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DEAR READER!
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Methods of analysis of glycoluril and its derivatives

The present work provides the literature data generalization concerning analysis of glycoluril, its derivatives
and related compounds that allows obtaining information about the structure and properties of these com-
pounds. Basic methods for analysis of glycoluril and substances on the basis thereof are considered, ad-
vantages and disadvantages of these methods are described. The generalized results of the methods of analy-
sis of glycoluril and its derivatives show that the majority of carried studies are focused on the revealing of
purity and identification of related impurities for compounds that found practical application (drugs, mono-
mers and polymers on the basis thereof). Consistent trend to active search of new methods to analyze
macrocyclic and supramolecular systems synthesized on the basis of glycoluril is observed. The aim of the
present review is to take attention of chemists to the most advanced methods of analysis of glycoluril and its
derivatives with reference to promotion of further research. The literature analysis will be useful for research-
ers dealing with designing of new molecules based on glycoluril with given properties where the methods of
process control and analysis of target compounds has a decisive importance.

Keywords: glycoluril, N-substituted glycoluril, supramolecules, analysis, spectroscopy, HPLC, isomers.

Introduction

Bicyclic bisureas (glycolurils) belong to well-known azaheterocycles among which many valuable sub-
stances were founded and some of them are manufactured industrially. With that, there is no detailed infor-
mation on the impurity profile in the glycoluril synthesis as well as on its assay procedures. Besides there is
no literature data on the reliable methods of assay of glycoluril and its derivatives. Based on the aforesaid,
this review aims to draw the attention of chemists and specialists in related fields to the methods of analysis
of glycoluril and its derivatives.

1. General information about glycoluril

In the chemistry of nitrogen-containing heterocyclic compounds bicyclic bisureas occupy a special
place, and 2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dione (glycoluril) 1 and its derivatives (Fig. 1) are among
the most interesting of them.

Figure 1. Structural formula of glycoluril 1 (1a) and its spatial configuration in the crystal (1b)

*Corresponding author.
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The chemistry of glycolurils, primarily due to the multifunctionality of their structure, has undergone a
rapid development reflected in the creation of valuable substances on the basis thereof for various fields of
human activity: antitumor drugs [1-4], their derivatives are used as stabilizers and antipyretics in production
of rubbers [5], crosslinking agents [6], fibre modifiers in the manufacturing of fabrics [7], preservatives and
bactericidal agents [8, 9] and modifiers of wood properties [10]. Currently, glycoluril 1 is an essential com-
ponent for the manufacturing of a number of macrocyclic compounds: molecular clips, bambus[n]urils, ti-
ara[n]urils, and several classes of cucurbit[n]urils [11]. Some glycoluril derivatives have found application in
genetic research [12, 13] for the rapid analysis of glycolipids [14] and biogenic amines [15]. N-methylol de-
rivatives of glycoluril are used in the production of organic thin-film components of microelectronics [16].
Based on the supramolecular derivatives of glycoluril, new promising targeted antitumor [17], antibacterial
[18] and other [19] drugs are being developed. Moreover, porous ungrafted [20] and grafted adsorbents [21],
explosives [22—-25], organic regioselective catalysts [26, 27] are made on the basis of glycoluril. Glycoluril is
used as a catalyst for selective peroxidation in the fine organic synthesis of biologically active substances
[28]. The undoubted advantage of glycoluril 1 is that it is nontoxic and not carcinogenic in the absence of
impurities [29, 30].

Glycoluril 1 is a multifunctional compound having the urea fragment that indeed determines the proper-
ties of molecule 1 caused by the presence of two reactive centers in the molecule, namely, four electron do-
nating (NH) groups and two electron withdrawing (C=0) groups. Direct methods for the analysis of
glycoluril 1 are based on its properties of a highly active n-nucleophile and a substantially deactivated p-
nucleophile. On the other hand, molecule 1 has two symmetry planes, namely, o; and o, (Fig. 2), that pass
along the methine CH-CH bridge and two carbonyl oxygen atoms, respectively [31].

Figure 2. Symmetry planes o, and 6, in glycoluril molecule

However, when studying the crystal structure of glycoluril 1 by X-ray structural analysis (Fig. 1b), it
was found for the first time that, in addition to symmetry, the conformation of the bicyclic skeleton 1 due to
the rigidity of the cis-coupling of annelated imidazolidinone rings has a folded structure in the form of a
"half-opened book" [32], where the dihedral angle between the imidazolinone rings in molecule 1 is 124.1°.
Moreover, it was found that nitrogen atoms in the molecule 1 are equidistant from each other. Hydrogen at-
oms with methine carbon are cis-oriented, and imidazolidinone rings are characterized by an almost flat
structure with a slight deviation of the carbonyl groups from the middle plane.

A significant limiting condition for the effective analytical determination of glycoluril is its low solubil-
ity in water and organic solvents, although most of its N-substituted derivatives are already free of this dis-
advantage (see Table 1 for the example of N,N,N,N-tetraacetylglycoluril).

In addition, due to the widespread use of glycoluril 1 and its derivatives, there is a need for analytical
methods to determine glycoluril and its related impurities. It is reliably known that targeted glycoluril 1 may
contain closely related substances, such as hydantoin [33] and other unidentified impurities that accompany
them after synthesis [34]. Moreover, in the open literature, there is no complete information about the profile
of impurities and methods for their quantitative determination. The publications do not also provide reliable
methods for the quantitative determination of glycoluril. Manufacturers and suppliers of glycoluril normalize
only the elemental composition (%C, %N) [35] that is insufficient since the related glycoluril impurities of-
ten have similar elemental composition, therefore, elemental analysis cannot serve to unambiguously assess
the purity of the desired compound.
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Table 1
Comparative physical-chemical properties of glycoluril 1 and N,N,N,N-tetraacetylglycoluril

Compound Glycoluril (1) Tetraacetylglycoluril
Melting point 360 °C (with decomposition) 236238 °C
Solubility Insoluble in halocarbons, alcohols, ketones, es-

Insoluble in H,O, alcohols, soluble in CH,Cl,,

ters, upon heating it is soluble in DMSO, DMF, CHCL,, HCOOH, AcOH, Ac,O, MeCN

HCOOH, AcOH, Ac,O
(KBr): 3209 (NH), 1675 (C=0) (Nujol): 1753, 1733 (C=0), 1695 (C=0)

IR spectrum,
v, cm’!
NMR 'H
(400 MHz, 5, 5.24 (c, 2H, CH), 7.16 (c, 4H, NH) 6.38 (c, 2H, CH), 2.38 (c, 12H, CHj3)
DMSO-d¢, ppm)
NMR "C

(100 MHz, 5, 160.30 (C=0), 64.60 (CH)
DMSO-dg, ppm)

169.42 (C=0 acetyl), 151.48 (C=0),
62.61 (CH), 25.11 (CHy)

Currently, to analyze glycoluril 1, its N- and C-derivatives and their related compounds, a number of
analysis methods are used that allow obtaining a significant amount of information about the structure and
properties of these substances. Below we present the main methods for the analysis of glycolurils and com-
pounds synthesized on the basis thereof. We discuss and critically examine the advantages and disadvantages
of the methods proposed.

2. Spectral analysis methods

Spectral analysis methods are widely used to investigate and analyse glycoluril 1 and its derivatives. To
study the structure and properties of glycoluril, various spectral analysis methods are used: spectroscopy in
the ultraviolet (UV), visible, and infrared (IR) regions, nuclear magnetic resonance spectroscopy (NMR),
mass spectrometry (MS) and, less commonly, other methods of spectral analysis.

2.1. Infrared spectroscopy

One of the most widely used methods to analyze glycolurils is the IR spectroscopy method that is most
often used in the middle spectral region, i.e. from 2,500 to 25,000 nm (400 to 4000 cm™"). IR spectroscopy is
used to identify and confirm the structure of glycoluril [36, 37], its oligomers [38, 39], polymers [40],
macrocyclic derivatives cucurbiturils [41], N-alkyl derivatives [42], N-acyl derivatives [43], C-phenyl
glycolurils [44], C-amino derivatives [45], organosilicon [46], phosphorylated [47] and mercapto derivatives
[48] as well as multifunctional glycoluril derivatives of complex composition [49]. There are known exam-
ples of the analysis of the confirmation of various N nitro derivatives of glycoluril: mono-, di-, tri-,
tetranitroglycolurils and nitrophenyl derivatives [50, 51] by IR spectroscopy in a disk of potassium bromide
and by IR spectroscopy of diamond attenuated total reflectance (DATR FTIR).

The IR spectrum of glycoluril derivatives contains characteristic signals of vibrations of chemical bonds
included in the structure of glycoluril (Table 2).

Table 2
Characteristic absorption bands in the IR spectra of glycolurils
Wavenumber, cm! Bond, type of vibrations Comment
3350-3200 N—H, stretching No signal in N-tetrasubstituted derivatives
3000-2048 C—H, stretching
1680 C=0, stretching Carbonyl group of N-unsubstituted fragment
1640 C=0, stretching Carbonyl group of N-substituted fragment
1500 C—H, bending
1100 C-N, stretching

As can be seen from the data (Table 2), the infrared spectroscopy method allows identifying and con-
firming the structure of glycoluril derivatives. The method allows obtaining the information about the pres-
ence of several types of bonds and functional groups in the structure of glycolurils shown in the table. More-
over, IR spectroscopy can be used to identify target compounds by the "fingerprints" principle, when the IR

CHEMISTRY Series. No. 4(100)/2020 7
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spectra of the two glycoluril derivatives completely coincide, one can conclude that they are completely
identical.

The disadvantages of this method are its comparative insufficient specificity, low resolution, and inabil-
ity to analyse mixtures of substances with a similar structure. IR spectroscopy of glycolurils is practically
unsuitable for quantitative analysis and features low sensitivity to the water content in the sample.

2.2. UV-Vis spectroscopy

The method of spectrophotometry in the visible region is limitedly used for the indirect quantitative de-
termination of glycoluril [52]. Thus, a method is known based on the photometric determination of the reac-
tion product of glycoluril, sodium arsenite and sodium nitroprusside in the presence of Trilon B. However,
the reaction chemistry is not given in the work that significantly complicates the interpretation of the results.
At the same time, the proposed method does not provide chemoselectivity of the ongoing processes and does
not allow analysing the glycoluril content in the solution in the presence of its precursors, namely, urea and
hydantoin.

In the structure of unsubstituted glycoluril 1 there are no chromophoric groups that provide an intense
absorption in the UV spectrum with a wavelength above 200-220 nm. First of all, because of this, the UV
spectroscopy is used to analyse the modified glycolurils, e.g., phenyl [53], pyridyl [54], and naphthyl deriva-
tives [55], due to the presence of analytical signals in the spectra of the corresponding glycoluril derivatives
caused by the interaction of aromatic fragments of the molecules with the irradiation.

The nature of the analytical signal in the direct spectrophotometric determination of aromatic deriva-
tives of glycoluril is determined primarily by the spectral properties of aromatic substituents and, to a lesser
extent, by the properties that arise from p-m conjugation of the fragments of substituted glycolurils. At the
same time, the bicyclic glycoluril fragment has practically no effect on the absorption: the general view of
the spectrum and the absorption maxima of 3-methyl-6-phenylglycoluril and the precursor, phenylurea, prac-
tically coincide (Table 3).

Table 3
Comparison of absorption maxima positions in the UV range for 3-methyl-6-phenylglycoluril and phenylurea

Compound Absorption maxima, nm
232
Phenylurea [56] 274
217
3-Methyl-6-phenylglycoluril [53] 230
274

Thus, it is obvious that the UV spectroscopy is not a specific method for derivatives and predecessors of
glycoluril, namely, acyclic ureas since it does not allow selective assessment of the concentration and proper-
ties of the corresponding substances with their possible simultaneous presence in the mixture. The low speci-
ficity of the UV spectrophotometry makes it unsuitable for confirmation, identification, and quantification of
glycoluril 1 and its derivatives without preliminary sample preparation, e.g., those associated with the sepa-
ration of mixtures of closely related substances.

The method of fluorimetry differs from the absorption spectroscopy by significantly higher sensitivity
and specificity that is used in the analysis of some glycoluril derivatives. Fluorimetry is widely used to ana-
lyze glycoluril derivatives capable of fluorescence or its quenching [57]. For instance, the fluorescence pa-
rameters of bis-tolane glycoluril derivatives were studied and the excitation and emission spectra were ob-
tained [58]. The absorption region of the glycoluril derivatives under consideration is in the range from
200 nm to 350 nm, the absorption maximum is at 300 nm (m—=* transition), the emission region is 400—
600 nm, the emission maxima are 406 and 432 nm. In the course of the studies, a selective fluorescence
quenching of bis-tolan glycoluril derivatives in the presence of nitrophenols was shown. The mechanism of
the observed effect, as indicated in the work, can be presumably associated with the simultaneous occurrence
of hydrogen bonds between the hydroxyl group of nitrophenol and the carbonyl group of glycoluril as well as
the n-m-stacking interaction [59]. Interestingly, the phenols that do not contain nitro groups in the structure
do not affect the changes in the fluorescence intensity.

The ability of dansyl glycoluril derivatives to fluorescence was studied in the presence of a wide range
of metal ions: Ag", Na", Li’, Fe*", Cr’", Cu™, Pb*, Ni*", Zn*", Co**, Cd**, and Hg’" [60]. The authors showed
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that there is a dependence of the intensity of the light emitted by the complex on the metal nature. For in-
stance, it was found that the addition of Cu®" or Hg”" ions leads to a decrease in the fluorescence intensity,
while Pb”" had practically no effect, and the remaining ions increase the fluorescence intensity of the dansyl
glycoluril derivatives. Presumably, these properties are associated with the structure of the electron shell of
metal atoms, their ionic radius, and the ability to complexation.

The opportunity for indirect fluorimetric determination of macrocyclic derivatives of glycoluril, name-
ly, cucurbit[7]uril and cucurbit[8]uril, was demonstrated [61-64]. Cucurbit[n]urils specifically affect the flu-
orescence intensity of proflavin, pyronin, oxonin, Congo red, methylene blue, and other organic dyes. Thus,
when interacting with the glycoluril-based macrocyclic compounds, the fluorescence intensity changes, e.g.,
at different pH, the acridine red fluorescence intensity increases naturally with the addition of cucurbit[7]uril.

A similar indirect method of fluorimetric determination was proposed to confirm the formation of a
complex of cucurbit[n]urils with camptothecin [65]. Since the change in the fluorescence intensity of
camptothecin with the addition of an equimolar amount of cucurbit[8]uril linearly decreases with the increas-
ing concentration of the added cucurbit[8]uril until the point at which the molar ratio of the reagents is 1:1,
the authors suggest the formation of a "guest-host" complex with the molar ratio of cucurbit[8]uril and
camptothecin of 1:1 ratio.

The fluorimetric quantitative determination of cetylpyridinium in blood and urine with a limit of quanti-
tation of 7 pg/l [66] is based on the differences in the emission spectra of complexes of cucurbit[7]uril-
palmitin and free palmitin: the palmitin alkaloid is displaced by cetylpyridinium from the guest-host complex
in this case, and a new emission maximum corresponding to free palmitin appears on the fluorescence spec-
trum. Due to the high selectivity of the fluorimetry method and the high affinity of the components of the
"guest-host" complexes, high specificity of the method is achieved: the determination of cetylpyridinium
does not interfere with the blood plasma components, anionic surfactants, amino acids, metal cations, many
remedies, etc.

Using fluorimetric titration, a controlled transition was studied at different pH values of the rotaxane-
like complex of cucurbit[6]uril with diaminobutane in various forms that differ in the position of the
macrocyclic ring relative to the diaminobutane fragment of the molecule (Fig. 3) [67, 68].

- @
N/\/\/NHa —H+ N/\/\/NHa
5 o

Yellow discoloration of the solution Violet discoloration of the solution
Fluorescence is observed Fluorescence is not observed

Figure 3. Dependence of the fluorescence of the "guest-host" complex
on the relative position of the cucurbit[6]uril fragment in the structure

The authors found that with an increase in pH, the fluorescence intensity decreases, while at a pH value
of 8.1, the fluorescence of the complex completely disappears indicating a quantitative transition of the com-
plex to a non-fluorescent state.

The found fluorescence effects of such compounds can be used for the selective quantitative determina-
tion of "guest-host" complexes based on cucurbit[n]urils.

It is noteworthy that the fluorimetry is the most specific method for the direct determination of
glycoluril derivatives containing conjugated aromatic fragments in the structure with the ability to fluores-
cence. The key advantages of the method are high sensitivity (the minimum detection limit is ~10-17 g), the
availability of equipment, the speed of analysis, and the safety of the structure of the substances being deter-
mined.

The main disadvantages of this method are the inability to obtain an analytical signal for non-
fluorescent compounds, strict sample preparation requirements (the analytical signal is affected by the impu-
rities in solvents, etc.) as well as the lack of flexibility of the method: the emission wavelength is an individ-
ual characteristic of the substance and cannot be changed. Thus, when two related compounds with close
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emission wavelengths are in the sample, it is extremely difficult to achieve analysis selectivity without using
preliminary separation of the sample components.

2.3. NMR spectroscopy

NMR spectroscopy is one of the most widely used methods in the analysis of glycoluril derivatives. An
investigation of the NMR spectra of glycolurils makes it possible to determine accurately the spatial configu-
rations of molecular symmetry when the hydrogen and carbon atoms of the bicyclic framework are expressed
by equivalent signals. Using chemical shifts "H and "*C in the NMR spectra of N-substituted glycolurils, it is
possible to identify the type of substituent.

An analysis of chemical shifts in the "H and ?C NMR spectra of glycoluril and its derivatives (library
of 86 compounds) was carried out to determine the influence of the donor-acceptor nature of substituents on
changes in the electron density in the bicyclic framework from the position of symmetry and asymmetry
[69]. The range of changes in the chemical shifts of key atoms in the glycoluril series includes NH protons
(7.49-9.96 ppm); CH-CH (5.14-6.63 ppm); carbon C=0O (151.40-161.79 ppm); CH-CH (61.55—
74.86 ppm). A general analysis of the 'H and *C NMR spectra of the studied glycolurils allowed the authors
to accurately identify the spatial symmetry configurations of the molecules, where the enantiotopic hydrogen
and carbon atoms of the bicyclic framework (o1 and/or 62, Fig. 2) appear as equivalent signals. It was estab-
lished that according to the 'H and "C chemical shifts in the NMR spectra of the N-substituted glycoluril
framework, glycolurils with electron-withdrawing substituents for the screening of carbon atoms of C=0
groups and electron-donating substituents for de-screening of CH-CH carbons can be distinguished. This is
due to the redistribution of electron density and the occurrence of local paramagnetic contributions due to
anisotropy.

In the course of a general analysis of the 'H and *C NMR spectra of the studied glycolurils, it was con-
cluded that screening of the carbonyl atom C=O0 in the imidazolidinone fragment of the molecule is observed
for any type of N- or C-substitution. The generalizations made allow clearly distinguishing between symmet-
ric and asymmetric molecules and distinguish impurity signals that can often accompany the synthesis of
glycolurils and compounds on the basis thereof. According to the "H and >C NMR spectra, glycolurils can
be clearly distinguished with electron-withdrawing N-substituents by screening the signals of the carbon at-
om of C=0 groups, and electron-donating N-substituents by de-screening of CH-—CH carbon.

In another review paper [70], a comprehensive systematic analysis of chemical shifts in the *'P and "*C
NMR spectra of 89 phosphorus- and urea-containing heterocycles that differ in the valence state of the phos-
phorus atom, the size of the cycle, and the method of connection of the cycles was carried out. A compara-
tive analysis of the chemical shifts of the phosphorus atom in phosphorus- and urea-containing heterocycles
with five-coordinated phosphorus showed that they mainly undergo a negative shift, and their location main-
ly depends on the hybrid state of P in the cycle and the way the cycles are connected. An attempt of a com-
parative analysis of the chemical shifts of the -C=0O carbonyl group in phosphorus- and urea-containing
heterocycles did not reveal the significant differences due to their changes in a narrow range of values (151—
156 ppm), regardless of the valence state of the phosphorus atom in the cycle and the way of connection of
the cycles (e.g., in spiro- and bicyclic compounds). Of interest is only some screening of the C=0 group in
phosphorus- and urea-containing heterocycles compared to urea itself (159.5 ppm) and octane-bicyclic
bisurea glycoluril 1 (161.9 ppm). This observed effect is apparently determined by an increase in steric
stresses (compression) in phosphorus- and urea-containing heterocycles due to limitations in the flexibility of
their skeleton, and, hence, an increase in the order of the amide bond. The informativity of analysis of the
NMR spectra of phosphorus- and urea-containing heterocycles to some extent is reduced by the absence of
chemical shifts of NH groups, but this circumstance is because almost all synthesized and identified
phosphazacycles listed in the work contain substituents at nitrogen atoms.

Apparently, due to the low content of natural "N and '"O isotopes and high complexity of the analysis,
there is practically no information in the literature on the use of NMR on '"O nuclei for several glycolurils,
and to obtain the information on the position of chemical shifts of "N glycoluril 1 and its derivatives the 2D
heterocorrelations of the 'H-""N spectra [71] and the establishment of the direct coupling constant "N—'H
are usually used [72].

Thus, NMR spectroscopy is a serious tool to identify and confirm the structure of glycoluril derivatives.
This method is the most reliable way to study the structure of substituted glycolurils, i.e., the position,
amount, and type of N-substituents. A particular advantage of NMR spectroscopy is that the method allows
establishing the spatial configuration of the glycoluril symmetry with high accuracy. A number of studies
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have demonstrated the opportunity to use NMR spectroscopy for the analysis of glycoluril-based
supramolecular systems. Thus, a detailed analysis of ?C NMR spectra was performed for the identification
of a series of cucurbit[5—8]urils [73]. In Ref. [74] during the simulation of the binding process of the SF5
complex with cucurbit[6]uril, the NMR shifts of the formation of the inclusion system were calculated and
compared with the experimental values. It was proposed to include the prochiral dimethyl sulfonic deriva-
tives of biphenyls in the cucurbit[7,8]uril cavity that allows recording the proton chemical shifts due to the
splitting of signals of a pair of methyl groups [75].

A key disadvantage of NMR spectroscopy as a method of analysis of glycoluril derivatives is its non-
selectivity for related compounds when substances are present in the sample as a mixture. In addition, an im-
portant disadvantage is the relatively high cost of NMR spectrometers and the need to use deuterated sol-
vents.

2.4. X-Ray structural analysis

The geometric features of glycolurils (Figs. 1 and 2) essentially determine the opportunity to synthesize
and study supramolecular compounds on the basis thereof. In the course of such studies, it was found that
glycolurils acted as building blocks of such polycyclic condensed systems as cucurbit[n]urils [76—78] and
bambus[n]urils [79, 80] that have a number of unique physical & chemical properties.

A study of the spatial arrangement of molecules determined by intermolecular interaction and polariza-
tion of bonds in synthons often provides initial information on the organization of supramolecules on the ba-
sis thereof. The obtained information on the structure of molecular ensembles extracted from the crystal
structures of synthons is used to judge on the structure of liquids and solutions, molecular clusters, and other
supramolecular structures.

Taking into account the above, the analysis of the results of X-ray structural studies of glycoluril 1 and
its derivatives (a library of 39 compounds) was carried out [81] and the structural features of these com-
pounds were revealed, namely, the effect of substituents and their types on the geometry of molecules, and
the formation of hydrogen bonds in crystals that ultimately determines the ability of glycolurils to form com-
plexes, macro- and supramolecules. The result of the generalization of X-ray structural studies of a wide
range of glycolurils made it possible to determine the centers of formation of hydrogen bonds and those par-
ticipating in complexing since in these cases it is the elongation of precisely those bond lengths that are in-
volved in intermolecular binding.

An analysis of the structural parameters of N-alkyl glycolurils and metal complexes showed the pres-
ence of conformational similarity of the molecular scaffolds of the compounds studied. It was shown that N-
alkyl substituted glycolurils are potentially polydentate ligands (due to the contribution to the coordination of
four nitrogen atoms and two oxygen atoms) and can fulfill both a monodentate and a bidentate bridging func-
tion with d-metals via binding of urea fragments through C=0 groups depending on the coordination number
of the metal atom.

For complexation, oxygen and nitrogen atoms are the most possible coordination centers in glycolurils,
however, coordination through nitrogen atoms is usually sterically hindered due to its predominant pyrami-
dal structure, especially since this center has a reduced electron density with respect to oxygen.

The basic geometric parameters of the bicyclic framework for N-arylalkyl glycolurils are similar to
those for N-alkyl glycolurils. When a substituent with a strong electron-withdrawing property is introduced
into the glycoluril skeleton, the bond lengths of the C—N amide fragment increase causing a decrease in the
nature of doubling and an increase in the nature of the C=0 double bond. This fact can be explained by more
efficient hybridization of carbonyl carbon atoms to the sp” state and to the sp’ state in the C—N fragment oc-
curring for these compounds.

When considering the dihedral angles of the studied glycolurils together, it was concluded that for any
type of substitution (C- or N-) in the glycoluril framework, the values of the dihedral angles change towards
their reduction, i.e., the effect of "collapsing" of annelated imiadazolidinone cycles is observed. However,
when considering C1-C5 substituted glycolurils, a progressive decrease in the dihedral angle in these mole-
cules occurs with an increase in the size of the hydrophobic substituent (H>Me>Ph compounds). The same
pattern is observed in a series of compounds in the presence of an electron-withdrawing functional group
(H>NH,>CO,Et) in C1-C5-substituted glycolurils.

The performed studies on the structure of glycolurils by X-ray structural analysis turned out to be useful
for researchers involved in the designing of new molecules based on glycoluril 1 with predetermined proper-
ties in the synthesis of biologically active compounds, molecular clips, and supramolecular systems.
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2.5. Mass-spectrometry

Mass spectrometry also finds its place in the study of glycoluril derivatives. The "direct input" mass
spectrometry is most often used when a mixture of substances is introduced into the ionization source of the
mass spectrometer without prior separation by chromatographic methods. A method of mass spectrometry
with electrospray ionization (ESI-MS) of N-alkylated glycoluril dimers without their preliminary chromato-
graphic separation was proposed [82] In the given mass spectrum, three signals of molecular ions of a mix-
ture of glycoluril dimers were observed (Fig. 4).
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Figure 4. Mass spectrum of the mixture of glycoluril dimers without decomposition

The electron-ionization mass spectrometry (EI-MS) is widely used to confirm the structure of low mo-
lecular weight glycoluril derivatives [83]. Using this ionization method during mass spectrometric studies of
synthesized samples, mass spectra of a large number of N-alkylated and N-acylated glycoluril derivatives are
described. However, the EI-MS ionization mode used in mass spectrometers is de facto incompatible with
liquid chromatography: modern EI-HPLC solutions do not provide sensitivity comparable to atmospheric
pressure ionization modes (API). Thus, this method cannot be used to study and analyse mixtures of non-
volatile compounds that is characteristic of many glycoluril derivatives.

Mass spectrometry was used to study the composition and decomposition paths of glycoluril nitro de-
rivatives. It was shown that dinitroglycoluril, when introduced into the ion source of electronic ionization, is
characterized by a number of ions m/z=232, 231, 215, 183, 142, etc., on the mass spectrum [23]. The key
ionization pathways are related to the breaking of C—N and N—H bonds as well as OH group losses. A num-
ber of signals in the mass spectrum may not be associated with dinitroglycoluril, and their source may be
connected with possible impurities formed during the synthesis of glycoluril. Dinitroglycoluril labeled with
2D and "°N atoms was shown to undergo similar fragmentation without significant differences in the intensi-
ty of the fragment ions.

In Ref. [84], mass spectra were obtained from a study of the isolated samples for a number of isomeric
dimethylglycolurils 3—-5 by GC-MS (Fig. 5).
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Figure 5 Structural formulas and mass spectra for isomers of N-dimethylglycolurils
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As can be seen from the mass spectra of these compounds, the m/z values of the fragment ions of sub-
stances 3 and 5 are absolutely identical, therefore, gas chromatography-mass spectrometry can only be used
to identify isomer 4. The authors assumed that the absence of visible differences in fragmentation 3 and 5 are
associated with similar trajectories of possible fragmentation paths 3 and 5 and the difference in the proposed
mechanism of fragmentation of substance 4 (Fig. 6).
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Figure 6. Tentative scheme of fragmentation of molecules 3, 4, and 5 during electron ionization

The proposed fragmentation scheme shows that substances 3 and 5, when they are electronically ion-
ized, form a series of successive ion radicals with similar m/z values. Contrary, during ionization, substance
4 forms two sequences of radical ions, and this mechanism excludes the possibility of the formation of a rad-
ical ion with a value of m/z=141. By the presence of this ion, it is possible to judge whether a particular
N-dimethylglycoluril belongs to isomer 4 or one of isomers 3 or 5. The results of the studies allow reliable
identification of isomeric dimethylglycolurils 3-5.

Refs. [85, 86] describe the use of the ESI-TOF-MS high-resolution mass spectrometry method to study
the glycoluril derivatives. However, mass spectrometry was used without prior chromatographic separation
to confirm the structure of oligomeric glycoluril derivatives. The authors of the work showed that the "Nega-
tive" ionization method can be used to obtain the analytical signal, while the formation of a number of ad-
ducts of the expected composition was observed, e.g., [M'Br]", [M'CI]", [M'F]", [M"'H-3Na]*".

The direct ionization mass spectrometry "Positive" is used to identify monomeric glycolurils, in particu-
lar, to identify phosphorylated derivatives of glycoluril [26], N,N’-diacetylglycolurils and N,N’-dibenzyl-
glycoluril [87]. In both cases, molecular ions of the corresponding glycolurils with the composition [M'H]"
were detected; the fragmentation mechanism was not described by the authors.

To study the composition and quantitative determination of glycoluril derivatives by mass spectrometry,
the method of matrix-associated laser desorption and ionization (MALDI-MS) was proposed [88]. The
method is based on the soft ionization of molecules under the influence of laser radiation in the presence of
acids or bases. The MALDI-MS allows the analysis of supramolecular glycoluril derivatives in matrices of
complex composition, e.g., biological objects, without preliminary sample preparation and separation into
components. Moreover, the advantages of the method are the high sensitivity (minimal detection limit is
~107" g) and the ability to analyze compounds with high molecular weights (up to 150 kDa).
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Figure 7. An example of mass spectrum of glycoluril derivative [26]

The widespread use of liquid mass spectrometry is largely hindered by the high cost of the equipment
for the study as well as the complexity of the method and the requirements for the purity of the sample and
the reagents and materials used.

2.6. Other spectroscopic methods

The method of nuclear gamma resonance spectroscopy (Mdssbauer spectroscopy) is limitedly used to
analyse glycoluril derivatives containing iron atoms in the structure: cucurbit[n]uril ferrocenes [89] and other
glycoluril-based supramolecular complexes [90].

Raman spectroscopy is also used to a limited extent in the study of glycoluril derivatives, in particular,
to control the course of reactions and study the structure of some glycoluril derivatives, namely, guest—host
complexes. In particular, the difference between the signals on the spectra of new glycoluril-based complex-
es and those of their components was shown [91-93]. In particular, when using this type of spectroscopy, the
spectrum cannot be deciphered in details, it is used only to monitor the synthesis and subsequently identify
the compounds by the "fingerprints" principle.

EXAFS spectroscopy is a spectroscopic method based on the interpretation of the fine structure of X-
ray absorption spectra. The Refs. [94-96] show examples of deciphering the 3D structure of cucurbit[n]Juril
complexes and metal compounds: Cu(Il), U(VI), and Eu(Ill) (Fig. 8). The EXAFS spectroscopy method al-
lows determining the interatomic distances, coordination numbers, valence states of atoms, and other param-
eters. The rarity of use of this method with respect to glycoluril derivatives is explained by the high cost of
equipment and the inability to determine the spectral parameters of compounds that do not contain elements
with a molecular weight below 20 in the structure.
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Figure 8. An example of visualization of EXAFS spectra of a complex of cucurbit[5]uril and Eu(III) [96]
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3. Electrochemical methods of analysis

Electrochemical methods to analyze glycolurils are presented in very rare cases. Thus, the voltammetry
method is limitedly used for the direct determination of glycoluril derivatives, e.g., for analysis of guest-host
complexes based on cucurbit[7]uril and substituted metallocenes: ferrocene and cobaltocene [97, 98], and
only due to the electrochemical activity of metals in these compounds.

Glycoluril derivatives are used as electrode modifiers. To analyze cholesterol in blood plasma and food
products, the authors of Refs. [99,100] applied the electrode modification to a phosphorylated glycoluril de-
rivative that does not have its own electrochemical activity.

The opportunity to study macrocyclic complexes of glycoluril with zinc, manganese, cobalt, nickel, and
cadmium by polarography with a dropping mercury electrode was studied [101, 102]. The relationship be-
tween the analytical signal, the concentration of metal, cucurbit[n]uril, and the interaction constant of the
components of the guest-host complex was shown.

Electrochemical methods of analysis are rarely used to study and analyse glycoluril derivatives. Obvi-
ously, this phenomenon is associated with their direct physical-chemical properties, namely, with low solu-
bility and high chemical inertness.

4. Chemical methods of analysis

Currently, glycoluril derivatives are rarely analysed using "traditional" chemical methods of analysis.
The study of the decomposition products of cucurbit[n]urils was carried out using a combination of instru-
mental physical-chemical and chemical analysis methods [103] in the latter case, using qualitative reactions.
The evolution of ammonia and the formation of sodium carbonate during the boiling of glycoluril derivatives
in a 30 % sodium hydroxide solution was confirmed by the colouring of the indicator paper.

The quantitative determination of N-alkylated glycoluril derivatives can be carried out using the
Kjeldahl method [104]. To quantitatively determine the N,N,N,N-tetramethylglycoluril, the methods of
cerimetric and iodometric titration can also be used [105]. These analysis methods are non-selective in nature
and are suitable only for analysis of the mass fraction of the main substance provided that the impurities are
identified and analysed by another method, e.g., chromatography.

5. Chromatographic methods of analysis
5.1. Gas chromatography (GC)

Several examples of the gas chromatographic analysis of glycoluril derivatives are known. For instance,
it was proposed to separate fully alkylated glycoluril derivatives: N,N,N,N-tetramethylglycoluril, N,N,N,N-
tetraethylglycoluril, N,N,N,N-dimethyldiethylglycoluril, and N,N,N,N-isopropyltrimethylglycoluril using a
one-meter-long packed chromatographic column filled with stationary phase G3 OV-17 (50 % diphenyl-,
50 % dimethylpolysiloxane) [104].

A method to analyse the content of N,N,N,N-tetramethylglycoluril in biological fluids after extraction
with chloroform was proposed [106]. The method consists in gas chromatographic separation of N,N,N,N-
tetramethylglycoluril from the matrix components using a steel packed column filled with chromosorb-G,
modified with 3 % diphenyldimethylpolysiloxane OV-17. The carrier gas is nitrogen, isothermal chromatog-
raphy is carried out at 240 °C, the gas flow rate at the column outlet is 35 mlxmin . The injection volume of
the solution is 2 pl.

The method of analysis of N,N,N,N-tetracthylglycoluril by gas chromatography using a capillary chro-
matographic column was recommended [107]. Analysis conditions: glass column 0.26 mm X 25 m, station-
ary phase was Xe-60 (cyanoethyl methylsiloxane), isothermal analysis, column temperature was 185 °C, car-
rier gas flow rate was 2 ml min-1; stream division was 1/20. The internal standard was N,N-dimethyl-N,N-
diethylglycoluril. Using this method, the retention times for N,N,N,N-tetraethylglycoluril and N-dimethyl-
N-diethylglycoluril were 20 and 24 min, respectively.

5.2. Thin-layer chromatograhy

The chromatography method to separate and analyze glycoluril derivatives is used less frequently than
spectral analysis methods. Most often, in the publications concerning glycoluril derivatives, the authors note
that the reaction progress is monitored by TLC [36, 108—111]. However, a fairly common case is that the
conditions for chromatographic analysis and typical chromatograms and photographs of TLC plates are not
provided.

CHEMISTRY Series. No. 4(100)/2020 15



A.A. Bakibaev, V.S. Malkov et al.

The hydrolysis of tetraacetylglycoluril under the action of various nucleophilic reagents at room tem-
perature and pH=10 in an aqueous-alcoholic medium was studied in details (Fig. 9) [112].

The authors found that the hydrolysis of compound 2 occurs stepwise through the formation of a series
of N-acetylglycolurils: triacetyl derivative; isomeric diacetylglycolurils; monoacetyl derivative and finally
glycoluril 1. The TLC is carried out on tetraacetylglycoluril hydrolyzate on kieselguhr plates, the eluent is
chloroform-methanol-ethyl acetate (7:2:2) followed by the development with hydroxylamine and ferric chlo-
ride that allowed separating and establishing the Rf values for the acylated glycolurils (Table 4).

Table 4
The R¢ values for products of tetraacetylglycoluril hydrolysis

Substance R¢
1 0.04
TAGU 0.84
TriAGU 0.76

2,6-DAGU 0.68
2,4-DAGU 0.35
2,8-DAGU 0.61

MAGU 0.21
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Figure 9. Scheme of tetraacetylglycoluril hydrolysis

Individual acetylglycolurils were characterized using NMR and mass spectrometry.

The TLC method was used to confirm the structure and content of impurities of N,N,N,N-tetramethyl
glycoluril, the active substance of the remedy "Adaptol" (JSC "Olainfarm", Latvia) [113]. The identities of
other alkylated glycoluril derivatives were also controlled by TLC [114]. The separation was carried out us-
ing "Silufol" plates as the stationary phase. The plates were chromatographed using supported samples with
an ascending method with a solvent mixture of acetone-hexane in a volume ratio of 5:2. The plates were de-
veloped by keeping in the iodine chamber for 1-2 min. Under these conditions, the R; values for
N,N-dimethyl-N,N-diethylglycoluril and N,N,N,N-tetracthyl glycoluril were 0.41 and 0.49, respectively.
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Similar chromatographic conditions for the analysis of N-dimethyl-N-diethylglycoluril and its impuri-
ties, N-monomethyl-N-diethylglycoluril, were proposed [105]. The stationary phase was "Silufol", the mo-
bile phase was a mixture of chloroform and methanol in a ratio of 8:1 v/v. The development was carried out
by spraying with a 10 % alcohol solution of the phosphoromolybdic acid followed by heating the plate to a
temperature of 140 °C. When using this chromatographic system, the Ry values for N,N-dimethyl-N,N-
diethylglycoluril and monomethyl-N,N-diethylglycoluril were 0.55 and 0.37, respectively.

In the vast majority of cases, TLC separation of glycoluril derivatives is realized using normal-phase
mode on silica gel. The compositions of mobile phases for TLC were studied, and the separation of
N,N,N,N-tetramethylglycoluril (Mebicar) from a number of drugs with similar pharmacological activity
(chlorprothixene, imiprazine, clozapine, etc.) was carried out [115].

The normal-phase TLC mode was used for the separation and further preparative isolation of the "mo-
lecular clamps" based on glycoluril 1 [116], i.e., aromatic glycoluril derivatives with a complex composition.
The authors proposed the use of silica gel as the stationary phase, and a mixture of methanol, ethyl acetate,
and chloroform in various ratios as the mobile phase until optimal retention was achieved depending on the
type of silica gel. Almost similar chromatographic conditions for C-substituted glycoluril derivatives were
proposed [117, 118]. The stationary phase was unmodified silica gel with a particle size of 63—20 pm, the
mobile phase was chloroform-ethyl acetate (8:2 v/v). The photograph given by the authors (Fig. 10) showed
that when using this method, complete separation of the mixture was not achieved. Similar conditions were
proposed to control the progress of the reaction of N, N, N, N-tetramethylolglycoluril with arylamines [119].
As a stationary phase, TLC plates based on silica gel-G Sorbfil-254 were used; the mobile phase was ben-
zene-ethanol (8:2 v/v).

Figure 10. An image of TLC plate after separation of C-methylcucurbiturils [120]

The authors used a universal method to control the N,N,N,N-tetramethylolglycoluril derivatives by TLC
using the mobile phase of chloroform-methanol (9:1 v/v) on aluminum plates coated with silica gel-G Silufol
254120, 121].

The authors of Ref. [122] described a method to identify and analyze the N,N,N,N-tetramethylglycoluril
in blood plasma by TLC in an open unsaturated evaporation chamber. The stationary phase was silica gel-G
produced by Sorbfil, the mobile phase was acetone.

Chromatography on paper is currently rarely used to separate the low molecular weight substances due
to the high complexity. Ref. [123] describes a method for chromatographic separation of unsubstituted
glycoluril 1 and its related concomitant substances, such as allantoin, hydantoin, and hydantoic acid. The
mobile phase when the maximal separation of the components was achieved comprised n-butanol-acetic ac-
id-water in a ratio of 100:22:5 v/v/v. After separation, the paper was dried, sprayed with a 0.25 % alcohol
solution of mercury (I) acetate, redried, sprayed with a 0.05 % solution of diphenylcarbazone in ethanol and
heated to a temperature of 90 °C. Glycoluril 1 and its related compounds were claimed to form light blue
spots on the paper.

5.3. Column liquid chromatography (LC)
The column chromatography is used less frequently than the TLC to separate and analyze glycoluril de-

rivatives. Ref. [124] presents an example of the separation by a method of low-pressure liquid chromatog-
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raphy of a mixture of glycoluril derivatives. Thus, C, C'-diphenyl-N,N'-dibenzylglycoluril, the initial and by-
products of the synthesis, were separated and isolated by normal-phase chromatography using spherical sili-
ca gel with a particle size of 50 um as a stationary phase, and a mixture of chloroform-methanol (50:1 v/v) as
a mobile phase.

The composition of the reaction products between formaldehyde and glycoluril 1 was studied by re-
verse phase chromatography with spectrometric detection in the UV region [125]. The best separation of the
peaks of glycoluril 1 and the products of its interaction with formaldehyde was achieved using the stationary
phase Hypersil MOS 5 um 200 x 4.6 mm and water as the mobile phase. However, according to the results
of the study, the authors found various products of glycoluril methylation with formaldehyde. The com-
pounds were not identified, moreover, a complete chromatographic separation of the components of the mix-
ture was not achieved: the resolution between the peaks did not exceed the value RS=1.2 even with a reten-
tion time of the most retained component tg=34.3 min.

The purity and yield of carboxylated glycoluril derivatives were evaluated by RP-HPLC using the sta-
tionary phase Kromasil C18 (spherical endcapped octadecylsilylated porous silica gel) [126]. The mobile
phase was a water-methanol mixture (6:4 v/v). The isocratic elution was applied. The optical purity of
glycoluril derivatives was evaluated by chiral chromatography using a stationary Astec Chirobiotic T phase
based on the macrocyclic glycopeptide antibiotic teicoplanin grafted onto silica gel. A similar approach to
the separation of enantiomers of glycoluril derivatives was described [127, 128]. The authors used similar
sorbents as stationary phases to analyze the optical purity, i.e., silica gels modified with teicoplanin aglycon
(Astec Chirobiotic TAG).

The diastereomers of the macrocyclic aromatic derivatives of glycoluril, xylenebambusurils, were sepa-
rated using preparative reverse-phase gradient flash chromatography on a Grace C18 sorbent using a mixture
of water and acetonitrile in volume ratios from 80:20 to 0:100 as a mobile phase [129]. The target
diastereomers were found partially separated and eluted from the cartridge in 27-30 min.

According to Ref. [130], quantitative determination of N,N,N,N-tetramethylglycoluril (Mebicar) in the
composition of drugs, in tablets, granules and capsules was carried out by HPLC, but the authors did not dis-
close the analysis conditions. In addition, some manufacturers of N,N,N,N-tetramethylglycoluril declared
that the mass fraction of the main substance in their products was monitored by HPLC, however, the analysis
methods were not publicly available.

Ref. [131] shows the opportunity for chromatographic determination of N,N,N,N-tetramethylglycoluril
by the method of microcolumn HPLC using a chromatographic column filled with a ProntoSil 120-5-C18 Aq
(Knauer) reversed phase spherical adsorbent (Knauer) was shown to be chromatographic. Mobile phase A
was 200 mM lithium perchlorate solution, adjusted with a 5 mM perchloric acid solution to pH=2.8; mobile
phase 2 was acetonitrile. Elution mode comprised a linear gradient from 5 % to 70 % acetonitrile. The reten-
tion time of N,N,N,N-tetramethylglycoluril was ~7 min; the total analysis time was 40 min.

Unlike unsubstituted glycoluril 1, its N-methyl derivatives 2—6 are soluble in many polar organic sol-
vents, including water. This circumstance served as the basis to study the chromatographic separation of
N-methyl derivatives of glycoluril in several modes differing in the expected retention mechanism and selec-
tivity: reverse phase chromatography and hydrophilic chromatography [84]. The development of chromato-
graphic separation of N-methyl derivatives of glycoluril was carried out using the following samples of sub-
stances (Table 5).

Table 5
Model glycolurils used in Ref. [84]

Number
Name
of compound
1 Glycoluril
2 2-Methylglycoluril
3 2,6-Dimethylglycoluril
4 2,8-Dimethylglycoluril
5 2,4-Dimethylglycoluril
6 2,4,6,8-Tetramethylglycoluril

In the reverse phase mode, the retentions of N-methyl derivatives of glycoluril were found to increase
with an increase in the number of alkyl substituents. Tetramethylglycoluril did not elute from the column
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when a 1 % solution of acetonitrile in water was used as a mobile phase, and the L1 PerfectSil Target ODS-3
HD spherical porous silica gel with a particle size of 5 um was used as a stationary phase (MZ-
Analysentechnik GmbH). When 5 % acetonitrile was added to the composition of the mobile phase, sub-
stance 6 was eluted from the column, while in the reverse phase mode for substance 1, the minimal required
retention was ensured to resolve the critical group of peaks (Fig. 11).
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Figure 11. Chromatogram of a solution of mixture of glycoluril and tetramethylglycoluril

Since it is impossible to achieve sufficient chromatographic separation of weakly retained components
1-2 in the reverse phase chromatography under elution conditions of tetramethylglycoluril 6, it was assumed
that the complete chromatographic resolution and elution of substances 1-6 in a short time was possible us-
ing the gradient elution mode comprising a continuous sequential increase in the eluting solvent strength. In
order to verify this thesis, a series of experiments was carried out. For this, substances 1-6 were chromato-
graphed under the following conditions: a column with the size of 150 x 4.6 mm L100 Zorbax SB Aq, with a
sorbent particle size of 5 um (Agilent Technologies); mobile phase A was 5 % solution of acetonitrile in wa-
ter; mobile phase B was 25 % solution of acetonitrile in water; gradient profile: 0.0 min — 0 % PF B,
1.5 min — 25 % PF B; volumetric flow rate F=1.5 mlxmin'; column thermostat temperature was 30 °C;
injection volume was 5 pl.

Fig. 12 shows that the substances 3—6 are eluted from the column with the shortest time, and sufficient
retention of substances 1-2 is observed; however, dimethyl glycoluril isomers 3—4 are not completely sepa-
rated (Rs34=1.35) making up a critical pair of peaks due to insufficient chromatographic selectivity system.
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Figure 12. Chromatogram of a solution of a mixture of 1 and its derivatives 2—6 obtained using the stationary phase
Zorbax SB-Aq. For this stationary phase, the separation conditions were practically not optimized

Thus, when optimizing the resolution using the approach of increasing N by extending the chromato-
graphic column or by increasing the overall retention of the chromatographic system, the minimal resolution
can be achieved by increasing the analysis time.

It has been suggested that the selectivity for structural isomers of dimethylglycoluril 3—4 can be in-
creased by using the stationary phase with grafted "planar" polar fragments. Such stationary phases are char-
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acterized by specificity with respect to structural isomers, i.e., "shape selectivity". In addition, a decrease in
the selectivity of the chromatographic system with an increase in the retention coefficient in the reverse
phase chromatography mechanism realized due to dispersion (hydrophobic) interactions is possible by com-
bining gradient elution (linear increase in the eluting force of the mobile phase) and using a stationary phase
containing a grafted linker layer short-chain fragment. Presumably, all of these requirements can be met us-
ing halogenated phenylalkylsilylated silica gels such as dimethyl(3-(pentafluorophenyl)propyl)silyl silica gel
(F5, PFP, etc.) [85].

When using such stationary phases, according to the authors, a complex retention mechanism is realized
by combining hydrophobic interactions between methyl and methine groups of glycolurils, dipole-dipole in-
teractions, hydrogen bonds, and steric shape selectivity due to "flat" grafted selectors that are fragmentarily
shown in Fig. 13.
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Figure 13. Simplified proposed multiple interactions between N-methyl derivatives of glycoluril
(using 2,4-dimethylglycoluril as an example) and the stationary phase with a "flat" selector PFP;
the dotted line indicates the intermolecular interactions

To verify the possibility of complete separation of methylglycolurils, a prefilled column with the size
150%4.6 mm filled with spherical endcapped pentafluorophenylpropylsilyl silica gel L43 — Luna 5u PFP (2)
100 A with a particle size of 5 um (Phenomenex) was used. Chromatographic conditions: mobile phase A
was 5 % solution of acetonitrile in water; mobile phase B was 25 % solution of acetonitrile in water; gradient
profile: 0.0 min — 0 % PF B, 1.5 min — 25 % PF B; volumetric flow rate F=1.5 mlxmin™'; column thermo-
stat temperature was 30 °C; 5 ul injection volume was used.

When using this stationary phase in the gradient elution mode, complete chromatographic separation of
substances 1-6 was achieved in less than 4 min (Fig. 16) with a minimum resolution of Rg=1.6.

Thus, the approach allowed achieving effective chromatographic separation of glycoluril 1 and its me-
thyl derivatives 2—-6, including isomeric dimethylglycolurils 3-5.
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Figure 14. Chromatogram of a solution of a mixture of glycoluril 1 and its N-methyl derivatives 2—6
under optimized conditions using stationary phase Luna PFP(2) 5u
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Aromatic derivatives of glycoluril (1,6-bis(p-methoxybenzyl)-7,8-di-p-tolyl glycoluril, 1,6-dibenzyl
glycoluril) were isolated from the reaction mass by flash chromatography [132]. Dry unmodified silica gels
were used as the stationary phase, mixtures of ethyl acetate with n-hexane with an ethyl acetate content of
30 % to 50 %, and methanol with methylene chloride in a ratio of 1:10 v/v were used as the mobile phase.

Ion exchange and ligand exchange chromatography methods are used to a limited extent to isolate
glycoluril derivatives. For instance, the sodium complexes of glycoluril oligomers (decamers) were isolated
from the reaction mass by ligand exchange preparative chromatography [133].

Size exclusion chromatography is used to analyze the molecular weight of glycoluril-based polymers.
The gel permeation chromatography (GPC) mode was used to determine the molecular weight of water-
insoluble glycoluril-based polymers [134, 135]. The stationary phase in this mode was a porous, hyper-
crosslinked polystyrene polymer; the mobile phase was most often chloroform or dimethylformamide.

The molecular weight of water-soluble glycoluril-based polymers is most often analyzed using size ex-
clusion chromatography (SEC). For instance, water-soluble polymers based on glycoluril, epichlorohydrin,
and formaldehyde were studied by the SEC method [136].

Ref. [137] showed the use of HPLC method to confirm the hypothesis of the formation of a guest-host
supramolecular complex (Fig. 15). As the authors suggested, when cucurbit[n]urils were added to the lipo-
philic compounds, the retention time of the compound in the reverse phase mode was reduced. The analysis
was performed under the following conditions: column was Agilent XDB-C18 (4.6 mm X 150 mm, 5 pum),
elution was gradient water — acetonitrile in a v/v ratio of 95:5 to 5:95 in 18 min, flow rate was 1 mlxmin™'.
The mobile phase was acidified with 0.1 % trifluoroacetic acid to suppress secondary interactions in the col-
umn.
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Figure 15. Chromatogram of the starting compound (blue curve)
and its guest-host complex with cucurbit[7]uril (red curve)

Using preparative chromatography with the stationary C18 phase, it was proposed to isolate substituted
macrocyclic glycoluril derivatives from the reaction mass, but the authors did not present the separation con-
ditions and chromatograms [138].

N,N-Diglycidyl derivatives of glycoluril used as crosslinking agents for the production of high-purity
polymeric materials were purified from the related impurities by preparative chromatography [139]. Unmod-
ified silica gel was used as a sorbent; eluent was a mixture of chloroform and methanol 10:1 v/v.

The authors of Refs. [140—143] indicated that the analysis of glycolurils was carried out by HPLC, but
the conditions of analysis and chromatograms were not provided.

Conclusions

Thus, chromatographic methods are the most promising and informative for the analysis of glycoluril 1
and its related compounds, since they allow rapid separation of complex mixtures of organic substances sim-
ultaneously with a quantitative determination. In addition, chromatographic separation can be adapted for
preparative isolation of individual glycoluril derivatives in pure form as well as for combination with other
analysis methods: UV and mass spectroscopy, fluorimetry, electrochemical analysis methods, etc.

However, chromatography-based separation and analysis methods are applied to glycoluril derivatives
to a limited extent: for instance, the open literature does not show the fundamental opportunity to analyze
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glycoluril by chromatography. In most studies, the chromatographic analyses of glycoluril derivatives are
limited to the determination of its supramolecular guest-host compounds, while the purity of the starting
compounds is not controlled. However, since the content of related glycoluril compounds in the synthesis of
supramolecular compounds on the basis thereof is undesirable due to the possible formation of macromole-
cules that differ in properties from the given ones, it is necessary to control the purity of low molecular
weight glycoluril derivatives, especially with respect to specific impurities, i.e. spatial isomers.

Summarizing the generalized results of the methods of analysis of glycoluril and its derivatives, we can
point out that most of the studies conducted aimed at establishing the purity of the sample and identification
of the related impurities for substances that have found practical use (drugs, monomers, and polymers on the
basis thereof). The search for new methods to analyze macrocyclic and supramolecular systems synthesized
based on glycolurils is carried out most intensively due to the unique properties found for such molecules.
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A.A. baku6aes, B.C. Manbkos, /I.A. Kypraués, O.A. KorensHuKOB

I'ankoaypui k9He OHbIH TYBIHABLIAPBIH TaJAay dicTepi

Makanana TIHKOIYPWINI, OHBIH TYBIHIBUIAPBIH JKOHE OJIApABIH OaiIaHBICTHI KOCBUIBICTAPHIH TaJliay
onicTepiHiH o1e0M MANIIMETTEpiH JKaJIIbIIAY KYPri3iaai, OyI OCHl 3aTTapAbIH KYPBUIBIMBI MEH KacHeTTepi Ty-
pajbl aKmapaTThl OIpIKTIpIAreH TypAe amyra MYMKIiHmIK Oepenmi. I'nmukomypunnep MeH onapablH HeriziHzme
CHHTE3JICNTeH KOCBUIBICTap[bl TaJJay[blH HEri3ri oJicTepi 3epTTeNreH, OJapiAbl YCHIHY OapbICHIHIA
YCBIHBUIFaH 9JIiCTeP/IiH apThIKLIBLIBIKTAPbl MEH KEMIIUTIKTEPi CBIHM KAPaCThIPbUIFaH. [ TMKOIYPHI MEH OHBIH
TYBIH/ABUIAPBIH TaNAay OAICTEpIHIH JKalNbUIAHFaH HOTHKENEpl KOPCETKEHICH, KYPri3iireH 3epTTeyiepiiH
KON YIriHIH Ta3alblFblH aHBIKTAYFa JKOHE NPAaKTHKAIBIK KOJJAHBICKA Me 3aTTapra (Iopi-IopMeKTep,
MOHOMepJIep JKOHE OJIapAbIH Herisinzeri mojumepiep) OaillaHbICTBI KOCTIAap/Abl aHBIKTayFa OarbITTajIFaH.
I'mukonmypunpep HeriiHAe CHHTE3RENTeH MAaKpOIMKIIL JKOHE CyNpaMoOJeKyJajbIK >KyHenmepii TaimaymblH
JKaHa OJiCTEpiH KAPKBIHIBI 13ACyIiH TYpaKThl ypuici Oaiikananpl. OcChl IIONYABIH MakKcaThl — XHMHS
caJachIHIaFbl MaMaHAAPABIH Ha3apblH TIHKOJIYPWJI MEH OHBIH TYBIHIBUIAPBIH TAINAYIBIH KOJIAHBICTAFbI
ozicTepiHe aymapy *oHe OJlaH dpi OCBIHIAN 3epTTeyiep i bIHTaTanAspy. JXKyprizinren onebu tannay anmbH-
ajla aHbIKTaJFaH KacuerTepi 0ap INIMKOJIYpHII HETi3iHAeri jkaHa MOJIeKyJanap/bl KacayMeH alHaJbICaThIH
3epTTeylIiiep YIIiH Haiiiaibl, OHbIH OapbIChIHIA HPOLECTepii OakblIay KOHE MaKCaTThl KOCBHLIBICTApAbI
Tajjay dJicTepi 6Te MaHbI3/Ibl.

Kinm ce30ep: rimkomypui, N-alMacThIPbUIFAH TIIMKOJIYPHIAED, CYNpaMoJieKyjanap, Tajiay, CIEeKTpO-
CKOIMS, THIMAIIT] XKOFapbl CYHBIK XpoMaTorpadus, n3oMepiep.

A.A. baku6aes, B.C. Manbkos, /I.A. Kypraués, O.A. KorenbHUKOB

MeTtoabl aHAIN3a TVIMKOJYPHJIA U €r0 MPOU3BOAHBIX

B crarbe npoBezneHo 0000mIEHE TNTEPATYPHBIX CBEIEHUH O METOJAaX aHAIN3a TIIMKOIYpHIa, €r0 IPOU3BOI-
HBIX M UX POJCTBEHHBIX COCJUHEHMSX, MO3BOJMIOMNX MOJTYYUTh MH(OPMAIMIO O CTPYKTYype W CBOHCTBax
3THX BELIECTB B MHTETPUPOBAHHOM BHJE. PacCMOTpeHBI OCHOBHBIE METO/IbI AHANTN3A TIIMKOIYPUIIOB U COEIH-
HEHUH, CHHTE3UPYEMBIX Ha UX OCHOBE, B XOJI€ U3JI0KEHHUS KOTOPBIX KPUTHIECKH PACCMOTPEHBI JOCTOMHCTBA
U HEIOCTAaTKH MpejularaeMbix MeTonoB. O6OOIIEHHbIE pe3yabTaThl METOJOB aHAIM3a TIIMKONYpHIAa M €ro
MPOU3BOJHBIX TOBOPAT O TOM, YTO GONBIIUHCTBO NMPOBEAECHHBIX HCCIIEOBAaHUII HAIPaBIEHO B CTOPOHY yCTa-
HOBJIEHHSI YUCTOTHI 00pa3na W MICHTH(HUKAIMY POACTBEHHBIX IPHMEcei IS BEIeCTB, HAIISMIINX IIPAKTH-
YecKoe NIPUMEHeHne (JISKapCTBEHHBIE MperrapaThl, MOHOMEPHI U ITOJIMMEpPHI Ha nX ocHoBe). HabGmomaercs yc-
TOWYMBas TEHACHIMSA K UHTCHCUBHOMY IIOUCKY HOBBIX METOJOB aHAIM3a MAKPOLUKINYECKUX U CyIpaMoIIe-
KYJSIPHBIX CHCTEM, CHHTE3HPYEMBIX Ha OCHOBE IIIMKOIypmioB. Llens HacTosmero o630pa — mHpHBIedeHHE
BHMMAaHUsI XUMUKOB K CYIIECTBYIOMIUM METOAaM aHaJlU3a IIMKOIYpUJa U €ro MPOU3BOAHBIX M JalbHelIee
CTUMYJIHPOBaHHE NOJOOHBIX HccienoBaHuil. [IpoBeneHHbIN aBTOpaMu JUTEPAaTYPHBIN aHANIN3 OyAeT moJie3-
HBIM J7Is HccllefloBaTeNeil, 3aHUMAIOIUXCs KOHCTPYHPOBAHHEM HOBBIX MOJIEKYNI Ha OCHOBE TIIMKOTYpHIIA C
3apaHee 3aJJaHHbIMU CBOMCTBAMH, B X0O/Ie KOTOPBIX METO/IbI KOHTPOJIS MIPOLIECCOB U aHANIN3a LENEBbIX COEAU-
HEHMI MMEIOT pelIaolee 3HaueHue.

Kniouesvie cnosa: rmuxonypui, N-3aMemnIEHHbIE TIIMKOIYPHIIBI, CYHNpPaMOJIEKYIbl, aHAJIH3, CHEKTPOCKOINS,
BEICOKOY((EeKTHBHAS )KUAKOCTHASI XpoMaTorpadusi, H30MepblL.
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Isolation and biological evaluation of roseofungin
and its cyclodextrin inclusion complexes

Roseofungin belongs to polyene antibiotics which is more active and less toxic comparing other polyenes of
this group. Roseofungin was isolated from Actinomyces roseoflavus var. Roseofungini using different chro-
matographic techniques and for the first time, the complexation of roseofungin with a-, - and y-cyclodextrin
derivatives was performed. The binding patterns of the resulted complexes were studied in silico using mo-
lecular docking techniques. The best binding mode was for roseofungin against y-CD with an affinity value of
-42.98 kcal/mol. The proposed binding mode of roseofungin against o-CD showed unusual interaction with
an affinity value of -41.80 kcal/mol. Also, roseofungin bonded to B-CD with a binding affinity value of
-35.03 kcal/mol. The antiradical and cytotoxic activities of roseofungin and its obtained a-, B- and y-cyclo-
dextrin complexes were determined. The antiradical activity was performed using butylhydroxyanisole as a
reference, while the cytotoxic activity was determined using Arfemia salina crustaceans. As a result of the
biological activity study, it was found that roseofungin and some of its complexes have weak antiradical
activities.

Keywords: roseofungin, cyclodextrin, in silico, molecular docking, complexation, antiradical activity, cyto-
toxicity.

Introduction

The development of modern industries and the rapid growth of the population in the past 50 years set
the task of searching for new renewable resources: food sources, biofuels, medicines, cosmetics and hygiene
products, which will undoubtedly lead to increased interest in natural renewable resources.

At the present time, the Republic of Kazakhstan does not have any its own drug that has antibacterial
and anti-infective effect. The pharmaceutical industry of the Republic of Kazakhstan mainly produces galena
preparations, as well as consumable medical devices such as masks, gloves, syringes, etc. The pharmaceuti-
cal and medical industry of the Republic of Kazakhstan has a big task to increase the share of domestic man-
ufacturers in the market to 50 % in the next 20 years. It is planned to modernize existing and build new
pharmaceutical enterprises in the framework of the investment projects, to ensure the implementation of
quality production standards in the pharmaceutical enterprises and to provide this industry with highly quali-
fied staff.

In Kazakhstan, specialists of the Institute of Microbiology and Virology, al-Farabi Kazakh National
University and South Kazakhstan state University named after M. Auezov are engaged in the search and
study of new antibiotics, increasing the activity of produced known antibiotics. Thus, the broad-spectrum
antifungal polyene antibiotic roseofungin was obtained for the treatment of deep and superficial mycoses.
The spectrum of action of this antibiotic was found to be much broader than other known antifungal
drugs [1, 2].

The antifungal ointment rosentein® is a roseofungin 2 % ointment which was developed by the Institute
of pharmaceutical biotechnology of the National Center of Biotechnology of the Republic of Kazakhstan [3].
The strong antiviral activity of roseofungin against influenza and parainfluenza viruses was proven be-
fore [4, 5].

From a chemical point of view, the roseofungin molecule is of great interest, since there are several re-
action centers in the molecule that make it possible to obtain various derivatives.
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The relevance of this work lies in the lack of research and sufficient production of domestic antibiotics.
The purpose of the work was to obtain new derivatives of the antibiotic roseofungin and to study their
physical, chemical and biological properties.

Experimental

1. Isolation of roseofungin (1)

An aqueous micelle (56.52 g) (the micelle was obtained from the culture fluid Actinomyces roseoflavus
var. Roseofungini, Stepnogorsk, Kazakhstan) was treated twice with acetone. After that, the solution was
filtered out using a vacuum pump. The resulting filtrate (acetone layer) was evaporated at 30-35 °C on a
rotary evaporator. The remaining concentrate (orange color) was extracted with n-butanol. Then the butanol
layer was washed three times with 100, 50, 50 ml of 1 % aqueous solution of sodium hydroxide, and then
twice with 100 ml of water. After separation, the butanol layer was evaporated at 42 °C on a rotary
evaporator. A precipitate was formed when 200 ml of diethyl ether was added. The precipitate was filtered
out in a vacuum. 0.71 g of raw rosecofungin was obtained as a result. The mass was 0.69 g after drying in a
vacuum concentrate. The roseofungin raw material was purified by gel filtration on Sephadex LH-20.

2. Obtaining roseofungin / cyclodextrin complexes

2.1. Obtaining roseofungin complex with a-cyclodextrin (2)

0.05 g of a-cyclodextrin was placed in the crucible, a mixture of solvents (C,HsOH: H,O, 1: 1) was
added, and 0.05 g of roseofungin (1) was added. The reaction was performed for 2 hours. Then the
suspension was left inside the desiccator overnight. After the obtained complex (2) was dried in vacuum to
constant mass. The mass of the compound (2) was 0.07 g, and the melting point was 210 °C (decomp.).

"l;he peaks of IR spectra were fixed at 696, 777, 1015, 1148, 1559, 1653, 2025, 2159, 2925, 3351 (neat,
v,cm’).

2.2. Obtaining roseofungin complex with B-cyclodextrin (3)

0.05 g of B-cyclodextrin was placed in the crucible, a mixture of solvents (C,HsOH: H,O, 1: 1) was
added, and 0.05 g of roseofungin (1) was added. The reaction was performed for 2 hours. Then the
suspension was left inside the desiccator overnight. After the obtained complex (3) was dried in vacuum to
constant mass. The mass of the compound (3) was 0.098 g, and the melting point was 179 °C (decomp.).

The peaks of IR spectra were fixed at 668, 695, 777, 795, 1026, 1419, 1436, 1457, 1472,1507, 1521,
1540, 1559, 1636, 1653, 1684, 1717, 1734, 2024, 2158, 2360, 2922, 3629, 3649, 3675, 3744, 3735, 3853
(neat, v, cm™).

2.3. Obtaining roseofungin complex with y-cyclodextrin (4)

0.05 g of a-cyclodextrin was placed in the crucible, a mixture of solvents (C,HsOH: H,O, 1: 1) was
added, and 0.05 g of roseofungin (1) was added. The reaction was performed for 2 hours. The suspension
was then left inside the desiccator overnight. After the obtained complex (4) was dried in vacuum to constant
mass. The mass of the compound (4) was 0.13 g, and the melting point was 200 °C (decomp.).

The peaks of IR spectra were fixed at 695, 777, 795, 940, 1023, 1419, 1457, 1507, 1521, 1540, 1559,
1636, 1653, 1684, 1700, 1717, 1734, 2023, 2159, 2360, 2925, 3335, 3629, 3649, 3675, 3735, 3744, 3853
(neat, v, cm™).

3. Determination of antiradical activity

3 ml of 6*10~° M radical solution was added to 0.1 ml of the studied alcohol solutions in the concentra-
tion range of 0.1; 0.25; 0.5; 0.75 and 1.0 mg ml™' to determine the inhibition of 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH). The test tubes were in a tripod wrapped in black plastic. After intensive mixing, the solu-
tions were left in the dark for 30 minutes, then the optical densities were measured at 520 nm wavelength.
The antiradical activity (ARA) value of the studied objects were determined by the formula (1):

APA (%)= Ag— A,/ Ap * 100, (1)
where A, — is the optical density of the control sample; A; — is the optical density of the working sample.

The optical density of the studied compounds was measured at 520 nm using the Cary 60 UV-Vis de-
vice. The obtained antiradical activity was compared with the antiradical activity of butylhydroxyanisole
(BHA) [6]. The optical density of the studied solutions, calculated by the formula 1, are shown in Table 1.

4. Determination of cytotoxicity

The cytotoxic activity was determined by a well-known method using Artemia salina crustaceans.
Artemia is one of the standard organisms for testing the toxicity of chemical substances.
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The flask was filled with artificial seawater and 200 mg of Artemia salina eggs were added. It was kept
for 3 days with a soft supply of air, until the crustaceans were hatched from the eggs. One side of the tube
was covered with aluminum foil, and 5 minutes later, the larvae that gather on the bright side of the flask
were removed with a Pasteur pipette.

20—40 larvae were placed in 990 ml of seawater in each of 30 test tubes. The number of dead larvae was
counted under a microscope. 10 ml of dimethylsulfoxide solution (DMSO) was added to 10 mg ml" of the
sample. The test substance was used as a comparison drug. Only 10 ml of DMSO was added for negative
control. The number of dead larvae were counted under a microscope after 24 hours of incubation [7].

Mortality P was determined by the following formula (2):

P=(A-N-B)/Z*100, 2)
where A — is the number of dead larvae after 24 h; N — is the number of dead larvae before the test; B — is
the average number of dead larvae in negative control; Z — is the total number of larvae.

3 solutions were prepared with different concentrations of each substance.

5. Docking studies

5.1. Preparation of the a-, B-, and y-cyclodextrin (CD) structure

The 3D crystal structures of the a-, B-, and y-CD were extracted from the cyclo/maltodextrin/alpha-
cyclodextrin complex, beta-amylase/ beta-cyclodextrin complex, and glycogen phosphorylase B/gamma
cyclodextrin complex, respectively. These complexes were retrieved from RCSB Protein Data Bank with
PDB IDs of 2ZYM (resolution 1.80 A), 1BFN (resolution 2.07 A), and 1p2g (resolution 2.30 A), respective-
ly. The docking analyses were performed using Discovery Studio 4.0 software to evaluate the free energies
and binding mode of roseofungin molecule with the core site of a-, B-, and y-CD. The most promising poses
were selected depending the increased binding free energy (AG) [8—10].

The 3D crystal structures of a-, B-, and y-CD were prepared by selecting o, B, and y CD subunits and
removing protein and all water molecules, heteroatoms and co-factors. Moreover, the correction of uncor-
rected valence atoms and crystallographic disorders were performed using alternate conformations and va-
lence monitor options. Then, the a-, B-, and y-CD were protonated and its inflexibility was obtained by creat-
ing fixed atom constraint. Next, the energy was minimized by applying CHARMM (Chemistry at HARvard
Macromolecular Mechanics) force fields, and MMFF94 (Merck Molecular force field) force field for charge
and partial charge, respectively [11]. The binding sites of the a-, B-, and y-CD were defined as receptor mol-
ecules and prepared for docking.

5.2. Preparation of ligand

The 2D structure of roseofungin molecule was sketched using ChemBioDraw Ultra 14.0 and saved in
MDL-SD file format. Then, the SD file was opened (by Discovery studio 4.0 software) and protonated.
Force fields were applied on the molecule to get lowest energy minimum structure via CHARMM and
MMFF94 force fields for charge and partial charge, respectively. Then, each of them was prepared for dock-
ing by applying ligand preparation protocol.

5.3. Docking simulation

The docking is a technique that can reliably predict the preferred configuration of one molecule relative
to another molecule when they are bound to each other to form a stable complex. The evaluation of generat-
ed poses was mainly based on the number of interactions they formed with the residues of active site upon
binding [12-15].

The molecular docking of roseofungin was performed using CDOCKER protocol which is an imple-
mentation of the CDOCKER algorithm [16]. CDOCKER is a grid-based molecular docking method that em-
ploys CHARMM-based molecular dynamics (MD) scheme to dock ligands into a receptor binding site [17].
The default values were selected for the CDOCKER protocol. The CDOCKER energy (receptor-ligand in-
teraction energy) of best docked poses was calculated [18, 19].

Results and Discussion

We worked out extracts of culture fluid and prepared a condensed extract. The antibiotic roseofungin
was extracted twice from the wet mycelium with acetone under neutral reaction. The extracts were separated
from the mycelium, combined, and the solvent was distilled in a vacuum. From the aqueous residue the anti-
biotic roseofungin was extracted with butanol.

Butanol extract was separated, washed several times first with sodium hydroxide, then with water. The
extract was evaporated in vacuum and the antibiotic roseofungin was precipitated by diethyl ether. The sed-
iment was filtered, washed with ether and dried in a vacuum.
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Subsequently, the roseofungin raw material was purified by gel filtration on Sephadex LH-20. Spirit
eluates corresponding to the lemon-yellow zone were combined and stored in a vacuum. The sediment was
filtered out, washed several times with ether, and dried. Amorphous lemon-yellow powder was ob-
tained [20].

At the next stage of separation of the antibiotic roseofungin mixture, column chromatography was used,
and the isolated fractions were once again purified by chromatography. The mixture of separated antibiotics
was stored in an inert medium (argon) due to instability in light and air.

In order to obtain new derivatives, we carried out the complexation of roseofungin (1) with
cyclodextrins. Cyclodextrins are macrocyclic compounds with a natural carbohydrate structure.
Cyclodextrins contain molecules including a cylindrical plane.

It contains glucose residues connected by B-1,4-glycosidic bonds. Cyclodextrins differ depending on the
number of monomers a-, -, y- and others. All the hydroxyl groups in the molecule are located on the outer
surface of the molecule. Therefore, the inner cavity of cyclodextrins is hydrophobic.

Roseofungin (1) interacted with a-cyclodextrin by the friction method. This is how the molecule (2)
was formed. The compound (2) was powdery, with m.p. 210 °C (decomp.).

Next, the roseofungin molecule (1) interacted with B-cyclodextrin. Compound (3) was obtained, it was
powdery, with m.p. 179 °C (decomp.).

Compound (4) was obtained as a result of the interaction of roseofungin with y-cyclodextrin. The syn-
thesized compound (4) was powdery, with m.p. 200 °C (decomp.).

The optical density of the studied solutions, depending on the concentration, was measured on a spec-
trophotometer at the 520 nm wavelength. The optical density of the studied solutions, calculated by formu-
la 1, are shown in Table 1.

Table 1
Changes in the optical density of the studied solutions with changes in concentration
Optical density values by concentration (mg ml™)
No Studied substances
0.1 0.25 0.5 0.75 1.0

1 |Butylhydroxyanisole (BHA) | 0.1362+0.0000 | 0.133340.0000 | 0.1257+0.0000 | 0.1202+0.0000 | 0.1145+0.0000
2 |R-ACD (2) 0.6485+0.0100 | 0.6415+0.0000 | 0.6481=0.0000 | 0.6849+0.0000 | 0.6849+0.0000
3 |R-BCD (3) 0.7358+0.0000 | 0.7550+0.0320 | 0.7583+0.0000 | 0.7601+0.0000 | 0.7604+0.0000
4 |[R-GCD (4) 0.7335+0.0141 | 0.7428+0.0000 | 0.7577+0.0000 | 0.7666+0.0000 | 0.7665+0.0000
5 |Roseofungin (Roseof-1) (1) | 0.6364=+0.0000 | 0.6062+0.0000 | 0.5781+0.0000 | 0.5764+0.0223 | 0.5631+0.0264

The antiradical activity of the studied solutions was compared with the antiradical activity of
butylhydroxyanisole (BHA). The antiradical effect values of the studied extracts, calculated by the formula
1, are shown in Table 2.

Table 2
Antiradical activity (%) at different concentrations
Concentration (mg ml™)
No Studied substances
0.1 0.25 0.5 0.75 1.0
1 |Butylhydroxyanisole (BHA) 80.82 81.23 82.30 83.08 83.88
2 |[R-ACD (2) 12.03 12.98 12.09 7.09 7.09
3 |R-BCD (3) 8.97 6.59 6.19 5.96 593
4 |[R-GCD (4) 9.26 8.10 6.26 5.16 5.17
5 |Roseofungin (Roseof-1) (1) 12.94 17.07 20.92 21.15 22.97

The graphical dependence of the change in the studied substances antiradical activity on the change in
concentration is shown in the Figure 1.
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Figure 1. Dynamics of antiradical activity when the concentration of substances changes

Based on the analysis of data from tables and graphs, it can be seen that the substances R-ACD (2),
R-BCD (3), R-GCD (4) and roseofungin (1) have very low antiradical activity compared to HPA.

The cytotoxic activity of the obtained complexes roseofungin (2-4) was studied. The results of
cytotoxic activity of roseofungin derivatives are presented in Table 3.

Table 3
Results of cytotoxic activity of roseofungin derivatives
Number of lar- Number of larvae % of sur- .
Concen- . . . % of surviv- .. | The presence of’
Test sub- . vae in control in the sample viving lar- |. .| Mortality, .
tration, . ing larvae in neurotoxicity,
stances Kl vae in con- A, %
mgml™ | surv. | dead | surv. | dead | par. trol the sample %
10 22421 | 1+£0.0 |25+£2.6| 1£0.7 | 0+0.0 96 96 0 0
R-ACD (2) 5 2242.1| 1+£0.0 |23+1.6| 1+0.7 | 0+0.0 96 96 0 0
1 2242.1| 1+£0.0 |22+2.5| 0+0.0 | 0+0.0 96 96 0 0
10 22421 | 1+£0.0 |23+£2.5| 1£1.0 | 0+0.0 96 96 0 0
R-BCD (3) 5 22421 | 1+£0.0 |25+£2.1| 1£1.0 | 0+0.0 96 96 0 0
1 22421 | 1+£0.0 |26+2.1| 1£0.7 | 0+0.0 96 96 0 0
10 22421 | 1+£0.0 |26+2.5| 3+1.6 | 0+0.0 96 89 7 0
R-GCD (4) 5 2242.1| 1+£0.0 |21+1.7] 3+1.6 | 0+0.0 96 88 8 0
1 22421 | 1+£0.0 |26+3.0| 24+2.1 | 0+0.0 96 93 3 0

It can be assumed on the basis of conducted experiment, that complexes of cyclodextrins with
roseofungin at all concentrations did not show cytotoxicity.

Docking technique was used to investigate the binding pattern of roseofungin with the a-, -, and
v-cyclodextrin. The a-, B-, and y-CD cavities are O-shaped structures consisting of 6, 7, and 8 glucose unites,
respectively.

Firstly, roseofungin exhibited ideal binding mode with - and y-CD, where roseofungin was buried in-
side the B- and y-CD. These roseofungin involved in hydrogen bond network with glucose unites of B, and
v-CD. On the other hand, the binding mode of roseofungin against a« CD was unusual, where the a-CD con-
sists from 6 glucose subunits forming too small cavity to receive the bulk structure of roseofungin. While the
cavities of both - and y-CD were large enough to ingest roseofungin.

The proposed binding mode of roseofungin against a-CD revealed an affinity value of -41.80 kcal/mol.
Although the good binding affinity, the binding mode was not good at all. The a-CD was impeded inside the
cavity of roseofungin, forming many interactions. Roseofungin has different hydroxyl and carbonyl groups
which made eight hydrogen bonds with the different hydroxy groups of glucose subunits (Figures 2-8).

Contrastively, roseofungin bonded to B-CD with a binding affinity value of -35.03 kcal/mol. The
roseofungin was impeded inside the cavity of B-CD and made several important interactions. The different
hydroxyls and carbonyls of roseofungin made five hydrogen bonds with the hydroxyls of glucose subunits
(Figures 9-15).
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Figure 2. Docked pose Figure 3. Docked pose of Figure 4. Docked pose of Figure 5. Surface view

of best ranked docking best ranked docking score best ranked docking score of a-CD inside the
score of roseofungin of roseofungin (sticks) of roseofungin (sticks) cavity of roseofungin
(sticks) with a-CD with a-CD (sticks) with a-CD (CPK) (top view)
(sticks) (front view) (top view) (top view)

Figure 6. Surface view of a-CD Figure 7. Surface view of a-CD Figure 8. Surface view of a-CD
inside the cavity of roseofungin inside the cavity of roseofungin inside the cavity of roseofungin
(top view) (front view) (front view)

Figure 9. Docked Figure 10. Docked pose Figure 11. Docked pose Figure 12. Surface view of
pose of best ranked of best ranked docking of best ranked docking roseofungin inside the cavi-
docking score of score of roseofungin score of roseofungin ty of B-CD (top view)
roseofungin (sticks) (sticks) in the inner cavi- (sticks) in the inner cavi-
in the inner cavity ty of B-CD (sticks) ty of B-CD (CPK)
of B-CD (sticks) (top view) (top view)

(front view)

Figure 13. Surface view of Figure 14. Surface view of Figure 15. Surface view of
roseofungin inside the cavity roseofungin inside the cavity roseofungin inside the cavity
of B-CD (top view) of B-CD (front view) of B-CD (front view)
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Fortunately, the expected binding mode of roseofungin against y-CD was the best with an affinity value
of —42.98 kcal/mol. The roseofungin was impeded perfectly inside the cavity of y-CD, forming many essen-
tial interactions. Roseofungin’s hydroxyls and carbonyls could form ten hydrogen bonds with the hydroxyls

of glucose subunits (Figures 16-22).

:11
Figure 16. Docked Figure 17. Docked pose Figure 18. Docked pose Figure 19. Surface view of
pose of best ranked of best ranked docking of best ranked docking roseofungin inside the cav-
docking score of score of roseofungin score of roseofungin ity of y-CD (top view)
roseofungin (sticks) (sticks) in the inner cavi- (sticks) in the inner cavi-
in the inner cavity of ty of y-CD (sticks) ty of y-CD (CPK)
v-CD (sticks) (top view) (top view)
(front view)
by TR P‘Qf“ ¢
s Bop
LSO T
Figure 20. Surface view of Figure 21. Surface view of Figure 22. Surface view of
roseofungin inside the cavity roseofungin inside the cavity roseofungin inside the cavity
of y-CD (top view) of y-CD (front view) of y-CD (front view)

This finding indicated that the binding of roseofungin with y-CD is more advantageous.
Conclusions

Thus, roseofungin was isolated by chromatographic methods, also, its a-, -, and y-cyclodextrin inclu-
sion complexes were obtained. The results of the docking studies indicate that the complex of roseofungin
with y-CD is more advantageous. As a result of studying the biological activity, it was found that
roseofungin and its cyclodextrin complexes have weak antiradical activity and not toxic.
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P.U. XKanmaxanberosa, E.M. Cyneiimen, 1.X. Diica, A.M. Meryanu, XK.b. Mckakosa,
J1.C. bannanos, I'.¥'. Cucenramuena, P.A. Xannanos, T.M. CelinxaHos

Po3zeodgyHrunai okmaynay xoHe OMOTOTHSIBIK Oarasay
’KOHE OHbIH HMKJIOJAEKCTPUH/I €HTi3y KeleHaepi

Po3eodyHIHH MOJIMEH aHTHOMOTHKTEPIHE KaTa/bl, OJ1 OCHI TONTHIH 0acka IOJMCHACPIMEH CaJbICTHIPFaHIa
OenceHni jkoHE a3 YBITTHL. Po3eodyHrHH op Typni XpoMmarorpadusuibIK OAICTEpAl KOJNJaHa OTBIPHIT
Actinomyces roseoflavus var Roseofungini-ieH OKIIayJIaHFaH jKOHE alFall PeT o-, 3- )KOHE Y-LUKIOACKCTPHH
TYBIHABUIAPEIMEH PO3€O(YHTMHHIH KEIISHIl TY31LMyl KYPTi3inii. ANBIHFaH KeIICHIEPIiH OaillaHBICTHIPY
3aHIBUIBIKTApbl i silico MOJNEKynajlblK MOKHHI ONICTEpPiH KOJIIaHa OTBIPBIN 3epTTenii. EH kakchl
GaitnanpICTRIPY pexknmi —42,98 Kkay/Moib KaKbIHIBIK MOHI 6ap y-CD-re kapchl po3eo(yHrHH yIIiH O0JIbI.
Poseodynrunai a-CD-meH OaillaHbICTBIPYABIH YCBIHBUIFAH ofici >KakbHABIK MoHI —41,80 Kkay/mMoib
GonmateiH epekuie opekerrecyni kepcerti. CoHbiMeH Kartap, po3eodynrun B-CD-men OGailnaHbICTBIH
JKaKbIHABIK MoHI —35,03 kKan/Moib apKpuibl Oaitnanbicanbl. Po3eo)yHTHHHIH jKOHE OHBIH alblHFAH o-, [3-
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JKOHE Y-LUKIOACKCTPHH/II KEeLICHASPiHIH paJiKaifa KapChl XKOHE LUTOYBITTBUIBIK OSICEHAIr aHbIKTa/IbL.
Panukanra kapchl GeJCEHIUTIK ATANOH PeTiHAe OyTHUITHAPOKCHAHN3O0JIb KOJIJaHy apKbLIbl JKYPri3iiii, an
LHUTOYBITTBUIBIK OCICeHALNIK Artemia salina wasiH Tapi3ainepAi KOJIaHy apKbLIbl TaObUIAbI. BHOIOTHSIIBIK
OEJICeHMUTIKTI 3epTTey HOTWXKECIHAE po3eo(QyHTMHHIH KOHE OHBIH KeHOip KemleHAepiHiH onci3
AHTUPAIUKAJIBI OCICEHALTIr 0ap eKeHIIr aHBIKTANIBI.

Kinm ce30ep: po3eodyHTHH, UUKIOACKCTPUH, in silico, MONEKYNaJbIK JOKWUHT, KOMILUICKC Ty3Iy,
AHTUPATUKAIIBI OCJICEHAUTIK, IUTOYBITTHUIBIK.

P.U. JIxxanmaxan6eroBa, E.M. Cyneiimen, 1.X. Diica, A.M. Meryanu, XX.b. Mckakosa,
J.C. bannanos, I'.I'. Cucenranuesa, P.A. Xannanos, T.M. Cefinxadnos

Broinesenue u Omosiornyeckasi oneHka po3eoyHruHa
U ero NMKJI0JeKCTPUHOBbIC KOMILICKCHI BKJIIOYEHHS

Po3eodyHrun OTHOCHTCS K NOJIMEHOBHIM aHTHOMOTHKAM M SIBIISIETCS 0oJiee aKTHBHBIM U MEHEEe TOKCHIHBIM
IO CPAaBHEHUIO C JAPYIHMH IIOJMEHaMH 3TOoH rpymnsl. PoseodyHruH Obul BblIeneH u3 Actinomyces
roseoflavus var. Roseofungini ¢ WCIOJb30BaHUEM DPa3JIMYHBIX XPOMAaTOrpa)MuecKUX METONOB. ABTOpaMH
BIIEpBbIe OBUIO IPOBEJCHO KOMIUIEKCOOOpa30BaHHME DPO3CO(QYHIMHA C IPOM3BOIAHBIMH 0-, - M Y-LHKIO-
JexkcTpuHa. IlaTTepHbI CBA3bIBaHMS MOTYYEHHBIX KOMIUIEKCOB OBIIM H3Y4eHBI in silico ¢ MCTMOIb30BaHUEM
METOJIOB MOJIEKYJSIPHOTO JOKHMHTa. Hamrydmmii pexxum cBs3pIBaHUS OBUT It po3eo¢yHruHa npotus y-CD
co 3HaueHueM apduaaoctH —42,98 xKan/moib. [IpemtoxkeHHbIH criocod cBs3bBanus po3eodyHruHa ¢ o-CD
ToKa3aJl HeoOBIYHOE B3amMozeicTBre co 3HadeHHeM ad¢urHocTH —41,80 KKkan/mons. Kpome Toro, poseo-
¢yurun csaseBaercs ¢ B CD co 3HaueHneM addunnoCTH cBA3bIBaHMA —35,03 KKan/Moib. OnpeseneHa aHTH-
pajuKanbHas M LUTOTOKCHYECKas aKTMBHOCTb PO3€O(YHI'MHA M HOJYYCHHBIX €ro o-, B- U Y-LUKIOAEK-
CTPUHOBBIX KOMIUIEKCOB. AHTHPAIUKAJIbHYI0 aKTUBHOCTh OIpEEISUIH MCIONb3ysl B KauecTBE 3TalloHa Oy-
THITUIPOKCUAHU30I, @ IUTOTOKCHYECKYI0 aKTUBHOCTh — Ha pakooOpasHbIX Artemia salina. B pesynbrate
UCClIeIoBaHNsl OMOTIOTUUECKOH aKTHBHOCTU OBIJIO YCTAaHOBJIEHO, YTO PO3€O(YHTHH U HEKOTOPBIE €TO KOM-
TUTEKCHI 00JIalafoT c1aboi aHTHPaIUKAIFHOH aKTUBHOCTBIO.

Knioueswvie cnosa: po3eodyHruH, TUKIONEKCTPHH, in silico, MOTIEKYIAPHBIN JOKUHT, KOMIIEKCOOOpa3oBaHue,
AHTHpaJUKaNbHask aKTHBHOCTD, IMTOTOKCUYHOCTb.
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Synthesis, molecular and crystalline structure of 8-formylharmine

For the first time, synthesis of 8-formylharmine by the Vilsmeier reaction was carried out. 8-Formylharmine
was obtained by treating alkaloid harmine with dichloromethoxymethane in the presence of SnCly.The yield
of the target product was 64 %. The structure of the obtained compound was established on the basis of 'H
and >C NMR spectroscopy as well as mass-spectrometry data. The crystalline structure of 8-formylharmine
was determined by X-ray diffraction. It has been shown that the replacement of the hydrogen atom in the
harmine molecule with a formyl group occurs at the C8 atom. It was revealed that the methoxy group at the
C7 atom changes its orientation to the opposite one as compared to the orientation in the harmine molecule
and its salts due to the mutual Van der Waals repulsion of the methoxy and formyl groups. A weak
intramolecular hydrogen bond was found in the crystal between the O2 atom of the formyl group and the hy-
drogen atom of the secondary amino group. It was shown that molecules in the crystal form an intermolecular
hydrogen bond between the same atoms (O2 and HN9A), as a result of which dimers are formed.

Keywords: NMR spectroscopy, mass- spectrometry, X-ray diffraction analysis, crystal structure, hydrogen
bond, harmine, 8-formylharmine, harmine derivatives.

Introduction

B-Carboline fragments of heterocycles of natural origin are part of many indole alkaloids, showing val-
uable pharmacological properties. Known examples of compounds comprising B-carboline fragment and ex-
hibiting antimalarial and cytotoxic effect on certain types of tumor cells, as well as of great interest as prom-
ising compounds that are leaders in the search for new physiologically active agents to treat diseases of the
central nervous system and cardiovascular system [1, 2].

According to the literature, among indole alkaloids, B-carbolines are much less studied, and some of
them are unknown at all. At the same time, compounds of this class have a significant potential for medical
chemistry and pharmacology, since it can be assumed that they have a combination of biological properties
characteristic of isomeric carbolins.

The alkaloid of the B-carboline type harmine (1) is contained in the plant Peganum harmala L., which
is widespread in the Republic of Kazakhstan. Harmine has a diverse biological activity: antitumor [3], antivi-
ral [4] and anti-inflammatory [5]. Harmine has an effect on the central nervous system, exhibiting
neuroprotective activity in neurological diseases [6], and inhibits monoamine oxidase A [7].

In continuation of our studies on the conversions of the harmine alkaloid, the synthesis of a harmine de-
rivative containing a different substituent at position C8 was carried out [8]. It should be noted that modifica-
tions at the C8 atom are of interest in connection with the valuable antitumor and antimicrobial activity of
synthetic and natural 8-halogen-substituted [9] and 8-methylamino-substituted [10] B-carbolines described in
the literature.

Experimental

The 'H and "C NMR spectra of compound (2), dissolved in CDCl; + CD;0D, were recorded on a
Bruker AV-600 spectrometer (operating frequencies 600.30 (‘H) and 150.96 MHz (°C) relative to SiMe,.
Various types of proton-proton and carbon-proton shear correlation spectroscopy (COSY, COXH, COLOC)
were used for the assignment of signals in the NMR spectra. Multiplicity of signals in >°C NMR spectra was
determined by recording the spectra in J-modulation mode. High-resolution mass spectra were recorded on a

“Corresponding author.
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DFS Thermo Scientific mass spectrometer, evaporator temperature 150-240 °C, ionization of ES (70 eV).
Elemental analysis was performed on the Eurovector 3000 analyzer.

Melting point was determined on an SMF-38 heating table. The reaction progress was monitored by
TLC on Silufol UV-254 plates. The spots were developed by spraying the plates with a 10 % aqueous solu-
tion of H,SO,, followed by heating to 100 °C or by irradiation with ultraviolet radiation. The reaction prod-
uct was isolated by column chromatography on silica gel ("Acros", 0.035-0.070 mm, pore diameter 6 nm),
eluent: chloroform-ethyl acetate.

8-Formylharmine (2). To a solution of 1.02 g (4.8 mmol) of harmine (1) in 40 ml of freshly distilled
CHCI; cooled to 0 °C, 1.21 g (10.5 mmol) of CI,CHOCHj; and 0.81 g (3.1 mmol) of SnCl, were added with
stirring. The reaction mixture was stirred for 2 hours at 0 °C, then 20 hours at room temperature, and then
poured onto ice. The mixture was treated with 5 % aqueous ammonia (to pH 9) and extracted with chloro-
form (3%30 ml). The organic extracts were combined, washed with saturated NaCl (15 ml) and dried over
MgSQ,. The desiccant is filtered off, the solvent is evaporated off under reduced pressure. The residue was
chromatographed on an alumina column (eluent is chloroform — EtOAc, gradient from 100:1 to 10:1). The
fraction containing the product was recrystallized from a mixture of chloroform-petroleum ether, 5:1. Yield
is 312 mg (64 %), yellow fine-crystalline powder, mp. 112—-115 °C.

NMR spectrum 'H (CDC13+CD;0D), 6, ppm. (J, I'm): 2.71 (3H, s, CH; at C-1); 3.95 (3H, s, OCHj);
6.79 (1H, d, J = 8.7, 6-CH); 7.62 (1H, d, J = 5.5, 4-CH); 8.13 (1H, d, J = 8.7, 5-CH); 8.16 (1H, d, J = 5.5,
3-CH); 10.75 (1H, br.s, CHO). NMR spectrum “C, (CDCl;+CD;OD), &, ppm.: 19.25 (1-CH;); 56.17
(OCHs;); 103.70 (C-6); 108.55 (C-8); 112.12 (C-4); 116.24 (C-4a); 127.42 (C-4b); 130.25 (C-5); 134.62
(C-9a); 140.06 (C-3); 141.52, 141.78 (C-1,8a); 163.50 (C-7); 190.58 (C=0). Mass spectrum, m/z (1o, %):
241 (14), 240 (100), 239 (7), 225 (6), 194 (15), 169 (18), 18 (12). Found, m/z: 240.0890 [M]". C1,H;N,0,.
Calculated, m/z: 240.0893. Found, %: C 69.71; H 5.12; N 11.49. C4H;,N,O,. Calculated, %: C 69.99;
H 5.03; N 11.66.

X-ray analysis of compound (2). The cell parameters and the intensity of 10235 reflections (2001 inde-
pendent, R;,=0.0601) were measured on a diffractometer "Bruker Kappa APEX2 CCD" (MoK, graphite
monochromator, ¢, 6-scan, 1.81<60<25.05) at 296 K. The crystals are monoclinic, a=11.539(2),
b=5.0197(9), ¢=20.198(4) A, p=103. 077(8)°, V=1139.6(4) A’, Z=4 (C,4H,,N,0,), The space group P2/,
deare=1.400 g/cm’, 1=0.096 mm™. The initial array of the measured intensities was processed and absorption
was taken into account using the SAINT [11] and SADABS [12] programs (multi-scan, T,,;, = 0.9700,
Tinax= 0.9986).

The structure of compound (2) is deciphered by a direct method. The positions of non-hydrogen atoms
are refined in the anisotropic approximation by the full-matrix least squares. Hydrogen atom at N9A is re-
vealed from the difference synthesis and its position is refined in the isotropic approximation. The remaining
hydrogen atoms were placed in geometrically calculated positions and positions were refined in an isotropic
approximation with fixed positional and thermal parameters (the "rider" model). The structure is deciphered
and refined by the complex of programs SHELXS [13] and SHELXL-2018/3 [14]. 1319 independent reflec-
tions used for calculations with I>26(I) (R;, = 0.0601), the number of parameters to be refined 169. The final
divergence factors R;=0.0428, wR,=0.1100 (for reflections with />2c(l)), R;=0.0880, wR,=0.1557 (for all
reflections), GooF=1.049. Peaks of residual density: Ap=0.283 and -0.283 ¢/A’. The CIF file containing the
complete information on the structure examined is deposited in the Cambridge Center for Crystal Structural
Data (CCDC), under number 1854103. The atomic coordinates are shown in Table 1.

Table 1

The coordinates of the atoms in the fractions of the cell (x10*, for H x10°%)
and isotropic thermal parameters (A%, x10%) in the structure (2)

Atom X y z U,
1 2 3 4 5
o1 13413(2) 655(4) 4336(1) 52(1)
02 11107(2) —3934(4) 4993(1) 48(1)
Cl 7032(2) —1004(5) 3561(1) 38(1)
N2 6199(2) 286(4) 3097(1) 46(1)
C3 6542(3) 2191(6) 2713(2) 49(1)
C4 7693(2) 2979(5) 2763(1) 45(1)
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Continuation of Table 1

1 2 3 4 5
C4A 8574(2) 1681(5) 3242(1) 34(1)
C4B 9851(2) 1876(5) 3447(1) 34(1)

Cs 10703(2) 3441(5) 3251(1) 41(1)
C6 11894(2) 3086(5) 3538(1) 41(1)
C7 12252(2) 1134(5) 4035(1) 37(1)
C8 11423(2) —494(5) 4260(1) 34(1)
C9 10215(2) —94(4) 3956(1) 31(1)
NOA 9236(2) —1389(4) 4064(1) 35(1)
C9B 8224(2) ~338(5) 3632(1) 33(1)
C10 6617(2) ~3085(6) 3982(2) 50(1)
Cll 14304(3) 2328(7) 4168(2) 63(1)
CI2 11791(2) —2498(5) 4783(1) 41(1)
HOA 922(2) ~258(6) 1312 49(1)

Results and Discussions

As a continuation of our research on the transformations of the harmine alkaloid (1) we synthesized a
harmine derivative containing a different substituent in the C-8 position.

The introduction of a formyl group into the harmine (1) molecule by the Wilsmeier reaction leads to the
formation of 8-formylharmine (2) with a yield of 64 %. We have proposed a method of producing
8-formylhamine when interacting with harmine dichloromethoxymethane in the presence SnCly.

CH;

The structure of the obtained compound (2) was established on the basis of "H and C NMR spectros-
copy and mass-spectrometry. A peak with a molecular weight of 240.0890 Da was found in the mass-
spectrum of the obtained product, corresponding to the molecular ion C;4H;,N,O,  (calculated:
240.0893 Da). When comparing the NMR spectra of compound (2) with the spectra of the original molecule
(1), new signals were detected. The proton signal at C8 disappeared in the 'H NMR spectrum and appeared
at 10.75 ppm. (1H, br.s), corresponding to the proton of the group C(H)=0, and in the >C NMR spectrum a
signal of 190.58 ppm corresponding to the carbon of the aldehyde group (C=0). The full assignment of
NMR signals is given in the experimental part.

In order to confirm the place of replacement of the hydrogen atom by the formyl group and to continue
studying the crystal structures of alkaloids, the structure of 8-formylharmine was studied (2), a general view
of which is shown in Figure 1.

Figure 1. The structure of 8-formylharmine (thermal vibration ellipsoids shown with a probability of 50 %).
The dashed line shows the hydrogen bond
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Bond lengths (d, A) in the structure (2)

Bond d Bond d

01-C7 1.362(3) C4A-C4B 1.441(4)

01-Cl11 1.427(3) C4B-C5 1.385(3)

02-C12 1.213(3) C4B-C9 1.420(3)

CI-N2 1.346(3) C5-C6 1.376(4)

C1-C9B 1.391(4) C6-C7 1.397(4)

C1-C10 1.492(4) C7-C8 1.409(3)

N2-C3 1.346(4) C8-C9 1.405(3)

C3-C4 1.367(4) C8-C12 1.452(4)

C4-C4A 1.396(4) C9-N9A 1.362(3)
C4A-C9B 1.399(3) N9A-C9B 1.394(3)
Valent angles (o, deg.) in the structure (2)

Angle [0} Angle 0]
C7-01-Cl11 118.6(2) 01-C7-C6 123.1(2)
N2-C1-C9B 119.3(2) 01-C7-C8 115.1(2)
N2-C1-C10 117.5(2) C6-C7-C8 121.8(2)
C9B-C1-C10 123.1(2) C9-C8-C7 117.1(2)

C3-N2-Cl1 119.1(2) C9-C8-C12 121.0(2)
N2-C3-C4 124.8(3) C7-C8-C12 121.9(2)
C3-C4-C4A 117.4(3) NI9A-C9-C8 129.7(2)
C4-C4A-C9B 118.0(2) NI9A-C9-C4B 109.2(2)
C4-C4A-C4B 134.8(2) C8-C9-C4B 121.1(2)
C9B-C4A-C4B 107.1(2) C9-N9A-C9B 109.1(2)
C5-C4B-C9 119.3(2) C1-C9B-N9A 130.0(2)
C5-C4B-C4A 134.6(2) C1-C9B-C4A 121.4(2)
C9-C4B-C4A 106.1(2) NI9A-C9B-C4A 108.6(2)
C6-C5-C4B 120.8(2) 02-C12-C8 124.0(2)

C5-C6-C7 119.8(2)
&
b b
= -
'y \“"Kv.
g
a ~
-
0
[ c
%

Figure 2. Packing of molecules (2) in a crystal lattice. Dotted lines show hydrogen bond

From the data obtained it follows that bond lengths (Table 2) and bond angles (Table 3) in com-
pounds (2) are close to usual [15].

Table 2

Table 3
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Atoms of the main frame are in the same plane with an accuracy of £ 0.01 A. The methoxy group is lo-
cated almost in its plane (torsion angle C6C701C11 = 3.9°), however, it is turned in the opposite direction,
and the difference from the turn in the harmine molecule [16] is in the crystal hydrate of harmine hydrochlo-
ride [17] and harmine sulfate [18] (torsion angle C6C701C11=179.9°, —178.1° and 176.4(-177.4)° (two
crystallographically independent molecules, respectively).

In the crystal, molecules (2) are connected by a weak intramolecular hydrogen bond N9A-H (x, y, z)....
02 (X, y, z) (distances N-H 0.78 (3) A, N.... 0 2.824 (3) A, H.... 0 2.40 (3) A, angle N-H.... O 116 (3)°). In
addition, the intermolecular hydrogen bond N9A-H (x, y, z).... O2 (2-x, -1-y, 1-z) (distances N.... O 3.105 (3)
A, H... 0233(3) A, angle N-H....O 172 (3)°), as a result of which the molecules form dimers (Figure. 2).

Conclusions

As a result of synthesis and study of the spatial structure of 8-formylharmine:

— the place of substitution of the hydrogen atom in the harmine molecule with the formyl group was de-
termined;

— it was revealed that the methoxy group at the C7 atom changes its spatial orientation to the opposite in
comparison with the orientation in harmine and its salts;

—a weak hydrogen bond was detected between the O2 atom of the formyl group and the hydrogen atom
of the secondary amino group;

— it was shown that in a crystal the molecules form an intermolecular hydrogen bond between the same
atoms, as a result of which they form dimers.
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K.M. Typasioexos, XK.C. Hypmarau6etos, JI.M. Typabioexos,
I'.K. MykpimieBa, FO.B. I'atunos

8-DopMmwiIrapMuHHIH CHHTE31, MOJIEKYJISAPJIBIK KIHE KPUCTAJIABIK KYPbLIbIMbI

Anram per Buibcmaiiep peaknmuscel apKpUIBI  8-(OPMINITApMHHHIH CHHTE31 Ky3€re achIpBUIIBL 8-
QopMmirapMHH TYBIHABICEI TapMuH ankagouasiH SnCly KaThICBIHIA AWXJIOPMETOKCHMETAHMEH OHJICY
apKbUIbI CUHTE3/1eI11i. MaKcaTThl OHIMHIH MIBIFBIMBL 64 % Kypaiinsl. CHHTE31eIIeH KOCBUIBICTBIH KYPBUIBICHI
'H, *C SIMP crieKTpoCKOmHs KOHE MACC-CIIEKTPOMETPHS OMiCTepiMeH TomeueHi. 8-PopMuIrapMUHHIH
KPUCTAIIBIK KYPBUIBIMBI PEHTICH COYJICNEpiHiH IU(PaKUUACHIMEH aHBIKTAIbl. MoJekynanarsl CyTeri
aTOMBIH TapMHHHIH (GopMuI ToObiHa anMmacTeipy C8 aTombiHza xypetiHi kepcerinreH. C7 aTOMBIHIAFbI
METOKCH TOOBI KeHICTIKTer1 OaraapiIaHyblH, TApMUH MEH OHBIH TY3[apbIHIAFEl OarbITKa KaparaHjaa Kepicinmie
o3repTeTiHiH OalKaTrThl. bBya Merokcn- skoHe (OPMHIBIAI TONTAPIBIH ©3apa BaH-JEP-BaalbCTIK
BIFBICYJIAPBIHAH Maiiia 6oxaapl. @opMuit TOOBIHBIH O2 aTOMBI MEH €KIHIIUIIK aMUH TOOBIHBIH CYTET1 aTOMBI
apachIH/IaFbl KPUCTAIA IIIKIMOJICKYJIANIBIK JICI3 CYTEeKTik OaitmanbIch! Oaiikanansl. Kpucranma Monexynanap
Oipmeill aTomaap apacblHIa MOJEKyJNaapaiblK CyTekTik OaimanbichiH (O2 u HNOA) KkypaiiThiHBI >koHE
HOTIDKECIH/IE OJIapIbIH AUMEP TY3ETiH/AIr KOPCeTiIreH.

Kinm cesdep: SIMP-cnieKTpocKOmnHus, Macc-CIEKTPOMETPHUs, PEHTICHKYPBUIBIMABIK TaJldy, KPUCTAIIBIK
KYPBUIBIM, CYTEKTiK Oailanbic, rapMuH, 8-)OpMUIITapMHH, TAPMUHHIH TYBIHIBICHL

K.M. Typasibexos, XK.C. Hypmaran6etos, JI.M. TypasiOekos,
I'.K. Mykymesa, }O.B. I'atunos

CuHre3, MOJIeKYIAPHAsA M KPUCTALUINYeCKAs CTPYKTypa 8-popmuiarapmmua

BriepBeie ocymecTBieH cunTe3 §-hopMuarapMuHa o peakuun Bunbcmaiiepa. §-OopMumIrapMuH nosyduin
00paboTKOH ankajouna rapMuHa AUXJIOPMETOKCHMeTaHoM B npucytctBun SnCly. Brixoa neneBoro npomyk-
Ta coctaBun 64 %. CTpOCHHE TONYYEHHOTO COCAMHCHHS YCTAHOBHIM HA OCHOBaHMM crektpos 'H m °C
SIMP-cneKkTpoCKOINH, a TakkKe AAHHBIX Macc-CHEKTpoMeTpHuu. Kpucrammmdeckyio CTpykTypy 8-¢opMui-
TrapMUHA OIIPE/EIISUTH C IOMOIIBIO AU(PAKIUH PEHTTEHOBCKHX Jrydel. [lokazaHo, 4To 3aMeIeHne aTomMa Bo-
JI0poJia B MOJICKYJIe TapMUHa Ha ()OPMIIIBHYIO TPYIIY porcxoaut npu atome C8. BrisaBieHo, 4T0 MeTOKCH-
rpynmna npu atoMe C7 MEHSICT CBOIO OPHEHTAIMIO Ha NPOTUBOIOJIOKHYIO 10 CPAaBHEHHIO C OpHEHTaluel B
MOJIEKyJle TapMHHA U €T0 COMAX. DTO MPOUCXOAUT BCIIEACTBUE B3AUMHOTO BaH-/€P-BaalbCOBOTO OTTAIKHBa-
HMS METOKCH- U pOpMHUIBbHOM Tpynmn. B kpucramie oOHapyxeHa cnabas BHYTPUMOJEKYJIIpHas BOJOPOAHAs
cBsA3b Mexay atoMoM O2 (GOpMWIBHOH IPYINIbI H aTOMOM BOJOPOJa BTOPUYHON aMUHOrpymnmbl. I[lokasaHo,
YTO B KPUCTAJUIE MOJIEKYJIbl 00Pa3yloT MEXMOJEKYISIPHYIO BOZOPOIHYIO CBSI3b MEXKIY TEMH K€ aTOMaMu
(02 nu HN9A), B pe3ynbraTe uero o0pa3yroTcst AUMEpEL.

Kniouesvie crnosa: SIMP-criekTpockonusi, Macc-CIIEKTPOMETPHs], PEHTTCHOCTPYKTYPHBII aHAIN3, KPUCTAILIU-
Yyeckast CTPYKTypa, BOZOPOIHAsI CBsI3b, TapMHUH, 8-(popMuITapMuH, IPOU3BOHOE TapMHHA.
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Biologically active substances from Achillea nobilis L.

The review summarizes data on biologically active compounds of Achillea nobilis L. and methods of their
isolation. From Achillea nobilis L., collected in different places of growth, the following have been isolated:
essential oil, the main components of which are monoterpene compounds; sesquiterpene lactones estafiatin,
hanphyllin, anobin, chrysartemine A, canin, anolide and tanapartin-B-peroxide; the steroid acetyleucanbin;
flavonoids: 3,5-dihydroxy-6,7,8-trimethoxyflavone, 5-hydroxy-3,6,7,4’-tetramethoxyflavone and 5,3’-di-
hydroxy-3,6,7,4’-tetramethoxyflavone. It has been determined that the component composition of the essen-
tial oil of Achillea nobilis L. largely depends on the soil and climatic factors in the places of its growth, the
phase of the growing season and the method of its extraction from plant raw materials, and the extractant used
(chloroform, ethanol, hot water, diethyl ether). Antibacterial, antimicrobial, antioxidant, antiparasitic activi-
ties are characteristic both for the sums of extractive substances from Achillea nobilis L. and for individual
compounds isolated from them. Methods for the isolation of biologically active substances from Achillea
nobilis L. for the development of new drug substances are described. The main aim of this work was a com-
parative analysis of the available research results on the phytochemical study of Achillea nobilis L.

Keywords: Asteraceae, Achillea nobilis L., sesquiterpene lactones, essential oil, flavonoids, isolation meth-
ods, biological activity.

Introduction

Plants of the genus Achillea L. of the Asteraceae family are considered as a promising source of biolog-
ically active substances, among which the most important are terpenoids and phenolic compounds. Other
classes of natural compounds are also isolated from Achillea L.: carbohydrates (inulin and other polysaccha-
rides, rhamnose, arabinose, xylose, mannose, glucose, galactose), bitter principles and tannins, microele-
ments, acids (ascorbic, malic, aconitic, caffeic), amino acids, vitamins, alkaloids (achillein), coumarins
(umbelliferone, scopoletin, isoscopoletin, scoparone and isofraxidine) [1, 2]. Essential oil of Achillea L. spe-
cies is a source of proazulenes and azulenes [3].

Preparations based on Achillea L. are widely used in medical practice. They have a hemostatic, bacteri-
cidal, anti-inflammatory, wound-healing, anticonvulsant, anti-allergic effect, improve digestion, expand bile
ducts, and increase bile secretion [4]. Achillea millefolium L. is among the top five plants containing the
largest number of anthelmintic compounds, along with Rosmarinus officinalis L. and Salvia officinalis L. [5].
The results of studies of the anthelmintic efficacy of Achillea millefolium L. herb, carried out on
experimental groups of birds (geese and ducks), showed the possibility of its use against helminthiasis of
domestic waterfowl [2]. In work [6], the aqueous extract of Achillea millefolium L. (flowers) and a number
of other plants were tested in vitro, and their ovicidal and larvicidal activity against nematodes in animals
was confirmed.

The above-said indicates that it is promising to search among the secondary metabolites of plants of the
genus Achillea L. for compounds responsible for their anthelmintic activity.

The main aim of this work was a comparative analysis of the available research results on the phyto-
chemical study of Achillea nobilis L.

Main part

Over 10 species of plants of the genus Achillea L. grow on the territory of Kazakhstan. The most
widespread among them are A. asiatica Serg., A. setacea Waldst. et Kit., 4. millefolium L., A. nobilis L.,
A. micrantha Willd., A. salicifolia Bess., A. cartilaginea Ldb. [7]. Many taxa of this group are very similar in
morphological characters and it is difficult to differentiate them without special morphological knowledge.

*Corresponding author.
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There is an accessible exploitable raw material stock of 4. nobilis L. on the territory of Central Kazakh-
stan, which is used in folk medicine as a phylogenetically close species to the officinal and relatively well-
studied A. millefolium L. It is distributed over high meadow and shrub steppes, on hillsides and river val-

leys [7].

According to the literature data, essential oil, the main components of which are monoterpene com-
pounds; sesquiterpene lactones: estafiatin (1), hanphyllin (2), anobin (3), chrysartemine A (4), canin (5),
anolide (6) and tanapartin-f-peroxide (7); steroid acetyleucanbin (8); flavonoids: 3,5-dihydroxy-6,7,8-
trimethoxyflavone (9), 5-hydroxy-3,6,7,4’-tetramethoxyflavone (10), 5,3’-dihydroxy-3,6,7,4’-tetramethoxy-

flavone (11) [8—12] were isolated from A. nobilis L., collected in different places of growth (Table).

Table
Compounds isolated from Achillea nobilis L.
Melting
Name of compound Gross formula State of substance o Ref.
temperature, °C

Estafiatin (1) CysH304 Colorless acerous crystals 102-104 [8]
Hanphyllin (2) C15H004 Colorless lamellar crystals 189 [8]
Anobin (3) C5HOs5 Colorless rhombic crystals 175.5-177.5 [8]
Chrysartemine A (4) Cy5H 5305 Colorless crystals 252-253 [9]
Canin (5) C;sH;305 Colorless crystals 241-243 [9]
Anolide (6) Cy5H 5305 Colorless crystalline substance 167-169 [10]
Tanapartin-B-peroxide (7) CysH;305 Colorless crystals 117 [12]
Acetyleucanbin (8) C50Hs00, Crystalline substance 210-212 [11]
3,5-Dihydroxy-6,7,8- .
trimethoxyflavone (9) Ci5H,60; Yellow crystalline substance 148-150 [8]
5-Hydroxy-3,6,7,4’-
tetramethoxyflavone (10) Ci9H ;507 Pale yellow crystals 168-170 [12]
5,3’-Dihydroxy-3,6,7,4’-
tetramethoxyflavone (11) Cy9H;50g Pale yellow crystals 182-185 -
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The essential oil of Achillea L. species has antimicrobial and antibacterial action [13], its antiparasitic
properties have been reported in [2].

The available literature data allow us to conclude that the component composition of A. nobilis L. es-
sential oil is significantly depends on soil and climatic factors in the places of its growth, on the phase of the
growing season and on the method of its extraction from plant raw materials [13]. Thus, the essential oil of
A. nobilis L. from Yugoslavia is distinguished by a high content of a-thujone (25.7 %), artemisia ketone
(14.8 %), borneol (9.9 %) and camphor (8.2 %) [14]. The Kazakhstan species of 4. nobilis L. contain cam-
phor (17 %), 1,8-cineole (15.6 %), terpinen-4-ol (10 %), borneol (7.1 %) and B-eudesmol (7.1 %) [15]. There
are more y-cadinene (46.7 %), a-cadinol (8.6 %) and 1,8-cineole (5.9 %) in essential oil from the Russian
species of A. mnobilis L. [16]. Italian raw materials of A. nobilis L. contain germacrene D (46 %),
caryophyllene oxide (4.3 %), monoterpene acetate (3.9 %) and camphor (3.3 %) [17]. Essential oil of
A. nobilis L. from Hungary is characterized by a high content of camphor, borneol and piperitone [18]. Two
subspecies of A. nobilis subsp. sipylea and A. nobilis subsp. neilreich are growing on the territory of Turkey.
Fragranol (19.3 %), 1,8-cineole (12—-17 %), chrysanthenone (4-17 %), linalool (5-16 %) are the dominant
components of the essential oil in them [19].

Extraction with chloroform, ethanol, diethyl ether, hot water is a relatively common and affordable
method for isolation of terpenoids, flavonoids and other polyfunctional compounds from Achillea L. raw ma-
terials.

The method of sesquiterpene lactones estafiatin (1), hanphyllin (2), anobin (3) and flavonoid 3,5-di-
hydroxy-6,7,8-trimethoxyflavone (9) isolation from 4. nobilis L. includes the extraction of raw materials of
anthodium and leaves of 4. nobilis L. by chloroform. Then the chloroform extract is concentrated, dissolved
in 95 % ethyl alcohol and diluted with hot water in 2:1 ratio. After a day, the precipitate is filtered off; the
filtrate is treated several times with chloroform. The sum of extractive substances obtained after removal of
chloroform is chromatographed on macroporous silica gel (KSK grade) at a total material — sorbent ratio of
1:15. The column is eluted first with benzene, then successively with benzene-ether (4:1, 3:2, and 1:1), ether,
mixture of ether-ethyl acetate (3: 2, 1: 1) and ethyl acetate [8].

The following compounds were isolated as a result of chromatographic separation of the chloroform ex-
tract of A. nobilis L.: anobin (3) was isolated from benzene fractions; estafiatin (1) was isolated from ben-
zene-ether (4:1) fractions; hanphyllin (2) was isolated from benzene-ether (1:1) fractions; 3,5-dihydroxy-
6,7,8-trimethoxyflavone (9) was isolated when the column was eluted with a mixture of ether-ethyl acetate
(1:1) [8, 20].

Chromatography of the sum of extractive substances of the chloroform extract of Achillea nobilis L.
(aerial part, collection in the vicinity of Karaganda, 2016) was obtained on macroporous silica gel (KSK
grade) with a gradient elution with a mixture of petroleum ether — ethyl acetate (100:0 — 0:100). This sol-
vent mixture is less toxic and less flammable than mixture of benzene-cther. As a result of chromatographic
separation, compounds (1), (2), (9), and (11) were isolated. Compounds (11) identified based on its spectral
data [21] as flavonoid 5,3’-dihydroxy-3,6,7,4’-tetramethoxyflavone was isolated from Achillea nobilis L. for
the first time. The yield of (11) was 0.01 % for air-dry raw materials.

Method of K.S.Rybalko [22] for the isolation from A. nobilis L. of sesquiterpene lactones
chrysartemine A (5), canin (6) and anolide (7) included the extraction of 4. nobilis L. flower heads and
leaves by hot water (80—85 °C) for 1 hour, followed by treatment of the aqueous extract with chloroform.
The syrup-like residue obtained after removal of chloroform was chromatographed on macroporous silica gel
(KSK grade) at a total material to sorbent ratio of 1:22. Firstly the column was eluted with ether, then with a
mixture of hexane-ethyl acetate (19:1) [9, 10]. As a result of chromatographic separation of an aqueous ex-
tract [10], sesquiterpene lactones anolide (6) from ether fractions, chrysartemine A (4) and canin (5) from
hexane-ethyl acetate (19:1) fractions were isolated [9].

Isolation of the steroid acetyleucanbine (8) from A. nobilis L. was carried out by three-fold extraction of
finely ground aerial parts of A. nobilis L, collected during the mass flowering period, with 96 % ethanol at
room temperature for 3 days and by chromatographic separation of the sum of extractive substances on neu-
tral aluminum oxide (III-1V degree of activity according to Brockmann). Firstly the column was eluted with
hexane, then with a mixture of hexane-benzene, benzene, a mixture of benzene-chloroform, chloroform and
a mixture of chloroform-alcohol [11, 23]. As a result of chromatographic separation of the ethanol extract,
the steroid acetyleucanbin was isolated from hexane fractions (11).

Kastner et al. [12] carried out the extraction of air-dried flower heads of A. nobilis L. with diethyl ether.
The resulting extract gave a positive reaction to the peroxides presence in it. After removal of the solvent, the
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residue was extracted with 50 % methanol and further purified by column chromatography and HPLC. As a
result, the guaian endoperoxide tanapartin-B-peroxide (7) and the flavonoid aglycone 5-hydroxy-3,6,7,4’-
tetramethoxyflavone (10) were isolated.

Biological activity of secondary metabolites of Achillea nobilis L.

Based on the results of biological screenings, the presence of a wide spectrum of biological activity was
determined both for the sums of extractive substances from A. nobilis L. and for individual compounds
isolated from them.

Antimicrobial action of essential oils of A. nobilis subsp. sipylea and A. nobilis subsp. neilreichii
collected in Turkey was studied on gram-positive and gram-negative bacterial strains as well as on the yeast
Candida albicans [13, 19]. It was found that samples of A. nobilis L. essential oils significantly inhibit the
growth of all tested microorganisms, except for Pseudomonas aeruginosa.

The authors of work [24] found that samples of essential oils from 16 species of Achillea L. have mod-
erate anticholinesterase and antimicrobial effects. At the same time, the essential oil of A. nobilis subsp.
neilreichii differs in composition from all others. The oils from Achillea nobilis L. exhibited moderate anti-
microbial activities on Fusarium verticillioides (MIC = 0.60 mg/mL) and Fusarium graminearum
(MIC = 0.60—-1.20 mg/mL), respectively [25].

Sesquiterpene lactones of the guaian structure estafiatin (1) and anobin (3) have a pronounced antitumor
activity [20]. A pronounced growth-regulating activity was found for estafiatin (1), while anolide (6) was
found to have insecticidal activity [8]. Germacranolide hanphyllin (2) effectively inhibits the growth of
Guerin's carcinoma, alveolar liver cancer and Pliss lymphosarcoma [20].

In the work [26], the antioxidant and antimicrobial activities of 15 extracts of A. nobilis L., obtained by
3 extraction methods (maceration, extraction in a Soxhlet apparatus and using ultrasonic radiation) with the
use of 5 organic solvents (hexane, chloroform, ethyl acetate, ethanol and 50 % aqueous ethanol) were stud-
ied. Ethanol and ethyl acetate extracts showed a relatively pronounced antioxidant activity, for which a high-
er content of phenolic components was noted.

The antispasmodic effect of a lyophilized ethanol extract of A. nobilis L. subsp. sipylea (O. Schwarz)
Bassler in rat duodenum, associated with suppression of calcium influx was established [27].

In the work [28], the antinociceptive and anti-inflammatory effects of ethanol extract of A. nobilis
subsp. neilreichii (Kerner) Formanek flower heads were first studied on mice and rats; its acute toxicity was
determined. The authors found that the anti-inflammatory effect of the lyophilized extract is manifested at
doses much lower than LCsy = 4456 mg/kg in mice and is due to the synergistic effect of all its flavonoid
components and is promising for therapeutic use.

The authors of the work [29] found that methanol extracts of six studied Achillea L. species demon-
strate antiglycative, antioxidant and antimicrobial potential. At the same time, the 4. pachycephalla Rech.f.
and A. nobilis L. extracts, which are comparatively rich in polyphenolic components, showed a noticeable
antiglycant ability in the bovine serum albumin (BSA)/methylglyoxal (MG) system. In work [30], a relative-
ly high antioxidant activity of 4. nobilis L. extracts grown under drought conditions was established, and it
was noted that the total content of polyphenolic components in plant extracts growing under these conditions
is significantly higher.

Conclusions

Thus, the analysis of the available literature data and the results of our own studies indicates that
Achillea nobilis L. is a promising source of various classes of biologically active compounds, the most
important of which are terpenoids of essential oil, sesquiterpene lactones and flavonoids, which determine
the pharmacological action of its extracts. The component composition of the essential oil of Achillea
nobilis L. largely depends on the soil and climatic factors in the places of its growth, the phase of the grow-
ing season, the method of its extraction from plant raw materials, and the extractant used (chloroform, etha-
nol, hot water, diethyl ether). Antibacterial, antimicrobial, antioxidant, antiparasitic activities are characteris-
tic both for the sums of extractive substances from Achillea nobilis L. and for individual compounds isolated
from them. Therefore, the search for biologically active components and the development of effective
methods for their isolation from Achillea nobilis L. is relevant for the creation of new drugs with
antibacterial, antimicrobial, antioxidant, antiparasitic action.

This research has been funded by the Science Committee of the Ministry of Education and Science of
the Republic of Kazakhstan (Grant No. AP08052928).
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A.C. KimkenraeBa, C.H. Mantnep, M.M. XKakanos, C.M. OnexeHoB

Achillea nobilis L. 6nonorusijibix 0ejiceHi 3aTTapbl

lony makanana kepOe3 MbIHXanbIpakTsiH (Achillea nobilis L.) Ouonorusslk Genceni KOChUIBICTAPhI )KOHE
onapasl Oefinm amy SAicTepi Typaibl MAIIMETTep JKalIbUIAaHFaH. Op TYPJl ©Cy OpbIHAApBIHIA >KHHAIFAH
Achillea nobilis L. eciMairineH Heri3ri KOMIOHEHTTEpi MOHOTEpIEH I KOCBUIBICTApP OOJIBIN TaOBIIATHIH d(PUP
Maibl; CECKBHTEPIICH/II JIAKTOHIApP: dcTaUaTHH, XaH(QWUINH, aHOOUH, XpU3apTeMUH A, KaHWH, aHOJH] IIeH
TaHAMapTHH-P-MEPOKCHI; ALECTUIIYKAHOUH CTEPOHIbL; (IaBOHOMATAP: 3,5-AUTHIPOKCH-6,7,8-TPHMETOKCH-
(naBoH, S5-ruapokcu-3,6,7,4’-terpameTokcudiaBos, 5,3’-auruapokcu-3,6,7,4’-reTpaMeTokcU(IaBOH Oein
ansiaFad. KepOe3 MbIHXKambIpak 3pup MaibIHBIH KOMIIOHSHTTIK KYpaMbl KeOiHece OHBIH ©CY OPBIHIAPHIH-
JIaFbl TOIBIPAK-KIMMATTHIK (DaKTOpIIapra, BEreTalMsUIbIK Ke3eHHIH (ha3achlHa JKOHE OHbI ©CIMAIK LIMKi3aThl-
HaH IIBIFApbIN ajly TOCUIHE OaiIaHBICTBI, aJl CECKBUTEPIEHAI JAKTOHAAP/bI Oeiin ayra KOJJaHbUIATHIH
IKCTpareHT (XJ0podopM, 3TaHON, BICTBIK Cy, AMATHI 3Gupi) alTapiabIKTail acep eTeTiHi aHBIKTaJJIbI.
Bakrepusira, MuUKpoOKa Kapchl, aHTHOKCHIAHTTBI, Mapa3suTke Kapcol OenceHaimik Achillea nobilis L.
CHIFBIH/IBI 3aTTapbIHBIH COMAChIHA XOHE OJ1apaH 0eJIin ajbIHFaH XeKe KOChUIbICTapFa Ja ToH. XKaHa nopinik
TIpenapaTTapAblH CyOCTaHIMSIIAPHIH JKacay YIIH KepOe3 MBIHKAIbIpaKTaH ONOJIOTHSIIBIK OelIceH Il 3aTTap sl
Geutin ay omicTepi cunarTanraH. By JKyMBICTBIH HeTisri MakcaTsl — Achillea nobilis L. GUTOXUMUSIBIK
3epTTey HOTIKEIEPiH CAIBICTEIPMAIIBI TAJIAY.

Kinm cesoep: Asteraceae, Achillea nobilis L., ceckBurepmneHni nakToHgap, 3¢up Maiisl, ¢aaBoHOMATAp,
Geutint anmy aficTepi, OMONOTHSIIBIK OEICeHITIK.

A.C. KumikenraeBa, C.H. Mantnep, M.M. XKakanos, C.M. AnekeHoB

Buosornyecku aktuBHbIe BeinectBa Achillea nobilis L.

B 0030pHO#i cTaThe 006001IeHB! AaHHbIE 0 OMOJIOrMYECKH aKTHBHBIX COCIUHEHUSX THICAYENUCTHUKA Onaro-
poxnsoro (Achillea nobilis L.) n meronax ux Beigenenus. U3 Achillea nobilis L., coOpaHHOT0 B pa3HBIX Mec-
Tax MPOM3PACTAHMs, BBIAEIECHO Y(PUPHOE MACIO, OCHOBHBIMH KOMIIOHEHTAMH KOTOPOTO SIBIISIIOTCS. MOHOTEP-
TICHOBEIE COSTUHCHNUS; CECKBUTEPIICHOBEIE JIAKTOHBL: dcTauaTuH, XaHGWIINH, aHOOHH, XpU3apTeMHH A, Ka-
HHH, aHOJIMJ M TaHAapTHH-B-IIEPOKCHI; CTEPOU aleTHIdYKaHOHH; (IaBOHOMIBL: 3,5-AMrHIPOKCH-6,7,8-
TpUMETOKCH(DIABOH, S-THIpOKcH-3,6,7,4’-TeTpaMeTokcu(IaBoH, 5,3’-mUruapokcu-3,6,7,4’-TeTpaMeTOKCH-
¢maBon. OmnpezeseHo, 9YT0 KOMIIOHEHTHBIH COCTaB d(MPHOTO Maciia THICTYEIUCTHIKA OIaropoJHOr0 BO MHO-
TOM 3aBHUCHUT OT ITOYBEHHO-KIMMATHYECKUX (haKTOPOB B MECTAaX €ro MPOM3pAcTaHus, (a3bl BEreTallHOHHOTO
nepuoja U crocoba ero U3BJICUCHHUS] U3 PACTUTEIBHOTO CBHIPbS, @ HA BBIACIECHUE CECKBUTEPIIEHOBBIX JTAaKTO-
HOB 3HAYUTEIBHOE BIMSHHUE OKA3bIBACT HCIONB3YyEMBIH 3KCTpareHT (xaopodopm, 3TaHoI, ropsdas BoJa, Au-
STUJIOBBIN 3¢up). AHTHOAKTEepHUaNbHasl, TPOTUBOMUKPOOHAs, aHTHOKCHIAHTHAS, IPOTHUBONAPA3UTapHAs aK-
THUBHOCTH XapaKTepHa KaK ISl CyMM SKCTPAKTHBHBIX BemecTB U3 Achillea nobilis L., Tak n Ui BBIICICHHBIX
W3 HUX WHAWBUIYAIBHBIX COeqUHEHUH. ONMcaHbl METOAB! BBIIEICHUS] OHOJIOTHYECKH aKTHBHBIX BEIIECTB U3
TBICSIYETIMCTHUKA OJIAarOpOIHOTO Ui pa3paboTKH cyOCTaHIMI HOBBIX JIEKApCTBEHHBIX IpernapaToB. OCHOB-
Hasl IIeJb JJAHHOH pabOThl — CPaBHUTEIBHBIN aHAIN3 UMEIOMNXCS Pe3yIbTaToOB MCCIISIOBAHMI O (puTOXH-
MHUuecKoMy usydenuto Achillea nobilis L.

Knioueswie crosa: Asteraceae, Achillea nobilis L., ceckBUTEpIIEHOBBIC JIAKTOHBI, 3QUpPHOE Macio, (IaBoHOU-
b, METOIbI BbIJEICHNUS, OHOJIOTHYeCcKasi aKTUBHOCTb.
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Study of the biologically active acyclic ureas by nuclear magnetic resonance

A wide variety of acyclic ureas comprising alkyl, arylalkyl, acyl, and aryl functional groups are investigated
by nuclear magnetic resonance spectroscopy. In general, spectral characteristics of more than 130 substances
based on acyclic ureas dissolved in deuterated dimethyl sulfoxide at room temperature are studied. The re-
sults obtained based on the studies of 'H and *C NMR spectra of urea and its N-alkyl-, N-arylalkyl-, N-aryl-
and 1,3-diaryl derivatives are presented, and the effect of these functional groups on the chemical shifts in
carbonyl and amide moieties in acyclic urea derivatives is discussed. An introduction of any type of substitu-
ent (electron-withdrawing or electron-donating) into urea molecule is stated to result in a strong upfield shift
in 3C NMR spectra relatively to unsubstituted urea. A strong sensitivity of NH protons to the presence of
acyl and aryl groups in nuclear magnetic resonance spectra is pointed out. In some cases, qualitative depend-
encies between the chemical shifts in the NMR spectra and the structure of the studied acyclic ureas are re-
vealed. A summary of the results on chemical shifts in the NMR spectra of the investigated substances allows
determining the ranges of chemical shift variations of the key protons and carbon atoms in acyclic ureas. The
literature describing the synthesis procedures are provided. The results obtained significantly expand the
methods of reliable identification of biologically active acyclic ureas and their metabolites that makes it
promising to use NMR spectroscopy both in biochemistry and in clinical practice.

Keywords: urea, alkylurea, arylurea, acylurea, diarylurea, urea fragment, amide group, NMR spectroscopy,
chemical shift.

Introduction

Urea is the most important nitrogen metabolism product, the final amino acids exchange product. Urea
is synthesized from ammonia, which is constantly formed in the body during the oxidative and non-oxidative
amino acids deamination, in the hydrolysis of amides of glutamic and aspartic acids, as well as in the de-
composition of purine and pyrimidine nucleotides [1]. It is well known that urea (carbamide) I is a product of
nitrogen compounds metabolism in the mammals [2, 3], but, at the same time, there is literature evidences of
an independent biological role of urea [4-6]. Targeted research in the field of urea chemistry made it possi-
ble to create many biologically active and medicinal products of the acyclic and heterocyclic structures that
contain a urea fragment in their structure [7—11]. To better understand and explain some physical-chemical
processes occurring with the participation of urea I, the latter is often represented in the form of Ia and Ib
resonance structures.

It is believed that the given examples of resonance structures Ia and Ib plausibly explain the urea behav-
ior features in spectral studies and in the urea interaction with a probable biological object.

Spectral methods to study the biologically active substances (including drugs) have been long and suc-
cessfully used both for identification and establishing of the action mechanism. Spectral analysis methods are

*Corresponding author.
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especially useful to reveal the structure and determine the metabolites composition. In the light of the forego-
ing, in recent years, the NMR spectroscopy is gaining strength for the biologically active compounds and
drugs study.

0 [o) O
1 )zj\ 3 +)2\ 3 > 1 /ZK + 3
H,N” 2 > NH, H,NZ NH, HoNT SNH,
[ la Ib

Figure 1. Urea resonance structures

The NMR studies of urea and its derivatives on 'H, °C, "N nuclei are presented in literature [14—17].
Most published works address narrow specialized issues: the formation of intra- and intermolecular bonds,
the establishment of rotation barriers, etc., or vice versa, NMR spectra are used only to confirm the synthe-
sized compound structure. Thus, a targeted and systematic analysis of the 'H and ?C NMR spectra of acyclic
urea was practically not carried out, except for the certain compounds.

In the present work, we analyzed the synthesized acyclic urea large array NMR spectral data.

Experimental

The 'H and >C NMR spectra were recorded on a spectrometer "Bruker AVANCE III HD" (The Bruker
Corporation, Germany), with 400 and 100 MHz operating frequencies, respectively, in DMSO and DMSO-d,
solutions. Chemical shifts are given in the d-scale relative to the tetramethylsilane (TMS) as an internal
standard. The spectra were obtained in full decoupling mode from protons. The concentration of compounds
was 0.5 % for '"H NMR and 10 % for °C NMR, and the substances were synthesized and purified by known
methods [18].

Results and Discussion

N-Alkyl- and N-arylalkylureas. The arylalkyl group is an independent pharmacophore fragment of
many drugs and endogenous substrates [19]. On the other hand, urea is known as a well-established class of
biologically active compounds [20-23]. The simultaneous presence of arylalkyl and urea groups in the com-
pounds, as a rule, causes an increase in biological activity of the compounds studied.

To qualitatively assess the CS changes of NH protons and carbonyl carbon of N-monosubstituted urea
derivatives, the "H and *C NMR spectra of compounds 1-35, shown in Figure 2, were recorded and inter-
preted.

RNHCONH, (R, R;)CHNHCONH,
1-4,15-16 5-14,29-35
R = H (1); R = CH; (2); R =R,= CHy (5); R = Ry= C,Hs (6);
R =1-C;H; (3); R =1-C4Hy (4); R =R;=C;H7(7); R=R,=i-C3H; (8);
R = CH,Ph (15); R = Ph(CH,), (16); R =R, = C4Hy (9); R = R, = C¢Hy3 (10);
R= CH3, R1 = C4H9 (1 1), R= CH3, R1 = C6H13 (12),
17-28 R= CH3, R1 = i-C3H7 (14),
R= PhCHz, R1 = CH3 (29), R= Ph, R1 = i-C4H9 (30),
R = CH; (17); R = C,H; (18); R = CsH, (19); R = i-C3H, R=H, R,=PhCH, (31); R = H, R, = Ph (32);
(20); R = C4H, (21); R =i-C4H, (22); R = PhCH, (23); R =R,=Ph (33); R = R;= PhCH, (34);
R = PhCH,CH, (24); R = (Ph),CH-CH, (25); (PhCH,)NCONH, (35);

4-C¢H;s-CsH4CH(CH;)NHCONH, (26);
4-CH;-C¢H,CH(CH;) NHCONH, (27);
PhCH,CH(C,Hs)NHCONH, (28);

Figure 2. N-Alkyl- and N-arylalkylureas

Based on the obtained experimental data, it can be noted that, when any R and R; substituent is intro-
duced into the urea 1 molecule, the carbonyl carbon atom becomes screened regardless of the substituent na-
ture.
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Given the positive alkyl substituent inductive effect on the urea nitrogen atom, one could expect screen-
ing of the nitrogen atom and the NH proton signal, and, therefore, the displacement of its CS in the strong
field region. However, as it turned out, the experimental data are not simple. Thus, if in the case of a methyl
group (compound 2), the NH proton is de-screened, then the isopropyl radical (compound 3) shields it (Ta-
ble 1). Moreover, in the spectrum for compound 4 containing the isobutyl group, the amide proton is de-
screened again. Therefore, the CS of NH protons is affected not only by the substituent electronic effects.
The substitution of one of the NH protons in urea 1 featuring a group with a positive inductive effect leads to
an increase in the bond order in the RNH-C(O) fragment compared to the unsubstituted NH,—C(O) fragment.
This is explainable in terms of the monosubstituted urea A resonance structure significant contribution to the
molecule general hybrid due to the stabilization by the electron-donating substituent.

However, despite the fact that the alkyl group inductive effect favors the formation of structure A, it is
unlikely to act exactly the same for the corresponding resonance structures B and C, in which the proton is
cleaved from the Alk-NH fragment (Fig. 3).

S
)
o 0
L ¢ |
o} — o
NN Ak——N=="=C——NH, Alk——N——C——NH,
R—N NH,
H
A B ¢

Figure 3. N-alkylurea resonance structures

Secondly, the methyl group steric effect is possible which makes the NH proton less accessible for
cleavage (and substitution) with a base than the NH, group. Thus, the NH proton de-shielding by the methyl
group can be interpreted as a result of a weak inductive effect and a small steric effect of this substituent. The
isopropyl radical has a stronger inductive effect, and the branching in the form of methyl groups "shields" the
amide proton from the solvent molecules. While moving from the reaction center, the electronic effect of the
substituent on this center decreases. Thus, the inductive effect of the two CH; groups of the isobutyl radical
has almost no effect on the nitrogen atom due to the large distance (through 3 bonds). This distance should
also be considered by revising the steric factor. The greater distance between the methyl groups and NH pro-
tons (compared with the CH; groups of N-isopropylurea 3) does not allow them to effectively "shield" the
amide proton from the hydrogen bonds formation, due to which the proton signal is shifted to the low-field
region.

Interestingly, the CS of NH' proton for N-isobutyl- and N-B-phenylethylureas (compounds 4 and 31, re-
spectively) coincide, which once again confirms the assumption that the electronic effects are insignificant
through several bonds for the compounds studied.

Table 1
Urea 1 and its N-alkyl derivatives 2-14 "H and ">C chemical shifts
Compound The "C NMR spectra, DMSO, 8, ppm The 'H NMR spectra, DMSO-dg, 8, ppm
number CH CcO CH NH, d NH,, s
1 — 161.47 — 5.93 5.93
2 — 160.74 — 6.06 5.75
3 — 158.88 — 5.90 5.46
4 — 159.78 — 6.12 5.67
5 41.18 158.88 3,61 5.38 5.90
6 51.48 158.89 3.54 6.00 5.56
7 47.97 158.67 3.69 5.90 5.47
8 49.46 158.52 — — —
9 48.49 158.61 3.70 5.90 5.47
10 48.50 158.67 3.70 5.89 5.45
11 44.61 158.37 3.76 5.94 5.56
12 44.69 158.45 3.81 6.02 5.52
13 52.73 159.05 3.74 5.76 5.34
14 — — 3.70 6.00 5.52
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Table 2
Urea 15-35 N-arylalkyl derivatives "H and "*C chemical shifts

Compound The "C NMR spectra, DMSO, 8, ppm The 'H NMR spectra, DMSO-dg, 8, ppm
number CH C=0 CH NH NH,
15 43.04 159.12 4.41 6.79 5.86
16 38.13 158.97 3.19 6.36 5.87
17 48.57 158.15 4.94 6.47 5.68
18 54.62 158.37 4.72 6.66 5.65
19 52.75 158.22 4.82 6.68 5.68
20 58.58 158.45 4.67 6.71 5.71
21 53.12 158.30 4.79 6.67 5.66
22 51.33 158.32 4.89 6.69 5.70
23 54.77 158.07 5.12 6.81 5.71
24 52.83 158.37 4.88 6.82 5.72
25 51.56 158.15 4.55 6.87 5.63
26 48.04 157.62 4.99 6.74 5.69
27 48.27 158.07 4.90 6.62 5.70
28 51.70 158.52 3.84 6.00 5.55
29 46.69 158.91 3.79 5.88 5.42
30 — 158.79 - 6.54 5.55
31 — 159.50 - 6.12 5.68
32 — 159.47 — 6.56 5.72
33 56.45 157.52 6.12 7.23 5.84
34 52.39 158.35 4.12 6.08 5.58
35 — 158.89 - — 5.83

The urea 1-35 NMR spectra analysis shows that significant changes in the structures of the substituted
N-alkyl-2-14 and N-arylalkylureas 15-35 are reflected to a greater extent in the 3 (CO) CS in the "°C spectra
of N-alkyl substituted ureas than N-arylalkylureas. The total range of changes in & (CO) CS in these com-
pounds is 3.22 ppm, and when compared with urea 1 itself, a noticeable strong field shift up to 4 ppm is ob-
served. The carbonyl atom greatest screening can be seen in arylalkylurea 33, which is apparently due to the
action of spatial factors. Despite this, the difference between the most and the least shielded carbon atoms in
N-alkyl substituted ureas is 6 (CO) 2.37 ppm, in arylalkyl-substituted ureas this signal is Ad (CO) 1.98 ppm.

The analysis of CS values for methine carbon atom (CH) in the "*C spectra of ureas 2—35 indicates its
higher sensitivity to structural variations compared to the carbonyl carbon atom. As can be seen from the
data given in tables 1 and 2, the difference between the most and the least shielded CH- carbon signals for
alkyl ureas 5-13 is Ad = 11.55 ppm, and for arylalkylureas 15-35 the value is Ad = 20.45 ppm. In the series
of compounds 5-13, there is a tendency towards a strong-field shift of 8 (CH) groups as the substituent vol-
ume R(R)) increases, with the exception of compound 13 featuring the most unscreened signal. Among the
N-arylalkyl-substituted compounds 15-35, the CH carbon is screened in the highest extent in the case of
compound 16, which is most likely due to the spatial influence of a more branched alkyl radical and phenyl
core on the methine carbon atom.

The comparison of CSs & (NH,) in the '"H NMR spectra of urea 1 and its derivatives 2-35 shows that
the signal of these protons in alkyl derivatives 2—14 is screened to a greater extent (up to 0.56 ppm) than in
compounds 15-35 (up to 0.45 ppm). The analysis of CS values of NH- and CH-protons of compounds 2—-35
shows that for alkylureas 2—14, the CS change of these protons is less pronounced (Ad (NH) = 0.74 ppm, Ad
(CH) = 0.27 ppm), than for arylalkylureas 15-35 (A5 (NH) = 1.35 ppm, Ad (CH) = 2.93 ppm). At the same
time, it can be observed that for N-arylalkyl compounds 15-35, the CS protons of CH and NH are shifted to
weak fields by ca. 1 ppm as compared with the CS protons in CH and NH groups of N-alkylurea. This phe-
nomenon can be explained by the anisotropic effect of the nearby phenyl ring.

N,N'-Benzhydrylureas. Benzhydrylureas are low toxic substances and are characterized by a wide
physiological activity range, e.g., anticonvulsant [20, 21], antihypoxic [22], enzyme-inducing effects on cy-
tochrome-P-450, a dependent liver monooxygenase system [21]. In this part of the article, we present the 'H
and "C NMR spectra of studied N-benzhydrylureas 36-70 showed in Figure 4. Table 3 shows the chemical
shifts of N-benzhydrylureas 36-70 in the 'H and *C NMR spectra.
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R/— —\R'

AN H A
\ / ILHCONb /
36-70
R=R;=H (36); R=H, R, =4-F (37); R =4-Cl, R;=3-Cl (54); R =4-Cl, R, =2-CI (55);
R=H, R,=4-C1 (38); R=H, R ;= 4-Br (39); R=R;=3,8-Cl (56); R=R,=2,8-Cl (§7);
R =H, R;=4-NO, (40); R = H, R, =4-CH;0 (41); R =R;=3-Br (58); R=H, R;=3-CH;(59);
R=H, R,=3-F (42); R=H, R, =3-CI (43); R=H, R;=4-CH;(60); R=H, R, =2,5-C1 (61);
R=H, R,=3-Br (44); R=H, R, =3-1 (45); R =H, R;=4-OH (62); R =H, R, =3-F, 4-CH; (63);
R=H, R,=2-F (46); R=H, R, =2-CI (47); R =H, R,=3,4-CH; (64); R =H, R; =3-NO, (65);
R=H, R;=2-Br (48); R =H, R;=2-1 (49); R =H, R;=4-N (66); R =H, R; = a-HapTanmernn (67);
R =H, R;=2-CH; (50); R=4-CHj, R; = 3-F (51); R =4-Cl, R = 6enzodypur (68);
R =4-CHj;, Ry =3-CH; (52); R =4-F, R, = 6enzodypur (69);
R =4-CH;, R;=2-CH; (53); R =4-Cl, R;=4-CI (70).
Figure 4. N-Benzhydrylurea
Table 3
'H and "C chemical shifts for N-benzhydrylureas 36-70
Compound The "C NMR spectra, DMSO, 8, ppm The 'H NMR spectra, DMSO-dg, 8, ppm
number CH C=0 CH, m NH, d NH, s
36 56.45 157.52 6.12 7.23 5.84
37 55.86 157.44 6.15 7.26 5.85
38 55.78 157.52 6.15 7.27 5.83
39 56.17 158.21 6.13 7.30 5.86
40 56.01 157.83 6.07 7.12 5.78
41 55.85 157.59 6.06 7.06 5.80
42 56.26 156.39 5.99 7.10 5.74
43 56.57 158.01 6.17 7.30 5.85
44 55.86 157.61 6.00 7.05 5.76
45 56.23 157.77 6.41 7.27 5.92
46 51.08 159.83 6.46 7.29 5.88
47 5391 157.44 6.46 7.25 5.85
48 56.01 157.29 6.40 7.25 5.83
49 59.74 157.22 6.29 7.25 5.84
50 53.24 157.52 6.26 7.06 5.75
51 56.01 157.57 6.04 7.01 5.80
52 55.71 157.59 6.05 7.26 5.80
53 55.93 157.59 6.11 7.22 5.87
54 56.30 157.67 6.05 7.16 5.80
55 53.02 157.52 6.25 7.02 5.77
56 55.63 157.44 6.01 7.28 5.76
57 53.24 157.87 6.43 7.41 5.85
58 55.71 157.44 6.18 7.38 5.89
59 56.97 158.34 5.86 7.04 5.63
60 57.06 158.66 5.99 7.14 5.82
61 54.62 157.96 6.13 7.08 5.67
62 56.63 162.80 5.77 6.86 5.56
63 56.63 158.44 5.93 7.03 5.73
64 57.05 158.56 5.92 7.03 5.75
65 56.76 158.27 6.05 7.22 5.70
66 56.64 158.35 5.91 7.14 5.72
67 53.79 158.14 6.65 7.02 5.62
68 51.29 158.53 6.15 7.20 5.79
69 51.20 158.91 6.12 7.20 5.76
70 56.49 158.42 5.95 7.15 5.76
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At first, we note the difference between the most and least shielded 6CH and 6CO signals in N-benz-
hydrylureas 36-70: ACH=8.66 ppm, ACO=6.41 ppm. In this part of the work, we established the methine
carbon atom screening effect relatively to the unsubstituted benzhydrylurea 36 by the substituent in the or-
tho-position (benzhydrylurea 46—50, 55, 57). Noteworthy is the weakening of the CH groups screening effect
with increasing substituent volume in the ortho position of benzhydrylureas, and for the most "bulky" sub-
stituent, i.e., iodine (compound 49), the dCH signal is even shifted to the weak ficlds areca. We emphasize
that the chlorine atom and the methyl group characterized by the same steric constants located in the ortho
position cause the same CH-carbon CS.

In the '"H NMR spectra of the N-benzhydrylureas 36-70 (Table 3), the CS of methine protons are in the
range of 5.77-6.65 ppm, and it can be seen that for ortho-halogen derivatives 4650, 57 (but not for ortho-
methyl derivatives) and compound 67, these protons are the most unscreened. The difference between
the signals of most and the least shielded NH protons (ANH =0.52 ppm) and the NH, protons CS
(ANH, = 0.36 ppm) are less pronounced, despite the type of mono- or disubstitution in the aryl fragment of
N-benzhydrylureas 36-70.

Acylureas. N-Arylalkyl-N-acylureas are known as biologically active compounds of various actions
[20—22], and some representatives of these compounds have found application in clinical practice [19]. It is
also important that the arylalkylureid fragment is a key component of the heterocycles of the barbituric,
hydantoin, and quinazolinedione series, which are effective physiologically active substances of the most
diverse actions [1-6, 24].

In this part of the work, we studied the effect on CS in the 'H and *C NMR spectra of substituted
N-alkyl(arylalkyl)-N'-acylureas 71-99 on a changes in structural parameters in the urea, amide, alkyl, and
molecules acyl fragments presented in Figure 5:

RNH'CONH"COR, PhCH(R)NH'CONH"COR,
71-82 83-95
R =H, R, = CH; (71); R = i-CsHy1, R, = i-C4Ho (72); R =H, R, = i-C3H, (83); R = R' = CHj (84);
R= i-C5H11, Rl = C2H5 (73), R= CH3, R] = C2H5 (85), R= CH3, R1 = C3H7 (86),
R= i-C3H7, R1 = CHz-C6H5 (74), R= CH3, R1 = C4H9 (87), R= CH3, R] =Ph (88),
R= i-C5H11, R1 = C6H5 (75), R= CH3, R] = PhCH2 (89), R= Ph, R] = CH3 (90),
R= i-Cngl, R] = CH(C6H5)2 (76), R= Ph, R1 = CF3 (91), R= 3-C1-C6H4, R1 = CF3 (92),
R= i-C3H7, R] = C6H5 (77), R= C3H7’ R1 = 3-CI-Ph (93), R= C4H9, R1 = PhCH2 (94),
R= i-Cngl, R] = CHz-C6H5 (78), R= CH3, R] = 4-F-Ph (95),
R =1i-CsHyy, Ry = C3H; (79);
R =i-CsH,;, R, = CH; (80); PhCH,CH(R)NH'CONH"COR,
R= i-C5H11, Rl = H-C4H9 (81), 96-99

R =1i-C3Hy, Ry = CH5(82);
R= CH3, R] = C2H5 (96), R:CHg, R]Zi-C4H9 (97),
R = CHj;, Ry =1-C;H; (98); R=PhCH,, R;=C,H;(99).
Figure 5. N-Alkyl (arylalkyl)-N'-acyl substituted urea

Chemical shifts in the 'H and C NMR spectra of N,N'-acylurea 71-99 are presented in Tables 4 and 5.

Table 4
'H and "C chemical shifts for N-alkyl-N'-acylureas 71-82
Compound The "C NMR spectra, DMSO, 8, ppm The 'H NMR spectra, DMSO-dg, 8, ppm
number COR, Cc=0 NH' NH"
1 2 3 4 5
7.19
71 172.62 154.43 774 10.15
72 174.81 153.75 8.38 10.25
73 176.16 153.76 8.34 10.24
74 173.50 152.88 8.19 10.56
75 168.70 153.97 8.68 10.70
76 173.93 153.56 8.30 10.77
77 168.83 153.22 8.61 10.70
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Continuation of Table 4

1 2 3 4 5

78 173.33 153.73 8.30 10.59

79 175.38 153.74 8.34 10.24

80 172.70 153.67 8.31 10.28

81 175.53 153.75 8.34 10.24

82 176.14 153.00 8.26 10.19

Table 5
Chemical shifts in the "H and *C NMR spectra for N-arylalkyl-N’-acylureas 83-29
Compound The "C NMR spectra, DMSO, 8, ppm The 'H NMR spectra, DMSO-dg, 8, ppm
number CONH CH COR NH/, d NH", s CH, t

83 153.59 — 174.58 9.04 10.53 -

84 152.54 48.64 172.79 8.94 10.54 5.10

85 152.62 48.67 176.14 9,00 10.51 5.11

86 152.54 48.64 175.48 9,01 10.51 5.10

87 152.50 48.62 175.49 8.43 10.28 3.99-4.06

88 153.21 49.17 169.44 9.29 10.81 5.19

89 152.52 48.87 173.46 8.90 10.82 5.09

90 153.23 57.04 173.65 9.50 10.77 6.23,6.31

91 151.58 58.16 — 8.73 11.73 6.10,6.16

92 149.94 55.74 — 8.75 10.80 6.05,6.12

93 153.21 55.36 167.75 9.06 10.92 479k

94 153.46 53.39 173.56 8.12 10.52 3.72-3.64

95 153.11 49.38 167.93 9.06 10.83 4.98

96 153.13 46.87 176.25 8.36 10.25 3.97-4.04

97 153.10 46.90 174.97 8.41 10.25 3.96-4.03

98 153.34 46.94 179.41 8.42 10.28 3.99-4.04

99 153.36 52.53 176.20 8.42 10.19 427 m

We found that the introduction of additional phenyl core to the one of the reaction centers (to
CH-carbon, compound 91) compared with other compounds leads to some screening of the amide carbonyl
group but at the same time causes a significant weak field shift (by 11.29 ppm) of the methine carbon atom
signal (compound 90, 91). In our previous works [25, 26], we reported that the introduction of substituents
into the ortho position of diphenylmethyl system causes progressive de-screening of CH-carbon with an in-
crease in the substituents volume at the nitrogen atom in the diphenylmethyl fragment of the studied com-
pounds. As can be seen from the table 5, the diphenylmethyl system formation (compounds 90-92) leads to a
sharp weak-field shift of the CH-carbon relative to CH CS of compounds 84-89, 93-99. A comparative
analysis of the CS CH carbon atom of N-diphenylmethylamides (according to [19]), N-diphenylmethylureas
(according to [25]), and N-diphenylmethylureides 90-92 established that the CH-carbon signals of com-
pounds 90-92 are more unscreened than those of the precursors. The established fact of the highest
CH-carbon of N-diphenylmethylureids 90-92 de-screening in the compared series of compounds is obvious-
ly related mainly to the spatial factor, i.e., with an increase in the substituent size in the molecules of
diphenylmethyl group (the ureide group is significantly larger than the amide [19] or the urea [25] ones).

In addition, it can be noted that due to its powerful electron-withdrawing effect the N'-trifluoroacetyl
group (compounds 91, 92) has a greater diamagnetic effect on the amide carbonyl carbon atom than the alkyl
acyl and alkylaryl acyl R radicals. Summing up the influence of acyl groups, it can be noted that the acyl
radicals cause a strong field displacement of the amide carbonyl group of the starting N-arylalkylureas [26,
27] and N-alkyl-N'-acylureas 71-82. The difference between the most and the least carbonyl atom screened
signals in the "*C spectra of acylureas 71-99 is & = 4.49 ppm. The most shielded CS of the atom in com-
pounds 71-99 can be observed in N-diphenylmethylurea 92.

In the "H NMR spectra of acylureas 71-99, the acyl groups, being electron acceptors, cause regular
weak-field shifts of the amide proton signals for compounds 71-99 and the methine proton for compounds
83-99 compared to the CS of similar protons in the initial N-aryalkylureas [26]. The difference between the
most and the least shielded CH-carbon signals for compounds 83-99 is & = 2.59 ppm, and for NH' and NH"

66 Bulletin of the Karaganda University



Study of the biologically active acyclic ureas ...

groups (compounds 71-99), 2.03 ppm and 1.58 ppm, respectively. The CH proton chemical shifts in the
spectra of 'H acylureas 83-99 are more screened than the signals of these protons in N-diphenylmethylureids
20-22. We noticed that the most de-shielded NH" protons group signals belong to these compounds 90-92,
which is connected, as mentioned before, with the diphenylmethyl system formation on the one hand and the
trifluoroacetyl group effect on the other.

Urea aryl derivatives. It is well known that the electron-withdrawing substituent decreases the bond
length in the RC-N fragment, and the substituent that is able to pair with the carbonyl group m-system in-
creases it due to the resonance effects.

The N-phenylurea resonance structures are as follows: the carbonyl group to a large extent gathers the
electron density from the unsubstituted nitrogen atom, since the lone electron pair of the N' atom is delocal-
ized in the benzene ring 7 system. This is also evidenced by the large de-screening of the NH, group. How-
ever, the anisotropic and steric influence of the aromatic fragment mainly contributes to the carbonyl carbon
screening.

r 8

il

. L ’/7-/0\@ <« » cic.
H
.

Figure 6. Electron density distribution in N-Phenylureas

Y

The way how the direct conjugation affects the system CS can be judged by comparing the CSs in
N-phenylurea with the data obtained for the remaining compounds in which the alkyl and alkylacyl radicals
are present as substituents. Below we present a qualitative analysis of "H and *C NMR spectra of aryl deriv-
atives of urea 100-107 (Fig. 7).

PhNH'CON"(R, R))
100-107

R=R,=H (100); R=H, R,=C,H; (101); R=R1=CHj; (102); R=R1=C,Hs (103); R=H, R,=COCHj; (104);
R=H, R,=COCH,CI (105); R=H, R,=COCF; (106); CH;CH,0C(H,NHCONH, (107)

Figure 7. Urea aryl derivatives

Table 6 presents the chemical shifts in the "H and ?C NMR spectra of compounds 100-107.

Table 6
Arylureas 1-8 chemical shifts in the 'H and *C NMR
Compound The ®C NMR spectra, DMSO, d, ppm | The "H NMR spectra, DMSO-dg, 6, ppm
number C=0 NH' NH" (NH,)

100 156.35 8.77 6.15
101 153.59 9.81 8.87
102 153.22 9.75 -

103 153.74 9.79 -

104 150.90 10.77 10.89
105 150.38 10.42 11.15
106 148.66 10.04 12.07
107 156.85 8.34 5.79

As can be seen from the table 6, under the influence of all substituents (except for compound 8), the
carbonyl atom CS in the "*C spectrum is shifted to a strong field relative to phenylurea 100 itself. You can
also notice that under the influence of the electron-donating properties of alkyl substituents, the signal is
shifted to 3 ppm (101-103), and with an acetyl substituent, even more shields up to 6 ppm. But the N-tri-
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fluoroacetyl group (compound 106) has the greatest effect on the shift of the C=0 group signal, the differ-
ence between the most and the least shiclded atoms is 8.19 ppm compared with the unsubstituted phenylurea
100. Probably, this is due to the fact that this substituent has a greater diamagnetic effect on the amide car-
bonyl carbon atom than the alkyl and alkylacyl R (R,)-radicals.

The CS analysis of compounds 100107 (except for the NH" group of compound 107) relatively to
phenylurea 1 shows that in the 'H spectrum, the amide protons of both groups undergo significant de-
screening, moreover, the NH'" group protons proved to be more sensitive to the electronic influence of the
substituents SNH" = 6.28 ppm than the protons of NH' (SNH" = 2.43 ppm).

Urea diaryl derivatives. In a number of spectral methods to identify and establish the action mecha-
nisms of the biologically active compounds, the NMR spectroscopy is becoming more widespread [27]. In
this part of the work, we present a qualitative analysis of N,N'-diarylureas that are characterized by diverse
activity [28, 29].

Previously, the effect of various substituents on the characteristics of NMR spectra in a para-substituted
phenylureas series was studied [30]. Based on the analysis of "H and >C NMR spectra, the electronic effect
of the urea fragments of N-phenyl-N’-alkyl(acyl)urea on the benzene ring was estimated before.

In connection with the foregoing, it was interesting to evaluate the substituent effects in the aryl core on
the CS of carbon and hydrogen atoms in urea fragment of diarylureas 108-122 (Fig. 8).

C¢H4(R)NH'CONH"Ph

108-122
R =R, = H (108); R = 4-CH; (109); R = 4-OH (110); R = 4-CH;CO (117); R = 4-1 (118); R = 2-NO, (119);
R = 4-CH;0 (111); R = 4-NH, (112); R = 2-CH; (113); R = 4,4'-CH; (120); R = 4,4'1 (121);
R = 4,4“0-CH; (114); R = 4-NO, (115); Ph-NHCONH-C(Fs (122)

R =4-COOH (116);
Figure 8. Urea diaryl derivatives

Table 7 represents the CS values in the 'H and °C NMR spectra of diarylureas 108—122.

Table 7
N,N'-diarylurea 108-122 'H and “C chemical shifts
Compound The °C NMR spectra, DMSO, d, ppm The '"H NMR spectra, DMSO-dg, 6, ppm
number C=0 NH' NH"
108 152.69 8.89 8.89
109 152.62 8.84 8.78
110 152.55 8.77 8.56
111 152.69 8.83 8.71
112 152.55 8.85 8.77
113 153.15 8.15 9.25
114 153.24 8.50 8.50
115 151.91 9.10 9.62
116 152.20 9.04 9.30
117 152.05 9.03 9.33
118 151.98 9.80 9.91
119 151.93 9.84 10.08
120 153.05 8.62 8.62
121 153.26 9.91 9.91
122 151.98 8.71 9.30

Judging by the carbonyl carbon atom (8CO) CS values, first of all, we note that in diphenylureas
108-122, the CS of this carbon atom is noticeably shielded to 4.5 ppm compared to phenylurea 100 itself.
Probably, this is due to the fact that the N'-arylation of phenylureas (compounds 108-122) leads to an in-
crease in the amide conjugation in N(I)-CO or N(II)-CO fragments due to the influence of the spatial factors,
for example, due to the urea fragment effect of steric compression of molecules with N'-aryl radicals. The
range of changes of 6CO CS in diphenylurea 108-122 is small: ACO = 1.35 ppm. Since the changes in the
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dCO CS are not clearly connected with the electronic characteristics of R substituents, the 3CO CS vibrations
are apparently also caused by the urea fragment geometry deformation by aryl radicals.

The changes in the CS of urea protons (ANH(I) = 1.76 ppm, ANH(II) = 1.52 ppm) indicate their insig-
nificant sensitivity to the electronic influence of variable R substituents. Thus, the electron-donating substit-
uents (compounds 109-114, 120) cause NH(I) and NH(II) protons strong-field shifts, and electron-
withdrawing substituents (compounds 115-119, 121, 122) are a shift to weak fields, and NH(II) protons are
more susceptible to the influence of the R substituents.

1,3-disubstituted ureas. By completing the assessment of qualitative changes in the CS of NH protons,
carbonyl carbon, and methine atoms in the monosubstituted and disubstituted urea derivatives, we move to
the final group of N,N and N,N’ disubstituted ureas, amide protons and carbonyl carbon chemical shifts
(Table 8), and the compounds themselves (Fig. 9).

The overall picture continues the trends observed for the N-monoprotected urea derivatives. The intro-
duction of groups possessing donor properties shields the amide protons, and the groups capable of conjuga-
tion de-screen them. Carbonyl carbon, as expected, is shielded more strongly than in the case of mono-
substitution.

It is noteworthy that in compounds 124 and 127, the substituent enters into conjugation not only with
the nitrogen atom directly bonded to it, but also with the other via the carbonyl group 7 system. This conclu-
sion can be done if we consider the change in the proton of the amide linkage bound chemical shift to the
tert-butyl group during the transition from compound 125 to 126. The conjugation violation noticeably af-
fects the signal of this NH proton, i.e., the signal is shifted towards a strong field (A = 0.62).

RNHCONHR, (R,R;)CHNHCONHCH(R,R )
123-128 129-130
R= R] = CH3 (123), R= t-C4H9, R1 = COC2H5 (124), R= Ph, R] = 3-C1-C6H4 (129),
R= t-C4H9, R1 =Ph (125), R= t-C4H9, R] = PhCH2 (126), R= 4-CH3Ph, R] = 3-CH3Ph (130)

R = PhCH,, R, = Ph(127); R = Ph,CH, R, = Ph,CH (128);

Figure 9. N,N’-Disubstituted ureas

Table 8
'H and "C chemical shifts for N,N’-disubstituted ureas 123-130
Compound The °C NMR spectra, DMSO, o, ppm The '"H NMR spectra, DMSO-dg, 6, ppm
number CH C=0 CH, m NH, d NH d
123 — 160.0 - 5.90 5.90
124 — 153.59 - 8.38 10.12
125 — 156.11 - 5.96 6.68
126 — 157.51 - 5.73 6.06
127 — 156.0 - 6.26 8.50
128 56.88 156.22 5.92 6.90 6.90
129 56.57 156.57 6.01 7.01 7.01
130 57.07 156.76 6.85 5.78 5.78

From the data given in Table 8 it can be seen that in contrast to N-methylation, the N,N- and N,N'-aryl-
alkylation of urea causes the carbonyl carbon atom screening. For comparison, it can be noted that the
N,N-dimethylation of urea de-shields the carbonyl carbon atom by 6.1 ppm, whereas N,N-dibenzylation
(compound 34) shields 2.5 ppm this urea carbon atom. Given the fact that the arylalkyl groups in compounds
123-130 in relation to the urea carbonyl group exhibit at least lower electron-donating properties than the
methyl group, it can be concluded that the dCO screening effect in compounds 123—130 upon urea N-aryl-
alkylation is primarily due to the spatial factors. Since the steric characteristics of arylalkyl groups are signif-
icantly greater relative to methyl and due to their steric "bulkiness", it is possible that the urea arylalkyl
groups 123-126 cause spatial stresses in the urea fragment of molecules simultaneously enhancing the con-
jugation in the amide fragment with a corresponding increase in the studied compounds amide bond order,
and, as a consequence, the 8CO screening in urea 123—126 relative to urea or its N-methyl derivatives. The
strong field displacements of the largest carbonyl carbon atoms are observed in compound 124, which is
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caused by the presence of the most steric "bulky" radical, on the one hand, and the acyl radical effect on the
other.

The CS comparison of methine carbon atoms in the 'H spectrum of compounds 128—130 shows that this
carbon atom in these compounds is significantly unscreened (relative to a-phenylethylurea 16). As the sub-
stituent volume in the urea grows, the symbatic changes in the CS 6CH occur, in other words, the larger are
the steric characteristics of the substituents, the more likely the weak-field signal shift is observed.

The introduction of any substituent type (electron-donating or electron-withdrawing) causes a noticea-
ble strong-field shift of the CS of C=O group in all the compounds studied in comparison with the pristine
urea. This is especially pronounced for N-arylureas 100—107 and N-acylureas 71-99. In the NMR 'H spectra
of the studied urea 130, the N-arylureas 100-107 and N-acylureas 71-99 NH protons are the most sensitive
to structural variations.

Conclusions

Numerous experimental data analysis for 130 N-substituted ureas cited before made it possible to de-
termine the main intervals of chemical shifts to identify the atomic resonating groups in the NMR 'H and "*C
spectra. The summarized data presented in table 9 are useful to identify urea in various studies and can be
used by both chemists and biochemists or clinicians.

Table 9
Urea chemical shift intervals

The chemical compound 1 The "C NMR spectra, ppm
No. or fragment therrc)ao £ The "H NMR spectra, ppm =0
1 R-NH, 5.7-6.2 156.4-158.2
2 AIKNHCO 5.8-6.06 158.5-158.9
3 ArNHCO 8.6-10.1 151.9-156.9
4 ArAlkCHNHCO 7.0-7.4 156.6-159.9
5 Ar(AIk)NHCONHCOR; 8.7-9.46 148.7-153.6
6 ArNHCONHCOR; 8.6-12.5 148.7-153.6

To conclude, not only do the results of "H and >C NMR studies of ureas facilitate the opportunities to
determine the qualitative and quantitative changes of the spectral characteristics from the structural parame-
ters in specific series of the synthesized substances, but also provide a good evidence for their structure. The
chemical shifts of protons and carbon atoms in the NMR spectra of the substituted ureas can be used as ini-
tial data to correlate with the biological activity and other properties. The obtained results can be used as
spectral database for chemists, biochemists and pharmacologists using similar substances in practice.
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SAnposibIKk MATHUTTIK PE30HAHC J/liciMeH OMOIOTUsIIBIK OesiceH i
AIUKJIIK MOYeBUHATIAPABI 3ePTTEY

MoueBuHa xoHe OHbIH N-alMKJIIIK TYbIHABLIAPHI a1aM KbI3METIHIH TYPJIi cajlajapbIH/a op TYPIi KOJIJaHyAbl
TabaThlH KYpaMbIHIa a30Thl 0ap OPraHUKAIBIK KOCHUIBICTAPIBIH MAHBI3IBl KJIAachl OOJIBIT TaOBUIAIBL.
CoHBIMEH, OJap KONTereH OMOXMMUSUIBIK MPOLECTEePlIe MaHBI3AbI POIl aTKAaphIl, aybUl IIApyallbUIBFBIHIA,
KOCMETOJIOTHsI/1a, TaMaK ©HEpKaciOiHae xaoHe T.0. cajanapia KeHiHeH KOJIJaHBUIBII, OpPTaHUKAaIbIK CHHTE3/1e
A30TTaHJBIPY peareHTi peTiHje apekeT ereni. N-OpbIHOACKAH alMKIIK MOYEBHHAHBI COMKECTCHIIPY XKOHE
Tanaay omiCTepiHiH KeH Katapsiaaa SIMP-CrieKTpOCKOTIHS KETEKIIN pejire ue eMec, ajia Oy camagarbl Oenriai
MoIiMeTTep OalIaHBICCHI3 JKOHE JKyieci3 cumarka ue. bys jkarmail amkuil-, apuiaikuil-, alii- SKOHE
apUIIOPBIHOACKAH TYBIHABLIAPbI KAMTUTBIH allMKJIIIK MOYCBHHANAPABIH KeH IieHOepiHe sapOosbIK-MarHUTTI
pesoHaHC dJiciMeH 3epTTey Kyprizyre Typrki Goumsl. Kymeicra 'H xone *C SIMP moueBuHa criektpiepinin
skoHe OHbIH N-ankui-, N-apunankuia-, N-apuwn — jxoHe 1,3-auapui TybIHABUIAPhI CIIEKTPIICPiHIH Herizinae
QIBIHFAH HOTIDKEIEPl YCBHIHBUIFAH JKOHE OCHI (DYHKIMOHAIIBIK TONTAPJBIH MOYCBHHA aATOMIAPBIHBIH
KapOOHWIBAI JKOHE aMHATI (parMeHTTEepiHIH XHMMISUIBIK BIFBICYbIHA ocepl TankbUlaHraH. JKekenereH
xarmainapaa SIMP  criekTpiHIeri XMMHSUIBIK BIFBICYJIAp MEH 3€PTTEIreH KOCBUIBICTAPBIH KYPhUIBIMBI
apachIiHIa KeHOip camaiblK TOYENIUIK OCNTUICHreH. 3epTTeNreH KOChUIBICTAPIBIH XUMHUSIIBIK BIFBICYIapPhIH
OJIIIICy HOTHXKEJIEPIH KOPBITY alMKIIIK MOYEBHHAIApAa MPOTOHIAAP MEH KOMIPTEri aTOMBIHBIH XHMHSIIBIK
BIFBICYJTAPBIHBIH ©3TePy apalbIKTapPbIH aHBIKTAyFa MYMKIHIIK Oepii. AJIBIHFAaH MATIMETTEP OHOIOTHSIIBIK
OenceHl alMKIIIK MOYEBHHAIAP MEH OJIap[blH METa0OMUTTEPiH CEHIMII COHKECTeHAIPY SiCTepiH eaayip
keHeiresni, an 0y IMP-crieKTpoCKOIHIHBI OMOXUMHUS JKOHE KIMHUKAJIBIK MPAKTHKA YIIH TapTHIMIbI €TEi.

Kinm ce30ep: modeBuHa, N-anmkmiMoueBrHa, N-apriModeBruHa, N-ammimodeBuHa, N,N-IuapriModyeBrHa,
kapOamuy pparmenTi, aMmunTik Torm, SIMP-cieKTpOCKOHUS, XUMUSIIBIK BIFBICY.

A.A. baku6aes, M.)X. CanBakacosa, B.C. Manbkos,
P.I1I. Epkacos, A.A. CopsanoB, O.A. KoTenbHUKOB

HccnenoBanue 0M0J0rn4eckd aKTUBHbBIX AlIMKIHYECKHX MOYEBHH
METOAOM SAICPHOIO MArHUTHOI'O pE€30HAHCA

MouesnHa u ee N-anuKJImdeckue IPOU3BOAHBIC NPEICTABIIIOT OO0 BasKHBIH KIIaCC a30TCOICPIKAIINX Op-
TaHMYECKUX COCJMHEHUH, KOTOPBIH HAXOMUT pa3HOOOpa3sHOE MPUMEHEHHE B Pa3JIMUHbBIX OTPACIsIX deJoBede-
CKOH JIeaTenbHOCTH. Tak, OHM MIpaloT BaXKHYIO POJIb BO MHOTUX OMOXMMHYECKHX IIPOLEccax, MIMPOKO HC-
TONB3YIOTCS B CETHCKOM XO3SIHCTBE, KOCMETOJIOTHH, MHIIEBON MPOMBIIUIEHHOCTH U T.J., BRICTYNAIOT B Kade-
CTBE a30THPYIOILETO PeareHTa B OpraHu4eckoM cuHTese. Cpey MUPOKOro apceHana METo0B UACHTH(HUKA-
UM U aHanu3a N-3aMELICHHBIX alUKIM4ecKuX Mo4yeBHH SIMP-cniekrpockonus 3aHMMaeT JajJeKo HE JIUIu-
PYIOLIYIO POJIb, @ UMEIOIIHECS CBEICHUS B 9TOH 001acTH 3HAHUSI HOCAT OTPHIBOYHBIA M HECUCTEMHBII Xapak-
Tep. JlaHHOE 00CTOSATENECTBO MOCITYKIIIO TTOOYANTETBHBIM MOTHBOM JUISI IPOBEACHHMS HCCIIENOBAHUN METO-
JIOM SIIEPHO-MAarHUTHOI'O PE30HAHCA HIMPOKOr0 KPyra alUKIMYECKUX MOYEBMH, OXBATHIBAIOLIMX UX AJIKHI-,
apUIANIKWI-, alliI- U apuI3aMelleHHBIX IPOM3BOAHBIX. B Hacrosmeil paboTe mpencTaBlICHBI pe3yibTaTH,
IOTyueHHBIE HA OCHOBaHMM u3ydeHus 'H u *C SIMP-cieKTpoB MOUYEBHHBI i ee N-ayikii-, N-apHiajiKi-,
N-apun- u 1,3-Anapuianpon3BoAHbIX, U OMPEAENIEHO BIMAHUE 3TUX (DYHKIHMOHATIBHBIX IPYMI HA XUMUUECKUE
CIBUI'M KapOOHWIIBHBIX M aMHJHBIX ()parMEHTOB aTOMOB MOYCBHUHBL. B OTHENBHBIX CilydasX yCTaHOBJICHBI
HEKOTOPbIE KAYECTBEHHbIE 3aBUCUMOCTH MEXIYy XMMHMUECKUMH caBuramu B cnekrpax SAMP u ctpykrypoi
UCCleIoBaHHBIX coequHeHni. O600IeHne pe3ynbTaToB U3MEPEHUS] XUMUYECKHX CIBHIOB H3y4EHHBIX CO-
€IMHEHUH TI03BOJIMIIO aBTOPAM OINPEEIUTh UHTEPBAIbl U3MEHEHHS XMMUYECKUX CABUIOB IIPOTOHOB U aTOMa
yriaepoja B alUKIMYECKUX ModeBUHaX. [lonyueHHbIe TaHHBIE CYIECTBEHHO PACIIUPSAIOT METOABI HaCKHOU
HAESHTU(PUKAINY OUOIOTHYECKN aKTUBHBIX allMKJIMYECKIX MOYEBHH U UX METabOINTOB, YTO JAENIaeT MpHUBIIe-
KaTeIbHBIM UcTob30Banue SIMP-criekTpockoniy it OMOXUMUH U B KIIMHUYECKOH IpaKTHKE.

Kniouesvie cnosa: moueBuHa, N-aJKWIMOYEBHHBI, N-apHIMO4eBUHBI, N-ammModeBUHBI, N,N-muapui-
MOYEBHHBI, KapOaMUIHBII pparMenT, amuaHas rpymnna, IMP-cnekTpockonus, XUMHYECKUI CIBUT.
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Effect of ultrahigh-frequency electromagnetic field
on the properties of associated liquids

The influence of the electromagnetic field on the refractive index, evaporation rate and surface tension of wa-
ter, propanol-1 and pentanol-1 solutions have been studied. It was shown that the properties of these liquids
depend on the field frequency and the time of exposure. The action of the field on the structure of water and
alcohols is selective; changes in their properties are due to frequencies that are individual for each liquid.
Both deceleration and acceleration of the alcohols evaporation occurs depending on the frequency of the elec-
tromagnetic field. Evaporation of the field exposed water is slowing down at all the studied frequency range.
There is an increase in the surface tension for water and pentanol, and a decrease for propanol. The properties
of alcohols return to their initial values, and the properties of the water remain unchanged after the termina-
tion of the field action. Thermodynamic functions of surface water and propanol-1 have been calculated on
the basis of the temperature dependence of the surface tension. It has been demonstrated that the total internal
energy of the surface increases for water and reduces or propanol-1. This indicates the strengthening of the
structure in an aqueous solutions and a weakening of intermolecular interaction in the propanol-1 medium.

Keywords: water, propanol-1, pentanol-1, electromagnetic field, frequency, refractive index, evaporation rate,
surface tension.

Introduction

Many studies demonstrate that water is able to react to any external influence. This fact is revealed in
the change of its bulk and surface properties. There is an annual increase in publications devoted to the study
of response of liquid water on the influence of physical fields of different nature [1-5]. Previous studies have
shown that water treatment with an electromagnetic field of low-intensity of radio frequency leads to an in-
crease in its electrical conductivity, surface tension and heat of evaporation. A decrease in the rate of evapo-
ration and adhesion to a solid surface has been observed. These effects are revealed only at certain frequen-
cies of the field (the range of 30-200 MHz has been studied) and rise up to a specific limit with increasing of
exposure time. It has been also found that the changed properties of water do not return to their original val-
ues, and were kept for a long time; for example, the observations were carried out during the year [6—8]. The
experimentally observed changes in the properties of water are associated with the rearrangement of the
supramolecular organization of water due to the presence of hydrogen bonds [9-11].

However, water is not the only liquid whose molecules are hydrogen-bonded. Hydrogen bonds are also
formed between alcohol molecules, carboxylic acids, esters, mercaptans, etc in a liquid state [12]. Monobasic
alcohol and water differ significantly in the energy of hydrogen bonds. According to [13], the hydrogen bond
energy for water is 18.8, while for methanol and ethanol is 25.9 kJ mol™. Considering that one water mole-
cule has two hydrogen bonds, while alcohols have only one, it becomes obvious that the stability of the water
structure is much higher.

Alcohol molecule is considered as a water molecule with one hydrogen atom substituted with a hydro-
carbon radical [14]. The fraction of association, the composition and the form of associates depend on vari-
ous factors. The association fraction of the alcohols decreases with increase of alcohols molecular weight.
The so-called weighting effect is typical to them [14—16]. Its physical existence is associated with a weaken-
ing of hydrogen bonds due to steric factor and thermal vibrations of the particles. The rise in temperature and
the addition of some non-polar substances act in the same direction as the weighting effect. The effect of
weighting is also revealed in the fact that their structure becomes denser with an increase in the alcohols mo-
lecular weight [14].

* Corresponding author
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It can be expected that the field action can change the structure of the alcohols, which should reveal in
the change of their bulk and surface properties.

The aim of the work is to determine the changes in physical and chemical properties of propanol-1 and
pentanol-1 and water, caused by the intermolecular interaction, as a result of exposure of electromagnetic
field.

Research in this area has expanded the understanding of the nature of the interaction of electromagnetic
field with the matter. Research in this area has expanded the understanding of the nature of the interaction of
an electromagnetic field with matter.

Experimental

Propanol-1 (GOST 6006-78), pentanol-1 (chemically pure, TU 2632-106-4449379-07 at a concentra-
tion not less than 5 % and the water purified by using membrane distillation DME-1/B have been used. Spe-
cific conductivity of the water was 1.1 ps/cm.

Irradiation of alcohols and water was carried out in a contactless manner using a GZ-19A generator
with a variable frequency in the range of 30-200 MHz. Generator power output was 1 watt. The voltage on
the HF electrodes was 20-22 V. Cell of a capacitive type with a volume of 20 ml with the axially spaced
electrodes has been used in the work.

The refractive index was determined using refractometer URL No. 77-2549 (accuracy £0.0001).

Determination of surface tension was carried out by weighing of drops (variety of stalagmometric
method). Weighting of 50 drops leaked out of stalagmometry, was carried out on an analytical balance
BM153M-II with an accuracy of £0.001 g. Deionized water has been used as the standard liquid. Thermostat
TJ-TB-01 was used when studying the temperature dependence of surface tension of liquids. The tempera-
ture accuracy was +0.10 °C.

The evaporation of alcohol and water was performed from plastic Petri dishes (surface area of the liquid
S =50 cm?) at room temperature, (22 °C) for an hour, recording the mass loss of the dishes with the liquid
every 10 minutes with the help of analytical balance BM153M-II. The experiment with irradiated and non-
irradiated alcohols or water was performed simultaneously to ensure the same external conditions (atmos-
pheric pressure, humidity and air temperature). Kinetic curves were plotted in the coordinates of the mass of
evaporated liquid (m) vs time (t) based on the obtained data. The evaporation rate was determined from the
slope of the kinetic curve.

Results and Discussion

Studies have shown that the refractive index (n) of propanol as a result of exposure to an electromagnet-
ic field (EMF) practically does not change (the increase does not exceed 0.01 %). The increase in n is more
signified for pentanol (0.03—0.06 %) (Table 1).

Table 1
Refractive index n of pentanol-1 exposed by electromagnetic field of different frequencies
(t;rr.=60 min, T=295 K)
f, MHz 0 50 70 90 100
n 1.4096+0.0002 1.4096+0.0001 1.4100+0.0001 1.4104+0.0002 1.4100+0.0001
An, % - - 0.03 0.06 0.04

The increase in refractive index is observed only at the 3 frequencies EMF: 70, 90 and 100 MHz. The
effect for water is revealed at frequencies exceeding 100 MHz, and much higher — 0.10-0.15 % (Table 2).

Table 2
Refractive index of water exposed by electromagnetic field of different frequencies
(t;;r=60 min, T=295 K)
f, MHz 0 100 130 140 150 170
n 1.3330+0.0002 | 1.33384+0.0003 | 1.3345+0.0002 | 1.3344+0.0002 | 1.3343+0.0003 | 1.3350+0.0003
An, % - 0.06 0.11 0.10 0.10 0.15
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The refractive index of a liquid is related to its density by empirical relation:
n=1+ap, (D)
where n — is the refractive index; a — is an empirical coefficient; p — is the fluid density [17].

Therefore, it can be argued that the increase in # indicates a certain increase in the density of pentanol
and water, which is most typical for water. And the density of a liquid is directly related to their structural
organization.

The rate of evaporation is also determined by the force of intermolecular interactions in the liquid. The
evaporation rate of irradiated and non-irradiated alcohols with the free surface at T =295 K has been studied.
The kinetic curves are presented in Figures 1 and 2. The evaporation rate was determined from the slope of
the curves based on the mass of the evaporated alcohol (m) vs the time as:

U=dm/dtS,
where dm — is the mass of the evaporated alcohol; dt — is the evaporation time; S — is the surface area of
the alcohol.
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a — pentanol; b — propanol (f=70 MHz, T =295 K)

Figure 1. Kinetic curves of evaporation

F t
} *
¥ 4
. !
.
2 ¥ 2
8 L] £ t
¥
* @ Non-irradiated alcohol o ¥ ® Nonamadiated alcohol
1 ® - irradiated alcohol 1 / ® - yradiated alcohol
e e ST WSSO S W P PR S
£ mi t, min
a b

a — pentanol; b — propanol (f= 90 MHz, T =295 K)
Figure 2. Kinetic curves of evaporation

The values of relative evaporation rate, irradiated by the field of various frequencies (U, = Ui /Unonirr.
where U, and U,y — are evaporation rates of irradiated and non-irradiated alcohols, respectively) are pre-
sented in Tables 3 and 4.

Table 3

Relative evaporation rates of non-irradiated and irradiated with an electromagnetic field
of different frequencies propanol (T = 295 K)

Frequency f, MHz 0 70 80 90
Relative rate Uy, /Uponine 1.00+0.01 1.274+0.01 1.244+0.01 1.08+0.02
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Table 4

Relative evaporation rates of non-irradiated and irradiated with an electromagnetic field
of different frequencies pentanol (T = 295 K)

Frequency f, MHz

0

50

70

90

Relative rate Uy, /U on-icr

1.00+0.02

1.154+0.02

0.8540.01

1.10+0.03

The rate of evaporation of the irradiated alcohols differs markedly from the rate of evaporation of non-
irradiated alcohol, both upward and downward. Pentanol-1 evaporates at a maximum rate after exposure to
EMF with a frequency of 50 MHz, and propanol-1 — after exposure to a field with a frequency of
70-80 MHz. Reducing the rate of evaporation is observed for the pentanol at a frequency of 70 MHz.

Experiments have shown a slowdown in water evaporation as a result of exposure to EMF in the fre-
quency range of 120 and 190 MHz. The maximum effect is achieved for EMF frequencies of 130 and

170 MHz and is approximately 20 %, as evidenced by the reduced mass of fluid evaporated in two hours
(Table 5).

Table 5

Mass of evaporated water irradiated with an electromagnetic field
of different frequencies (T =295 K, t;,,=2 h)

1, MHz Mass of evaporated water, g Am, %
0 1.68+0.05 —
130 1.354+0.04 19.6
140 1.50+0.05 10.7
150 1.374+0.02 18.4
160 1.394+0.07 17.3
170 1.354+0.05 19.6
190 1.48+0.05 11.9

The irradiation time also influences affects the magnitude of the effect in addition to EMF frequency.
Experiments on exposure of water by a field of the particular frequencies (130, 150 and 170 MHz) for differ-
ent periods of time (from 30 minutes to 3 hours) were carried out.

It has been shown that 30 minutes is enough for maximum effect. When 2- and 3-hour effects of the
field, evaporation slowing was exactly the same as at 30 minutes. Slower evaporation of water exposed to the
electromagnetic influence, may be a consequence of strengthening of intermolecular interactions. Confirma-
tion of this hypothesis is the previously detected increase in the boiling temperature and evaporation heat of
water, which also depend on the energy of intermolecular interactions [7].

The surface tension of liquids also depends on intermolecular interactions, since it is determined by the
work of the molecules coming out from the phase volume to the surface. Measurement of the surface tension
of pentanol demonstrated its significant increase as a result of exposure to EMF at only three frequencies: 50,

70 and 90 MHz (Fig. 3). The maximum surface tension increases by 3.5 % at a frequency of 50 MHz (for
non-irradiated alcohol 6 = 25.6+0.1 MJ/m?).

MJ/m2
;.-‘

T
0 S0 100 150 200

f, MHz

Figure 3. Dependence of surface tension of pentanol on the frequency of the electromagnetic field (T =298 K)

78 Bulletin of the Karaganda University



Effect of ultrahigh-frequency electromagnetic field ...

Since all previous studies have shown an increase in the efficiency of field effects with an increase in
the exposure time, the time dependence of the changes in surface tension during irradiation of pentanol to
field of frequency 50.70 and 90 MHz was studied. Figure 4 shows the kinetic curves for two frequencies of
50 and 70 MHz.

=50 MHz
y t i |
§ } i
o i
a b
=70 MHz
t SE i
3 f 1 o j
. J
1 t
a b

a — on the time of irradiation; » — on time after the termination of radiation (T = 298 K)
Figure 4. Dependence of surface tension of pentanol

It was detected the intensification effect by increasing the exposure time to 1 hour. Further exposure led
to a slight decrease in surface tension. It is the most evident at the frequency of 90 MHz. A gradual approach
of the measured value to the initial amount was observed after the termination of the EMF emission
(Fig. 4b). It should be noted that the relaxation of surface tension began due to the ongoing exposure of alco-
hol. The relaxation time ranged from 45 minutes to 1 hour depending on the field frequency.

Strengthening of the effect and relaxation occurred simultaneously when pentanol was irradiated to a
field with a frequency of 50 MHz. At the same time, the relaxation of the properties to the initial value oc-
curred faster than the increase effect when it was exposed to fields with a frequency of 70 and 90 MHz (Ta-
ble 6).

Table 6
Surface tension, increase and relaxation times for irradiated pentanol (T =298 K)
I/, MHz 50 70 90
o, MI/M* 26.54+0.2 26.2+0.1 25.9+0.1
Ao, % 3.5 2.6 1.4
Increase time o, min. 60 60 60
Relaxation time o, min. 60 45 45

Similar studies have been carried out for propanol-1. In this case, the surface tension change was well
signified only for the frequencies of 70 and 80 MHz, and there was not an increase but there was a decrease
by 10.9 % and 3.9 % respectively (Fig. 5).
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Figure 5. Dependence of surface tension of propanol on the frequency of the electromagnetic field (T =298 K)

The maximum effect in this case was also achieved with an exposure time, of 1 hour. After the termina-
tion of the field effects the surface tension of propanol returns to its initial value in 40 minutes (Fig. 6). The
presence of relaxation processes proves that the results obtained are not associated with the error in determi-
nation of the surface tension.

6 MJ/m2
6 MJ/m2

X «
t, min =
t, min

a b

a — on the time of irradiation; » — on time after termination of irradiation (f'= 70 MHz)
Figure 6. Dependence of surface tension of propanol

The EMF exposure on water, as well as on the pentanol led to an increase in surface tension, mainly at
frequencies of 130 and 170 MHz. The maximum effect is achieved within 1 hour (Table 7). After termina-
tion of irradiation the surface tension of water decreased for 3 months, during which we conducted observa-

tions.
Table 7

Change of surface tension of water depending on the time of exposure to electromagnetic fields
(60 = 72.8 MJ/m?, T=295 K)

t, min 30 60 90 120 150
2
fz’f\fé/ﬁﬁz 747407 82.2+1.1 82.340.9 82.240.7 82.241.0
2
fg’f\%/ﬁﬁz 77.4+0.8 82.541.0 82.541.0 82.5:0.9 82.541.1

It is known that the surface tension of the liquid reduces with increasing temperature. This occurs on the
one hand, due to the convergence of the force fields of coexisting phases (liquid — vapor), and, on the other
hand, due to the weakening of the intermolecular interactions, as a result of an increase in the intensity of the
thermal motion of molecules [18]. Conducted studies have shown that the surface tension of water activated
by EMF also decreases with increasing temperature, but to a greater extent compared to non-activated (Ta-
ble 8). Temperature coefficient do/dT for non-activated water is (—0.154) MJ/m*-K [19]. After its electro-
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magnetic treatment the linear character of the dependence of surface tension on temperature is kept, howev-
er, the temperature coefficient increases sharply do/dT =—0.251 MJ/m*-K (130 and 170 MHz). For irradiated
propanol temperature coefficient of surface tension has a lower value do/dT = —0.05-0.06 MJ/m*-K com-
pared to non-irradiated, for which do/dT = —0.08 MJ/m*-K [19].

The thermodynamic functions of the surface layer (internal energy (U;), entropy (S,) and heat of unit of
area formation (g,)) were calculated based on the temperature dependence of the surface tension of water and
propanol. The calculation was performed using the equations of Gibbs-Helmholtz [18]:

Us =06 —T"(do/dT),, (2
U=0+gqy 3)
S, = — (do/dT),. 4)

The results of the calculations are presented in Tables 8 and 9.

Table 8

Thermodynamic functions of the surface layer of non-activated and activated water (170 MHz)
in the temperature range 289-300 K

T,K | 289 | 293 | 295 | 296 | 297 | 300
non-activated water
o, mJ/m” 73.3 72.7 72.5 72.3 72.1 71.6
q,, mJ/m” 43.6 443 44.5 44.7 44.8 45.3
U,, mJ/m” 117 116 117 117 117 117
activated water (170 MHz)
6, mJ/m’ 82.2 77.1 76.2 73.2 72.2 69.2
q,, mJ/m” 72.5 73.5 74.3 74.3 74.5 75.3
U,, mJ/m” 155 151 150 147 146 144
Table 9

Thermodynamic functions of the surface layer of water
activated by electromagnetic field of different frequencies

J, MHz 0 130 160 165 170
U,, mJ/m’ 117 153-145 138 129 155-144
g5, mJ/m’ 43.6453 71.5-74.8 70.4-75.0 67.0-68.4 72.5-753
S,, mJ/m° 0.154 0.251 0.241 0.160 0.251

Similar calculations have been carried out for propanol (Table 10).

Table 10
Thermodynamic functions of the surface layer of propanol
. . L Irradiated propanol
Thermodynamic function Unirradiated propanol (/=70 MHz) (/= 80 M)

T,K 276 282 288 276 282 288 276 282 288

o, mJ/m’ 24.4 23.9 23.4 239 | 234 | 233 | 242 | 237 | 234

U, J/m’ 46.5 46.5 46.4 37.7 | 37.5 | 37.7 | 40.8 | 40.6 | 40.6

¢s, mJ/m’ 22.1 22.6 23.0 13.8 14.1 144 | 16.6 | 169 | 172

S,., mJ/m’ 0.08 0.08 0.08 0.05 | 0.05 | 0.05 | 0.06 | 0.06 | 0.06

As can be seen from Table 10, the heat of formation of the surface as an entropy component makes a
significant contribution to the total surface energy. It is about half of the total surface energy for many organ-
ic substances, [18]. This is due to the fact that when molecules move from one liquid volume to its surface,
bonds are broken and the substance is in a state close to the vapor phase, with higher entropy on the surface.
Values U,, ¢y, and S, of irradiated propanol-1 are significantly lower than the corresponding values for non-
irradiated alcohol. Therefore, it can be concluded that the intermolecular interaction is weakened as a result
of field exposure. On the contrary, the total surface energy of water increases by both enthalpy and entropy

factors (Tables 8, 9). This indicates the opposite effect of the field on water, that is, on the strengthening of
its structure.
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Conclusions

Thus, the studies carried out have shown that alcohol, as well as water, is capable to absorb the energy
of the electromagnetic field, changing its physical properties, which can be a consequence of changes in the
supramolecular organization of these liquids. The absorption of electromagnetic energy is selective. Each
liquid corresponds to a specific set of frequencies, where there are change in surface tension, refractive index
and evaporation rate. The maximum change in properties is observed at 70 MHz for propanol-1 and at 50
MHz for pentanol-1. The extreme frequencies for water are 130 and 170 MHz and they differ significantly
from those values. The magnitude of the field response at these frequencies is markedly different; the effect
is much more pronounced in the water medium.

There is a common "cumulative effect”" for all three liquids, which is a gradual increase in property
change during irradiation. For all liquids there is a "saturation", i.e. the change in measured properties in-
creases within 60 min. Further irradiation is ineffective. At the same time, although further action of the field
on water does not lead to changes, the relaxation process begins in alcohols (the property is aimed at its ini-
tial value). With regard to the rate of evaporation of liquids, there is a correlation between its change for irra-
diated systems and the change in surface tension. The deceleration of evaporation corresponds to the value of
the surface tension for water and pentanol-1, which increased as a result of field exposure. The acceleration
of evaporation corresponds to the reduced surface tension value for propanol-1. These results suggest a
greater cohesive interaction in activated water and pentanol and its weakening in propanol. The different ef-
fects of the two alcohols can probably be associated either with differences in their structural organization or
with the range of studied frequencies. It is possible that different effects can be observed when exposed to a
field of higher or lower frequencies.
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N.E. Cracp, C.C. IlaBnoBa

YabTpaxkorapsbl :KULTIKTerl 3JIEKTPOMAarHUTTIK OPIiCTiH acCOMATIAHFAH
CYHBIKTBIKTAPbIH KACHETTEepiHe dcepi

DJEeKTPOMArHUTTIK OPICTIH Cy, IPONAHOI-1, MEHTaHONI-1 CBhIHY KOpCeTKilliHe, OyIaHy KBULIAMJIBIFBIHA KOHE
OeTki KeplryiHe acepi 3epTTenyi. bysl cyHBIKTBIKTapABIH KacHeTTepi OpiCTiH JKULUIIriHe KOHE OHBIH ocep eTy
YaKbITBIHA OAlJIaHBICTHI eKEHAITT KOPCeTUIreH. OPICTiH ¢y MEH CHHPTTEPAiH KYPBUIBIMBIHA dcepi TaHIaMallbl,
OJIapIbIH KAaCHUETTEPiHIH 03repyi op CYMBIKTHIK YIIiH JKeKe KHUTKTepAe KYpeai. DICKTPOMArHUTTIK OpiCcTiH
JKHiTiriHe GalnaHpICTHl CIUPTTEpAiH OynaHybIHBIH Oasynaysl jga, yaeyl e »kypenmi. OpicTiH acepine
YUIBIPaFaH CyJbIH OysaHybl OapiblK 3epTTENreH XUUIK Juana3oHblHAa Oasynaiabl. IIeHTaHON MEH CyIbIH
OeTki Kepimyi apThil, MPOMAaHON — a3asabl. Opic ocepi TOKTaraHHaH KeHiH CHOUPTTEpAiH Kacuerrepi
OacTamnkbl MoHAEpiHE Opalajibl, al CyABIH KacuerTepi esrepicciz Kamagsl. Cy MeH mpomaHon-1 OeTiHig
TEePMOANHAMUKAIBIK (YHKIMSIIApB! OSTTIK KeplIyAiH TeMIepaTypanblK Toyelautiri Herizinae ecenteneni. Cy
YIIH OeTTiH aJIbl ilIKi SHEPrHsACH apThII, NPONAaHO-1 YIIiH a3asThIHBI KOPCETLINI, Oy CyJIBI OpTafarsl
KYPBUIBIMHBIH O€piKTeyiH jKoHe IpOIaHoJ-1 OopTachklHAA MOJIEKYJIaapaliblk e3apa 9peKeTTeCyIiH oJcipeyiH
KepceTeni.

Kinm ce30ep: cy, nponanoi-1, meHTaHoi-1, 3MeKTPOMArHUTTIK OpiC, JKHUIMIK, ChIHY KepceTkilri, OyraHy
JKBUIIAMIBIFBI, OCTTIK Kepiy.

N.E. Cracs, C.C. IlaBmoBa

Bausinue 371eKTPOMATHUTHOIO MOJISl YJIBTPABBICOKHX YaCTOT
HA CBOMCTBA ACCOUMHMPOBAHHBIX KHAKOCTEH

W3yueno BiusHUE 2JIEKTPOMArHUTHOIO IOJIS HA MOKA3aTellb NIPEIOMIICHHS, CKOPOCTh UCIAPEHUS U IOBEPX-
HOCTHOE HaTsDKEHHE BOJIBL, IPONaHoa-1 u neHraHona-1. bplio moka3zaHo, 4TO CBOMCTBA 3TUX KHUIKOCTEH 3a-
BHUCAT OT YaCTOTHI MOJISI M BpEMEHHU ero BozzeicTBus. JleficTBue Mo Ha CTPYKTYPY BOJBI U CIIUPTOB M30H-
paTenbHO; U3MEHEHHSI X CBOICTB MPOMCXOMAT NMPU YACTOTAX, MHIUBUAYAIbHBIX JUI KaXJIOH XHUIKOCTH. B
3aBHCHMOCTH OT 4acTOTBI 3JIEKTPOMArHUTHOTO MOJISt MPOMCXOTHUT KaK 3aMeJUIeHHE, TaK U YCKOPEeHHe HCIape-
HHs crUpToB. McnapeHue BOABI, MOJABEPrIIEHCsS BO3AEHCTBUIO MOJS, 3aMEIUISIETCS BO BCEM HCCIEAYEMOM
Juana3oHe 4acToT. IIoBepXHOCTHOE HATsSXKEHUE IIEHTAHOJA M BOJbI YBEIMYUBACTCA, a IPOIAHOIA — YMEHb-
maercs. ITocne npekparieHus AeHCTBUS MO CBOMCTBA CIUPTOB BO3BPALIAIOTCS K CBOMM MCXOAHBIM 3Hade-
HUSIM, a CBOICTBa BOJBI OCTAlOTCSl HEM3MEHHBIMH. TepMoanHaMHu4ecKHe (YHKIUH ITOBEPXHOCTH BOIBI U
nponaHoya-1 paccuuTaHbl Ha OCHOBE TEMIEPATYpHOW 3aBHCUMOCTH IIOBEPXHOCTHOIO HATsDKEHHS. bbuio
MPOJIEMOHCTPUPOBAHO, YTO TOJIHASI BHYTPEHHSSI SHEPTHs MOBEPXHOCTH YBEIMUMBACTCS ISl BOJABI M YMEHb-
MIAeTCsl IJIsl MpOMaHoia-1, 9To yka3blBaeT Ha yNPOYHEHHE CTPYKTYpPBl B BOJHON cpefe U ocnabieHHe Mex-
MOJIEKYJISIPHOTO B3aUMOJIEHCTBUS B Cpejie MpomaHoia-1.

Kniouesvie crosa: BOJa, HpOHaHOJ’I-l, HeHTaHOH-l, DJIEKTPOMArHUTHOE II0JIE€, YacTOTa, IOKA3aTelib IPEIOM-
JICHUS, CKOPOCTh UCTIapCHUS, ITIOBEPXHOCTHOC HATSAKCHUC.
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The correlation between the surface-active characteristics
of SAFOL 23 — alcohol — water systems
and the length of the alkyl radical of the alcohol

The effect of isobutyl and isoamyl alcohols on the surface-active characteristics of SAFOL 23 nonionic sur-
factant was studied. The surface tension isotherms (STI) of an aqueous solution of surfactant and its water-
alcohol compositions are obtained. The structure of mixed micelles and the values of the surfactant interac-
tion factor in the micelle, based on the STIs of SAFOL 23 — alcohol — water systems, were calculated. The
dependence of surface activity on the SAFOL 23: alcohol ratio passes through a maximum, which is associat-
ed with the transition of alcohol from co-surfactant to co-solvent due to the increase in its quantity. The wet-
ting process of high dispersed polytetrafluoroethylene (PTFE) by SAFOL 23 — alcohol — water compositions
was studied, contact angle isotherms were constructed. The PTFE surface was hydrophilized by compositions
at ratios which comply with surface activity maximum. SAFOL 23 is more adsorbed on the surface of the sol-
id phase than on the liquid-gas interface. The appending of alcohol into an aqueous solution of surfactant
changes the ratio between hydrophilic and lipophilic groups of the composition, which affects cloud point. It
significantly expands the range of application of surfactants and allows the use of SAFOL 23 as a solubilizer,
emulsifier and wetting agent.

Keywords: nonionic surfactant, micellization, mixed micelles, surface activity, adsorption, contact angle, wet-
ting, hydrophilic-lipophilic balance.

Introduction

Surfactants are organic compounds of diphilic structure, containing in their composition the polar and
non-polar parts [1]. Surfactants concentrate on the phase interface due to its structure peculiarities, cause a
decrease in surface tension and significantly change the properties of the interphase surface. In this regard,
they play a very significant role in such practical processes as wetting, dispersion, emulsification.

Nonionic surfactants are one of the most widely used surfactant class in industry [2]. Ethoxylated alco-
hols, alkyl acetylene glycols, condensation products of glucosides with fatty alcohols, carboxylic acids, and
ethylene oxide are of the greatest interest among nonionic surfactants [3].

Most surfactant compositions are mixtures, which include various solvents. The components of such
systems interact with each other. As a result, their physicochemical and surface-active characteristics change.
The efficiency of use of the compositions depends on the influence of many factors: product uniformity, re-
sistance to temperature effects, viscosity, etc [4].

It is necessary to study the basic physicochemical dependences to understand the behavior of such sys-
tems under various conditions and their useful for solving specific problems.

This work is devoted to the study of the isobutyl (IBA) and isoamyl (IAA) alcohols effect on the sur-
face-active characteristics of SAFOL 23 nonionic surfactant.

Experimental

The objects of research were aqueous and water-alcohol solutions of nonionic surfactant SAFOL 23
manufactured by Sasol Olefins & Surfactants GmbH. Its general formula is C,H4:1)O(C,H4O); where the
carbon chain length n = 10-13. The surfactant belongs to the class of ethoxylated alcohols, which have high-
er biodegradability and lower toxicity compared to the widely used ethoxylated nonylphenols [5].

The studied solutions were prepared in the concentration range of the mixture 0.02—130.00 g-L™' for the
mass ratios of the system SAFOL 23 — alcohol: 1:0, 1:4, 2:3, 3:2, 4:1, 1:0. We observed areas of foliation for
compositions SAFOL 23 — IBA — water with a ratio of SAFOL 23:IBA = 1:4 and SAFOL 23 — IAA — water

*Corresponding author.
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with a ratio of SAFOL 23:IAA = 1:4 and 2:3 at concentrations of 40 g-L™' and higher. We couldn't include
some results due to foliation of some compositions.

The surface tension of SAFOL 23 — alcohol — water, SAFOL 23 — water, alcohol — water, SAFOL 23 —
alcohol systems was determined by a handing drop method using a KRUSS DSA 25E tensiometer.

The value of the contact angle was measured by the lying drop method using the same device. It is im-
possible to wet powdered materials by direct methods, i.e. direct observation of a liquid drop on a particle.
Therefore, we measured the contact angle by placing a liquid drop (diameter of 2 mm) on a pressed
polytetrafluoroethylene (PTFE) powder, achieving reproducible values. The properties of the pressed surface
were considered similar to the properties of individual particles [6, 7].

The composition of mixed micelles, according to [8, 9], was calculated by the formulas (1), (2):

x In (OLIC“ J
- Cx, )
2 o,C ’
(1-x) ln[cz(1 XI)J
1 (alCIZJ
Cx,
B=Wv ()

where a; and o, are the mole fraction of SAFOL 23 and alcohol in mixture; x; and x, are the mole fraction of
SAFOL 23 and alcohol in micelle; C; and C, is the CMC of SAFOL 23 and alcohol; Cj, is the CMC of
SAFOL 23 — alcohol system.
The adsorption at the liquid-gas interface of SAFOL 23 was determined according to the formula (3)
[9]:
1 dy

Y RTdInC’ ©)
where R is the universal gas constant; 7 is the temperature; v is the surface tension at the liquid-gas interface;
C is the concentration.

The adsorption isotherm at the solid-liquid interface in relative units, i.e. in comparison with the adsorp-
tion isotherm at the liquid-gas interface was determined by the formula (4) [9]:

I'y=-I, (cose+yLG dcosej’

LG

(4)

where y;¢ is the surface tension at the liquid-gas interface; /s, and /¢ are the adsorption at the solid-liquid
and the liquid-gas interface.

The cloud point was determined according to ISO 1065-91 [10]. The method consists in heating an
aqueous solution of surfactant with a 5 g-L " concentration to complete turbidity, cooling with continuous stir-
ring, and determining the temperature at which the turbidity disappears.

The HLB of alcohols and a water-alcohol composition based on SAFOL 23 were calculated by using
formulas (5)—(7) [11]:

HLB =0.098¢, +4.020, %)
where ¢. is the cloud point.
Y HLB = HLB, +»,HLB,, (6)
where Y HLB is the HLB of the mixture system; ®; and ®, are the mass fraction of the components; HLB; and
HLB, are the HLB of individual components.

HLB = 2(;];’* : (7)

where M, is the molar mass of the OH group; M is the molar mass of the alcohol.
Results and Discussion

Mixed micellization processes were studied for various SAFOL 23:alcohol ratios. We used pseudo-
binary approach, which consists of considering the ternary mixture as a binary [12]. The composition
SAFOL 23 — alcohol was considered as the first component of the mixture, and water as the second. The sur-
face tension isotherms (STI) of the examined ternary mixtures based on SAFOL 23 (Fig. 1) have the typical
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form for colloidal surfactants [13]: the surface tension decreases sharply at low concentrations of surfactants
in the solution, but the curve reaches a horizontal plateau (the critical micelle concentration (CMC)).

A sharp reduce in surface tension at the low concentration range is associated with the formation of a
monomolecular layer. The area almost parallel to the abscissa axis corresponds to the transition of surfactant
molecules into the solution volume and the formation of micelles, initially spherical, then cylindrical.
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Figure 1. The surface tension isotherm of the water-alcohol composition SAFOL 23 (SAFOL 23:IBA = 3:2)

The surface-active characteristics of the individual compounds and their mixtures are presented in Ta-
ble 1. The CMC were determined by the universal method for all surfactants — the concentration corre-
sponding to the kink on the surface tension isotherm in semilogarithmic coordinates. Surface activity was
calculated as the tangent of the slope of the initial portion of the STI.

Table 1
Surface-active characteristics of compositions
Composition Vo mN-m™! CMC, g-L'1 G, mN-m2-1<g'1
SAFOL 23 — water 26.45 0.27 169.05
IBA — water 25.81 8.80 5.32
SAFOL 23 — IBA — water
(SAFOL 23:IBA = 3:2) 2491 0.17 290.51
SAFOL 23 —TAA 27.76 - -
TAA — water 30.12 3 14.16
SAFOL 23 — TAA — water
(SAFOL 23:IAA = 3:2) 23.97 0.22 218.83
SAFOL 23 —TAA 25.16 - -

Figures 2, 3 show the STI of the SAFOL 23 — alcohol — water systems (SAFOL 23:alcohol = 3:2),
SAFOL 23 — water, alcohol — water, SAFOL 23 — alcohol in semilogarithmic coordinates. The curves show
us, that the studied alcohols are not surface-active, however, their appending into the SAFOL 23 solution
promotes an increase in the surface activity of the mixture in comparison with an individual surfactant. This
phenomenon is associated with the formation of mixed micelles and a synergistic effect [14].

The compositions of mixed micelles and the values of the surfactant interaction factor p in the micelle
were calculated by formulas (1) and (2) using the Rosen and Rubin method [8, 9]. The results are presented
in Table 2. The interaction factor 3 is a quantitative characteristic of molecular interactions between surfac-
tants in mixed micelles and, in the case of negative values, corresponds to the mutual attraction of the com-
ponents in the mixture.
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Figure 2. The surface tension isotherm of water-alcohol compositions based on SAFOL 23 and IBA
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Figure 3. The surface tension isotherm of water-alcohol compositions based on SAFOL 23 and IAA

It is known that synergism during micellization in surfactant mixtures can be discussed under two con-
ditions: B <0, |In(Cy/C,)| < |B| — what is done in our case, i.e. alcohol behave itself as a co-surfactant and is
incorporated into the micelles in this concentration range.

In all cases the dependence of surface activity on the mole fraction of surfactants is extreme (Fig. 4),
while with rising radical length the surface activity of the corresponding compositions falls, and the position
of the maximum shifts toward a higher surfactant content in the mixture. The force of attraction between the
molecules of SAFOL 23 and the alcohol also slightly decreases with increasing length of the radical.

The similar dependence was observed by N.A. Lyapunov in the study of the surface activity of cationic
surfactants in the presence of ethyl alcohol [15]. This dependence can be explained by starting from a certain
concentration, the alcohol does not behave as a co-surfactant, it behaves as a co-solvent, causing the dis-
aggregation of micelles. In addition, there is no need for the aggregation of surfactant molecules into mi-
celles when dissolved in alcohol, because the solvent contains hydrophilic and hydrophobic groups.
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Table 2
The results of the study of the composition of mixed micelles SAFOL 23 — alcohol
Mass ratio Molar fraction of surfactant | Molar fraction of surfactant Interaction factor B | G mN-mz-kg‘ 1
SAFOL 23:alcohol in the mixture a; in the micelle x;, ’

IBA

2:3 0.082 0.974 —-151.61 69.88

3:2 0.168 0.890 -74.19 290.51

4:1 0.349 0.935 —-108.19 235.15
TIAA

3:2 0.600 0.813 —41.33 218.05

4:1 0.800 0.935 -59.64 184.83

300 [ —@—SAFOL 23 — IAA — water

| N -8- SAFOL 23 — IBA — water

[ 3]
N
(9]

Surface activity, mN-m?-kg-!
- %
I S

0 L I L ! L t L ! L 1

0 0,2 0,4 0,6 0,8 1
Molar fraction of surfactant in the composition

Figure 4. The influence of alkyl radical length of the alcohol
on the surface activity of the composition based on SAFOL 23

The wetting characteristics of powder materials play an important role and are used to evaluate the ef-
fectiveness of processes such as wet dust collection, dust suppression, flotation, filtering, clumping of pow-

der materials, molding of ceramic compositions, impregnation, road construction, production of gunpowder,
printing [16].

a — absence of wetting; b — wetting
Figure 5. Studying the wetting process of highly dispersed PTFE

We were interested into studying the way surfactant molecules affect the wetting ability of powdered
(PTFE). We calculated the free energy (FSE) of powdered PTFE by Zisman plot, it is 35 mN-m™" [17]
(Fig. 5). Therefore, PTFE must be wetted by liquids which surface tension is lower than the specified value.
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Most of the studied solutions meet this condition. However, in practice, we were not able to achieve com-
plete hydrophilization of the surface in both an individual surfactant and its compositions with isopropyl al-
cohol (IPA) [18] (the cosine values of the contact angle were negative), although the contact angle decreased
with rising concentration of the mixture.

The negative influence of the roughness factor and the suboptimal HLB value, leading to the absence of
wetting, can be removed with the help of compositions which contain alcohols with a longer alkyl radical
length.

Indeed, the problem of hydrophilization of powder PTFE was solved by replacing IPA by IBA and
IAA. Moreover, we observed the values of contact angles wich are less than 90 degrees. We could observe it
near the maximum of the surface activity curve. The obtained experimental dependences of the wetting iso-
therms (Fig. 6, 7) are symbatic: in the initial section of the isotherm, a sharp increase in the cosine of the
contact angle is observed, then the character of the dependences takes on a smoother, and sometimes stepped
shape. The cosine of the contact angle of the composition at the wetting inversion point reduces with rising
length of the alcohol radical. So, for the composition SAFOL 23 — IBA — water, the concentration at the in-
version point was 0.51 mol-L™, for the composition SAFOL 23 — IAA — water — 0.27 mol-L"". This phe-
nomenon and the growth in the steepness of the wetting isotherms indicate a more intense adsorption of the
composition with an increase in the length of the alkyl radical on the surface of highly dispersed PTFE.
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Figure 6. The contact angle isotherms of compositions at different ratios SAFOL 23:IBA
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Figure 7. The contact angle isotherms of compositions at different ratios SAFOL 23:IAA
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It is possible to calculate the adsorption isotherm at the liquid-gas and the solid-liquid interfaces by
formulas (3), (4). This calculation was carried out for the wetting compositions SAFOL 23 — IBA — water
and SAFOL 23 — IAA — water. Figures 8, 9 show the adsorption isotherms of these compositions at the liq-
uid-gas and the solid-liquid interfaces.
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Figure 8. Liquid-gas adsorption isotherm of water-alcohol compositions based on SAFOL 23
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Figure 9. Solid-liquid adsorption isotherm of water-alcohol compositions based on SAFOL 23

The isotherms obtained for the solid-liquid interface are s-shaped and correspond to the scenario of
weak interaction of the hydrophilic parts of surfactant molecules and the substrate [19] due to the high hy-
drophobicity of PTFE. As the concentration of the composition increases, the solvent composition changes.
Alcohol molecules that are not included in the micelles appear in the dispersion medium. This affects the
course of the further adsorption process and the organization of surfactant layers at the phase boundary.

At concentrations lower than 10 g-L™', both compositions behave in a similar way, and the quantitative
adsorption values practically coincide. In the region of higher concentrations both at the liquid-gas interface
and at the solid-liquid interface, SAFOL 23 compositions with IAA exhibit a significantly higher adsorption
capacity compared to compositions with IBA.

From the data presented in Figures 8, 9, it follows that the studied compositions are more adsorbed at
the surface of the solid phase than at the liquid-gas interface.
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The appending of alcohol into an aqueous surfactant solution and the inclusion of its molecules in mi-
celles change the ratio of hydrophilic and lipophilic groups which are reflected in the HLB value [18]. This
characteristic was calculated for the mass ratio SAFOL 23:alcohol = 3:2 (Table 3). The obtained experi-
mental results were compared with theoretical values calculated by equation (6). The HLB values of IBA and
IAA were calculated according to equation (7), they amounted to 4.6 and 3.9, respectively.

Table 3
HLB determination results

.. o HLB
Composition Cloud point, °C experimental theoretical
SAFOL 23 — water 62 10.1 10.1
SAFOL 23 — IBA — water 40 7.9 7.9
SAFOL 23 — TAA — water 32 7.2 7.6

Unlike the composition SAFOL 23 — water, which has an HLB value of 10 and belongs to the class of
emulsifiers, the compositions SAFOL 23 — IBA — water and SAFOL 23 — JAA — water have substantially
lower HLB, which allows them to be classified as lipophilic in nature wetting materials with low surface en-
ergy [3, 11], which was implemented in practice.

Thus, a growth in the length of the alcohol radical allowed us to reduce the HLB of compositions based
on non-ionic surfactants SAFOL 23 and to increase their wetting ability in relation to a highly dispersed low-
energy surface.

Based on the performed experiment, it can be concluded that by varying the nature of alcohol, it is pos-
sible to regulate the functional properties of surfactants, which significantly expands the scope of their appli-
cation.

Conclusions

Some conclusions can be drawn from the research results. The mutual attraction of surfactant-alcohol
molecules in the mixed micelle weakens with increasing length of the alkyl radical. The composition of
mixed micelles weakly depends on the ratio of components in the composition and the nature of the alcohol.
The wetting ability of the compositions growths with increasing length of the alkyl radical. The use of longer
chain alcohols in the composition with SAFOL 23 allows one to achieve an in-version of wetting and
hydrophilize the low-energy highly dispersed PTFE surface at lower surfactant concentrations. Adsorption of
water — alcohol compositions at the solid phase is more intense than at the liquid-gas interface. The append-
ing of alcohols changes the hydrophilic-lipophilic balance of SAFOL 23, which allows it to be used as a
solubilizer, emulsifier or wetting agent. Varying the nature of alcohol, it is possible to regulate the functional
properties of surfactants, which significantly expands their application.
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M.T'. lllep6anb, A.Jl. ConoBbeB, A.O. CamsixoBa

SAFOL 23 — cnupT — ¢y xkyiesepiniH 0eTTiKk-0eJIceHai cMmaTTaMaJapbIHbIH
AJKWII paAuKaJ CHUPTTIH Y3bIHABIFBIHA TIYeJALIri

N306ytun (UBC) xone uzoamun (MAC) cnmprrepinin SAFOL 23 uonorenai emec GeTTiK-OelCeHAITIK
cHIIaTTaMalnapbIHbIH acepi 3eprrenai. bencenni aktusTi 3artap (BA3) cy epiTiHIiCIHIH YXKoHE OHBIH CYJIbI-
CIUPTTIK KOMIO3ULMSIIAPBIHEIH OeTTik kepiny usotepmanapsl (BKU) anbiaapl. Onapapiy Herizinge SAFOL
23 cynbl-COUPTTIK JKyHenepi yIIiH apanac MULEUIaHBIH KypaMbl jkoHe muieuieneri BA3 e3apa ic-KUMBLT
(haxTOpBIHEIH mamacs! ecentenreH. Cy-CIUPTTIK KOMIO3UIUSHBIH KypaMbl MeH OeTTiK-OeICeHIiIri TabbuI-
IIbI KoHE 3epTTeimi. berrik-Oencenainikrig Toyenniniri SAFOL 23 kaTelHaCBIHAH: CIIUPT MOHOTOHBI CHIIAT-
Ta OonMmalmbl xkoHe OHBIH c0-BA3 co-epiTkimke aybICyblHa OaifaHbBICTEI MakcuMyM eoTeni. JKorapsl
mucneperi nommurerpadropytriien (IITOD) SAFOL 23 cynbl-cUPTTIK KOMITO3HIMSUIAPBIMEH KYKTBIPY
npoueci 3eprrenai. [ITOD 6eri ruapoduszgenai, Tek OCTTIK-OSNCEHAUTIKTIH KypaMblHa TOYEIAITIK
rpadurinaeri MakCUMyMFa ColiKec KeNleTiH epiTiHAiIepai maiaanany kesinae. Op Typii dazaapaisik meka-
panapna SAFOL 23 apcopOuusimanraH Meuiiepi MEH OHBIH KOHLCHTPALMSCHI apachlHIAFbl OainaHbIC
rpadukrepi ecentenred. SAFOL 23 IIT®D Gerinae jxakchl aacopOLMsIaHaabl kKoHe epiTiHfi-ra3 mekapa-
ceiHga Oipmama onciz. Crmprri BA3 cy epitiHziciHe eHTi3y KOMIIO3HIMSHBIH THAPOQUIBIl JKOHE
TUNO(GIIB/I TONTAPEIHBIH CaHbI apachIHAAFb! aPAKATHIHACTEI ©3repTe i, OYJI OHBIH TUAPOQHIBII-INIIOGIIBAL
6amanceiaby (I'JIB) mamacsina xoHe JailanFaH TeMIeparypacsita acep ereni. byn BA3 konnany ayKbIMbIH
emoyip keHeWteni skeHe SAFOL 23 comoOunmsatop, SMynsratop KoHe TIHIAPO(GIIM3AaTOp peTiHe
naiiananyra MyMKiHIIK 6epexi.

Kinm cesdep: vonorenai emec BA3, MHIEIUIOKYpBUIBIM apajac MHLEIUIONap, OeTTiK OenceHmaiik, aacopo-
LU, JBIMKBUIIAHABIPY, THAPOGIIbII-TUoduibai Oananc.

M.T'. lllep6anb, A.Jl. ConoBbeB, A.O. CamsixoBa

3aBHCHMOCTH MOBEPXHOCTHO-AKTHBHBIX XaPAKTEPUCTUK CHCTEM
SAFOL 23 — cnupT — BO/Ia OT AJIMHBI AJIKWJIBHOT0 PAINKAJIA CIIAPTA

HUccnenosano Brusaue m3o00ytmnosoro (MBC) u m3oamunosoro (MAC) cimpToB Ha MOBEPXHOCTHO-aKTUBHBIE
XapaKTePUCTHKN HEMOHOTEHHOTO IOBepXHOCTHO-akTHBHOTO BemmectBa (ITAB) SAFOL 23. ITomyuensr n3o-
TepMsbl noBepxHocTHOro Harshxenus (MIIH) Boguoro pactsopa IIAB 1 ero BogHO-CIIMPTOBBIX KOMIO3HITHH.
Ha ocnoBe cepun UIIH psna cuctem SAFOL 23 — cniupT — Boa paccuuTaHbl COCTABBI CMEIIAHHBIX MHLIEIT
U BenuuHbI (akropa B3aumozneiicteus [IAB B munemnie. Haiinena n u3ydeHa 3aBUCHMOCTh HOBEPXHOCTHOM
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AKTUBHOCTH BOJHO-CIIUPTOBOM KOMIIO3MIIMH OT €€ COCTaBa. 3aBHCHMOCTh MOBEPXHOCTHOH aKTMBHOCTH OT
cootHomeHuss SAFOL 23: cnupT HOCUT HEMOHOTOHHBIN XapakTep U MPOXOAUT Yepe3 MaKCUMYyM, UTO CBS3a-
HO C U3MEHEHHEM (DYHKIHH CIIUPTA C POCTOM €T0 COfepKaHus U epexoxy oT co-IIABa k co-pacTBopurento.
ABTOpaMn M3y4eH MpolecCc CMAadMBaHUS BBICOKOAHCIEpcHOro nosmrerpadropatmieHa (IITOD) xommosu-
nusvu SAFOL 23 — cnupt — BoJa, HOCTPOEHBI U30TEPMBI KPAacBOI0 yriaa cMauuBaHus. IloBepXHOCTh ruapo-
(umM3MpoBaTach MPHU COOTHOIICHUSX, KOTOPhIE HAXOMMINCH B MHTEPBaJIe MaKCHMyMa KPHBOH 3aBUCHMOCTH
TIOBEPXHOCTHON aKTHBHOCTH — COCTaB KOMIO3UIMH. [TocTpoeHBI H30TepMBI acopOIMy Ha TPAaHUIAX pa3zena
(a3 xuakocTb—Ta3, TBepaoe Teno—xuakoctb. SAFOL 23 B Goublieii cTeneHH acopOupyeTcsi Ha MOBEPXHO-
CTH TBEpIOH (a3bl, UeM Ha TpaHUIIC KUAKOCTb—Ta3. Beenenue cnupTa B BoxHbIN pactBop I[IAB usmenser
COOTHOILCHHE MEXAY YUCIIOM FHAPOGHIBHBIX U JUNOGHIBHBIX IPYII KOMIIO3UIIMH, YTO OTPAXKAeTCs Ha Be-
nuurHe ee ruapoduisHo-munoduisHoro 6ananca (I'JIB) u TemmepaType noMyTHeHHs. DTO CYIIECTBEHHO
pacmupsier auana3oH npuMenenns [IAB u mo3Bosier ncrons3oBats SAFOL 23 B kadecTBe comoOnnmm3aro-
pa, SMyJIbraTopa ¥ CMa4uBaTes.

Kniouesvie crosa: nenonorennoe ITAB, munemioodpazoBanue, cMeNIaHHbIE MHIEIUIBI, TOBEPXHOCTHAS aK-
THUBHOCTB, aJICOPOIHsI, CMaUMBaHUE, TUAPOGUIEHO-THIODHIBHBIN OanaHe.
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Effect of pH and water irradiation with the electromagnetic field
on the gelation of gelatin solutions

The rate of gelation was determined from the curve slope of the dependence of the gelatin solution relative
viscosity on time at different pH. It was found that slow gelation of 2 % gelatin solution occurs at T =293 K,
and the degree of fluidity significantly depends on pH. The most stable jellies are formed at the isoelectric
point (pH =4.7). There are significant differences in the physical state of jellies prepared on irradiated water
and control samples. Prepared on unirradiated water jellies are more mobile and retain fluidity at T =293 K
regardless of pH. There is a partial or full melting of the jellies with the increase in temperature at 297 K;
however solid state remains for irradiated systems at pH = 4 and 4.7. It was shown that the viscosity of the ir-
radiated solution and the rate of its increase are higher in comparison with the control samples at all pH val-
ues except pH = 2. The observed phenomenon can be caused by the weakening of the hydration of polymer
macromolecules in the activated water, which facilitates their association and the formation of a structured
system.

Keywords: gelatin, gelation rate, relative viscosity, electromagnetic field, frequency, medium acidity, irradiat-
ed water.

Introduction

Currently a large amount of experimental material has been accumulated, indicating significant changes
in the physical and chemical properties of water [1-3] and aqueous solutions of polymers as a result of expo-
sure to magnetic and electromagnetic fields. Thus, the effect of the electromagnetic field on glutamic acid
solutions was studied by A. Ninno and A.K. Castellano using IR-spectroscopy [4].

It was shown that the solutions with a pH less than the isoelectric point (IEP) demonstrated a shift to-
wards deprotonation of a carboxyl group as a result of field exposure. The deprotonation of residual amino
groups was observed for solutions with pH above the IEP. The same authors studied the effect of weak elec-
tromagnetic fields on the structure of L-glutamine and L-phenylalanine in aqueous solution. It was assumed
that the magnetic field changes the structure of water around hydrophobic molecules and their interaction,
which allows the aggregation of amino acids molecules [5]. The influence of low-intensity extrahigh-
frequency (EHF) radiation (27—-120 GHz) on the processes of structuring of water and aqueous solutions of
amino acids has been studied [6]. The strengthening of the structure of water and upgrading of hydrophobic
interactions near the macromolecules of the polymer as a result of field exposure have been demonstrated.
The effect of microwave electromagnetic radiation on the formation of supermolecular particles in aqueous
solutions of non-hydrolyzed polyacrylamide has been studied in [7]. It was shown that the heating of the
sample contributes to the emergence of large supermolecular particles. The possibility of pulse-discharge
technologies using in the food industry with the aim to develop the hydration of biopolymers and improve
the physical and chemical properties of the products has been discussed in [8].

The idea of relationship between the structure of water and the biological molecules dissolved in it is
based on the methods of high frequency therapy used in the treatment of respiratory and blood circulation.
Structural properties of water, solutions of electrolytes and non-electrolytes and their changes in the electro-
magnetic field have been analyzed in [9, 10]. The boundary of the first structural zone where the order is
based on the original tetrahedral structure of water has been determined. It was shown that the appropriate
concentrations are important for tissue cells, since they control the characteristic changes in the physical and
chemical properties of aqueous systems and the possibility of jel-like structures formation. The effect of a
magnetic field on the sol-gel transition of methylcellulose in water was studied by Wang K. et al. They found
that the influence of the magnetic field reduced the sol-gel transition temperature by 3 °C, showing an effect

*Corresponding author.
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similar to that of salt additives. There is a slight increase in jelly hardness [11]. The influence of a pulsed
magnetic field on the rate of change in the mechanical strength of fibers was shown using examples of a
number of fibrous polymeric materials (viscose, polyacrylonitrile, polyamide, cotton, cellulose wool) [12].
The effect of electromagnetic water treatment on the dyeing of woolen fabrics has been determined [13]. The
action of an external magnetic field on the cis-trans isomerization of polybutadiene rubber has been demon-
strated [14].

Previous studies have shown significant changes in physical and chemical properties of water, caused
by irradiation of water with a low-intensity high-frequency (30-240 MHz) electromagnetic field (EMF) and
subsequent shift in intermolecular interaction [15—-17]. It was shown that the magnitude of the observed
changes in the water surface tension, rate of evaporation and parameters of wetting depends on the EMF fre-
quency and exposure time. It was also found that the degree of expansion of biopolymers such as gelatin,
carboxymethylcellulose (CMC) and its sodium salt change in irradiated water, increasing the viscosity of
these high molecular mass compound solutions [18-20]. The change in the energy of solvatation processes in
activated water can be the reason of the observed phenomena as a result of the strengthening of its
supramolecular organization, which, in turn, determine the viscosity of polymer solutions, the rate and de-
gree of polymer expansion.

The aim of this work was to study the effect of pH and preliminary irradiation of water with an electro-
magnetic field on the rate of gelation of gelatin solutions.

Gelatin is a polydisperse mixture of polypeptides. It is formed from collagen with prolonged alkaline
treatment of cartilage, tendons, bones, dermis with subsequent extraction with water at 50—-100 °C [21].
Gelatin is a very promising matrix material for in vitro cell culture and tissue engineering. When forming a
medical implant of soft tissue gelatin improves the mechanical properties of hydrogels. In the pharmaceutical
industry gelatine is used to manufacture hard and soft capsules, in the production of artificial plasma extend-
ers, in the production of hemostatic agents, the hemostatic dressings.

Experimental

The high frequency generator G3—19A with an output power of 1 W and a range of variation of the fre-
quency from 30 to 200 MHz has been used as the source of the electromagnetic field. A 200 ml capacitive
cell was used to expose water with EM field.

We used deionized water purified by reverse osmosis, specific conductivity of which was 1.2 us/m.
Water samples were exposed with the field frequency of 130 MHz for 3 hours. The choice of EMFs frequen-
cy was due to previously conducted experiments, in which the exposure fields of the given frequency leads
to significant changes in water properties (electrical conductivity, surface tension, heat and rate of evapora-
tion) [15-16]. Time of exposure has been also selected on the basis of previous studies. In this case, the ex-
posure efficiency is controlled by the value of the water specific conductivity, comparing its initial and finite
value. As a result of field exposure, the electrical conductivity increased by 2.7+0.2 times. To prepare gelatin
solutions, we used water kept in hermetically sealed plastic vessels for a week after irradiation. During this
time, no relaxation of the electrical conductivity of water to the initial value was observed.

2 % solutions of powdered food gelatin (GOST 11293-89) have been used for studies. The choice of
the concentration is due to the fact that solutions of this concentration flow, gel slowly (over days) at room
temperature and when the temperature drops to 15 °C gelation proceeds within 1540 min, that allows to
study the kinetics of this process. Solutions of gelatin were prepared in 2 stages. First a portion of gelatin was
placed in 50.0 ml flasks. Then 20 ml of activated or non-activated water at room temperature was added and
left to swell for 30—40 minutes. After that, the mixture was placed in a water bath (60—70 °C) and gelatin was
dissolved with stirring until a clear solution. The resulting solutions were adjusted to the mark with water
and cooled to room temperature. The required pH values were obtained by adding 0.1 M HCI or NaOH to the
water used for the preparation of solutions. The acidity of the medium was controlled using the pH-meter
"Anion 4100" with an accuracy of £ 0.05 pH units. Three series of parallel experiments were carried out.

Determination of kinematic viscosity was carried out using flow-through capillary viscometer VPI-2
with a capillary diameter d = 1,31 mm. The relative viscosity of solutions was calculated by the relative expi-
ration time out of the viscosimeter of the solution of gelatin and water. The rate of gelation was determined
from the slope of the curve of the dependence of the gelatin solution relative viscosity on time at different
pH. The gelation time was determined from the time the solution stopped flowing out of the viscometer. The
study of the kinetics of the solutions gelation process was carried out at a temperature of 288 K (15 °C). The
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required temperature was maintained with a TJ-TB-01 thermostat (temperature measurement accuracy
0.1 °C).

Results and Discussion

As a result of the studies, it was found that slowly (within a day) gelation of 2 % gelatin solution pro-
ceeds at T =293 K, and the degree of their fluidity depends significantly on pH. Flowage or non-flowage of
the obtained systems was estimated by the presence or absence of their outflow from the tube when it was
turned over. The most solid gels are formed in the IEP when pH = 4.7. Noticeable differences in the physical
state of the jellies have been observed in those prepared from the activated water (f = 130 MHz), and control
samples (f=0). Jellies, prepared from the non-activated water were turbid and fluent. They kept the fluidity
regardless pH. The only jelle, obtained at pH = 10 was in non-flowing state. Jellies, prepared from activated
water at all pH values except pH = 2 showed solid properties (Table 1) and were transparent.

Table 1
State of the gelatin jellies at T =293 K and 1 day after preparation
pH 2.0 4.0 4.7 6.0 8.0 10
(S;it%;) Flelly flowing slow-flowing | slow-flowing | slow-flowing flowing non-flowing
State of jelly . . . . . .
(f= 130 MIiz) flowing non-flowing | non-flowing | non-flowing | non-flowing | non-flowing

It is known that the structure is stabilized in jellies, which is appeared in the decrease of their flowage.
After 4 days the non-activated systems became less fluid, and the activated kept a solid state and did not leak
out of the vessels in which they were stored (Table 2).

Table 2
State of gelatin jellies at T =293 K and 4 day after preparation
pH 2.0 4.0 4.7 6.0 8.0 10
(Sftit%)o flelly slow-flowing | slow-flowing | slow-flowing | slow-flowing | slow-flowing | non-flowing
State of jelly . . . . . .
(f= 130 MIiz) flowing non-flowing | non-flowing | non-flowing | non-flowing | non-flowing

Partial or full melting of the jellies occurred with the increase in temperature to 297 K, however, solid
state remained for activated systems at pH = 4 and 4.7 (Table 3).

Table 3
State of gelatin jellies at T =297 K
pH 2.0 4.0 4.7 6.0 8.0 10
(Sfti[%;) Felly flowing flowing slow-flowing flowing flowing flowing
State of jelly . . . . . .
(f= 130 MIiz) flowing non-flowing flowing slow-flowing | slow-flowing | slow-flowing

The kinetics of a 2 % solution of gelatin gelation at T = 288 K has been studied. The obtained jellies
were melted in water bath when heated and then quickly cooled in a thermostat to specified temperature.
Cooling of the gelatin solutions was carried out in the viscometer. The viscosity of solutions was measured
with an interval of 1 min when reaching T = 288 K. It was shown that the viscosity of the activated solutions
and their rate of increase is much higher compared with control samples at all pH values. Only at pH = 2 the
viscosity of the studied and control samples increased with the same rate, and along with this no gelation was
observed within 1 hour. Figure 1 shows the kinetic curves of increase in the relative viscosity of the activated
and non-activated gelatin solutions at pH = 10.
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Relative viscosity

Time, min

1 — non-activated water; 2 — activated water (130 MHz)
Figure 1. Dependence of relative viscosity of 2 % solutions of gelatin on the time at T =288 K and pH = 10

It is known that gelation process runs faster in solutions of proteins of the same concentration, provided
that the protein molecules have no electrical charge and they are less hydrated, i.e. they are in isoelectric
state. Therefore, the rate of gelation depends on the acidity of the medium and best of all occurs at a pH cor-
responding to the isoelectric point (IEP) of the protein [21], which was confirmed by our experiments. Rates
and time of gelation of polymer solutions at different pH values are presented in Table 4.

Table 4
Rate (- d/ndt) and time (t) of gelation of 2 % gelatin solutions at T =288 K
pH 2.0 4.0 47 6.0 8.0 10
E(fii/%t))' 10, min” 11402 | 1.3+£0.3 | 1.640.1 | 1.4+£0.2 | 1.3+03 | 1.2+0.2
E‘fi'l/ ?261&1?;_1 12601 | 18404 | 39:03 | 2.5:04 | 22802 | 22402
E’ffoi)“ ; 4244 1942 243 3642 48+5
E’ffiﬁ 0 MHz) 5843 181 111 1343 182 162

The fluidity of the jelly is determined by the strength of the bond that occurs between the polymer mac-
romolecules during the gelation process. The grid nodes can be caused by the hydrogen bonds, the interac-
tion of electric charges or dipoles and chemical bonds. The strength of the bonds in the jell is small in the
case if this bond is hydrogen or electrostatic (dipole), and its ability to melting and decomposition increases.
Gelatin jellies are good examples of such systems [21]. The macromolecules of proteins comprising gelatin
are positively charged in the acidic medium due to the suppression of dissociation of carboxylic groups and
protonation of amino groups; the force of electrostatic repulsion is high, which prevents the association of
molecules and the formation of a polymer three-dimensional grid in an aqueous medium. Gelling does not
occur in such case. The charge of macromolecules is small (or zero in the IEP at pH = 4.7) in weak acid and
weak-alkaline medium, which leads to weakening of the electrostatic repulsive forces. As a result, the pro-
cess of formation of intermolecular bonds (dipole-dipole and hydrogen) is facilitated and the gelling of gela-
tin solutions occurs. The intensification of the gelling processes in water exposed to EMF may be due to the
weakening of the hydration of ionogenic groups of the polymer due to increase of dipole-dipole interaction
between water molecules. Strengthening the cohesive interaction in the aquatic medium was confirmed in
[16]. The result is a reduction in the degree of dissociation of carboxylic groups and decrease in the total
charge of the macromolecules, which contributes to their association and the formation of a structured sys-
tem. The well-known fact that the addition of salts containing well-hydrated ions (sulfates, citrates) to gelatin
solutions accelerates this process, indicates the influence of the hydration degree of the polymers polar
groups during gelling. The greater the ability of the ion to hydrate, the more active is the dehydration of the
polymer macromolecules in its presence, what facilitates their connection to each other and the formation of
a structured system. Thus, it can be assumed that the effect of EMF on water is similar to the effect of elec-
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trolyte additives. An increase in the viscosity of electromagnetic field solutions in activated water can also be
a consequence of the enhancement of the macromolecules association due to the adhesion of their dehydrated
sections.

Conclusions

The dependence of gelation of 2 % gelatin solution on pH at 293 and 297 K has been determined. It has
been shown that solid systems are formed at pH = 4—6 and 10. Gelling does not occur at pH=2.

Strengthening of the gelatine structuring in water, exposed to the electromagnetic field of 130 MHz fre-
quency was shown, that appears in the formation of solid systems at all pH values except pH=2.

The kinetics of gelation of gelatin solutions according to the changes in relative viscosity during the
time has been studied. The processes acceleration in activated water has been demonstrated.
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N.E. Cracp, C.C. IlaBnoBa

KenaTun epitinainepinin kKarawobina pH nen cyabl
3JIEKTPOMATHUTTIK OpicIieH 6H/Iey/IiH dcepi

Tenbain TY3idy KBUIIaMABIFB OPTaHBIH pH-HBIH op Typii MOHAEPIHAE KETaTHH epITIHIICIHIH CaIBICTHIP-
MaJIbl TYTKBIPJIBIFBIHBIH YaKbITKA TOYSJAUTIK KHUCHIFBI KeibeyimeH aHbIKTamgsl. T =293 K kesinge 2 %
JKETTATHH CpITIHAIIEpiHIH KaTysl Oasyrnaiifbel, ajd onapIblH aKKBIITHIK Aopexkeci pH-ka OaifmanbicTel. ER
6epik xene pH=4,7 uzoanextprik Hykrene Tysineni. CoyneneHmipinreH cyna AaiibIHIaIFaH jKele MeH
Gakpliay YITiIepiHiH (QU3MKANIBIK KaFqalblHIA aWTapibIKTail aiblpMmainbuibikTap Oaiikamansl. CoyneneH-
OereH cyna OalbIHOANFaH jKeJle HEFYpJbIM JKbUDKbIMajbl jkoHe pH-ka kapamactan T =293 K kesinge
aKKBIITHIKTHI cakraiiasl. Temneparypa 297 K neilin keTepiirenze jxeine inriHapa HEMece TOJBIK OalKHIb,
Oipak coyneneHaipinren xyienep ymiH pH =4 sxoHe 4,7 Ke3iHIe KarThl Kyl cakramanpl. bakpuiay
YJITinepiMeH CajbICTHIPFAaHAa COYJICJICHI€H epITIHAUIEPAIH TYTKBIPIBIFEl XKOHE OHBIH ©OCY JKBUIIaMIBIFBI
pH=2-nen OGacka pH Oapnelk MoHAepiHAE >XOFaphl eKeHAIri kepceriinreH. baiikaaraH KyObuIbICTap
COyJIETICHAIPUIreH Cy/arbl IOJMMEpI MaKpOMOJIEKyIaTapIblH TUIPATAUACHIHEIH JICipeyiHe OailaHbICTHI
60JTyBI MYMKiH, OYJI OJIap/BIH aCCONMANUSICHIH XKoHE KYPBUIBIMIBIK JKYHEHIH KIBIITACYBIH )KEHIJIETe .

Kinm co30ep: renb, )enaThH, TeIbAIH TY31Ty KbUIIaMABIFbI, CANBICTHIPMANBI TYTKBIPIIBIK, IEKTPOMArHUTTIK
epic, KUK, OPTaHbIH KIIIKBLIIBIFbI, COYJICICHICH CY.

N.E. Cracs, C.C. IlaBmoBa

Bunsinne pH 1 00pa6oTKku BoAbI 3J1IEKTPOMATHUTHBIM 110J1€M
HA 3aCTy/IHeBaHHE PACTBOPOB KeJATHHA

CkopocCTh TeneoOpa3oBaHus OIPE/eNICHa 110 HAKJIOHY KPHBOW 3aBHCHMOCTH OTHOCHTEIBHOI BS3KOCTH pac-
TBOpA JKeJIaTUHA OT BPEMEHU IIPU pa3Iu4HbIX 3HadeHUsAX pH cpenst. Ycranosneno, uro npu T =293 K npo-
HCXOIUT MEJUICHHOE 3acTyAHEeBaHHe 2 % PacTBOPOB KENAaTHHA, a CTENEHb X TEKY4eCTU CYLIECTBEHHO 3aBHU-
cut ot pH. Hanbonee npounsle ctyann o0pa3yroTcst B M30eKTpudeckoi Touke npu pH = 4,7. Habmonarot-
Csl 3aMETHbIE PA3IMYMsA B (PU3MYECKOM COCTOSHHHU CTyAHEH, IPUTOTOBJICHHBIX HA OOIydeHHOH BOAE, U KOH-
TPOJBHBIX 00pa3uoB. CTyaHH, IPUTOTOBIEHHbBIC HA HEOOIYUeHHOH Boze, OoJiee MOABMXKHEI U COXPAHSIOT Te-
kyudecTs npu T =293 K nezaBucumo ot pH. Ilpu noseimenun temnepatypsl 10 297 K npoucxoaur yactud-
HOE WU TIOJIHOE IIIaBJIeHHUE CTYIHEH, ofHako i oOmydeHHbIX cucteM npu pH =4 u 4,7 tBeprooOpasHoe
cocrostHue coxpansiercs. [loka3aHo, 9TO BI3KOCTH OOJIydEHHBIX PACTBOPOB M CKOPOCTh €€ HapacTaHMS BBIIIE
110 CPaBHEHUIO C KOHTPOJBHBIMU 0OpasnaMu npu Bcex 3HaueHusx pH, kpome pH = 2. Habmonaemsle siBie-
HUSL MOTYT OBITH OOYCIIOBJICHBI OCIabJeHHUEM THApATAllMM MAaKPOMOJIEKYJ IoluMepa B 0OIy4eHHOH Boje,
YTO 00JIETYAET UX ACCOIMAIIMIO U 00pa30BaHUE CTPYKTYPUPOBAHHOM CUCTEMBI.

Kniouesvie cnosa: T'€Jib, )KEJIATUH, CKOPOCTh reneo6pasosaﬂm, OTHOCUTEJIbHAS BA3KOCTb, DJIEKTPOMArHUTHOE
I0JIC, 4aCTOTa, KUCJIOTHOCTb CPE/bI, 06Hy‘I€HHaﬂ BOIaA.
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Effect of modifiers on Fe-Pt/Al,O; catalysts for alkanes hydrotreatment

Zeolite-containing polyfunctional catalysts Fe-Pt/Al,0; (KT-17, KT-18), modified with additives of molyb-
denum, phosphorus and cerium, were synthesized. The developed catalytic systems were studied in treatment
of C14 alkane obtaining a gasoline fraction. Reaction products contain C4-C9 iso-alkanes, C10-C14 iso-
alkanes, C4-C10 alkanes, aromatic hydrocarbons and C1-C3 alkanes. In addition, 0.2-0.6 % of heavy hydro-
carbons was found in reaction products. The yield of C4-C9 iso-alkanes at 380 °C reached 37.9 %. By means
of physical and chemical methods it has been found that the zeolite containing catalysts Fe-Pt /Al,O; modi-
fied by various additives are complex systems. Micro-diffraction and Mossbauer spectroscopy methods al-
lowed detecting nanosized hetero clusters of Fe-Pt, Fe-Mo, Pt-Mo in catalysts structure. Depending on chem-
ical composition of clusters, particle size varies between 20 and 80 A KT-18 catalyst demonstrates high ac-
tivity in the process of heavy alkanes treatment; sizes of platinum (d = 200 A) and iron (d = 30-50 A) parti-
cles were determined by electron microscopy. Activity of KT-18 catalyst is higher than that of highly dis-
persed KT-17. The main feature of KT catalysts is their polyfunctionality. During alkanes processing simul-
taneous and consecutive reactions of hydrocracking, dehydrogenation, isomerization, dehydro-cyclization and
hydro-desulfurization take place.

Keywords: hydro treatment, zeolite containing catalysts, modification, polyfunctionality, heavy alkanes, hy-
drocracking, hydrogenation, nanoclusters.

Introduction

The global trend in oil processing industry development is enhancing the depth of raw materials refin-
ing and to improve the quality and environmental characteristics of motor fuels through the use of catalytic
systems, which allows obtaining valuable light fractions from heavy oil residues [1, 2].

Production of gasoline fractions from heavy oil is realized in several directions: thermal and catalytic
cracking, hydrocracking [3, 4]. Currently, importance of hydrocracking process in oil treatment is relatively
low [5]. Thermal and catalytic cracking of heavy oil is widely used in industry [6-9]. However, heavy oil
cracking is characterized by obtaining great amount of olefins as a result of C-H bond breakdown [10].

According to the international regulations, content of olefins in gasoline must not exceed 15-18 % [11,
12]. In future, limitations of olefins and aromatic hydrocarbons content in gasoline, in particular benzene
concentrations, will become even stricter [13]. Olefins, aromatic hydrocarbons, isoalkanes and oxygen-
containing compounds in the form of methyl tert-butyl ether are octane components of gasoline. In this re-
gard, catalytic methods of heavy alkanes hydro isomerization and hydrocracking are widely discussed in lit-
erature in recent years [14—18]. Catalysts based on various 3d metals (Ni, Mo, Co, W, Fe, etc.) are used in
heavy oil feedstock treatment processes [19-22].

*Corresponding author.
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Platinum-based zeolite containing catalysts [17, 23-25], which allow to rise light fraction yields are
mainly used in heavy oil hydro treatment.

The aim of the present work is to develop zeolite containing modified polyfunctional catalysts for heavy
paraffins hydro processing and to study their properties and performance in tetradecane treatment process.

Experimental

Modified with additives of molybdenum, phosphorus and cerium zeolite-containing polyfunctional
catalysts Fe(5 %)-Pt(0,4 %)/Al,05 (KT-17, KT-18) were synthesized. KT-17 contains Mo, P and Ce as modi-
fying additives. KT-18 is modified with cerium and phosphorus.

Properties of catalysts were studied by methods of Electron Microscopy, X-ray phase analysis, BET,
IRS, Mossbauer spectroscopy. Genesis of catalyst was studied by Mossbauer spectroscopy method under
varying conditions (t, air, Hy). Isomeric shifts (IS) were performed according to a-Fe.

Structure and dimensionality of metal particles, which are the active phase of catalysts, were tested in
catalytic transformation of Cy, alkanes obtaining gasoline fraction. Study was carried out in a stainless steel
tubular reactor uniformly coated with electric heater. The reactor was filled first with 3 ml of quartz, then
with catalyst (10 ml, d = 2-2.5 mm), pre-treated by hydrogen at 400 °C for 2 hours, and with 3 ml of quartz
(particle size is 2—3 mm).

Catalysts were studied in C,4 treatment process at 280—400 °C temperature range, hydrogen pressure of
2 MPa, Hy:raw material ratio 200: 1, and the volume rate of 5 h™".

0.83 ml / min of raw material was pumped to the reactor by drain pump. The reaction products were
cooled and separated, liquid products were collected in the tank, and gas products were directed to gas meter.

The hydrocarbon content of reaction products was analyzed in y-aluminum oxide stainless steel column
of Chrom-4 chromatograph (Supelco) with argon as carrier gas.

Results and Discussion
Specific surface area of synthesized catalysts, measured by the BET method, is 192.5 m*/g for KT-17
and 222.7 m*/g for KT-18; porosity is 0.49 cm’/g and 0.48 cm®/g respectively (Fig. 1).
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a—XKT-17; b —KT-18
Figure 1. Porosity of catalytic systems

The KT-17 sample contains two types of narrow and one type of wide pores (Fig. 1, ). Narrow pores
are available for formation of light hydrocarbons. Wide pores improve the adsorption capacity of catalyst in
relation to hydrocarbons processing.

KT-18 catalyst has one type of narrow and wide pores available for adsorption and desorption of hydro-
carbons (Fig. 1, b). Adsorption and activation of hydrogen and formation of lower alkanes molecules as re-
sult of deep hydrocracking of feedstock can occur in narrow pores.

Results of X-ray phase analysis show that catalyst KT-17 has structural elements of HZSM (reflexes
11.4; 6.7; 3.9 A), Mo (reflex 2.30A) (ASTM 4-809) and y-Al,O; (reflex 1.98 A). Structural elements of
HZSM (reflexes 3.84; 3.73 A) and Al,O; (reflexes 2.26; 1.97; 1.40 A) were found in catalyst KT-18.

CHEMISTRY Series. No. 4(100)/2020 105



A.K. Zhumabekova, L.K. Tastanova et al.

By method of electron microscopy (magnification of 120000) the extensive accumulation of loose par-
ticles with size of 80—100 A was found in catalyst KT-17, micro-diffraction of them shows the formation of
phase — Pt;Mo (ICPDS, 17-719) (Fig. 2, ). Small unit of dense particles with size of 50—60 A is observed
in the same catalytic system (Fig. 2, ). According to micro-diffraction data, particles have close sets of
interplanar distances corresponding to several phases of Pt-Fe: PtFe — tetraferroplatinum (JCPDS, 26—
1139); (Pt, Fe) — platinum, ferroan (JCPDS, 29-717, 29-718); Pt;Fe — isoferroplatinum (JCPDS, 29-716).

Accumulations of large Pt crystals (200 A) with signs of cutting on the smooth surface of zeolite com-
ponent of carrier are detected in KT-18 (Fig. 2, ¢). Small rounded clusters (dark particles) composed of CeO,
particles of 30 A size are visible. Circular micro-diffraction data of particles with size of 30 A can be equally
attributed to CesO,; (JCPDS, 32-196) and €-Fe,O; (JCPDS, 16-835). Large cluster of 30-50 A particles,
which give circular diffraction of CeO, (JCPDS, 34-394) and unit of dense particles of 100-200 A,
microdefraction picture of which is represented by reflexes and can be attributed to sulfur (JCPDS, 27-101),
were found in KT-18 (Fig. 2, d).

a b
a, b—KT-17; ¢, d — KT-18. Magnification 120000

Figure 2. Electron microscopy images of catalytic systems

Table 1 summarizes data on metal active sites of KT-17 and KT-18 catalysts nature.

Table 1

State and structure of particles in calcined (500°C, 5 h) zeolite-containing Pt(0,4 %)-Fe(5 %)/Al,0; catalysts
modified with cerium, molybdenum and phosphorus (KT-17) and with cerium and phosphorus (KT-18)

Chemical composition and dispersion of KT-17

Iron Platinum Cerium Molybdenum
- Pt (d=50-60 A
v FF‘(’)(d(; :501’06007?0)0 " PtFe (d = 50-60 A) CeP,(d=40-50 A) | MoOPO, (d=~15 A
GF:; o (= 4080 &) Pt;Fe (d = 50-60 A) CeP (d=~300A) | MoO, (d=100-300 A)
20 Pt;Mo,, B-Pt;Mo (d = 80-100 A)

Chemical composition and dispersion of KT-18
Iron Platinum Cerium

€-Fe,05 (30 A) Ce0, (d =30-50 A)

n-Fe,05 (d = 30-50 A) Pt (d =200 A) CeP (d = 100-200 A)

=30 CesOy; (d =30 A)
Fe,0; (d = 30-50 A) CeAlO; (d = 30-50 A)

As it can be observed from Table 1, KT-17 catalyst sample contains homonuclear particles of Pt and Fe
(50-60 A), Fe,POs, MoOPO, (15-300 A) compounds, as well as homonuclear and heteronuclear clusters.
Homgnuclear clusters include FeFe,O,, molybdenum oxide MoO,, the size of which varies from 100 to
300 A. Heteronuclear clusters include PtFe, Pt;Fe, PtsMo,, B-Pt;Mo, CeP,, CeP. These heteronuclear clusters
have dimensions from 40 to 100 A and 300 A. According to electron-microscopic studies, KT-17 catalyst is
nanostructured system of complex composition with particle sizes mainly from 15 to 100 A.

KT-18 catalyst sample contains homonuclear particles of Pt, 200 A in size, iron oxides and cerium ox-
ides, the sizes of which range from 30 to 50 A (Table 1). Heteronuclear cluster CeP (100-200 A) and
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CeAlO; compound (30-50 A) were also found in this catalyst. The detected structures have different dimen-
sions, mainly from 30 to 200 A,

Catalysts were studied with Mossbauer spectroscopy method at varying conditions (t, Ar, H,, O,).

Spectra of initial systems (KT-17, KT-18) are superpositions of two doublets corresponding to high-
spin states of Fe,;>" and Fe,”" with similar values of isomeric shifts (0.30-0.31 mm/s), which are distin-
guished by quadruple splitting (QS): Fe;*" — 1,59 mm/s and Fe,>" — 0,95 mmy/s. Fe,*"/Fe,’" ratio is ~ 2/3.
Since the line width corresponding to these structures is large (0.64 mm/s), it can be assumed that the forms
of Fe’* represent a set of close states with approximately the same isomeric shift (IS) and different quadruple
splittings due to differences in the environment of iron.

The form with higher QS in KT-17 can be attributed to iron ions located on the surface of matrix. Val-
ues of isomeric shift raise with temperature growth, while the quadruple splitting practically does not change
(Table 2).

Table 2
Mossbauer parameters and relative amount (S, %) of different forms of iron in KT-17 catalyst in air
. Fel3+ F€23+
Temperature, °C 1S, mm/s QS, mm/s S, % IS, mm/s | QS, mm/s S, %
20 0.31 1.43 42 0.31 0.84 58
100 0.27 1.40 42 0.27 0.85 58
200 0.21 1.39 43 0.20 0.86 57
300 0.14 1.43 42 0.14 0.85 58
400 0.07 1.45 41 0.07 0.89 59
500 0.02 1.39 45 0.00 0.94 55

Reduction of iron in catalytic system KT-17 starts in hydrogen stream at 100 °C, forming up to 3 % of
Fe’" (Fig. 3). At 200 °C, ~ 27 % of Fe*" in two states, corresponding to two initial states of Fe’', is present in
system. The Fe,*" form with high QS is located on the surface as well as Fe,*". At 400 °C, one form of Fe’" is
more deeply located in the carrier, and two forms of Fe’ remain in the system. At 500 °C, system contains
only two forms of Fe*".

Temperature decline from 500 to 100 °C (reverse) does not lead to new forms of iron (Table 3). How-
ever, redistribution of intensities of Fe*" relative content signals takes place: the intensity of signal of iron
form with higher QS increases, due to this effect’s dependence on temperature. This is explained by weak
interaction of Fe,*" form with carrier, since it is located on the surface. One more form of iron with Mossbau-
er parameters which are characteristic for Fe-Pt clusters located on the surface appears in system at 20 °C
(Table 3).

Table 3

Mossbauer parameters and relative amount (S, %) of different forms of iron in KT-17 catalyst
at varying temperature in hydrogen atmosphere

Fe,” Fe,” Fe,” Fe,” Fe-Pt phase
t,°C | IS, QS, IS, QS, IS, QS, IS, QS, IS, QS,
mm/s | mm/s S, % mm/s | mm/s S, % mm/s | mm/s S, % mm/s | mm/s S, % mm/s | mm/s S, %

20 | 031 | 1.53 ] 37 |1 030 ] 092 | 63

100 | 0.25 | 145 | 45 | 0.27 | 0.87 | 52 1.22 | 2.78 3
200" | 021 [ 142 ] 37 | 020 | 085 ] 37 | 0.94 | 1.99 | 15 0.86 1.32 | 11

300 | 0.14 | 1.43 8 0.14 | 0.85 | 14 | 0.86 | 1.87 | 45 0.81 1.14 | 33
4007 0.12 | 1.03 | 11 0.82 | 1.66 | 47 | 0.72 1.10 | 42

500 0.75 | 1.55 | 41 0.65 1.09 | 59

400 0.80 | 1.70 | 51 0.71 1.07 | 49

300 0.88 | 1.73 | 63 0.75 1.19 | 37

200 094 | 195 | 64 | 0.85 1.21 | 36

100 1.02 | 2.11 | 69 | 0.90 1.34 | 31

20 1.08 | 2.21 | 59 1.00 1.39 | 25 |1 033 | 1.13 16

Notes: ' — Fe?* forms were not distinguished due to their small amounts at 200°C; > — Fe** forms were not distinguished due

to their small amounts at 400 °C.
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Figure 3. Mossbauer spectra of KT-17 catalytic system at varying temperature. Atmosphere — hydrogen
In air stream at 20 °C after reduction by hydrogen system contains two forms of Fe’" and two forms of
Fe*', Fe-Pt phase disappears (Fig. 4, a). More high QS value for Fe'" forms than it was observed before the

start of reduction cycle draws attention (Table 4). Replacing of air with hydrogen at the same temperature
leads to a noticeable growth of Fe’* forms amounts (Fig. 4, b).
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Figure 4. Mossbauer spectra of KT-17 catalytic system at 20 °C obtained after reduction and cooling
in the atmosphere of: a) air, b) hydrogen
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Obtained at 20 °C spectrum of system calcined at 500 °C in air is a superposition of two doublets corre-
sponding to two states of Fe’", just as it was observed for the initial state of system (Fig. 5, a. Table 4). How-
ever, even in this case, the observed values of quadruple splitting are much higher.

0 100 200 300 400 Channels 0 100 200 300 400 Channels

T T T T T T T T T T T T T T T T T T T T T T T T T7T
—

AbSoOrption.
Absorption.

Absorption .,

Atmosphere: a — air; b — hydrogen; ¢ — air (after hydrogen)

Figure 5. Mossbauer spectra of KT-17 catalytic system at 20 °C obtained after oxidation at 500 °C

Table 4
Mossbauer parameters and relative amount (S, %) of different forms of iron in KT-17 at 20 °C
Fe]3+ F(323+ F elz+ F ezz+ Fe-Pt phase
IS, Qs, o IS, Qs, o IS, Qs, o IS, Qs, o IS, Qs, o
mm/s | mm/s S, % mm/s | mm/s S, % mm/s | mm/s S, % mm/s | mm/s S, % mm/s | mm/s S, %

In air stream after reduction by H,
034 | 152 | 14032 ] 095 | 36 | 1.09 | 2.17 | 31 | 1.03 | 143 | 19 | | |
In H, after air
033 | 151 [ 10033 [ 097 | 26 [ 1.09 | 220 | 42 [ 1.04 | 1.41 | 22 | | |
In air (after heating in air at 500 °C)
030 | 1.53 | 40 | 0.30 | 094 | 60 | | | | | | | | |
In H, after calcination at 500 °C in air and cooling

033 | 143 | 28] 035 ] 083 | 53 | | | | | | | 089 | 248 | 19
In air after reduction by H” at 20 °C
030 | 143 |38 ] 032 ] 084 | 57 | | | | | | | 091 | 248 | 5

After calcination at 500 °C in air and cooling, hydrogen was supplied to the system at 20 °C. In this
case, partial reduction occurred and, in addition to the forms of Fe’", ~ 19 % of Fe*" appeared in system,
however, the Mossbauer parameters of this form differed from the previously observed parameters of Fe**
forms (Fig. 5, b. Table 4). In papers [26, 27] such behavior of systems, i.e. the ability to reduce at room tem-
perature was considered indisputable evidence of the presence of Fe-Pt, Fe-Pd, Fe-Rh clusters. It is notewor-
thy that there is a very good quantitative correspondence between relative content of Fe-Pt phase at 20 °C
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after fall of temperature from 500 °C in hydrogen atmosphere (Table 4) and its relative content after reduc-
tion at room temperature of system calcined in air at 500 °C (Table 3) — 19 % and 16 %, respectively.

After replacing of hydrogen by air at 20 °C, partial oxidation of Fe-Pt phase takes place, its relative
content is reduced to ~ 5 % (Fig. 5, c. Table 4).

When calcined in air, the isomeric shift in catalytic system KT-18 decreases, and quadruple splitting
raises from 1.59 to 1.70-1.74 mm/s (Fig. 6, a). Replacing air with hydrogen at 100 °C leads to appearance of
two forms of Fe*" (18 %), which are formed when the initial states of Fe*“are reduced (Fig. 6, b). With re-
peated redox treatment (20-500 °C), concentration of Fe*" forms increases from 18 to 60 % (t = 200 °C)
(Fig. 6, ¢).

Absorption.
Absorption.

Absorption.X

AR T R T S SO TN T SN RN TN SN TN SN TR SO T
-3.2 -1.6 0 +1.6 nn/s

a — 20 °C — air, after oxidation at 500 °C; b — 100 °C — hydrogen, after oxidation at 500 °C;
¢ — reduction with hydrogen at 200 °C, after oxidation at 500 °C

Figure 6. Mossbauer spectra of KT-18 catalytic system at varying temperature

According to IR spectra of ammonia adsorption (10 min) on KT-17 catalyst at room temperature, the
adsorption bands are fixed at 3370, 3320, 3250, 1620, 1580 and 1450 cm™ (Fig. 7, spectrum 1). The absorp-
tion bands at 3370, 3320, 1620 cm™ belong to Lewis acid centers, and at 3250, 1580, 1450 cm™ characterize
Bronsted acid centers. After evacuation of sample, absorption bands are found at 1620, 1420 cm™ (Fig. 7,
spectrum 2).

During ammonia adsorption at 250 °C (for 10 min), adsorption bands are detected at 3370, 3300, 1710,
1600 and 1420 cm™ (Fig. 7, spectrum 3). The absorption bands at 3370, 3300, 1600 cm™ are due to for-
mation of coordination bond of ammonia at Lewis centers of zeolite. Surface reaction of ammonia with the
Bronsted center forming NH," gives absorption bands at 1710 and 1420 cm™. After the sample has been
evacuated, absorption bands are present at 3230, 1620 and 1440 cm™ (Fig. 7, spectrum 4).
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Figure 7. IR spectra of NH; adsorption on KT-17 catalyst

On IR spectrum of ammonia adsorbed on KT-18 catalyst at room temperature (for 15 min), adsorption
bands are fixed at 3420, 3350, 3270, 3200, 1720, 1620, 1500 and 1410 cm™ (Fig. 8, spectrum 1). Adsorption
bands at 3420, 3350 and 1620 ¢cm™ characterize Lewis acid centers, and adsorption bands at 3270, 3200,
1720, 1500 and 1410 cm™ refer to Bronsted acid centers. After the sample was evacuated, the adsorption
bands were found at 1600 and 1450 cm™ (Fig. 8, spectrum 2), they belong to the most active of Lewis and
Bronsted acid centers.

During the adsorption of ammonia on catalyst for 15 min at 250 °C, the adsorption bands were found at
3550, 3450, 3300, 3160, 1620, 1560 and 1460 cm™, which characterize the ammonia molecule coordination
bounded with the Lewis centers (3450, 3300, 1620 cm‘l), and indicate formation of ammonium ions — sur-
face reaction with the Bronsted centers (3550, 3160, 1560, 1460 cm™) (Fig. 8, spectrum 3). After evacuation,
adsorption bands are observed at 1600, 1450 cm™ (Fig. 8, spectrum 4).

e :
= =

Wy
2 =

50

3450
160
1620
1560
1460

™
Lol

-
e
-
J

b2

23

Adsorption rate, relative units
1600
14

'%

oo = -

[ a5 8=

ToaQ g E8s

et
36 31 18 15 12

Frequency, x100 cm-1

1 — NH; adsorption at room temperature; 2 — evacuation;
3 — NH; adsorption at t =250 °C; 4 — evacuation

Figure 8. IR spectra of NH; adsorption on KT-18 catalyst
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Process of tetradecane hydro treatment on KT-17 and KT-18 catalysts was studied. Conversion of
tetradecane on KT-17 grows from 59.1 to 94.8 % with rising temperature (Table 5). Reaction products con-
tain C4-Cy iso-alkanes, Cio-Ci4 iso-alkanes, C4-C,o alkanes, aromatic hydrocarbons and C;-C;-alkanes. In
addition, 0.2—0.6 % of C,4: heavy hydrocarbons is found in reaction products. The yield of C4-C, iso-alkanes
at 380 °C reaches 37.9 %. It is known that gasoline fraction contains isoalkanes, n-alkanes, aromatic hydro-
carbons and olefins. When tetradecane is transformed, hydrocracking of tetradecane proceeds with formation
of mainly iso- and n-alkanes, content of aromatic hydrocarbons varies from 3.3 to 0.7 %.

The presence of C4-Cy normal and iso-alkanes, aromatic hydrocarbons, C;-C; alkanes and C,4. hydro-
carbons in reaction products demonstrates that KT-17 catalyst provides the parallel flow of hydrocracking,
hydro-isomerization, dehydro-cyclization and alkylation reactions, thus proving its polyfunctional properties.
According to the content of reaction products, tetradecane is almost totally converted. Yield of gasoline frac-
tion is 67.9 % at 380 °C.

Table 5
Tetradecane hydro treatment over KT-17 and KT-18 catalysts. P = 2MPa, V =5 h™', H,:raw materials = 200:1

Temperature of the process, °C
Products content, % 280 | 300 | 320 | 350 | 380 | 400
KT-17
Conversion 59.1 68.6 71.5 75.0 91.4 94.8
> C4-Cy iso-alkanes 353 31.3 334 32.4 37.9 36.2
> Cy-Cy4iso0-alkanes 33 2.2 1.9 1.6 1 1.1
>Ci-G; 1.4 10.4 12.0 15.5 22.1 273
> C4-Cy normal chain alkanes 15.2 21.1 20.5 234 28.3 293
> aromatic hydrocarbons 33 3.2 33 1.8 1.7 0.7
Ciar 0.6 0.4 0.4 0.3 0.1 0.2
Initial tetradecane 40.9 314 28.5 25.0 8.6 5.2
Yield of gasoline fraction 53.8 55.6 57.2 57.6 67.9 66.2
KT-18

Conversion 64,9 94 .4 98.7 99.4 99.7 100
> C4-Cy iso-alkanes 33.2 44.4 42.4 42.6 36.1 33.0
> Cy-Cy4iso-alkanes 4.8 5.6 2.8 1.9 1.0 2.3
>Ci-G; 4.9 9.5 12.9 22.6 27.8 28.2
> C4-Cy normal chain alkanes 18.9 27.3 35.2 28.4 32.5 332
> aromatic hydrocarbons 3.1 6.8 5.0 3.7 2.2 2.8
Olefins - 0.8 0.4 0.2 0.1 0.5
Initial tetradecane 35.1 5.6 1.3 0.6 0.3 traces
Yield of gasoline fraction 55.2 79.3 83.0 74.9 70.9 69.5

Conversion of tetradecane on KT-18 raises from 64.9 to 100 % with temperature growth from 280 to
400 °C. Reaction products contain C4-Cy n-alkanes, C4-Cy and C;¢-Cy4 iso-alkanes, aromatic compounds
(benzene, toluene, o- and p-xylenes) and olefins. Light C,-Cs-hydrocarbons are presented with ethane, pro-
pane, ethylene and propylene; their yield rises from 4.9 to 28.2 % as temperature grows. The presence of the
above mentioned organic compounds in reaction products indicates parallel sequential course of hydrocrack-
ing, dehydrogenation, isomerization, and alkylation reactions.

In liquid products content of isoalkanes C,;-Cy prevails in the whole temperature range, the maximum
yield of which (44.4 %) is observed at 300 °C. Formation of heavy isoalkanes C;o-Cy4 under these conditions
does not exceed 5.6 %. Quantity of C4-Cy n-alkanes and aromatic compounds is equal to 35.2 % (t = 320 °C)
and 6.8 % (t =300 °C) respectively. At temperature growth above 300 °C yield of liquid products reduces
and deep hydrocracking of tetradecane to C;-C; hydrocarbons increases; concentration of these hydrocarbons
at 400 °C rises to 28.2 % (Table 5). Yield of gasoline fractions is maximal at 320 °C (83.0 %).

The temperature dependence of tetradecane conversion and isoalkanes C4-Coy output on KT group cata-
lysts is presented in Figure 9.
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Figure 9. Influence of temperature on tetradecane conversion on zeolite-containing Pt-Fe/Al,O; catalysts
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Figure 10. Influence of temperature on the output of isoalkanes C,-Cy at tetradecane transformation
on zeolite-containing Pt-Fe/Al,O; catalysts

It is clear (Fig. 9 and 10) that KT-18 catalyst is more optimal in the whole temperature range. This is
probably due to a certain dispersion state of platinum (d =200 A), as the adsorption and activation of high
molecular weight alkanes require flat orientation at active centers located on smooth surface of zeolite or
near the mouths of pores. Cavities with d = 56-53 A, typical for ZSM-5 zeolite, are inaccessible for heavy
alkane molecules. Electron microscopy method shows that part of platinum in KT-18 catalyst is localized on
the surface of zeolite (Fig. 2, ¢). At 300 °C the yield of C4-Cy isoalkanes is 44.4 %.

The observed direction of tetradecane transformations can be related to the combination of acid and hy-
dro-dehydrating properties of catalysts, due to localization of platinum and Fe-Pt clusters on crystalline sur-
face and in zeolite channels. It can be assumed that hydrocracking takes place on the active centers of Pt-
zeolite, which are formed on the external crystal structure of zeolite. Smaller fragments of surface-activated
decomposition particles of heavy n-alkanes can migrate into zeolite channels, where mono- and bimetallic
clusters of platinum and Fe-Pt, which take part in waterproofing and hydro-isomerization with formation of
isoalkanes C4-C,, are localized. The low yield of C,o-C;5 isoalkanes can be explained by competitive hy-
drocracking reaction on platinum-promoted external crystalline surface of zeolite. Deep hydrocracking of
heavy alkanes on active centers of catalyst becomes prevailing at high temperatures. Narrow size of channels

(0.56-0.53 nm) of ZSM-5 zeolite complicates diffusion of large molecules of n-alkanes with high molecular
weight.
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Conclusions

The synthesized catalysts can be referred to nanostructured and nanosized catalytic systems. Size of
metal particles in catalysts varies from 20 to 100 A, at the same time particles with sizes of 150-200 A and,
as an exception, of 300-500 A were found, in particular for molybdenum.

Along with nanosized homonuclear particles of metals, heteronuclear clusters consisting of two differ-
ent elements are formed in the studied catalysts. Structure and dimension of Pt-Fe clusters depend on the na-
ture of promoting additives. Two structures of heteronuclear clusters were detected in KT-17 catalyst: Pt-Fe
(d=50-60 A) and Pt;Fe (d = 50-60 A). Along with iron, platinum forms heteronuclear clusters with molyb-
denum: Pt;Mo,, B-Pt;Mo (d = 80-100 A).

Composition and structure of catalysts are greatly influenced by cerium, which, as a precursor, is pri-
marily responsible for high resistance of catalyst granules to abrasion, and secondly — cerium, forming vari-
ous compounds (CesO1;, CeP,, CeP, CeAlO;, Ce,0;, CeO,, Ce(M00y,),, Ce;Mo0301,) prevents diffusion and
agglomeration of platinum and iron particles. Metals of group VIII at high temperatures have a certain ten-
dency to sintering and crystallization.

It follows from the analysis of structure and chemical composition of synthesized catalysts that acid ze-
olite centers, homo- and heteronuclear metal clusters are the active components involved in reaction of
tetradecane transformation. It should be noted that acid and metal centers are located close to each other or
combined into a single active center. This is confirmed by electron microscopy images.

Scheme of the mechanism of tetradecane transformation:

+

1 CH;-(CH,),- CH,+ CH, - (CHy)g- CH; —H—~CgH 5Z + CgH}/Z

cracking ’ CHSZ + CSHIOZ &"CHct + C5H11 +27
s
%
hydrogenation C6H14+Z

@ @ H
3 CeHy3 <~ CH,=CH-CH,-CHy CH,CH, LCHS?{:HQCHﬁ:HS o CH3{|,H£H2—CH2—CH3

EH, CH;

cracking - C4HoZ + CyHgZ MeuCyH g + CH, +27
%
%
hydrogenation C

gHig+Z

2 CHpZ+7Z

4 CgH;sZ+7Z

H+ @ HJr @ H ads
5 CyHy =~ CH,=CH-CH,CH; —-—CH3£|7CH3 e~ CH; CHCH;

CH; CH,

H+ @ H+ (©)] Hads
6 CSH17?CH2:CH—CH2—(CH2)4—CH3 —-CHS»—(‘:—CHZ—(CHE)S.—CHS e CHS—(|:H—CH2—(CH2)3—CH3

CH, 613 8

Hydrocracking reactions and dehydrogenation of n-alkanes into semi-hydrated form and olefins take
place on the active centers after their recovery by hydrogen. Olefins are transformed on the Bronsted acid
centers through carbenium-ion into isoolefins, which form isoalkanes interacting with M-H,4, (M — metal).

The proposed mechanism is confirmed by presence of olefins and surface activated complexes preced-
ing the formation of isoolefins in gaseous products C,-C4. Due to their transformation into iso-alkanes at
subsequent stages, their presence in the final products of reaction is insignificant.

Hydrogenation reactions of both iso-olefins and CH;- and other alkyl groups to light gaseous hydrocar-
bons take place with participation of hydrogen on the active centers of catalyst in parallel with isomerization.
It is necessary to note formation of aromatic hydrocarbons (benzene, toluene, xylenes) along with the above
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described reactions of tetradecant transformation. This reaction occurs mainly in high temperature area (350—
400 °C). It is assumed that mononuclear particles of platinum also take part in tetradecane dehydrocycliza-
tion and dehydrogenation.

KT-18 catalyst demonstrates high activity in the process of heavy alkanes treatment; sizes of platinum
(d=200 A) and iron (d =30-50 A) particles were determined by electron microscopy. Activity of KT-18
catalyst was higher than that of highly dispersed KT-17, because flat clusters have to be situated near the ac-
tive sites of catalyst in order to destruct C,;-Cs and Cy-C;( bonds of C4-Cy normal and iso-alkanes.

Gasoline fraction with an output from 30.2 to 83.0 % containing 17.7-42.4 % of isoalkanes, 1.7-5.0 %
of aromatic hydrocarbons, 0.3-0.4 % of olefins and 10.5-35.2 % of C,-Cy n-alkanes was received at
tetradecane hydro processing on KT-18.

In general, the process is carried out relatively easily in the presence of large particles of platinum, con-
centrated on the outer surface or in cavities of zeolite.

Highly dispersed metal phase of HZSM zeolite cavities (53—56 A) is not subjected to change and ad-
sorption of long-chain alkanes under soft conditions.

The main feature of KT catalysts is their polyfunctionality. During alkanes processing simultaneous and
consecutive reactions of hydrocracking, dehydrogenation, isomerization, dehydro-cyclization and hydro-
desulfurization take place.

By means of physical and chemical methods it has been found that the zeolite containing catalysts
Fe-Pt/Al,03; modified by various additives are complex systems. Micro-diffraction and Mossbauer spectros-
copy methods allowed detecting nanosized hetero clusters of Fe-Pt, Fe-Mo, Pt-Mo in catalysts structure. De-
pending on chemical composition of clusters, particle size varies between 20 and 80 A. Catalysts are not ex-
posed to carbonization, they are stable and highly active, therefore these systems can be proposed for practi-
cal testing.
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A K. XXyma6ekona, JI.K. Tactanora, P.O. Opsrabacap, I'.J]. 3axymbacBa

Momuduraropaapasid Fe-Pt/Al,O; ankanxapabl ruapoeHaey
KaTAJIM3aTOpJIapbiHA dcepi

Momnbzen, dpocdop xkoHe mepuil KocranapsIMeH MoauUKAIIIaHFaH KypaMbIHaa neonuti 6ap Fe-Pt/AL,O;
(KT-17, KT-18) nonudyHKIHOHANA KaTalau3aTopiapbl CHUHTE3AeqAl. MoauduKauusuiblK KocrmaaapIbiH
KT-17 xone KT-18 kaTaiuTHKanblk KacHeTTepiHe ocepi 3epTTeimi. O3ipJieHreH KaTaluTUKAIBIK JKyHeaep
6ensuH (pakuuscein any yurin Cpy MOAENBAIK ajKaHAbl THAPOOHIEY MpOoLeciHAe 3epTreireH. Peaxuus
enimuepinge C4-Cy uzo-ankannap, Co-C4 uzo-ankangap, C4-Cjo ankaHmap, apoMaTTbl KOMIPCYTEKTED JKOHE
C;-C; ankanmap Oap. Kaiita eHney eHimuepiHaeri ayelp kemipcytekrepaid kypambl 0,2—0,6 %. C4-Co
ankaagapbiaelH 380 °C TemmepaTypana IIBFEIMBL 37,9 % Kypaiinsl. OU3nKka-XUMHSUIIBIK 3€pTTEY OMICTepiH
KOJIIaHa OTBIPHIN, dp TYPJI KocHanapMeH MoauUKaIsIIaHFaH, neonutkypamasl Fe-Pt/Al,O; karammsarop-
Japbl KypAeli KaTAIUTUKAIBIK JKyHenep OONBIN TaOBIIATHIHIBIFEI aHBIKTAIIBL. MUKpOIU(PpPAKINS SKoHE
Meccbaysp CHEKTpPOCKONMSCH dAiCTepiMeH Karanu3aropiap KypbUibIMeIHAarel Fe-Pt, Fe-Mo, Pt-Mo nano-
eJILIeM/Ii TeTepoKIiacTepiiepi anbIKTaIabl. KiacTepiaepain XUMHSIIBIK KypaMblHa GaiiaHbICThl OOJIIeKTepaiH
memuepi 20-gan 80 A-re neitin o3repeni. KT-18 karanmu3aTopsl ayblp alKaHAapAbl ©HIACY IMPOLECiHIC
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JKOFaphl OCJICEHIUTIK TaHBITAAbl. DJIEKTPOHIBI MHKPOCKONMS ONIiCIMEH KAaTaau3aTOPABIH KYPBUIBIMEI
seprrengi, muaruna (d =200 A) xone Temip (d = 30-50 A) Genmekrepinin emmemaepi anpikTans. KT-18
KaTaIUTHKAIBIK XKy#eciniy Oencenainiri KT-17 katanusaropsina Kaparanza xorapel. KT katanuzaTopiapsi-
HBIH 0ACThI epPEKILIENiri — oJIap/IbIH HOJIH(YHKIHOHAIIBUIBIFBL. AJIKaHIAp bl OHJCY Ke3iHAe THIPOKPEKHHT,
JETUIPOreHU3ANHs, HW30MEpU3alMs, ACTHAPOLMKIM3AMS HKOHE T'MAPOKYKIPTCI3AeHy peakiusuiapbl Oip
YaKbITTa )KOHE JIOMEKTI TYpJe KYpei.

Kinm ce3dep: Tunpoenyey, NEOTUTKYpaMAbl KaTaau3aTopiap, MOAU(GHKAINS, MOIH(YHKIMOHAIIBIK, aybIp
alKaHJap, TUAPOKPEKUHT, THAPIIEY, HAHOKIACTEpIep.

A K. Kymabekosa, JI.LK. Tacranosa, P.O. Opsiabacap, I'.J1. 3akymbaeBa

Bunsinne moauguxkaropos Ha Fe-Pt/Al,O; katanuzatopsl
rujponepepadoTK aJIKaHOB

CHHTE3UpOBaHBI IIEOINUTCOAepIKale MoIH(yHKIMOHANBHEIe KaTtanu3aTtopsl Fe-Pt/Al,O; (KT-17, KT-18),
Mou(UIMPOBaHHBIE ToOaBKaMu MoubaeHa, Gpocdopa n nepus. VicenenoBaHo BIUSIHAEC MOAUGHUIUPYIOIIIX
nob6aBok Ha karanurideckue cBoiicrsa KT-17 n KT-18. PazpaboranHble KaTanuTHYECKAE CUHCTEMBI H3yYECHBI
B Ipolecce THApoIenepaboTkn MoaenbHoro ankana C14 ¢ nosrydeHnem 6eH3MHOBOH ¢pakuuu. B nmpoxykrax
peakuuu conepxarcs uzo-aiakanbl C4-C9, uzo-ankanel C10-C14, ankansl C4-C10, apomaTHuecKHe yriieBo-
nopossl u ankanel C1-C3. CozpeprxaHue TSDKETBIX YrIIEBOJOPOAOB B Mpoaykrax nepepabotku — 0,2-0,6 %.
Beixon uzo-ankanoB C4-C9 npu temneparype 380 °C cocrasiuser 37,9 %. C noMobio pU3NKO-XUMHUYECKHX
METOJ/IOB HCCJICJOBAHUS YCTAHOBJIEHO, YTO MOJM(HLHMPOBAHHBIC DPa3IMYHBIMU J00ABKAMH LEOJIUTCOMAEP-
Kamue karanmzatopsl Fe-Pt/Al,O; mpeacTaBisioT co0Oi CIO0KHBIE KaTalTUTHYECKHE CHCTEMBL. Meromamu
MHUKpoaupakiuy 1 MeccOay’poBCKOil CIEKTPOCKOINY B CTPYKTYpe KaTaau3aToOpoB 0OHapy>KeHbI HAaHOPas3-
MepHble rerepokiacrepsl Fe-Pt, Fe-Mo, Pt-Mo. B 3aBucuMocTd 0T XMMUUYECKOIO COCTaBa KIACTEPOB pazMep
gactul koaeonercs ot 20 go 80 A. Karammzarop KT-18 mposiBiisieT BRICOKYIO aKTHBHOCTH B MPOIIECCE Tepe-
pabOTKM TSDKETBIX aTKaHOB. METOJOM 3/MeKTPOHHOW MMKPOCKONHUH HCCIIEO0BaHA CTPYKTYypa KaTalu3aropa,
ompefenens! pasmepsl yactul mnatunbl (d =200 A) u xenesa (d = 30-50 A). AKTUBHOCTD KaTalTUTHUECKO#
cucrembl KT-18 Boie, yem y BoicokonucniepcHoro karanuzatopa KT-17. 'naBHOI 0cOOEHHOCTBIO KaTalu3a-
topoB KT sBnsercs nx nonupyHKIHOHAIBHOCTD. [Ipy 06paboTke alkaHOB OJHOBPEMEHHO U MOCIIEA0BATENb-
HO NIPOTEKAIOT PEAKINH TUIPOKPEKHHTa, JETHPOTeHI3AIIH, H30MEPU3aluy, IeTHAPOLUKIN3AINT 1 THIPO-
obeccepuBaHHUs.

Knrouegvie crosa: rHuponepepa(SOTKa, HEOJIUTCOACPIKAIIINE KaTallu3aTOPhIL, MO,I[I/I(i)I/IKaIII/ISI, HOJII/I(i)yHKIII/IO-
HaJIbHOCTD, TSKCJIbIC aJIKaHbl, THAPOKPEKUHT, THAPUPOBAHUEC, HAHOKJIACTEPLI.
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Salt tolerant acrylamide-based quenched polyampholytes for polymer flooding

In our previous papers [1, 2] we considered the behavior of linear and crosslinked polyampholytes based on
fully charged anionic monomer — 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS) and
cationic monomer — (3-acrylamidopropyl)trimethylammonium chloride (APTAC) in aqueous-salt solutions,
swelling and mechanical properties. In the present paper we report the applicability of salt tolerant amphoter-
ic terpolymers composed of AMPS, APTAC and acrylamide (AAm) in enhanced oil recovery (EOR). The
amphoteric terpolymers of different compositions, particularly [AAm]:{AMPS]:[APTAC] = 50:25:25;
60:20:20; 70:15:15; 80:10:10 and 90:5:5 mol.% were prepared by free-radical polymerization, identified and
their viscosifying ability with respect to reservoir saline water (salinity is 163 g-L") at 60 °C was tested. It
was found that due to polyampholytic nature, the AAm-AMPS-APTAC terpolymers exhibited improved
viscosifying behavior at high salinity water. As a result, the appropriate salt tolerant sample
[AAm]:[AMPS]:[APTAC] = 80:10:10 mol.% was selected for polymer flooding experiments. Polymer flood-
ing experiments on high permeable sand pack model demonstrated that only 0.5 % oil was recovered by am-
photeric terpolymer. While injection of polyampholyte solution into preliminarily water flooded core sample
resulted in the increase of oil recovery up to 4.8—5 %. These results show that under certain conditions the
amphoteric terpolymers have a decent oil displacement ability.

Keywords: polyampholyte terpolymers, viscosifying ability, high permeability, homogeneity, porous media,
oil viscosity, incremental oil recovery (IOR), reservoir heterogeneity conditions.

Introduction

Oil and gas sector remains one of the main components of the economy of Kazakhstan, and its devel-
opment will determine the prospects for the state economy. The problem of enhanced oil recovery (EOR) is
especially important for Kazakhstan to enter into the world’s top five oil exporters.

Nowadays many water-soluble polymers have been intensively developed and explored as viscosity-
enhancing and flocculating agents, food additives, etc. [3—5]. Polyacrylamide and its derivatives have been
successfully employed in wastewater treatment, papermaking and oil industry due to their thickening ability,
flocculation and rheological behaviors [6—8].

The most widely used synthetic EOR polymer is polyacrylamide (PAA) and its derivatives [9—12]. This
polymer is usually used in hydrolyzed polyacrylamide (HPAM) form to achieve higher viscosity within a
certain range of brine salinities [13]. Unfortunately, HPAM may undergo a severe hydrolysis and precipitate
at high temperature and brine salinity [14]. In this context, designing suitable polymers for EOR from high-
temperature and high-salinity reservoirs is a challenging task. In fact, relatively high oil viscosity and brine
salinity are common phenomena for Kazakhstani oil reservoirs. For example, the viscosity of Karazhanbas
field oil may be higher than 350 cp, while brine salinity of Zhetibay and Moldabek fields may exceed
150 g-L™". In polymer flooding technology, stable oil displacement is realized through the reduction of

*Corresponding author.
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oil/water viscosity ratio by using HPAM and other polymers [15]. Unfortunately, the high salinity of make-
up water requires higher polymer concentrations to provide a certain viscosity value [16], which may in-
crease the production cost of recovered oil. Moreover, high water salinity may cause polymer precipitation in
the porous media of a rock, which results in permeability damage [14] and polymer waste. In order to over-
come these problems, we suggest to use as viscosifying agent (or water thickeners) the tailor made amphoter-
ic terpolymers AAm-AMPS-APTAC that possess the thermal stability and are able to swell and increase the
viscosity in saline water due to specific, so called “antipolyelectrolyte” effect [17, 18]. Previous studies
[19-21] indicated that many polymers containing AAm and ionic monomers can be used for EOR process
[22-31].

In this work a series of ternary polyampholytes with different molar concentrations of AAm, AMPS,
and APTAC were synthesized and tested as oil recovery agent by using sand pack model and artificial high
porosity core. The obtained results are perspective for development of novel salt- and temperature tolerant
amphoteric terpolymers for EOR.

Experimental

Materials

Acrylamide (AAm, purity >98.0 %), 2-acrylamido-2-methylpropanesulfonic acid sodium salt (AMPS,
98 wt.% in water) and (3-acrylamidopropyl) trimethylammonium chloride (APTAC, 75 wt.% in water), and
ammonium persulfate (APS, 99 % purity) were purchased from Sigma-Aldrich Chemical Co. and used with-
out further purification.

To provide the sand pack flooding experiments, 250—-500 um sand grains were packed into 8.3 cm
length and 4.3 cm diameter steel cylinder (Fig. 1a, b). The porosity and permeability of the sand pack were
equal to 44 % and 16 Darcy, respectively. The model was saturated with 100 gL' East Moldabek
(well#2092 M-II) brine and East Moldabek oil (well# 2027 M-III-U-I). The viscosity and density of oil sam-
ple were equal to 138 cp and 0.8916 g-em™ at 25 °C. Brine water solution was injected into the sand pack
model at the rate of injection 0.1 cm’-min™".

The core flooding experiments were carried out with core sample of 4.4 cm length and 2.9 cm diameter
with permeability 5 Darcy (Fig. 1c). The artificial high porosity core sample with pore volume 24.12 cm’
(porosity is 83 %) and Karazhanbas oil (well# 1913) were used. Viscosity and density of selected oils were
equal to 420 cp and 0.93 g-cm™ at 30 °C and 64 cp and 0.907 g-cm™ at 60 °C. Brine solution with concentra-
tion of 163 gL' was used for core flooding test. 0.5 % polymer solution was injected into the core at the rate
of 1 cm’min".

a b c

Figure 1. Sand pack (a, b) and artificial high porous core (¢)

Methods

"H NMR spectra of AMPS-APTAC-AAm terpolymers in D,O were registered on impulse Fourier NMR
spectrometer Bruker 400 MHz (Bruker, Germany).

The sand pack and core flooding experiments were conducted with the help of special core flooding set
up "VUK-C(2)" (Russia).

The viscosity of polymer solutions was determined by glass capillary viscometer with diameter
1.47 mm. Oil density and viscosity were determined by Stabinger viscometer.
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The following procedures for sand pack and core flooding tests were used: 1 — vaccum saturation of
the porous media with brine; 2 — brine displacement by oil (drainage); 3 — oil displacement by brine (im-
bibition); 4 — polymer injection.

The sand pack-flooding test was conducted at room temperature and injection rate 0.1 cm’-min”'while
the core flooding was performed at 60 °C and injection rate 1 cm’-min™.

Results and Discussion

Synthesis and characterization of AAm-AMPS-APTAC copolymers

Acrylamide-based quenched polyampholytes AAm-AMPS-APTAC with molecular weights (5-6)-10°
Daltons were synthesized via conventional free radical (co)polymerization in the presence of APS at 60 °C
during 4 h at various molar ratio of initial monomers [AAm]:[AMPS]:[APTAC] = 50:25:25, 60:20:20,
70:15:15, 80:10:10 and 90:5:5 mol.% (Fig. 2).
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Figure 2. Preparation protocol of ternary polymers AAm-AMPS-APTAC

The results of '"H NMR spectra of AAm-AMPS-APTAC registered in D,0 along with initial and final
molar compositions of monomers are shown in Fig.3. The molar composition of AAm-AMPS-APTAC
terpolymers was estimated from the integral peaks of methyl groups that belong to AMPS and APTAC mon-
omer units. It is seen that experimentally found molar compositions of terpolymers deviate from the theoreti-
cally prescribed by 1-2 mol.% that are within the experimental error. Earlier the isoelectric points (IEP) of
AMPS-APTAC copolymers were found around of pH 6.1 £ 0.1 [1]. Taking into account that acrylamide is
nonionic (or neutral) monomer presenting in the composition of terpolymers, one can expect that the values
of the IEP will be close to AMPS-APTAC copolymers.

ﬂ AN 50.25.05 |5 Molar composition of

[AAm]:[AMPS]:[APTAC], mol.%

L) L \ ﬁ 60-20-20 Theoretically Experimentally found
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Figure 3. "H NMR spectra and molar composition of AAm-AMPS-APTAC terpolymers.

Sand pack flooding experiments

Figure 4 demonstrates mass of produced oil versus injected water volume and photos of effluents. The
volume of each effluent sample is 10 cm’, whereas the pore volume (PV) of the model is 55 cm’. As seen
from Figure 4 water breakthrough occurred before the injection of the first 10 cm® water (= 0.18 PV) and oil
production started to decline after 0.18 PV of injected water into the model. Water flooding oil recovery fac-
tor (ORF) demonstrates that the water flooding resulted in displacement of approximately 25.7 % of oil ini-
tially in place (OIIP) (Fig. 5).
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Figure 4. Dependence of mass of produced oil (curve 1) and water (curve 2) vs injected water volume.
Insert is photos of each effluent containing 10 cm’ of fluid
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Figure 5. Dependence of ORF vs injected volume of water

Injection of 0.5 % brine solution of AAM-AMPS-APTAC terpolymers into high permeable sand pack
model stepwise increases oil production (Fig.6). For instance, injection of AAM-AMPS-APTAC (50-25-25
and 60-20-20 mol.%) increases the oil recovery up to 0.35 %, while ORF is 0.51 % when terpolymers
70—-15-15, 80—10-10 and 90-5-5 mol.% are injected. Thus, polymer flooding experiments on high permea-
ble sand pack model demonstrated that only 0.51 % oil is recovered by amphoteric terpolymers in compari-
son with water flooding.

0 50 100 150
Injected volume, cm?

e — 50-25-25; A —60-20-20; m — 70-15-15; ¢ — 80-10-10; o — 90-5-5 mol. %

Figure 6. Dependence of ORF on injected volume of 0.5 % brine solution of AAm-AMPS-APTAC terpolymers

122 Bulletin of the Karaganda University



Salt tolerant acrylamide-based quenched polyampholytes ...

Core flooding experiments
In the next series of experiments 0.5 % solution of AAM-AMPS-APTAC (80-10-10 mol.%) in
163 g-L"' brine was injected into preliminarily water-flooded core sample. The reason is that among the test-
ed AAm-AMPS-APTAC terpolymers the highest viscosity in brine exhibited amphoteric terpolymer with
composition of 80—10-10 mol.%. (Table 1).

Table 1

Dependence of the dynamic viscosity of AAm-AMPS-APTAC on composition of terpolymers

%gﬁfi‘ﬁggﬁﬁfg oL% 90:5:5 80:10:10 | 70:15:15 60:20:20 50:25:25
Dynamic viscosity, mPa-s™ 5.5 10.4 6.7 8.0 6.6

The injection of 0.5 % solution of AAM-AMPS-APTAC (80—10-10 mol.%) in brine into the pre-water
flooded core sample resulted in a notable oil recovery increase. Figure 7 clearly shows the increasing of the
mass of produced oil in the course of polymer flooding.

0,6

0.4

Mass oil produced, g

10 20

30 40 50 60 70 80

Volume of produced fluid, cm3

Figure 7. Mass of produced oil vs the produced volume of fluid in the course of water flood ()
and polymer flood (m). Injected polymer solution is 0.5 % AAm-AMPS-APTAC (80-10-10 mol.%)
in 163 g-L'1 brine. Karazhanbas oil 64 cp at 60 °C. The injection rate is 1 cm’min’

The increase of the pressure drop at the beginning of polymer flooding also indicates that the in-situ
polymer solution viscosity is higher than that of water, and the higher viscosity results in more favorable oil
mobility ratio between the displacing and the displaced fluids (Fig. 8).
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Figure 8. Change of pressure drop vs injected volume in the course of water flood (==) and polymer flood (===).
Injected polymer solution is 0.5 % AAm-AMPS-APTAC (80-10-10 mol.%) in 163g-L™" brine.
Karazhanbas oil 64 cp at 60 °C. The injection rate is 1 cm®min’
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As seen from Figure 9 the ORF increased by 4.8-5 % due to injection of 0.5 % polymer solution. This
is explained by increasing of the viscosity of brine solution (or viscosifying) due to disruption of intra- and
interionic contacts between oppositely charged AMPS and APTAC moieties demonstrating antipoly-
electrolyte effect. In pure water, the electrostatic attraction between oppositely charge macroions leads to
formation of compact structure and low viscosity. In saline water the anions and cations of salts screen the
electrostatic attraction between positively and negatively charged macroions and the macromolecular chain
expands. This phenomenon leads to increasing of the solution viscosity and consequently to viscosifying ef-
fect. In its turn the viscosification of brine solution leads to decreasing of the mobility ratio (M;) which is
defined as ratio of displacing phase mobility (water) to displaced phase mobility (oil). It is commonly ac-
cepted that in polymer flooding, favorable M is achieved by increasing the viscosity of water.

25

0 10 20 30 40 50 60 70 80
Volume of produced fluid, cm3

Figure 9. Dependence of ORF vs produced volume in the course of water flood (®) and polymer flood (m).
Water flooding trend is shown by the dashed line (===). Injected polymer solution is 0.5 % AAm-AMPS-APTAC
(80—10—-10 mol.%) in 163g-L™" brine. 0.5 % solution of AAm-AMPS-APTAC (80-10-10 mol.%) in 163 g-L™" brine.
Karazhanbas oil 64 cp at 60 °C. The injection rate is 1 cm’-min™

It is interesting to evaluate the state of core samples after polymer flooding experiment. For this pur-
pose, the sand pack model was cut into two pieces and the interior walls along with injection and outlet faces
were analyzed (Fig. 10). Interior walls of core sample contain some amount of adsorbed polymer solution
while the injection face of the core is less oil saturated than the outlet face. This fact confirms the oil dis-
placement by amphoteric terpolymer in the course of injection of polymer solution.

Figure 10. The view of core sample after the testing.
Core cut along the axis (a), injection () and outlet (c) faces of core sample

124 Bulletin of the Karaganda University



Salt tolerant acrylamide-based quenched polyampholytes ...

Conclusions

Salt tolerant acrylamide-based quenched polyampholytes were synthesized from acrylamide (AAm),
anionic (AMPS) and cationic (APTAC) monomer units by free radical polymerization. The compositions of
amphoteric terpolymers were established by 1H NMR spectroscopy. Amphoteric terpolymers showed a good
solubility in oilfield water with the salinity 163 g'L"'. Among the terpolymers the highest viscosity in brine
exhibited amphoteric terpolymer AAm-AMPS-APTAC with composition 80—10—10 mol.%. Sand pack and
core flooding experiments were carried out with 0.5 % of AAm-AMPS-APTAC (80-10-10 mol.%) solution
in 163g-L"" brine for Karazhanbas oil at 60 °C. In sand pack flooding experiments, the injection of different
AAmM-AMPS-APTAC recipes resulted in only 0.5 % ORF increase. However, in the core flooding tests the
injection of AAm-AMPS-APTAC (80-10—10 mol.%) solution resulted in 4.8—-5 % ORF increase. The in-
crease of pressure drop during polymer flood indicated improvement the mobility ratio in comparison with
water flooding.

This research has been funded by the Science Committee of the Ministry of Education and Science of
the Republic of Kazakhstan (Grant No. AP08855552).
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H. Myxawmertrassl, .I11. I'ycenos, A.B. [llaxBopoctos, C.E. Kynaiibeprenos

Ty3raTe3imai akpujaMua Heri3iHaeri sKorapbl 3apsATAJIFAH
nmoiuamM@oJIUTTEPI Kep KbIPTHICHIHA aliaay

ANIBIHFBI MaKaJaJlap/ia aBTOpJIAp TOJBIFBIMEH 3apsiATalFaH aHHOHBI MOHOMEp — 2-aKpUJIaMHI0-2-METHII-
1-mponancynb$oH KbIUKbUIEL HaTpuil Ty3bl (AMIIC) »xoHe KaTHOHABI MOHOMep — (3-akpuiamumgo-
nporn)tpuMerniammonuid xiopuni (AIITAX) Herisinze Ty3iIreH ChI3BIKTBI JKOHE aiikaca OailaHBICKaH
nonuaMpOIUTTEPAIH CYJIbI-TY3/bl epITIHAIIEPICT ICiHY )KOHE MEXaHUKAIIBIK KACHETTEePiH KapacThIpbl. OChl
Makaiajaa MyHai eHIipyai jkakcapThulFaH KammbiHa kentipy kesinge AMIIC, APTAX »xoHe akpuiaaMHATEH
(AAM) TypatsIH, Ty3FaTe3iMai aM(oTepii TepHoIMMepIIepAiH KOJMaHbITy MYMKIHAITT Typasbsl XxabapiianraH.
Op Typii Kypamaarsl amorepii TepnosmmMepep, atan aiftkanga [AAM]:[AMIIC]:[APTAX] = 50:25:25;
60:20:20; 70:15:15; 80:10:10 xone 90:5:5 mMon.% 06oc pagviKaiIabl TOJUMEpIEY OMICIMEH IaibIHAAIIbI,
aHBIKTANIBI XKOHE omapasiH 60 °C TeMrepaTypaia Ty3Ibl CyFa (Ty3bUIBIFEI 163 I-1') KATBICTBI TYTKBIPIBIK
Kabineri Tekcepinai. AMdoTepini Teprnoanmepiep moarnamMQoauTTik cunarra oosraHasIkTaH, AAM-AMIIC-
APTAX Teproaumepiepi TY3IbUIBIFBI JKOFAphI CyJap/a KOFaphl TYTKBIPIBIK KacHeTTepiH kopcerTi. COHBIH
HoTkeciHae, Tysraresimai [AAm]: [AMIIC]:[APTAX] = 80:10:10 mon.% yarici momumepai aitmay
Toxipubeci yuriH tanaan aneiaabl. [lonuMep epiTiHaiciH aiinay TaxipuOeci )KOFapbl OTKI3TIIITIr 6ap KYM/IbI
Mozenbae amdorepii TepronuMmepaiH kemeriMeH Tek 0,5 % MyHa#IblH ajbIHFaH IIBIFBIMBIH KOPCETTI.
AnppiH-aja CyMeH KaHBIKKaH KEepH YITici apKpuibl mojnam(OiHT epiTiHAiciH aiijay OapbIChlHAa MyHail
OHAIPYIiH koFrapbuIaysl 4,8—5,0 % neiiin apTTsl. by HoTIoKEeNIEp amdoTepii TepnoauMepiep s Genrini 6ip
JKaFainapaa MyHaAH B! BIFBICTEIPY KaOlleTiHe ne eKeHIIrH KopceTesi.

Kinm co30ep: monmuam@onuT TepronmMepiepi, TYTKBIPIBIK KaOileTi, >KOFapbl ©TKI3TiIUTIri, OipTeKTiiri,
KEyeKTi OpTa, MyHall TYTKBIPJIBIFBI, MYHal OHIIPYAIH XKOFapbUIayhl, KAOATTHIH O1pTEKTLIITI.

H. Myxawmerrassi, WLIL. I'ycenos, A.B. lllaxBopoctos, C.E. Kynaiibeprenos
CoseycToiiuuBble CHIbHO3APSIKEHHbIE MOJTHAM (POTUTHI

Ha OCHOBE aKpW/JIaMHuaa AJH IMOJUMEPHOIro 3aBOAHCHUA

B mpenpirymux craThsx aBTOpaMH pacCMOTPEHBI MOBEICHUE JIMHEHHBIX M CIIUTHIX ITOIHaM(OINTOB Ha OC-
HOBE CHJIBHO3APSKCHHOI'O AHUOHHOIO MOHOMEpAa — HATPUEBOH coimM 2-aKpuiaMuio-2-MeTuil-1-mpo-
nancynbpoHoBoi kucnotsl (AMIIC) m kaTtHoHHOro MoHOMepa — (3-aKpHJIAaMHUIOIIPOIIIIT)TPUMETHII-
ammonuit xiopuna (AIITAX) B BogHO-COJIEBEIX pacTBOpax, Ha0yXaHHEe M MEeXaHHMYECKHEe CBOWCTBa. B Ha-
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CTOAIILICH CTaThe COOOLIACTCS O NPUMEHUMOCTU COJNECTOHKHX aM(OTEpPHBIX TEPIOIUMEPOB, COCTOALIMX M3
AMIIC, AIITAX u akpuiamuzaa (AAM) Ul OJIMMEPHOTO 3aBOAHEHUs. AM(OTEpHbIE TEpHONIUMEpPhI pa3-
JUYHOTO cocTtaBa, a uMeHHO [AAM|:;[AMIIC];[AIITAX]=50:25:25; 60:20:20; 70:15:15; 80:10:10 u
90:5:5 mM011.%, OBUTH IPUTOTOBIEHB! CBOOOAHOPAANKAIBHON HOJIMMepU3anueil, HASHTUPUIIMPOBAHBI M UX 3a-
TyIaomas CiocoOHOCTh MPOTECTHPOBaHA MPUMEHHUTEIHFHO K INIACTOBOHN (COJICHON) BOAE HE(TIHOTO pe3ep-
Byapa (comenocts 163 r-r') mpu 60 °C. HaiizeHo, uto Grarozaps monuaM(oIHTHONR NPUPOIE TEPIIOTHMEpbI
AAM-AMIIC-ATITAX moka3any yiIydmIeHHbBIH 3arymalomui 3 GeKT Ipu BEICOKOI COJICHOCTH BOIBL. B pe-
3yJIbTaT€ 3TOTO JUIS OSKCIIEPUMEHTOB II0 IOJMMEPHOMY 3aBOJHEHHIO BBIOPAH COJECTOMKMI oOpaser
[AAM]:[AMIIC]:.[AIITAX]: = 80:10:10 m01.%. IlonumepHoe 3aBOJHEHHE HA BBICOKOIIPOHUIIAEMOH Iecda-
HOM MoJenu nokasaino, 4ro tonsko 0,5 % HedT u3BiIekaercss aMm(poTepHbIM TeproauMepoM. Toraa kak 3a-
Kauka pacTBopa nonuamdonura B obpasel] KepHa, MPeABapPUTENbHO HACHIIIEHHOTO BOJON, IPHBOINUT K yBe-
nudeHuto u3BnedeHus Hehtu 10 4,8-5,0 %. OTu pe3ynpTaThl HOKa3bIBAIOT, YTO MPH ONPEICICHHBIX YCIOBH-
AX aM(OTEpPHBIE TEPIIOIMMEPBI CIIOCOOHBI B JOCTATOYHON CTEIEHU U3BJIEKATh HEDTD.

Kniouesvie cnosa: TEPHOJIMMEPLL HOJII/IaM(i)OJII/ITOB, 3aryujaronias CHOCO6HOCTL, BBICOKAsA MPOHUIAEMOCTD,
OJHOPOAHOCTDL, IMOpHUCTasd Cpe€la, BA3KOCTH He(i)TI/I, YBEIIMYUCHUC He(i)TeOTIIa‘{I/I, yCi10BHUsA HEOJHOPOJHOCTHU
iacra.
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Development of the orodispersible films based on CO, extract
of Ziziphora bungeana with antimicrobial activity

The present work was intended to develop the new drug in the form of film soluble in the oral cavity: devel-
opment of its composition, production technology, the study of its antimicrobial activity. The relevance of the
problem is caused by the absence of drugs in the form of films on the domestic pharmaceutical market. The
optimal composition of films was selected by evaluating a number of physical, chemical and technological
indicators of the obtained films. The article indicates the materials used to obtain the drugs in question, pre-
sents the technology for their preparation and quality determination methods: unit measurement methods and
potentiometric determination of pH, tensiometric and conductometric methods, thin-layer and gas chromatog-
raphy and others. Antimicrobial activity of the resulting films has been proven in vitro. Staphylococcus
aureus ATCC 6538-p and Escherichia coli ATCC 8739 have been used as the test microorganisms in order to
study them by disk diffusion method in agar. The introduction of CO, extract of Z. bungeana from medicinal
plant raw materials as active ingredients in medicinal films will expand the range of complex
phytopreparations of the domestic pharmaceutical market for the treatment of inflammatory diseases of the
oral mucosa.

Keywords: CO, extract of Ziziphora bungeana, orodispersible phytofilm, film composition, phytofilms, the
parameters of the technological mode, technological process, antimicrobial activity, test microorganisms.

Introduction

Currently, the main spectrum of pharmaceutical research is aimed at finding new medications improv-
ing the existing ones and creating drug delivery systems. One of the most promising therapeutic agents are
medicinal films based on biologically active compounds of plant origin and informally called "phyto films"
[1]. The oral mucosa has recently become increasingly important as an alternative route of administration for
individual, controlled drug delivery. Multilayer films on mucous membranes, referred to the monograph of
oromucosal drugs in the European Pharmacopoeia, have the advantages of a dosage form and satisfy the re-
quirements associated with this place of drug delivery [2].

Orally dispersible films (ODF) have recently become one of the most popular forms of drug administra-
tion due to their superior convenience and patient compliance. The main advantage of the dosage form arises
from its rapid disintegration: it can be taken without water. Compared to conventional oral dosage forms,
ODF generally provides a better drug bioavailability with a faster onset of action. In addition, ODFs are flex-
ible [3].

Medicinal films (MF) are polymeric elastic plates of oval or rectangular shape with equal edges and a
flat surface of various sizes and thicknesses. They are a type of transdermal therapeutic systems (TTS). The
difference between Phytofilms and synthetic polymeric therapeutic systems are following: phytofilms are
made in the form of a TTS (transdermal therapeutic system) matrix on carriers of natural origin (gelatin, col-
lagen, sodium alginate, agar-agar, etc.), which makes them safer and more compatible with a living organ-
ism (1).

Despite the above advantages of films, only one of the drugs in the form of a film belonging to the ATC
classification, GO4BEO3, is registered in the State Register of the Republic of Kazakhstan with the trade
name Viniks, produced by si.L.Farm Co., LTD, Republic of Korea. In other groups of the ATC classifica-
tion, there are no drugs in the form of a film [4]. The development of films is the most pressing problem in
dentistry. Their use makes it possible to treat diseases associated with inflammatory periodontal diseases,
such as gingivitis, periodontitis, periodontal disease, etc.

In this regard, the purpose of our activity was to develop the composition, technology and quality as-
sessment of films with antibacterial and anti-inflammatory properties, thanks to the use of a CO,-extract of

“Corresponding author.
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the plant Z. bungeanaluz family Lamiaceaeas their basis [5]. Ziziphora phytochemicals include monoterpene
essential oils, triterpenes, and phenolic substances belonging to flavonoids. In Kazakh traditional medicine,
Ziziphora species are used for several medicinal purposes. In particular, Z. bungeana Juz. and Z. clino-
podioides Lam. are used for treating diseases associated with the cardiovascular system, or to fight various
infections [6]. To emphasize the natural origin of the base of the films, we named them orodispersephyto
films (hereinafter referred to as films).

Experimental

The CO, extract of the medicinal plant material Z. bungeana was used as an active substance. To select
the optimal composition, we studied about 54 film-forming compositions of biodegradable polymers and
plasticizers. The latter were of natural and synthetic origin and represented different ratios of film-forming
agents and plasticizers.

The selection of the optimal composition of the film, providing the necessary technological and con-
sumer properties, was carried out in 2 stages [7]. At the first stage, an experiment was carried out to select
excipients (films and plasticizers) that can form a matrix film for the subsequent administration of drugs. The
film-forming properties of polymer solutions at various concentrations were studied during the experiment.
The polymers were of various origins (natural and synthetic) and production (domestic and foreign). The
criterion for choosing film compositions at the initial stage was a satisfactory appearance: transparency, elas-
ticity, uniformity, the absence of microcracks and tears in the film. Glycerin was added to all bases as a plas-
ticizer. Based on a preliminary study, 6 compositions out of 54 were selected. The rest of the models did not
correspond to such technological parameters as mechanical strength, solubility, elasticity, etc. The selected
models are presented in Table 1.

Table 1
Selected films forming compositions

Base No. 1 model | No. 2 model | No. 3 model | No. 4 model | No. 5 model | No. 6 model
MC, g — — 15 — — —
PVA, g — 15 — — — —
PVP, g 30 — — — — —
Sodium alginate, g - - - - - 4.0
Sodium CMC, g — — — 3.0 — —
Natrosol250G, g — — — — 3.0 0
CQO, extract of Z. bungeana, g 1.5 1.5 1.5 1.5 1.5 1.5
Glycerin, g 1.5 1.5 1,5 1.5 1.5 1.5
an aqueous solution of gelatin, % 15 15 15 15 15 15
40 % ethanol 15 15 15 15 15 15
Purified water up to 50 ml 50 ml 50 ml 50 ml 50 ml 50 ml 50 ml

The films were evaluated according to the following criteria: physical characteristics (color, odor, size
and shape); average weight; solubility; pH of the aqueous solution; microbiological purity; weight loss on
drying; authenticity. In addition, the criteria for evaluating the quality of the films included such technologi-
cal parameters as vapor permeability, mechanical tensile strength, shell thickness, weight loss on drying, and
dissolution time. Harrington's method of generalized preference function was used to statistically process the
experimental results. Based on the results of the final activity, 3 compositions of bases No. 1, No. 3 and
No. 6 were selected according to the characteristics of the films.

The second stage of the study was the selection of the optimal composition of the matrix film by the
method of mathematical planning. The selection criteria were the following parameters of the film quality:
the pH value of the aqueous solution, thickness and moisture content (Table 2).

According to the results of the second stage of research, the composition of samples No. 1 and No. 6
did not correspond to the main technological parameters — the indicator of dissolution and pH of the
aqueous solution.

A certain contribution to the kinetics of drug release is made by the process of edema of high molecular
weight substances (HMS). In the films based on natrosol 250G, Sodium CMC and Sodium alginate, small
edema is observed, and in films based on PVA, PVP, moderate edema of the film based on MC is observed.
At the same time, model No. 3 based on MK demonstrated the optimal composition. On the basis of this
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model, an elastic, homogeneous, colorless and transparent film corresponding to the technological
parameters was obtained (Table 3). The film sample contains the active pharmaceutical ingredient —
CO,-extract of the plant Z. bungeana, the antimicrobial properties of which are determined by the high
content of pulegon.

Table 2
Technological parameters of dispersed films
No. Thickness, Dissolution time, Humidity, H Mechanical | Average weight,
model mm min % P strength, kg/m’ g
1 0.15+£0.015 3.45+0.1 9.81+£0.1 8.05+0.07 8.740.2 0.049 £ 0.003
2 0.3+0.1 430+0.2 5.52+0.1 5.09 £ 0.07 4.7+0.2 0.349 £ 0.002
3 0.25+£0.015 2.50£0.1 9.93+0.1 6.14+0.03 9.240.1 0.251+£0.015
4 0.169 +£0.016 6.47+0.1 10.47+0.1 4.2 +0.01 5.6+0.3 0.153+£0.015
5 0.159£0.015 4.10£0.1 18+0.1 8.0 3.1+0.3 0.142 £ 0.004
6 0.2+£0.01 437+0.1 10.12+0.1 7.3+0.5 9.840.3 0.047 £ 0.004
Table 3
The optimal composition of the film based on CO, extract of Z. bungeana
The name of the ingredient ND (Normative document) Quantity, % Functional purpose
. . SPRK (State pharmacopoeia . .
o Y -
Water solution of gelatin 30 % of Republic of Kazakhstan) 30 % Film-forming
Water solution of MC5 % SPRK 30 % The adhesive component
40 % ethanol SPRK 30 % Solvent
Glycerin SPRK 2% Plasticizer
CO, extract of Z. bungeana SPRK 3% Active substance
Purified water SPRK up to 100 ml Solvent

The selection criterion for the films based on Z. bungeana CO, extract was a satisfactory appearance
(transparency, elasticity, uniformity, absence of microcracks), sufficient, flexible and satisfactory bending
strength. The films are uniform in thickness and weight.

The method of making a long-acting medicinal film consisted of 3 stages: preparation of the composi-
tion; deaeration and pouring into a special mold; drying and cutting.

Description of the technological process. Aqueous solutions of gelatin 30 % and MCS5 % were mixed
with the prepared components at a temperature of 40 °C, and thoroughly mixed with the addition of glycerin.
The resulting mixture was heated to 40 °C and the drug substance was added there to. Then 40 % ethanol
was added. By thoroughly mixing the components (exposure in a water bath at 40 °C for 30 minutes, rotation
of the blades 20 + 5 rpm), we obtained a homogeneous composition. To avoid the formation of air bubbles,
centrifugation was carried out for 2 hours. The mixture was poured into a special mold, dried at a tempera-
ture of 40-45 °C to 10 % residual moisture. After drying, the films were cut into medium therapeutic doses
of 1x2 cm. In practice, films dried at room temperature acquire a high-quality appearance. The films were
packed with aluminum foil. The final product was placed in a box along with instructions for medical use. In
appearance, the films are elastic plates of light yellow color with a specific odor, without mechanical damage
and air bubbles: width (1 + 0.2) cm, length (2 £ 0.2) c¢m, thickness (0.253 £ 0.015) mm (Fig. 1).

Figure 1. Orodispersible film obtained on the basis of Z. bungeana extract by pour method
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Determination of the average mass. The average mass of a 1x2 cm film sample (an average therapeutic
dose) was determined by measuring 10 films with an accuracy of 0.0002 g. The mass of an individual film
was determined by a single measurement of 20 samples with an accuracy of 0.0002 g.

The permissible deviation in weight for films is up to 0.1 g and not less than + 10 % [9].

Determination of thickness. The film thickness was measured with a MKTs-25 micrometer
(GOST 6507-90).

Film disintegration time. The solubility of polymer films is the main criterion for the functional suita-
bility of this dosage form and characterizes the ability of the film to be completely absorbed by biological
body fluids. The process of dissolution of polymer films should be limited by the time required for the grad-
ual release of the active substance and ensuring its constant concentration over a given period. The dissolu-
tion time of the films depends on the hydrophilicity of the selected polymer. A sample of 1X2 cm film was
dissolved at room temperature in 2.5 ml of purified water to avoid adhesion to the wall of the glass tube, and
the time of complete dissolution of the film was measured using a stopwatch [10].

The pH of the aqueous solution was determined by the method of potentiometric determination of pH
(IP RK I, vol. 1, 2.2.3.). A film sample weighing 0.5 g was dissolved at room temperature in 50 ml of puri-
fied water, stirred, and the pH of an aqueous film solution was recorded.

This indicator allows predicting the irritant effect of the dosage form. The pH of the film should be
closer to that of an aqueous solution of fluid from a wound, fluid of the oral mucosa, pH of an aqueous fluid,
which is 6.5-7.2 [11].

Microbiological testing of film materials based on Z. bungeana CO»-extract. There are a number of re-
quirements for biomedical polymer matrices. One of them is the antimicrobial activity of the material, which
is determined by its ability to slow down the growth of microorganisms. The comparative microbiological
tests were carried out in order to study the bactericidal activity of the obtained films on the basis of the CO,
extract of Z. bungeana. As a control model, we used CPF, which exhibits antibacterial activity against
Staphylococcus aureus ATCC 6538-p and Escherichia coli ATCC 8739: these strains are sensitive to this
antibiotic. The test microorganisms were investigated by the agar diffusion method using Staphylococcus
aureus ATCC 6538-p and Escherichia coli ATCC 8739. Figure 2 shows the results of the microbiological
tests.

Staphylococcus aureus ATCC 6538-p Escherichia coli ATCC 8739

Films without active substances Films without active substances

Figure 2. Zone of inhibition of the films against Staphylococcus aureus
and Escherichia coli bacteria
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Results and Discussion

As a result of the conducted research aimed at creating orodispersephy to films, matrices were obtained,
which in appearance were films characterized by colorless or transparent, odorless, mechanical inclusions
and air bubbles, good elasticity and good adhesion. The established experimental values of the indicators
prove a satisfactory quality of the matrices as a rationality criterion for the composition of the developed
films. An optimal composition of the films with gelatin as a polymer material has been developed and quali-
ty indicators have been determined.

Based on the transdermal therapeutic system, polymeric water-dispersible films have been obtained,
which have a long-term therapeutic effect.

The results of experimental studies on the creation of medicinal films based on products of natural
origin, i.e., phytofilms dispersed in water, make it possible to develop an optimal composition of medicinal
preparations in the form of films with prolonged release of the active substance.

An elastic, homogeneous, colorless, transparent film corresponding to the technological parameters was
obtained on the basis of model No. 3 (based on MC), which has an optimal composition with respect to ede-
ma of high molecular weight substances (HMS). In films on a different basis, either slight or moderate ede-
ma was observed.

The film compositions based on PVA, based on Sodium CMC and based on Natrosol 250G (formula-
tions No. 2, No. 4, No. 5) did not meet the uniformity requirements due to the uneven distribution of parti-
cles and agglomerates formed in the sample based on sodium CMC. In addition, the degree of adhesion to
the mucous layer was low.

Conclusions

The studies carried out during the development of new drug form and obtaining the product, as well as
evaluating a number of physical, chemical and technological indicators allow making next conclusions:

— The choice of the optimal composition of the films and the assessment of the obtained orodisperse
phytofilms should be done on the basis of a number of physicochemical and technological parameters. It is
advisable to focus on the following indicators studied during biopharmaceutical research on the choice of the
films composition and during step-by-step control during the production process: film thickness — 0.15—
0.30 mm, pH of an aqueous solution — 6.0-7.2, the dissolution time is not less than 3 minutes [8], the mass
loss (moisture content) is 8—10 % during drying.

— It is necessary to take into account the relationship between the kinetics of drug release and swelling
of high molecular substances (HMS) during the choice of films optimal composition.

— Films based on Z. bungeana CO, extract have increased antimicrobial activity against the gram-
negative strain of Escherichia coli and the gram-positive strain of Staphylococcus aureus.

— Films with MC (0.1 % w/v CPF) have a high antibacterial activity of Staphylococcus aureus ATCC
6538-p and Escherichia coli ATCC 8739.

— The high antibacterial activity of the film is explained by the presence of an active pharmaceutical
ingredient in it — CO,-extract of the Z. bungeana plant with a high content of pulegon.

— The developed films have the duration of action and the accuracy of the dosage of the active sub-
stance which is advantage of such dosage forms.

— The introduction of Z. bungeana CO, extract from medicinal plant materials as the active ingredient
in medicinal films will expand the range of complex phytopreparations of the domestic pharmaceutical mar-
ket for the treatment of inflammatory diseases of the oral mucosa.
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K.A. Xanapkynosa, .M. Fanu, 3.b. Cakunoa, A.A. Kapaybaesa

Ziziphora bungeana eciMIiriHiH CbIFBIHABICHI HETi3iHAe AHTUMHKPOOTHI
KacHeTKe He OPoAMCcIepcTi Ka0bIKIIAJapAbI d3ipJiey

Makanana aybel3 KyBICBIHA €pPHUTIH (OPOAMCIIEPCTi) INICHKA TYPIHJACTI *aHa JOPUIIK MpenapaTThIH XKacaly
JKOJIBI YCHIHBUIFAH: MpENapaTThIH KYpPaMbIH jkacay, IUIEHKAHBI aly TEXHOJOTHSCHIH 3ipiey >KOHE OHBIH
MHKPOOKa Kapchl OEICEHIIIIrH 3epTTey. 3epTTey KYMBICHIHBIH 03eKTilr Ka3akcTaHHbIH (apManeBTHKaIBIK
HapBIFBIH/A TUICHKA TYPIHJET] Nopulik IperaparrapislH OonMaybIMEH TYCIHAmipineni. AJBIHFaH KaObIKIIa
(DU3UKO-XUMMSUTBIK JKOHE TEXHOJOTHSUIBIK KepceTKimTep OoibIHIIA OaralaHbl, OJIAPABIH HOTIDKENepi
GoiipiHIIa (UTOKAOBIKIIAHBIH OHTAMIBI Kypambl TaHzanabl. Makanaga Aopi-ZopMeKTepAl any YIIiH
Haiija]aHblIFaH MaTepruainiap, KaObIKIIaHbl aJly TEXHOJIOTHACH! XKOHE CallaHbl aHBIKTAY diCTepi: IJICHKAHbIH
pH-H aHbIKTay, KEKe eIey, MOTEeHIHOMETPHUSIIbIK aHbIKTay, TEH3HOMETPHUSIBIK XKOHE KOHIYKTOMETPHUSIIBIK,
omicrep, JKyKa KaOBIKTBI JKOHE Ta3ibl XpomaTorpadus d>xoHe Oacka oJicTep YCHIHBUIFAH. AJIBIHFAH
(uTOKAOBIKIIAHEIH ~ MHUKpOOKa Kapcel OenceHnmiumiri In  vitro karmaiipiama  jpomengeHgi.  Tecrt-
MHKpoopranusmuep perinne Staphylococcus aureus ATCC 6538-p sxome Escherichia coli ATCC 8739
maiianana OTBIPBIN, arapja JUCKTi-TuQy3apl dicrieH 3epTrenmi. bencenni 3ar Aopislik ©CIMIIK MINKI3aThI
Z. bungeana CO, CBHIFBIHIBICHI HETI3iHIE XKacajlFaH AOPLTIK KaObIKIIANapIbl OTAaHIBIK (apMaleBTHKAIBIK
HapbIKKa €HTi3y aybl3 KybICBIHBIH KaObIHY aypyJapblH eMAeyre apHaiFaH KewleHii (urompenaparrapbH
ACCOPTUMEHTIH KeHEeUTe .

Kinm co30ep: 3uszndopa Bynrenin CO,-CHIFBIHIBICHI, aybl3 KYBICHIHIAA €PUTIH AUCIEPCTi (PUTOIIICHKA,
IJICHKAa Kypambl, (UTOIUICHKA, TEXHOJIOTHSJIBIK PEXUMHIH HapameTpiepi, TeXHOJOrHs, MHKpOOKa Kapchl
OEJICeHILIIIT], TECT-MHKPOOPTaHU3MIEP.

K.A. XXamapkynoga, I'.M. I'aan, 3.b. Cakumnosa, A.A. KapaybaeBa

Pa3paboTka opoaucnepcHbIX IJIeHOK HA ocHOBe CO,-3KcTpakTa
Ziziphora bungeana ¢ aHTUMMKPOOHOI AKTHBHOCTbIO

B craTtpe mpezncraBieHa pa3paboTka HOBOTO JIEKapCTBEHHOTO IIpernapaTa B opMe pacTBOPHMOIL B ITOJIOCTH
pra (opoIucHepcUpyeMoii) IIIEeHKH: pa3paboTka COCTaBa, TEXHOJOTHHU IOJIyYEHHs, U3yYeHHE €€ aHTHMHK-
POOHOI1 aKTUBHOCTH. AKTYaJIbHOCTh Pa3pabOTKU JaHHOH JIEKapCTBEHHOW IIEHKU OOBSICHACTCA OTCYTCTBHEM
JIEKapCTBEHHBIX ITIpernaparoB B (opMme IUICHOK Ha (apmareBTHueckoM pbiHke Kasaxcrana. ITomyueHHyio
IUICHKY OLICHMBAJIM 10 Psy HU3MKO-XUMHUYECKHX M TEXHOJOTMYECKHX M0Ka3aTesei, 10 pe3yipTaTaM KOTo-
PbIX ObLI BEIOPAH ONTHMAJIBHBINA COCTaB (PUTOIICHOK. ABTOpaMH yKa3aHbl HCIIOJIb30BaHHbIE MaTePUAIbl IS
TIOTY4YeHUS JICKapCTBEHHBIX MIPEIapaToB, IpeCcTaBlIeHa TEXHOJIOTHS MX HMOJyYeHHUs W METOJBI ONPENeICHHs
Ka4ecTBa: METOJbl €AMHUYHOTO H3MEPEHHsS M HMOTEHIMOMETpUYecKoro ompenenenus pH, tenzmomerpude-
CKHMH M KOHAYKTOMETPHIECKHH METO/BI, TOHKOCIIOHHAs M Ta3oBast Xxpomartorpadus u 1p. [IporuBomMukpoOHas
aKTUBHOCTh IOJYYCHHBIX (DUTOINIGHOK JOKa3zaHa in vitro. TecT-MHKpPOOPTaHW3MBI H3ydald IHUCKO-
nudy3MOHHBIM METOJOM B arape. B KadecTBe TeCT-MHKPOOPraHH3MOB HCIONb30Banu Staphylococcus
aureus ATCC 6538-p u Escherichia coli ATCC 8739. Buenpenue CO, 3xctpakra Z. bungeana nu3 nekapcr-
BEHHOT'O PACTHTEIBHOTO ChIPbS B KaU€CTBE aKTUBHOTO MHIPEIMEHTA JICKAPCTBEHHBIX IUICHOK MO3BOJIUT Pac-
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IIUPUTH ACCOPTHMEHT KOMIUIEKCHBIX (PUTOINPENapaToB OTEYECTBEHHOrO (hapMalleBTHYECKOrO PhIHKA JUIs JIe-
YeHHsl BOCTIAIUTENBHBIX 3a00JI€BaHUI CITU3UCTOIN 000I0UKH MONIOCTH PTa.

Kniouesvie cnosa: COp-skcTpakT 3usudops! bynre, guromnenka, aucneprupyemMasl B MOJOCTH PTa, COCTaB
IUICHKH, TTApaMEeTPHI IIPOLecca TEXHOJIOTUIECKOTO PeXUMa, TEXHOJIOT U, aHTHMHUKPOOHAs aKTHBHOCTb, TECT-
MHKPOOPTaHU3MEL.
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Modeling the extraction process of medicinal raw materials

The review considers 26 mathematical models of the process of biologically active substances extraction
from medicinal plant raw materials, taking into account factors affecting the extraction process: diffusion co-
efficient, particle size, layer porosity, extractant feed rate, raw material grinding method, pressure, tempera-
ture and duration of extraction, individual characteristics of raw materials (content of the target component)
and technological equipment. In general, these models fall into four important groups: empirical models,
models based on heat transfer analogies, a shrinking core model, and models based on differential mass bal-
ance. Here were described problems that occur in the selection of mathematical models, first of all, associated
with the imperfect behavior of the flows of extraction liquids, and the inhomogeneous cross-section of the ex-
traction apparatus. It was shown that first of all the extraction process modeling requires mathematical mod-
els to describe the mass transfer inside solid particles. It is also important to take into account the solubility of
the target substances when simulating. It is shown that for describing the extraction processes, the optimal
models are Naik and Lentz, Esquivel, diffusion, H. Sovova mass transfer, damaged and undamaged cells for
calculating the main factors of extraction processes.

Keywords: mathematical modeling, mass transfer, diffusion, regression equation, criterion equation, optimi-
zation, extraction, plant raw materials

Introduction

Extraction of medicinal plant raw materials is an integral and important process in phytochemical pro-
duction.

The theory and practice of the extraction process have been intensively developed in recent years due to
the increase in the technical equipment of pharmaceutical production, as well as the solution of problems
arising from the consideration of extraction processes in a solid-liquid system.

Analysis of the available information material and literature data indicates that three types of mathemat-
ical models can be used to calculate and optimize the process of extracting plant raw materials:

1. Model of differential equations of the process;
2. Model of criterion equations of the process;
3. Model of regression equations.
In this case, the general modeling scheme includes:
1) obtaining and analyzing the model;
2) the model check;
3) introduction to the model of factors that optimize the process, or optimization of the process
based on the model;
4) obtaining of a new model;
5) regulation of the production process to obtain optimal yield.

Optimization of the extraction process of plant raw materials requires knowledge of the corresponding
parameters of equilibrium and mass transfer, as well as the optimal operating conditions of the extraction
apparatus. Mass transfer and solubility parameters can be quantified by applying an adequate mathematical
model to laboratory experimental data. Each model includes several simplified assumptions about how the
solute is distributed inside the solid body and the mechanisms involved in the kinetics of mass transfer: in-
ternal and external resistance to mass transfer, as well as their combination.

Over the years, mathematical models have been developed using three different approaches: (a) empiri-
cal modeling; (b) based on simulations similar to heat transfer; and (c) simulations based on differential inte-
gration of mass balance. Empirical models are suitable in the case, when there is no information about the
mechanisms of mass transfer. However, the need of developing models that take into account mass transfer
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for the mathematical description of the phenomena, occurring during the extraction of plant raw materials,
remains relevant.

Main part

There are several models in the available literature materials to describe the supercritical fluid extrac-
tion of plant raw materials in the extraction of oils [1, 2]. In general, these models can be divided into four
important groups: empirical models, models based on heat transfer analogies, a shrinking core model, and
models based on differential mass balance. The last class of models has a distinctive physical meaning and
covers the coefficients of mass transfer in the liquid and solid phases or only in one phase. They take into
account characteristics of the material matrix, such as particle size and layer porosity. There is necessary to
determine different coefficients compared to empirical models. However, these models describe the trends
and mechanisms carried out by the extraction process [3].

Criterion equations and regression equations obtained by experimental design methods are suitable to
describe the extraction processes. The criterion equations interconnect a series of factors: raw material fine-
ness, mass transfer surface, extractant velocity, other hydrodynamic process conditions (pulsations, vibra-
tions), extraction time, concentration of substances in raw materials, coefficients of free and internal diffu-
sion and other factors. The second important direction in modeling is the implementation of research to
translate laboratory experiments into factory production conditions. Most criterion equations do not take into
account the criteria of geometric similarity and are not suitable for production conditions.

To ensure maximum results by varying process conditions is an important production task in the devel-
oping a mathematical production model. Usually the maximum result (most often the yield or the lowest cost
of the product) is closely related to some uncontrollable factor, such as the content of substances in the initial
raw materials. Therefore, it is advisable to put this value into the model as one of the factors.

Modeling of mass transfer during continuous supercritical extraction by carbon dioxide is necessary for
a deep understanding of the mechanisms of the process before it can be used for design, operation, monitor-
ing, process control and optimization. Authors of the work [4], made a mathematical model (1) of the pro-
cesses of supercritical fluid extraction of Lupinus albus L. seeds, which included system of integro-
differential equations with a core determined by the function of the particle size distribution density:

fa)=(1-r)d(a—1)+rdla—a), (1)
where r — is the part of grains of fine fraction (dust); & — is the Dirac delta function.

This model taking into account the polydispersity of the granular layer and the process of mass transfer
of components inside the particle through the intercellular channels.

The authors of the work [5] presented the process of supercritical fluid extraction of plant raw materials
as extraction with cross-flow and a constant distribution coefficient (2). They derived a dependence that has
good agreement with experimental data and it is described by the equation:

y =k / x{arcsin[sin(mx)]}*, ()
where £ — is the equilibrium concentration of biologically active substances in the extractant at the time of
its saturation; m — is the time of one extraction cycle; x — is the extraction time; y — is the concentration of
biologically active substances in the extractant.

Tan and Liou [6] proposed a one-parameter model describing a desorption of activated carbon loaded
with toluene by supercritical fluid extraction.

In the work [7], theoretical models of diffusion of a hot ball, damaged and undamaged cells, shrinkage
core and other relatively simple models are reviewed. Modeling process parameters include average particle
size, solvent flow rate, pressure, temperature, and modifier concentration and their effect on mass transfer
coefficients.

The mechanisms involved in the mass transfer model are described in terms of resistance to external
and internal mass transfer, the interaction of a dissolved substance and a solid body, and axial dispersion.
Based on the studies carried out, the model of a damaged and undamaged cell has been determined to be
suitable. It can be used to simulate supercritical fluid extraction as it reflects the solid structure and kinetics
of the extraction process and allows scale up of laboratory data for industrial design. This is confirmed by
work [8] on the example of extraction of lupulon from Humulus seeds by supercritical fluid extraction.

The authors of [9] investigated the yields of essential oil components during supercritical fluid extrac-
tion (P = 7-15 MPa, T = 16-50 °C) on the example of plants of the Apiaceae and Asteraceae families. At the
same time, it was determined that the resistance to mass transfer is negligible when extracting the compo-
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nents of essential oils and does not depend on the degree of grinding of the raw materials. It has a significant
effect only during the extraction of Piper nigrum L. and Myristica, where the extract yield directly depends
on the degree of grinding of the raw materials. Based on experimental data, a mathematical model has been
developed that describes the kinetics of extraction and takes into account the structure of plant raw materials.

Models of CO,-extraction of Ocimum basilicum L. were studied by the authors of [10], while the fac-
tors influencing the yield of the target substances, pressure and temperature were chosen. Brunner's, Candio's
and Spiro's models, Esquivel's empirical model, Gordillo's model and others were considered in the work. It
was found that the process of CO,-extraction of Ocimum basilicum L. for the extraction of linalool is most
closely described by the Gordillo model, while its solubility is strongly dependent on pressure. At the same
time the process of eugenol extraction is described by the Del Vale and Aguilera model, which characterizes
the dependence of solubility on temperature.

The kinetics of the extraction process of Satureja montana L. with supercritical carbon dioxide for the
quantitative extraction of essential oil components has been studied. Modeling was carried out using the
equations of Ficks, Esquivel, Chrastil, Valle and Aquilera, Adachi and Lu, Sparks. It was established that all
models have a similar deviation from the experimental data, and the Esquivel model most closely describes
the extraction process of Satureja montana L. [11].

Researchers at the Institute of Technology (Brazil) [12] have studied the process of extracting citronella
essential oil, which contains more than eighty components. It has been established that the quantitative ex-
traction of the sum of components of the essential oil of Cymbopogon nardus L. is achieved at 18.0 MPa and
at of 80 °C temperature. The Naik and Lentz models were used to calculate the extraction process; they
showed good agreement with experimental data.

A mathematical model for the extraction of essential oil by steam distillation, based on Fick's law in a
non-stationary state for a one-dimensional geometry of a rectangle, was calculated using the example of ex-
traction of Rosmarinus officinalis L., Ocimum basilicum L. and Lavandula dentata L. [13].

The effective diffusion coefficient (D) is used in the model as an adjustable parameter to predict the ex-
perimental yield curves of the essential oil. It was found that the diffusion mathematical model based on
mass transfer has good agreement with experimental data.

Modeling of the process of supercritical fluid extraction of Anethum graveolens L. seeds is given in the
work [14]. Pressure, temperature and flow rate of CO,-gas are determined as factors influencing the yield of
the target substance. Two models were used for modeling. One is based on desorption, the second is based
on the classical model of mass transfer proposed by H. Sovova [15]. The calculation results showed that both
models are in good agreement with experimental data, but the second model requires more accurate initial
calculations [14].

The process of CO,-extraction of Sesamum seeds has been optimized according to the following tech-
nological parameters: pressure, temperature, CO,-gas supply rate and raw material grinding. It was estab-
lished that an increase in the pressure and flow rate of CO,-gas increases the extract yield and shortens the
extraction time, an increase in the degree of seed refinement and a decrease in diffusion resistance also in-
crease the yield of extract. Quantitative yield (85 % with hexane extraction) is achieved under the following
conditions: 35 MPa pressure, 50 °C temperature, 2 ml/min CO,-gas supply rate and 300-600 microns parti-
cle size. Shrinking cores and undamaged cores mathematical models were used to describe the extraction
process. The shrinking cores model is possessed the best convergence to experimental data [16].

Researchers from the Plapiqui University (Argentina) [17] have proposed a new two-dimensional non-
stationary mathematical model for the extraction of plant oil from sunflower pellets in an industrial extractor
of De Smet type. Extraction from a moving layer of oil material was modeled taking into account the differ-
ent availability of oil in pellets, counter-flow of porous substance and micelle, diffusion over the entire ex-
traction area, mass transfer between granules and micelles, micelle transfer to percolation areas, loading and
drying zones, as well as transient operation of the extractor.

To describe the process of supercritical CO,-extraction of corn oil cake, researchers at the University of
Albert (Canada) used the mathematical models of Sovova and the model of Krastil [18]. It has been estab-
lished that the quantitative extraction of biologically active substances from corn oil cake is achieved at
49 MPa and at 70 °C temperature; both models have good agreement with experimental data.

The effect of drying conditions on the composition of supercritical extracts obtained from olive leaves
was studied [19]. The leaves were dried on a conveyor belt and the effect of air temperature and residence
time on the extraction kinetics, overall yield, antioxidant activity, total polyphenols and the chemical compo-
sition of the extracts was assessed. It was established that the drying conditions do not affect on the kinetics
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of extraction. In this case, the quantitative yield was achieved at 60°C temperature and at 120 minutes as dry-
ing time. To describe the process of CO,-extraction of olive leaves, the H. Sovova model was used, which
showed good agreement with experimental data.

The H. Sovova model is widely used to optimize the process of extracting biologically active substanc-
es from plant raw materials. So its use to describe the extraction of Salvia officinalis L. by the method of su-
percritical fluid extraction made it possible to calculate the initial coefficients for multifactorial modeling of
the process by an artificial neural network [20]. At the same time the model H. Sovova can also be used in-
dependently to optimize supercritical fluid extraction of plant raw materials [21-35].

A modeling approach based on thermodynamic and mass transfer phenomena confirms the Brunauer-
Emmett-Teller adsorption theory, which was used in the study to correlate supercritical fluid extraction data
from Eryngium billardieri L.

A response surface methodology based on a central composite design was used to assess the effects of
operating conditions such as pressure, temperature, particle size and dynamic time. The quantitative yield of
essential oil was 0.8522 % at 30 MPa pressure, 308 K temperature, 0.75 mm particle size and 130 minutes as
extraction time. The predicted results showed that the response surface method is in satisfactory agreement
with the experimental data. To describe the study, a quadratic model was chosen, including linear, interactive
and quadratic terms [36].

First proposed by Dankwerts [37], dispersion models have come to be widely used to describe reactors
with imperfect flow. The model was built on the basis of a constant linear velocity of the correspondent fluid
flows. This problem creates difficulties in formulating and simulating the model when the fluid velocity
changes along the flow path. This situation occurs when the reactor has a non-uniform cross-section or the
void fraction changes along the flow path, which is very common in modern reactors. It has been noted that
most continuous flow reactors operate at approximately constant flow rates. Given this Siripatana et al. [38]
simplified the dispersion model by reformulating the model in terms of volumetric flow rate rather than line-
ar velocity. The model was called the “volumetric dispersion model” and was used for counter-current ex-
traction and adsorption in a fixed bed. Previous work has illustrated the simplicity of a volumetric dispersion
model in describing the effect of inhomogeneous cross-section and variable steam quality along reactors
[39]. Different mathematical models have been used in previous studies of supercritical fluid extraction, but
most of them did not take into account the role of axial dispersion [9, 40, 41]. Nevertheless, some researchers
have formulated models based on the formulation of Dankwerts [42—47]. Their models mainly focus on a
situation where the fluid velocity is constant in the processing unit and it is not easy to extend them to predict
the performance of non-uniform flow reactors/extractors. It is desirable to have a supercritical fluid extrac-
tion model that can be used to design and analyze non-uniform flow extractors. It is expected that volumetric
variance model will simplify and expand design capabilities without unnecessary mathematical complexity
[48].

Modeling of thermodynamic phase equilibrium and optimization of supercritical CO,-extraction pro-
cesses for the concentration of phytosterol and tocopherol from rapeseed oil using the Striek-Vera Peng-
Robins (3) state equation made it possible to increase the yield and quality of target substances. While the
average relative deviation of experimental and calculated data is about 1-12 % [49].

n exp EOS §Xp _ EOS
objective = lz abs(F i) +£z abs(yl Y ) , 3)
no P n o yir

here n — is the number of data points; F'— is a weighting parameter; P — is the pressure (MPa); y — is a
gas composition (mole fraction).

The phenomenological model (4) for the supercritical extraction of alkaloids nicotine and solanesol
showed that for the quantitative extraction of target substances, their solubility must be taken into account.
This is in good agreement with experimental data showing that a lower pressure is required for the extraction
of solanesol (15 MPa) than for nicotine (37 MPa) [50].
kscr * agep * (%) k.

1+e ' s g , (4)
l+e 14"
here kscr*ascr — 1s the external mass transfer; ks*ag — is the internal mass transfer; factor /' characterizes
intermediate stage global extraction process.

K.a =

(1-tcy)
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Conclusions

Thus, the carried out analysis shows that for the transition from laboratory conditions to large-scale
production, it is relevant to develop models that directly take into account the parameters of the extraction
process, such as pressure, temperature and extraction duration, individual characteristics of raw materials and
technological equipment. An empirical approach prevails or simplified differential equations of material bal-
ance are used to describe the kinetics of the plant raw materials extraction process. In this case, the
H. Sovova mass transfer model and the damaged and undamaged cell model are considered to be relatively
adequate models.

The work was carried out under the grant project AP08052030 "Modeling and optimization of the tech-
nology of original drugs"” funded by the Science Committee of the Ministry of Education and Science of the
Republic of Kazakhstan.

References

1 Grosso C. Mathematical modelling of supercritical CO, extraction of volatile oils from aromatic plants / C. Grosso,
J.P. Coelho, F.L.P. Pesso, J.M.N.A. Fareleira, J.G. Barroso, J.S. Urieta, A.F. Palavra, H. Sovova // Chem. Eng. Sci. — 2010. —
Vol. 65. — P. 3579-3590. https://doi.org/10.1016/j.ces.2010.02.046

2 Rai A. Evaluation of models for supercritical fluid extraction / A. Rai, K.D. Punase, B. Mohanty, R. Bhargava // Int. J. Heat
Mass Transf. — 2014. — Vol. 72. — P. 274-287. https://doi.org/10.1016/j.ijjheatmasstransfer.2014.01.011

3 Ozkal S. Mass transfer modeling of apricot kernel oil extraction with supercritical carbon dioxide / S. Ozkal, M. Yener,
L. Bayindirli // J. Supercrit. Fluids. — 2005. — Vol. 35. — P. 119-127. https://doi.org/10.1016/j.supflu.2004.12.011

4 Makcynos P.H. MonenupoBanue mporuecca CBEpXKpUTHYECKOM SKCTPAKIMU U3 IOJIUAUCIIEPCHOIO CJIOSI CEMSIH MacIMYHbIX
kynsTyp / P.H. Makcynos, A.B. Anses, A.I'. Eropos, A.b. Ma3o // Bectn. Kazan. texnon. yu-ta. — 2011. — Ne 20. — C. 200-204.

5 bBykun A.A. Maremarudeckasi MOJielIb MAaCCOIIEPEHOCA IIPU MHOTOCTYIICHYATON SKCTPAKIMH U3 PACTUTEIBHOTO CHIPbS CHKH-
KEHHBIM AnokcuaoM yriaepona / A.A. Bykun, I1.C. Bensies, B.I'. Onnonsko, JLU. Tkau, C.A. Illep6axos // 113B. BeIcHI. y4el. 3aBen.
[Ty, Texmom. — 2011. — T. 320, 321, Ne 2, 3. — C. 69-71.

6 Tan C.-S. Modeling of desorption at supercritical conditions / C.-S. Tan, D.-C. Liou // AIChE Journal. — 1989. —
Vol. 35(6). — P. 1029-1031. doi:10.1002/aic.690350616

7 Huang Z. Theoretical models for supercritical fluid extraction / Z. Huang, X. Shi, W. Jiang // J. Chromatogr. A. — 2012. —
Vol. 1250. — P. 2-26. https://doi.org/10.1016/j.chroma.2012.04.032

8 Kupski S.C. Mathematical modeling of supercritical CO,-extraction of hops (Humulus lupulus L.) / S.C. Kupski, E.J. Klein,
E.A. Silva, F.Palt, R. Guirardello, M. Gurgel, A. Vieira // J. Supercrit. Fluids. — 2017. — Vol. 130. — P. 347-356.
http://dx.doi.org/10.1016/j.supflu.2017.06.011

9 Sovova H. Modeling the supercritical fluid extraction of essential oils from plant materials / H. Sovova // J. Chromatogr. A.
—2012. — Vol. 1250. — P. 27-33. https://doi.org/10.1016/j.chroma.2012.05.014

10 Zekovic Z. Mathematical Modeling of Ocimum basilicum L. Supercritical CO,-Extraction / Z. Zekovi¢, S. Filip, S. Vidovié,
S. Joki¢, S. Svilovi¢ // Chem. Eng. Technol. — 2014. — Vol. 37. — P. 1-7. https://doi.org/10.1002/ceat.201400322

11 Vladic J. Winter savory: supercritical carbon dioxide extraction and mathematical modeling of extraction process / J. Vladic,
Z. Zekovié, S.Joki¢, S. Svilovi¢, S.Kovacevié, S. Vidovi¢ // J. Supercrit. Fluids. — 2016. — Vol. 117. — P. 89-97.
http://dx.doi.org/10.1016/j.supflu.2016.05.027

12 Silva C.F. Extraction of citronella (Cymbopogon nardus) essential oil using supercritical CO,: experimental data and mathe-
matical modeling / C.F. Silva, F.C. Moura, M.F. Mendes, F.L.P. Pessoa // Brazilian J. Chem. Eng. — 2011. — Vol. 28. — P. 343—
350. http://dx.doi.org/10.1590/S0104-66322011000200019

13 Cassel E. Steam distillation modeling for essential oil extraction process / E. Cassel, R.M.F. Vargas, N. Martinez,
D. Lorenzo, E. Dellacassa // Industrial crops and products. — 2009. — Vol. 29. — P. 171-176. https://doi.org/10.1016/j.indcrop.
2008.04.017

14 Garcez J.J. Evaluation and mathematical modeling of processing variables for asupercritical fluid extraction of aromatic
compounds from Anethum graveolens / J.J. Garcez, F. Barros, A.M. Lucas, V.B. Xavier, A.L. Fianco, E. Cassel, R.M.F. Vargas //
Industrial Crops and Products. — 2017. — Vol. 95. — P. 733-741. https://doi.org/10.1016/j.indcrop.2016.11.042

15 Sovova H. Rate of the vegetable oil extraction with supercritical CO,—1. Modeling of extraction curves / H. Sovova // Chem.
Eng. Sci. — 1994. — Vol. 49. — P. 409-414. https://doi.org/10.1016/0009-2509(94)87012—-8

16 Doker O. Extraction of sesame seed oil using supercritical CO, and mathematical modeling / O. Doker, U. Salgin, N. Yildiz,
M. Aydogmus, A. Calimli // Journal of Food Engineering. — 2010. — Vol. 97. — P. 360-366. https://doi.org/10.1016/j.jfoodeng.
2009.10.030

17 Carrm M.E. Mathematical modeling of vegetable oil-solvent extraction in a multistage horizontal extractor / M.E. Carrin,
G.H. Crapiste // Journal of Food Engineering. — 2008. — Vol. 85. — P. 418-425. https://doi.org/10.1016/j.jfoodeng.2007.08.003

CHEMISTRY Series. No. 4(100)/2020 139



I.LA. Khabarov, V.V. Zhurov et al.

18 Ciftci O.N. Supercritical Carbon Dioxide Extraction of Corn Distiller’s Dried Grains with Solubles: Experiments and Math-
ematical Modeling / O.N. Ciftci, J. Calderon, F. Temelli // J. Agric. Food Chem. — 2012. — Vol. 60. — P. 12482—12490.
https://doi.org/10.1021/j302932w

19 Canabarro N.I. Drying of olive (Olea europaea L.) leaves on a conveyor belt for supercritical extraction of bioactive com-
pounds: Mathematical modeling of drying/extraction operations and analysis of extracts / N.I. Canabarro, M.A. Mazutti,
M.C. Ferreira // Industrial Crops & Products. — 2019. — Vol. 136. — P. 140-151. https://doi.org/10.1016/j.indcrop.2019.05.004

20 Pavli¢ B. Extraction kinetics and ANN simulation of supercritical fluid extraction of sage herbal dust / B. Pavli¢, O. Bera,
S. Vidovi¢, L. li¢, Z. Zekovié¢ // J. Supercrit. Fluids. — 2017. — Vol. 130. — P. 327-336. https://doi.org/10.1016/j.supflu.2017.
11.006

21 Popa O. Modeling the extraction curve of Amaranth oil with Sovova model / O. Popa, N. Babeanu, S. Nita, D.I. Marin //
Journal of Biotechnology. — 2016. — Vol. 231S. — P. S4-S109. http://dx.doi.org/10.1016/j.jbiotec.2016.05.200

22 Braga M.E.M. Mathematical modelling of turmeric compounds extraction using high pressurized solvents mixture /
M.E.M. Braga, S. Quispe-Condori, P.T.V. Rosa, M. Angela, A. Meireles // J. Supercrit. Fluids. — 2018. — Vol. 140. — P. 348-355.
https://doi.org/10.1016/j.supflu.2018.07.014

23 Lopes N.L. Evaluation of the effects of pressurized solvents and extraction process parameters on seed oil extraction in
Pachira aquatica / N.L. Lopes, J.M.F. Almeida-Couto, C. Silva, M.B. Pereira, T.C. Pimentel, C.E. Barfo, L. Cardozo-Filho //
J. Supercrit. Fluids. — 2020. — Vol. 161. — P. 104823. https://doi.org/10.1016/j.supflu.2020.104823

24 Confortin T.C. Supercritical CO, extraction of compounds from different aerial parts of Senecio brasiliensis: Mathematical
modeling and effects of parameters on extract quality / T.C. Confortin, I. Todero, N.I. Canabarro, L. Luft, G.A. Ugalde, J.R.C. Neto,
et. al. // J. Supercrit. Fluids. — 2019. — Vol. 153. — P. 104589. https://doi.org/10.1016/j.supflu.2019.104589

25 Palsikowski P.A. Supercritical CO, oil extraction from Bauhinia forficata link subsp. pruinosa leaves: Composition, antioxi-
dant activity and mathematical modeling / P.A. Palsikowski, L.M. Besen, K.A. Santos, C. Silva, E.A. Silva // J. Supercrit. Fluids. —
2019. — Vol. 153. — P. 104588. https://doi.org/10.1016/j.supflu.2019.104588

26 Santos K.A. Supercritical CO, extraction of favela (Cnidoscolus quercifolius) seed oil: Yield, composition, antioxidant ac-
tivity, and mathematical modeling / K.A. Santos, E.A. Silva, C. Silva // J. Supercrit. Fluids. — 2020. — Vol. 165. — P. 104981.
https://doi.org/10.1016/j.supflu.2020.104981

27 Liu X. Ultrasound-assisted supercritical CO, extraction of cucurbitacin E from Iberis amara seeds / X. Liu, H. Ou,
H. Gregersen // Industrial Crops and Products. — 2020. — Vol. 145. — P. 112093. https://doi.org/10.1016/j.indcrop.2020.112093

28 Mouahid A. Supercritical CO, extraction of oil from Jatropha curcas: An experimental and modelling study / A. Mouahid,
H. Bouanga, C. Crampon, E. Badens // J. Supercrit. Fluids. — 2018. — Vol. 141. — P.2-11. https://doi.org/10.1016/j.supflu.
2017.11.014

29 Hassim N. Scale-up criteria and economic analysis for supercritical fluid extraction of Phyllanthus niruri / N. Hassim,
M. Markom, M.IL. Rosli, S. Harun // Chemical Engineering & Processing: Process Intensification. — 2019. — Vol. 139. — P. 14-22.
https://doi.org/10.1016/j.cep.2019.03.011

30 Pavlic B. Supercritical fluid extraction of raspberry seed oil: Experiments and modeling / B. Pavli¢, L. Pezo, B. Mari¢,
L.P. Tukuljac, Z. Zekovi¢, M.B. Solarov, N. Tesli¢ // J. Supercrit. Fluids. — 2020. — Vol. 157. — P. 104687. https://doi.org/
10.1016/j.supflu.2019.104687

31 Natolino A. Supercritical carbon dioxide extraction of pomegranate (Punica granatum L.) seed oil: Kinetic modelling and
solubility evaluation / A. Natolino, C. Porto // J. Supercrit. Fluids. — 2019. — Vol. 151. — P. 30-39. https://doi.org/10.1016/
j-supflu.2019.05.002

32 Zanqui A.B. Extraction and assessment of oil and bioactive compounds from cashew nut (4nacardium occidentale) using
pressurized n-propane and ethanol as cosolvent / A.B. Zanqui, C.M. Silva, J.B. Ressutte, D.R. Morais, J.M. Santos, M.N. Eberlin, et.
al. // J. Supercrit. Fluids. — 2020. — Vol. 157. — P. 104686. https://doi.org/10.1016/j.supflu.2019.104686

33 Kavoura D. Supercritical CO, extraction of Salvia fruticosa / D. Kavoura, K. Kyriakopoulou, G. Papaefstathiou, E. Spanidi,
K. Gardikis, V. Louli, N. Aligiannis, et. al. // J. Supercrit. Fluids. — 2019. — Vol. 146. — P. 159-164. https://doi.org/10.1016/
j-supflu.2019.01.010

34 Soto-Armenta L.C. Extraction yield and kinetic study of Lippia graveolens with supercritical CO, / L.C. Soto-Armenta,
J.C. Sacramento-Rivero, C.A. Ruiz-Mercado, M.C. Lope-Navarrete, J.A. Rocha-Uribe // J. Supercrit. Fluids. — 2019. — Vol. 145.
— P. 205-210. https://doi.org/10.1016/j.supflu.2018.12.018

35 Mouahid A. Effects of high water content and drying pre-treatment on supercritical CO, extraction from Dunaliella salina
microalgae: Experiments and modeling / A. Mouahid, C. Crampon, S.-A.A. Toudji, E. Badens // J. Supercrit. Fluids. — 2016. —
Vol. 116. — P. 271-280. https://doi.org/10.1016/j.supflu.2016.06.007

36 Sodeifian G. Experimental optimization and mathematical modeling of the supercritical fluid extraction of essential oil from
Eryngium billardieri: Application of simulated annealing (SA) algorithm / G. Sodeifian, S.A. Sajadian, N.S. Ardestani // J. Supercrit.
Fluids. —2017. — Vol. 127. — P. 146-157. https://doi.org/10.1016/j.supflu.2017.04.007

37 Danckwerts P.V. Continuous flow systems: Distribution of residence times / P.V. Danckwerts // Chem. Eng. Sci. — 1953. —
Vol. 2. — P. 1-13. http://dx.doi.org/10.1016/0009-2509(53)80001-1

38 Siripatana C. Generalized volumetric dispersion model for a class of two-phase separation/reaction: Finite difference solu-
tions / C. Siripatana, H. Thongpan, A.A. Promraksa // J. Phys. Conf. Ser. — 2017. — Vol. 820. — P. 012015. http://dx.doi.org/
10.1088/1742-6596/820/1/012015

140 Bulletin of the Karaganda University



Modeling the extraction process of medicinal raw materials

39 Huang Z. Theoretical models for supercritical fluid extraction / Z. Huang, X. Shi, W. Jiang // J. Chromatogr. A. — 2012. —
Vol. 1250. — P. 2-26. http://dx.doi.org/10.1016/j.chroma.2012.04.032

40 Salamatin A.A. Optimization of supercritical fluid extraction: Polydisperse packed beds and variable flow rates / A.A. Sala-
matin, A.G. Egorov // J. Supercrit. Fluids. — 2015. — Vol. 105. — P. 35-43. http://dx.doi.org/10.1016/j.supflu.2015.01.013

41 Duba K.S. Supercritical extraction of vegetable oils: Different approaches to modeling the mass transfer kinetics / K.S. Duba,
L. Fiori // Chem. Eng. Trans. — 2015. — Vol. 43. — P. 1051-1056. http://dx.doi.org/10.3303/CET1543176

42 Goto M. Shrinking-core leaching model for supercritical-fluid extraction / M. Goto, B.C. Roy, T. Hirose // J. Supercrit. Flu-
ids. — 1996. — Vol. 9. — P. 128-133. http://dx.doi.org/10.1016/S0896—8446(96)90009—1

43 Honarvar B. Mathematical modeling of supercritical fluid extraction of oil from canola and sesame seeds / B. Honarvar,
S.A. Sajadian, M. Khorram, A. Samimi // Braz. J. Chem. Eng. — 2013. — Vol. 30. — P. 159-166. http://dx.doi.org/10.1590/S0104—
66322013000100018

44 Stamenic M. The mathematics of modelling the supercritical fluid extraction of essential oils from glandular trichomes /
M. Stamenic, I. Zizovic // Comput. Chem. Eng. — 2013. — Vol. 48. — P. 89-95. http://dx.doi.org/10.1016/j.compchemeng.
2012.08.006

45 Rai A. Evaluation of models for supercritical fluid extraction / A. Rai, K.D. Punase, B. Mohanty, R. Bhargava // Int. J. Heat
Mass Tran. — 2014. — Vol. 72. — P. 274-287. http://dx.doi.org/10.1016/j.ijheatmasstransfer.2014.01.011

46 Pereira T.J.G. Mathematical modeling of supercritical extraction: Model of two phases with linear equilibrium /
T.J.G. Pereira, L.F.G. Machado, J.L. Ferreira, E.N. Macédo // Int. J. Model. Simul. Petrol. Ind. — 2014. — Vol. 8. — P. 9-17.

47 Song Y. Kinetics model for supercritical fluid extraction with variable mass transport / Y. Song, L. Zheng, X. Zhang // Int.
J. Heat Mass Tran. — 2017. — Vol. 122. — P. 876-881. http://dx.doi.org/10.1016/j.ijheatmasstransfer.2017.05.002

48 Promraksa A. Modeling of Supercritical CO, Extraction of Palm Oil and Tocopherols Based on Volumetric Axial Dispersion
/ A. Promraksa, C. Siripatana, N. Rakmak, N. Chusri // J. Supercrit. Fluids. — 2020. — Vol. 166. — P. 105021. https://doi.org/
10.1016/j.supflu.2020.105021

49 Jafarian A.P. Modelling and simulation of supercritical CO,-extraction of bioactive compounds from vegetable oil waste /
A.P. Jafarian, R. Niazmand // Food and Bioproducts Processing. — 2020. — Vol. 122. — P. 311-321. https://doi.org/10.1016/
j.f6p.2020.05.005

50 Tita G.J. Model assisted supercritical fluid extraction and fractionation of added-value products from tobacco scrap /
G.J. Tita, A. Navarrete, A. Martin, M.J. Cocero // J. Supercrit. Fluids. — 2021. — Vol. 167. — P. 105046. https://doi.org/10.1016/
j-supflu.2020.105046

N.A. Xabapos, B.B. Xypos, A.H. XKXabaesa, C.M. AnekeHoB

Japijiik MMKI3aTTHI IKCTPAKIUAIAY YAEePiCiH Moaebey

Makanaga mopimiK OcCIMIIK INMKi3aThIHAH OWOJNOTHSIIBIK OCJICeHAI KOMIOHEHTTepAl AKCTpaKIMsuIay
yIepiciHiH 26 MaTeMaTHKaIBIK MOJETl KapacThIPBUIFAH, OJlap INBIFAphIl ally YJepiciHe acep eTeTiH
(axropmapael  eckepeni: aubdy3us KodpQuIMeHTi, OeINIIEKTepAiH Meimepi, KabaTTBIH KeyeKTiri,
9KCTpareHT Oepy >KbUIIAMABIFBI, MIMKI3aTTBl YcaTy TOCLNi, MIBFAPBIN Ay KBICBIMBI, TEMIIEpaTypacsl MEH
Y3aKTBIFbl, IIHMKi3aT (MakcaTThl KOMIIOHEHTTIH KYpaMbl) II€H TEXHOJOTHSJIBIK KAOABIKTBIH JKEKe
cunarramacsl. JKanmsl anrania, Oyl MOJENbAep TOPT MaHbI3/bl TONKA O6iHeAl: SMIMPUKAIBIK MOJECIBIED,
KblTy Oepy aHAJIOrTapblHa HETI3/ENreH MOJEIbAED, CHIFBUIATBHIH SAAPO MOJENbACP] JKOHE MacCaHbIH
nuddepeHManabpl Tere-TeHAIriHe Heri3geireH Mojenbaep. MaTeMaTHKalblK MOJETbIACpIl TaHaayxa eH
IABIMEH, OSKCTPAKIVSUIBIK CYHWBIKTHIKTAp aFbIHAAPBIHBIH HJACAIbl €MeC OpeKeTIMEH, OSKCTPAKIHSIIBIK,
anmaparTapbH OIpTEeKTi eMec KoJeHeH KUMAachIMeH OailJIaHBICTHI MoceJIeliep CUMATTaFaH. DKCTPAKIHSIAY
YZepiCiH Mozenbaey, €H ajgbIMeH, KaTThl OeNIIeKTepHiH INIHZeri Macca TachIMAIBIH CHIATTay YLIiH
MaTeMaTHKaIbIK MOJENbIepAl KaxeT ereTiHi kepcerinreH. CoHpali-ak, MOJENbICY Ke3iHAEe MaKCaTThI
3aTTap/bIH epIirilTiriH eckepy KaxerT. JKyprizinreHn Tangay Heri3iHIe ©CIMAIK MIMKI3aTHIHAH OMOJIOTHSIIBIK
OencenHzi 3aTTapabpl IKCTpaKLMsUIAy ylepicTepiHiH Herisri (akTopiapblH ecentey YurH Aud(Qy3usuIbIK,
H. Sovova, Naik »xone Lentz, Esquivel, Oy3puiraH jxoHe 3aKbIMIaIMaraH YSILIBIK MOJENbACP] OHTaMJIbI
00JIBIIT TAOBUIATHIHEI AHBIKTAJIbI.

Kinm ce3dep: maTeMaTHKaNbIK MOJICBACY, Macca TachiMaiay, 1udGy3us, perpeccus TeHIeyl, KpUTePHIATiK
TeHJEY, OHTaHIaHABIPY, SKCTPAKIUS, TOPLIIK IIHKi3aT.

N.A. Xabapos, B.B. Xypos, A.H. XKXabaesa, C.M. AnekeHoB
MoaesupoBaHue NPOLECCAa IKCTPAKIHUHU JTEKAPCTBEHHOI0 ChIPbi

B O630pH0171 CTaTbC PaCCMOTPECHBI 26 MaTeMaTUYECKUX MOJCIeH npouecca 3KCTpakiuuu OHMOJIOTHUECKH aK-
THUBHBIX BCHICCTB U3 JICKAPCTBCHHOI'O PACTUTCIIBHOI'O ChIPbS, YUYUTHIBAIOIINUC q)aKTOpLI, BJIMAONIUE HA IIPO-
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Hecc usBnedeHus: kodpduuuent auddysum, pasmMep yacTull, MOPUCTOCT CIOS, CKOPOCTh MOJAYH KCTpa-
TEHTa, CIOCO0 U3MENbUYEHHUS ChIPbs, JaBICHHE, TEMIEPATYPY U MPOAOILKUTENLHOCTh N3BIICUSHNUS, HHIUBULY-
aJIbHYI0 XapaKTEePUCTHKY CBIPbs (COAEpKaHHE LENEBOr0 KOMIIOHEHTAa) M TEXHOIOTHUECKOTO 000pyI0BaHHSI.
B nenom, ati Mojenu JenATCA Ha 4EThIpe BaXKHbIE TPYIIIIBL: AIMIIMPUYECKUEC MOJICIIH; MOJIEJIU, OCHOBAHHBIC HA
QHAJIOTHSAX TEIUIONepeladl; MOAENb CKMMAIOLIErocs sApa M MO, OCHOBaHHBIE Ha MU (EepeHITHAIEHOM
Gamance mMacchl. Onucanbl MPoOIEeMBI IIPU T0100pe MaTeMaTHIECKUX MOJIeIeH, CBA3aHHBIX, IIPEXKIIE BCETO, C
HeHJIeallbHbIM [OBEJCHUEM IIOTOKOB SKCTPAKIMOHHBIX JKUAKOCTEH, HEOAHOPOJHBIM IIOIEPEUHBIM CEYCHUEM
SKCTPAKIMOHHBIX ammapaTtoB. IlokasaHo, 4To MoOJEIMpOBaHHE IpOIECca SKCTPAKIUU, B MEPBYIO OUYEpE.b,
TpebyeT MaTeMaTHYECKUX MOJENeH Ul OMICaHUsl MacCONepeHoca BHYTPU TBEPBIX YacTUll. Takxke mpu Mo-
JETMPOBAHUU BaXKHO YYUTHIBaTh PACTBOPUMOCTH LIENEBBIX BemiecTB. Ha ocHOBaHMHM MPOBEAEHHOTO aHAIM3a
OIIPEIENICHO, YTO A pacyeTa OCHOBHBIX (DAaKTOPOB 3KCTPAKLMOHHBIX IIPOLECCOB OMONIOIHYECKH aKTUBHBIX
BEIIECTB M3 PACTHTEIBHOTO CHIPbS ONTHMAJIBHBIMH SIBISIIOTCS Mozeni: nuddysuonnas, H. Sovova, Naik n
Lentz, Esquivel, pa3pymenHoi 1 HETOBpeXICHHOI SUeHKH.

Kniouesvie crosa: MaTeMaTHIecKOe MOJCIMPOBAHUE, MAacCONIEpeHOC, TU(dy3Hs, ypaBHEHHE PETPECCHH, KPH-
TEpUAIbHOE YPaBHEHUE, ONTUMU3ALMS, SKCTPAKLUS, PACTUTEIBHOE ChIPBE.
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