
quency, Paraffin wax matrix, Surface density.

Introduction

Electromagnetic interference (EMI) would be regarded as an unwanted result of modern technology that
has dangerous effects on human health, intelligent devices, and military industries. Consequently, this EMI
has become a critical worldwide issue and its alleviation could be accomplished only by utilize of EMI
shielding materials. Nowadays, several magnetic loss materials such as hexagonal ferrites, spinel ferrites, and
carbonyl iron or dielectric loss materials such as conductive polymers and carbonaceous materials have
played a significant role in high-frequency EM wave absorption. Nevertheless, the drawbacks involving ele-
vated density, low reflection absorption, and narrow wideband have hugely limited conventional loss materi-
als’ workable benefits for EM wave absorption. In recent years, MA composites based on carbon, carbonyl
iron, and ferrite, have obtained significant concern due to their excellent electrical and ferrimagnetic charac-
teristics. Carbonaceous materials-based composites have pulled in major attention for microwave absorption
lately because of the unique structure of carbon-based materials. Carbon black is usually used to fit the re-
quirements of high-effective microwave attenuation materials because of its superior characteristics, for ex-
ample, high permittivity, high specified surface region, huge interface, etc. Carbon black has a unique place
in the band of elevated-frequency MAMs. Furthermore, spinel ferrites and carbonyl iron have excellent MA
characteristics due to their unique magnetic characteristics. NiZn ferrites and carbonyl iron are considered
suitable materials for high-frequency implementations [1, 2]. When NiZn ferrite and carbonyl iron are mixed
with carbon black, the MA characteristics of the resultant composite are anticipated to enhance. According to
this, BaFe12010/Cl absorbers with various powder ratio compositions in the frequency range of 2-18 GHz
were successfully prepared by Feng et al. [3]. The single-layer and double-layer absorbers were prepared,
and their MA characteristics were studied. The outcomes showed that the double-layer absorber was clearly
more than that of the single-layer absorber. Where the reflection loss (RL) for the double-layer absorber was
—13dB in the frequency range (6-18 GHz) and less than —8 dB in the frequency range (2-18 GHz). The
thicknesses of the absorbers were 3.6 and 3.7 mm, respectively. On the other hand, Yan et al. [4] prepared a
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mixture of doped polyaniline (PANI) coated porous structure carbonyl iron powder (CIP) and graphene
sheets. The results showed that the absorption bandwidth under —10 dB (BW-1048) Was 4.6 GHz for 2 mm
thickness for the composites with 40 wt.% of PANI@ porous CIP and 5 wt.% of Graphene. The outcomes
showed that graphene-PANI@ porous CIP was a promising wave absorbing composite material. Until now,
to the best of our knowledge, no studies have been reported on the MA properties of composites made up of
Nizn ferrite/carbonyl iron/carbon black (NiosZnosFe.04/CI/CB). In this work, a perfect absorber was ob-
tained by incorporating NigsZnosFe-Os and Cl (magnetic loss materials) and CB (dielectric loss material)
within a paraffin wax matrix. Where we study the effect of different weight ratios of NiosZnosFe.04/CI/CB
and its effect on the MA properties. A distinct feature of this work is that NizZn ferrite was synthesized
through a self-combustion method utilizing polyvinyl alcohol (PVA) as a chelating agent. After that, the op-
eration is continuous through mixing and grinding CB, CI, and NiZn ferrite by grinding balls.

Experimental

Chemicals: polyvinyl alcohol (PVA) (hydrolyzed, MW: 72000), nickel(Il) nitrate hexahydrate
(Ni(NOs3)2-6H-0, 98.3 % purity), zinc nitrate hexahydrate (Zn(NOs).-6H-0, 98.7 % purity), and iron(ll1) ni-
trate nonahydrate (Fe(NOs)s-9H20, 98.2 % purity) were purchased from TRADING COMPANY ANT, Rus-
sia. On the other hand, carbonyl iron (CI, 99.6 % purity)) and carbon black (CB, 99.5 % purity)) were pur-
chased from Cabot Norit Company, Netherland.

Instruments used: A powder X-ray diffractometer (XRD, Rigaku Miniflex 600, Cu-Ka) was used for
determining the crystal structures of the powders. Fourier Transform IR (FTIR) spectra were recorded on a
Perkin Elmer spectrum 65 FTIR spectrometer in the range of 400-4000 cm™. A scanning electron micro-
scope (FEI Quanta 200 3D) was used for determining the powders morphology. The microwave absorption
properties of the prepared samples were calculated by using the horn antenna connected to an oscilloscope
(AKTAKOM ADS-2221M).

Methodology:

1. Synthesis of NizZn ferrite, carbonyl iron and carbon black powders

Ferrite (NiosZnosFe;O4) nanoparticles were prepared by a self-combustion method. NigsZnosFe204
were synthesized by taking appropriate amounts of (Ni(NOs),-6H20), (Zn(NOs),-6H,0), and
(Fe(NOs3)3-9H:0). They were blended together with an aqueous solution of sucrose (2 moles per metal ion)
and 1 % an aqueous solution of polyvinyl alcohol. The whole mixture was blended totally and heated at
90 °C for 7 h to shape a viscous liquid. The heating process was accompanied by the evolution of brown
fumes of NO; from the decomposed metal nitrate salts. Then, the mixture was transferred to the furnace for
drying for 2 h at 200 °C to obtain a fluffy carbonaceous pyrolyzed mass. After that, the resulting mass was
annealed for 4 h at 650 °C to obtain nanoparticles of ferrite. Typical images of a prepared ferrite by a self-
combustion method are shown in Figure 1. On the other hand, CI and CB were purchased from Cabot Corpo-
ration Company. The average particle size of Cl and CB powders was measured utilizing the sieve shaker
and it was between 10-25 pum and 2-8 um, respectively. Cl and CB powders were milled for 12 h at 300 rpm
via grinding balls to obtain fine powders.

2. Synthesis of NiosZnosFe204/CI/CB composites

Ferrite nanoparticles were mixed and milled with Cl and CB powders by grinding balls. Three various
weight ratios of NigsZnosFe,04/CI/CB (1:1:1, 1:1:2, and 2:1:1) were synthesized. The NigsZnosFe,04/CI/CB
composites were milled for 1 h at 300 rpm.

3. Preparation of absorber samples

Paraffin wax was symmetrically blended with NigsZngsFe-04/CI/CB composites powders with a weight
ratio of 40 % w/w within a paraffin wax matrix by heating and stirring for 15 min. Afterward, the single-
layer samples were molded to the dimensions of 50x50 mm with various thicknesses (2—4-6 mm) to measure
RL in the frequency band of 8.8-12 GHz.

4. Experimental setup for measuring reflection loss (RL)

The metal plate is put to reflect the transmitted power of the EM waves as shown in Figure 2. As a con-
sequence, the transmitted power of the EM waves (p;) is negligible in microwave absorption. Microwave
absorption properties of the prepared samples are estimated with the free-space technique as shown in Fig-
ure 3. EM waves are generated by a microwave generator in the frequency band of 8.8-12 GHz, where a mi-
crowave generator is connected by a WR90 waveguide instrument (IEC Standard R100, X Band). The inci-
dent EM waves (p;,) are measured by the horn antenna connected to an oscilloscope (Fig. 3), then a prepared
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sample is placed on the metal plate at an angle of 45° to measure the reflected power of the EM waves ( P, )
by an oscilloscope (Fig. 4). As a result, one can calculate the RL by applying the equation (1) [5, 6]:

RI(dB)=10log P )

ref

=
—

a — the metal salts aqueous solution in the flask; b — blending totally the whole mixture;
¢ — heating the solution at 90 °C; d — formation of a viscous liquid,;
e — formation of a fluffy carbonaceous pyrolyzed mass; f — obtaining nanoparticles ferrite

Figure 1. Synthesis of NiZn ferrite nanoparticles by a self-combustion method
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MAMs

_ Metal

1 — microwave generator; 2 — waveguide instrument (IEC Standard R100, X Band);
3 — horn antenna; 4 — oscilloscope

Figure 3. Experimental setup for measuring the incident power of the EM waves by the free-space technique

Figure 4. Experimental setup for measuring the reflected power of the EM waves by the free-space technique
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5. Statistical processing of experimental data

Four samples of NigsZnosFe,04/CI/CB composites were designed for each thickness (2-4-6 mm) to
measure the microwave absorption properties. Statistical processing is used to describe the experimental da-
ta. For an estimated statistic, we can use a confidence interval. The purpose of a confidence interval is to
supplement the value estimate of the sample within the formation of the uncertainty in this estimate. The
method estimate + margin of error is used to get an interval based on each sample. The margin of error is
given by the equation (2) [7]:

Margin of error = 7" standered deviation , @)
Jn

where Z” is the confidence level which is selected at 95 %. The value of Z" for a specific confidence level is
1.96; n is the size of the sample that is used to compute the margin of error.
The confidence interval is given by the equation (3) [7]:

standered deviation

N

®3)

Confidence interval = Sample mean + Z” -

Results and discussion

XRD patterns

The XRD patterns of NigsZnosFe204, Cland CB powders are shown in Figure 5. For the NigsZnosFe,0a4
pattern, nine diffraction peaks were observed, which conformed to (hkl) planes of (111), (220), (311), (222),
(400), (422), (511), (440) and (533), respectively. The ideal spinel structure was observed by the peaks of
NiZn ferrite [8]. All the observed peaks of NiosZnosFe.Os matched with the standard XRD pattern (JCPDS,
PDF no. 08-0234). On the other hand, for the carbonyl iron pattern, three characteristic peaks were observed,
which conformed to (hkl) planes of (100), (200), and (211), respectively. The XRD pattern of carbonyl iron
resembles crystallites in which the sample mainly contains a-Fe phase [9]. All the observed peaks of CI
matched with the standard XRD pattern (JCPDS, PDF no. 06-0696). Finally, for the CB pattern, two charac-
teristic peaks were observed, which conformed to (hkl) planes of (002) and (100), respectively [10].
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Figure 5. XRD patterns of NigsZnosFe>O4, carbonyl iron and carbon black
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FTIR spectra

The FTIR spectrum of the NigsZnosFe-.Os, Cl and CB powders is shown in Figure 6. For the
NiosZnosFe204 nanoparticles, two peaks at 565.4 cm™ and 432.3 cm™ are referred to the stretching vibration
of (Fe-O), which emphasizes the forming of the metal-oxygen in ferrite-based [11]. On the other hand, the
peak at 1630.4 cm™ in NigsZnosFe204, Cl, and CB is referred to C=0 stretching vibration, and the peaks at
2348 cm™ and 3452 cm are referred to O-H stretching vibration [12, 13].

Y
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Figure 6. FTIR spectra of NiZn ferrite, carbonyl iron and carbon black

SEM analysis

The powders morphology was investigated by SEM. The agglomerated spherical particles of NiZn fer-
rite and the spherical particles of carbonyl iron (Fig. 7a, b) were observed with the average diameters to be
ranging between 18-52 nm and 0.2-2.4 um, respectively. On the other hand, the average particle size of car-
bon black powder (Fig. 7c¢) was found to be ranging between 75-481 nm.

| HV |mag O[ mode | WD | HFW
30.00 kV| 50 000 x | Custom | 9.0 mm |5.97 ym

HV mag O | mode WD HFW |
15.00 kV|30 000 x| Custom [10.0 mm |9.95
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Figure 7. SEM images of (a) Nizn ferrite, (b) carbonyl iron and (c) carbon black

Microwave absorption properties
MA properties of the F/CI/CB composites with various thicknesses (2—4—-6 mm) at the weight percent-

age of the absorber within a paraffin matrix (40 % w/w) were studied. The results of this investigation are
exhibited in Figure 8 which illustrates the changing of the RL as a function of the EM wave frequency. The
RL of the prepared samples was measured by the variation between the power of incident ( p,, ) and reflected

( p,s ) EM waves as shown in Figure 3 and Figure 4. The RL curves of the samples were obtained from equa-

tion (1). The BW_1048, RLmin and f were deduced from RL curves. Figure 8 shows that the RL attenuation
peaks of samples moved to lower frequencies with increasing sample thickness. This phenomenon may be
defined by the quarter-wavelength (A/4) cancellation model, as shown in equation (4) [14-16]:

C
t = 4)
at, Ju e

where |ef| and |w| are the modulus of the measured complex relative permittivity (e,) and permeability
(u,) at matching frequency (fm), respectively; c is the velocity of light.
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Figure 8. RL curves of (a) F/CI/CB-111 composite; (b) F/CI/CB-112 composite
and (c) F/CI/CB-211 composite at various thicknesses (2—4—-6 mm)
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It can be noticed from equation (4) that the fn, is inversely proportionate to the thickness of an absorber.
Furthermore, Table 1 shows the F/CI/CB composites have reasonable surface density, ranging from 3.625 to
4.041 kg/m?, and wide bandwidth extending from 2.81 to 3.20 GHz. The absorber of 3.20 GHz bandwidth
has a minimal reflection loss of —19.42 dB at the matching frequency of 9.92 GHz with a thickness of 6 mm.
One can conclude that the optimal absorption can be accomplished by modifying the absorber thickness of
the absorber within a paraffin matrix. In addition to that, one can notice the impact of incorporating
NiosZnosFe,04 and CI (magnetic loss materials) and CB (dielectric loss material) on the MA properties of
the prepared absorber. This incorporation leads to an effective and low thickness absorber with a wide band-
width under —10 dB [17]. Statistical processing was used to describe the experimental data, as the experi-
ments showed the effect of sample density on microwave absorption properties (Table 1), as a result, the
confidence interval on the microwave absorption properties was studied.

Table 1
MA behavior of NiosZnosFe204/CI/CB composites at various thicknesses (2—4-6 mm)

Composite samples t (mm) RLmin (dB) fm (GHZ) BW_1048 (GHZ) SD (kg/m?)
2 -18.324+0.86 11.52+0.25 3.20+0.01 3.861+0.007

F/CI/CB-111 4 —18.54+0.71 10.34+0.36 3.20+0.01 3.874+0.006
6 —19.42+0.83 9.9240.14 3.20+0.01 3.892:+0.004

2 —17.36+0.62 11.34+0.37 3.20+0.01 3.625+0.005

F/CI/CB-112 4 —16.33+0.86 10.41+£0.16 2.924+0.05 3.643+0.005
6 —15.58+0.73 9.824+0.23 2.81+0.03 3.652+0.008

2 —18.46+0.71 11.73+£0.13 3.20+0.00 4.012+0.009

F/CI/CB-211 4 —17.31£0.79 10.96+0.38 3.20+0.00 4.027+0.007
6 —15.82+0.61 10.00+0.35 3.20+0.00 4.041+0.006

Conclusion

F/CI/CB microwave absorbers were synthesized within a paraffin matrix successfully. NigsZnosFe204
and CI were used to enhance the mechanism of magnetic loss, while CB was introduced to enhance the
mechanism of dielectric loss. As a result, one can notice the impact of combining NiosZngsFe204, Cl and CB
on the MA properties of the absorber. This combination leads to an effective and low thickness absorber with
a wide BW.1048. The results refer that by sufficient control of the thickness of the absorption material and the
weight ratio of F/CI/CB, we can design a wideband absorber based on F/CI/CB in the frequency band of 8.8—
12 GHz.
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A. Xy6u, A.A. Xapmenos, 1. Artaccy,
JK.T. baramaposa, C. Meip3ayineBa, b.A. Kopibaes

YmTik KOMIIO3UTTEPAIH CHHTE3i 2K9HE MUKPOTOJIKBIH/ABI CiHIpY KacuerTepi
(Nio,5ZnosFe204/C1/CB)

XKymsicra deppur NiZn/remip kapoormn/ kapa kemiprek (NiosZnosFe204/CI/CB) ymTik KOMIO3UTTEpI eKi
Ke3eHae anblHapl OipiHmineH, NiosZnosFe204 e3niriHeH jxaHy apkpUibl anblHApl. OnaH KeWiH yHTakTay
mapmapel  apkeutel CB, CI xoHe NiosZnosFe204 apamacTelpybIMeH omepanmust KaiaFacTbl. ©Op Typii
KaTbIHABIKTarbl (2—4-6 mM) NiosZnosFe20s (1:1:1, 1:1:2 sxeme 2:1:1) ym Typmi caamak KaTbIHACHI
nmabiHaanael.  AGcopbeprnep canmarbl OoiibiHma 40 % mapaduumi Oamaysl3s MaTpHIACHIHIA CAIMaK
KathiHackl Oap kommosutrepai (NiosZnosFe204/CI/CB) mucnepcusiiay apKbUIbl JKacaiasl. Y JITUIepi
cHUIaTTay YIIiH peHTreHmik audpakromerpus sxoHe FTIR crekTpockommsichbl KONaaHbUIaasl. Y HTaKTapIbIH
Mopdoorusicel SEM apkputel 3eprrenni. @yHkunoHanask cunartama §8,8—12 T skuinik Iuama3oHbIHIA
MHUKPOTOJIKBIHABI CIHIpY KacHETTEpiH eJey apKbUIbl OPBIHAAIIE. MUKPOTOIKBIHIB! CIHIPY MaTepHaigaphbl
2,81-3,20 I'Tu amanasonbinna —10 nb-7eH ToMeH KeH OTKi3y KaOineTTilirin sxome 3,625-4,041 kr/m?
ITMANa30HbIHAA KOJTAWIbl OET THIFBI3IBIFBIH KOpceTTi. OTKi3y xkomarsl 3,20 T, KamsIHABIFE 6 MM 0OJaTHIH
abcopbep 9,92 I'T'1y coiikec xwuinikre —19,4 n1b marbuTy IbIH MUHUMAIIIBI )KOFATYbIHA HE.

Kinm ce30ep: NiZn ¢epputi, kapOOHWIAI TeMmip, Kapa Kyie, IHIaFbUIbICY JKOFalTYbl, CIHIPY >KOJaFbl,
COMKeCTIK JKHUiJiT, mapaduuai 6anaybI3 MaTPUIACKI, OCTTIK THIFBI3/BIFBL.

A. Xy6mu, A.A. XKapmenos, U. Ataccu,
XK.T. baramaposa, C. Meip3anuesa, b.A. Kapubaen

CuHnre3 n MHUKPOBOJHOBbBIC MOIJIOIIAIOIIIUE CBOMCTBA TpOﬁHLIX KOMIIO3UTOB
(Nios5ZnosFe204/CI/CB)

B Hacrosimieit pabore OBbUIM MOJydYeHBI TPOitHBIE KOMIO3UTHI (Gepputr NiZn/kapOoHmn Kenesa/caxa
(Nio5ZnosFe204/CI/CB) B aBa srana. CHavyana METOJOM CaMOBO3TOpaHust ObLT mosty4yeH Nio,sZnosFe204. TTo-
CJie 3TOTro omeparys npoaosnkaitack myteM nepemennBanusi CB, CI u NiosZnosFe204 uepe3 mentonue ma-
pbl. BBUIHM H3rOTOBJIEHBI TPU Pa3IMYHbIX BECOBBIX cooTHOIIEeHUs NiosZNosFe204/CI/CB (1:1:1, 1:1:2 n 2:1:1)
paznuuHol ToimMHEL (2—4—6 MM). ITIOTJIOTHTENM HM3rOTOBISUIM IyTEM AWUCHEPIHPOBaHUS KOMIIO3UTOB
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(Nio,5ZnosFe204/CI/CB) ¢ MaccoBbIM COOTHOLICHHEM B MaTpHIie napapuaoBoro Bocka 40 % mo macce. Pent-
reHoBckast audpakromerpusi 1 FTIR-CeKTPOCKONHMST HCIONB30BAIKCH Ul XapaKTEePHUCTHKH 00pa3IoB.
Mopdonorus nopomkoB Obula HccenoBaHa ¢ nomoubo COM. DyHKIMOHATbHAS XapaKTEPUCTHKA MOJTyde-
Ha ITyTeM M3MEPEHHs XapaKTEepUCTUK IOITOIIEHHs MUKPOBOJIH B quanasoHe yactor 8,8—12 I'Tu. Matepua-
JIBI, TOTJIOIIAFONINE MUKPOBOJIHOBOE H3aydeHue (IIMI), mokaspiBay MIPOKYIO MONOCY MPOITyCKaHHS HIKE
—10 16 B mmamasone 2,81-3,20 I'Tm m mpuemieMylo IOBEPXHOCTHYIO IUIOTHOCTH B mpenene 3,625—
4,041 xr/m?. TlormoTuTens ¢ monocoi mpomyckanus 3,20 TT iMeeT MUHMMANTBHEIE TOTEPH HA OTPAKEHHE —
19,4 nb Ha yactote cornacoBanus 9,92 I'Tu npu TonmuHe 6 MM.

Kniouesvie crosa: peppur NiZn, kKapOOHHIBHOE XKeNe30, caka, IOTEPH Ha OTPAKEHHUE, IIHMPUHA ITOJIOCHI MO-
TJIOMIEHHUS, YaCTOTa COTTIaCOBaHMUs, Mapa)MHOBAs MaTPHUILA, TIOBEPXHOCTHAS INIOTHOCTb.
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Electrochemical Method for Producing a TiO2 Film
with Photocatalytic Properties

The purpose of this work is to study the production process of titanium dioxide during anode polarization in
sulfuric acid and hydrochloric acid solutions. The studies were carried out by recording cyclic voltammogram
and by measuring the titanium oxidation current with a change in the voltage between the electrodes. It has
been established that with a change in the concentration of sulfuric acid in the range of 50-250 g/l and the
voltage between the electrodes in the range of 0-25 V, the magnitude of the titanium oxidation current in-
creases and reaches 29.4 mA. With an increase in the concentration of hydrochloric acid from 35 to 100 g/l
and a change in the voltage between the electrodes, the titanium oxidation rate increases evenly, but in the
voltage range of 10-12 V, a sharp increase in the current magnitude up to 360 mA is observed. A change in
the oxidation current indicates an increase in the rate of titanium dissolution. With an increase in the duration
of electrolysis, the magnitude of the anode current generally decreases. In all probability, at a voltage of 14 V
and higher, a breakdown of the oxide semiconductor film of titanium dioxide is observed in the hydrochloric
acid solution. In this regard, a noticeable dissolution of titanium occurs and, subsequently, an oxide film is
not produced, but titanium ions are produced. Visual observations have shown that titanium passes into solu-
tion in the form of titanium (1V).

Keywords: titanium dioxide, coating, electrode, electrolyzer, polarization, voltage, sulfuric acid, hydrochloric
acid.

Introduction

Titanium and its compounds have unique physical, chemical and technical characteristics, and therefore
have many applications. Of particular interest is titanium dioxide in the form of powders, as well as in the
form of a film produced on its surface. For example, nanocrystalline titanium dioxide (TiO,) films have pho-
tocatalytic properties, and therefore are used in solar cells as an N-type conductivity material and a hole-
blocking layer. The thickness of the TiO; film and its structure have a significant effect on the characteristics
of the solar cell [1].

Titanium dioxide has semiconductor properties and is used in heterogeneous catalysis processes. The
photocatalytic activity of titanium dioxide is determined by its physicochemical properties, which depend on
the conditions of production [2-6]. Due to its photocatalytic activity, TiO, contributes to improving the
efficiency of water and air purification processes from toxic organic impurities, to synthesize hydrogen as a
result of water photocatalysis, to reduce CO; to CH,4 and its homologues [7-10].

Titanium dioxide is increasingly being used as a photocatalyst due to its high chemical resistance, lack
of toxicity and low cost [11].

The authors [12] A.K. Abildina, K. Avchukir, R.Z. Dzhumanova, et al. present the results of a study of
the morphological characteristics of an anode based on titanium dioxide powder using ellipsiometry, scan-
ning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS) and X-ray dif-
fraction (XRD), as well as electrochemical properties by cyclic voltammetry. The main stages of anode pro-
duction were: dispersing, mixing the initial reagents for obtaining homogenized paste and its coating to a
substrate, drying and cutting the electrodes. The results of ellipsiometry, SEM and EDS showed a uniformly
distributed layer of about 200 pm thickness with porous structure, particle diameter in the range of 50-80 nm
and titanium dioxide content (45.7 %). The XRD data confirm the formation of an active anode matrix with a
monoclinic crystal lattice corresponding to the modification of titanium dioxide (B) with small inclusions of
anatase. The electrochemical behavior of the resulting electrode was examined in an Mg(TFSI). solution

152 © 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/)


https://doi.org/10.31489/2022Ch4/4-22-10
https://doi.org/10.31489/2022Ch4/4-22-10
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2022Ch4/4-22-10
mailto:azhar_b@bk.ru

Electrochemical Method for Producing a TiO2z Film ...

based on acetonitrile. In [13], a self-organized nanotubular titanium dioxide (TiO) array was obtained by
anodizing pure titanium in a mixture of glycerol, distilled water (8 % vol.), and ammonium fluoride using a
system with two electrodes. The size and distribution of nanopores were controlled in the DC voltage range
from 30 V to 60 V. It was shown that the diameter of TiO> nanopores depends on the anodizing voltage.
There are research works [14], which show that electrodes for a supercapacitor were prepared by doping tita-
nium dioxide with gold. It has been established that electrodes with a low gold concentration have the best
electrochemical characteristics.

A one-step electrochemical method for the deposition of nanocrystalline titanium dioxide films on vari-
ous carbon substrates is presented by authors [15]. By optimizing the synthesis conditions, the electrodeposi-
tion of layers of nanocrystalline and porous titanium dioxide was achieved in only a few minutes. The phase
composition of TiO, was controlled by varying the composition of the solution. The photoelectrochemical
performance of the electrodeposited titanium dioxide films was better or at least comparable to the bench-
mark P25 titanium dioxide films.

Ali, H.M. in the review [16] presented detailed information about the properties and applications of ti-
tanium dioxide. He emphasizes the distinctive characteristics of titanium dioxide, such as high refractive in-
dex, extremely high melting and boiling point, high toughness and hardness, photocatalytic nature, ability to
absorb or reflect UV rays, DeNox catalyst, nontoxicity, inertness, etc., have led to massive use of TiO; in
various traditional as well as advanced engineering applications.

The purpose of this work is to study the production process of titanium dioxide during anode
polarization in sulfuric acid and hydrochloric acid solutions. The studies were carried out by recording cyclic
voltammogram and by measuring the titanium oxidation current with a change in the voltage between the
electrodes.

The novelty of the work is due to the fact that for the first time the investigation results of the TiO;
oxide films formation process on the surface of a titanium electrode by measuring the value of the oxidation
current depending on the voltage between the electrodes are presented.

Experimental

The mechanism of titanium dioxide production on the titanium surface was studied by recording anode-
cathode cyclic voltammograms and by electrolysis under potentiostatic conditions. VVoltammograms recorded
with a Cortest CS120 single-channel potentiostat (potential range/resolution: £10 V/10 mV, current
measurement range +2 A) (Corrtest Instruments Company, China). The voltammograms are recorded using
the NOVA 1710 program installed on a personal computer. The main voltammograms were recorded at a
potential scan rate of 100 mV/s. Polarograms were recorded in a three-electrode cell. The surface edge of a
titanium wire with a diameter of 1.5 mm was used as the working electrode, and a platinum wire was used as
the second additional electrode. A silver chloride electrode immersed in a saturated solution of KCI was used
as a reference electrode (E=+203 mV).

Titanium was used for the experiments, the purity of which corresponds to the elemental analysis data
given in Table 1 (all results in mass.%):

Table 1

Elemental composition of metallic titanium

Spectrum Ti Si Al 0] Total
Spectrum 1 97.56 0.30 0.48 1.67 100
Spectrum 2 98.16 0.30 0.51 1.03 100
Spectrum 3 97.24 0.44 0.44 1.88 100
Average 97.65 0.34 0.48 1.52 100

Further, to clarify the mechanism of production of the titanium oxide film, electrolysis was carried out
under potentiostatic conditions, i.e. at certain voltages between the electrodes. The schematic diagram of the
installation for obtaining a titanium dioxide film on the titanium surface is shown in Figure 1.

The anodic behavior of the titanium electrode was studied in sulfuric acid (0-250 g/l) and hydrochloric
acid (0-100 g/l) solutions. The experiments were carried out in an electrolyzer with a volume of 100 ml, a
titanium plate was used as a cathode. The electrolysis was carried out under stationary conditions, i.e. in the
absence of electrolyte mixing. The electrodes were polarized using a GPS-1830 D current rectifier.
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1 — electrolyzer; 2 — titanium electrodes; 3 — electrolyte (different medium);
4 — ammeter; 5 — voltmeter; 6 — rectifier; 7 — key

Figure 1. Schematic diagram of the installation for obtaining a TiO- film on the surface of a titanium electrode

We carried out preliminary studies, which showed that during the anode polarization of the titanium
electrode, a very small current flows through the circuit. The electrode surface is instantly covered with an
oxide film, and passivation occurs. In this regard, we studied the effect of the voltage between the electrodes
on the current value to study the conditions for the production of titanium dioxide films on the surface of the
titanium anode.

The structure of the titanium dioxide film obtained as a result of electrolysis was investigated by
methods of physico-chemical analysis. Micrographs of the surface of the synthesized electrode and its
elemental composition were obtained using a JSM-6610 LV Scanning Electron Microscope (JEOL company
(Japan). Images of the obtained films were taken using a Canon EOS 2000D EF-S 18-55 SLR camera
(Canon company (Japan).

Results and Discussion

On the anode-cathode voltammograms, obtained in a solution of sulfuric acid with a concentration of
100 g/l, a weakly noticeable maximum is observed at a potential of 0.01 V (Fig. 2). When the potential is
shifted further, in the anode direction, the height of the current maximum does not increase. At the same
time, it is visually seen that the titanium surface darkens, in all likelihood, titanium oxide films are produced.
We believe that, at these potentials, titanium is oxidized through the stage of production of TixOy oxide films.
With a further shift of the anode potential to “plus” 2.6 V, oxygen release on the surface of the titanium elec-
trode is not observed. When the potential is shifted in the cathode direction, at potentials close to “minus”
1.2 V, the hydrogen ion reduction current is observed on the voltammogram.
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H2S04 — 100 g/l; V = 100 mV/s; t = 25 °C

Figure 2. Cyclic anode-cathode voltammograms of titanium electrode in sulfuric acid solution
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Then the anode-cathode cyclic voltammograms were recorded in hydrochloric acid solution. The volt-
ammograms have a similar character, but the value of the anode trans-passivation current has a higher value.
The voltammograms are analogous, but the value of the anode transpassivation current is higher. This indi-
cates a more active anodic oxidation of titanium with the production of titanium oxide films.

Based on the analysis of the anode-cathode cyclic voltammograms, it can be assumed in acidic
solutions during anode polarization, an oxide film is produced on the titanium surface and, possibly, the
electrode is partially dissolved at a very low rate. In this case, the following reactions can occur on the
titanium anode:

Ti—3e — Ti* Eo=-1.23V; (1)
Ti + 2H,0 — de~ — TiO; + 4H* Ee=-1.00V; )
Ti + HoO — 4~ — TiO? + 2H* °=_0.88 V. 3)

The main objective of this article is to obtain titanium dioxide on the surface of titanium metal in the
form of a thin film. Preliminary studies have shown that during anode polarization of a titanium electrode in
aqueous solutions, titanium dioxide (TixOy) is produced on its surface depending on the experimental
conditions (i.e., on the voltage between the electrodes, current density, solution composition, electrolyte
temperature, etc.). It is established that, depending on the polarization conditions, various colors of titanium
dioxide is produced on the titanium surface.

With anodic polarization of the titanium electrode, apparently it is completely passivated immediately.
However the detected currents on the voltammograms and the change in the color of the electrode surface
show that titanium is not completely passivated, and its dissolution continues through a layer of oxide films.
We have studied the processes occurring under various conditions of electrolysis. The results of the study
showed that first a thin layer of titanium oxide with high electrical resistance is formed. Then there is a
further increase in the thickness of the titanium oxide films at a very low rate. The oxidation of titanium and
the formation of the next layer occur according to a very complex mechanism. The production of new TiO;
oxide film layers can occur as a result of titanium ionization reactions through micropores of the obtained
oxide films. These processes, depending on the conditions of electrolysis (the composition of the electrolyte,
the voltage between the electrodes, etc.), the reaction rate of oxide films production proceed differently.

We have studied the rate of titanium oxidation and the production of TiO- on its surface depending on
various parameters. The influence of the voltage between the electrodes on the current power of titanium
oxide production at various concentrations of sulfuric acid is established. The results are presented in
Table.2. It is shown that with the concentration growth of sulfuric acid and the voltage between the
electrodes, the initial current value for obtaining titanium oxide films by reaction (2) increases (Table 2). For
example, at a voltage between the electrodes of 15.0 V, the titanium oxidation current at concentrations of
50, 150, 250 g/l, respectively, is 11.7; 15.5; 18.9 mA. At a concentration of sulfuric acid of 150 g/l and at a
voltage between the electrodes of 5.0 V, the oxidation current is 10.0 mpa, and at 25.0 V is 26.1 mA.

Table 2

Influence of voltage between the electrodes on the value of the anode current at various concentrations
of sulfuric acid (the current value was measured 3 minutes after the voltage was applied)

The value of the anode current, mA
H2SOq4, g/l E,V
0 5.0 10.0 15.0 20.0 25.0
50 0 1.1 5.0 11.7 16.0 23.4
150 0 10.0 12.4 15.5 19.3 26.1
250 0 12.2 13.3 18.9 20.8 29.4

The experimental results showed that, in all cases, the value of the anode oxidation current decreases
over time (Table 3). At the beginning of the polarization process, the oxidation current has a large value, but
after a while its decrease is observed. Within 60 minutes, the anode current decreases and its value reaches 0.
This indicates that in a sulfuric acid solution, the anode current flowing through the titanium electrode is
mainly consumed for the production of titanium dioxide on its surface.
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Table 3

Influence of the duration of electrolysis on the value of the anode current at different voltages
between the electrodes in a solution of sulfuric acid: H2SO4— 150 g/I, t = 25 °C

The value of the anode current, mA
EV T, min
0 3 6 9 12 15 18 21 24
5.0 121.1 10.0 0.64 0.38 0.28 0.25 0.19 0.15 0.12
10.0 152.2 12.4 11.5 11.3 8.6 7.7 6.3 5.9 5.1
15.0 154.4 15.5 12.3 11.6 10.4 9.5 8.4 8.0 7.5

The process of production of an oxide film on titanium in hydrochloric acid solutions was studied. It
was established that the oxidation of titanium in a hydrochloric acid solution proceeds more intensively
compared to the process occurring in a sulfuric acid solution. There are dependences on the Figures 3 and 4
showing that with an increase in the concentration of hydrochloric acid and the voltage between the elec-
trodes, the rate of titanium oxidation growths evenly. However, at a voltage of 10-12 V, a sharp increase in
the dissolution rate of titanium is observed (judging by the magnitude of the oxidation current). At hydro-
chloric acid concentrations of 35, 70, 100 g/l, the anode current value is 325, 365, 366 mA, respectively (the
current value was measured 3 minutes after the voltage was applied) (Fig. 3). With an increase in the dura-
tion of electrolysis, the value of the anode current decreases. However, at a voltage of 14 V, the anode cur-
rent increases sharply within 30 minutes and slightly decreases from 360 to 320 mA (Fig. 4). We believe that
a breakdown of the oxide film of titanium dioxide is observed in a hydrochloric acid solution at a voltage of
14 V and above. In this regard, titanium dissolves, further oxide production does not occur, but titanium ions
are produced. It is visually observed the solution remains colorless, which indicates the production of tetra-
valent titanium ions. The production of trivalent ions is excluded, since they have a purple color.

L. mA I. mA
4007
3501 4007 3
300+ 300+
250+ Iz
2007 150+
1504 1004 2
o 07 e
504 P
5 0 3 6 9 12 15 18 21 wmin
Concentrations of hydrochloric acid, g/l: HCI— 70 g/l, t = 25 °C;
1—35;2—70;3—100 1—80V;2—100V;3—14.0V
Figure 3. Influence of the voltage between the electrodes Figure 4. Influence of the duration of electrolysis
on the value of the anode oxidation current on titanium on the value of the anode oxidation current of titanium
at different concentrations of hydrochloric acid at different voltages between the electrodes

Thus, we have established that in a hydrochloric acid solution with anode polarization, the production
of titanium dioxide occurs only at low voltages between the electrodes, not exceeding 10 V, and in a sulfuric
acid solution, inclusive, 25 V.

Identification of the TiO, film produced as a result of electrolysis of sulfuric acid solutions at a voltage
not higher than 10 V was carried out using physical and chemical methods. As the results of the physical and
chemical analysis showed, in all cases, titanium oxide of the composition TiO- is produced on the surface of
titanium (Table 4).
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Table 4

The composition of the oxide film produced on the surface of the electrode in a solution of sulfuric acid:
H2SO4 — 50 g/1, E=20 V, 7=1 hour, t=25 °C

Spectrum 0 Ti Si Al Fe Zn Total
Spectrum 1 37.09 62.42 0.09 0.07 0.26 0.09 100
Spectrum 2 39.55 59.79 0.10 0.05 0.37 0.14 100
Spectrum 3 40.28 58.90 0.09 0.09 0.37 0.28 100
Average 38.97 60.37 0.09 0.07 0.33 0.17 100

Micrographs of films on a titanium electrode are shown in Figure 5. The micrograph in Figure 5a was
obtained by a magnification of 3000 times, in Figure 5b — by a magnification of 1000 times. In both cases,
the grain size of the particles is visible.
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Figure 5. Micrographs of titanium dioxide films produced on the surface of a titanium anode
in a sulfuric acid solution with an increase: a) 3000 times; b) 1000 times

a b
a— H;S0,— 150 ¢g/l; E=10V; t=1hour; b —HCI—70g/l, E=10 V; t=1 hour

Figure 6. Photographs of the titanium surface after electrolysis of the coated oxide film

Researchers Kuz'mina M.Yu., Belik O.D. [17] argue that films often produced on the surface of metals
have non-uniform thickness. Using X-ray diffraction analysis, they studied the composition of oxide layers
on titanium during its anodization in aqueous solutions of acids and alkalis in galvano- and potentiostatic
conditions. It is shown that the composition of the films obtained in aqueous electrolytes, along with the
basic oxide TiO, (anatase), also includes a number of lower oxides (TisO7, TizOs, Ti>Os, TiO). It is known
from the literature [18] that, during the electrochemical oxidation of titanium, oxide films with an interfer-
ence color are formed. In our experiments, light blue films were obtained in a solution of sulfuric acid and
golden yellow in a solution of hydrochloric acid (Fig. 6). The composition of the film was identified by X-
ray phase analysis (Fig. 7) as titanium dioxide in the form of anatase (all reflections refer to TiO,).
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Figure 7. X-ray of titanium dioxide

Conclusions

Titanium is an unusual metal with special properties. It does not dissolve under normal conditions in
aqueous solutions of acids and during anodic polarization, i.e. it undergoes passivation, since an oxide film
forms on its surface. It is believed that after the formation of an oxide film, the dissolution of titanium stops
completely. However, the results of our studies have shown, titanium continues to oxidize even with further
polarization. This can be judged by the increase current value of the titanium oxidation with a change in the
voltage between the electrodes as a function of time. It has been established that transpassive dissolution
occurs in the sulfuric acid medium, while the value of the oxidation current reaches 29.4 mA at a voltage of
25V, and in the hydrochloric acid medium, the oxidation current reaches 360 mA at a voltage of 14
V. These data show that titanium continues transpassive oxidation in electrolyte solutions, and in a
hydrochloric acid medium, the dissolution rate increases significantly.
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