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The use of differential calculation methods for the destruction of copolymers
of polyethylene glycol fumarate with the acrylic acid

In this work, the thermal decomposition of copolymers based on polyethylene glycol fumarate with the acryl-
ic acid using various ratios of initial monomers has been studied for the first time. The samples were studied
in air and nitrogen. According to the thermograms analysis, it was found that the copolymer sample decom-
position begins at higher temperatures for a copolymer with high content of polyester resin. The copolymer is
vigorously oxidized by the oxygen when heated in air, and one can observe almost complete sample decom-
position, whereas it decomposes with a residue of ~15 % in an inert medium. The activation energies for co-
polymers with different compositions were estimated using the differential methods of Freeman-Carroll,
Achar and Sharpe-Wentworth. The activation energy values found by the three methods demonstrated a good
convergence. It was shown that, the activation energy values are higher (~200 kJ/mol in the inert medium,
and ~95 kJ/mol in the oxygen atmosphere) for a copolymer with a lower composition of polyester resin, and
the activation energy is ~180 and ~85 kJ/mol for a copolymer with a greater composition of p-EGF-AA. The
copolymer is more thermostable in the nitrogen atmosphere according to the kinetic parameters. Additionally,
there were determined the thermodynamic characteristics, such as the Gibbs energy (AG) and the entropy
(AS). They also confirm the destruction process dependence on the components ratio in the synthesized co-
polymer.

Keywords: dynamic thermogravimetry, decomposition, thermal destruction, copolymer, thermodynamic
characteristics.

Introduction

Currently the volumes of produced unsaturated polyesters and materials based on them are annually in-
creasing in the most industrialized countries. This is due to both the presence of a wide raw material base and
the simplicity of processing polyesters into products, and the possibility of obtaining on their basis a large
number of different materials with various practically valuable properties [1].

One of the most promising comonomers for getting new «smart» materials based on the unsaturated
polyesters are unsaturated carboxylic acids, where the presence of carboxyl groups in the main chain deter-
mines their physicochemical behavior [2]. In this case, the interaction of unsaturated polyesters with above
monomers of vinyl series was referred to the copolymerization reactions by V.G. Benig [3], whose mono-
graph contains extensive data on the interaction of the above polyesters with styrene, vinyl acetate, methyl
methacrylate and a number of other compounds. And there has been no information on the unsaturated poly-
esters copolymerization with the ionic monomers prior to the work carried out by the authors [4], that opens
up prospects for the «smart» materials synthesis and significantly expand the scope of their application.

" Corresponding author
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Previously, the authors of [5] by the radical copolymerization of unsaturated polyester resins with a
number of unsaturated carboxylic acids have synthesized copolymers with carboxyl groups in the side chains
and showing sensitivity to various environmental changes.

Continuing the work, it seemed interesting to evaluate the thermal stability of the previously synthe-
sized copolymers of polyethylene glycol fumarate with the acrylic acid under the dynamic conditions in the
inert atmosphere and in the air.

Experimental

Previously synthesized copolymers of polyethylene glycol fumarate (p-EGF) with the acrylic acid (AA)
(7.95:92.05 and 89.05:10.95 molar ratio) have been used as the objects of study [6—7]. The study of the
copolymers thermal properties was performed using a synchronous TGA/DSC thermal analyzer LabSYS evo
DTA/DSC (Setaram, France) in the dynamic mode within the30—1000 °C temperature range. The heated rate
was 10 °C'min”" in nitrogen and air atmosphere, and the flow rate was 30 ml'min' in a crucible of AL,Os.
The sample weight was 10—12 mg. Experimental data processing was performed using Microsoft Excel and
Processing programs.

Results and Discussion

As previously shown, the unsaturated polyester resins’ copolymers with unsaturated carboxylic acids
have a number of practically valuable properties, thus it was interesting to evaluate their thermal stability.

The copolymers thermal stability in various temperature ranges allows us to predict the possibility of
their use in certain areas. The study objects used are the 7.95:92.05 and 89.05:10.95 molar ratio copolymers
of polyethylene glycol fumarate with acrylic acid with the «smart-systems» and sealants properties, respec-
tively.

The composition and properties of polyethylene glycol fumarate with the acrylic acid copolymers ob-
tained by the radical copolymerization in solution are shown in the Table 1.

Table 1
Composition and properties of the copolymers of p-EGF (M1) with AA (M2)
Composition of initial mixture, mol. % Composition of copolymer, mol. %
o, % | Yield, %
M, M, my my
p-EGF:AA
10.09 89.91 7.95 92.05 1412 88.23
90.08 9.92 89.05 10.95 512 63.02

The Table 1 data comparison represents that the swelling ratio (o) decreases, and the content of maleate
groups increases under reducing of the acrylic acid fraction in the copolymer content; it appears to be related
to a decrease in side chains and an increase in the polyethylene glycol fumarate fraction.

In this work, we have evaluated the thermal degradation of p-EGF:AA copolymers using the dynamic
thermogravimetric analysis. The Figures 1, 2 show thermograms for the 7.95:92.05 and 89.05:10.95 molar
ratio copolymers of polyethylene glycol fumarate with the acrylic acid with the 10 °C-min"'constant heating
rate at the temperature range of 30-1000 °C in the nitrogen and air atmosphere.

As can be seen in Figurel on the thermogravimetric curves, both substances do not undergo any trans-
formations leading to a mass change in the 30 °C to 150 °C temperature range. There is observed a slight de-
composition with the release of volatile products and a weight loss of up to ~12 % for a 7.95:92.05 mol.%
copolymer in the 200-330 °C temperature range. Then, an intensive decrease in the sample mass occurs with
the process total completion at a ~600 °C temperature. Total weight loss is ~80 %. The release process of
volatile substances begins at higher temperatures and reaches its maximum at 320 °C for the copolymer with
a high content of polyester resin. There is composition of the copolymer’s basic mass with the total residue
of ~15 % in the 340-500 °C temperature range.

There is observed a slight change in the rate in the range from 0 to 0.11 mg-min™' for both copolymers
on the curves of the mass loss rate (Fig. 1, b) in the 30-260 °C temperature range. A sharp increase in the
rate is observed for the copolymer with a high content of acrylic acid at the above 300 °C temperature range.
There is observed a shift to high temperatures, achieving its 1.7 mg-min"' numerical value maximum at
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400 °C. A peak is observed for a 89.05:10.95 mol.% copolymer at 350 °C, and then a gradual decrease in rate
occurs with stabilization in the region of ~500 °C for both copolymers.
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Figure 1. Temperature dependences of mass change (TG curve) (a), mass change rate (DTG curve) ()
for p-EGF:AA copolymers with 7.95:92.05 mol.% and 89.05:10.95 mol.% initial ratios M 1:M2
(in nitrogen atmosphere)

Continuing the work, the thermogravimetric studies of the p-EGF copolymers with AA in air were car-
ried out. From the data obtained by comparison (Fig. 2, a), it can be seen that the 7.95:92.05 mol.% copoly-
mer of polyethylene glycol fumarate with acrylic acid begins to decompose at a temperature of 200 °C when
heated in air. An intensive decrease in the sample mass occurs followed by a gradual decomposition in the
300420 °C temperature range. The afterburning phase accompanied by almost a complete decomposition of
the copolymer can observed on the thermogravimetric curves. A copolymer with a high content of polyester
resin begins to decompose at the lower temperatures, a shift to high temperatures is also observed. The sub-
stance does not undergo transformation leading to a change in its mass in the temperature range from 30 °C
to 100 °C. Further, there is a slight decomposition with the release of volatile products. An intensive decrease
in the sample mass occurs in the 300—430 °C temperature range, after which there is a gradual decomposition
of the copolymer with the total process completion at the 750 °C.

There is observed a slight change in the rate from 0 to 0.24 mg-min"' in the 30-300 °C temperature
range on the curves of the mass loss rate (Fig. 2, b). The curve shows a peak at 392 °C for the copolymer
with a lower acrylic acid content, and for the p-EGF:AA copolymer 7.95:92.05 the peak is observed at
375 °C with a numerical value of ~1.9 mg-min"".
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Figure 2. Temperature dependences of mass change (TG curve) (a), mass change rate (DTG curve) ()
for p-EGF:AA copolymers with 7.95:92.05 mol.% and 89.05:10.95 mol.% initial ratios M1:M2 (in air)

Based on the copolymers thermal analysis result obtained, the activation energy and the reaction order
were calculated using the methods of Achar [8], Sharp-Wentworth [9] and Freeman-Carroll [10] (Fig. 3). By
comparing the graphs obtained using different methods, it can be conclude that the points have a larger scat-
ter for the Freeman-Carroll method (Fig. 3, c), that leads to an error in estimating the activation energy. So,
the line intersects the ordinate axis at the point +33.17 and has a slope corresponding to activation energy
equal to 196.13 kJ/mol. Principally, the Achar and Sharp-Wentworth methods give the same results. The cor-
relation coefficient of these three methods has a good convergence and tends to unity.

Such thermodynamic characteristics as change in Gibbs energy (AG) and entropy (AS) have been calcu-
lated using the obtained values of the activation energy (Table 2).

Table 2

Kinetic parameters of thermal degradation of the p-EGF:AA copolymer in air and nitrogen atmosphere

MM, Methods
copolymer Achar S-w F-C
. 0
composition, mol.% E, kJ/mol E, kJ/mol E, kJ/mol n | AS,J(molK) | AG,kJ/mol
Nitrogen
7.95:92.05 196.13 196.18 211.09 0.37 -177.68 85.47
89.05:10.95 165.11 165.45 190.12 0.61 -94.65 101.65
Air
7.95:92.05 95.06 95.08 94.09 0.36 -192.32 143.37
89.05:10.95 81.06 81.08 93.09 0.71 -84.60 108.63

CHEMISTRY series. Ne 3(99)/2020
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Figure 3. Linearization of thermogravimetric data of the studied 7.95:92.05 mol.% p-EGF: AA copolymer, using
(a) Achar, (b) Sharp-Wentworth, (¢) Freeman-Carroll method (10 °C - min™" heating rate, nitrogen atmosphere)
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The Table 2 shows the values of the activation energies of destruction obtained from the TGA data. As
follows from the table, the dependence of the activation energy from the copolymers composition is extreme.
The copolymers of the composition 7.95: 92.05 mol.% have a higher value of activation energy. The activa-
tion energy value decreases with an increase in the composition of polyethylene glycol fumarate. It is in the
range of 81-90 kJ/mol for the copolymer with the composition of 7.95: 92.05 mol.% in the nitrogen atmos-
phere. It can be note, that calculated using the Freeman-Carroll method parameters have higher values, while
the Achar and Sharpe-Wentworth methods give the same results. The positive value of the Gibbs energy AG
and its growth with an increase in the copolymer composition of the unsaturated polyester p-EGF indicates
the impossibility of spontaneous implementation of the destruction process.

Thermal destruction in the air atmosphere leads to a decrease in the thermal stability of copolymers.
Due to that its effective activation energy is relatively small. This indicates that the polymer temperature re-
sistance in air is lower than in inert medium.

Conclusions

Thus, the kinetic characteristics and thermodynamic parameters of copolymers of polyethylene glycol
fumarate with the acrylic acid were determined for the first time. The activation energy values, calculated by
the methods of Freeman-Carroll, Sharp-Wentworth and Achar, confirm the destruction process dependence
on the components ratio in the synthesized copolymer. It was found that, the activation energy values have
higher values with an increase in the content of the unsaturated polyester copolymer p-EGF. The copolymer
is less thermostable when heated in the air. If the material is heated in absence of air, i.e. in the nitrogen at-
mosphere, the copolymer is split into low molecular weight products.
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o3 THIIEHTINKO0Ib(YMAPAT NeH aKPUJ KbIIIKbLIbI HETi3iHaeri conojauMepJiepain
TEePMUSUIBIK bIIbIPpaybIHA TU(depeHInANbI ecenTey JAiCTepiH KOJIIaHy

XKymsbicta GacTankbl MOHOMEPIEPIIH OPTYPJ KAaThIHACTAPBIHIA HMOJMITUICHINIMKOIb(YMApaT MEH aKpuil
KBILIKBUIBI HETi31H/ET] CONOIMMEPIICPIiH TEPMUSIIBIK bIIBIPAYbI alIFalll PeT 3epTTeNal. YIriepi seprrey aya
MEH a30T OpTachlHAA XKyprisingi. TepMOrpaBUMETPHSIBIK KHUCHIKTapIbl TalAay HOTIKenepi OoibIHIA
nomd(upIi  IadbIppl KN KypamIbl CONOJMMEp YATICIHIH bIIbIpaybl JKOFaphl TeMmIeparypaiapia
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GacTanaTblHbl aHBIKTANABL. Aya aTMoc(epachlHIa KbI3AbIPY Ke3iHIE COMOIMMEp OTTETiHIH oCepiHeH KaTThI
TOTBIFaibl XKOHE KUCHIKTAp/IaH YJTiHIH TOJIBIK bIABIPAYbIH Oaiikayra Gouajibl, ajl MHEPTTI OpTaja COHOIUMEp
mamameH ~15% KangeiFeiMeH  biAblpaiiael.  Opumen-Koppon, Axap xoHe Illapm-YsHTBOPTTHIH
muddepeHIMaIIBIK 9icTepl HeTi3iHAe opTYpii KYpamIbl COIOJIMMEpIEPIiH aKTUBTECHAIPY SHEPrHSCHI
aHBIKTAJABL. YII oJic apKbUIBI aHBIKTAJFAaH AKTHBTCHIIPY DHEPTUSICHIHBIH MOHJEpi >Kakcel Oip-OipimeH
y#necimaix kepcereni. Ilommddupmi maifelpaery a3 Kypamsl 0ap CONOJNMMEp VINIH aKTHUBTCHIIPY
SHEPrHSACHIHBIH MoHI korapel  (~200 x/Dk/Monb  MHEpPTTI opTaga >keHe OTTeri armocdepachiHma
~95 kJhx/monb), an n-OI'D-AK yikeH Kypambl 6ap comoiuMep YIIiH akTHBTEHAIPY dHepruschl ~180 sxone
~85 kJbx/mMonp  Kypaiinel. Kunernkanbslk mapamerpiiep OoiiblHIIA a30T aTMocdepachlHaa COIOJIHNMEp
tepmocTeHni. ConbiMeH Karap, ['n60c »sHepruscel (AG) xoHe »sHTponus (AS) CHUAKTBI Kelbip
TEPMOJAMHAMUKAIBIK ~ CHUIIATTAMANAp aHBIKTANABL, OJap Ja JeCTPYKUMS YPAICIHIH CHHTE3AENreH
CONOJINMEPEri KOMIIOHEHTTEP IIH KypaMbIHa TOYSJIAIIITIH pacTai bl

Kinm c93c)ep.' JAUHAMUKAJIBIK TCPMOIPAaBUMCTPHUA, bIAbIpAay, TEPMUSUIBIK AECTPYKIUA, CONOJIUMED,
TCPMOJUHAMHUKAJIBIK CUIIaTTamMaJiap.

M.X. Bypkees, A.)K. Capcenbexoa, A.H. bonat6aii, E.M. Tax6aeB, C.)K. /laBperOekoB,
E. Hacuxartynsi, D.0K. KakynbekoBa, A.A. MypaToexoBa

Hcnoan3oBanue nuddepeHnnaibHbIX METOA0B pacuyeTa MpPU AeCTPYKIUHA
COMOJIMMEPOB MOJMITHICHIJIMKOJIb(yMaparTa ¢ akpUuJI0BOil KHCJI0TOMN

B craTbe BiepBBIe U3y4EHO TEPMHUIECKOE PA3TI0KEHUE COMOIMMEPOB Ha OCHOBE IOJIMITHICHIIINKOIb(hyMa-
para ¢ aKpHIOBOH KHCIIOTOH C pa3IMYHBIMH COOTHONICHHSIMH HAadaJIbHBEIX MOHOMepoB. MccienoBanne 06-
Pa3LoB MPOBOJMIIOCH B Cpesie Bo3ayxa U azora. Ilo pe3ynabraTtam aHauM3a TEPMOTPAaBUMETPHUECKUX KPHBBIX
YCTaHOBJICHO, 4TO JUISl CONOJIMMEPA C OOJBIINM COJEPHKAHUEM IOIMAI(GUPHON CMOJIBI pasioxkeHHue obpasla
COIOJIMMEpa HauMHACTCs TIpU 0oJiee BBICOKUX TemiepaTypax. IIpu HarpeBanun B atMocdepe BO3ayxa CoIo-
JHMMEp SHEPTUYHO OKHUCIACTCA I10J BO3ACHCTBHEM KHMCJIOPOJA M Ha KPUBBIX MOXHO HAOJIIOJATh IOYTH HOJI-
HOE pa3ioxKeHHe 00pasiia, TOTa Kak B MHEPTHOH cpejie COMoInMMep pasiaraercsi ¢ octatkoM ~15 %. dudde-
pennmanbHeIME MeTonamu Dpumena-Koappona, Axapa u Illapmna-YoHTBOpTa OLEHEHBI HEPTUH AKTHBALIMN
JUISL COTIOJIMIMEPOB C Pa3INYHBIM cocTaBoM. HaiineHHble TpeMs MeToiaMu 3HaYeHHs SHEPIHH aKTUBALUH I10-
Ka3bIBAIOT XOPOIIYI0 CXOAUMOCTb. YCTaHOBJIEHO, YTO IS COINOJIMMEpa C MEHBIIUM COJCPKaHUEM IIOJIH-
2¢UpHON CMONBI 3HAYEHHS SHEPrUM aKTHBALMK UMEIOT Oojee Bbicokue mokaszarenn (~200 x/Dx/monb B
HHEPTHOH cpene u ~95 kJlx/Moinb B atMocdepe KUCIopoa), a AIs COIoIMepa ¢ OOJIBIINM COASPKAHUEM II-
OI'®-AK sueprus aktuBauuu cocrabisier ~180 u ~85 x/x/mMoinb. [lo kMHETHYECKMM MapameTpaM BHJIHO,
4yTo B arMocdepe a3ota cononumMep Goiiee TepmoctabuiieH. Kpome toro, ObuTH omnpe/ieneHbl HEKOTOpbIE Tep-
MOJMHAMHYECKHE XapaKTEPUCTUKHU, Takue Kak sHeprust I uboca (AG) u sutponus (AS), KOTOpBIE TaKXKe MO~
TBEP)KAAIOT 3aBHCHMOCTD IIPOIIecca JECTPYKIMU OT COOTHOIICHHS! KOMIOHEHTOB B CHHTE3HPOBAHHOM COIIO-
JIHMepe.

Knioueswvie cnosa: JAMHaMU4eCKass TEPMOTPaBUMETPUsS, PA3JIOKCHUE, TCPMUYCCKad ACCTPYKIUA, COIOJIUMED,
TCPMOJUHAMUYCCKUE XapaKTCPUCTHUKU.
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Biologically active derivatives of fullerene C60.
Current state and development prospects

The article presents literature review on the physicochemical and biological properties of fullerene C60, as
well as the authors' own experimental data on the synthesis of fullerene derivatives of amines and natural
alkaloids. It is shown that the presence of a fullerene fragment in the structure of the compound provides a
significant improvement or the appearance of qualitatively new mechanical, chemical, physical, biological
and other properties associated with the manifestation of nanoscale factors. The issues of the relationship of
the structure, water solubility and biological activity of fullerene C60 derivatives are considered. Many
biologically active effects of various modified derivatives of fullerene C60 are described, which have mem-
brane-active, antibacterial, antiviral, immunomodulating, HIV inhibitory enzymes and other properties. It was
noted that preparations containing a fullerene fragment are effective against hepatitis C virus, and are also
able to efficiently trap free radicals. Derivatives of fullerenes can also be used as antioxidant, neuroprotective
and other agents. Particular attention is paid to the authors' own results on the synthesis of amino derivatives
of fullerenes.

Key words: fullerene C60, fulleropyrrolidines, nanoscale factors, amino fullerenes, Prato reaction.

Introduction

At present, in organic chemistry, fullerene bioorganic chemistry has acquired particular promise and is
developing, turning abroad into an independent branch of organic chemistry. The presence of a fullerene
fragment in the structure of the compound provides a significant improvement or the appearance of qualita-
tively new mechanical, chemical, physical, biological and other properties associated with the manifestation
of nanoscale factors [1-3]. From a chemical point of view, the behavior of fullerenes defines the presence in
the molecules of conjugated, and also strained, bonds. The spherical fullerene molecule is highly stressed,
since usually flat six-membered aromatic (benzene) rings must be bent to build a sphere (voltage energy
dH;=10.16 kcal/mol per carbon atom), which causes less thermodynamic stability of fullerene compared to
graphite (dHy= 0 kcal/mol) [2—4]. Therefore, the driving force of the reactions of addition to fullerene C60 is
the reduction of voltage in the fullerene framework. Consequently, the reactions leading to the formation of
saturated sp’-hybridized carbon atoms relieve such stress.

The range of possible applications of fullerene compounds includes: a) new classes of superconductors,
semiconductors, magnets, ferroelectrics, nonlinear optical materials [4]; b) new technologies for the synthe-
sis of diamonds and diamond-like compounds of ultrahard hardness [5]; ¢) new classes of polymers with
specified mechanical, optical, electrical, magnetic properties for recording and storing information [6];
d) new types of catalysts and sensors for determining the composition of liquid and gaseous media [6];
e) new classes of antifriction coatings and lubricants, including those based on fluorine-containing fullerene
compounds [7].

Main part

One of the most interesting areas of research is the study of the biological activity of fullerene deriva-
tives. The literature describes many biologically active effects of various modified derivatives of fullerene
C60, which have antibacterial [7], antiviral [1], immunomodulating and HIV inhibitory enzymes [6, 7].
Drags containing a fullerene fragment have been shown to be effective against hepatitis C virus [8], and are
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also able to efficiently trap free radicals and can be used as neuroprotective [9] and other agents [10]. Cur-
rently, the volume of work on the biological activity of fullerenes has reached thousands of articles per year.
At this time available scientific data demonstrate the significant potential of fullerene C60 in biomedicine
and the pharmacodynamics of various biological environments.

The biological effects of fullerene C60 are based on its complementary interaction with the protein,
which was first expressed in [1, 3, 10]. The fullerene molecule has been shown to purely sterically block the
lipophilic channel of the HIV-1 virus protease. The size and shape of the carbon skeleton in the C60 mole-
cule exactly matches the size and shape of the active center of a number of enzymes. Therefore, some fuller-
ene compounds allosterically inhibit HIV enzymes (HIV protease and reverse transcriptase), which makes
them promising for the development of AIDS drugs [3—11]. The high electron deficiency of these molecules
explains the ability of fullerenes to attach free radicals that form in living systems. For this property, fuller-
ene was given the name «radical sponge» [7].

The biological activity of fullerenes is based on three properties of these molecules: lipophilicity, which
determines membranotropic properties, electron deficiency, which leads to the ability to interact with free
radicals, and the ability of their excited state to transfer energy to an ordinary oxygen molecule and turn it
into singlet oxygen [7]. A significant limitation for the practical use of fullerenes and many of its derivatives
in biological media is their low solubility in aqueous solutions, since the C60 molecule is hydrophobic and
its solubility in water is only 1.3:10""" [12]. Therefore, the preparation of water-soluble fullerenes is im-
portant for pharmacology. The study of the reactions of fullerenes in water is also of independent interest for
chemical science. Researchers consider two approaches to obtaining water-soluble forms of fullerene C60:

1) non-covalent interaction with water-soluble carriers, for example, polyvinylpyrrolidone,
cyclodextrins [3], proteins or liposomes [4];

2) covalent chemical modification by addition of polar groups, for example hydroxyl [4—14], carboxyl
or amino groups [3, 4, 15].

Non-covalent interaction with water-soluble carriers allows the introduction of fullerenes into a living
organism without changing their conjugation system, and hence the physicochemical properties. Surfactant
solutions can also conduct water-insoluble organic compounds into a colloidal state or solubilize. However,
due to hydrophobicity, the problem arises of their elimination from the body: fullerenes can accumulate in
the liver [16], lungs [17], bones [18].

The second approach allows one to obtain water-soluble fullerene derivatives by covalent modification
of the fullerene sphere with various functional groups (addends) — dienes and nucleophilic agents having
various hydrophilic components. Thus, various pharmacophore groups can be grafted onto fullerene C60 and
additional physiological activity can also be obtained. The result of this modification is molecules that can
conditionally be divided into two groups:

1) compounds in which addends uniformly cover the entire surface of the fullerene carcass, as a result
of which numerous addends attached over the entire surface change the electronic structure of the carbon
carcass and make it inaccessible for interaction with biological targets;

2) compounds having one or more addends grouped on a small part of the frame.

The latter option is most often used in the synthesis of potentially bioactive water-soluble fullerene
cycloadducts. Several examples of such water-soluble fullerene derivatives can be given. For example, com-
pound (1) allows reaching a maximum concentration of 1.5x10~° mol/l in a mixture of H,0-DMSO, 9:1
[4, 19]. Good solubility was achieved for the dendromer shown in the diagram (2): its solubility in water was
34 mg/ml at pH 7.4 and 254 mg/ml at pH 10 [4, 11]. As can be seen from the structure of compounds (1) and
(2), they contain a sufficient amount of solubilizing additions (NH, OH, COOH, C=0O-groups).

(o]

A
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OH

O.A. Troshina et al. [11] reported on the development of a universal method for the conversion of any
low-polar derivatives of C60 into water-soluble compounds. The solubility of all the compounds obtained in
water exceeds 100 mg/ml at pH = 7.0, which is a record for water-soluble derivatives of fullerenes. Thus, the
introduction of hydrophilic substituents into the C60 sphere allows for sufficient solubility in water.

The most promising results in this direction were obtained using chemically modified fullerene C60,
mainly containing ionic groups — amine, carboxyl and hydroxyl [7, 11].

Amino derivatives of fullerene. The reactions of addition of primary and secondary amines to C60 were
one of the first to be discovered in the chemistry of fullerene. Due to their high nucleophilicity, primary and
secondary aliphatic amines are attached to electron-deficient C60-fullerene.

When fullerene C60 is treated with a 40-fold excess of morpholine over a week, it is possible to isolate
dimorpholin-1,4-dihydro [C60] fullerene from the reaction medium (3). In contrast to the reaction with
morpholine, the reaction with an excess of secondary diamine (e.g., N,N'-dimethylethylenediamine) leads to
a stable six-membered adduct (4) due to the addition of a 6-6 double bond, which eliminates the formation
of undesired 5—6 double bonds in the molecule, violating the aromaticity of six-membered rings [11].

For several years, we have been working at the Institute of Organic Synthesis and Coal Chemistry of
the Republic of Kazakhstan on the functionalization of the C60 molecule with the participation of molecules
of various amines, including natural compounds (alkaloids) and their derivatives. This is an interesting direc-
tion that can lead to important results in terms of creating new therapeutic drugs.

We carried out the amination of fullerene C60 with 2-(aminomethyl)pyridine in middle chlorobenzene
with heating (80-100 °C) and stirring for 18-24 hours. The yield of obtained aminofullerene (5) was 19 %
[12-14]. UV spectrum of compound (5) contains a maximum at A = 875 nm, characteristic of 1,4-di[2-
(aminomethyl)pyridine]fullerene C60.

Similar syntheses were carried out with alkaloid cytisine and salsolin. The reactions were carried out in
toluene at 100 °C for 28—-30 hours. However, the isolation of C60 amination products with alkaloids was un-
successful.
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)
Céo + H,N—CH. F

2 N

Among the most convenient methodologies for the functionalization of C60 by the amines described in
recent years, the 1,3-dipolar azomethynilide cycloaddition is widely used, leading to the formation of
fulleropyrrolidines. This method is based on the generation of azomethinilides during decarboxylation of the
ammonium salts obtained by condensation of a-amino acids with aldehydes. This method is called in the lit-
erature the Prato reaction [4, 8]. Following this technique, the synthesis of new fullerenepyrrolidines (6—12)
was carried out, by the interaction of C60 fullerene with sarcosine and substituted aromatic aldehydes
(4-fluorobenzaldehyde, 2-chlorobenzaldehyde, 2-hydroxy-5-bromobenzaldehyde, 4-morpholino-benz-
aldehyde, 4-piperidinediethylaminobenzaldehyde, 4-diethylamino-2-hydroxybenzaldehyde) in boiling tolu-
ene in argon atmosphere according to the following scheme [15-17]:

C//O toluene, t
CGO + CH‘;NHCHzCOOH + R ~ —_—
H
R,

R=F. R;=H (6); R=CI, R,;=H (7);

R=Br, R;=OH (8).

__ \
R= —N O R=H@®); R=—N . R=H (10);

R=-N(C,Hs), Ry=H (11); R=-N(C,Hs), R=OH (12);

Unreacted starting materials and reaction products (6—12) after the reaction were separated by column
chromatography on SiO,, eluting with toluene and then with pyridine. At the same time, at the beginning, the
initial unreacted fullerene C60 is released, and then the target fulleropyrrolidines (4—10). The structure of the
obtained compounds (6-12) was established by the data of IR, NMR'H, and H-'H NOESY spectroscopy and
mass spectrometry.

The Prato method considered above was used by us in the synthesis of new derivatives of fullerene C60
with alkaloids. To involve the alkaloid molecule in the reaction, we obtained 4-cytisinobenzaldehyde, which
was then used in the Prato reaction in boiling toluene according to the following scheme [15, 16]:

H / \ toluene,
C¢ + CH3;NHCH,COOH N

t,4h
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In order to expand the arsenal of new fulleropyrrolidines, we carried out a three-component condensa-
tion of fullerene C60, N-methylglycine (sarcosine) and new substituted benzaldehydes: [4-(oxiran-2-
ylmethoxy)benzaldehyde, 4-(2-hydroxy-3-morpholinopropoxy)benzaldehyde and 4-(2-hydroxy-3-cytisino-
propoxy)benzaldehyde] under the conditions of the Prato reaction in toluene [15-17].

The synthesized fulleropyrrolidines (14—16) are of interest as acceptor materials for organic solar cells.
A signal (2.67-2.80 ppm) of the methyl group is observed in the 'H NMR spectrum of compounds (14-16)
in the high-field region. Signals at 2.59 and 3.77 ppm correspond to the protons of the methylene and
methine groups of the nitrogenous heterocycle. The protons of the ethylene oxide (oxirane) link in (14) reso-
nate at 2.87 and 3.5 ppm. In the high frequency region (6.95-7.85 ppm), the symmetric protons of the aro-
matic system resonate. In addition to the indicated resonance lines, the signals of impurity substances are
also observed in the 'H NMR spectra.

To obtain water-soluble forms of the fullerene-containing pyrrolidines synthesized above, N-methyl-1-
[(4-diethylaminophenyl]-fullerene-C60-[ 1,9c]-pyrrolidine (11) and N-methyl-1-[(4-diethylamino-2-hydroxy-
phenyl]-fullerene-C60-[ 1.9¢]-pyrrolidine (12) carried out reactions with tartaric acid to form the correspond-
ing pyrrolidinium tartrates (17, 18). The resulting fulleropyrrolidinium tartrates (17, 18) are soluble in water-
dimethyl sulfoxide (3:1) in contrast to the starting fulleropyrrolidines [15-17].

COOH

©
@/N\ OOCCHOH
il cn,

IS /‘\
N
’ /
+ H—T—OH toluene ’ TH OH
H_T_OH COOH
R COOH R

R=H(11,17); R=H (12, 18)

An interesting reaction for the preparation of a water-soluble cyclodextrin derivative of triazolino full-
erene is described in [18, 19]. The formation of supramolecular complexes based on fullerenes (19) with
therapeutic agents can improve the bioavailability and pharmacokinetics of the latter, which opens the way to
the creation of targeted drug delivery systems.

AN ¢O
N—/™N 60

+ ITIH-CHZCOOH

CH
(OH)14 3
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(OH), N=N

(OH),, 19

Fullerenols. An important group of water-soluble derivatives of fullerene C60 are fullerenols. By this

term «fullerenoly («fullerol») is meant derivatives of fullerene C60 of composition C60(OH),.
Hydroxylatedfullerenols are also of great interest in the search for possible applications in medicine. There
are several methods for the synthesis of fullerenols with a different number of hydroxyl groups [7].

For example, hydrolysis of the ether functional groups of polyorganocarboxylated fullerene derivatives
yielded water-soluble fullerenols C60(OH),, with 18-20 hydroxyl groups [13].

They have antioxidant properties, anticancer and antiviral activity, are able
to prevent ischemia, which is caused by a sharp increase in ROS with energy de-
pletion of organs and tissues [14]. Fullerenol C60(OH),4 has antiproliferative
properties (prevents cell division) and, due to its ability to attach free radicals,
prevents the cytotoxic effects of the use of doxorubicin used in cancer chemother-
apy [18-20].

Fullerenols C60(OH)44 possess antibacterial and antifungal activity [19]. The
antifungal activity of fullerenols is quite high. It seems that fullerenols are capable
of interacting with carbohydrate components of fungal cell walls, such as B-glucan
and chitin, to a greater extent than with peptidoglycans of bacterial cell membranes. Among fullerenols, sub-
stances with anti-allergic properties have also been found [20].

Carboxylated derivatives of fullerenes. Another important group of fullerenes with important biological
properties is its carboxylated derivatives. For example, they can suppress neuronal apoptosis caused by glu-
tamate receptor agonists NMDA and AMPA, and neutralize the action of the amyloid peptide responsible for
the occurrence of Alzheimer's disease [7, 21-23].

They delay the development of functional impairment and death of the rats having the mutant human
SOD gene. Also, these compounds are able to bind superoxide anion and H,0O,, are effective inhibitors of
lipid peroxidation. It was found that when introduced into the lateral ventricles of the brain, carboxyfullerene
can eliminate the effects of oxidative damage caused by reperfusion ischemia [7, 18].

Aminacid derivatives of fullerenes. The synthesis of water-soluble derivatives of C60 fullerene with so-
dium salts of aminobutyric and g-aminocaproic acids, as well as hybrid structures based on the fullerene de-
rivative with proline and carnosine (B-alanyl-L-histidine) are described [19-23, 24]. The considered deriva-
tives possessed antioxidant activity. For the first time, the authors found a relationship between the suppres-
sion of the development of cytomegalovirus infection (CMVI) and the activation of peroxidation of lipid.
Moreover, an effective inhibitor of CMVI from the class of amino acid derivatives of fullerene was obtained
[23, 25-28]. Antiviral activity was also found in fullerene — (#ris-aminocaproic acid) hydrate in non-toxic
concentrations (up to 100 pug/ml) with respect to the respiratory syncytial virus. The antiviral agent is offered
as a 1 % ointment of fullerene hydropolyaminocaproic acid as an active substance.

Conclusions

Thus, an analysis of the literature on the study of C60 fullerene derivatives allows us to draw the fol-
lowing conclusions about the current state of research in this area:

a) The uniqueness of fullerenes as a class of chemical compounds is determined by the peculiarities of
their structure. They attract the attention of researchers for their practical applications in science, biology and
medicine, in semiconductor technology and nanoelectronics.

b) Fullerenes have an unusually large number of equivalent reaction centers (in terms of the number of
double bonds), which leads to the possibility of the formation of a large number of reaction products during
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the functionalization of their structure. Thus, most chemical reactions with fullerenes are not selective, which
complicates the synthesis of individual compounds.

¢) Most of the syntheses of derivatives of fullerenes described in the literature relate to the modification
of fullerene C60. The data on the biological activity of fullerene derivatives presented in the literature are
incomplete and fragmentary. In many works, the molecular mechanism of its manifestation has not been reli-
ably established.

d) The most important properties of the structure of C60, affecting the spectrum of its biological action,
are lipophilicity, membranotropicity and water solubility of its derivatives. The size, shape and high
lipophilicity of fullerene allow its molecule to quite easily penetrate into cells of a living organism.

e) The formation of supramolecular complexes and therapeutic agents can improve the bioavailability
and pharmacokinetics of the latter, which opens the way to the creation of targeted drug delivery systems.
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C.J. ®a3puios, O.A. Hypkenos, 3.M. Mongaxmeros, A.M. Fazanues,
A.E. Apunosa, M.K. H6paes, JI.M. Brnacora, A.C. ®a3puioB

®yanepen C60 OmonorusijibIK 0esiceH1i TYbIHABLIAPDI.
Kasipri 3amanrsl xxariaiibl MeH 1aMy 0oJ1alIarbl

Makanana C60 ¢ynnepeHHIH FBUIBIMH ofeOueTTepleri (QU3MKAIBIK-XUMUSUIBIK JKOHE OHOJIOTHSIIBIK
KacheTTepi Typaibl, COHbIMEH Oipre Maxana aBTOPJIAPBIHBIH aMHHICP MEH TaOMFU alIKaJOMATAPHIHBIH
¢dymaepeHni TYBIHIBUIAPBIH CHHTE3[CY pPEaKIMsUIApBIH 3epTTEy HOTIDKENepli KelTipinreH. 3arTapibly
KYpPBUIBICBIHIA QyiuiepeHal (parMeHTTIH OOJIybl oJlapFa J>KaHa carajbl MEXaHUKAbIK, (H3HKAIBIK,
XUMUSUTBIK, OWMOJIOTHSUIBIK oHE Oacka Ja KacHeTTep OKeJeTiHI HAaHOMAcIITaOTHIK (haKTOpIapiAblH maiina
6omysiMeH kepcerireH. CO0 dymrepeHai TYBIHABUIAPABIH OHOJIOTHSIIBIK, KaCHETTEPiHIH, KYPHUIBICHIHBIH
JKOHE CyZa epirillTiriHiH apachiHIarbl OaiimaHbic cypakTapbl Kapactoippuirad. ®Dysepen C60 kenrereH
MEeMOpPaHOTPONTHI, GAKTEPHSUIIBIK, BUPYCTapFa Kapchl, MUMMYH/IbI TYpaenaipyurinik, AKTK rexeyminik xxoHe
Tarpl Ja Oacka Kacuerrepi Oap KeNTereH TYPJCHIIPUITeH TYbIHIABUIAPBIHBIH OHONOTHSJIBIK OeJICeHIiTiK
acepiepi 3eprrenred. Kypambinaa ¢ymiepeni 6ap npenaparrapasiy renatut C BEUpYChIHA KapChl, COHBIMEH
Gipre omapislH 60C paauKanAapAbl YCTal aly Kacuerrepi eTe xkorapbl. DymiepeHnepAiH TybIHIbUIAPBIHBIH
COHJal-aK HEHpPOTPONTHUIBIK II€H AaHTHOKCHAAHTTBUIBIK JoHEe Oacka ma THIMIlI ocepiepi Oap ekeHi
KepceTureH. Makaia aBTOpNApPBIHBIH ~ (QYIUIEPEHHIH aMHHOTYBIHIBUIAPBIH —CHHTE3JIEY SKYMBICTaphl
HOTIKEIIepiHe Je aca Kol KOHLI OeTiHTeH.

Kinm cesdep: dymnepen C60, dhymaeponnpporuuaaep, HAaHOMACIITa0Th! (akTopiap, aMHHII QyIUIepeHsep,
IIparo peakuuscsl.

C.[. ®azbuios, O.A. Hypkenos, 3.M. MynnaxmeroB, A.M. ['azanues,
A.E. Apunosa, M.K. M6paes, JI.M. Brnacosa, A.C. ®a3buion

buoJsiornyeckun akTuBHbIE Ipou3BoaAHbIE Pysiepena C60.
CoBpeMeHHOe COCTOSIHUE U MePCIHEeKTHBbI PA3BUTHSA

B craTbe npezncraBieH 0030p JMTEPATyphl O HU3MKO-XUMUUYECKUX M OMOJIOTMYECKUX CBOWCTBAX (yJuiepeHa
C60, a Taroke 1aHbl COOCTBEHHBIC IKCIIEPUMEHTAIBHbIC JaHHbIC aBTOPOB M0 CUHTE3Y (YIIIEPEHOBBIX MPOU3-
BOJIHBIX aMMHOB M NPHPOJHBIX ayikaaounoB. ITokaszaHo, uTo Hamuuue QparmeHra QysiepeHa B CTPYKType
COeIMHEHUs oOecreunBaeT 3HAUUTEIbHOE YIIyUIeHHEe WX TOSBICHHE KaueCTBEHHO HOBBIX MEXAaHHYECKHX,
XUMHYECKUX, PU3NIECKUX, OHOIOTHIECKUX M APYTUX CBOMCTB, CBS3aHHBIX C IPOSBICHUEM HaHOPa3MEpPHBIX
(axTopoB. PaccMOTpPEHBI BOIIPOCHI B3aMMOCBSI3U CTPYKTYpPBI, pACTBOPHMOCTH B BOJIE M OHOJIOTMYECKO aK-
THUBHOCTH NPON3BOAHEIX (ymiepeHa C60. OnucaHo MHOKECTBO OHOJIOTHYECKH aKTHBHBIX 3()()EKTOB pas3iimd-
HBIX MOIU(HLUPOBAHHBIX NMPOU3BOAHBIX (ysuiepeHa C60, koTopsle 00Iafal0T MEMOPAHOTPOITHBIMH, aHTH-
OaKTepHaILHBIMH, NIPOTHBOBHUPYCHBIMH, HIMMYHOMOIYJIMPYIOIMMH, HHTHOUpytomumu BUY depmenTHBIMU
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U IPYTMMH CBOWCTBaMH. BbliIo 0TMeueHo, 4To npenapatsl, coaepxaniue pparMeHT dymiepena, 3hGeKTHBHbI
npoTuB Bupyca remnatura C, a Takxe criocoOHBI yJIaBIUBaTh CBOOOIHbIE panukaisl. [IpousBoansie ¢ysiepe-
HOB TaK)XX€ MOTYT HCIIOJIb30BAThCS B KAYECTBE aHTUOKCHUIAHTHBIX, HEHPOIIPOTEKTOPHBIX U JPYTUX CPEICTB.
Oco6oe BHUMaHHE y/IeJICHO COOCTBCHHBIM pe3yJIbTaTaM aBTOPOB 10 CHHTE3Y aMUHOIIPOM3BOAHBIX (yIiepe-
HOB.

Kniouesvie crosa: ¢ymiepen C60, dymneponuppoluauHbl, HaHOpa3MepHbIe (aKkTOphl, aMUHOIIPOH3BOIHEIE
¢ymnepenos, peaxuus [Ipato.

References

1  Dumpis, M.A., Nikolaev, D.N., Litasova, E.V., Iljin, V.V., Brusina, M.A., & Piotrovsky, L.B. (2018). Biological activity of
fullerenes — reality and prospects. Reviews on Clinical Pharmacology and Drug Therapy, 16, 4-20.

2 Petrone, L. Ammendolia, M.G., Cesolini, A., Caimi, S., Superti, F., Giorgi, C., & Bonito, P. Di. (2011). Recombinant HPV16
E7 assembled into particles induces an immune response and specific tumour protection administered without adjuvant in an animal
model. J. Transl. Med., 9, 2-9.

3 Penkova, A.V., Acquah, S.F., Piotrovskiy, L.B., Markelov, D.A., Semisalova, A.S., & Kroto, H.-W. (2017). Fullerene deriva-
tives as nano-additives in polymer composites. Russ. Chem. Rev., 86(6), 530-566.

4 Piotrovsky, L.B., & Kiselev, O.1. (2005). Fullerenes and Viruses. Fullerenes, Nanotubes and Carbon Nanostructures, 12(1—
2), 397-403.

5 Bosi, S., Da Ros, T., Spalluto, G., Prato, M. (2003). Fullerene derivatives: an attractive tool for biological applications. Eur.
J. Med. Chem., 38(11-12),913-923.

6 lkeda, A., lizuka, T., Maekubo, N. (2013). Cyclodextrin complexed [60] fullerene derivatives with high levels of photody-
namic activity by long wavelength excitation. ACS medicinal chemistry letters, 4(8), 752—756.

7 Mizuno, K., Zhiyentayev, T., Huang, L., Khalil, S., Nasim, F., & Tegos, G.P., et al. (2011). Antimicrobial Photodynamic
Therapy with Functionalized Fullerenes: Quantitative Structure-activity Relationships. J. Nanomed. Nanotechnol., (2)2, 100109—
100117.

8 Komatsu, T., Nakagawa, A., & Qu., X. (2009). Structural and mutagenic approach to create human serum albumin-based ox-
ygen carrier and photosensitizer. Drug metabolism and pharmacokinetics, 24(4), 287-299.

9 Bogdanovic, V., Stankov, K., Icevic, L., Zikic, D., & Nikolic, A. (2008). Fullerenol Cy,(OH),, effects on antioxidative en-
zymes activity in irradiated human erythroleukemia cell line. Journal of radiation research, 49(3), 321-327.

10 Troshina, O.A., Troshin, R.A., Peregudov, A.S., & Liubovskaia, R.K. (2007). Vodorastvorimye proizvodnye fullerenov —
potentsialnye meditsinskie preparaty [Water Soluble Derivatives of Fullerenes — Potential Medicines]. Zhurnal innovatsii — Inno-
vation Magazine, 5, 105 [in Russian].

11 Bhoi, V.I., Kumar, S., & Murthy, C.N. (2012). The self-assembly and aqueous solubilization of [60]fullerene with disaccha-
rides. Carbohydr, 359, 120-127.

12 Bosi, S., Feruglio, L., Milic, D., & Prato, M. (2003). Synthesis and water solubility of novel fullerene bisadduct derivatives.
Eur. J. Org. Chem., 23, 4741-4747.

13 Fazylov, S.D., Nurkenov, O.A., Arinova, A.E., Tyktarov, A.P., Khuzin, A.A., & Turdybekov, K.M. (2014). Synthesis and
structure of N-methyl-1-phenylfullereno-C-60[1,9]pyrrolidines based on aminoaldehydes. Journal of General Chemistry, 84(10),
2058-2059.

14 Fazylov, S.D., Nurkenov, O.A., Arinova, A.E., Seilkhanov, T.M., Tuktarov, A.R., & Khuzin, A.A., et al. (2015). Synthesis
and structure of N-methyl-1-[(4-bromo-3,5-dime-thyl-1H-pyrazol-1-yl)phenyl] fullerene-C60-[1,9-c]pyrrolidine. Russian Journal of
General Chemistry, 85(5), 1049-1051.

15 Roy, P., Bag, S., Chakraborty, D., & Dasgupta, S. (2018). Exploring the inhibitory and antioxidant effects of fullerene and
fullerenol on ribonuclease A. ACS Omega, 3(9), 12270-12283.

16 Hu, Z., Zhang, C., & Huang, Y. (2012). Photodynamic anticancer activities of water-soluble C60 derivatives and their biolog-
ical consequences in a HeLa cell line. Chemico-biological interactions, 195(1), 86-94.

17 Xu, J.-Y., Su, Y.-Y., & Cheng, J.-S. (2010). Protective effects of fullerenol on carbon tetrachloride-induced acute hepatotoxi-
city and nephrotoxicity in rats. Carbon, 48(5), 1388—1396.

18 Jiao, F., Liu, Y., & Qu, Y. (2010). Studies on anti-tumor and antimetastatic activities of fullerenol in a mouse breast cancer
model. Carbon, 48(8), 2231-2243.

19 Djordjevic, A., Canadanovic-Brunet, J., & Vojinovic Miloradov, M. (2005). Antioxidant properties and hypothetical radical
mechanism of fullerol C60(OH),4. OxidCommun., 27(4), 806-812.

20 Injac, R., Radic, N., & Govedarica, B. (2009) Acute doxorubicin pulmotoxicity in rats with malignant neoplasm is effectively
treated with fullerenol C60(OH),4 through inhibition of oxidative stress. Pharmacological Reports, 61(2), 335-342.

21 Jiang, G., Yin, F., Duan, J., & Li, G. (2015). Synthesis and properties of novel water-soluble fullerene-glycine derivatives as
new materials for cancer therapy. J. Mater. Sci: Mater. Med., 26, 1-7.

22 Hu, Z., Zhang, C., & Huang, Y. (2012). Photodynamic anticancer activities of water-soluble C60 derivatives and their biolog-
ical consequences in a HeLa cell line. Chemico-biological interactions, 195(1), 86-94.

23 Kotelnikova, R.A., Smolina, A.V., Grigoryev, V.V., Faingold, L.I., Mishchenko, D.V., & Poletaeva, D.A. (2011) Antioxidant
properties of water-soluble amino acid derivatives of fullerenes and their role in the inhibition of herpes virus infection. Rus. Chem.
Bull., 6, 1172-1176.

CHEMISTRY series. Ne 3(99)/2020 19



S.D. Fazylov, O.A. Nurkenov et al.

24 Fazylov, S.D., Nurkenov, O.A., Arinova, A.E., Seilkhanov, T.M., Ibraecv, M.K., & Tazhbaev, E.M. (2020) Synthesis of New
Chromene-Containing Fulleropyrrolidines. Journal of General Chemistry, 90(7), 1143—1145.

25 Teradal, N.L., & Jelinek, R. (2017). Carbon Nanomaterials in Biological Studies and Biomedicine. Adv Healthc Mater.,
6(17),1700574.

26 lIlyin, V.V., & Piotrovskii, L.B. (2017). The study of the stability of fullerene C60 films. Reviews on Clinical Pharmacology
and Drug Therapy, 15(2), 42-45.

27 Misra, C., Kumar, M., Sharma, G. (2017). Glycinated fullerenes for tamoxifen intracellular delivery with improved anti-
cancer activity and pharmacokinetics. Nanomedicine (Lond), 12(9), 1011-1023.

28 Ikeda, A., Mae, T., & Ueda, M. (2017). Improved photodynamic activities of liposome-incorporated [60]fullerene derivatives
bearing a polar group. Chem Commun (Camb)., 53(20), 2966—2969.

20 Bulletin of the Karaganda University



DOI 10.31489/2020Ch3/21-37

UDC 544.42+519.242.7

S.Yu. Panshina® 2*, O.V. Ponomarenko3, AA. Bakibaevl,
V.S. Malkovl, O.A. Kotelnikovl, A.K. Tashenov®

'National Research Tomsk State University, Russia;
’National Research Tomsk Polytechnic University, Russia;
’L.N. Gumilyov Eurasian National University, Nur-Sultan, Kazakhstan
(Corresponding author’s e-mail: janim_svetatusik@mail.ru)

Study of glycoluril and its derivatives by 'H and BC NMR spectroscopy

Bicyclic bisureas, especially 2,4,6,8-tetraazabicyclo[3.3.0.]octan-3,7-dione (glycoluril), have a special place
in chemistry of heterocyclic compounds. The carbamide fragment in glycoluril structure determines the prop-
erties of the molecule, which are due to the presence of two reaction centers (NH-groups and C=O-groups) in
the molecule. In this work, we analyzed the proton and carbon chemical shifts of glycoluril and its derivatives
(86 compounds) in the NMR spectra to reveal the effect of the donor-acceptor substituents on the changes in
the electron density in the bicyclic framework from the position of symmetry and asymmetry. A general anal-
ysis of the 1H and 13C NMR spectra of glycolurils makes it possible to accurately determine the spatial con-
figurations of molecular symmetry, in the presence of which (c1 and / or 62) the enantiotopic hydrogen and
carbon atoms of the bicyclic framework are manifested by equivalent signals. Also, according to the 1H and
13C chemical shifts in the NMR spectra, glycolurils with electron-acceptor substituents can be clearly distin-
guished by the shielding of carbon atoms of C=O-groups, and with electron-donating substituents by the
deshielding of CH-CH-carbons, due to the rearrangement of electron density and the occurrence of local par-
amagnetic contributions owing to anisotropy

Keywords: glycoluril, NMR, chemical shifts, symmetry, enantiotopic atoms, shielding, deshielding, X-ray
diffraction.

Introduction

In the chemistry of heterocyclic compounds, bicyclic ureas have a special place, among which the
greatest interest are 2,4,6,8-tetraazabicyclo[3.3.0.]octan-3,7-dione 1 (glycoluril) (Fig. 1) and its derivatives.
The history of glycoluril chemistry dates back to the second half of the 19" century, when a number of re-
searchers succeeded in synthesizing the progenitor 1 of this class of compounds. Since then, the chemistry of
glycolurils, first of all, due to polyfunctionality of their structure, has developed rapidly. It was reflected in
the creation of valuable substances in various fields of human activity such as disinfectants [1, 2], medicines
[3; 86, 4], polymer stabilizers [5], independent explosives or their components [6—8] and other important
substances and materials based on these compounds.

H H
\ /

N N
s
N N
/ \

H H

la

Figure 1. The structural formula of glycoluril 1 (1) and its spatial configuration in the crystal (1)

Glycoluril 1 is a polyfunctional compound in which the carbamide fragment (Fig. 2) essentially deter-
mines the properties of the molecule 1 being resulted from the presence of two reaction centers (4 donor
groups (—NH) and 2 acceptor groups (C=0)) in the molecule. Glycoluril 1 has the properties of a highly ac-
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tive N-nucleophile and a significantly deactivated p-nucleophile. Despite its weak basicity, glycoluril 1 is
rather difficult to protonate, but it is capable of N-alkylation, N-acylation, N-halogenation, N-nitration,
N-nitrosation, N-hydroxyalkylation reactions, etc. [9; 126—129].

o o~ 0

-~ +
NHZ="""\\ HN/< HN/<
\ +

Figure 2. Resonance structures of the carbamide fragment of the glycoluril molecule 1

The synthesis and study of the chemical properties of bicyclic bisureas allows creating of new classes of
nitrogen-containing heterocyclic compounds with other practically useful properties. For example, polycy-
clic condensed systems such as cucurbit[n]urils [10-12] and bambus[n]urils [13, 14], the building blocks of
which is glycoluril 1.

Due to the complex structure of glycoluril derivatives, the problem arises of the precise identification of
the studied compounds, where the most convenient method for solving structural problems is the method of
nuclear magnetic resonance spectroscopy (NMR).

The molecule of glycoluril 1 contains nitrogen, oxygen, carbon and hydrogen atoms, for the analysis of
the bonds of which it is convenient to record the spectra on 'H, C, "N, 7O nuclei. NMR spectroscopy on
these nuclei can provide enough information to determine the structure of a molecule, its electronic and con-
formational features. Due to the low content of natural isotopes "N and 'O, there is no information in the
literature on the use of NMR on '’O nuclei for a number of glycolurils. To obtain information of the position
of the "’N chemical shifts of glycoluril 1 and its derivatives 2D heterocorrelation of the '"H-""N spectra [15]
and the establishment of the direct coupling constant "N—'H [16] are most often used. Therefore, in this
work, we analyzed the chemical shifts (further in the text, CS) of the NMR of glycoluril 1 and its derivatives
2-13, recorded on 'H and "C nuclei (Table 1-10).

Taking into account the specific and limited solubility of glycoluril 1 and its derivatives 2-13, which
depends on the presence of substituents, in practice, the universal solvents DMSO-d4s and D,O are most often
used for analysis. N-acylderivatives of glycoluril 12 is convenient to analyze in a CDCl; solvent to avoid
overlapping signals of atoms.

When recording the NMR spectra of glycoluril 1, it was found that in the proton magnetic resonance
spectrum there are 2 CS in the regions of 5.24 ppm and 7.16 ppm, which correspond to signals of the CHCH
and NH groups, and in the °C spectrum, the carbons of the CH-CH and C=0 groups resonate at 64.60 ppm,
160.30 ppm respectively. These data certainly indicate the spatial symmetry of glycoluril 1. Indeed, in the
molecule 1, there are two planes of symmetry ' and 6 (Fig. 3), where the plane ¢' passes along the methine
CH-CH bridge, and the plane o intersects two carbonyl oxygen atoms (Fig. 3) [17].

Figure 3. Symmetry planes ¢' and o in the molecule of glycoluril 1

However, when studying the crystal structure of glycoluril 1 by X-ray diffraction (Fig. 1b), it was first
established [18] that, in addition to symmetry, the conformation of bicyclic framework 1 due to the rigidity
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of the cis-joint of annelated imidazolidinone rings has a folded structure in the form of a «half-opened
book». The dihedral angle between the imidazolidinone rings in molecule 1 is 124.1°. In addition, it was
found that the nitrogen atoms in molecule 1 are located equidistant from each other. The hydrogen atoms of
the CH-CH group are cis-oriented, and the imidazolidinone rings are characterized by an almost flat structure
with a slight deviation of the C=0 groups from the plane.

Thus, the goal of this work was to study CS of glycoluril 1 and its derivatives 2-13 to identify the effect
of substituents on changes in electron density in the bicyclic framework, taking into account the symmetry
and asymmetry of the 86 molecules considered.

Experimental

The substances 2e—g, 3¢, d, 4b—c, 5d, e, g, 6¢—f were synthesized in accordance with the methods of
[9; 113]. NMR spectra for substances 2e—g, 3c, d, 4b—c, 5d, e, g, 6¢—f were recorded on a Bruker AVANCE
IIT HD spectrometer (Bruker Corporation, Germany) with an operating frequency of 400 and 100 MHz for
'H and "C nuclei respectively, in a solution of DMSO-ds with a concentration of 0.001 mol of the substance
in 0.5 ml of solvent. The internal standard is tetramethylsilane (TMS).

Results and Discussion

N-Monosubstituted glycolurils. First of all, it should be noted that with N-monosubstitution in the
glycoluril framework, the symmetry of the molecule is violated (glycolurils 2a—g). In the analyzed molecules
2a—g, there are no symmetry planes ¢' and ¢°, which, as we have found, is reflected in the change of CS in
the 'H and ">C NMR spectra (Table 1).

Table 1
Chemical shifts of N-monosubstituted glycolurils 2a—g
No Substituent "H NMR, ppm, (J/Hz) BC NMR, ppm
: R, CH-CH NH CH-CH =0
11 H 5.24 (s. 2H) 7.16 (s. 4H) 64.60 160.30
o i CHL 514(d. 1H,1=80)| 720(s. 1H) | 62.54 159.75
J\ 5.19 (d. IH,J=8.0) | 730 (s. 2H) | 69.89 161.79
o 522 (d. 1H,1=79)| 729(s. 2H) | 62.39 159.40
Ny 2 | 207 | CH:CONHCHCH)GHs | g (4 111 7=7.9)| 7.44(s. 1H) | 68.55 161.14
o S21(d. 1H,J=82)| 729(s. 1H) | 62.24 159.13
5> <1 2 CH,CHN(CHs), | 535 (g 11, 7=82) | 740(s.2H) | 6775 161.00
NS _ sNH 518(d. IH,J=8.1)| 725,730, | 6233 159.36
7 [21] > ) ) )
2d CH,CHNHCOCH: 15 37 (4 11, 7=38.1) | 7.30 3. 3H) | 67.74 161.15
545(d. 1H,J=80)| 717,729, | 6410 15830
o 2e CH,OH 5.65(d. 1H,J =8.0)| 7.2 (3s.3H) | 67.70 160.08
568(d 1H,J=80)| 855,757, | 6155 151.40,
2 COCH, 5.23(d. 1H,J=8.0) | 7.49 (3s.3H) | 6324 154.80
) o 534(d 1H,J=7.6)| 7.94,7.97, | 6211 152.30
g 5.66(d. 1H,J=7.6)| 9.38 (3s.3H) |  63.48 160.68
Chemical shift range (A) 5.14-5.68 717938 |61.55-69.89| 151.40—161.79

An analysis of the NMR data for compounds 2a—g shows that in the absence of planes of symmetry c'
and o, the protons and carbons of methine (CH-CH) groups appear to be non-equivalent peaks. In the PMR
spectra, CH-protons resonate in pairs in the form of doublet signals in the region from 5.1 ppm to 5.7 ppm,
and in the ®C NMR spectra, shielding of signals of one CH up to 2 ppm (2f) and CH carbon deshielding
from the substitution side up to 4.4 ppm (2a) relative to the CS of similar glycoluril atoms 1 are observed.
The deshielding of CH atoms in substances 2a—e is probably due to the positive inductive effect of electron-
donating substituents on nitrogen atoms [22; 712], which makes its unshared electron pair more available for
sharing with a five-membered ring. Such an effect of electron-donating groups makes C—C carbons on the
substitution side partially sp>-hybridized atoms due to an increase in electron density, which shifts the CS of
carbon CH to the fields of «molecular currents» or z-conjugated systems.

The CS of NH groups in compounds 2a—g become unequal and resonate in the form of two or three sin-
glets in the regions from 7.2 ppm to 9.4 ppm. In compounds 2a—e with electron-donating substituents at ni-
trogen atoms, a shift in the CS of NH groups in the range of +0.5 ppm relatively to 1 is observed. These
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changes indicate a weak effect of the substituents on the inhibition of amide conjugation in the urea fragment
of the molecules 2a—g (Fig. 2). While in the case of substances 2f, g with acceptor substituents, the CS of the
NH group shifts to the low-field region by 2.2 ppm relatively to glycoluril 1, due to the inductive effect of
the substituent on the unshared pair of electrons of the neighboring unsubstituted amino group, which is iso-
lated and not shared with the imidazolidine ring.

The CS of carbons of C=0O groups are shielded in substituted imidazolinone rings in average up to
2.0 ppm (2a—e), and for compounds 2f, g with electron-acceptor substituents (-NO, -COCHs;) the carbonyl sig-
nals shift to the high-field region by 8.9 ppm. The observed effect of strong shielding of the C=O group in
compounds 2f, g is explained by the circulation of electron-acceptor substituents’ electrons due to the presence
of 7-bonds, which leads to the appearance of a field additionally strengthening the external [23; 183] or «anisot-
ropy cone» [24]. This effect is similar for 2,6-N-disubstituted compounds Se—h and is shown in Figure 4.

2,8-N-disubstituted glycolurils. The absence of plane of symmetry o” in 2,8-N-disubstituted glycoluril
3a-d molecules can also be detected in the 'H and '*C NMR spectra (Table 2).

Table 2
Chemical shifts of 2, 8-N-disubstituted glycoluril 3a-d
0 No Substituent "H NMR, ppm, (J/Hz) BC NMR, ppm
B R, CH-CH NH CH-CH C=0
1 H 5.24 (s. 2H) 7.16 (s. 4H) 64.60 160.30
R —
HN 3 N/ 1 [19] 5.15 (d lH, J= 84) 60.63
4 2 3a CH; 5.18(d 1H.J = 8.4) 7.39 (s. 2H) 7563 160.19
5 1 [25] 4.98 (d. 1H, J =8.5) 60.40
AR 3b CH,Ph 539 (d 1H.J = 8.5) 7.64 (s. 2H) 70.70 159.70
1N 5.41(d. 1H,J =8.0) 64.10
R 3¢ CH,OH 5.58 (d. 1H. J = 8.0) 7.39 (s. 2H) 67.70 160.90
525(. 1H,J=7.2) 59.50
o) 3d COCH; 6.44 (d. 1H.J=72) 8.74 (s. 2H) 6331 154.73
Chemical shift range (A) 4.98-6.44 7.39-8.69 | 59.50-75.63 | 154.73-160.19

The CS of 2,8-N-disubstituted glycolurils 3a—d indicates the equivalence of the C=0 signals in the °C
spectra and the NH groups in the "H NMR spectra due to the presence of the plane of symmetry c'of the mole-
cules that passes through the C—C bond. The lack of symmetry along the 6° plane is demonstrated by the none-
quivalence of carbons and protons of methine groups (CH-CH) in such a way that the carbons resonate with
pair signals in the regions of 59.5-75.6 ppm, and the protons appear doublets in the range of 4.9—6.4 ppm.

The CS of the NH groups in the compounds 3a—d appear as singlet peaks, and, in the case of glycolurils
3a—c, with a shift to a low-field of up to 0.5 ppm, and for 2,8-N-diacetylglycoluril 3d to 1.6 ppm relatively
to 1. The shielding of carbonyl carbon atoms for compounds 3a—c is on average 1 ppm. For compound 3d a
shift of CS of the C=0 groups to the high-field by 5.6 ppm relatively to the parent 1 is observed. The general
character of the shift of the C=0O groups signal for 3a—d is similar to substances 2a—h, but 2a—h have in their
structure only one substituted imidazolinone ring, and compounds 3a—d combine the properties of two simi-
larly substituted rings. In the structures of glycolurils 3a—d, there is a synergistic effect of pairs of substitu-
ents on the electronic density of glycoluril framework, distribution of which is reflected in NMR spectra by
stronger shielding and deshielding of the corresponding atoms relatively glycoluril 1. So in *C NMR spectra
of glycolurils 3a—d there is the shielding of signals of one CH in 3d (up to 5.1 ppm) and a significantly high-
er deshielding of CH carbon in 3a—c from the substitution side (up to 11 ppm) relatively to CS of similar
glycoluril atoms 1. In the latter case, the found effect is due to the positive inductive effect of electron-
donating groups to nitrogen atoms [22; 712], which determines the «pushing out» of unshared pairs of nitro-
gen electrons to C—C carbons from the substitution side, making them partially sp*-hybridized. This interpre-
tation can explain the shift of CS of CH-carbons to fields of «molecular currents» or n-conjugated systems.

2,4-N-Disubstituted glycolurils. In the molecules of 2,4-N-disubstituted glycolurils 4a—e, in the case of
equivalent substituents, there is a symmetry corresponding to the 6 plane. This fact is confirmed by the CS
in the NMR spectra (Table 3), where the signals of protons of equivalent NH groups give singlet peaks in the
region of 7.5-8.9 ppm, the CS of carbons (62.6—76.7 ppm) and protons (5.1-5.7 ppm) of the CH-CH groups
appear in the form of single signals. The absence of symmetry along the o' plane is indicated by nonequiva-
lent CS of C=0-groups.
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Table3
Chemical shifts of 2, 4-N-disubstituted glycolurils 4a—e
N Substituent 'H NMR, ppm, (J/Hz) "C NMR, ppm
- R, R, CH-CH NH CH-CH| C=0
o 11 H H 5.24 7.16 (s. 4H) | 64.60 160.30
/U\ 42" | CH, CH, 5.12 (s. 2H) 7.54 (s.2H) | 76.67 12(8)%
Ry S 158.01
N/ 4b | CH,OH CH,0H 5.55 (s. 2H) 747(s.2H) | 66.86 | |\ 4n
HNYNH 4c | COCH, COCH, 5.65 (s. 2H) 8.87 (s. 1H) | 62.62 12‘1"%
21] 510(d. 1H,J=8.1) | 7.49(s. IH) | 66.16 | 158.36
© 4d77 | CH;  JCH,CHNHCOCH; | 5oy (4 11 7=8.1) | 7.56 (s. 1H) | 67.93 | 161.61
21] 5.41(d. 1H,J=83) | 7.71(s. 1H) | 65.11 155.17
de Ph |CH.CH,NHCOCH; | 5 o0 (4 11, 7=83) | 7.87(s. 1H) | 6624 | 161.11
. . 62.62— | 154.68—
Chemical shift range (A) 5.10-5.82 7.47-8.87 76.67 161.61

The structures of compounds 4a—e combine the properties of unsubstituted and disubstituted by nitro-
gen atoms imidazolinone rings, where the CS of C=0 groups for 4a, b, d in the substituted fragment are
shielded by an average of 2.0 ppm, and in the case of compounds 4¢, e with substituents of acceptor type —
up to 5.5 ppm relatively to glycoluril 1. In the unsubstituted cycle of compounds 4a—e, on the contrary, car-
bonyl carbon atoms are deshielded up to 1.3 ppm compared to 1.

For compounds 4a and 4c, the symbatic effect of two substituents is observed. Acetyl substituents (4¢)
lower the electron density of the adjacent annelated ring, this is reflected in the shift of the CS of NH groups
by 1.7 ppm in a low-field relatively to 1. Methyl substituents in 4a increase the electron density in the
disubstituted cycle, which affects the deshielding of signals of CH-CH groups by 12 ppm relatively to 1.

In compounds 4a, b, d, aminogroups are deshielded by an average of 0.5 ppm, which corresponds to the
range of compounds 2, 3 considered above with electron-donating substituents at nitrogen atoms.

The presence of various functional groups at 2,4-N-positions in compounds 4d and 4e leads to asym-
metry of the molecule and, accordingly, to a change in the number of signals in the NMR spectra for NH,
C=0, and CH-CH groups. For the substance 4e, the CS of unsubstituted NH groups also reflect a moderate
acceptor effect of the phenyl substituent, which deshields NH by 0.7 ppm relatively to 1.

2,6-N-disubstituted glycolurils;, and 2,4,6,8-N-tetrasubstituted glycolurils. Similarly to the glycoluril
molecule 1, 2,6-N-di- 5a—h (Table 4) and 2,4,6,8-N-tetra-substituted compounds 6a—i (Table 5) have two
planes of symmetry (¢' and 6°). In 'H NMR spectra of substances 5a—h and 6a—i, we observe the equivalent
singlets of protons of CH-CH groups of a bicyclic framework and in *C NMR spectra the equivalent CS of
CH—CH and C=0 groups, as well as singlet peaks of two unsubstituted NH-groups in Sa—h.

Table 4
Chemical shifts of symmetric 2, 6-N-disubstituted glycoluril Sa—h
No Substituent "H NMR, ppm, (J/Hz) BC NMR, ppm
Q R, CH-CH NH CH-CH C=0
)k 1 H 5.24 (s. 2H) | 7.16 (s. 4H) 64.60 160.30
iy 3N — R 5al”) CH, 5.10 (s. 2H) | 7.57 (s. 2H) 67.39 159.66
‘ 5p1% CH,C¢H; 5.04 (s. 2H) | 7.81 (s. 2H) 64.88 158.86
5 1 5¢”T | CH,CH,NHCOCH; | 5.25 (s. 2H) | 7.49 (s. 2H) 65.40 159.20
NN 5d CH,OH 5.53 (s, 2H) | 7.61 (s. 2H) 66.34 160.56
Ry N7 5e COCH;, 5.66 (s. 2H) | 8.85 (s. 2H) 61.80 154.34
5] COCH,CI 5.34 (s. 2H) | 8.83 (s. 2H) 63.32 154.03
5 5g NO 5.64 (s. 2H) | 9.96 (s. 2H) 60.19 152.00
5h* NO, 6.03 (s. 2H) | 9.83 (s. 2H) 63.80. 149.00
Chemical shift range (A) 5.10-6.03 | 7.49-9.96 | 60.19-67.39 | 149.00-160.56
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Table 5
Chemical shifts of symmetric 2, 4, 6, 8-N-tetrasubstituted glycolurils 6a—i
Ne Substituent 'H NMR, ppm, (J/Hz) "C NMR, ppm
0 R, R, CHCH CHCH C=0

/“\ LR H H 5.24 (s. 2H) 64.60 160.30
R~y 2\ —Re 6a'"”! CH, CH, 5.06 (s. 2H) 71.92 159.05
42 6b”° | CH,C¢H; CH,CH; 4.84 (s. 2H) 67.71 159.54
5>__< 6¢ CH,OH CH,0OH 5.59 (s. 2H) 70.65 158.62
RAENY 6d | CH,0OCH; CH,0CHj 5.52 (s. 2H) 74.86 158.45
Ry \ﬁ/ SR, 6e Cl Cl 5.48 (s. 2H) 72.72 160.51
6f COCH, COCH, 6.33 (s. 2H) 62.69 151.58
0 6g! NO, NO, 7.77 (s. 2H) 65.90 142.40
6h!?"! CH, CH,NHSO,Ph 4.70 (s. 2H) 66.75 156.80
61" C,H; CH,NHSO,Ts 4.65 (s. 2H) 65.38 156.85

Chemical shift range (A) 4.65-7.77 62.69-74.86 | 142.40-163.81

Structures 5a—h are two annelated monosubstituted imidazolinone rings with anti-arrangement of sub-
stituents relatively to each other.

The type of the action of the substituents on the shift of the signals of NH groups to a low-field for sub-
stances 5a—h is similar to compounds 2, 3 considered above. In the substances 5a—d, electron-donating sub-
stituents of nitrogen atoms deshield the nuclei of NH groups by 0.6 ppm, and acceptor substituents (5e—h)
deshield the CS of NH groups at 2.8 ppm relatively to 1.

The CS of C=0-group carbons undergo shielding on average up to 1.5 ppm (5a—d), and for compounds
5e—h with electron-acceptor substituents on nitrogen atoms, a synergy of electronic effects with shielding of
carbonyl signals by 11 ppm is observed, which is due to the formation of n-electron shielding regions (Fig. 4,
Se).

1
O
13C HN /,,—\\\
NMR “NH
CHs;
CHCH 5 67.39 ppm 5 64.6 ppm 6 61.80 ppm
C=0 5 159.66 ppm 6 160.30 ppm 6 154.34 ppm

Figure 4. Diagram of the distribution of electron density in the imidazolinone fragment of glycolurils 1, 5a, Se

It was found, that the CS of CH-CH protons in compound 5h is most deshielded compared to Sa—g and
is shifted to the low-field region by 0.8 ppm relatively to 1. This effect can be explained by the spatial
intramolecular interaction of nitrogroups with methine protons, which was discovered by studying the sub-
stance Sh by X-ray diffraction analysis (Fig. 5, Sh) [30], where it is reported that one of the oxygen atoms of
the two nitrogroups is maximally reversed towards the cis-protons of the methine bridge.

The structures of compounds 6a—i combine the properties of two N-disubstituted imidazolidinone rings,
where for substances 6f, g, the symbatic effect of 4 acceptor substituents is reflected in the spectral data. In
this case, shielding of C=0 groups to 17.9 ppm relative to 1 is observed. Electron-donating substituents in
glycolurils 6a—e, h, i increase the electron density in disubstituted imidazolinone rings, which is shown in
C NMR spectra by deshielding of CH-CH carbons to 10.2 ppm relatively to 1.

In the PMR spectra of compounds 6f, g, the singlets of protons CH-CH are most deshielded compared
to the CS of the corresponding atoms of compounds 6a—e, h, i and are shifted to a low-field by more than
1.1 ppm (6f) and 2.5 ppm (6g) relative to 1. Intramolecular interactions between substituents (-COCHj;,
-NO;) and cis-protons of the CH-CH groups may be present in these compounds. In the case of
tetraacetylsubstituted glycoluril 6f, these interactions were recorded by X-ray diffraction [32] (Fig. 5, 6f),
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where it was shown that the oxygen atoms of the two most twisted acetylgroups are maximally turned toward
the protons of the methine bridge.

o) o HsC 0
\ 0
N ~
o/ N /NH 7/ NN
\\\ H"‘*-\ 2.4;X‘H H*-/- _____ CHs
255A Y 2584 S0 2384
// HsC /
HN N—N\\ N N
CHs
O
O 6]
5h 6f
Figure 5. Intermolecular interactions between the Figure 6. Intermolecular interactions between the
oxygen atoms of the substituents and the protons oxygen atoms of the substituents and the protons
of the methine bridge in 2,6-N-dinitroglycoluril Sh of the methine bridge in 2, 4, 6, 8-N-tetraacetyl
according to X-ray diffraction data glycoluril 6f according to X-ray diffraction data

2,4-N-Dimethylderivatives of glycoluril. Comparing CS of 1 and substances 2a, 3a, 4a, 5a, 6a, it should
be noted that the presence of CH; groups at nitrogen atoms causes deshielding of CH-carbon signals by an
average of 10 ppm. Based on these data, CS in the series of asymmetric 2,4-N-dimethylderivatives of
glycolurils 7a—f are further considered (Table 6).

Table 6
Chemical shifts of asymmetric 2,4-N-dimethylderivatives of glycolurils 7a—f
No Substituting group "H NMR, ppm, (J/Hz) BC NMR, ppm
R, CH-CH NH CH-CH C=0

11 - 5.24 (s. 2H) 7.16 (s. 4H) 64.60 160.30

4" H 5.12 (s. 2H) 7.54 (s. 2H) 76.67 158.22

o (9] 5.08 (d. 1H,J=8.3) 65.30 158.07

Jk 7a CH; 520 (d 10 J=83) | 02 2H 1 959 | 159,54
HaCe 73 S —CHs [20] 5.15(d. 1H, 1 =8.3) 65.93 158.08
V7 7b CH,COOH 520 (d 10 7=83) | 0T 1 g8 1 160.05

21] 5.18(d. 1H,7=38.1) 66.51 158.45

N Mg, Te C(CH;),COOH 541(d 10 J=81) | /77 1H) 70.54 160.09

21] 5.16 (d. 1H, J=9.5) 65.81 158.43

© 7d77 | CHCHNH(CH3).CL | 55y (d. 1H,J =9.5) 7.91 (s. TH) 70.92 159.45

1] 5.06 (d. 1H, J=8.3) 65.65 158.25

7e7 | CH,CHNHCOCH; | 5y 4 1 y=g.3) | /026 1H) 71.31 159.51

- _ 533 (d. 1H,J=8.4) 63.10 156.70

7t N=CHPh 5.62(d. 1H, J =8.4) 843 (s 1H) 72.10 157.60
. . 63.10— 156.00—
Chemical shift range (A) 5.06-5.61 7.54-8.42 76.67 160.09

When analyzing the CS of 2,4-N-dimethylglycolurils 7a—f, the asymmetry of the structures is clearly
distinguished. The carbon atoms of the carbonyl groups of compounds 7a—e shift toward a high-field in the
range from 0.2 ppm up to 2.2 ppm relative to the CS C=0 of glycoluril 1. For compound 7f shielding of the
carbonyl group to 4.3 ppm, and the shift of the CS of NH groups to a low-field by 1.3 ppm relative to 1 are
observed, which is probably due to the positive mesomeric and negative inductive effect of the N=CHPh
substituent.

In the spectra of compounds 7a—f, the highest deshielding of CH-carbons up to 8.3 m from the N-2,8-
disubstitution of the molecule was recorded, and the CS of the neighboring CH carbons are manifested in
NMR spectra with a shift of £1.5 ppm relative to 1.
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Tricycles and tetracycles. It was interesting to trace the influence of the hard formation of substituents
in polycyclic structures 8a—c and 9a—c on the CS of the reference atoms of NH, CH-CH, C=0 groups of the
glycoluril framework (Table 7).

Table 7
Chemical shifts of asymmetric tricyclic 8a—c
and symmetric tetracyclic structures 9a—c, derivatives of glycoluril 1
)OJ\ [
R—N% 3 >N /—N4)3J’\2Nﬁ
5 1 N—R; R—N N—R
/ 1 5 1 2
HNES\((aN \—N 6 . 8 N—
I T
8 9
No Substituting group 'H NMR, ppm, (J/Hz) "C NMR, ppm
) R, R, CH-CH NH CH-CH C=0
11 5.24 (s. 2H) 7.16 (s. 4H) 64.60 160.30
20, 33] ] 525 (d. 1H, J =8.0) 63.40 157.20
8a t-Bu CoHs 5.5 (d 10 J=8.0) | S03(1H) 64.20 159.40
20,33] ] 5.20 (d. 1H, J=8.0) 63.40 157.30
8b t-Bu Pr 5.52(d. 10 J=8.0) | >00(s 1H) 64.30 159.50
20, 33] ] ] 525 (d. 1H, 7 =8.0) 63.39 157.02
8 t-Bu s-Bu 5.51(d 10 J=8.0) | /026 1H) 6435 159.28
9al*"] c-CeHy, c-CeHy, 5.50 (s. 2H) — 64.27 159.27
9" | (CH,),COOH | (CH,),COOH 5.56 (s. 2H) — 64.42 159.37
9¢® | CON(CH;), | CON(CH3), 5.59 (s. 2H) — 53.18 160.02
Chemical shift range (A) 5.20-5.59 7.92-8.03 | 53.18-64.42 | 157.02-160.02

Analysis of the CS of tricyclic pentaazabicyclo[5.3.1.0Jundecane-1,5-diones 8a—c¢ and tetracyclic
hexahydrohexaazacyclopeite[def]fluoren-4,8-diones 9a—c¢ made it possible to establish that these substances
do not have significant differences in NMR signals for glycoluril scaffolds indicating the presence of
polycyclicity and a rigid frame. It was found that the CS of CH-CH carbons in the 9¢ polycycle are shielded
by 11 ppm, relative to 1, which is probably due to the additional shielding field, created by the n-group of
NCON(CHj),.

The obtained values of CS make it possible to conclude that there is no symmetry in 8a—c molecules
and its presence in 9a—c substances.

1,5-C-Substituted glycolurils. In comparison with N-substituted tetracycles 9a—c, in the NMR spectra of
1,5-C-substituted glycolurils 10a—h and their diester polycyclic derivatives 11a—d, the influence of ether
fragments on the CS of atoms of the glycoluril framework is noticeable (Table 8).

From the obtained data of *C NMR spectra of substances 10a—h, 11a—d, it is seen that the diester frag-
ments shield the signals of the carbon of C—C and C=0O groups by an average of 2 ppm.

In compounds 10a—d, 11a, b, d, the CS of C,—Cs carbons, due to their «Quaternary», are shifted to the
low-field up to 10 ppm on average and in the case of phenyl substituents at C,-Cs atoms in substances 10e—g,
11cup to 15 ppm.

The drift of the CS of NH-groups of substances 10a—h directly depends on the nature of the substituent
at the C—C bond. Thus, electron-donating substituents in substances 10a—d cause a displacement of the CS
on average = 0.5 ppm relative to 1, and the inductive effect of electron-withdrawing substituents in substanc-
es 10e-h deshields the nuclei of NH group protons by 0.6—1.6 ppm relative to 1.

It is noteworthy, that acceptors at the 1, 5-C-substitution (10e-h) do not affect the shielding of C=0 in
BC NMR spectra as compared to the N-substitution (2f, g, 3d, 4c, e, Se—h, 6f, g, 7f), which probably indi-
cates the absence in this case of the formation of m-electronic «anisatropy cones» with an additional shielding
field.
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Table 8
Chemical shifts of symmetric 1,5-C-substituted glycolurils 10a—h and their diester
polycyclic derivatives 11a—d
o 0
HN% ° 5NH /\N4)3J\2N
R; R, o R #1 Z\o
5 I~ /5 2
HNYNH \/Né\((SN\/
O o}
10 11
Substituting group 'H NMR, ppm, (J/Hz) C NMR, ppm
No R, R, CH-CH NH CH-CH C=0
11" 5.24 7.16 (s. 4H) 64.60 160.30
1020+ CH, CH; 7.10 (s. 4H) 75.20 159.30
[34] 7.10 (s. 2H) 69.80
10b H CH; 4.8 (s. 1H) 720 (5. 2H) 7310 160.30
[34] 7.10 (S. 2H)
10c CH, C,H; 720 (5. 2H) 77.80 159.70
104" -CH,CH,CH,CH,- 7.00 (s. 4H) 73.60 160.30
10eB% % CeHs CeHs 7.80 (s. 4H) 81.70 160.60
10£°! 3-CIC¢H, 3-CIC¢H, 7.98 (s. 4H) 81.30 160.40
10g"! 4-CIC¢H, 4-CIC¢H, 7.88 (s. 4H) 81.20 160.30
10h"! CF; CF, 8.83 (s. 4H) 77.11 158.27
1120477 CH, CH, — 73.40 157.40
[34] j 73.40
11b CH; C,H; 7560 157.60
11c0% 77 CeHs CeHs — 79.00 158.00
11d"% —CH,CH,CH,CH,— — 72.20 158.00
Chemical shift range (A) 7.00-8.83 69.80-81.70 | 157.40-160.60

C,N-Substituted glycolurils. In considering particular cases — compounds 12a—k (Table 9) and 13a-r
(Table 10) with a mixed type of N- and C-substitution the ?C NMR spectra are the most informative for the
analysis of electronic properties and conformational changes in the glycoluril framework. In the presence of
an unsubstituted NH group, its signals in the PMR spectra are observed in the region of 5.91-6.19 ppm for
12a—k and 7.95-8.66 for 13a-r.

Table 9
Chemical shifts of 1,5-C-dimethyl-2,6-N-dimethylglycolurils 12a-k
T
L H NMR, ppm, 13
No Substituting group (J/Hz) C NMR, ppm
R, R, NH CH-CH C=0
2 3 4 5 6 7
11 - - 7.16 (s. 4H) 64.60 160.30
1248 H H | 591 1H) 7470 161.00
/U\ o 83.10 '
R A CH [39] 76.40 153.00
~N7 *OSn—CM | 12b CH;CO H 6.00 (s. 1H) 78 50 157.20
HaC > 1< CHs | 134 |CH,(CH,),COCH,CO| H | 6.05(s. 1H) | 76.6076.71 giﬁ
R2 Y CH3 [39] - 76.20 152.60
12d CH;CH=CHCO H 6.13 (s. 1H) 7890 15710
[39] 76.60 152.80
3 301 78.60 152.60
12 (CH;)CCOCH,CO H 6.04 (s. 1H) 26.60 15720
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Continuation of Table 9

1 2 3 4 5 6 7
(o]
JJ\ 12" | CH;C(OH)CH,CO H 6.19 (s. 1H) ;g;g g%(l)g
Rimy 7 3 3 y—"CHa (39] 76.90 153.00
] ¢ 120! | CH;COCH(CH3)CO H 5.94 (s. 1H) 78,90 15720
H3 CH3
; 1< 12i CH;CO CHACO ; 77.30 153.10
i P 80.40
2 s . 78.40 152.80
125 (CH5);CCO CH,CO - 20,50 153.60
A . .
Solvent 12k5 CH,=CHCO CH,CO ; 77.90 153.00
CDCl, 80.50
Chemical shift range (A) 5.91-6.19 | 74.70-86.60 | 152.09-161.00
Table 10
Chemical shifts of 1, 5-C-diphenylglycoluril 13a—r
T
X o H NMR, 13
No Substituting group ppm, (J/Hz) C NMR, ppm
R, R, NH CH-CH| C=0
1321 CH CH H 8.31 (s.2H) | 83.70 159.00
3 3 A : 160.10
136" 82.64 |[158.621
42 CH; CH; (CH,),OH 8.54 (. 1H) | o700 | 5056
21,
1343] CH, CH; CH,COOH 8.61 (s. 1H) Sggg ggig
13d"" 83.00 | 158.64
pes CH; CH; CH,COOCH; 8.66 (5. 1H) | ¢7'o¢ | 15804
[21] 82.48 158.42
13e CH; CH; (CH),NH(CO)CH; | 7.95(s. 1H) | 7' | (50
27] 83.00 | 158.40
. 13f CH, CH, (CH,),N(CH3), 849 (s. 1H) | &Z'o0 | 16100
/“\ 13g1%! CH,COOCH, CH,COOCH, 8.28 (s.2H) | 83.70 | 158.69
Ry > 3y—Re | 132" | CH,COOCH, H CH,COOCH, | 8.29 (s. 2H) ;zgg 159.00
5
P > 1< Pl 1320 | (CH,),0H H (CH,),0H 8.16 (s. 2H) gg';‘;‘ 160.28
N6 8NH .
- 7
Rz -[21] 79.11 159.59
\D)/ 13 (CH,),OH H CH, 811G 2H) | g5'0s | 160.09
21] gy 8.12(s. 1H) | 79.85 | 159.12
13k (CH,),0H H CH,COOPr-i | ¢'h6 (s, 1H) | 89.02 | 159.92
[21] _ 7.98 (C. IH) 79.02
131 CH, H n-Bu 811 (s. 1H) | 89.04 159.65
21] . 79.37 | 159.10
13m CH, H COOPr-i 8.10 (. 1H) | g¢ua | 15036
[21] + 823 (s. 1H) | 79.33 |159.521
13n CH; H (CH,),NH (CH;),Cl 8.40(s. 1H) | 89.17 | 59.84
21] Py 8.04 (s. 1H) | 79.03
130 CH; H (CH,);COOPr-i 814 (s, 1H) | 89.07 159.63
1] 8.08 (s. IH) | 79.00 | 158.78
13p CH; H (CH,),CHCOOHNH, | ¢ "1y 111y | 89.19 | 159.68
21] ¥ 79.37 159.10
13¢ CH; H COOPr-i 826 (. 1H) | our | 15036
13" [(CH,);COOCH, H (CH,);COOCH, 8.21 (s. IH) | 83.90 | 159.00
Chemical shift range (A) 7.95-8.66 7899'0709_ 115681’ 4000_
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It should be noted that in the analysis of the CS of 1,2,5,6-tetramethylglycolurils 12a-k, the solvent
plays an important role, because the spectra of these compounds were recorded in the CDCI; solvent and the
proton signals of unsubstituted NH-groups are shifted to the region of high-field (5.9-6.2 ppm) relative to 1,
due to the absence of interactions with the solvent. In this case, the effect of the solvent on the CS of carbon
atoms is negligible.

In 1,2,5,6-tetramethylglycolurils 12a—k, the CH-carbon signals are deshielded due to their «Quater-
nary», on average, by 10 ppm, and in N-alkylglycoluril 12a from the N-dimethyl substitution side, up to 22
ppm, relative to the CS of glycoluril 1. In this case, the positive mesomeric effect of methyl groups [22; 712]
«pushes out» an unshared pair of electrons from nitrogen atoms to generalize with the ring, partially hybrid-
izing neighboring C—C atoms to the sp” state.

The CS of the C=0 groups of compounds 12b-k (field interval from 152.1 ppm to 157.2 ppm) demon-
strate the presence of acceptor acylsubstituents as z-electron groups that create «anisatropy cones» (Fig. 4),
due to which shielding occurs of carbonyl carbon relative to 1 and 12a.

After analyzing the NMR data for compounds 13a-r (Table 10), it is possible to clearly determine the
presence of symmetry in the molecules and its type (' or o).

The CS of NH-protons of 1,5-C-diphenylglycolurils 13a—r appear singlet peaks and are shifted to a
low-field by 0.8—1.5 ppm relative to 1, which may be due to the electron-withdrawing effect of phenyl sub-
stituents. The effect of the latter is also clearly observed in unsubstituted at nitrogen atoms
diphenylglycoluril 10e (Table 8, (7.80 ppm)).

Carbons of the methine group in substances 13a-r are deshielded at 14.4-24.6 ppm relative to 1, where
the largest shift of the CS of C5-carbon to the low-field region is observed from the 4, 6-N-substitution side.

Conclusions

The analysis of CS in the NMR spectra of glycoluril 1 and its derivatives 2—-13 (86 compounds in total)
makes it possible to accurately identify the spatial symmetry configurations of glycolurils, in the presence of
which (¢' and/or 6°) one half of the molecule is a mirror image of the other, where the enantiotopic hydrogen
and carbon atoms of the bicyclic framework are manifested by equivalent signals.

In the NMR spectra of asymmetric derivatives of glycolurils, in particular N-monosubstituted 2, N-
trisubstituted 7, tricyclic derivatives 8 and glycolurils with a mixed type of N-,C,C-substitution 12, 13, it is
seen that the molecules lose the symmetry planes ¢' or 6* and the equivalent CS of protons and carbons of
glycoluril bicycles manifest as nonequivalent peaks

Molecules 3 having one plane of symmetry ¢' give equivalent signals of carbonyl carbons and singlet
signals of two unsubstituted NH-groups, but protons and carbons of the CH-CH fragment in such symmetric
molecules resonate in pairs. Glycolurils with the symmetry plane o (4), on the contrary, are identified only
by nonequivalent CS of C=0-groups.

The CS of 'H and "C of the glycoluril framework of the symmetric molecules N-anti-5, N-tetra-6, and
C-substituted compounds 10, 11 are present in the NMR spectra in the form of equivalent singlet signals,
which indicates the presence of symmetry planes ¢' and 6* in the molecules.

In the presence of alkylsubstituents at the nitrogen atoms in the structures of the studied glycolurils 2—
13, the shielding of C=0 by 1-3 ppm relative to the signal C=0 glycoluril 1 is observed, which can be de-
termined by the effects of steric inhibition of conjugation in the amide fragment with a corresponding de-
crease in the order of the amide bond [44]. However, in the study of N-alkylglycolurils by the X-ray diffrac-
tion method [45], it was determined that nitrogen atoms with their unshared electron pairs participate in con-
jugation with C=0 groups and have a flattened geometry; therefore, N-C(Alk) bonds are almost coplanar to
the rings. In the presence of a decrease in the order of the amide bond, the coplanarity of this fragment
should probably be violated, as in the case of glycolurils with acceptor substituents [30, 46].

It was shown that for mono- (2) and disubstituted glycolurils (3, 4, 5) at nitrogen atoms, the positions of
the signals of unsubstituted NH groups in the NMR spectra are in the range from 7.0 ppm up to 9.9 ppm.

In the presence of electron-donating substituents in the structures of substances 2a—e, 3a—c, 4a, b, d,
5e—h, 7a—e, the shift of the CS of the NH-groups occurs in the range of £ 0.6 ppm. relative to 1, which indi-
cates a weak effect of substituents for inhibition of amide conjugation. And in the presence of acceptor sub-
stituents in substances 2f, g, 3d, 4¢, Se-h, 7f, the CS of the NH-group shifts in the low-field region. Moreo-
ver, the stronger the inductive effect of the acceptor, the farther the position of the signal in the PMR spec-
trum (up to 9.9 ppm, (5g, h), glycoluril 1 (7.14 ppm)). This fact is explained by a violation of the electron
density of the amide fragment (Fig. 2), where the substituents reduce the bond multiplicity and the unshared
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pair of electrons of the neighboring unsubstituted NH group is isolated from the plane of the imidazolinone
ring. Such regularities are also observed for 1, 5-C-substituted glycolurils 10, 12, 13, where electron-
donating substituents in substances 10a—d cause a shift of the CS of NH-groups on average +0.5 ppm, rela-
tive to 1. The negative inductive effect of electron-withdrawing substituents in substances 10e-h, 13a—r re-
distributes the electron density from imidazolinone rings, thereby the nuclei of NH-groups are deshielded by
0.6—1.6 ppm, relative to 1.

In the °C NMR spectra of compounds 2f, g, 3d, 4¢, Se-h, 7f, 12b—k, in which substituents with an
electron-withdrawing property are present, shielding of the C=0 signal to 18 ppm is observed, moreover, the
stronger its acceptor character, the signal C=0 shifts more to the region of a high-field. There are a number
of factors [47; 163] that can affect the shielding constant of the carbonyl fragment in glycolurils 2—13 of
which the most significant are the hybridization and resonance effects of substituents with magnetic anisot-
ropy of neighboring groups. In the presence of an electron-withdrawing substituent at nitrogen atoms in the
glycoluril framework, more efficient hybridization of carbonyl carbon atoms to the sp” state and in the C—N
fragment to the sp’ state occurs [48]. An additional effect is exerted by the circulation of electrons of elec-
tron-withdrawing substituents with the presence of z-bonds [23; 183], which leads to the appearance of addi-
tional fields or «anisotropy cones» (Fig. 4). This circumstance mainly depends on the geometry of the mole-
cule [24].

It should be added that the shielding of carbonyl carbon in the >C NMR spectra correlates with the
C=0 bond length established by X-ray diffraction studies [18, 30, 32]. In compounds 5h and 6f, the nuclei of
carbonyl carbon atoms show the CS at 149.00 ppm and 151.58 ppm respectively, and the length of C=0
bond is on average 1.19 A, whereas the CS of the carbonyl carbon atoms of glycoluril 1 is 160.30 ppm, and
the length of the C=0 bond is 1.21 A. Thus, the results of NMR and X-ray diffraction studies of compounds
5h and 6f are consistent with each other and complement each other.

In compounds with electron-donating substituents at nitrogen atoms (in substances 2f, g, 3d, 4c, Se—h,
7f, 12b—Kk), deshielding of C—C-carbon signals on average by 10-22 ppm is observed, which also can be ex-
plained by the general redistribution of electron density in imidazolinone cycles. Thus, the enhanced electron
supply by electron-donating groups to nitrogen atoms [22; 712] affects the possibility of pairing its unshared
pair of electrons with a five-membered cycle. Therefore, C-C-carbons can partially acquire the properties of
sp-hybridized atoms due to an increase in the electron density, which shifts the CS carbon in the field of
«molecular currents» or z-conjugated systems. In this case, a local paramagnetic contribution arises due to
the anisotropy of the electron density distribution on C—C carbons for which the CS is measured.

Around the C—C nuclei, an electron circulation occurs, which creates either a secondary magnetic field
in the same direction as the superimposed field, or a diamagnetic field that is weaker due to circulation re-
strictions, which makes a significant contribution to the CS of the CH-CH groups. A similar effect in the
case of other nuclei (N, F, O) is observed, in which the ground and excited states are closer in energy [50].

However, anisotropic electron circulation for CH-CH proton atoms in 2f, g, 3d, 4¢, Se-h, 7f, 12b-k,
substances is not observed, because the excitation energies of empty orbitals of a hydrogen atom with higher
energies are very high. The excited state is far removed from the ground one, and this effect can only make
an insignificant contribution to most the CS of protons [49; 163].

In a general analysis of the 'H and ?C NMR spectra of glycolurils 1-13, it is clearly seen that for any
type of N-,C-substitution, shielding of the carbonyl atom C=O in the imidazolidinone ring is observed.

Thus, in this work, an analysis of the nuclear magnetic resonance for glycoluril derivatives was carried
out, where the NMR signals were characterized from the position of molecular symmetry and the nature of
the substituents.

The generalization performed makes it possible to distinguish between symmetric and asymmetric mol-
ecules, to distinguish impurity signals, which can often accompany the synthesis of bicyclic bisureas. Ac-
cording to NMR spectra, glycolurils with electron-withdrawing N-substituents by shielding the signals of the
carbon atom of C=0O groups and electron-donating N-substituents by deshielding of CH-CH-carbons can be
clearly distinguished.
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C.IO. [Nanpmmuna, O.B. Ilonomapenko, A.A. bakubaes,
B.C. Manskos, O.A. Korenpaukos, A.K. TameHnoB

I'nuko/ypui skoHe OHBIH 6HIMIEPiH
"H sxone C SIMP CIIEKTPOCKOIHUA JAiCiMEH 3epTTey

TeTeponmKIIBIK KOCBUIBICTAp XWUMMSCHIHAA OWIMKIIBI 39p KBIIKBUIIApHL, ocipece 2,4,6,8—Terpa-
azabunmkio[3.3.0.]Jokran-3,7-qmuon 1 (MIMKONMYypHJI) epeKile OpblHFa He. [JMKOIypus — MoJIeKyJia
KYpaMblHIa €Ki peakuusuIbIK OpTanbIKThiH (4 moHopisik Ton (—-NH) sxone 2 akuenropisl (C=0)) GonybiMeH
GailnaHpICTBl KypaMbIHIAFbl KapOamuaTi QparMeHTi MOJIEKyJaHblH KAaCHETIH aHBIKTAWTBIH IKapThUIail
(YHKITHOHATIB! KOCHITEIC. JKYMBICTA MIIHKOMYPHI XKOHe OHBIH oHiMaepiHiH (86 kocsutsic) 'H xone *C SIMP
CIIEKTPIHJET] XUMUSJIBIK KO3FAIbICKa TAJAy JKacajgsl. 3epTTey OapbICHIHAA OPHBIH aIMacTHIPYIIBUIAPIBIH
JOHOPJIBIK-aKIENTOPJIBIK KaCHETIHIH CHMMETpPHS KOHE aCCHMETpPHsI IO3UIUSICHIHAH OUIMKIIBI KapKacTarbl
SNEKTPOH/BIK THIFBI3IBIKKA ocepi aHbIKTangsl. Luxonypunmin 'H sxome “C SMP crexrpinid aimbl
TaJlaMachl OMIMKIIBI KapKacTHIH CyTeri MEH KOMipKbIIIKBUIABIH AHAHTHOTONTHI aTOMAApHl OajaMaiibl
CHTHAIAapMEH OCNTiIEHEeTIH MOJIEKYJla CHMMETPHSCBIHBIH KEHICTIKTEeri KOH(HUIYPAlUMsICHIH HAKThI
aHplKTayFa MYMKiHIOiK Oepeni. CoHbiMeH Katap N-aJIMacThIPbUIFaH TIIMKONYPWIAbl KapkacTelH SIMP
cextpingeri 'H xone C XUMHSUIBIK KO3Fanbic GofbHITa C=O-TONTHIH KOMIPTEK aTOMIAPHIH SKPaHIAy
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GoMBIHILA AIEKTPOH/IBI aKLIEIITOPJIBI OPBIH Oacymibuiapsl Oap riaukonypunaepai xone CH-CH-kemipTexTepai
9KpaHJaMalThIH JIEKTPOH/IBI JOHOPIBI OPBIH Oacylibulapbl 0ap INIMKOIypIAepAl aiiblpyra Oonazasl. byn
AHU30TPONMS CaJIapbIHAH IEKTPOH/BI THIFBI3IBIK KaiTa O6IiHiI, JIOKaIbIi MapaMarHUTTI CalbIMIapbIH
maiina 6orybiHa OaiiaHbICThL. [ HKOTYypHITICpaiH 'H sxone *C SIMP CHEKTPIHIH JKaITbI TalaaMackiHaa N-,
C-anMacTeIpyasiH Kait Typinge OommaceiH C=0 kapOOHMIBAI aTOMHBIH HMMHIA30JIMIUHAI CaKHHaIa
9KpaH/JaIaTHIHEI aiKBIH KOPiHEeIl.

Kinm co30ep: rmuxonypui, SIMP, XUMUSIIBIK KO3FaJIbICTap, CHMMETPHS, SHAHTHOTOITH! aTOMIAp, SKpaHay,
skpanpairal, SAR tanpay.

C.IO. [Nanpmmuna, O.B. Ilonomapenko, A.A. bakubaes,
B.C. Manskos, O.A. Korenpaukos, A.K. TameHnoB

HccaenoBanne riiuKoJIypu/ia v ero Npou3BOAHBIX
MeTOoJaMHu "H u B¥C aMP CIIEKTPOCKONUU

B xumuM reTeponKInYecKuX COeIUHEHHH 0c000e MECTO 3aHMMAIOT OMLMKIMYECKHE MOYCBHHBI, 3 IMEHHO
2,4,6,8—Tterpaazaburukio[3.3.0.]Jokran-3,7-11oH (raukomypui). ['mukonypun — nonnyHKIHOHAIBHOE CO-
e/IMHeHHe, B KOTOPOM KapOaMUIHbIH ()parMeHT onpeessieT CBOHCTBA MOJICKYJIbI, 00YCIOBICHHbIE HATMYHEM
JIBYX PEaKIMOHHBIX LIEHTPOB B cocTaBe MoJeKyisl (4 nonopHsle rpynmsl (-NH) u 2 akuentopusie (C=0)). B
JTAaHHOW paboTe MPOBEJCH aHAN3 XHMHUYECKUX CIABHIOB B CIICKTPaxX '"H u 3C AMP TJIMKOJIYPHJIA B €r0 Mpo-
HM3BOJHBIX (86 COCNMMHEHUIT), IS BBISIBICHHS BIUSHHS JTOHOPHO-AKIICITOPHOTO XapaKTepa 3aMeCTHTENIeH Ha
HM3MEHCHUS JJICKTPOHHOW IUIOTHOCTH B OMIMKINYECKOM KapKace ¢ TO3UIMHA CHMMETpUHd U accumerpun. O0-
Uil aHaJU3 CIIEKTPOB "H u BC IMP TITUKOJYPUIIOB TI03BOJISIET TOYHO BBISIBUTH IPOCTPAHCTBECHHBIC KOH(H-
rypaiui CHMMETPUU MOJICKYJI, IPU HAJTMYUH KOTOPOH (61 w/unu (52), SHAHTHOTOIHBIE aTOMBI BOJIOPOJA U YT-
Jepoja OMIMKINYECKOTO KapKaca NpOsIBISIOTCSA SKBUBAJICHTHBIMU CUTHaIaMu. Takke M0 XUMHUYECKUM C/ABU-
ram 'Hu BC B cnekrpax JAMP N-3aMel1eHHOro TIMKOJYypHIIBHOTO KapKaca MOXHO YETKO pa3iiMyaTh INIMKO-
JYPUJIbI C IEKTPOHOAKIENTOPHBIMU 3aMECTUTESIMU 110 SKPAaHHUPOBAHUIO aTOMOB yriepoga C=O-rpynn u
2JIEKTPOHOOHOPHBIMU 3aMECTUTEISIMU 110 Ae33kpanupoBannto CH-CH-yrieponos, 4to o0yciioBiieHO mepe-
pacnpezeneHueM 3IeKTPOHHON MJIOTHOCTU U BO3HUKHOBEHUEM JIOKAJIbHBIX NapaMarHUTHBIX BKJIAJI0OB BCIIE-
crBue anm3oTpormu. [Ipu obmem ananmmse crekTpos SIMP '"Hu BC TJIMKOJIYPHJIOB OTYETIMBO BHJIHO, YTO
npu Jo6oM ture N-, C-3ameneHns HaOIogaeTcs IKpaHUpOBaHue KapOoHmIbHOTO atomMa C=0 B UMHIa30-
JIMTUHOHOBOM KOJIBIIC.

Knouesvie crosa: rmuxonypui, IMP, Xumuueckue cABUTH, CHMMETPHS, SHAHTHOTOITHBIC aTOMBI, SKPAaHUPO-
BaHMe, ne33kpanupoBanue, PCA ananus.
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Study of the Kkinetics of Bombyx mori chitosan ascorbate formation

In this work, for the first time, a water-soluble natural biopolymer of chitosan ascorbate based on Bombyx
mori chitosan and ascorbic acid was obtained and kinetic features of the process were determined. Samples of
chitosan ascorbate were synthesized, the interaction of chitosan with ascorbic acid was studied by analytical
titration. The synthesis was carried out in order to determine the activation energy of formation of the reac-
tion of chitosan ascorbate, in the ratio of chitosan and ascorbic acid (4:1) components for 15 minutes with a
reaction temperature ranging from 25 °C to 65 °C. The results of the kinetic studies show that in the interac-
tion under the study the reaction order on ascorbic acid concentration exceeds the reaction order on chitosan
concentration, while the reaction activation energy was determined, which equals to 13.38 kJ/mol. This result
allows us to conclude that during the formation of chitosan ascorbate at 55 °C the highest equilibrium con-
stant is established, and a further increase in temperature leads to a decrease in the yield and equilibrium con-
stant. The results obtained indicate that with an increase in the concentration of ascorbic acid compared to the
one of chitosan, the reaction rate increased almost twice. It was found that with an increase in the reaction
time, the average rate of synthesis gradually decreases. This is due to the fact that with an increase in the du-
ration of the reaction in the solution the concentration of unbound (free) ascorbic acid decreases, and as a re-
sult, the reaction rate decreases as well.

Keywords: chitosan ascorbate, ascorbic acid, donor-acceptor bond, reaction rate, degree of binding.

Introduction

Ascorbic acid plays an important role in metabolism, acting as both an acceptor and a proton donor in
enzymatic systems, due to the mobility of hydrogen atoms in enol hydroxyls at C-3 (pK, = 4.2) and C-2
(pK, = 11.6). Chitosan is biodegradable, nontoxic biopolymer and has properties to stimulate plant growth
and inhibit phytopathogenic fungi [1, 2]. Water-soluble, environmentally safe derivatives of chitosan, in par-
ticular, chitosan ascorbate are of great interest in the world. A wide possibility of chitosan (CS) modification
allows to obtain its water-soluble derivatives, which exhibits pronounced bioactivity in the growth and de-
velopment of plants [2, 3].

In the literature, there are different views about the mechanisms of interaction of chitosan with ascorbic
acid, therefore, the study of the structural and kinetic characteristics of chitosan ascorbate remains relevant.
The formation of chitosan ascorbate could be explained based on the interaction of the third (C3-OH) enol
hydroxyl group of ascorbic acid and the chitosan amino group with the formation of a donor-acceptor
bond [2].

As the authors’ [2-6] work shows, donor-acceptor bonds are formed due to the more reactive third
(C2-0OH, C3-0H) enol hydroxyl group of ascorbic acid with the amino group of chitosan. In the reaction of a
lone electron pair, the amino groups possess donor properties and confirmed the structure of ascorbate chi-
tosan by using NMR and IR spectroscopy. For obtaining chitosan ascorbate, a potential source of raw mate-
rials is chitosan obtained from chitin of Bombyx mori silkworm pupae and widely available ascorbic acid.
Scientific research in this aspect is in the initial stage in spite of the fact that there is a great demand for chi-
tosan ascorbate in agriculture. It is known from the scientific literature that the optimal conditions and kinetic
features of the reaction of chitosan ascorbate formation are not well understood, therefore, it's synthesizing
and the study of the physicochemical and kinetic aspects of the formation of chitosan ascorbate is an urgent
task, with special attention being paid to the rational use of natural resources. Chitosan ascorbate was synthe-
sized, kinetic characteristics and energy activation of the process were established on this purpose.

" Corresponding author
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Experimental

For the purpose of determining £,, we used the rheology method in the temperature range 20-50 °C ac-
cording to the Arrhenius equation [7]. We have carried out a synthesis, for the first time determined the order
of reaction and the activation energy of the reaction of chitosan ascorbate formation. We carried out the reac-
tion of the formation of chitosan ascorbate under the constant conditions with varying concentrations of the
initial chitosan to determine the reaction order of the formation of ascorbate chitosan from the concentration
of chitosan. The reaction took 30 minutes and the molar concentration differed in the interval of 0.0125—
0.1 M of ascorbic acid. The degree of binding of chitosan (CS) to ascorbic acid (AA) was evaluated by the
ratio of (Maa) exp./(Maa) calc. The reaction rate (v) was calculated by the formula,

_AC

txv’
where AC is the change in AA concentration during the complexation reaction; v is the volume of the reac-
tion mixture.

Ethyl alcohol in a 1:3 ratio to the reaction system was used as a precipitate. The excess amount of
ascorbic acid was determined by the alkaline titration method with phenolphthalein indicator or iodometric
titration on the basis of the following equation [2]:

A\

CsH,0s—COH + NaOH =——= [CsH;0s—CO—]Na" + HOH
2C5H705_COH + Jz pr— 2[C5H705*C:O] + 2HJ

The influence of synthesis time and ratio of the initial components on the formation chitosan ascorbate
were studied by potentiometric titration.

Results and Discussion

The results of potentiometric studies were shown that changing molecular weight of initial chitosan
slightly effects on formation of chitosan ascorbate. There was detected an increase in the pH of the medium
to 6.3 over 30 minutes during the formation of the reaction of the chitosan ascorbate. Then, the pH remains
constant [8], which could be explained by the maximum interaction of ascorbic acid with chitosan. There-
fore, the experiments were carried out during 15-30 minutes. The results are presented in Table 1.

Table 1

Dependence of binding degree of chitosan with ascorbic acid and chitosan ascorbate formation reaction rates
from molar concentration of chitosan

Concentration of CS, mol/l AA Z%lizggf tion, Degree of binding, % | Reaction rate 10~ mol/l s
0.2 0.0531 53.1 1.20
0.3 0.0604 60.4 1.47
0.4 0.0670 67.0 1.70
0.5 0.0710 71.0 1.90

* .
AA concentration change

It was clear from the results that there is an increased degree of binding of ascorbic acid and the average
reaction rate of ascorbate chitosan formation by increasing molar ratio of initial chitosan compared to ascor-
bic acid. To estimate the order of the reaction, the dependence of the logarithm of the reaction rate of
ascorbate chitosan formation on the concentration of initial chitosan were compiled and the necessary value
was determined from the angle.

Figure 1 shows that with an increase in the amount of chitosan, an increase in rate occurs, and the tan-

gent of the angle of inclination is 0.8, which corresponds to the order of chitosan.
In order to determine the reaction order of the formation of chitosan ascorbate by the amount of ascorbic ac-
id, we synthesized chitosan ascorbate under constant conditions with varying initial acid concentrations. The
reaction time is 30 minutes and the molar concentration of chitosan is 0.1 M. The results are presented in
Table 2.
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The results of experiments showed that with an increase in the molar ratio of the starting ascorbic acid
compared to chitosan, its percentage in the composition of the obtained chitosan ascorbate increases, while
with an increase in the ratio of ascorbic acid, the degree of binding decreases.
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Figure 1. Dependence of the logarithm of the reaction rate of chitosan ascorbate formation
on the concentration of the initial chitosan

Table 2

Dependence of the degree of ascorbic acid binding and the rate of chitosan ascorbate formation reaction on the
molar concentration of chitosan (t = 25 °C, T = 30 minutes). The molar concentration of chitosan is 0.1 mol/l

Molar concentration AA, mol/l Concez%a;zr; /;) FAA, Degree of binding, % | Reaction rate-10° mol/l s
0.0125 0.00875 70.0 0.49
0.025 0.01835 73.4 1.10
0.0375 0.03075 82.0 1.70
0.0500 0.0315 63.0 1.75

To estimate the order of the reaction, the dependence of the logarithm of reaction rate of ascorbate chi-
tosan formation on the concentration of initial ascorbic acid was compiled and the order of the reaction of
ascorbate chitosan formation was determined from the slope.

Tga=1.5

0.z ;.'.I.S
[AA], moll

0 0.1 0.4 0

in

Figure 2. Dependence of the logarithm of the reaction rate of chitosan ascorbate formation on the concentration of the
initial ascorbic acid

Figure 2 shows that with an increase in the amount of ascorbic acid, an increase in rate is observed, and
the slope is 1.5, which corresponds to the order of reaction of ascorbic acid. Thus, the reaction rate of the
formation of chitosan ascorbate is noticeably higher with an increase in ascorbic acid compared to chitosan.
In order to determine the energy, we activated the reaction of ascorbate chitosan formation in the ratio of the
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components CS: AA 4:1 for 15 minutes with the reaction temperature varying from 25 °C to 65 °C. The con-
centration of ascorbic acid is 0.033 M. The data obtained are presented in Table 3.

Table 3

Dependence of the degree of ascorbic acid binding and the rate of chitosan ascorbate formation reaction
on the reaction temperature. The ratio of the components of CS:AA = 0.132:0.033 mol/l, T = 15 minutes

T °C N. % Estimated concentra- | Experimental concen- | Degree of binding, K Reacsztion rate
’ ’ tion AA, C% tration AA, C% % ¢ 10 mol/l s
25 3.95 20.0 11.2 55.0 1.04 2.01
35 3.77 20.0 14.0 70.0 3.20 2.56
45 3.74 20.0 15.1 75.5 5.08 2.77
55 3.71 20.0 15.4 77.0 5.80 2.83
65 3.75 20.0 14.6 73.3 4.20 2.72

The results show that with increasing temperature there is an increase in the content (in the range from
11.2 % to 15.4 %) and in the degree of binding of ascorbic acid. In this case, an increase in the reaction rate
from 2.01-10" to 2.83-10~° was found. With an increase of the content of ascorbic acid, a decrease of the
fraction of elemental nitrogen was found which confirms the dependence on temperature.

However, after the temperature rises above 55 °C, there is no increase in the content of ascorbic acid,
which could be explained by the establishment of a high equilibrium constant under the influence of high
temperatures. To calculate the activation energy of the reaction to form a chitosan ascorbate, a graph of the
inverse temperature dependence of the reaction rate logarithm was constructed (Fig. 3), and the activation
energy is determined from the angle of inclination tangent by the following formula:

A E g 22.3Rlog(V2—Vl)Tl><T2
V. 1 1] AT
2 R s
I T,
where V7, V, are the reaction rate values; R is the universal gas constant; 7} — 75 is the temperature change.
log(V, -V)) i XT, _
AT

b

tgo,

where tg a is equal to the sum of equations.
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Figure 3. Dependence of the logarithm of the reaction rate of chitosan ascorbate formation
on the versus inverse temperature

From the obtained calculations it is clear that the activation energy of the reaction of ascorbate chitosan
formation is 13.38 kJ/mol. This suggests that with increasing temperature, the reaction rate increases gradu-
ally and affects the value of activation energy. This result allows us to conclude that during the formation of
chitosan ascorbate at 55 °C, the highest equilibrium constant is established and a further increase in tempera-
ture leads to a decrease in the yield and reaction formation constant.
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Conclusions

The reaction orders for the formation of chitosan ascorbate by chitosan and ascorbic acid were deter-
mined and were equal to 0.8 — 1.5, respectively, which indicates that with an increase in the concentration
of ascorbic acid compared to chitosan, the reaction rate almost doubled. The effect of temperature on the chi-
tosan ascorbate formation reaction were determined and the results confirmed that temperature 55 °C was the
optimal condition. Decreases in equilibrium constant and ascorbic acid binding degree were found at temper-
atures above 55 °C. The activation energy value of the reaction confirmed the interaction of chitosan with
ascorbic acid to form a donor-acceptor bond.
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K.K. ITupuuszos, C.I1. Pamugosa

Bombyx mori ackop0aT XMTO3aHBIHBIH Naii1a 00,1y KHHETUKACHIH 3epTTEy

Maxkana anrant petr Bombyx mori xuto3assl (X3) jkoHe acKOpOWH KbIIIKBUIBIHEIH (AK) Herizinze cyna epuTin
Taburyu OuomnonnMep ackopOar xuro3aHsl (AX3) anbIHFAH XKOHE KMHETHKAIBIK CPEKIIETIKTepl aHBIKTaIFaH.
XuTo3aH acKOpOATHIHBIH YJTiIepi CHHTE3AENAl, XMTO3aHHBIH AaCKOPOMH KbILIKBUIBIMEH aHAIUTHUKAIBIK
THTpJICY apKbUIbl OpEKeTTecyi 3epTTeifi. XHUTo3aH acKOpOaThIHBIH TY311y PEaKLMSACHIHBIH aKTUBTCHAIPY
SHEPrHsCHIH aHBIKTAy YLIH 0i3 KoMmmoHeHTTepAiH apakaTtbiHackl X3:AK 4:1 Oonranma, 15 munyT
apabIFBIMEH peakius Temmeparypacsl 25 °C-teH 65 °C-ke aeitin 6akpuianabl. KuHeTHKaNBIK 3epTTeyaepaiy
HOTIDKEIIEP] 3epTTENTreH 03apa dpeKeTTeCyAe aCKOPOUH KBIIKBIIBIHEIH KOHIIEHTPAMACH OOMBIHIIA peaKius
TOpTiOl XMTO3aHHBIH KOHIEHTPAIMSACHIHIAFEI PEaKIUsl TOPTIOIHEH achlll KETETiHIH, PeaKIUSIHBIH aKTUBTCHY
SHEPrusCH Oip yaKbITTa AHBIKTAIATBIHABIFBIH JkoHEe 13,38 k/Dk/Moibre TeH OOJATHIHIBIFBIH KOPCETTI.
Hotmwxenep Teme-TeHMIKTIH €H SJKOFapbl TypakThl MoHI 55 °C-te ackop0aTThl XWTO3aH Ty3UITEHIE,
TEMIIEpaTypaHblH apTYbIMEH PEaKUUs TYPAKThl JKOHE TOMEHJEyiHe OKeNETIHAIriH pacranbl. PeakuusHbIH
opramia SKbULIAMJIBIFBI PEAKUMs Y3aKTHIFbIHBIH apTybIMEH TOMEHIEreHi aHbIKTanAbl. byn peaxius
Y3aKTBIFBIHBIH YJIFAIObIHA OalIaHBICTBI epiTiHAizeri 60C acKOpPOWH KBIIIKBUIBIHBIH KOHIIEHTPAIMSCHIHBIH
TeMeH/eyiHe GallJIaHbICTBI PeaKLUs JKbUIIaM/IbIFbIHBIH TOMEH/CYIH CHIIATTAHIbI.

Kinm ce30ep: xwuTo3aH ackopOaTrhl, acKOPOMH KBIMIKBUIBI, JIOHOP-aKIENTOPIBIK OaiilaHbIC, peaKIus
JKBUIIAaM/IBIFBL, OalJIaHEICY TopesKect.

K.K. IMupuuszos, C.IL. Pamugosa

HN3yuyeHue KMHEeTUKH 00pa3oBaHuA ackopOaTa xuro3ana Bombyx mori

B crarbe BrepBble ObUT OJTydeH BOAOPACTBOPUMBIH IPUPOIHBII OHomoIMep — ackopOar xuro3ana (AX3)
Ha ocHOBe xuTo3aHa (X3) Bombyx mori u ackopounoBoii kucinotsl (AK) u onpeneneHsl KHHETHYECKHE 0CO-
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6enHocTH. CUHTE3UpOBaHbl 00pa3Lbl ackopOaTa XUTO3aHa, U3YYCHO B3aHMMOJCHCTBHE XMTO3aHA C acKopoOu-
HOBOH KHCJIOTOH aHaIUTHYECKUM TUTpoBaHHeM. C LeNbIo OMpeeNICHUs] SHEPTUM aKTHBAIIUU PeaKkluu obpa-
30BaHUS ackopOaTa XUTO3aHA MPOBOJMIM CHHTE3 B COOTHOIIeHHH KoMnoHeHTOB X3:AK 4:1 B Teuenue 15
MUH C BapbUPOBAHUEM TeMIIEpaTypsl peakuuu oT 25 no 65 °C. Pe3ynbraTsl IpOBEJCHHBIX KHUHETUYECKUX
HCCIIE0BaHUN TIOKAa3bIBAIOT, YTO B M3y4aeMOM B3aNMOJICHCTBUY MOPSIOK PEaKIUH 0 KOHIICHTPAIINU acCKOp-
OMHOBOI KHCIIOTHI NIPEBBIIIAET MOPSIOK PEaKIUH MO0 KOHIEHTPAIMN XUTO3aHa, OJHOBPEMEHHO OIpeJiesieHa
SHEprHs aKTUBAIMS PeakIuH, KoTopas paBHseTcs 13,38 xJ[x/Monb. JlaHHBIH pe3yabTaT MO3BOISET CAENATh
BBIBOJI O TOM, YTO B Mpoliecce 00pa3oBaHus ackopbaTa xuro3ana npu 55 °C ycTaHaBIUBaeTCs caMast BHICOKast
KOHCTaHTa PaBHOBECHS, a JajbHelIIee yBeIUIeHHEe TEMIIEPaTypbl MPUBOAUT K YMEHBIIEHHUIO BBIXOJA U KOH-
cTaHThl paBHOBecHs. [lomydeHHbIe pe3yabTaThl CBUAECTENBCTBYIOT O TOM, YTO C YBEIHYEHHEM KOHLEHTPALUH
acCKOpOMHOBOH KHCIIOTBI MO CPAaBHEHHIO C XUTO3aHOM CKOPOCTh PEAKLUH NMOBBICHIACH MPAKTUYECKH B JBA
pas3a. YCTaHOBIICHO, YTO C YBEJIHMYCHHEM BPEMEHM PEaKIMM IIOCTEICHHO YMEHBILIAETCS CPEAHSAS CKOPOCTh
CHHTEe3a. DTO CBS3aHO C TEM, YTO C ITOBBHIIIEHHEM HPOJOJLKUTENBHOCTH PEAKIUU B PACTBOPE YMEHBIIACTCS
KOHIICHTpaNUsl HECBSI3aHHOU (CBOOOIHOIT) acKOpOMHOBOM KHCIOTHI, BCIEIACTBHE 3TOTO IIPOMCXOJUT CHIDKE-
HUE CKOPOCTH PEAKLIUH.

Kniouesvie cnosa: aCKOp6aT XHUTO3aHa, aCKOp6I/IHOBa$I KHCJIOTA, NOHOPHO-AKICITOpHAsA CBA3b, CKOPOCTH
peaKkunu, CTEIICHb CBA3bIBAHUA.
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Essential oil of Pulicaria vulgaris (prostrata) and its biological activity

The investigation of the chemical composition, antioxidant and cytotoxic activities of the essential oil of
Pulicaria vulgaris wild growing in Akmola region, Kazakhstan was the aim of the study. The essential oil
was obtained by hydrodistillation and analyzed by gas chromatography-mass spectrometry (GC/MS). A total
of 49 compounds were identified representing 86.4 % and the major components were patchoulane (37.4%),
buddledin C (13.9 %), T-cadinol (4.7 %), trans-sesquisabinene hydrate (4.1 %), dyhydro-B-agarofuran
(2.7 %), (Z)-a-atlantone (1.8 %) and corymbolone (1.2 %). Six components were identified as unknown
(2.6 %). The antioxidant activity was evaluated by using 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical
scavenging and the essential oil demonstrated an average scavenging effect at 0.75 and 1 mg/ml concentra-
tions compared with butylhydroxyanisole (BHA). The antiradical activity results of the P. vulgaris essential
oil is published for the first time. Cytotoxic activity assay was studied against Artemia salina larvae and it can
be concluded that the essential oil has a good lethal toxicity in all tested concentrations (10—1 mg/ml). The
authors attribute this result to the presence of the patchoulane as a major component, which is known for its
activity against ovarian cancer cells.

Keywords: Pulicaria vulgaris (prostrata), essential oil, water distillation, GC/MS, patchoulane, antioxidant,
cytotoxic activities.

Introduction

Pulicaria Gaertn. is a plant genus in the family of Asteraceae (Compositae) with approximately 80 spe-
cies which are widely distributed in Europe, North Africa and Asia [1]. A review of the literature showed
that the genus Pulicaria has been associated with various biological activities, such as P. inuloides known as
«sekbay, is used in Yemen to treat wounds, P. jaubertii is distributed in the southern Arabian Peninsula, and
is used traditionally as a diuretic and antipyretic, P. stephanocarpa, known as «derbeby» in Soqotra, has been
traditionally used in a variety of health conditions including headache, abscesses, boils and sores,
P. undulata, known as «kho’ahy, is used in the central Sahara to treat chills, diabetes, cardiac disorders, skin
diseases, and abscesses, and in Egypt to treat inflammation, as an insect repellent, and an herbal tea [2]. The
essential oil of P. inuloides has showed antimicrobial and antioxidant (DPPH) activities and the main com-
ponents were carvotanacetone (47.3 %) and palmitic acid (12.8 %) [3], the major component of P. jaubertii
was carvotanacetone (64.0 %) and the oil was active against MCF-7 and Hep-G2 cells (ICso= 3.8 and 5.1 ug
ml”, respectively) [4], P. stephanocarpa contained a-cadinol (42.5 %), B-caryophyllen (10.8 %), spathulenol
(6.8 %) and it had high antimicrobial and antioxidant (DPPH, ICs,= 330 ug ml") [5] properties, P. odora L.
contained thymol (47.8 %) and thymol isobutyrate (30.0 %) and it was active in antibacterial assay [6].

The essential oil of P. undulata was studied by different scientist from different countries and the re-
sults were signicantly different from each other. For instance, the oil from Algeria contained mainly
carvotanacetone (14.8 %), d-cadinene (8.2 %), a-cadinol (4.7 %) and thujanol (4.7 %) [7]. The oil from
Yemen contained carvotanacetone (91.4 %), 2,5-dimethoxy-p-cymene (2.6 %) and it has demonstrated good
antimicrobial and moderate cytotoxic activities against MCF-7 cells (IC50= 64.6 +13.7 ug ml™) [8]. The oil
from Egypt contained carvacrol (46.5 %), xanthoxylin (18.1 %), carvotanacetone (8.7 %) and it had a power-
ful antioxidant, a good antiacetylcholinesterase (IC50 = 139.2 pug ml™"), moderate cytotoxic against three cell
lines (A375, T98G, HCT116) activities [9]. The oil from Iran contained 4-terpineole (20.1 %), 1S-cis-
calamenene (13.4 %), junipene (8.7 %), cis-sabinene hydrate (8.3 %) and y-terpinene (7.0 %) [10].

" Corresponding author
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Pulicaria vulgaris (prostrata) Gaertn (Asteraceae) is an herbaceous annual plant, erect, more than
30 cm high, much branched. The leaves are linear-oblong, subobtuse orsubacute, mucronate, sessile, cordate
semiamplexicaul, entire or denticulate. It grows on the wet banks of rivers and lakes, meadow depressions of
bumpy sands. It is found in all areas of Kazakhstan, excepting mountains area. It is used as a remedy for dys-
entery in folk medicine [11]. Italian scientists studied before the essential oil of P. vulgaris and its antimicro-
bial activity, and the main components were hexadecanoic acid (21.7 %), B-caryophyllene (14.3 %) and
geranyl propionate (8.2 %). The oil showed a quite good antimicrobial activity against gram positive bacteri-
al strains [12]. According to the study of Iranian scientists, the main components of this essential oil were
thymol (50.2 %), carvotanacetone (20.2 %), thymolisobutyrate (16.9 %), menthan-2-one (4.3 %), 1-methyl-
1,2-propanedione (4.1 %), 2,5-dimethoxy-p-cymene (4.0 %), myrtenol (1.2 %) and it has showed antimicro-
bial and antifungal activities. Also in this study, the cytotoxic activity of essential oil was tested against
MCF-7 and Hep-G2 cell lines (ICs;= 5.36 and 7.16 pug ml™ respectively) [13]. The results of other study have
shown that essential oil of P. vulgaris may serve as an alternative or complementary treatment for
leishmaniasis [14].

The purpose of this study is to determine the component composition of essential oil of P. vulgaris from
Kazakhstan, which has great prospects, to test its cytotoxic and antiradical activity and compare with previ-
ous studies.

Experimental

The plant material of P. vulgaris (Asteraceae) was collected during the flowering period on September
1, 2017, near Eski Koluton village, in Astrakhan District, Akmola region, Kazakhstan. A voucher specimen
(No. 1996.07.27.02.04.) was deposited in the Herbarium of the Biology and Geography Faculty,
E.A. Buketov Karaganda State University.

The essential oil was distilled from the dried aerial parts using a Clevenger-type water distillation appa-
ratus for two hours. Hexane was used as a trap for essential oil. Determination of chemical composition of
the essential oil was carried out on the Clarus-SQ 8 (Perkin Elmer) Gas Chromatograph equipped with Mass-
spectrometer (GC/MS apparatus).

Preparation of sample: 25 mg of the essential oil were placed into a 25 ml volumetric flask, dissolved in
15 ml of hexane, adjusted to volume and stirred until complete mixing of the oil.

Chromatographic conditions: capillary column — RestekRxi®-1 ms 0.25 mm %30 mx 0.25 um, sample
volume: 1.0 pl, carrier gas — He, carrier gas speed: 1 ml min', split ratio 1:25, temperature of column:
40 °C, rise of 2 °C min™ to 280 °C, temperature of evaporator — 280 °C, mass spectrometric detection: tem-
perature — 240 °C, EI' = 70 eV, the scanning time from 4 to 120 minutes, the scan mode ion 39-500 m/z.
The percentages of components are automatically calculated based on the total peak areas of the chromato-
gram of ions (Fig. 1). Components were identified by mass spectra and the retention times, with use of NIST
library.

Figure 1. Chromotogram of GC/MS experiment of the essential oil of P. vulgaris
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Antiradical activity of the essential oil

The antiradical activity of the essential oil was performed in regard to 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH). The dependence of the analyte absorbance on the concentration were measured on a spec-
trophotometer Cary 60 UV-Vis at 520 nm wavelength. Antiradical activity of the essential oil was compared
with butylhydroxyanisole (BHA). The values of antiradical activity (ARA) were calculated using the formula
shown below:

AR“%%Aéiéﬁme%’

where Ay — is the optical density of control; 4, — is the optical density of the working sample.

DPPH molecule forms a free radical that is stable in different medium and wide range temperature, due
to the maximum freedom of the electron delocalization over the entire molecule and spatial shielding atoms
bearing the greatest spin density as well as the lack of hydrogen atoms in the positions where may occur the
isomerization or disproportionation. In addition, delocalization is causing intense violet color of this radical
in the aqueous-alcoholic media, the interaction with the antioxidant, capable of donating a proton; there is a
restoration of the radical, resulting in the violet color turns into yellow.

Cytotoxic activity of essential oil

The 55 ml separator funnel was filled with artificial seawater and added 200 mg eggs of Artemia salina.
Then, it was kept with a soft supply of air for three days, until the crustaceans hatch from eggs. The one side
of funnel was covered with aluminum foil, and after 5 minutes, the nauplii, which moved on the bright side
of the separator funnel, were removed with a Paster pipette.

20—40 nauplii were placed into each of the 24 micro titer plates with 990 pl of seawater. Dead larvae
were counted under a microscope. 10 ul of dimethylsulfoxide solution per 10 mg ml™' sample was added.
Actinomycin D or staurosporine was used as a standard comparison reagent, and DMSO was a negative con-
trol. After 24 hours of incubation and further maintaining micro titer plates for 24 hours (to ensure immobili-
ty) the dead larvae were counted under the microscope.

Mortality P was determined by the following formula:

(4-N-B)
P =2t x100%,

where 4 — is the amount of dead nauplii after 24 h; N — is the amount of nauplii died before the test; B —

is the average amount of nauplii died in a negative control; Z — is the total amount of larvae [13].
Results of the study the cytotoxic activity of the essential oils are shown in the Table 4.

Results and Discussion

The main components of the studied essential oil are presented in the Table 1. The analytical results re-
vealed the presence of forty nine compounds representing 86.4 %. The essential oil of P. vulgaris has as the
major compounds: patchoulane (37.4%), buddledin C (13.9 %), T-cadinol (4.7 %), trans-sesquisabinene hy-
drate (4.1 %), dyhydro-B-agarofuran (2.7 %), (Z)-a-atlantone (1.8 %), dehydronerodiol (1.3 %) and
corymbolone (1.2 %). These main compounds put together (65.8 %) of the total chemical composition.

Table 1
Chemical composition of essential oil of P.vulgaris
Lliterature Rcalc Compound Aiza’ Rliterature Rcalc Compound A(I)'/e0 &
1 2 3 4 5 6 7 8
1103+£2 | 1099 Thujone 0.3 | 1778£N/A | 1762 a-Costol 0.6
1480+N/A| 1464 Thymylisobutyrate 0.2 | 1754+10 | 1769 B-Acoradienol 0.7
1486+3 | 1503 B-Eudesmene 0.9 17784 | 1777 B-Costol 0.4
1496+0 |1510|  Dihydro--agarofuran 2.7 |17776N/A | 1791 | Eremophila-1.11-dien-9-one, |, 5
8a-hydroxy-
2-Naphthalenemethanol,
3,4,6,7,8,8a-hexahydro-5-
154942 | 1530 Elemol 0.6 1803+4 | 1798 methyl-8-(1-methylethyl)-, 0.2
(8R,8aS)-
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Continuation of Table 1

1 2 3 4 5 6 7 8
1562+N/A | 1561 Dehydronerodiol 1.3 | 1818+11 | 1817 Zizanoic acid 0.4
1551+N/A| 1568 Diepicedrene-1-oxide 0.9 | 1832+N/A | 1822 trans-Valerenylacetate 0.7

1581+2 | 1577 | trans-Sesquisabinenehydrate | 4.1 1813+7 | 1828 a-Kessylacetate 0.2
1581+2 | 1580 Caryophylleneoxide 0.7 | 1845£N/A | 1830 Cyperadione 0.3
161010 | 1590 Widdrol 2.0 | 1861=N/A | 1851 | (PPrEemophilal (1D 7D~ 5
ien-12-yl acetate
1635+N/A| 1633 Patchoulane 37.4 | 1899+N/A | 1881 Corymbolone 1.2
1640+2 | 1635 T-Cadinol 4.7 1886+5 | 1906 Oplopanonylacetate 0.8
1649+2 | 1642 B-Eudesmol 0.3 |2282+N/A | 1916 Buddledin C * 13.9
1642+2 | 1646 a-epi-Muurolol 0.7 | 1939£N/A | 1956 Verrucarol 0.2
1652+N/A| 1649 Cedrane, 8-propoxy- 0.4 1964 Unknown 1 0.4
1639+0 | 1651 | Oxacyclotetradeca-4,11-diyne | 0.7 2005 Unknown 2 0.4
Cyclohexanemethanol, 4-ethenyl-
167944 | 1661 | oA-trimethyl-3-(I-methyl- ) 5 2049 Unknown 3 0.2
ethenyl)-, acetate,
[1R-(10,30,4PB)]-
1680+18 | 1667 Khusimylmethylether 0.5 2065 Unknown 4 0.7
1679+N/A| 1678 (E)-a-Santalal 0.5 |2073+N/A | 2083 cis-10-Heptadecenoic acid 0.4
1693+3 | 1703 Germacrone 0.2 2134 Unknown 5 0.3
17174 | 1719 (Z)-o0-Atlantone 1.8 2160 Unknown 6 0.6
1724+N/A | 1726 Thujopsenal 0.3 |2497+N/A | 2511 Carbonic acid, 0.2
eicosyl vinyl ester
1748+N/A| 1734 |58,7pH,10a-Eudesm-11-en-1a-ol| 0.3 2700 2695 Heptacosane 0.3
1763+3 | 1749 cis-Lanceol 0.2 2900 2892 Nonacosane 0.2
1752+4 | 1758 a-Sinensal 0.2 Total 86.4

Note. * — Compared with authentic compound.

The DPPH radical scavenging activity of the essential oil of P. vulgaris is shown in the Tables 2, 3.
Based on the analysis of the data the essential oil P. vulgaris at concentration of 0.75 and 1 mg ml ™' has an
average antiradical activity compared to BHA.

Change in optical density depending on the concentration

Table 2

Values of optical density depending on concentration, mg ml '
No. Sample 0.1 0.25 0.5 0.75 1.0
1 |BHA 0.1362 0.1333 0.1257 0.1202 0.1145
P. vulgaris (aerial part) 0.6328 0.5902 0.5380 0.4836 0.4288
Table 3
Antiradical activity of P. vulgaris essential oil
N Sampl Concentration of essential oil, mg ml '
© pe 0.1 0.25 0.5 0.75 1.0
1 |BHA 80.82 81.23 82.30 83.08 83.88
P. vulgaris (aerial part) 16.90 22.50 29.35 36.49 43.69

In the present study the essential oil of P. vulgaris with hexane was tested on cytotoxicity against
Artemia salina nauplii. Based on the experiment (Table 4), it can be concluded that the essential oil P. vul-
garis in all tested concentrations exhibited cytotoxicity; the mortality of nauplii was 96 %.
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Table 4
Cytotoxic activity of essential oil of P. vulgaris
Amount of nauplii | Amount of nauplii in a sam- | % surviving | % surviving . Presence of
. o . Mortality, .
Parallel in control ple nauplii in | nauplii in the P. neurotoxicity,
survivors | died [ survivors | died | Parallel control sample e %
10.0 mg ml”
1 25 1 0 31 0
2 26 1 0 30 0
3 30 0 0 27 0 %6 0 %6 0
Average 25 1 0 29 0
5.0 mg ml’
1 25 1 0 30 0
2 26 1 0 24 0
3 30 0 0 24 0 %6 0 %6 0
Average 25 1 0 26 0
1.0 mg ml”'
1 25 1 0 28 0
2 26 1 0 28 0
3 30 0 0 26 0 %6 0 %6 0
Average 27 1 0 27 0
Conclusions

The results of the GC/MS experiment was showed that the main components of the essential oil of
P. vulagaris from Akmola region (Kazakhstan) were patchoulane (37.4%), buddledin C (13.9 %), T-cadinol
(4.7 %), trans-sesquisabinene hydrate (4.1 %) and dyhydro-f-agarofuran (2.7 %). Six components were
identified as unknown (X 2.6 %). Antiradical activity test were showed that the essential oil has average ac-
tivity at concentration 0.75 and 1 mg ml™' compared to BHA. It should be noted that in this study we investi-
gated the antiradical activity of the essential oil for the first time. The results of cytotoxic activity assay on
Artemia salina nauplii exhibited a good activity of the essential oil in all tested concentrations, mortality was
96 %. According to a literature review, the patchoulane is the main component of this essential oil and its
derivatives were demonstrated moderate cytotoxic activity in human ovarian cancer cells [15].

It can be concluded that the essential oil of P. vulgaris from Kazakhstan is differed significantly by
component composition of essential oils from Italy and Iran and it can be a good source of biological active
compounds.

This research has been funded by the Science Committee of the Ministry of Education and Science of
the Republic of Kazakhstan (Grant No. AP08051842).
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ALl XKanxakcuna, E.M. Cyneiitmen, M.}O. Mmmyparosa, JK.b. NckakoBa,
T.M. Ceiinxanos, I.A. bipimxanosa, P.H. Cyneiimen

Pulicaria vulgaris (prostrata) >(pup mMaiibl :K9He OHBIH O0MOJIOTUSIIBIK OeJICeHATIri

3eprreynin Makcatel — Akmoia obumbickinaa (Kasakcraun) ecerin Pulicaria vulgaris (prostrata) 3¢up
MaibIHBIH XUMUSUIBIK KYPaMbIH, PaJUKaIFa KapChl )KOHE LIUTOYBITTBUIBIK OCJICEHIUTINH 3epTTey. Ddup Maiibl
THAPOIUCTIILIAIMS TOCUTIMEH allbIHIBI JKOHE Ta3mbl xpomarorpadus — macc cmekrpomerpus (I'X/MC)
apkpuTel 3epTrenmi. Hormkecinne 86.4 % KypalTelH 49 KOMIIOHEHT AHBIKTAJbI, al HETi3ri KOMIIOHEHT-
tepi — mauynad (37,4%), oymmnenun C (13,9 %), T-xamunon (4,7 %), TpaHc-cecKBUCAaOMHEH T'MIpPATHI
(4,1 %), nuruapo-B-arapodypau (2,7 %), (Z)-a-atnanton (1,8 %) sxone kopumboson (1,2 %) 6osapl. AnTh
KOMIIOHEHT Oenrici3 OGonbm  aHbIKTanasl (2,6 %). AnTHOKCHAaHTTHIK Oencenainik DPPH  epkin
paauKangapabl KONAaHy apKbUIbl GaranaHzibl koHE d¢up Maitel 0,75 jxoHe | Mr/Mi KOHLEHTpalusuiapia
oyrmiruapokcuann3oira (BI'A) kaparaHma opramia pagukanFa Kapchl OeNCeHAUNriH kepcerTi. byn
seprreyne P. vulgaris 30up MailbIHBIH paguKaiFra Kapchl OCJICEHIUTTIHIH HOTIKEJIepi aifall per
KapusUtauasl. Artemia salina nepHacinaepiHe Kapchl LHUTOYBITTBUIBIK OCICCHAITIK HOTHKENEpiHe Coiikec
3¢up Maiibl OapIIBIK ChIHAIFAH KOHIEHTPALUIApAa OIiMIe 9KEJICTIH YBITTBUIBIFBI 0ap 1ereH KOPbIThIH/bIFA
Kenai. ABTopiap Oyi HOTHKeHiI 3(up MailbIHBIH HETi3ri KOMIOHEHTTI — Mady/laHHBIH aHaJbIK Oe3MiH
KaTepiIi iCiK JKacyIanapslHa Kapchl OelceHaiIriMer 6enri 60rybIMeH TyCIHAIpei.

Kinm ce30ep: Pulicaria vulgaris, >bup Maiibl, madyinaH, aHTHOKCUIAHTTHIK, IIUTOYBITTBIIBIK OEICCHIUTIKTEp.

A III. XKanxakcuna, E.M. Cyneiimen, M.1O. Mmmyparosa, JK.b. MckakoBa,
T.M. Ceiinxanos, I.A. bupumxkanosa, P.H. Cynelimen

d¢pupnoe maciso Pulicaria vulgaris (prostrata) u ero 6M0JIOrH4eCKasi AKTUBHOCTH

Ienpro maHHOTO HMCCIENOBAHUS SIBISCTCS N3y4eHHE XHMHYECKOTO0 KOMIIOHEHTHOTO COCTaBa, aHTUPAJUKAIb-
HOU M IUTOTOKCHYECKOH aKTUBHOCTH d(upHOro Macna Pulicaria vulgaris (prostrata), TUKO IpoU3pacraro-
mero B AkmonuHckod obnactu (Kasaxcran). D¢upHoe Macio ObUIO MONTYYEHO THAPOAUCTIILLIIMEH M HC-
CJIeJOBAaHO METOJIOM Ta3oBoi xpomarorpadun — Macc-ciekrpomerpuu (I'X/MC). B pesynbrare 65u10 HIeH-
TuduIMpoBaHo 49 KOMIOHEHTOB, coCTaBIIOMUX 86,4 %. OCHOBHBIMH KOMIIOHEHTAaMH OBUIM IadyiaH
(37,4 %), oynmremuu C (13,9 %), T-xagunon (4,7 %), TpaHc-ceckBucabunen runpar (4,1 %), aurumpo-B-
arapodypat (2,7 %), (2)-a-atnanros (1,8 %) u kopumbosnon (1,2 %). llects KOMIOHEHTOB OB OTpeeie-
HBI KaK HensBecTHbIE (2,6 %). AHTHPaIMKaIbHYIO aKTHBHOCTH OIICHHBAIU C HCIIOJIb30BAHHEM CBOOOJHBIX
pagukanoB DPPH, u nannoe adupHOe Macio mokasaio yMEepeHHYI0 aHTHPaJUKalbHYyI0 aKTHBHOCTD IO CpPaB-
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Henuro ¢ oyrmiruapokcuannsonom (BI'A) mpu xonuentpauumsx 0,75 u 1 mr/mi. B aTom uccnenoBanuu pe-
3yJIbTaThl QHTHPAUKAIBHON aKTHUBHOCTH 3GUpHOTo Macna P. vulgaris mybnukytores Buepssie. I1o pesynbra-
TaM LUTOTOKCHYECKOH aKTUBHOCTU B OTHOILLEHMH JIMYMHOK Artemia salina ObUIO CHENAHO 3aKIIIOYEHHE, YTO
a¢upHOE Macio 00IaJaeT XOPOIIeH JIeTaTbHONH TOKCHYHOCTBIO IIPU BCEX MCIBITAHHBIX KOHICHTPAIUsIX. AB-
TOPBI OOBACHSAIOT 3TOT Pe3yJIbTaT HAINIHEM OCHOBHOT'O KOMIIOHEHTa — I1adyJIaHa, H3BECTHOTO CBOEH aKTHB-
HOCTBIO B OTHOIIICHUH PAKOBBIX KJIETOK SUYHHKOB.

Knioueswie cnosa: Pulicaria vulgaris, 3pupHOe Macio, nadyiaH, aHTHPaIUKAIbHAs, ITUTOTOKCHYECKas aK-
THBHOCTb.
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Development and validation of stability indicating HPTLC method
for estimation of pirfenidone and characterization of degradation product
by using mass spectroscopy

Pirfenidone is used as a novel antifibrotic agent approved for mild-to-moderate idiopathic pulmonary fibrosis.
An extensive literature search revealed that, method validation by high-performance thin-layer chromatog-
raphy (HPTLC) and structural determination by tandem mass spectrometry (MS/MS) method was not report-
ed till date. Precoated silica gels plates were used as a stationary phase. Methanol: ethyl acetate: toluene
(1:2:7 v/v) was delivered best separation at 315 nm (Rf 0.49+0.03) by densitometry analysis. Degradation
analysis was performed as per ICH guidelines Q2 (R1). Isolation of degradation product was done by the
HPTLC method and characterized by using MS/MS method. All the validation parameters were found within
the range. Moreover, its possible degradation pathway was also proposed. The Proposed developed and vali-
dated HPTLC method was found to be more sensitive, simple, precise, accurate, cost-effective and robust.
This method could be applied for the analysis of bulk drug and tablet formulation, degradation study. This
degradation pathway of the drug will further help to identify the degradation products of Pirfenidone which
may be used for the impurity profiling of the drug.

Keywords: high-performance thin-layer chromatography (HPTLC), pirfenidone, tandem mass spectrometry
(MS-MS) studies, degradation mechanism.

Introduction

Pirfenidone is a mini non-peptide molecule of low molecular weight 185.2 g/mol, with a chemical name
5-methyl-1-phenyl-2-(1H) pyridine (Fig. 1). It is an agent that combines anti-inflammatory and anti-fibrotic
o activity, acting through the control of tumor necrosis factor-o. (TNFa) and

tumor necrosis factor- (TNFP), the pathway, as well as through the modu-

74 N@ lation of cellular oxidation[1]. Idiopathic pulmonary fibrosis (IPF) is the

L most common form of incurable and often fatal idiopathic interstitial lung

disease [4—6]. The purpose of the ASCEND (A Study of Cardiovascular

H:C Events in Diabetes) study was to evaluate and confirm the efficacy and
safety of pirfenidone [7].

The creation and testing of the analytical method include a sequence
of operations that are continuous throughout the life cycle of the product
and the substances. It is important to isolate drugs from impurities, degradants, and formulating excipients
and analyze them separately for the accurate quantitative determination of drug of interest in a dosage form.

Figure 1. Structure of Pirfenidone

" Corresponding author
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Considering the quality of the substance and carrying out the content analysis without separating or extract-
ing it became important today, as these extraction or separation processes are found to be time-consuming,
repetitive and often costlier [8-9].

A comprehensive literature search revealed that HPTLC system validation and structural determination
for Pirfenidone by MS/MS system has not been documented to date. The production and validation of a sim-
ple, reliable, accurate and economical, stability-indicating HPTLC method and the identification and charac-
terization of degradation products using MS/MS were therefore considered worthwhile.

Consequently, this research aims to develop simple, precise, cost-effective methods using various ana-
lytical tools such as:

— design and validation of the HPTLC method for estimating pirfenidone in a pharmaceutical dosage

form,;

— MS-MS studies to isolate the potential product for degradation and classify its likely fragmentation

pattern.

Experimental

2.1 Chemical and reagents: Pirfenidone was received from Intas Pharmaceutical Ltd, Gujarat as a gift
sample. All the chemical used were of analytical grades.

2.2 Preparation of Standard and sample solution: For sample solution 10 mg of pirfenidone was
weighed, transferred to a 10 ml volumetric flask, then added 5 ml of methanol and sonicated for 10 minutes.
For standard stock solution, twenty tablets of pirfenidone samples were weighed and crushed to obtain a fine
powder. The average tablet weight was measured. Through this accurately weighed the tablet powder
equivalent to around 10 mg of Pirfenidone was transferred to a 10 ml volumetric flask, added 5 ml of metha-
nol and 10 min ultra sonicated, then made up the methanol amount. 1 ml of this solution was further diluted
to 100 pg/ml concentration by using of 10 ml of methanol to form the resulting solution. To remove any par-
ticulate matter both the solutions were filtered using Whatman filter paper no. 42.

2.3 Calibration curve preparation: The normal stock solution containing Pirfenidone has been pre-
pared in methanol. Six concentration levels over a range of 200—1200 ng/band in pirfenidone were analyzed
for a linear relationship between peaks and concentration.

2.4 Method validations for HPTLC

Proposed process has been validated according to the Criteria for Methodological Validation of the In-
ternational Conference on Harmonization ICH Q2 (R1).The process was validated using different parameters
such as accuracy, precision, specificity and linearity [8—11].

2.5 Accuracy (recovery test): This analysis was performed at three stages, i.e. 80 %, 100 %, and
120 % recovery point, respectively, as shown in Table 2. The solution was done in accordance with the pro-
cedure stated in the preparation of the sample solution on and the amount of drug recovered was calculated
[12-13].

2.6 Precision: Tablet sample solutions were tested intraday and interday precision at various time inter-
vals on the same day and three different days, respectively. The tablet sample solution was prepared and ana-
lyzed like the one defined in the market formulating analysis.

2.7 Linearity: Accurately measured 10 mg of Pirfenidone was transferred to 10 ml volumetric flask,
Sml of methanol was added, and 10 minutes of ultra-sonic pressure was applied, then methanol was re-
moved. Diluted 1 ml of the resulting solution with methanol to 10ml (Pirfenidone concentration 100 pg/ml).
The above solution of Pirfenidone was applied to the TLC plates in the range 0.1-0.6 pl using a microsyringe
with the help of LINOMAT-V automated sample applicator. The plate was created and scanned under the
optimized conditions of chromatography. The peaks achieved for Pirfenidonewere incorporated after scan-
ning. Peak area was recorded for each drug concentration and the calibration curve of Concentration Vs Peak
area was constructed for Pirfenidone.

2.8 Robustness: Robustness studies were performed through the shift in mobile step, saturation time of
chamber. Most mobile phase and chamber saturation period composition varied within the range of =0.1 ml
and £2 min, respectively, of the optimized conditions used. Mobile phase volume had varied by =1 ml. The
effect of these changes was investigated on both the Rf values and peak area.

2.9 Detection limit and quantification limit: The limit of detection (LOD) and limit of quantification
(LOQ) were calculated separately, based on the standard calibration curve response deviation. To measure
the LOD and LOQ the standard deviation of Y-intercept and slope of the calibration curves was used by us-
ing formula.
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LOD - 3.3 SD/S and LOQ — 10 SD/S,
there SD — is the standard deviation of the response; S — is the slope of the calibration curve.

2.10 Forced degradation study of pirfenidone: In the test of forced degradation, the six samples were
prepared by injecting 10 mg of pirfenidone into the product in a 10 ml volumetric flask and adding 3 ml of
0.1 N HCI, 0.1 NaOH, 3 percent H,O, and first 4 flasks of distilled water, respectively. Heat the flask at
80 °C for acidic and basic conditions for 2 hrs in the water bath and for oxidative condition for 1 hr, and 3 hrs
at 80 °C for distilled water respectively. As per guidelines for force degradation, the photolytic degradation
was carried out in UV light (254 nm) for 48 hrs and the drug was kept at 100 °C for 1 hr for thermal degrada-
tion. The remaining two flasks are then moved respectively. All the flasks were removed after the respective
time intervals and allowed to cool. The samples were then similarly analyzed as defined under a tablet analy-
sis [14-18].

2.11 Isolation and identification of degradation products by HPTLC-MS/MS: The degradation
study was conducted on six conditions of sample stress, but alkaline and acidic these are two conditions of
sample stress used in HPTLC-MS/MS studies due to the percentage of degradation rather than other stress.
The degraded products are isolated and classified by applying a degraded sample solution to the TLC plate
(9 pl-bands) and under optimized chromatographic conditions, the plate was created. It was under the ob-
served 254 nm UV cabinet after drying the plate, and it defined and labeled the degraded band. When the
damaged band was found, it was scraped out into the Eppendorf tube and held in methanol overnight. The
sample was filtered through Whatman filter paper and subjected to MS/MS on the next day. Two forms of
spectra were obtained by the MS/MS studies: Q1 (used for parent compound identification), and Q3 (used
fragmentation pattern identification). The MS/MS spectra are shown in Figure 5 and Table 4.

Results and Discussion

3.1 Optimization of Mobile Phase
The mobile phase used for HPTLC analysis was methanol: ethyl acetate: toluene (1:2:7 v/v). They
shows good resolution at Rf value of 0.4940.3. The Pirfenidone HPTLC densitogram shown in Figure 2.
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Figure 2.Typical densitogram of Pirfenidone

3.2 Linearity: The pirfenidone linearity equation is y = 303.11 + 36.612 with a correlation coefficient
(R2) of 0.997; the Peak area for each concentration of drugs was registered, and for Pirfenidone the calibra-
tion curve of the Concentration Vs Peak area was constructed. The standard data for the calibration is given
in the Table 1. The linearity for Pirfenidone is depicted in Figure 3.

Table 1
Standard calibration data for Pirfenidone

Sr.no | Concentration ng/band | Peak area
1 200 321.79
2 400 653.39
3 600 989.28
4 800 1224.61
5 1000 1518.29
6 1200 1877.52
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Figure 3. Linearity of the pirfenidone

3.3 Precision and Accuracy: Precision and accuracy tests are shown in Table 2 and Table 3 respective-
ly. It was found to comply with the guidelines of ICH Q2 (R1).

Table 2
Result of precision
Dru Intraday precision Inter day precision
£ % label claim S.D R.S.D %label claim S.D R.S.D
Pirfenidone 99.46 1.81 1.82 99.70 0.43 0.43
Table 3
Result of accuracy
Level of recovery Recovery (%) S.D % R.S.D
80 % 98.29 0.85 0.86
100 % 100.55 0.20 0.20
120 % 98.62 0.93 0.93

3.4 Robustness: The effect of saturation time, mobile phase shift on both the Rf values and peak areca
was investigated. Table 4 displays the findings of robustness studies and its statistical validity.

Table 4
Result of robustness studies
Factor | Level | Area | Rf
Saturation time

5 min -5 1957.55 0.51

10 min 0 1975.40 0.49

15 min +5 1986.49 0.47
S.D+R.S.D 1.9+0.34

Total mobile phase Level Area Rf

9 ml -1 1975.44 0.47

10 ml 0 1975.90 0.49

11 ml +1 1975.23 0.46
S.D+R.S.D 1.5+0.26

Time from developing Level Area Rf

to scanning

9 ml 5 min 1975.44 0.53

10 ml 30 min 1975.90 0.49

11 ml 60 min 1975.80 0.52
S.D+R.S.D 1.1 +0.20

3.5 LOD AND LOQ
The sensitivity of the proposed method has been calculated in terms of a detection limit (LOD) and
quantification limit (LOQ) 0.034 and 0.104 ng band respectively.
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3.6 Forced Degradation Study of Pirfenidone

Forced pirfenidone degradation experiments were performed under various stress conditions such as
acidic, alkaline, oxidation, neutral, photolytic, and thermal. Table 5 shows the percent assay of the active
material and its Rf values of the degradation products. Acid, alkaline, oxidation, acidic, photolytic, and ther-
mally treated Pirfenidone densitograms are shown in Figure 4, a—, respectively.

Table 5
Results of forced degradation study
5 -
Sr. 10, Stress condition Tempqature % assay of active Rf value of degradaned
and time substance product

1 Acid (0.1 N HC]) 80 °C for 2 hrs. 80.36 % 0.67, 0.87

2 Alkaline (0.1 N NaOH) 80 °C for 2hrs. 81.9 % 0.33, 0.47

3 Oxidative (3 % H,0,) 80 °C for 1 hrs. 96.72 % 0.40

4 Neutral 80 °C for 3 hrs. 91 % 0.12, 0.40, 0.42

5 UV degradation 48 hrs. 97.9 % 0.75

6 Thermal 80 °C for 1 hr 99.16 % 0.76
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Figure 4. Degradation of Pirfenidone

3.7 Isolation and identification of degrade product by HPTLC — MS/MS (Tandum mass spec-
troscopy) method

The degradation product has been extracted using the HPTLC method and the degradation product
structure was calculated using MS/MS studies. The fragmentation drug pattern was developed by conducting
positive electro spray ionization (ESI) mode MS-MS studies in the mass range of 50-1500 g/mol to maxim-
ize the mass parameter that specifically informs of the drug's molecular ion peak. Those were further
changed to get the medication completely separated.
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The MS/MS spectroscopy was primary help to disclose the drug degradation into five degradation
products (referred to as DPs I-V, according to the structure in which the peak appeared in the chromatogram
from left to right). After degradation five fragmented products was defined based on IR spectra. The five
components for the degradation were DP-1, DP-2, DP-3, and DP-4 and DP-5. All result given in the HPTLC-
MS/MS range was shown below (Fig. 5).

One oxidation product creates an oxidative stress state. H,O, was oxidized by pirfenidone. The oxida-
tion of ring-A will be postulated. That occurs in the form of DP-1 at nitrogen (m/z = 202.09), as shown in
Figure 5, a. In mass spectra, the parent ion of m/z 202.09 was observed. Figure 6 and Table 6 outlined the
potential degradation pathway for DP-1 to DP-5. Degradation product-2 and degradation product-3 form
acidic stress state. The acid splits the bond between N—C and DP-2 shape. Besides, acidic cleavage occurs on
an A-ring to form DP-3. The DP-2 was shown in Figure 5, b (m/z 93.06). As shown in Figure 5, ¢ the parent
ion m/z 93.6 is observed in the mass spectrum and DP-3 (m/z 96.06). The parent ion observed for m/z 96.06
is mass spectrum. DP-4 was formed by breaking of C—N bond of ring A cleavage of C=0 to DP-4 in alkaline
stress condition two degradation product was observed. The DP-4, as shown in Figure 5, d (m/z 78.05). The
mass spectrum observes the parent ion into m/z 78.05.

Degradation product (DP-5) was formed by cleavage of C-C bond in ring B of pirfenidone, followed by
loss of C=0O (Carbonyl group) (m/z 158.1 Fig. 5, e).
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Figure 5. MS/MS spectra of Pirfenidone
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Table 6
Summary of degraded product

Parameter Structure of the degraded product Possible mechanism
CH,

Drug Q N /> Pirfenidone
o}

DP-1 H,0, Oxidation at nitrogen

= o~ =
@ ‘\,;l |
©/ ©/ Exact Mass: 202.09
O O
NH»
DP-2 ©/ Acidic breakdown of bond

Exact Mass: 93.06

DP-3 Acidic breakdown of two bond
|
O
Exact Mass: 96.06
Nitrogen carbon bond break in base
DP-4 .
and benzene ring separate
Exact Mass:78.05
%ﬁ The breakd fC=0 d
DP-5 " l e breakdown o remove

©/ in NaOH alkaline condition

Exact Mass: 202.09

NH;
Y
Exact Mass:

1 ® @fﬁ

Exact Mass: 96.06 Exact Mass: 78.05 Exact Mass: 158.1

Figure 6. Formation of DP-1, DP-2, DP-3, DP-4, and DP-5 after degradation study
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Conclusions

The proposed HPTLC method for estimation of Pirfenidone in pharmaceutical dosage form was found
to be accurate, precise, specific and less time consuming. The method was validated as per guidelines of ICH
Q2R1. The developed HPTLC method was able to quantitative Pirfenidone in presence of its degradation
products. Thus, it can represent good method for analysis of Pirfenidone as there are no reported methods for
the same. The fragmentation patterns obtained from HPTLC-MS / MS methods were predicted to show two
degradation products in acid and base hydrolysis, while hydrogen peroxide oxidation resulted in one degra-
dation product. Comparison the IR spectrum of pure drugs and finding m /z ratios with various peaks in MS
spectra with degradation materials was performed. Thus the present research may be used for routine quality
control of pirfenidone-containing pharmaceutical formulations.
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Iupdenunonasl anbiKTayabiH OKCX sicTemecin a3ipJiey MeH BaJInaanusjiay
JKOHE MACC-CIIEKTPOCKONMUS KOMeriMeH aJIbIHFAH bIAbIPAY 6HIMIEPiHIH cMIIaTTAMACHI

ITupdennnon exmeHiH KeHiNT XKoHe opTalla HANONATHKAIBIK (UOPO3BIH eMIey YIIIH MaKyJJaHFaH KaHa
aHTU(GUOPO3 Bl Hpenapar peTiHae KOJIaHBUIAAbL. OneOHeTTepAl Tajgay KepceTkeHzael, mupheHumIoHIb!
OHIMIIIITT JKOFaphl cyiiblk xpomarorpadus (OXKCX) kemeriMeH aHBIKTAy oiCTEMECiH Baluaalusiay,
coHnaii-ak Tanaemuaik macc-criekrpomerpus (TMC) apiciHiH KeMmeriMeH Aerpaganus OHIMIEpiH cumarray
OCBI YaKbITKa JAeiiH ycbiHblIMaraH. CraloHapiblK (ha3a peTiHIe CHIMKAarelbMeH ayjiblH-ala KaObUIFaH
IIacTHHANAp mnaiganansuinbl. [Iupdennnonusi eq xakcel Oeminyi (Rf=0,49+0,03) 315 uM ke3inzme
KBUDKBIMAJBI  (paza periHme MeraHousTHiIanerarT:Toayosn (1:2:7 kejeM) KOCHACHIH —KOJINAHFaHAA
JCHCUTOMETPHSUIBIK TaJay apKbUIbl aHbIKTanasl. Jerpamanust tanmayst ICH Q2 (R1) emicremecine coiikec
xyprizinni. blneipay eniminin 6eninyi ©XKCX omicimen xyprisinai skone TMC omici apKbUIBI CHITATTaIJIBL.
Bapasix Basmmanust mapaMerpiiepi auamna3oH merinae Ta0suiasl. CoHbIMEH KaTap, MTHP(EHUIOHHBIH BIKTHMA
Jerpafialiist KOJIbl YChIHBLIAbL. ¥ CHIHBUIBII OThIpFaH nupdeHunonpl anplkraiiTein ©JKCX opici cesimran,
KaparmaibiM, o1, SKOHOMUKAIIBIK THIMII JKoHE CeHiMIOi OOJbIN WIBIKTBL. By omic aspi-gopMekTep MeH
TabJeTKaNap/IblH MaccachblH TajJay, JAerpajalMsHbl 3epTTey YIIIH KOJJaHbLIa ananbl. J[opiiik 3aTThIH
JerpajanusFa yiiplpay MeXaHH3Mi JOpUTIK 3aT KOCHANapbhlHbIH Tapainy OeliHiH aHbIKTay YIIiH
TNalaanaHbuTysl MyMKIH TUPQEHIIOHHEIH BIIBIpAy OHIMAEPiH HACHTU(HKAIMUIAYFa KOCBIMIIIA KOMEKTECe .

Kinm ce30ep: eHIMAINIri >KOFapbl CYHMBIK XpoMmaTorpadus, Mup(eHuI0H, TaHAEMIIK Macc-CHeKTPOMETPHS
oNiCIMEH 3epTTeyIep, Jerpafanys MeXaHH3Mi.

P.I1. bxone, C.P. drran, U.I'. boum, 10.b. 3ambape

Paszpaborka u Basmaanust Meroankn BIXKX onpenenenns nupdenugona
U XapaKTEePUCTHKA NPOAYKTOB Pa3JI0KEHHU C IOMOIIBIO MACC-CIIEKTPOCKONHHU

[TupdeHnoH UCnoab3yeTcsl B Ka4eCTBE HOBOTO aHTH(HHOPO3HOr0 CPEACTBA, OZOOPEHHOTO JUISl JICYCHHS JIeT-
KOTO ¥ yMEPEHHOTO HIHONAaTHIeCKOro (pudpo3a JIeTKUX. AHaIU3 JUTEPATypPhl IOKa3al, YTO BaIUJAlUs Me-
TOJOWKU OIpeieNieHNs] NHP(EHUOOHA C IOMOIIBIO BBHICOKOA(D(EKTUBHON IKHIKOCTHON XpomaTorpadun
(B2XX), a Takxke onmcaHue NPOIYKTOB AETPafallii ¢ IOMONIBIO METOA TAHAEMHON Macc-CIIEKTPOMETPHHI
(TMC) o HacTosIIIEro BpeMEHU HE IPEACTaBICHBL. B kadecTBe cranmoHAapHOW (ha3bl OBLIM MCHONB30BAaHEI
IVIACTUHBl C IIPEIBAPUTENBHBIM IIOKPHITHEM CHiMKareneM. Hawnydmiee pasaenenue nupdeHugoHa
(Rf=0,49+0,03) 6bU10 OTMEYEHO MPU UCIOIB30BaHUU B KAUeCTBE TOJBIKHOM (pa3bl METaHOI: ITHIIALICTAT:
tonyon (1:2:7 06.) cmecu mpu 315 HM ¢ HOMOIIBIO IEHCUTOMETPHYECKOTO aHauM3a. AHAIN3 JAerpajanud
npoBoauicsa B coorBercTBuM ¢ Merononorueit ICH Q2 (R1). Beinenenue mpoaykra pa3inoskeHus IPOBOIIIN
MmeroznoM BOXKX u xapakrepusoBanu ¢ nomomsio Mmeroga TMC. Bee mapaMeTps! Banuaauy ObUTH HaleHBI
B IIpezenax auamnazona. Taroke ObUT MPEeUIosKeH BO3MOXKHBIN IyTh Aerpajanun nupdenunona. [Ipemmoxen-
HbI MeTox BOXKX onpenenenus nmupdeHnoHa okasaics 6osiee UyBCTBUTEIBHBIM, IPOCTHIM, TOUYHBIM, JTOC-
TOBEPHBIM, SKOHOMUYECKH 3P (HEKTHBHBIM 1 HagexHBIM. OH MOXKET ObITh IPHMEHEH JUIsl aHaInu3a Macchl Je-
KapcTB U TabJETOK, MCCIeIOBaHUS JAerpananui. MexaHu3M Jerpafalyy JICKapcCTBEHHOTO CPEICTBA JIOMOI-
HHTEJIBHO MOMOXET MICHTU(GUIMPOBATh NMPOAYKTHI Pa3IoKeHUs NMUPPEHUAOHA, KOTOPbIE MOTYT HCIOJb30-
BaThCs ISt ONpEIeNeHNs IPOodGuIIs pacipeeeHust IpuMeceil J1eKapcTBEHHOTO CPEACTBA.

Kniouesvie cnoea: BbICOKOI(P(EKTHBHAS >KUIKOCTHAas XpomaTorpadus, HUPPEHHIOH, HCCICIOBAHHS
METO/IOM TaHJEMHON MacC-CIEKTPOMETPHHU, MEXaHH3M JIerpaIaliiH.
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Extraction-photometric determination of osmium using quaternary
water-thiopyrine-trichloroacetic and orthophosphoric acid system

The article is devoted to the extraction-photometric determination of osmium. The aim was to modify the
well known extraction-photometric determination of osmium by replacing chloroform, used as an organic
solvent in a traditional extraction system, on to water, which is the only liquid component in the layering sys-
tem. This made it possible to eliminate the toxic organic solvent from the system. The optimal conditions for
the osmium extraction were selected, taking with the fact that the consumption of thiopyrine, as an expensive
reagent, should be minimal. The results of the developed methodology for determining microgram amounts
of osmium with thiopyrine were presented by the example of a model mixture corresponding to the composi-
tion of a platinum sponge. The interfering effect of Al (IIT), B (I1I), Bi (III), Fe (IIT), Au (III), Ir (II), Cd (II),
Co (II), Ca (II), Si (IV), Mg (II), Mn (II), Cu (II), Mo (VI), As (V), Ni (II), Sn (IV), Pd (II), Rh (II), Pb (ID),
Ag (I), Sb (III), Te (IV), Cr (II1), Zn (II) contained in a platinum sponge was investigated. The interfering ef-
fect of copper has been established, which is eliminated by masking with ascorbic acid.

Key words: osmium, thiopyrine, extraction-photometric determination, platinum sponge, complexation, syn-
thesis of drugs, cortisone.

Introduction

Osmium is used to create particularly durable alloys, in the manufacture of hands and axes for measur-
ing equipment, clockworks, and the production of drugs, for example, the cortisone. The high catalytic abil-
ity of osmium is used in chemistry and petrochemistry, osmium tetroxide is employed in the synthesis of
drugs, and its alloy with platinum is used in the manufacture of cardiac implants, pacemakers and valves.

There are gravimetric, titrimetric, electrochemical methods for the determination of osmium [1-3]. The
spectrophotometric methods with organic reagents of various classes are most usually used: thiourea and its
derivatives, selenourea, derivatives of mercapto and nitrosoquinolines, aromatic amines, amino alcohols,
amino acids, various heterocyclic compounds with various functional and analytical groups (= S, —SH, —OH,
—NH,, =NH, =N) [4]. Alkali metal and ammonium thiocyanates are used as the inorganic reagents. Osmium
is determined by own color of osmium (VI) hexabromide, and by the color of OsO, in an organic solvent.
None of the methods makes it possible to determine osmium in the presence of all the accompanying ele-
ments of the platinum group; therefore, it is separated in the form of OsOy, either by selective distillation or
by selective extraction. These methods allow to concentrate osmium simultaneously. The most sensitive
methods include methods for the determination of osmium using 1,5-diphenylcarbohydrazide, 1-naphtha-
lene-4,6,8-trisulfonic acid and anthranilic acid. Very small amounts of osmium from 0.001 to 0, 1 pg/ml are
determined with the simultaneous use of sulfanilic acid and dimethylamine. Dithiocarbamic acid derivatives
are suitable for the osmium determination in the presence of an excess of platinum, palladium, iron, and
some other elements [5].

Thiopyrine (TP) and its derivatives form green complexes with Ru (IV) and Os (IV, VIII). The com-
plexes of osmium with thiopyrine and its derivatives well extracted with chloroform in the presence of
thiocyanate or trichloroacetate ions [6].

The goal was to modify the well known extraction-photometric determination of osmium by replacing
chloroform, used as an organic solvent in a traditional extraction system, on to water, which is the only liquid
component in the layering system.

Experimental

Reagents. 6.4 M TCAA and 8.7 M H;PO,, OsO, solutions, crystalline thiopyrine were used.

" Corresponding author
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Equipment. The absorption spectrum of the complex in the extract was taken with respect to the refer-
ence solution on a spectrophotometer «Spekol-10» in a quartz cuvette with /=1 cm.

Experimental methodology. The extraction-photometric determination of osmium in a quaternary sys-
tem without an organic solvent has been studied. It was necessary to choose the optimal conditions for its
extraction. The consumption of thiopyrine, as an expensive reagent, should be minimal. The choice of the
optimal ratio of acids was carry out by the method of isomolar series.

6.4 M TCAA and 8.7 M H;PO, solutions in various ratios were place in a series of tubes, taking into
account that the total volume of the system should not exceed 5 ml. As a result, it was found that sufficient
for practical purposes volume of the organic phase is equal to 2 ml. It can be obtained when the volume ratio
of acid solutions is 2.5 ml of TCAA and 2.5 ml of H;PQO,, i.e. 16.0 mmol TCAA and 21.8 mmol H;PO, or at
8:11 molar ratio of acids.

TCAA, 20 pg of Os (VIII) and 30 mg of thiopyrine were placed in a test tube in the above ratio to take
the absorption spectrum of the extract. The absorbance of the green-colored extract was measured after phase
separation. Containing all the starting components except osmium solution was used as a comparison solu-
tion.

Results and Discussion

The maximum light absorption of the complex was observed at A = 728 nm. The optical characteristics
of the extract are similar to the optical characteristics of the complex of osmium with thiopyrine in aqueous
solutions and in chloroform [6].

The reaction of forming a colored compound requires a certain excess of complexing reagent. In some
cases, it is sufficient to introduce a small excess (20-30 %) of the reagent compared with the stoichio-
metrically calculated amount for the complete binding of metal ions to the colored compound. In other cases,
a significant excess of reagent is needed when the stability of the colored complex is small. So the optimal
amount of reagent has been established. The obtained dependence is shown in Figure 1, from which it can be
see that the absorbance of the extract reaches a maximum at 0.12 mmol of thiopyrine. All further studies
were performed with an amount of thiopyrine equal to 0.15 mmol.

Verification of compliance with the basic law of light absorption of the extract was carry out under the
selected optimal conditions: 21.8 mmol TCAA, 16.0 mmol H;PO,, 0.15 mmol thiopyrine, a variable amount
of osmium (VIII). The total volume of the system was 5.0 ml, the volume of the organic phase was 2.0 ml.
The comparison solutions were prepared in a similar way.
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Figure 1. Dependence of the absorbance Figure 2. Calibration graph of the extraction-photometric
of the extract of the Os (VIII) determination of Os (VIII) with thiopyrine in the water —
with thiopyrine complex thiopyrin — trichloroacetic acid — orthophosphoric acid
on the thiopyrine (t) amount tetra-quaternary system

Figure 2 shows the dependence of the absorbance of the extract of the osmium content. A linear rela-
tionship was observed when 2 to 40 pg of osmium introduced into the system. This linear relationship is ac-
tually a calibration curve line for the extraction-photometric determination of osmium. The calibration graph
parameters were calculated using the least squares method. The values for the linear equation parameters
y=ax + b (there a and b are coefficients, r is the correlation coefficient, S,, S, Sy are the standard deviations
of the a, b and r parameters) are given in Table 1.
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Table 1
Calculation of the calibration graph equation parameters
a S, b Sy r So
8.8-10° 2.3-10° 1.2-10° 3.6-107 0.995 2.9-10°

The Os:R molar ratios of 1:4 with TP and 1:2 with dithiopyrilmethane (DTM) were established using
the equilibrium shift method. The absorption increases with an increase in the excess of reagent and its max-
imum value is reached at a thirtyfold excess of thiopyrine. The color of the solutions is stable over time. Law
of Beer is observed for 1-20 pg/ml Os. The complexes of osmium with thiopyrine and its derivatives well
extracted with chloroform in the presence of thiocyanate or trichloroacetate ions. The light absorption curve
line has a maximum at 690 nm in the presence of trichloroacetic acid (TCAA). Law of Beer is valid for
1.5-30 pg/ml osmium, the concentration of TCAA in the solution should be at least 0.05 M. Extraction-
photometric determination differs from photometric because it allows to determine the Os in the presence of
significant amounts of Ru (even at 1:100 ratio of Os:Ru). Definition of 30 mg/ml of osmium does not inter-
fere with 5-fold amounts of Al (III), Cd (II), Co (II), Cr (III), Fe (1II), Mg (II), Mn (1D), Ni (II), Pd (1),
Ti (IV) and Zn (II), 10-fold amounts of Rh, equal amounts of Pt [6].

The experimental values of the calibration graph points were used to calculate &,,,. The obtained value
Eapp €qual to 8.9- 10° slightly differs from Eapp = 6.3-10° specified in [6] due to a significant change in the
composition and properties of the extract.

Well-known Asmus and Bent-French methods were used to determine the Os: TP ratio in the extraction
complex [7]. Coincident ratios Os:TP = 1:4 in the complex were obtained, which is consistent with published
data.

Osmium is found in such various objects as platinum sponge, copper-nickel-sulfide ores, etc. A model
mixture corresponding to the composition of the platinum sponge was chosen to develop the method for de-
termining osmium with thiopyrine. The osmium content in it is (8—800)- 10 * %. Other impurities (n-10*) are
also contained in the platinum sponge: Ag — 200; Al — 100; As — 200; Au — 100; Ir — 20; Ca — 40;
Cd — 100; Co — 500; Cr — 40; Cu — 20; Fe — 100; Mg — 100; Mn — 40; Mo — 100; Ni — 40;
Os — 800; Pb — 200; Sb — 50; Si — 100; Sn — 50; T1 — 500; Zn — 500.

The influence of foreign ions on the results of the 10 ug osmium determination was studied, since other
elements besides osmium are present in the form of impurities in the platinum sponge. The 3-5 % deviation
of the extract absorbance from its value, measured when determining osmium without an extraneous ion, was
taken as an influence criterion (Table 2).

Table 2
Influence of interfering ions on the osmium determination

Interfering ion My, / Mog Interfering ion My, / Mog
Al (IIT) 20 Mo (VI) 20
B (III) 10 As (V) 50
Bi (1IT) 5 Ni (IT) 10
Fe (IIT) 20 Sn (IV) 13
Au (IIT) 20 Pd (1D 5
Ir (IT) 100 Rh (I) 10
Cd (1) 20 Pb (1) 100
Co (ID) 100 Ag (D) 50
Ca (II) 10 Sb (IIT) 50
Si (IV) 200 Te (IV) 10
Mg (1) 20 Cr (IIT) 100
Mn (IT) 5 Zn (II) 10
Cu (II) 3

It was found that copper and antimony already in 1:1 ratio interfered at the determination of osmium
with thiopyrine, all other ions did not interfere at this process. The interfering effect of copper was masked
with 0.03 g of ascorbic acid. The determination of osmium in a mixture simulating the composition of a plat-
inum sponge was carried out by the method of additions.
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Graphic option. 2.20 pg Os (corresponds to 7.3-107> % Os), 5 ml of 8.7 M H;PO,, 5 ml of 6.4 M
CC15COOH, 30 mg of thiopyrine, 0.03 g of ascorbic acid to mask copper, 0.8 ml of a mixture containing
3.0 mg Pt were placed in a 15 ml volumetric tube. The osmium content was gradually increased by addition
of 5.0, 15.0; 25.0 and 35.0 pg to the next 4 volumetric tubes, respectively. The comparison solution con-
tained all the starting components except osmium.

The absorbance of the extracts was measured at A = 728 nm after complete phase separation. The graph
was built in the A — ®os% coordinates, plotting the absorbance of the extract of the analyzed model solution
on the ordinate axis without additional osmium. The absolute value of the segment m,, cut off on the ordinate
axis, corresponds to mps = 7.5-102 % in the mixture.

Estimated option. The above amounts of phosphoric acid, trichloroacetic acid, thiopirine and mixture,
as well as 15.0 pg of osmium (additive) were placed in 2 volumetric tubes with a capacity of 15 ml.

The calculation was carried out according to the formula:

A

X

o_—— o,
fo _A d

x+d X

where ®, is the mass fraction of osmium in the mixture, %; o, is the mass fraction of osmium supple-

ment, %; A, is the absorbance of the extract with a complex of thiopyrine with osmium extracted from a

model mixture of a platinum sponge; 4,., is the absorbance of the extract with the addition of osmium.
Determination of osmium in the model mixture of platinum sponge is show in Table 3.

Table 3
Determination of osmium in the model mixture of platinum sponge
Content of Os, @, % Found by graphic option, ®, % Found by estimated option, (0+3), % S
7,310 7,5:10° (7,3£0,2)-10 ° 0,02

The content of Os obtained by graphical and estimated options of the additive method is consistent with
each other.

Conclusions

So the well-known extraction-photometric method for determining osmium was modified by replacing
the traditional extraction system with chloroform, as an organic solvent, to a layering system with water as a
single liquid component. It allowed to exclude the toxic organic solvent from the system. The optimal condi-
tions for the extraction of osmium were selected: 21.8 mmol TCAA, 16.0 mmol H;PO,, 0.15 mmol
thiopyrine. A linear relationship was observed when 2 to 40 pg of osmium introduced into the system. The
results of the developed methodology for the determination of osmium with thiopyrine were presented by the
example of a model mixture corresponding to the composition of a platinum sponge. The interfering effect of
Al (IID), B (1), Bi (IIT), Fe (III), Au (III), Ir (II), Cd (II), Co (II), Ca (II), Si (IV), Mg (II), Mn (II), Cu (II),
Mo (VI), As (V), Ni (1), Sn (IV), Pd (II), Rh (II), Pb (1I), Ag (I), Sb (I11), Te (IV), Cr (1II), Zn (II) contained
in a platinum sponge was investigated. The interfering effect of copper has been established, which is elimi-
nated by masking with ascorbic acid.
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«Cy — THONIMPUH — TPUXJIOPALETUKAJIBIK KIHE OPTO(Pocdop KbIIIKbLIbD)
TOPTTIK KyleCiHIH KOMeriMeH 0CMUIiIi IKCTPAKIMSIIBIK-()OTOMETPUSJIBIK AHBIKTAY

Makana OCMHUHIIH 3KCTPaKUMSIBIK-POTOMETPHSIBIK —aHBIKTAIYbIHA apHaiuFaH. MakcaTbl OCMHIAIIH
SKCTPAKIHAIBIK-POTOMETPHSIIBIK aHBIKTAMACHIH JOCTYPJI SKCTPAKIMS JKYHeciH XJI0podopMFa OPraHUKaNIbIK
epITKiLI peTiHae KaObIPIIaKTalThIH XKYiie MeH Oip CYHBIK KOMIIOHEHT — Cy aybICTBIPY apKbUIbI 63repTy 0011
161 Byt okyiie yibl opraHUKaIBIK ePITKIMITI XKOFa MyMKIiHAIK 6epai. OCMuUiizl amyablH OHTAMIbI apTTapsl
KbIMOAT pEareHT peTiHJIe THONMPUHII TYTHIHYJBIH MHMHHUMAIABl OOJYbIH €CKEepe OTBIPHIN, TaHIAJIbL.
TuonuprHMEH OCMHIIIIH MUKPOrpaMM MOJILIEPiH aHbIKTayFa apHaIIFaH d3ipJICHIeH 9liCTEMEHIH HOTHXeepi
IUIaTHHA T'yOKachIHBIH KypaMbIHa ColfKec MOJENbAi KocHaHbslH MblcanbsiHaa kenrtipiaren. Al (III), B (III),
Bi (II), Fe (1), Au (I1I), Ir (II), Cd (II), Co (II), Ca (II), Si (II), Si (xemepri) acepi IV), Mg (II), Mn (II),
Cu (II), Mo (VI), As (V), Ni (I), Sn (IV), Pd (1I), Rh (II), Pb (Ilnatuna rybkacema opHanackan 1), Ag (1),
Sb (I1IT), Te (IV), Cr (III), Zn (II). AckopOHMH KBINIKBIIGIMEH MAacKHpJIEy apKbUIbI KOMBUIATHIH MBICTHIH
apasacaThblH 9Cepi aHbIKTaJbl.

Kinm ce30ep: ocMuil, THOIHPHH, dKCTPAKIMUIBIK-QOTOMETPHSIIBIK aHBIKTAY, IUIATHHA I'yOKachl, KOMILIEKC
TY3YILi, ASPiNiK IpenapaTTapablH CHHTE31, KOPTH30H.

JI.C. Eropoga, E.A. Jlelitec

JKCTPAKIIHOHHO-POTOMETPpHYECKOE ONpe/ieieHre OCMUSI ¢ IOMOIIbIO YeTBepPHO
CHCTEMBI «BO/Ia — THOMUPHH — TPUXJIOPYKCYCHasi U opTo(dochopHas KHCTOTHD)

CraThs NOCBSIIEHA YKCTPAKIMOHHO-()OTOMETPHUIECKOMY onpesenieHnio ocmus. Llens 3axmodanack B MOIH-
(UKaLUKM M3BECTHOTO KCTPAKLIMOHHO-(OTOMETPHYECKOTO ONPEACNICHUsI OCMHS ITyTeM 3aMEHbl TPaJHIMOH-
HOM 3KCTPaKLMOHHOH CHCTEMbI C XJIOPOGOPMOM B KaueCTBE OPraHMYECKOr0 PACTBOPHUTENS HA PacCiianBaio-
HIyIOCSI CUCTEMY C €JMHCTBEHHBIM KUAKUM KOMIIOHEHTOM — BOJOH. DTO MO3BOIMIO UCKIIOUUTH U3 CHCTE-
MBI TOKCHYHBIH OpPraHUYECKUH PacTBOPHUTENb. BHIOpaHBI ONTHMANbHbBIE YCIOBUS M3BIEUYEHUS OCMUS C yde-
TOM TOTO, YTO PAacXOJ THOINPUHA, KaK JJOPOTOCTOAIIEr0 peareHTa, JonKeH ObITh MUHUMAIILHEIM. [Ipencras-
JICHBI Pe3yJIbTaThl Pa3padOTaHHOW METOUKHU OIPEIENICHUS] MUKPOTPAaMMOBBIX KOJIMYECTB OCMHUS C THOIIUPH-
HOM Ha IIpUMepe MOJIETBHON CMECH, COOTBETCTBYIOIICH COCTaBY IIATHHOBOU ryOku. MccnenoBano Mermaro-
mee smusaue Al (III), B (1), Bi (II), Fe (III), Au (III), Ir (II), Cd (II), Co (II), Ca (II), Si (IV), Mg (II),
Mn (1), Cu (II), Mo (VI), As (V), Ni (II), Sn (IV), Pd (II), Rh (II), Pb (II), Ag (I), Sb (III), Te (IV), Cr (11,
Zn (II), coneprkamuxcs B INTATHHOBOH I'yOKe. Y CTaHOBJICHO MEIIAIOIee BIUSHUE MU, KOTOPOE YCTPAHSIOT
MacKHPOBaHHEM aCKOPOMHOBOM KUCIIOTOM.

Kniouesvie cnosa: ocMuii, THOIUPHH, SKCTPAKIMOHHO-POTOMETPHYECKOE ONpPEAC/ICHHE, UIATHHOBAs TyOKa,
KOMILIEKCOOOPa30BaHKE, CUHTE3 JIEKAPCTBEHHBIX CPEACTB, KOPTH30H.
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Spectral study of thione-thiol tautomerization
of thiourea in aqueous alcohol solution

In this work we studied the equilibrium of thione—thiol tautomerization by Raman and UV spectroscopies.
This type of tautomerization influences on the course and direction of the reaction between thiourea and other
organic compounds. The studies were carried out in water and aqueous alcohol medium. Methanol, ethanol,
propanol-1 and propanol-2 were used as alcohols. Hydrochloric acid was used to protonate thiourea in water
and aqueous alcoholic solutions. UV spectroscopy made it possible to establish the tautomer ratio in water
and aqueous alcohol solutions as the ratio of the intensities of absorption bands at 236 and 200 nm. There is
an increase in the content of the thiol form and a decrease of the thione form observed in the row water-
methanol-ethanol-propanol-isopropyl alcohol. The addition of hydrochloric acid to the thiourea water or
aqueous alcohol solutions leads to the increase of the thione form and to the decrease of the thiol form in the
composition. The thione form of thiourea can be determine by Raman spectra of —C=S group. The thiol form
of thiourea is difficult to detect by Raman spectroscopy due to the overlap of the —S—H bond absorption band
with alcohols absorption bands.

Keywords: thiourea, thione—thiol tautomerization, Raman-spectroscopy, UV-spectroscopy, autoprotolysis
constant, protonation of thiourea, solvent effects.

Introduction

Thiourea is one of the common reagents to synthesize sulfur-containing heterocyclic compounds. These
compounds are used in medicine to produce thiobarbituric acid and sulfathiazolum [1], as a corrosion inhibi-
tor for metals [2], a ligand in chemosensors for transition and rare earth metals [3], etc.

Thiourea has a planar (N,CS) core; its molecule consists of electron-withdrawing —C=S and electron-
donating NH, groups; thus, there is an equilibrium between the thione (1) and thiol (2) forms in solution

(Fig. 1).

SH
g —_— C|:
~
HNT O NH, H,N" SNH
(1) 2)

Figure 1. Thiourea thione—thiol tautomerization

The equilibrium of thione—thiol tautomerization depends on many factors, but the pH and type of sol-
vent are the most significant. This type of tautomerization influences on the chemical reaction progress and
directions as shown in [4] on the example of the thiourea reaction with glyoxal to obtain 4,5-dihydroxy-
imidazolidin-2-thione or tetrahydrothiazolo[5,4-d]thiazole-2,5-diimine. Thus, it is important to identify
which thiourea form predominates in solution under different conditions in order to understand the chemistry
of the formation of sulfur-containing heterocycles.

The effect of pH on the thione—thiol equilibrium in thiourea aqueous solutions was studied using NMR,
HPLC-MS, GC-MS, IR, UV and Raman spectroscopy [4-8]. The influence of methanol, dioxane, and ace-
tonitrile on this equilibrium was studied in Ref. [3]. However, there was no systematic study of thione—thiol
tautomerization of thiourea in aqueous alcohol solution.

UV spectroscopy is one of the simplest and most informative methods to investigate the thione—thiol
tautomerization. It allows to establish the tautomer ratio in the solutions. A combination of UV and Raman
spectroscopy makes it possible to define the isomeric forms of thiourea more precisely.

" Corresponding author
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Based on the above, the aim of this work is to investigate the thione—thiol tautomerization of thiourea in
aqueous alcohol solution by Raman and UV spectroscopies.

Experimental

Water was purified using a Milli-Q purification system (Merck Millipore, USA). All reagents and
chemicals used were of analytical grade. Methanol (99.9 %), Ethanol (99.9 %), Propanol-1, Propanol-2,
thiourea (99+ %) were purchased from Acros Organics (USA) and 35 % hydrochloric acid was purchased
from Ecos-1 (Russia).

The UV- experiments were carried out using a Shimadzu UV-1800 (Shimadzu, Japan). The spectral da-
ta was collected in the range from 200 to 300 nm. Solutions of thiourea in water or water/alcohol
60/40 vol. % with 0.042 mg/ml thiourea concentration were used for UV experiments. Protonation of
thiourea were carried out by addition of hydrochloric acid to pH = 2.

Raman spectra were obtained by using iHR SP320 Raman spectrometer from Horiba Scientific.
2 %-Solutions of thiourea in water or water/alcohol 60/40 vol. % were used for Raman experiments.

Results and Discussion

Firstly, the aqueous alcohol solutions of thiourea were investigated by UV spectroscopy. The UV spec-
tra of the thiourea solution in water have two absorption maxima at 200 nm and 236 nm as shown in Fig-
ure 2.

0,8

0,6 -

Absorbance

0,2 +

0,0 —— —— ————— e ——
210 220 230 240 250 260 270 280 290
Wavelenght, nm

Figure 2. UV spectra of the thiourea solution in water

Absorption at 200 nm is due to the charge transfer between two amino groups, which is characterized
by the resonance structure (Fig. 3) and refers to the protonated form of thiourea. Absorption at 236 nm re-
lates to electronic transitions in the —C=S bond [9]. Thus, the first and second maxima are responsible to the
presence of thiol form 2 and thione form 1, respectively.

H,N ©
2 H)N,
C—S_ , =———— \\C—S
J © /. ©
H,N® H,N

Figure 3. Charge transfer between two amino groups of thiourea

The ratio of the absorbance at 236 and 200 nm (A236/A200) was used to assess the change in the ratio

of isomers.

Water is a stronger acid than alcohols; therefore, protonation of thiourea by water is easier. As a result,
the use of water as a solvent instead of aqueous alcohol medium leads an increase of the thiol form and a de-
crease of the thione form in the composition, respectively (Table 1).
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Alcohols are weaker acids compared to water due to the presence of an alkyl substituent having a posi-
tive inductive effect, which increases the electron density on the oxygen atom and, therefore, reduces the po-
larity of the O—H bond.

The acidity of alcohols decreases from methanol to propanol, therefore, the amount of the thione form
of thiourea increases in the solution.

Table 1
Absorption maxima of thiourea in the water and aqueous alcohol solutions
Dielec- | Absorbance at | Absorbance at | Absorbance at | Absorbance at
tric con-| 200 nm (A;) 236 nm (A,) 200 nm (Aj) 236 nm (Ay)
Solvent stant of without without with with AYA; | Aj/A4
solvent, | hydrochloric hydrochloric hydrochloric hydrochloric
€ acid acid acid acid
Water 81 0,54 0,75 0,55 0,8 1,55 1,45
Water/methanol
60/40 vol. % 33,1 0,58 0,72 0,57 0,83 1,24 1,42
Water/ethanol
60/40 vol. % 243 0,46 0,79 0,57 0,84 1,72 1,40
Water/propanol-1
60/40 vol. % 21,8 0,38 0,92 0,57 0,79 2,42 1,39
Water/propanol-2
60/40 vol. % 18,3 0,38 0,9 1,2 0,63 2,37 0,53

Comparison of the obtained results with reference data on the dielectric constant of solvents (Fig. 4)
shows that when the dielectric constant of solvents is increased, the amount of thione form is increased, and
the amount of thiol form is decreased. These facts are consistent Ref. [5].

1 =
—#®—thione form
0.9 —4—thiol form

0.8 -
0.7 -

0.6 -

Absorbance

0.5 -
0.4 -

0.3 -

0=2 T T T T
15 25 35 45 535 65 75 83
dielectric constant

Figure 4. Dependence of thione-thiol forms on dielectric constant of solvents

The addition of hydrochloric acid to the thiourea water or water/alcohols solutions causes an increase of
thione form content and a decrease of thiol form content of thiourea. This is due to the decreases of the sol-
vent autoprotolysis constant, and to the easier protonation of thiourea as a stronger base in alcohols.

The equilibrium between the tautomeric forms of thiourea was studied by Raman spectroscopy since
the thione group has a characteristic intense band corresponding to stretching vibrations of —C=S in the re-
gion of 732 cm ' [10-12]. It is difficult to detect an absorption band with a low intensity in the region of
2800 cm ' for the S—H bond (corresponding to the thiol form of thiourea) due to its overlap with the solvent
bands. The absorption band in the region of 481 cm ' (corresponding to the stretching vibrations of the
—C—N—-C fragment) is overlapped by the absorption bands of propyl and isopropyl alcohols. In view of the
above, the effect of the alcohols only on the thione form of thiourea was considered.
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The absorption band of the thiourea —C=S group in water/alcohol solutions shifts to a long wave region
compared to the same band in water (Table 2). This fact is explained in Ref. [7, 10-12] by the predominance
of the thione form of thiourea in solutions.

The maximum shift of the studied band is observed in isopropyl alcohol, which may be due to the steric
effects and a more specific interaction of thiourea and isopropyl alcohol.

Table 2
Raman bond thione group in the water and aqueous alcohol solutions
—C=S band —C=S band —C=S band —C=S band —C=S band
in water, cm’’ in methanol, cm™ in ethanol, cm™ in propanol-1, cm’ in propanol-2, cm’
731 738 737 737 743

In addition, the intensity of the Raman band of the thione group is decreased with increasing of the sol-
vent dielectric constant. This also indicates the screening of this group due to the solvation by alcohols [12].
The experimental data obtained by Raman spectroscopy are consistent with the results of UV spectroscopy.

Conclusions

The effect of water/alcohol solutions on the thiourea thione-thiol isomerism was studied by Raman and
UV spectroscopies. Using UV spectroscopy, it was shown that the thione form amount is increased in the
water-methanol-ethanol-propanol-isopropyl alcohol row. In the same row, the thiol form amount is increased
with the addition of hydrochloric acid due to the easier protonation of thiourea in water without acid and in
alcohols upon acid addition. It was shown that Raman spectroscopy can be used to determine the thione form
of thiourea accounting for —C=S group.
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JIL.LE. Kamnuknna, A.A. baku6aes, B.C. Manskos

Cy-cnupT epiTinaijiepinge THOMOYEBUHAHBIH THOH-THOJIIbI TAYTOMEPHSCHIH
CIIEKTPJIIK 3epTTey

Maxkamazna KIII (koMOMHAIUSIIBIK DIambIpay) sxoHe YK crekrpockonust opicTepiMeH THOMOYEBHHAHBIH THOH-
THOJIJIbI TAYTOMEPHUSCHIHBIH, TEHe-TEHIrl 3epTTenreH. THOH-THONABI H30MepUsl THOMOYEBHHA MEH Oacka Ja
OpraHMKaJbIK KOCBUIBICTAp apachlHIarbl PEakLUUsSHBIH Oapbichl MeH OarbIThiHAa ocep eredi. THOH-THONABI
M30MEpHSIHBI 3epPTTEy Cy/a JKOHE Cy-CIHPT epiTiHAUIEpiHAe KYPri3iimi, CIUPT peTiHAe METaHOJ, ITaHOI,
nponaHoi-1, nponanoi-2 anbiHAbL. Ty3 KBIIKBUIB Cy/a JKOHE Cy CHMPT epiTiHAiIepiHIe THOMOYEBUHAHBI
NPOTOHAAY VINIH TaimamaHsuiasl.  YK-CHEKTpocKomust Cymarbl JKOHE Cy-CIIUPT  epiTiHALIepiHeri
TayTOMepJep/iH KaTbiHAchiH 236 xoHe 200 HM Ke3iHAE CiHIpY >KOJAKTapbIHBIH KapKBIHABIIBIFBIHEIH
KaTBIHACHI peTiHAe oOpHaTyra MyMKiHAik Oepai. Cy-MeTaHOI-3TAaHOJ-IIPONAHOI-U3OIPONMI  CIHHPTI
KaTapblHAa THOMOYEBHHAHBIH THON ()OpMackl KYPaMBIHBIH apTybl JKOHE THOH (DOPMACHIHBIH a3aiobl
Oaiikamansl. Cyma Hemece Cy-CHHPT epITIHALIEpIHAC THOMOYEBHHANAH TYPATHIH epiTIHALIEpre Ty3
KBILIKBUIBIH KOCY THOMOYEBHHAHBIH THOH ()OPMACHIHBIH YJIFAIOBIHA JKOHE THOJI (DOPMACBIHBIH a3alObIHA
okeneni. KII cniekrpockonust aaicin —C=S Tom 0oiibIHIIIA THOMOYEBHHAHBIH THOH ()OPMACBHIH aHBIKTAY YILIiH
naiipananpiaapl. S—H OaiimaHbIChl CiHIpY KOJAKTapBIHBIH CIIUPTTEPAIH CiHIpY XKOJIAKTapbIMEH KaObUTybIHA
6ailIaHBICTBl THOMOYEBHHAHBIH THON (OPMACHIH KOMOMHAIMANBIK IIANIbIpAy CHEKTPOCKOMHUACH apKbLIbI
AHBIKTay KHUBIH.

Kinm ce30ep: TuoModeBuHa, THOH-THONIBI TayTomepus, KIlI-cnekrpockomus, VYK-cnekrpockommus,
aBTOIIPOTOJIM3 TYPAKTHICHI, THOMOUYEBHHAHBI IIPOTOHAAY, EPITKIII acepi.

JLE. Kanmnukuna, A.A. baku6aes, B.C. ManbkoB

CHeKTpaJ’ILHOG HCccJIe0BaHHe THOH-THOJIbHOM TAYTOMEPHUHA TUOMOYECBUHBI
B BOJHO-CIIMPTOBLIX pacTrBopax

B craTthe uccnenoBaHo paBHOBECHE THOH-THOJBHOM TayTOMEpUU THOMOYEeBHHBI MeTogamMu KP- n Y®-crek-
Tpockonuu. THOH-THONIBHAS U30MEpUs BIMAET HAa XOJ M HAlPaBICHUEC PEAKLUU MEXIYy THOMOYEBUHOH U
JpYyTUMU OPraHU4eCKUMH coeluHeHusMu. MccnenoBaHue THOH-THOJIBHOM M30MEPHUU IIPOBOJAUIM B BOJE U
BOJIHO-CIIIPTOBBIX PAacTBOPAX, B KAUECTBE CIMPTOB OBLIM BHIOPAHBL: METAaHOJN, STaHOJ, NPOMAHoJI-1, mpoma-
HOJ-2. CoJsiHy!0 KUCIIOTY MCHOIB30BAIN I IPOTOHUPOBAHKS THOMOUYEBHHBI B BOJC U BOJHBIX CIIUPTOBBIX
pactBopax. Y®-cneKTpocKonusi IMO3BOJIMIA YCTAHOBUTH COOTHOIIEHHE TayTOMEPOB B BOJE U BOJIHO-
CHHMPTOBBIX PACTBOPAaX KaK OTHOLIEHHE MHTEHCHBHOCTEW monoc moryomieHus mpu 236 u 200 vM. B pagy
«BOJIA — METAHOJI — 3TAHOJ — MPOMAHOJ — U30MPOIHUIOBBIA CIUPT» HAOIIOJAIOTCSA YBEIHUEHHE COJCPKAHUS
TUOJIBHOM (POPMBI 1 YMEHBIIEHHE THOHHON ()OPMBI THOMOYEBHHBI. J[00aBieHne CONIHON KUCIOTHI K PacTBO-
paM, COCTOSIIIIMM U3 THOMOYEBUHBI B BOJE HIIM B BOAHO-CITUPTOBBIX PACTBOpPaX, MPUBOAUT K YBEIUUEHUIO CO-
JeprKaHusl THOHHOU (OPMBI M YMEHBIICHHUIO COAEPKAHMS THOJIBHOU GopMbl THOMOUeBHHBL. Mertox KP-criek-
Tpockormu 1o —C=S rpymnme MoXeT ObITh HCIIOJIB30BaH JUIS ONPEIeICHUs] THOHHOH (POPMBI THOMOYEBUHEL
TronbHyI0 opMy THOMOYEBHHEI TPYAHO ONPEIEIUTH C TIOMOIIBIO CHEKTPOCKONUH KOMOMHAIIMOHHOTO pac-
CEsIHUSA U3-3a IEPEKpPhIBaHMs OJI0CHI OIIOIEeHHs cBs3u S—H ¢ nmosocamMu NOrIoMmEe s CIUPTOB.

Kniouesvie cnosa: THOMOUYEBHMHA, THOH-THONbHas Tayromepus, KP-cmexrpockomus, Y®d-cnekrpockomnus,
KOHCTaHTa aBTONPOTOJIN3a, IPOTOHU3ALUS THOMOYEBHHBI, 3 (PEKThI paCTBOPHUTEIS.
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Effect of the hydrochloric acid concentration on the surface-active
and functional characteristics of linear alkylbenzenesulfonic acid

The surface-active (surface tension, adsorption, molecule cross-sectional area in the adsorption monomolecu-
lar layer) and colloidal (viscosity, critical micelle concentration, solubilization) properties in aqueous and hy-
drochloric acid solutions of anionic surfactant alkylbenzenesulfonic acid (ABSA) were studied. Surface activ-
ity of ABSA increases in the presence of hydrochloric acid. Two inflections were established on adsorption
isotherms with inorganic acid content of 5 and 10 wt. %, which are indicative of stepwise micelle formation.
The ABSA dissociation is suppressed in the presence of hydrochloric acid, and therefore it behaves as a
nonionic surfactant, forming micelles at lower concentrations. Mixed micelles, formed by dissociated and
non-dissociated surfactant particles, are organized with an increase of ABSA content in mixture. The value of
the surfactant limiting adsorption increases significantly at small hydrochloric acid amounts in comparison
with an aqueous solution. The formed monomolecular layer is denser in the presence of inorganic acid than in
an aqueous solution. The solubilization of Sudan I dye in alkylbenzenesulfonic acid increases with increasing
in solution acidity. The extremum points on isotherms of solubilizing ability with 5 and 10 wt. % HCI content
are observed at surfactant concentrations corresponding to the beginning and end of the formation of micelles
containing alkylbenzenesulfonate ion.

Key words: alkylbenzenesulfonic acid, surface tension, critical micelle concentration, hydrochloric acid, ad-
sorption, monomolecular layer, solubilization, Sudan 1.

Introduction

Alkylbenzenesulfonic acid (ABSA) is a raw material for the production of alkylbenzenesulfonates —
components of detergents, surfactants for ore flotation [1]. At the same time, ABSA itself is extremely rarely
used in both enrichment [2, 3] and ion flotation [4, 5], although it has many advantages: liquidity, mixes well
with water, forms a stable foam, forms precipitates with metal ions, and is also a fairly affordable reagent.

To establish the possibility of using ABSA as a flotation reagent in acidic solutions, it is necessary to
study the effect of the inorganic acids concentration on the surface-active and micellar properties of ABSA
solutions [6].This work is devoted to the study of the colloidal properties of ABSA hydrochloric solutions.

Experimental

Alkylbenzenesulfonic acid is an anionic surfactant with the general formula C,H,,.CsH4sSO;3H,
n = 10-14, the basic substance content is 96 %, and the average molecular weight is 320.9 grmol . A stock
solution of ABSK was prepared by dissolving an exact portion in distilled water. Solutions with a lower con-
centration were prepared by appropriate dilution. The hydrochloric acid content of 1, 2, 5 and 10 wt. % was
created by introducing the calculated amount of concentrated HCI (p = 1.182 g'mL"", chemically pure).

All experiments were performed at 23 °C (296 K). All the data, presented in the work, were obtained by
averaging the results of three to four measurements.

The kinematic viscosity of the ABSA solutions was determined by SVM 3000 Stabinger viscometer
(Anton Paar).

The surface tension at the «aqueous solution ABSA — air» interface was measured using a DSA 25E
KRUSS tensiometer. The surface tension at various ABSA concentrations in model solutions containing 1, 2,
5, and 10 wt. % HCI was measured similarly. The value of the surface tension at the «water—air» boundary at
a given temperature was taken from the reference book [7].

The critical micelle concentrations (CMC) of ABSA at different HCI contents were determined from
surface tension isotherms: in semilogarithmic coordinates they correspond to the points at which the curved
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section passes into a straight line parallel to the X axis [8]. Surface activity (a) was calculated from the CMC
value (g-L ") according to the formula:
— Oy —Ocmc
cMcC
where 6y — is the water surface tension; 6¢yc — is the solution surface tension during CMC.
The surface tension isotherms also were used to determine the specific adsorption (G,,) of ABSA by the
formula:

a

b

_1 4o
" RT AlnC’

where R — is the universal gas constant.
The area occupied by the ABSA molecule (S,) was calculated by the formula:

where N, — is the Avogadro constant.

The solubilizing ability of ABSA was evaluated in relation to the oleophilic dye Sudan I
(1-(phenylazo)-2-naphthol, chemically pure), insoluble in water, but soluble in the hydrophobic part of mi-
celles. The dye content in the solution was determined by measuring the optical density of the solution in
0.5 cm cuvettes by UNICO spectrophotometer at A = 400 nm. Then, the amount of solubilized dye
(S, mg-L") in solution was determined using the calibration graph. The optical density of a dye solution
(without surfactant) in benzene was measured to construct a calibration graph. For this, an exact weighed
portion of the dye was introduced into 25 mL volumetric flask to create its concentration of 10, 20, 30, 40,
50, 60 mg-L'l, a certain benzene amount was added, stirred until the Sudan was dissolved, and the solution
was brought to the mark with benzene. The optical densities were in the range 0.07+0.95. The molar solubil-
izing ability (S,,) of ABSA solution was calculated as the ratio of the obtained S value to the ABSA concen-
tration (c, g'L™) [9]:

Results and Discussion

As can be seen from the Figure 1 (curve 1), the surface tension decreases sharply in the region of low
ABSA concentrations, (to 34 mN-m™', CMC, = 0.74 g'L" ABSA). That represents the gradual filling process
of the surface layer with surfactant molecules and reaching the adsorption limit value. After reaching a criti-
cal micelle concentration, the decrease in surface tension slows down with increasing ABSA content, that is
associated with the micelles formation in the solution volume [10]. A further increase in the ABSA concen-
tration, apparently, causes a transition from spherical micelles formed in solution at low surfactant concen-
trations to asymmetric, nonspherical micelles, which affects the surface layer state. These changes are also
associated with the presence of a slight bend on the surface tension isotherm at ~8.5 gL' ABSA and a sharp
increase in the solutions viscosity (Fig. 1, curve 2).
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Figure 1. Isotherms of surface tension (/) and viscosity (2) of ABSA aqueous solutions
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The introduction of hydrochloric acid in concentrations of 1 and 2 wt. % leads to an increase in micelle-
forming ability, expressed in a decrease of CMC and surface tension during CMC, that is caused by dehydra-
tion of the polar groups of the surface-active ions in the electrolyte presence (Fig. 2). Also, with an increase

in the inorganic acid concentration, a decrease in the surface tension of the solutions begins with a lower
ABSA content.

HCl content. wt. %
—0— 0
—— 1
—a— 2
—— 5

70 9

60

50

40

Surface tension, mN-m!

30 A

20

-5 -4 3 -2 -1 0 1 2 3

In C g5, [Copsar gL

Figure 2. The effect of HCI content on surface tension isotherms of ABSA solutions

On the surface tension curves for 5 and 10 wt. % hydrochloric acid, two bends are observed. Probably,
with an increase of the inorganic acid concentration, the ABSA dissociation as a weaker acid (pK, = 2,17
[11]) is suppressed; as a result it behaves similarly to nonionic surfactant and forms premicellar structures in
the region of lower concentrations [12]. As the ABSA content increases, the proportion of dissociated ABSA
molecules (ABSA-anions) increases, which leads to the formation of mixed micelles, containing both disso-
ciated and non-dissociated surfactant particles. These processes are accompanied by the appearance of an-
other step on the surface tension isotherm. The obtained values of CMC depending on the medium ionic
strength are presented in Table 1.

Table 1
The effect of ionic strength (I) on the surface-active characteristics of ABSA
T
C, mol-L! (C, wt. %) I CM(I?ICMC [CMC, g.IZjl\]/I c a, mN-m>kg"
0(0) 0 —0.3 — 50.30
0.29 (1) 0.29 -1.0 — 121.64
0.58 (2) 0.58 -1.3 — 158.48
1.45 (5) 1.45 -3.5 0.25 554.68
2.92 (10) 2.92 -3.8 —0.28 386.72

An increase of the medium acidity during the transition from water to 10 wt. % HCI, changes the condi-
tions for the monomolecular layer formation, in comparison with an aqueous solution. That is reflected in the
change of the height and maximum position on adsorption isotherms calculated from surface tension iso-
therms (Fig. 3). The initial injection of inorganic acid increases the value of the limiting adsorption sharply
in comparison with appropriate aqueous solution. The further increase in the acid content lowers the value of
the limiting adsorption, and it is achieved with smaller ABSA amounts.

This also argues in favor of the fact, that the monomolecular layer formation is facilitated with an in-
crease of the HCI concentration. As a result, the molecules transition into volume occurs earlier with an in-
crease in acidity. This process is accompanied by the appearance of desorption branches in solutions contain-
ing 5 and 10 wt. % HCI and characteristic extremes on the adsorption isotherms. According to the calcula-
tions made on the obtained graphical dependences, the monomolecular layers, formed with the introduction
of an inorganic acid, are denser than those formed in an aqueous solution (Table 2). However, the subsequent
increase in the medium acidity leads to loosening of the monomolecular layer, what is expressed in the in-
crease of the area occupied by one surfactant molecule in it.
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Figure 3. Adsorption isotherms at the «liquid — gas» interface in HCI solutions

Table 2
Influence of ionic strength on the parameters of the ABSA monomolecular layer at the «liquid — gas» interface
C, mol-L" (C, wt. %) I Ginaxo mol-m™ Sp-10", m’®
0(0) 0 0.61 27.39
0.29 (1) 0.29 9.89 1.68
0.58 (2) 0.58 8.56 1.94
1.45 (5) 1.45 2.50 6.64
2.92 (10) 2.92 1.13 14.70

The solubilization mechanism is mainly determined by the surfactants nature. Containing polar groups
oleophilic dye is introduced into the micelles surface layer in the case of ionogenic surfactants. Its molecules
are located between surfactant molecules there, oriented parallel to them and transfer polar groups to the

aqueous phase. In this case, the solubilizate can dissolve both in the core and in the hydrophilic shell of the
micelles.

The calibration curve was constructed to determine the amount of dye solubilized by ABSA micelles
(Fig. 4). It corresponds to the straight line equation obtained by the least squares method [13]:
A=0.0147-Cyy (R* = 0.9983),
where 4 — is the optical density; Caye — is Sudan I concentration, mg-L'l.
A
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Figure 4. The calibration graph of Sudan I in benzene (UNICO, A =400 nm, / = 0.5 cm)
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The amount of solubilized dye slowly increases in the initial interval with increasing surfactant concen-
tration. The solubilization isotherms in aqueous solution and in the presence of 1 and 2 wt. % HCI practically
match (Fig. 5a). The dye solubilization rise sharply with an increase in the ABSA content in a medium of
5 and 10 wt. % inorganic acid. This is probably due to the transition from one type of micelle to another.

A sharp increase in the solubilizing ability is also observed at high concentrations of hydrochloric acid.
Apparently, this is due to protonation of the dye and formation of an ionic associate with the ABSA-anion
(Fig. 5b).
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Figure 5. The effect of HCI content on the dye solubilization (@) and the solubilizing ability of ABSA solutions ()

Various additives affect colloidal dissolution especially, since they contribute to the micelles enlarge-
ment because of their hydrophobization (i.e., lowering the effective degree of dissociation and hydration)
[14]. Highs and lows abscissa on isotherms of molar solubilizing ability at acidity of 5 and 10 wt. % HCl
coincide with the beginning and end of the formation of micelles containing the ABSA-anion, and the ex-
tremes severity increases with increasing concentration of hydrochloric acid (Table 3).

Table 3

Intervals of micelle formation based on ABSA anion and extrema abscissas on solubilizing ability curves

. . . Extreme points, g'L"' (InC)
-l ) 7! p > g
C, mol'L™ (C, wt. %) ABSA concentration range, g'L” (InC) Min Max
0 (0) 0.05 (-3.00) — 0.74 (-0.30) — —
1.45 (5) 0.50 (—=0.69) — 1.00 (0) 0.50 (-0.69) 1.00 (0)
2.92 (10) 0.10 (=2.30) — 0.75 (-0.28) 0.20 (-1.60) 0.75 (-0.28)
Conclusions

Some conclusions can be drawn from the research results. The hydrochloric acid introduction changes
the structure of the ABSA monomolecular layers and leads to an increase in its surface activity, expressed in
a decrease in the critical micelle concentration value. Micelle formation proceeds in several stages in more
concentrated hydrochloric acid solutions. In the region of low surfactant concentrations, ABSA dissociation
is suppressed in acid medium and micelles, consisting mainly of undissociated molecules, are formed. With
an increase in the ABSA content, mixed micelles are formed, containing ABSA-anions and undissociated
acid. This correlates with the extrema positions on the solubilizing ability curves. A sharp increase in the
solubilizing ability of ABSA in concentrated hydrochloric acid solutions in the studied range of surfactant
concentrations can be caused by protonation of the dye and the formation of an ionic associate of the
solubilizate with the ABSA anion.

The work was performed in accordance with the state task, state registration No. AAAA-A18-
118032790022-7.
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The work was carried out using the equipment of The Core Facilities Center «Research of materials
and mattery at the Perm Federal Research Center of the Ural Branch of the Russian Academy of Sciences
(PFRC UB RAS).
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C.A. 3abonotubix, M.I'. Illep6ansb, A.Jl. ConoBbeB

XJ10pcyTeK KbIIKbLIbI KOHIEHTPANUSACHIHBIH ChI3BIKTBIK
ANKNJI0EH30/1CYJIb(POKBIIKbLIBIHBIH 0eTTiK-0eJceHai
JKOHe (PYHKIMOHAABI CUNIATTAMAJIAPbIHA Jdcepi

Anxun6en3oncynbGokeKeUIbIHBH (ABCK) Oerrik-Oencenni (0eTTik Kepity, aacopOuus, ancopOIHsIIbIK
MOHOMOJIEKYJTAJIBIK ~KaOaTTarbl MOJICKYJIAaHBIH KOJJICHEH KHMACBIHBIH aylaHbl) JKOHE KOJUIOHMATHIK
(TYTKBIPIIBIK, MUIEUIAHBIH TY3LTyiHIH KPUTHKQJIBIK KOHLEHTPAIMACHL, COJIOOMIM3aIMs) KacHeTTepi
3eprrengi. XJOpcyTeK KhIIKBUIBIHBIH KaTbichiHna ABCK Gerrik-Oencennpimiri apramsl.  AncopOuus
U30TepManapbiHIa OeHOpraHUKambIK KBIIKbUT Memmiepi 5 xoHe 10 % OGomFaH Ke3fe €Ki Mily CBI3BIFBI
KepiHeZi, Oy caThlIbl MMIEUIAHBIH Maiaa OosryblH Kepcereni. XJIOpCYTeK KBIIIKBUIBIHBIH KaThICHIHAA
ATKHIOEH30JICY Ib(GOKBINIKBUIBIHBIE, ~ JUCCOLMAMACK  AICipeiii, ocblFaH  OaillaHBICTBI O  TOMEH
KOHICHTpaLHsIapa MUILEIIaiap Ty3€ OTBHIPBIN, HOH/BIK eMec OeTTiK-OeJceHl 3aT peTiHae SpeKeT eTemi.
Kocmama ankmiGeH3051Cy Tb(OKBIIKEUIBIHEIH, ~ MOJIIepl  yiFaififaH CalblH  JUCCOLMANMSUIAHFaH JKOHE
JHcconanysianOaran OeTTik-OeyiceH i 3aTThIH OeNIIeKTepiHeH TYpaThlH apajac MHUIeagap mnaina 6omna
Gacraiigpl. XIOpCyTeK KBIIIKBUIBIHBIH a3 MOJIIEpIH/e CYJIB epiTiHAIMEH CalbICTHIpFaHa OeTTiK-OernceH i
3aTTHIH IIEKTi aJCcOpOIMACHIHBIH MOHI enoyip apraxsl. Cynsl epiTiHIire Kaparannga, OeHOpraHUKabIK
KBILIKBUT KATBICBIHAA Maiiia OOJIFaH MOHOMOJEKYNanblK KabaT ToIFbI3 Oonanel. Cynman [ GOSFBILIBIHBIH
ATKHIOEH30JICYTIb(GOKBIIIKBUIBIMEH — COJIIOOMIN3ALMACH]  €PITIHAIHIH  KBIIKBULIBUIBIFBl apTKaH —CalblH
yirasnel.  KypamblHIa XJopcyTek KblIKbUIL S5 okoHe 10 % Oonranpma, comoOwmMsauusiay Kabineri
U30TepMasapblHa KYpaMblHAQ aNKHIOCH30JICYJIbQOHAT — MOHBI 0ap MHULleJUIaNap/blH naiaa GoybIHBIH
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GacTanybl MEH asKTalyblHa COWKec KeleTiH OeTTiK-OeJceHi 3aT KOHIEHTPALHSIAPhIHBIH dKCTPEMYMIApPh
OaiiKaspl.

Kinm ce30ep: ankunben305cy1b(OKBIIIKbUIB, OSTTIK Kepily, MU TY3UTyiHiH KPUTHKAIBIK KOHIIEHTpa-
LHSACHI, XJIOPCYTEK KBIIIKBUIBI, aICOPOLIMsI, MOHOMOJICKYJIAJIBIK Kabat, CoMroomIn3anus, cyaaH L.

C.A. 3a6onotabix, M.I". lllep6ann, A.Jl. ConoBreB

BinsiHne KOHIHEHTPAMHU XJI0POBOAOPOAHOM KHCIOTHI
HA MOBEPXHOCTHO-AKTHBHBIC U QYHKUMOHAJIbHbIE XapAKTePUCTUKH
JIMHEHHON aJIKNI0eH30JICY/Ib(OKUCIOTHI

M3ydeHbl MOBEPXHOCTHO-AaKTUBHBIE (TOBEPXHOCTHOE HATSXKEHHE, afcopOIys, MIONaAb MOMEPEYHOTO cede-
HHS MOJIEKYJIBI B aACOPOIIMOHHOM MOHOMOJIEKYIISIPHOM CIIO€) M KOJUIOWAHBIE (BSA3KOCTh, KpUTHUECKas KOH-
LEHTpaus MULEII00pa30BaHus, COMOOMIN3AINsI) CBOHCTBA BOAHBIX M COJSTHOKHCIIBIX PACTBOPOB aHUOHHO-
TO MOBEPXHOCTHO-akTHBHOTO BemecTBa (ITAB) anxunbenzoncynsdokucnors: (ABCK). B npucyrcrun xio-
POBOZIOPOIHON KUCIOTHEI oBepxHOCcTHAs akTuBHOCTH ABCK yBenmmuuBaercs. Ha m3otepmax apcopOuun mpu
COZIEPXKAHUN HEOPraHUIecKoi KUCIOTH 5 1 10 Mac. % yCTaHOBIIEHO HaJMYHE IBYX IEperHOOB, YTO CBHE-
TENBCTBYET O CTYNEHYaTOM MHIEIUI000pa30oBaHuy. B mpucyTCTBUM XJIOPOBOJOPOAHON KHCIOTHI MOJABIACT-
Cs1 IMCCOLMALIUS AJIKMIIOCH30JICYIb(OKUCIIOTHI, B CBA3M C YeM OHa BeleT ceds kak HenoHHoe [TAB, oOpasys
MHIIEIUIBI IpH OoJiee HU3KUX KOHLEHTpanuax. C pocToM colepkaHus alIKHIOeH30JICYIb()OKUCIOTH B CMECH
MOSBIISIIOTCS] CMEIIaHHbIE MUILIENIIbI, 00pa30BaHHbIE YAaCTUIAMH JHCCOIMUPOBAHHOTO U HEIMCCOLMHPOBAH-
Horo ITAB. Ilpu ManbIX KOJMYECTBAaX XJIOPOBOJOPOIHON KHCIOTHI 3HAUUTENBHO YBEIHMIMBACTCS 3HAUCHHE
npenensHOi ancopbunu ITAB 1mo cpaBHEHHIO ¢ BOJHBEIM PAacTBOPOM. B IpHCyTCTBHH HEOPraHWYECKOH KH-
CJIOTHI 00pa3yIoMmuiicss MOHOMOJIEKYJISIPHBIH CIIOH sIBIIsieTcst Ooiee IUIOTHBIM, YeM B BOAHOM pactBope. Co-
TMFOOMIM3AMS KpacuTelsl cyfana | ankmiGeH301cynb(OKUCIOTOH pacTeT ¢ MOBBIIIEHHEM KHCIOTHOCTH pac-
TBOpa. Ha m3orepmax comoOunnsnupyromei crnocoOHOCTH MPH COAEPKAHUHU XIOPOBOIOPOAHON KUCIIOTH 5 U
10 mac. % HabmrogaoTCs SKCTPEMYMBI IpH KoHLEeHTpanusx [TAB, cooTBeTCTBYIOINX HAa4Yaly U OKOHYAHUIO
(hopMHMpPOBaHUS MULIEIUI, COIEPKALINX AJIKMIOCH30JICY Ib(OHAT-HOH.

Kniouesvie cnosa: ankuiOeH30J1CyNbOOKUCIOTA, MOBEPXHOCTHOE HATSDHKEHHE, KPUTHYECKAs KOHLEHTPALUS
MHIEIUI000pa30BaHMs, XJIOPOBOAOPOAHAS KUCIOTA, acOpOIHsl, MOHOMOJIEKYIISIPHBII CIIOH, CONFOOMITH3aIys,
cynaH L.
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Epoxy/TiO, composite materials and their mechanical properties

The physicomechanical properties and thermal stability of epoxy nanocomposites with TiO, (anatase —
75 %, rutile — 25 %) nanoparticles were studied. The TiO,/epoxy polymer (TiO,/EP) nanocomposite films
were obtained by curing a pre-sonicated mixture of diane-epoxy resin ED-20, 4,4'-diaminodiphenylmethane
and TiO, nanoparticles using stepwise technique: 90 °C for 3 hours, then 160 °C for 3 hours. Tensile tests
were carried out according to American Society for Testing and Materials ASTM D882—-10. The average size
of TiO, nanoparticles and microstructure of the obtained nanocomposites were studied by scanning electron
microscopy. It was found that addition of the TiO, nanoparticles at a concentration above 3 wt.% leads to a
decrease in tensile strength at break, apparently due to secondary aggregation processes of nanoparticles.
During curing, the average diameter of TiO, nanoparticles increases from 40 nm to 60 nm. An increase in the
elastic modulus, a slight increase in the glass transition temperature, and a decrease in the elongation at break
of epoxy nanocomposites at a concentration of TiO, nanoparticles > 1 wt.% indicate an increase in the rigidi-
ty of the epoxy matrix. The nanocomposites obtained were shown to be stable at concentrations of TiO, na-
noparticles up to 5 wt.% and up to 300 °C in vacuum.

Keywords: epoxy resin, curing, titanium oxide (IV), nanoparticles, tensile strength at break, elastic modulus,
elongation at break, thermal stability.

Introduction

The increasing requirements for modern materials lead to intensive search for new composite materials
with additional properties (mechanical, magnetic, tribological, radiation protection, etc.). The introduction of
inorganic nanoparticles into organic polymers is of considerable interest, because it makes possible to create
the hybrid nanocomposite materials with improved properties such as heat resistance, fire resistance, reduced
gas permeability, and resistance to chemicals. Titanium oxide (IV) (TiO,) nanoparticles are often used as
inorganic fillers of polymeric materials. Titanium oxide (IV) is one of the most widely used metal oxides for
photocatalytic decomposition of organic pollutants in an aqueous or gaseous medium. The photoactivity of
TiO, is based on the process of a reversible single-electron transition Ti*+ e 2 Ti*". TiO, nanoparticles
have a stronger photocatalytic effect than TiO, microparticles [1], forming reactive oxygen particles, hy-
droxyl radicals, H,O,, etc. under the influence of UV radiation. Due to exceptional characteristics of TiO,,
i.e. chemical and thermal stability, recycling potential, non-toxicity, and low cost, its applications range is
quite wide: self-cleaning materials based on titanium oxide (IV), photocatalysts for the decomposition of or-
ganic compounds [2—-6], anode materials [7,8], anti-bacterial coatings and packaging [9—-12], etc. It is im-
portant to note that the induction of bactericidal activity due to photocatalysis is achieved by exposure to soft
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ultraviolet (in the range of 360 nm), in contrast to the hard ultraviolet used in medicine, and is more effective
than surface sterilization by ultraviolet [13].

Today one of the most pressing problems is the disposal of accumulated polymer waste, for example,
based on thermoplastic materials widely used for the manufacture of packaging films, various containers and
utensils for food and household purposes. Approaches based on the incineration of such waste have serious
environmental consequences. One of the promising solutions to this problem is the use of polymeric materi-
als, which contain titanium oxide nanoparticles and capable to active photodegradation under visible light.
Ti0O,-containing nanocomposites based on polystyrene [14], polyvinyl chloride [15], polyethylene [16, 17],
polybenzyl methacrylate [18] showed significantly increased degradation rates under UV and sunlight irradi-
ation, as compared to the pure polymers.

Containing TiO, nanoparticles thermoset nanocomposites have not been studied so extensively, but ex-
isting data show that TiO, nanoparticles are more effective than microparticles, for example in regard to me-
chanical properties. The effect of the size of filler particles on the mechanical properties of epoxy composite
materials was studied in [19] using the example of TiO,. Nano- (nanoparticles with a size of ~50 nm) and
microcomposites (particles ~50 um) were compared.

An increase in mechanical properties was observed at the content of nanoparticles up to 4 vol.%. The
subsequent recession in properties is associated with enlargement of particles due to their agglomeration. In
the case of microparticles the modulus grows while the strength decreases with filler concentration increas-
ing. As it was shown by us earlier [20, 21], elastic and strength properties of epoxy nanocomposites are af-
fected by both the size of nanoparticles as well as the structure of epoxy matrix and the crosslink density as
shown by us earlier.

The purpose of this work was to obtain composites based on TiO, nanoparticles and an epoxy polymer
(EP) prepared by polycondensation, and to study their mechanical properties.

Experimental

Materials

The schematic structure of the diane-epoxy resin ED-20 used in this work is shown in Figure 1a (epox-
ide group content is 22.6 %).

4,4’-Diaminodiphenylmethane (DDM) was purchased from Aldrich (Fig. 1, b). The scheme of
polycondensation between epoxy ED-20 and DDM is shown in Figure 1, c.

Nanoparticles of TiO, have been prepared in the Institute of Problems of Chemical Physics of Russian
Academy of Sciences using microwave irradiation [22], anatase 75 %, rutile 25 %, SSA =33.0 m%/ g,
d,y =46 nm.
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CH;,4 CH; n
H,N NH, H: y I, H B lwm  wm | om
: —C —C—CH, NI, —C —C—CH, —C —C—C —N—C —C—C —
\ ;’ H H
(c) “ O + T + H 0 — (!)H Iil ?H
:_H 2_H H, H, H, H
- _C_CH1 ~NH- — [ _C_CHZ —_ V"_(ﬁ_ﬁ‘b_i\_c'_c_t:z_
\/ \/ CTEC TR

Figure 1. Structure of epoxy resin ED-20 (a); structure of DDM (b); scheme of polycondensation (c)

TiO,/EP nanocomposite films of 80-100 um thick were synthesized ex situ, i.e. using earlier prepared
nanoparticles. The mixture of ED-20, DDM at equimolar ratio, and TiO, was heated slightly to dissolve
DDM. Then it was degassed under low vacuum, and subjected to ultrasonic treatment using Sonorex Digital
10p instrument at 35 kHz for 40 min to disperse TiO, properly. The suspension obtained was poured between
the two glass plates, which were put into a specially designed metal form and placed in an oven for further
curing. The glass plates were pretreated with a solution of dimethyldichlorosilane in toluene to prevent adhe-
sion. Mixtures were cured at stepwise increase of temperature, the conditions were determined based on cal-
orimetric data in order to achieve a full cure (90 °C for 3 hours, 160 °C for 3 hours). The opaque, gray-blue
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TiO,/EP films were obtained as a result of curing. The film thickness was measured using a micrometer with
a 10 microns accuracy.

The glass transition temperature of TiO,/EP films was determined by differential scanning calorimetry
(DSC) on a Mettler Toledo Star System instrument at a 5 deg/min temperature scan. Mechanical tensile tests
were carried out according to ASTM D882—10 on a Zwick / Roell Z 010 universal machine at a 1 mm/min
loading speed. Thermogravimetric analysis of the samples was carried out using ATV-14 electronic automat-
ic vacuum thermobalance at a 2.4 deg/min constant heating rate in vacuum (residual pressure 1.2 Pa). Size of
nanoparticles was determined using FESEM Zeiss Supra 25 on carbon-coated films.

Results and Discussion

Composition and microstructure of nanocomposites

TiO,/EP nanocomposites were prepared by ex situ ultrasonic dispersion of TiO, nanoparticles in epoxy
resin followed by curing in the presence of DDM. According to scanning electron microscopy (SEM) data,
TiO, nanoparticles are fairly uniformly distributed in the volume of the polymer matrix, nevertheless, nano-
particles aggregation is still observed (Fig. 2). Particle size distribution shows that during curing the average
size of nanoparticles increases (from 46 nm to 78 nm at 0.5 wt.% TiO,).

Physicomechanical properties

As can be seen from the data in Figure 3, T, weakly depends on the TiO, concentration, however, it
tends to slightly decrease (173 °C — 167 °C) at <1 wt.% concentrations and increase (167 °C — 173 °C) at
up to 5 wt.% concentrations. The concentration dependence of the elasticity modulus shows similar behavior
with 27 % increase in modulus at 3 wt.% concentration

Tensile strength at break decreases sharply at TiO, more than 3 wt.% concentrations, which is probably
due to secondary agglomeration of TiO, (Fig. 4). Therefore, the working concentration should not exceed
3 wt.% TiO,. The average diameter of TiO, increases (from 40 to 60 nm at 0.5 wt.% TiO, concentration) dur-
ing curing. The change in strain at break varies by TiO, concentration: less than 1 wt.% concentrations cause
its increase, while more than 1 wt.% concentrations cause its decrease. A significant decrease in strain at
break by almost 80 % indicates a loss of plasticity and an increase in brittleness. This is consistent with an
increase in elastic modulus and glass transition temperature at above 1 wt.% TiO, concentrations.
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Figure 2. Scanning electron microscope (SEM) image and particle size distribution for TiO, nanoparticles ()
and TiO,/EP nanocomposite with 0.5 wt.% of TiO, (b)
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Figure 3. Tg dependence of TiO,/EP nanocomposites on the concentration of TiO, nanoparticles
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Figure 4. The dependence of the mechanical properties of TiO,/EP nanocomposites on the concentration of TiO,
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Thermal stability of nanocomposites

Stability of nanocomposites is essential for its implementation. Therefore, the thermal stability of
TiO,/EP films with different concentrations of TiO, was studied. As can be seen from Figure 5, TiO,/EP are
stable at up to 5 wt.% TiO, concentrations and up to 300 °C temperatures in vacuum.
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Figure 5. Thermograms of TiO,/EP nanocomposites with 1-5 wt.% filler concentration
(2.4 °C/min heating rate; 1.3 Pa residual pressure)

The results obtained are in good agreement with the literature. It was found that TiO,/polypropylene
nanocomposites have the similar thermal stability in the nitrogen atmosphere [23]. The initial and maximum
decomposition temperatures increase from 360 °C and 455 °C for the EP to 405 °C and 479 °C for the poly-
mer nanocomposites with 2 wt % TiO, content.

Conclusions

The TiO,/EP nanocomposites with 0.5-5 wt.% filler content were obtained by ex situ introduction of
TiO, nanoparticles into the epoxy resin ED-20 at the stage of curing in the presence of 4,4'-diamino-
diphenylmethane. It was found that the addition of TiO, nanoparticles at a concentration above 3 wt. % leads
to a decrease in tensile strength at break, apparently due to secondary aggregation processes. The average
diameter of TiO, nanoparticles increases from 46 nm to 80 nm during curing. An increase in the elastic mod-
ulus, a slight increase in the glass transition temperature and a drop in the elongation at break of the epoxy
nanocomposite at concentrations of TiO, nanoparticles above 1 wt. %, indicate an increase in the rigidity of
the nanocomposite matrix. The stability of TiO,/EP in vacuum is shown at temperatures up to 300 °C and
filler concentrations up to 5 wt.%.

This work was performed in accordance with the state task, state registration No. AAAA-AI9-
119032690060-9 using the equipment of the Multi-User Analytical Center of IPCP RAS.
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TiO, IMOKCUATI HAHOKOMIIO3UTTEPI KIHE 0JIAPABIH MEXAHMKAJIBIK KacueTTepi

TiO, (amata3 — 75%, pyrun — 25 %) HaHOoOenmiekTepi 0ap NONUKOHACHCALMAIBIK 3SIOKCUITI
HaHOKOMITO3HUTTEPIH (H3HKA-MEXaHUKAJIBIK KaCHeTTepi KOHE TePMOTYPAKTBUIBIFBI 3€PTTENreH. DTOKCUATI
nonumep (TiO,/211) Herizinmeri KanbHABIFE 80—100 MKM HAHOKOMITO3HUTTI KaOBIKIIATIap ajIbIH-ajia YIIbTpa-
IIBIOBICTICH OHJICNITCH SMOKCHIAWAHMIBI Malblp, 4,4'-muaMuHaudenmwimeran xxone Ti0, HaHOOOIEKTepiHiH
KOCIIaChIH CaTBUIBI TeMITepaTypaibiK peskiM OoibrHma (90 °C — 3 car) + (160 °C — 3 car) KaTallTy apKbUIbI
anpiael. Co3pllyra MexaHuKanblkK cbiHakTap ASTM D882-10 cranmaptel Goitbiina xyprizingi. TiO,
HAaHOOOJIIIEKTePiHIH ©IeMaepl MEH alblHFAaH HAHOKOMIIO3UTTEPIIH MHKPOKYPBUIBIMAAPHI CKaHEepJIeyi
MEKTPOHIBIK MHUKpockonus apiciMen 3eprrenui. TiO, HaHoOesmektepiH 3 Macc. % KOFapbl Kocy
HaHOOOJIIIEKTEP arperalusChIHbIH SKIHIITK MPOLeCcTepi canjapblHaH OEpPIKTIKTIH TOMEHICYyiHe SKenemi.
Kararo npoueciane TiO, HaHOOeMmEeKTEepiHiH oprama auamerpi 40 HM-neH 60 HM-re neiin apramsl. TiO,
HaHOOOIIIEKTEePiHIH KOHIEHTpanusIchl >1 Macc. % Ke3iHAe CepHiMIUIK MOMIYJIHIH YJIFalobl, IBIHBLIIAHY
TeMIIepaTypachIHbIH JKOFapblIay TEHACHIMACH JKOHE JIOKCHATI HAaHOKOMITO3UTTEPIIH Ie(opMarusChIHEIH
TOMEH/Ieyl SMOKCHATI MAaTPUIAHBIH KATTHUIBIFBIHBIH apTKaHbIH Kepcereni. TiO, HaHOOOMIIIEKTepiHiH KOH-
LeHTpanuscel 5 Macc. % aeiin Oonranna sxoHe Bakyymaa 300 °C-xa nediHri TeMmeparypanapaa 3epTTeireH
HAHOKOMITO3UTTEPAIH TYPaKThUIBIFbI KOPCETIIICH.

Kinm ce30ep: STOKCHATI WIaliblp, KaTaio, TUTAaH AWOKCH[I, HAHOOOIIIEKTEP, MEXaHHKAaIbIK KachuerTep,
TEPMHSIIBIK TYPAKTBUIBIK.
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TiOz IMOKCUIHBbIC HAHOKOMIIO3UTHI U UX MEXAHNYIECCKHE CBOMCTBA

HccnenoBanbl (HU3MKO-MEXaHUYECKHE CBOMCTBA M TEPMOCTAOMIBHOCTD ITOJIMKOHICHCAIIMOHHBIX STIOKCHIHBIX
HaHOKOMMO3UTOB ¢ HaHodactuuamu TiO, (anatas — 75 %, pytun — 25 %). Hanokomno3utHsle MI€HKN Ha
ocHoBe snokcuaHoro nonumepa (TiO,/3IT) romuuuolr 80—100 MKM mMOJTydYanl OTBEp)KACHHEM IpeaBapH-
TeNbHO 00pPabOTaHHOM YyIBTPa3ByKOM cMecH mokcuananoBoi cmonsl D/1-20, 4,4'-nnamMunogudeHnnmerana
n Hanovactul TiO, no crynendyaromy TemneparypHomy pexxumy (90 °C — 3 1) + (160 °C — 3 1). Mexanu-
YecKHe HCIBITaHNs Ha pacTsbKeHue npoBoawin 1o crannapty ASTM D882-10. Pazmepst nanowactury TiO,
MHUKPOCTPYKTYPY HOIYy4SHHBIX HAHOKOMIIO3UTOB M3y4YalH METOJIOM CKaHHPYIOLIEH AJIEKTPOHHONH MHUKPOCKO-
rmuu. Halineno, uto no6asnenue Hanodactur 110, BbImle KOHIEHTparuu 3 Macc.% IPHBOIUT K ITAJCHUIO
MPOYHOCTH, NO-BHIMMOMY, BCIIEICTBUE BTOPUUHBIX MPOIIECCOB arperaiuy HaHouacTHIl. B mporecce oTBepxk-
neHus cpeanuid auamerp HaHodactun TiO, Bospacraer ot 40 mo 60 HM. YBenudeHHe MOAYJSI YIPYTOCTH,
TEH/ICHIIMS K MOBBIIICHUIO TEMIIEPATyphl CTEKJIOBaHHA U NajeHue JeOopMaliui SHOKCUIHBIX HAHOKOMIIO3H-
TOB TIPU KOHLEHTpauusax HaHowactuy TiO, >1 macc.% CBHAETENLCTBYIOT O MOBBIILIEHUH KECTKOCTU 3MOK-
cugHoi Matpunsl. [Tokazana cTaGHIBHOCTD M3YUSHHBIX HAHOKOMIIO3UTOB P KOHIIGHTPAIMSIX HAHOYACTHI]
TiO, no 5 macc.% u Temmeparypax 10 300 °C B Bakyyme.

Knrouegvie cnosa: OIIOKCUAHAsA CMOJia, OTBEPKIACHUE, NUOKCHU TUTaHa, HAHOYACTUIIbI, MEXaHUYCCKUEC CBOW-
CTBa, TCpMUYCCKas CTaOUJIBHOCTD.
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Sorption of heavy metals by humic acids of chestnut soils

The purpose of this article is to study the sorption of heavy metals by humic acids of light and dark chestnut
soil. The objects of research are the samples of dark and light chestnut soils, selected from an ecologically
clean area of East Kazakhstan. Humic acids (HA) were separated from the soil at different pH values. At the
same time the yield of HA was 0.075 % from dark chestnut soil at pH 1.0, and it was 0.017 % from light
chestnut at pH = 7.0. Further, the dependence of the sorption degree on the medium acidity was established.
It was found that zinc and cadmium are better sorbed in a strongly acidic medium (pH < 1.0; 84.14 %), while
lead is preferably sorbed at pH 6.0, and the degree of its sorption is higher (93.54 %). It was established that
metals have a mutual effect, suppressing or enhancing the sorption of each other in bi- and polyelement vari-
ants. It was shown that cadmium significantly suppresses lead sorption in neutral media. Zinc more often in-
creases the sorption of both cadmium and lead by 3 times. It was concluded that the binding of heavy metal
ions by the organic fraction of the soil occurs due to the complexation with humic acids.

Keywords: heavy metals, dark chestnut soils, light chestnut soils (Kastanozems), organic fraction of soil, hu-
mic acids, sorption, zinc, lead, cadmium, East Kazakhstan, Borodulikha.

Introduction

Currently, the biosphere receives a huge amount of various pollutants, including heavy metals (HM), as
a result of industrial and anthropogenic human activities. One of the most important parts of the biosphere is
the soil cover, since in many cases it acts as a buffer, preventing or localizing contamination of other parts of
the biosphere. The entry of HM into the biosphere leads to their accumulation in the soil in quantities that
repeatedly exceed the background level, which reduces soil productivity and negatively affects the animal
and plant world, as well as ultimately the human body [1-3].

Technogenic contribution in to the urban megalopolis soils is mainly manifested in a sharp increase in
the specific concentration of mobile forms of Zn, Pb, Cu, and in a lesser extent of Cd, V, Co, Ni [2—4]. Toxic
elements in soils are found in the form of light-exchange ions, colloidal particles, complex compounds, iso-
morphic impurities, complexes with humic acids, adsorbed complexes on iron and manganese hydroxides,
on clay dispersed minerals, and carbonates [5—6].

It is known that soils differ in their sorption capacity in relation to heavy metals [7-11]. At the same
time, it is believed that the ability to sorption of heavy metals is associated with the presence of specific
high-molecular polyfunctional natural ligands in the organic part of the soil-humic acids (HA), fulvic acids
and humin. Soils with a large supply of humic acids can bind a large amount of heavy metals. This is facili-
tated by the presence of a large number of different functional groups in the HA (carboxylic, alcoholic, phe-
nolic, amine, amide, etc.), which provide the formation of strong complexes of these acids with heavy metal
ions [12—14]. The interaction between humic acids and metals can occur by forming ionic, covalent, and che-
lated compounds [15].

The phenomena of ion exchange, surface sorption, coagulation and peptization play an important role in
the sorption of HM by the soil fraction. The ratio of the mass fraction of organic matter to metal is important.
HM sorption by the organic part of the soil can occur with the participation of carboxyl (-COOH) and phe-
nolic (-OH) groups, this happens by replacing hydrogen with metal ions. Chelate complexes are formed as a
result. The metal binds by chelating coordination (homeopolar) bonds and does not behave like a cation.
Metal complex: organic matter can also be formed by replacing metal with a hydrogen cation outside the
functional groups [16—17].
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Consequently, metals can enter both the cationic and anionic parts of humic acid molecules. It should
be noted that the molecules of humus compounds of different soils differ in the number of functional groups
and the degree of the «core» condensation. Therefore, sorption is influenced not only by the properties of
metals, but also by the structure of humus compounds [18].

Contamination of the soil of East Kazakhstan with heavy metals has been studied by other scientists of
Kazakhstan [19-21]. However the sorption degree of heavy metals (Zn, Cd, Pb) by the main components of
the organo-mineral matrix of dark and light chestnut soil under conditions of mono- and polyelement pollu-
tion will be studied for the first time.

Data on the adsorption capacity of soils can serve as a basis for the development of methods for control-
ling the transformation of forms of chemical element compounds in areas that have been confirmed by
technogenic pollution.

This paper presents the results of studying the processes of zinc, lead, and cadmium sorption in mono-
and polyelement variants by humic acids of dark and light chestnut soil from the East Kazakhstan region.

Experimental

The objects of research are the samples of dark and light chestnut soils, selected from an ecologically
clean area Borodulikha district of East Kazakhstan.

Borodulikha district is located in the North of the East Kazakhstan region. The total area is 7.2 thousand
square meters, bordering the Altay region of the Russian Federation, as well as with Shemonaikha,
Beskaragay districts and Semey sity. Soils are saline and chestnut in the West of the district, and black earth
(Chernozem) in the East of the district.

There is the Zhezkent mining and processing plant on the territory of the district, which is engaged in
the extraction of polymetallic ores, and a number of reprocessing enterprises.

The organic part of dark and light brown was isolated according to the standard method [9], by three-
fold extraction with 0.1 M NaOH solution. The soil suspension was filled with an extractant solution and
shaken on a rotator for one hour. The resulting suspension was filtered, and the remaining soil in the flask
was filled with a new portion of 0.1 M alkali solution. The extraction of organic matter was repeated three
times.

Humic acids were separated from the filtrate by adding a 10 % solution of sulfuric acid to pH=1. The
resulting precipitate was filtered and washed with water, and then dissolved in 0,1 M sodium hydroxide solu-
tion. Separate fractions of humic acids were deposited from the resulting solution by addition of 1 % sulfuric
acid solution drop by drop to the resulting solution of humic acids to pH=7. The precipitate was separated by
centrifugation after 2 hours of settling. A 1 % solution of sulfuric acid was added to the centrifuge again drop
by drop to pH=7. All operations for separation of sediment were repeated similarly according to the above
method.

Similar operations were performed by depositing fractions at pH 5.0; 4.0; 3.0; 2.0; 1.0 and at pH<1.0.
The resulting fractions were dried on pre-dried paper filters to a constant weight. The mass of fractions was
determined by the difference in the mass of «clean» filters and filters with organic matter after drying.

Thus, 7 organic fractions of dark chestnut soil at pH=7.0; 6.0; 4.0; 3.0; 2.0; 1.0 and <1.0, 8 organic frac-
tions of light chestnut soil at pH=7.0; 6.0; 5.0; 4.0; 3.0; 2.0; 1.0 and <1.0 were isolated. The organic fraction
at pH=5.0 for the dark chestnut soil was not considered due to the negligible allocation of humic acids into a
separate fraction.

The study of sorption processes of heavy metals in mono-, bi- and polyelement variants of organo-
mineral matrix of dark chestnut and light chestnut soil was carried out in accordance with [1]. Solutions of
Zn(NOs),, Pb(CH;COO),, and Cd(CH;COO), salts were used for the model test. The salt concentration was
2.5 mmol/ml for mono-and bi-element variants and 1.25 mmol/ml for poly-element variant.

The solution of humic acids isolated at pH=7.0 was divided into 7 equal parts, in which a certain vol-
ume of zinc, lead, cadmium salts or their mixtures was added. The following options for applying HM solu-
tions were used:

1. mono-element (Zn(NOs),; Pb(CH3COO0),; Cd(CH5CO0),)

2. bi-element (Zn(NOs3), + Pb(CH3COO),);

(Zn(NO3), + Cd(CH;COO0)y);
(Pb(CH;COO0), + Cd(CH;COO0),)
3. poly-element (Zn(NO3), + Pb(CH3;COO), + Cd(CH3COO0),)
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A 10 % solution of sulfuric acid was added to the resulting solutions to pH=1.0. Humic acids were pre-
cipitated in all studied solutions. Then the solutions were infused for a day and centrifuged. The content of
heavy metals (zinc, lead, cadmium, zinc-lead, zinc-cadmium, lead-cadmium, zinc-lead-cadmium) was de-
termined in the centrifugate. The percentage of sorption was determined by the difference in concentration in
the initial standard solution and the extract obtained after the sorption process.

Gross content and concentration of water-soluble, acid exchange forms of zinc, cadmium and lead in
the analyzed solution was determined by extraction photometric method with ditizone using a photometer.

Results and Discussion

7 well-separated fractions have been formed by the triple extracted organic part of dark chestnut soil
and 8 well-separated fractions have been formed by the light chestnut soil. Their isoelectric points corre-
spond to the following pH values of the medium: 7.0; 6.0; 5.0; 4.0; 3.0; 2.0; 1.0 and <1.0.

In all fractions, the content of humic acids and organic fractions from the total content of organic matter
was determined by gravimetry (Tables 1, 2).

Table 1
Content of humic acids and organic substances in the dark chestnut soil

Fractions at pH Humic acids content, % Organic substances content, %
<1.0 0.075+0.001 29.0042.15
1.0 0.050+0.002 18.50+1.02
2.0 0.025+0.001 9.15+0.98
3.0 0.013+0.001 3.20+0.24
4.0 0.020+0.001 6.24+0.25
5.0 — -
6.0 0.034+0.001 11.71£1.13
7.0 0.061+0.002 25.07+1.89

As can be seen in Table 1, the content of humic acids and organic substances prevails in fractions with
pH <1.0 (0.075 % and 29.00 %), 1.0 (0.050 % and 18.50 %) and 7.0 (0.061 % and 25.07 %), which indicates
that these fractions are enriched with organic substances.

Table 2
Content of humic acids and organic substances in the light chestnut soil
Fractions at pH Humic acids content, % Organic substances content, %
<1.0 0.012+0.001 19.00+1.67
1.0 0.013+0.002 14.25+1.19
2.0 0.010+0.001 13.00+1.14
3.0 0.009+0.002 9.55+1.05
4.0 0.009+0.002 12.20+1.17
5.0 0.008+0.001 10.70+1.12
6.0 0.011+0.001 1.85+0.12
7.0 0.017+0.002 20.25+1.53

As can be seen in Table 2, the content of humic acids and organic substances prevails in fractions with
pH <1.0 (0.012 % and 19.00 %), and 7.0 (0.017 % and 20.25 %), which indicates that these fractions are en-
riched with organic substances.

Thus, the highest yield of humic acids and organic substances was obtained at pH 1.0; pH<1.0; pH 7.0
for dark chestnut soil, and at pH<1.0; pH 7.0 for light brown soil.

The isolated fractions of humic acids were studied by IR spectroscopy to determine the identification of
functional groups included in the composition.

Figure 1 presents the IR spectrum of humic acids isolated from dark chestnut and light chestnut soils of
the Borodulikha region.
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Figure 1. IR spectrum of humic acids

All absorption bands are presented in the IR spectra of the studied humic acids, which is confirmed the
presence of the aromatic part (core) and external aliphatic chains in macromolecules. The characteristic ab-
sorption bands are in the range of 1000-1800 cm . Absorption bands with maxima at 1033 cm ' are caused
by fluctuations in the O—H bond of primary alcohol groups. Absorption bands with maxima at 2865 and
2928 cm ' are caused by valence fluctuations of —CH; and —CH, groups of the side chain. The narrow band
with a maximum at 1704 cm ' belongs to the carboxyl group -COOH. Aromatic and aryl-alkyl esters corre-
spond to the absorption band at 1245 cm'. The absorption peak at 2865 cm ™' indicates the presence of alicy-
clic compounds. The presence of aromatic rings in humic acid molecules is indicated by the absorption band
at 1615 cm ', which is caused by valence vibrations of the skeletal bonds of the aromatic rings.

The results of zinc, cadmium and lead sorption by organic fractions of dark and light chestnut soil in
mono-, bi- and poly-element variants are presented in Tables 3, 4 respectively.

Table 3
Degree of metal sorption by organic fraction of dark chestnut soil in mono-, bi- and poly-element variants

Degree of sorption, %

Variant pH 7.0 pH 6.0 pH 4.0 pH 3.0 pH 2.0 pH 1.0 pH<1.0
Zn 52.0620.01 | 55.06£0.03 | 56.00:0.01 | 76.5940.01 | 72.2120.01 | 74.55£0.01 | 84.14+0.01
Pb 85.7140.01 | 93.5420.02 | 41.9120.01 | 34.57+0.01 | 37.3820.01 | 35.5820.01 | 14.14+0.01

Cd 29.02+15.03 | 56.56+0.01 | 24.2840.02 | 27.29+0.01 | 22.05+0.01 | 15.754+0.01 | 78.06+0.01
Zn| 76.17£0.01 | 77.45+0.02 | 78.17+0.02 | 54.19+0.01 | 42.13+0.01 | 19.97+0,01 | 68.28+0.01

Zn/Pb Pb| 76.97+0.02 | 77.39+0.02 | 67.54+0.03 | 65.11+0.01 | 71.46+0.01 | 59.3840.01 | 53.43+0.01
Zn/Cd Zn| 76.76£0.03 | 77.56+0.02 | 63.15+0.02 | 66.03£0.01 | 45.11+0.01 | 21.7840.01 | 63.33+0.01

Cd| 81.09+0.06 | 81.70+0.06 | 82.20+0.12 | 79.42+0.01 | 54.78+0.02 | 48.61+0.01 | 47.14+0.02
Pb/Cd Pb| 13.62+0.02 | 11.10+0.12 | 49.77+0.01 | 47.93+0.01 | 73.52+0.01 | 75.19+0.01 | 54.48+0.01

Cd| 28.77+0.07 | 39.08+0.04 | 53.68+5.77 | 92.484+0.01 | 93.18+0.01 | 73.89+0.01 | 29.21+0.01
Zn| 84.25+0.02 | 84.52+0.01 | 73.76+0.01 | 37.18+0.02 | 62.09+0.01 | 57.12+0.01 | 43.19+0.01
Zn/Pb/Cd|Pb| 84.49+5.78 | 84.35+0.02 | 80.80+0.01 | 78.63+0.02 | 47.88+0.01 | 11.41+0.01 | 35.82+0.01
Cd| 90.49+0.02 | 90.65+0.02 | 90.04+0.01 | 88.69+0.02 | 47.22+0.01 | 73.48+0.01 | 57.724+0.01

As can be seen in Table 3, the sorption of zinc was almost identical (sorption degree 52.06 %; 55.06 %
and 56.00 %) by organic fractions with pH 7.0; 6.0; 4.0 in mono-element variant. The sorption of zinc was
increased with further acidification, for example, it was increased by 1.5 times at pH=3.0 (76.59 %) com-
pared to the value at pH=7.0 (52.06 %).

The degree of zinc sorption increased at pH 7.0; 6.0; 4.0 (76.17 %; 77.45 %; 78.17 %) with equivalent
enrichment of each fraction with zinc and lead, except for highly acidic environments.

The cadmium presence also increased the zinc absorption, for example, the sorption degree was in-
creased by 1.5 times at typical for this soil reaction medium pH 7.0—6.0 in comparison with the monoelement
experiment. The same results were obtained with the combined presence of lead and cadmium.
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The character of lead sorption in various versions of the experiment is similar to that in fractions with
isoelectric points at pH 7.0; 6.0; 3.0 and is radically different from fractions with pH 2.0; 1.0; <1.0. The sorp-
tion patterns shown at pH 4 are intermediate.

The greatest absorption of lead was observed in pH 7.0; 6.0 fractions; the degree of sorption was de-
creased with acidification of the medium, for example, it decreased by 2 times at pH 4.0; 1.0 compared to pH
6.0. In the presence of an equivalent amount of zinc, lead sorption was slightly suppressed in fractions with
pH 7.0; 6.0; 3.0; 2.0, and Vice versa, it was enhanced by the pH 4.0 and 1.0 medium reaction. Cadmium was
even more deactivated processes of lead enrichment:

— by 6.3 times compared to the monoelement experiment in the fraction with pH 7.0;

— by 8.4 times at pH 6.0.

The absorption of lead was not affected by the presence of cadmium in fractions with pH 4.0 and 2.0.
The combined presence of zinc and cadmium did not lead to any changes in the lead sorption as compared
with mono-element variant reaction by organic fraction of dark chestnut soil (pH 6—7). Consequently, both
zinc and cadmium reduce the degree of sorption, but the influence of zinc is more predominant in their com-
bined presence.

Fractions at pH 7.0; 6.0; 4.0, as well as at pH 3.0 and 2.0, showed general regularities in the cadmium
sorption in different versions of the experiment. The absorption dynamics is not unequal when the acidity
increases.

The presence of zinc has a «catalyzing» effect on the cadmium sorption (approximately 3 times com-
pared to the values of the monoelement variant in fractions with pH 7.0; 6.0; 4.0 and 1.0). The presence of
lead does not have significant changes at pH 7.0; 6.0 and slightly increases sorption in more acidic fractions.
In poly-element absorption variant, the sorption of cadmium is influenced more by the presence of lead,
since sorption is comparable to those regularities that were deduced in the bi-element experiment in the pres-
ence of lead alone. Thus, the maximum values of the sorption degree belong to fractions with pH 7.0; 6.0;
4.0 in poly-element absorption variant. The degree of absorption increases almost 3 times compared to the
mono-element experiment in these fractions.

Table 4
Degree of metal sorption by organic fraction of light chestnut soil in mono-, bi- and poly-element variants

Variant Degree of sorption, %
pH 7.0 pH 6.0 pH 5.0 pH 4.0 pH 3.0 pH 2.0 pH 1.0 pH<1.0
Zn 23.70+0.01 | 39.62+0.01 | 32.08+0.02 | 33.12+0.01 | 55.03+0.01 | 56.11+0.01 | 53.2540.02 | 84.10=+0.02
Pb 82.17+0.01 | 88.21+0.01 | 27.04+0.01 | 25.01+0.02 | 13.13+0.01 | 18.64+0.2 | 23.11+0.01 | 25.70+0.01
Cd 56.23+0.01 | 40.24+0.02 | 22.61+0.01 | 14.51+0.01 | 13.42+0.01 | 17.93+0.01 | 78.04+0.01 | 83.65+0.02
70/Pb 7Zn| 64.81+0.01 | 72.40+0.01 | 10.03+0.03 | 16.95+0.01 | 11.46+0.02 | 37.91+0.01 | 79.21+0.01 | 86.32+0.01
Pb| 11.30+0.01 | 56.72+1.71 | 65.02+0.01 | 60.41+0.01 | 54.36=0.02 | 51.71+0.01 | 10.95+0.01 | 13.47+0.01
70/Cd Zn|72.13+0.02 | 70.81+0.01 | 16.94+0.01 | 6.43+0.01 | 5.73+0.01 | 9.34+0.02 | 18.81+0.01 | 18.74+0.01
Cd| 63.00+0.02 | 57.11+0.01 | 51.82+0.01 | 62.22+0.01 | 54.93+0.01 | 58.81+0.01 | 51.74+0.01 | 86.20=0.01
Pb/Cd Pb| 55.64+0.02 | 54.21+0.02 | 66.00+0.02 | 53.36+0.01 | 53.04+0.02 | 56.81+0.01 | 36.07+0.01 | 26.40+0.02
Cd| 32.11+0.02 | 73.7340.01 | 43.60+0.01 | 53.23+0.01 | 59.27+0.02 | 36.00+0.02 | 12.40+0.01 | 16.83+0.02
Zn|79.93+0.01 | 73.554+0.01 | 34.21+0.01 | 36.42+0.01 | 19.42+0.02 | 23.83+0.02 | 49.86+0.01 | 46.13+0.01
Zn/Pb/Cd | Pb| 67.84+5.77 | 53.94+0.02 | 70.12+0.01 | 73.90+0.01 | 67.90+0.02 | 72.82+0.01 | 69.63+0.01 | 47.72+0.01
Cd| 83.00+0.02 | 69.21+0.01 | 82.84+0.02 | 76.52+0.01 | 75.04+0.01 | 68.43+0.01 | 59.62+0.01 | 12.47+0.01

The sorption of zinc by the organic fraction of light chestnut soil was slightly different from dark chest-
nut soil. Dynamics of pollutant absorption within all factions in mono-variant naturally increased. By the
nature of zinc sorption in the presence of lead or cadmium and in the simultaneous presence of lead and
cadmium, the fractions can be combined into several microgroups: 1) with pH 7-6; 2) with pH 5; 4; 3; 2;
3) with pH 1; <1. The first group of fractions is active in normal natural conditions, it is increased its sorp-
tion in both in bi- and poly-element variants of the experiment. Moreover, the action of lead and cadmium is
almost the same.

Lead and cadmium inhibited the sorption of zinc in the second group of humic acids in light chestnut
soil. The cadmium had more competitive action there. For example, at pH 2 the sorption of zinc was sup-
pressed by 1.5 times in the presence of lead and it was suppressed by 6 times in the presence of cadmium in
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comparison with mono-element variant. Zinc absorption was increased in the presence of lead, and it was
suppressed it in the presence of cadmium in the group represented by fractions with pH 1 and <1.

Lead absorption was suppressed with acidification of fractions in the mono-element version of the ex-
periment. Thus, at pH 5, sorption decreased by about 3 times when compared with the fraction with an isoe-
lectric point at pH 7.0.

Data obtained during bi-element and poly-element experiments indicates that, the lead sorption have
been suppressed at pH 7.0; 6.0 and have been increased at pH from 5 to <1 by both zinc and cadmium, and
their combined presence. The same dynamics of cadmium sorption have been shown by fractions with pH
6.0; 5.0; 4.0; 3.0; 2.0 relative to the presence of both zinc and lead.

Zinc have been demonstrated a greater activating effect. For example, at pH 5.0 the presence of zinc in-
creased the cadmium absorption by 2.3 times compared to the mono-element experiment, and by 1.9 times in
the presence of lead alone. The character of cadmium sorption in poly-element enrichment was more influ-
enced by the presence of zinc in all fractions except pH<I.

In general, the cadmium sorption was suppressed when acidified to pH 2.0 (by 3.1 times compared to
pH 7.0) in mono-element version; it did not change significantly in poly-element enrichment. Almost all
fractions increased the cadmium sorption at 2.7 times level compared to the average value of the mono-
element experience of these fractions.

It was shown by the comparison of zinc, lead, and cadmium sorption degree values in a mono-element
experiment (Fig. 2), that fraction with pH of 7.0, and 6.0 are indicators for lead (its sorption is more than
1.6 times the sorption of zinc and 3 times more the sorption of cadmium), more acidic fractions are indica-
tors for cadmium (for example, the cadmium sorption is 1.3 times higher sorption of lead and 5.9 times high-
er sorption of zinc in fraction with pH 3.0).
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Figure 2. Comparison diagram of heavy metals sorption by the organic matrix of dark chestnut soil
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Fractions with the same structure showed similar absorption patterns in the experiment. All the selected
fractions can be divided into two groups: 1) pH 7.0; 4.0; 3.0 and 2) pH 1.0. Although the structure of the
pH 6.0 fraction differs in spectrum from all others, it is characterized by similarity of the sorption character
with the first group of fractions mentioned above. Humic acids with pH 1.0 active medium are in this series
separately: the individual spectrum also characterizes the distinctive features in the sorbed capacity. It was
shown by the comparison of all three metals sorption values (Fig. 3), that the fraction with a neutral medium
showed greater affinity to lead, and the acidificated medium showed greater affinity to zinc in the mono-
element version.
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Figure 3. Comparison diagram of heavy metals sorption by the organic matrix of light chestnut soil

As can be seen in Figure 3, the percentage of sorption was highest for zinc and cadmium at pH<1.0.
The sorption processes were enhanced for all metals, and lead had a competitive effect on zinc and cadmium
with the combined presence of all three ions. Similar dynamics of pollutants absorption were shown by frac-
tions with pH 6.0; 5.0; 4.0; 3.0, which have approximately the same character of spectral curves.

The two studied soils showed different sorption activity. The fractions at pH=7.0 (the active fraction for
these soils) and at pH=6 of the two soils absorbed the introduced pollutants differently (Figs. 4-6): dark
chestnut soil absorbed more zinc than light chestnut soil under equivalent conditions. This can be explained
by the low content of organic matter, and, accordingly, by the small percentage (%) of fractions in light
chestnut soil (Tables 3, 4).
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Thus, since chestnut soils have a slightly alkaline reaction (pH 7.2—7.5) under normal conditions, all
three metals have a high affinity for the organic fraction in poly-element contamination conditions. The sorp-
tion intensity is suppressed by acidification.

Conclusions

Thus, it was shown by the IR spectroscopy data, that extracted from the dark brown and light brown
soils of the Borodulikha region humic acids contain primary and secondary alcohols, aromatic hydrocarbons,
carboxylic acids, aromatic and aryl-alkyl esters. The presence of such functional groups as -COOH, —OH in
humic acids makes it possible to bind heavy metals to the organic fraction of the soil by forming chelate
complexes.

The sorption of heavy metals by the organo-mineral matrix of dark chestnut and light chestnut soil of
the ecologically clean Borodulikha region of East Kazakhstan was studied. Soil samples were selected in the
Western part of Borodulikha district, where are no industrial enterprises. However, there is deforestation as a
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result of forest fires. Today about 15 % of the district's territory is occupied by pine forest, whereas previous-
ly the area of the forest was 50 %. Therefore, the study of the degree of soil contamination is relevant.

It was established that the process of zinc, cadmium and lead sorption by organic fractions of dark
chestnut and light chestnut soil proceeds differently in mono- and poly-element variants. For mono-element
enrichment of the soil, lead is more sorbed by humic acid fractions of the studied soils at pH 7.0 and 6.0, its
sorption degree reaches 93.54 %; zinc is more sorbed at acidic pH from 3.0 to < 1 uncharacteristic for these
soils; cadmium is more sorbed by pH 1.0 and < 1 fractions, their sorption degree at pH 1.0 is 84.14 %. Sorp-
tion of zinc, lead, and cadmium by humic and hymetomelanic acids of organic matter of chestnut soils under
conditions of poly-element enrichment is accompanied by the oppression of one heavy metal by another.

Data obtained on the sorption of heavy metals by soils can be used in assessing the impact of anthropo-
genic emissions on the environment, in developing practical recommendations to reduce the toxic effect of
heavy metals. The results of the work can also be practically applied in rationing systems.
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KypeH TonbIpaKThIH T'YMHH KbIIIKbUIIAPBIHBIH AyBIP MeTAJAAPAbI COPOLUIAYBI

MakanaHblH MaKcaThl alllbIK OHE KOIO-KYPEH TOMBIPAFbIHBIH I'YMUH KBIIKBIIIAPBIMEH aybIp METaIJap bl
copbumsiceH 3eprrey. 3eprrey oobekrinepi LbiFpic Ka3zakcTaHHBIH IKOIOTHSIIBIK Ta3a ayJaHbIHAH albIHFaH
KOIO JKOHE allIbIK-KYPEeH TOMbIpaK yiriiepi 6omsin tadbutansl. I'ymun kpimksuiaapsl (IK) Tombipakran ap
typii pH monznepinzae Oeminin ansaasl, Oy perre I'K koro-kypeH tomsipakran I'K mbreivel pH 1.0 xe3inge
0.075 %; pH=7.0 ke3inne ambIk-kypeH Tomblpakran 0.017 % xypansl. Bynan opi copbuust neHreiinin opra
KBIIIKBUIABIFBIHA TOYEIIUITT aHBIKTATABL. MBIPBIIT HeH KaAMUH KYIITI KBIIIKBLIT OpPTafa COpONMSIIaHaThIHBI
anpikTanasl (pH 1.0-84.14 %), an kopraceH pH 6.0 — 93.54 % ke3inze kaKkchl COPOIMSIIaHAIBI )KOHE OHBIH
copOuus aepexkeci skorapsl. bu- xoHe IMoNMMaIeMeHTTI HycKanapa Merannap Oip-OipiHiH copOmsceH 6acy
HeMece KYLICHTY apKbUIbl e3apa ocep eTeTiHi aHblKranibl. KagMmuii HelTpan oprajga KOPFAaCHIHHBIH
COpOLMSICHIH eadyip 6acaThlHbI KOpCeTiNreH. MBIpbILT KaJAMHUNA MEH KOPFACHIH COPOLIMSCHIH 3 ece apTThIpabl.
Ayblp MeTaqap HOHIAPHIHBIH TOIBIPAKTHIH OPraHUKAIbIK (PaKUMACHIMEH OallaHbICYbl TI'YMHH
KBIILIKBUIIAPBIMEH KOMILIEKC TY31ly eceOiHeH 00Ja/ibl IeTeH KOPBITHIHABI JKacalbl.

Kinm ce30ep: ayplp Meranmap, KOIO-KYPEH TOIBIPAK, AIIBIK-KYPEH TOIBIPAK, TONBIPAKTBHIH OPraHHKAIIBIK
(pakIMsACHL, TYMHUH KBIIIKBUIIAPEI, COPOLHS, MBIPHINI, KoprachiH, kaaqMuii, IlIersic Kasakcran, bopoxynmxa.

A.H. Caburosa, b.b. basxmeroBa, b.X. Myca6aesa, JI.K. Opa3zxanosa, K.I'. ['anueBa

COpﬁHHH THKEJIBIX METAJIJIOB TYMUHOBBIMHU KUCJI0TAMU KAIITAHOBLIX MOYB

Ienpro naHHOM cTaThH SIBISETCS M3YYCHHE COPOIMU TSKENBIX MeTauioB ryMuHOBBIMH kuciotamu (I'K)
CBETJIO- U TEMHO-KAaIITaHOBBIX MOuB. OOBEKTaMH HCCIENOBaHMS SIBISIOTCS 00paslbl TEMHO- M CBETIIO-
KaIITaHOBBIX MOYB, OTOOpaHHBIE M3 3KOJOTHUECKU YHUCTOro paitoHa Bocrounoro Kaszaxcrana. I'ymmHOBBIE
KUCIIOTBI BBIICJICHBI U3 MOYBBI NPU Pa3IH4HbIX 3HadeHHAX pH, mpu stom Beixon I'K u3 TemMHO-KamTaHOBOM
mouBsl ipu pH<1,0 cocrasmi 0,075 %, u3 cBerno-kamranoBoi nmpu pH=7,0 — 0,017 %. [danee Obu1a ycra-
HOBJIEHA 3aBUCHMOCTb CTENEHHM COPOLUM OT KMCIOTHOCTH Cpefibl. BIABIEHO, UTO IIMHK M KaAMHH CHIIbHEE
copbupyrotcst B cuinbHO-kucnoit cpene (pH<1,0; 84,14 %), Toraa xak cBuHeN ayuine copoupyercst npu pH
6,0, mpuyem crenens ero copbuun Beime (93,54 %). B Ou- u moiaMaIeMeHTHBIX BapUAHTAaX BBIABIECHO, UTO
METaJUTl OKa3bIBAIOT B3aMMHOE BIIHMSHHE, MONABILIS WIN yCHIIMBas copOuuro apyr npyra. ITokasano, drto
KaaMUH 3HAYUTEIILHO MOAABISICT COPOIMIO CBUHIIA B HEUTPaIbHBIX cpeax. L[MHK vame ycnnmBaeTr copOmio
M KagMus M cBUHIA B 3 pa3a. CremaHo 3aKiIiOdeHHE, YTO CBSI3BIBAHUE HOHOB TSDKEIBIX METAIOB
OpTaHNYECKOH (paKyell ITOYBBI IPOUCXOINUT 33 CUET KOMIUIEKCOOOPa30BaHMs C T'YMUHOBBIMU KHCIIOTaMHU.

Knioueswie cnosa: Tsxerble METAIIBI, TEMHO-KAIITAHOBAsI TI0UBA, CBETIO-KAIITAHOBAs MI0OYBA, OpraHUYecKas
(bpakuus MOYBbI, TYMHMHOBBIE KHCJIOTBI, COpOLMS, IMHK, CBHHeL, Kagmuid, Boctounslii Ka3zaxcraH,
boponynuxa.
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Phenol solutions treatment by using hydrophobized track-etched membranes

Phenols are one of the most common surface water pollution. The discharge of phenolic waters into water
bodies and streams sharply degrade their general sanitary condition, since these compounds have a toxic ef-
fect, and phenols can intensively absorb oxygen dissolved in water, which negatively affects the life of organ-
isms in water bodies. Therefore, water treatment of phenols is an important environmental problem. In this
study, the hydrophobic polyethylene terephthalate track-etched membranes (PET TeMs) were tested in water
treatment from phenol by direct contact membrane distillation (DCMD). Hydrophobic PET TeMs were ob-
tained by UV-graft polymerization of styrene, triethoxyvinylsilane with the addition of vinylimidazole
(VIM), as well as by coating with fluorine-containing silanes. Scanning electron microscopy (SEM), Fourier-
transform infrared (FTIR) spectroscopy and liquid entry pressure (LEP) analysis were used for membrane
characterization. The contact angle after modification of PET TeMs was reached more than 130°. The effi-
ciency of water purification from phenol was evaluated by water-flux measurements and fluorimetric method.
The phenols solution was used at a concentration of 0.5, 1 and 2 g/l. The largest permeate flux of
hydrophobized membranes was 1.1 kg/ m?-h.

Keywords: phenol, water treatment, direct contact membrane distillation, UV-induced graft polymerization,
styrene, triethoxyvinylsilane, fluorine-containing silanes, track-etched membranes.

Introduction

Nowadays, phenol and its derivatives as by-products of the petrochemical complex, coal and chemical
industries, pharmaceuticals are significant pollutants of aquatic ecosystems due to their toxicity, stability,
and ability to accumulate in the environment. Sources of phenols in natural water bodies are pharmaceutical
effluents, dyes, pesticides, phenol-formaldehyde resins and nonionic surfactants, petrochemical complex en-
terprises, coal industry, mechanical engineering and chemical industry [1]. The solubility of phenol in water
is one of the main causes of wastewater pollution. Moreover, the dangerous effect of phenol on the human
body and the environment sets even at very low concentrations [2]. Therefore, water treatment from phenol
is an important and urgent problem around the world [3].

Currently various methods for phenol wastewater treatment, such as ozonation [4, 5], wet air oxidation
[6], Fenton reaction [7] are known. Also, one of the most effective methods for water treatment from phenol
is membrane technology: nano [8] and ultrafiltration [9], as well as reverse osmosis [10]. Recently, DCMD
was also used for water treatment from phenols [11, 12].

The essence of MD is based on the separation of the liquid due to the difference in temperature and
pressure on both sides. Water evaporates on the hot side, and vapor passes through a hydrophobic membrane
and condenses on the cold side. Compared to other membrane processes, MD has high energy efficiency, the
process takes place at a relatively low temperature (~50—70 °C on the hot side and ~10 °C on the cold side).
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The movement of vapor from the hot to the cold part is due to convection [13]. However, when vapor passes
through the membrane, it partially transfers heat to the material, thereby reducing the temperature gradient.
Therefore, it is important that the membrane has low thermal conductivity [14—16]. Various types of poly-
mers, for instance, polytetrafluoroethylene (PTFE), polyamide (PA), polypropylene (PP) are used in MD
[17-19]. At the same time, the major disadvantages of these polymers are possible fouling, insufficient water
flow and high cost [9]. Thus, the task of finding new types of membranes and materials with good hydro-
phobic properties and high degrees of purification is relevant.

There has been a significant amount of interest for track-etched membrane (TeMs) in MD. A unique
feature of TeMs is the control of the number of pores per unit area [20-25], which significantly expands
fields of application in sensing [26], catalysis [27-31], lithium-ion batteries [32, 33], template synthesis of
nanostructures [34-38]. At the present time various types of polymers are known, intended as a material for
TeMs. The most significant are thin films made of poly(ethylene terephthalate) (PET). PET films have high
thermal and chemical resistance, transparency, high-tensile strength. However, for the MD process, this type
of membrane requires a significant expansion of its hydrophobic characteristics. PET TeMs were
hydrophobized and used for purification of saline solutions [13,39] and liquid low-level radioactive wastes
treatment [22, 40] by DCMD.

In this paper, UV-induced graft polymerization of triethoxyvinylsilane (TEVS) and styrene as well as
covalent binding of perfluorododecyltrichlorosilane (PFDTS) in an o-xylene solution were used to increase
hydrophobic properties of PET TeMs. Prepared membranes were tested in DCMD for treatment of phenol
solutions.

Experimental

Materials
Benzophenone, dimethylformamide, dichloroethane, carbon tetrachloride, TEVS, VIM, PFDTS, o-xylene,
styrene were purchased from Sigma-Aldrich. Deionized water (18.2 MQ) was used in all experiments.

Preparation and improvement of hydrophobic properties of the membranes

Fabrication of PET TeMs was done in the following way. Samples 10x15 cm in size, previously irradi-
ated by DC-60 accelerator (Astana branch of Institute of Nuclear Physics) with an energy of
1.75 MeV/nucleon by 8K r"* ions, were treated in sodium hydroxide to obtain membranes with different
pore sizes [26].

In order to increase hydrophobic properties of the membranes, three methods of surface modification
were considered in comparison. First, modification of PET TeMs was carried out by UV-photoinduced graft
polymerization of TEVS. Membranes with pore sizes of d ~ 200 nm were cleaned in order to remove inter-
fering substances on the membrane surface. Then the samples were placed in a solution of the initiator. Fur-
ther, the samples were immersed in a solution of dichloroethane and TEVS with a concentration range from
510 30 % and VIM (0.3-6.6 %) as an additive to graft polymerization. The resulting solution was irradiated
under a UV lamp Ultra Vitalux E27 by OSRAM (UVA — 315400 nm — W = 13.6 W, UVB — 280-
315 nm — W = 3.0 W) within 15-180 minutes on both sides.

The second method was carried out by UV-induced graft polymerization of styrene. Styrene is one of
the most accessible and widely used hydrophobic monomer. Samples were placed in a solution of styrene in
carbon tetrachloride with concentration of 5—40 %. CCl,; was chosen as solvent since it is transparent in
UV-vis region, it can dissolve the monomer and this solvent has low chain transfer constant. Irradiation was
carried out under the same conditions as in the first method.

The third method of hydrophobization was achieved by soaking membranes into o-xylene solution of
PFDTS at different concentration range and time (1-24 h). After that, membranes were washed and dried.

Membrane characterization

The surface morphology of pristine and modified PET TeMs was examined using JSM-7500F scanning
electron microscope (SEM) (JEOL, Japan).

To determine the functional groups before and after modification, FTIR spectra were recorded using
FTIR spectrometer Agilent Cary 600. Spectra were recorded in the range from 4000 to 400 cm™ with a reso-
lution of 4.0 cm™. Each sample was measured 32 scans at the room temperature.

The contact wetting angle (CA) of the pristine and modified PET TeMs was measured goniometrically
using the static drop method. Measurements were taken from different points of the polymer and the average
result was calculated.
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Liquid entry pressure (LEP) was measured to determine the minimum pressure necessary for the liquid
to pass through the hydrophobic membrane pores. LEP was evaluated using deionized water on on water
flow metering equipment as recommended in Ref. [41].

Water transport in membrane distillation process
Direct contact membrane distillation (DCMD) was used to purify water from phenol dissolved in it us-
ing modified PET TeMs. The mechanism of the process was described earlier in [13]. Phenol solutions with

concentration of 0.5-2.0 g/l was tested. A personal computer connected to the analytical scale was used to
record a data.

The flow rate was calculated by the formula:
Am
=—), 1
AAt M
where J — is the flow rate (kg/m*h); Am — is the water mass in permeate side (kg) per unit time Az (h); 4 —
is the effective area of membrane (m?).

Results and Discussion

Modification of PET TeMs and characterization

Hydrophobization of PET TeMs was carried out in three ways: by UV-induced graft polymerization of
TEVS with VIM, styrene and covalent bonding of PFDTS with the membrane surface. The first method can
be controlled by time of grafting, concentration of monomer, distance to UV-source and concentration of
additives. Effect of these parameters on grafting degree and hydrophobic properties was evaluated and re-
sults are presented in Figure 1. VIM in concentration range from 0.3 to 3.3 % (v/v) was used as additive to
increase grafting degree of TEVS since TEVS has low tendency to graft polymerization. VIM concentration
of 3.3 % is optimal to get the most hydrophobic membrane, a further increase in concentration leads to a de-
crease in hydrophobic properties, caused by the hydrophilic properties of VIM with higher content.
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Figure 1. Grafting degree of TEVS onto PET TeMs at variation of time (a) and concentration of monomer (b),
distance to UV-lamp (¢) and concentration of VIM (d)

Figure 1 (a) shows a graph of grafting degree versus time of irradiation. With increasing UV-irradiation
time, the grafting degree is also gradually grown. An increase in the irradiation time of more than 1h led to
the appearance of a gel-like mass, indicating the presence of a homopolymer on the membrane surface. Fig-
ure 1 (b) represented the dependence of grafting degree on the concentration of the TEVS. The graph clearly
demonstrates that the grafting degree reaches maximum value at a concentration of 20 % and a subsequent
increase in concentration leads to a decrease of grafting degree. Figure 1 (c) shows an effect of the distance
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to the UV source on the grafting degree (TEVS concentrations of 20 % and VIM 3.3 % at irradiation time
1 h). It should be noted that increasing the distance from the UV source to the sample leads to a rapid de-
crease in the grafting degree. At the same time, 5 cm led to formation of a gel and membrane contamination.

Thus, the most suitable parameters for the modification of PET TeMs were found: TEVS concentration
of 20 % with a VIM concentration of 3.3 %, distance to UV-source — 10 cm, time of irradiation — 60 min.

The second modification method is based on the UV-graft polymerization of styrene. In Figure 2 (a, b)
shows a linear dependence of grafting degree on time at a constant monomer concentration of 10 % and a
distance from UV-source (7 cm).

Grafting degree reaches 12 % after 120 min of grafting. An increase in styrene concentration leads to an
increase in the grafting degree up to 43 % at 40 % styrene concentration, as shown in Figure 2 (c).
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Figure 2. Grafting degree depends on irradiation time (a), distance to UV-source (b)
and monomer concentration (c) (pore diameter d =200 nm)

The third modification method is based on the soaking of PET TeMs in a solution of o-xylene with
PFDTS. The principle of the interaction of PFDTS with o-xylene is the high hydrolysis ability of the Si—Cl
bond, which is able to easily interact with the surface of PET TeMs. Figure 3 (a) shows the dependence of
the contact angle (CA) on the concentration of PFDTS. As can be seen, the CA reaches a maximum value at
an optimal monomer concentration of 20 mM. A further increase in concentration does not lead to a signifi-
cant change in the CA. The dependence of the CA on the holding time in the reaction was considered. The
results are shown in Figure 3 (b). The largest CA (134°) was reached after 24 hours. A further increase in
time did not significantly affect on the value of the CA.
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Figure 3. Contact angle (CA) of modified PET TeMs at various concentration of PFDTS ()
and reaction time (b) (pore diameter of initial PET TeMs is 200 nm)

All hydrophobized PET TeMs were analyzed by methods of contact angle, SEM, FTIR spectroscopy
and gas permeability test. Results are presented in Figures 4—6. The measurements of CA were carried out
from different places of the sample and the average value was calculated. Images of droplets are shown in
Figure 4.

It can be seen, the contact wetting angle of the initial PET TeMs increases significantly from 52 to 83°
for PET TeMs-g-TEVS, to 99° for PET TeMs-g-PS and to 134° for PET TeMs—PFDTS.
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Figure 4. Contact angle (CA) for initial PET TeMs (d = 200 nm) (a), PET TeMs-g-TEVS (b), PET TeMs-g-PS (¢),
PET TeMs—PFDTS (d) (at optimal conditions)

Figure 5. SEM images of initial PET TeMs (a), PET TeMs-g-TEVS (b), PET TeMs-g-PS (¢), PET TeMs—PFDTS (d)

SEM images of surface initial and modified PET TeMs presented in Figure 5. Modification of PET
TeMs has led to a reduction in pore size from 220 + 15 for initial PET TeMs to 216 + 4 nm for PET TeMs-g-
TEVS, to 215+6 nm for PET TeMs-g-PS and to 174 + 4 nm for PET TeMs—PFDTS. The decrease in pore
size is due to the formation of polymers within the pores.
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Figure 6. FTIR spectra of PET TeMs (/), PET TeMs-g-TEVS (2), PET TeMs-PFDTS (3), PET TeMs-g-PS (4)
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To identify the characteristic absorption bands of initial and hydrophobized PET TeMs, FTIR analysis
was performed. Typical FTIR spectra are shown in Figure 6. Initial PET TeMs characterized by absorption
bands at 3400 cm ', which corresponds to the absorption of the OH groups, 2900-2980 cm 'are aliphatic and
benzene CHj; rings. The C=0 double bond was observed at an absorption of 1720 cm’'. Pulsation vibrations
of the carbon skeleton were found at 1420, 1480, 1612 cm ™ '. The C(O)-O and O—CH, bonds were detected
at 1220 and 970 cm™', respectively. Grafting of TEVS led to appearance of new peaks at 1260, 801 cm™ and
1100-1000 cm™ which is related to Si—-CH; and Si—O-Si vibrations respectively. Moreover, absorbance
bands with low intensity and shape of shoulders were found at 1649 cm™ (C=C def.), 1497 and 1085 cm™
(C-N def) related to VIM. Graft polymerization of polystyrene (40 % concentration) led to appearance of
new peaks in FTIR spectra characteristic of polystyrene: 1580, 1450 (CH,-deformation), 700 (CH,-rocking
mode), 530 cm™' (CH-aromatic), 1480 cm™' (C=C aromatic). Covalent bonding of PFDTS led to appearance
of new peaks at 1060, 1127 cm™, as well as peaks of low intensity at 577, 602 and 628 cm’! related to the
C-F bond. Characteristics of PET TeMs before and after hydrophobization are presented in Table 1.

Table 1
Characteristics of PET TeMs before and after hydrophobization

Sample Contact Effective Pore size (from | [Si], % (from | [F], % (from LEP,

angle, °+4°|pore size, nm|SEM analysis), nm| EDX analysis) | EDX analysis) | MPa

Initial PET TeMs 58 198+5 220+8 - - 0.12
PET TeMs-g-PS 83 21516 220+15 >(0.43
PET TeMs-g-TEVS 89 167+8 216+3 1.5 - >0.43
PET TeMs—PFDTS 134 148+6 174+4 2.2 11.46 >0.43

Membranes with pore diameters of =<200nm were hydrophobized at optimal parameters by three meth-
ods. LEP analysis (Table 1) showed that hydrophobized membranes with 200 nm can be used in MD in ac-
cordance with the recommendations [42]. Hydrophobized PET TeMs have a LEP >0.43 MPa.

Purification of phenol by DCMD

Membrane distillation was carried out using a phenol solution with concentrations of 0.5, 1.0, 2.0 g/l.
The process of membrane distillation has already been described earlier in the work. During the experiment,
a 50 ml sample was taken every hour to detect traces of phenol.

Figure 7-9 shows water fluxes and electrical conductivity at different concentrations of phenol. PET
TeMs-g-TEVS has average water fluxes of 0.71 kg/m’-h at a phenol concentration of 0.5 g/, 0.502 kg/m*-h
and 0.546 kg/m’-h for concentrations of 1.0 g/l and 2.0 g/l respectively. PET TeMs-g-PS has average water
fluxes of 0.84 kg/m*-h at a phenol concentration of 0.5 g/I, 0.770 kg/m*-h and 0.821 kg/m*-h for concentra-
tions of 1.0 g/l and 2.0 g/l respectively. PET TeMs — PFDTS has average water fluxes of 1.10 kg/m*h at a
phenol concentration of 0.5 g/1, 0.92 kg/m*-h and 1.06 kg/m*-h for concentrations of 1.0 g/l and 2.0 g/ re-
spectively. Flux changes in concentrations occur with the least differences. It can be associated with tem-
perature instability during DCMD, as well as with more uniform layer of grafted polymer on the surface.

There was a gradual decrease in productivity during the MD process, this is due to the inconsistency of
the temperature difference between the cold and hot contours. However, at the same time, the performance of
a less concentrated solution is much higher than that of a highly concentrated solution. This is probably due
to the fact that there is wetting and contamination of the membrane surface, which reduces productivity.

The efficiency of DCMD was determined by the fluorimetric method and quantitatively performed on a
Fluorat-02 analyzer. The selected samples in the process of MD with a volume of 50 ml were diluted to a
concentration of 1 mg /dm’ and measured according to PND F 14.1:2:4.182-02 «The methodology of meas-
uring the mass concentration of phenols in drinking samples, natural and waste water by fluorimetric method
on the Fluorat-02 analyzer». The measurement was carried out at least 3 times in the «Measurement» mode
and the arithmetic mean was found. As can be seen from Table 2, there is an increase in the concentration in
the selected samples with an increase in the concentration of the phenol stock solution.

The increase in concentration in the selected samples is associated with the gradual transfer of phenol
from the initial solution to permeate, thereby the permeate becomes more concentrated. Thus, phenols are
concentrated in a smaller volume of permeate.
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Figure 7. MD water flux and electrical conductivity of PET TeMs-g-TEVS for phenol
with concentrations of 0.5 g/l (a); 1.0 g/l (b); 2.0 g/1 (¢)
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Figure 9. MD water flux and electrical conductivity of PET TeMs—PFDTS for phenol
with concentrations of 0.5 g/l (a); 1.0 g/l (b); 2.0 g/1 (¢)
Table 2
Phenol concentrations in samples at different sampling times
TEVS Styrene PFDTS
Phenol con- 0.5 1 2 0.5 1 2 0.5 1 2
centration, g/l
Initial 3.03£0.01 | 3.65+0.01 | 7.1520.01 | 0.28+0.02 | 0.76+0.02 | 0.46+0.01 | 0.79+0.03 | 5.49+0.02 | 5.59+0.02
After 3h 6.30+0.03 | 7.85+0.01 [16.83+0.04| 0.32+0.01 | 1.01+0.01 {19.00+0.02| 4.03+0.01 {10.17+0.03|{12.10+0.03
After S5h 8.51+0.03 | 8.70+0.04 |21.24+0.04| 0.85+0.01 | 2.5340.03 [25.80+0.03| 4.81=0.02 |11.50+0.01|18.82+0.01

Based on the obtained results, methods of hydrophobization of PET TeMs showed good performance.
The most preferred type of modification for membrane distillation is PET TeMs — PFDTS, due to its sim-
plicity, high performance and efficiency.

Conclusions

In this research, the ability of modified PET TeMs in water treatment from phenol was studied.
Hydrophobized PET TeMs were obtained by graft polymerization of TEVS and VIM, styrene and covalent
binding of PFDTS. Various characteristics of modifying agents on the grafting degree and wetting angle val-
ues were studied. Membranes with CA of 134°, 99° and 83° were prepared and further used for DCMD of
phenol solutions. Maximum permeate flux 1.1 kg/m*-h were achieved using PET TeMs—PFDTS. Thus, such
methods of membrane hydrophobization can be used in MD process for water purification from phenol.

The work was done within the project of the Ministry of Education and Science of the Republic of Ka-
zakhstan titled «Preparation of track-etched membranes with specified properties for membrane distillation
and forward osmosisy (grant No AP05132110).
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A.B. Ecxanos, C.C. [JocmarambeToBa

DeHoJ1 epiTiHALIepiH rTHAPO(OOTHI TPEKTI MEMOpPaHAJIaAPMEH Ta3apTy

XKep ycTi cynapbIHBIH €H Kell TapajFaH JIaCTaHybIHBIH Oipi KypaMbiHaa ¢enos 6ap 3aTTap GOJIBIT TaOBUIAMIBL.
Kypamemna ¢enon 6ap KOCBUIBICTap aJlaMHBIH JACHCAYNBIFBI MEH KOpIIaraH OopTara Kepi acepiH THriseni,
OUTKEHI OJIap CyFa TYCKEH Ke3Jle OTTeriHi MHTeHCHBTI CiHipeni. COHABIKTaH (eHoImapabl CyMeH Ta3apTy —
6actel sxosorusutbIK Minaetr. Cyasl peHonpapaan Tasapry noimdtuientepedranar (IIDTD TM) werisingeri
ruapodoOTHl TPEKTIK MeMOpaHanapblH KOJJaHY apKbUIbl TiKeJed jkaHacaThlH MEeMOpaHalbIK JUCTHIUISIINS
omiciMen Kky3ere acelpbUiabl. [HApodoOTH TpekTik MeMmOpaHamap ery mojuMmepiiey joHe ¢rtop OGap
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cuiaaHzapMeH kaby apkpuibl anbiHAgbl. CkaHepreymii  3mekTponasl Mukpockomus (COM), Dypoe-
tpanchopmaisl nHPparp3bul (MK) crekTpockomnust ®aHe CYHBIKTHIKTHIH €HY KbICBIMBIH TaJAay THAPOGOOTHI
[I5T® TM cunarray yuid xongaHsuiapl. [I9T® TM moandukanusiaraHHaH KeiliH bUIFaJIbIH JKaHACy
Oyperer  130°-man sxorapel Oonpel. Cynsl ¢eHONNaH Ta3apTy THIMAUIN Cy arFblHBIH OJIIIEY JKOHE
(GiryopuMeTprsUTBIK  oficiieH OaramaHmel. PDenon epitinmici 0,5, 1 jkoHe 2 T/I KOHIEHTpaUsICHIHIA
KONaHbLLIbL THAPOhOOTH MeMOPAHATIAP/IBIE CH, YIKEH epMeaT arbipl 1,1 Kr/M? car. KypajbL.

Kinm co30ep: ¢enon, cynmsl Tasapry, Tikened MeMmOpaHanmbslk cy3y, YK-ery mommmepney, crupod,
TPUITOKCHBUHWICHIIAH, KypaMbiHaa rop Oap cunangap, Tpekti MemOpaHaiap.

A.B. Ecxkxanos, C.C. JlocMaram6eToBa

Oumncrka pactBopos ¢geHoJia ruApo(POOHBIMI TPEKOBBIMUA MeMOpaHAMH

DeHoMBI ABNIAIOTCS OAHUM U3 Haubosiee pacpoCTPaHEHHBIX 3arps3HUTENeH MOBEpXHOCTHHIX BoA. Copoc de-
HOJIBHBIX BOJ B BOJOEMBI M BOJOTOKH PE3KO YXYJILIAeT MX 00llee CAaHUTAPHOE COCTOSHHE, MOCKONbBKY, BO-
TIEPBBIX, 3TH COEANHEHMs] OKA3hIBAIOT TOKCHUYECKOE NEHCTBHE, a BO-BTOPHIX, HHTCHCHBHO HOTJIONIAIOT pac-
TBOPEHHBIH B BOJIE KUCIIOPOJ, YTO OTPHIATENIFHO CKA3bIBACTCS HA XKM3HU OPraHU3MOB B BojgoeMe. [lostomy
OYHCTKA BOJBI OT (DEHOJIOB SIBIISIETCS BaXKHOM SKOJIOTMUSCKOH 3amaueil. B aTom uccnenoBanuu ruapohoOHbIe
TpeKoBbIe MeMOpaHbI Ha OCHOBe HoymdTHiIeHTepedTanara ([I9TO TM) Opun ucnbITaHbl IpH 00paboTKe BO-
Ib1 OT (heHOIIa MyTeM MPSMOil KOHTAaKTHOW MeMOpaHHoW auctuusinud. ['uapopobusie [IITO TM Gbutu mo-
nydeHsl Y O-npuBUBOYHON MONMMeEpH3aLueil CTUpoia, TPUITOKCUBUHMWICHIIAHA C J00AaBKOW BUHUIMMHIA30-
J7a, a TaKke NOKphITHEM (Qropconepkaniux cunanos. [lomydenusie rugpodobusie [IDTD TM Obun oxapak-
TEPU30BaHBl METOJAMHU CKaHMPYIOIIEH 3eKTpoHHON Mukpockonuu, UK-Dypbe-criekTpocKonuy, aHaIu30M
JIaBJIEHMs] IPOCKOKA JKUIKOCTH. Paspaboranusiii Mmetox ruapodobdusanuu [I19TO TM npusen k HOBBIIICHAIO
yria cmauuBanus 10 130°. D¢ eKTHBHOCTD OYMCTKH BOABI OT (DeHOJIA OIIEHUBAIN M3MEPEHHUEM IIPOH3BOIH-
TENBHOCTH " (pryopumeTpudeckuM MeTonoM. KoHneHTpamuu pactBopoB ¢enona cocrasmsum 0,5, 1 u 2 r/m.
MakcuManbHas IPOM3BOAUTENLHOCTS THAPOhOGHBIX MeMOpan pocturanma 1,1 kr/m? u.

Kniouesvie crosa: $heHom, ouucTKa BOJBI, IPpsiMasi KOHTaKTHas MeMOpaHHast auctiusinus, Y O-npuBuBodHas
HOJIMMEPHU3aLHs, CTUPOJI, TPHITOKCUBHHHIICHIIAH, TOPCOepIKallUe CUIIaHbI, TPEKOBbIC MEMOPAHBI.
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Simulation of the Kinetics of direct coal hydrogenation

The kinetics of coal hydrogenation from the Shenghua deposit (People's Republic of China) has been studied.
To calculate the kinetic parameters, experimental data on the hydrogenation of coal from the Shenghua field
have been used. The hydrogenation process was carried out at a pressure of 5 MPa, at temperatures from 350
to 440 °C using a batch reactor. Tetrahydronaphthalene was used as a solvent and donor in the process of coal
hydrogenation. The rate constants were calculated using the random search optimization method and the inte-
gral Simpson method. It was found that the previously calculated rate constants of the hydrogenation of
Shenghua coal (Runge-Kutt method) differ from our data by one order of magnitude. It is supposed that our
calculated values of the rate constants are more reliable and adequate than those obtained by the Runge-Kutt
method. The limiting rate of coal hydrogenation is observed for the stage of coal conversion into a mixture of
gas and oil.

Keywords: kinetics, coal, hydrogenation, Simpson integral method, random search optimization method.

Introduction

Systems of differential equations are used for description of chemical kinetics of the coal and coal tar
hydrogenation, heavy oil residues. Earlier [1-6], in the kinetics study of the hydrogenation of heavy and
solid hydrocarbon feedstock for the kinetic parameters calculation, rigid types of differential equations
systems were used. As is known, the chemical kinetics of complex chemical reactions is characterized by the
presence of rapidly and slowly changing variables. Due to the stages of reactions that proceed at different
rates, the solution of direct kinetic problems is complicated by the rigidity of the systems of differential
equations describing the mechanism of these reactions [7—10]. In recent years, the Runge-Kutt methods,
which were previously considered reliable, began to yield their dominant position among the algorithms for
solving ordinary differential equations to modified methods capable of solving rigid problems [11, 12]. To
solve the problems of chemical kinetics, the random search optimization method [13] and the Simpson's in-
tegral method [14] were used for the first time. Earlier these methods were used separately in solving sys-
tems of differential equations and did not find application in solving direct kinetic problems when they were
combined. In order to determine the kinetic parameters, the experimental data on the Shenhua field coal hy-
drogenation [15] were used.

The purpose of the article is to use the combination of integral method with optimization of the kinetic
model parameters of the Shenhua field coal hydrogenation [15].

Experimental

As shown in [15], the kinetics of the hydrogenation process of coal from the Shenghua field was inves-
tigated at a pressure of 5 MPa, at temperatures from 350 to 440 °C the duration ranges from 0 to 60 minutes
in a batch autoclave using tetrahydronaphthalene as a solvent.

The experimental data on the yield of target products and the kinetic model given in the article [15]
were processed using the method of optimization of random search and integral calculation according to
Simpson's method.

The calculation of the rate constants at the first stage was carried out by minimizing the residual func-
tion using the random search method. The selection of values was conducted randomly from a given range,

" Corresponding author
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with the interval which complied with the calculation accuracy requirement. As a result, such a choice of
constants makes it possible to minimize the residual function rather quickly and the minimum is guaranteed
to be achieved in an acceptable computation time. At the second stage, the solution of systems of differential
equations is performed according to the Simpson's method, which allows to calculate in a short time and with
acceptable accuracy. The application of the modified method for solving chemical kinetics problem was pre-
viously presented in [1].

Results and Discussion

According to the data [15], the kinematic scheme of the Shenghua field coal hydrogenation is shown in
Figure 1.

Coal ] k; Preasphaltenes
\ /
| k> ks |
k 3 k4
Gas+Oil i‘ ks Asphaltene

Figure 1. Scheme of the process of the Shenghua field coal hydrogenation

Based on the proposed coal hydrogenation scheme, the following kinetic model was compiled:

%:_(kl +k, +k3)C1’

T

dcC

(k)G 0
dcC,

=k,C +k,C, —k,C,,
T

dc, _ k,C, +k,C, +k,C;.
T

The kinetic curve of the process of the Shenghua field coal hydrogenation is shown, carried out at a
temperature range from 360 to 400 °C with a duration of 0—60 minutes (Fig. 2).

The calculated kinetic parameters of model (1) obtained by the Runge-Kutt method [15] and the Simp-
son's integral method with random search optimization are presented in Tables 1 and 2 correspondingly.

Table 1

The rate constants of the process of coal hydrogenation in the temperature range 350-440 °C,
calculated by the Runge-Kutt method [15]

/oC Rate constants, min”
! k1 k2 k3 k4 k5 k6
350 0.02 0.016 0.012 0.004 0.003 0.002
380 0.028 0.02 0.014 0.006 0.005 0.003
400 0.032 0.023 0.016 0.007 0.006 0.003
420 0.035 0.029 0.021 0.009 0.008 0.004
440 0.042 0.033 0.026 0.013 0.009 0.006
E, kJ/mol 29.11 29.31 31.82 39.97 41.66 46.45

The difference in the rate constants calculated by two independent methods is that the rate constants for
ki-k; are an order of magnitude higher, and for k4-ks coincide. It should be noted that the degree of conver-
sion of the coal organic mass into asphaltenes, pre-asphaltenes, gas and oil is 25-29 %. This is a low yield of
the conversion of coal organic mass, which does not correspond to high values of the rate constants k-k;.
This fact is the reason to believe that the results of calculation by the Simpson's method with random search
optimization are more reliable and adequate than the values given in [15].
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Figure 2. Kinetic curves of products yield of the Shenhua field coal hydrogenation process at a different temperatures

Table 2

The rate constants of the process of coal hydrogenation in the temperature range 350-440 °C,
calculated by the integrated Simpson's method with optimization of random search

/oC Rate constants, min”
! k1 k2 k3 k4 k5 k6
350 0.0027 0.0021 0.0011 0.006 0.0048 0.0031
380 0.0038 0.0028 0.0015 0.0097 0.006 0.0081
400 0.004 0.0029 0.0016 0.0108 0.0063 0.0097
420 0.0046 0.0033 0.0019 0.013 0.0069 0.014
440 0.0053 0.0038 0.0021 0.016 0.0075 0.021
E, kJ/mol 28.27 24.97 27.83 39.86 18.73 79.87
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From the data shown in Table 2, it can be seen that with increase the temperature, the rate of the hydro-
genation reaction of coal from the Shenghua field increases too. The following stages of the process are
characterized by low values of the rate constants: the formation of asphaltenes, pre-asphaltenes, gas and oil
from coal. With an increase the temperature from 400 °C to 440 °C, a sharp growth in the rate constants &y
and k¢ occurs, which are characteristic of the stages of asphaltene formation from pre-asphaltenes, gas and oil
from asphaltenes. Apparently, this is due to the prevalence of the hydrogenolysis reaction over the hydro-
genation one. The use of Simpson's method with optimization of random search has shown by the example
of calculating chemical kinetics, that the hydrogenation takes place in two stages: at the first stage, from
350 °C to 400 °C, coal is hydrogenated, at the second stage, from 400 °C to 440 °C, hydrogenolysis reactions
of the resulting products begin to prevail.

It should be noted that the deviation of the calculation results from the experimental values as a whole
was 2.86 %.

Based on the data presented in Table 2, the following series of rate constants for the conversion of the
middle fraction into hydrogenation products for different temperatures (°C) were obtained: / — 350; 2 —
380; 3 — 400; 4 — 420; 5 — 440:

ky >k, >k >k >k, >k (1),
k,>ks>ks>k >k, >k (2),
ky>ky>ks>k >k, >k, (3),
kg>k,>ks>k >k, >k, (4),
kg>k,>ks>k >k, >k, (5).

According to the results obtained (Table 2), the limiting rate of coal hydrogenation is observed for the
stage of coal conversion into a mixture of gas and oil at temperatures from 350 °C up to 440 °C.

In Tables 1 and 2 the values of activation energies are given as well. The calculation of the activation
energies of the processes proceeding according to the proposed scheme was carried out from the ratio:
tga = E/R, where E is the activation energy of the chemical reaction, J/mol; R is a universal gas constant
equal to 8.314 Pa m’/Kmol. Analysis of the data presented in Table 1 shows that the highest value of the ac-
tivation energy corresponds to the process of gas and oil formation from asphaltenes. The least difficult en-
ergetically are the processes of coal destruction with the formation of pre-asphaltenes. As can be seen from
the Table 2, the highest activation energy is characteristic for the stage of gas and oil formation from
asphaltenes. The most active processes are the reactions of gas and oil formation from pre-asphaltenes.

Conclusions

Thus, to study the process of the Shenhua field coal hydrogenation the random search optimization
method and the Simpson's integral method were used for the first time. It was found that our calculations of
the kinetic parameters of coal hydrogenation differ from the rate constants obtained using the Runge-Kutt
method by one order of magnitude. Moreover, the Simpson's method used with the random search optimiza-
tion method established the presence of two stages of the coal hydrogenation. The first stage is the hydro-
genation process and the second one is hydrogenolysis. It was shown that the limiting rate of coal
hydrogenation is observed for the stage of conversion of coal into a mixture of gas and oil. The values of
activation energies calculated using the Arrhenius equation are presented. It was also established that the
most active processes are the reactions of gas and oil formation from pre-asphaltenes.
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KBMip TNAPOTCHN3ANUSACBIHBIH KHHETUKACBIH MOACJ/ILCY

Illenxya KeH OpHBIHIAFbl KOMIp THIPOTCHU3ALMACHIHBIH KHHETHKAchl 3epTTeireH. KHHETHKaJIbIK
napamerpiepai asbikTay yiniH IlleHXya KeH OpHBIHIAFbl KOMipAi THAPOTCHU3ALHSIAYIbIH TXKipHOeTiK
nepekrepi maitmananeuigpl. ['maporenmsarmst npoueci S MITa keickimpa, 350-men 440 °C-re  neidinri
TeMIeparypaia Mep3iMIai peakTopisl maipanana OTeIpbin xypriziami. IlleHxya keH OpHBIHAAFbI KOMipii
THIPOTEeHHU3AIMsIIAY MPOLECIHIE SPITKIIT jKoHE JOHOP PEeTiHAe TeTparuapoHadTaliH KoaxaHeusl. Kemipai
THAPOTeHU3ANMsIIAY MPOLECIHIH KbUIAaM/BIK KOHCTAHTAIaphl MEH aKTHBTCHIIPY SHEPTUSCBHIHBIH MOHIEpI
ecentendi. JKbUIIaMIbIK KOHCTAaHTAJapblH €CENTEY IKEAeN TYCipy OMICIMEH OHTaMaHIbIpy IKOHE
CHUMIICOHHBIH, MHTETpalIbl SNiciH KOJIaHy apKbuibl kyprizinmi. IlleHxya keMmipiH TuaporeHu3anusuiay
npouecinin Pynre-KyTra oniciMeH ecentenreH X blIJaMIIbIK KOHCTAHTAIAPBIHBIH MOHI YCBHIHBUIBII OTBIPFaH
KeZleN Tycipy oiCiMeH OHTaMIaHAbIpy apKbuibl CHMIICOH OiCiH KOJIIAaHYMEH €CeNTeNreH >KbUIIaMIBIK
KOHCTAHTAChIHBIH MOHJAEpiHEH Oip Oipiikke epeKiueNeHeTiHI aHbIKTanabl. KeMip THIporeHH3aunusChIHbIH
JUMHUTTEYLI JKbUIIAMABIFBI KOMipAi ra3 OeH Mail KocmacklHa aiHaIIbIPy CAaThICHIHAA OalKalaThIHBI
aHBIKTAN/ABl. AppEHHYC TeHACYIH IaiijanaHa OTBIPBIN, €CEHTENreH aKTHBTCHIIPY SHEPTHSACHIHBIH MOHIEpI
KEeNTIpUIreH.

Kinm ce30ep: xuHeTHKa, KeMip, ruaporeHu3anus, CHMIICOHHBIH HHTETPANIBIK OJicCi, Ke3IeHCOoK i3meyai
OHTAINIAHBIPY SMiCi.

H. K. bannanosa, A.M. I'onsmanues, FO.H. [Tankun, ®. Ma, K. Cy,
A.W. Xamurona, /I.E. AiitoexoBa, A. Tycunxan, M.W. bailikeHoB

MopenupoBanue KHHETHKH NPSIMOii THAPOTreHU3AUNHU YISl

HccnenoBana KMHETHKA THAPOTEHM3AMK YT MecTopoxaenus Illenxya. s onpenesieHus] KHHETHYECKIX
TapaMeTpoB OBIIM HCIOJNB30BaHBI IKCIEPUMEHTAIBHBIC JAHHBIE THIPOTEHH3AIMH YISl MECTOPOXKICHHS
[lenxya. Kunetnka nporecca TUAporeHU3anuy IpoBoAmIack npu nasiaeHun 5 MIla, mpu temneparypax ot
350 1o 440 °C ¢ uCTIONIb30BAHUEM MEPUOIMYECKOTO PEAKTopa. B KauecTBe pacTBOPHUTENS U JAOHOPA B TPO-
1ecce THAPOTeHU3aMu yriisi MectopoxaeHus Illenxya ucnonb3oBaiics Terparuaponadranu. Paccunrans
KOHCTAHTBI CKOPOCTEH M SHEPTHM aKTHUBALMH IIPOLECcca IMAPOreHH3alNK Y. PacyeT KOHCTaHT CKOpOCTeH
HPOBOAMICS C UCIIOJIB30BAHUEM METO/a ONTHMM3ALUK CIIy4alHOTO NOMCKA U MHTEerpaibHoOro meroxa Cumi-

114 Bulletin of the Karaganda University



Simulation of the kinetics of direct coal hydrogenation

COHa. YCTaHOBJICHO, YTO paHee PacCUMTAHHBIC KOHCTAHTHI CKopocTell MerojoM PyHre-Kyrra nporecca ruj-
porenusaruu yrig llleHxya oTIMYalOTCS OT HAMM PAaCCUMTAHHBIX KOHCTAHT CKOPOCTEH C HCIIOJIB30BaHHEM
Metozia CHMIICOHA C ONTHMH3AlMEH CIIy4aliHOTO MOKMCKa Ha OAMH Mopsanok. [TonaraeM, 4To BEIMYMHBI KOH-
CTaHT CKOPOCTEH, moy4eHHble MeTooM CHMIICOHA ¢ ONTHMH3alMel ciy4aifHOro nomcka, 6ojiee aaeKBart-
HBI, YeM BEJMYHHBI KOHCTAHT CKOpOCTEH, paccuuTaHHble MeTonoM Pynre-Kyrra. JlokazaHo, 4TO JMMHUTH-
pyolas CKOPOCTh THAPOTeHNU3ALMH YT HAaOMI0AaeTest JUlsl CTaMH MPEBPAIeHHs yIiisl B CMECh ra3a M Mac-
na. [IpuBeieHbI BEIMYMHBI SHEPT U aKTHBALIMH, HOJIYYCHHbIC TOCPEICTBOM YpaBHEHHSI AppeHuyca.

Kniouesvie cnosa: KMHETHKa, yrojib, THAPOTEHU3ALUS, UHTETpalbHbIi MeTox CHMIICOHA, METOJ ONTHUMU-
3allMU CIIy4yailHOrO MOUCKA.
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