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FROM THE EDITOR-IN-CHIEF

To the true benefit and glory of the Fatherland

On the 120th anniversary
of the M.V. Lomonosov Institute of Fine Chemical Technologies

The simple words of the great Russian scientist, Mikhail V. Lomonosov, in the title appropriately describe the
120-year history of the M.V. Lomonosov Moscow State Institute of Fine Chemical Technology (MITHT in Russian
abbreviation). The anniversary date, the award of the Order of the Red Banner of Labor for achievements in training
specialists (1970), and the name of M. V. Lomonosov given to MITHT and Moscow State University by a single decree
in 1940 are glorious milestones in the life of our wonderful University.

Just as the whole world is reflected in a drop of water, the past years form an amazing mosaic of the history
of MITHT. Remembering all those with whom fate brought me together for almost 50 years of study and work
here, I would like to share what the Institute means to me with kind words.

Going down the memory lane, I recall the directors and rectors of Moscow Higher Women’s Courses, 2nd MSU,
MITHT—V.I. Guerrier, S.A. Chaplygin, S.S. Nametkin, A.P. Pinkevich, S.Ya. Plotkin, G.D. Vovchenko, P.I. Zubov,
N.A. Myshko, K.A. Bolshakov, V.I. Ksenzenko, S.S. Kiparisov, and V.S. Timofeev. When I entered MITHT in 1971,
could I have imagined that I would belong to this outstanding cohort? I am proud of it!

Outstanding scientists and teachers who were the pride of Soviet, Russian, and worldwide science have
worked at MITHT, among whom I would like to mention, V.I. Vernadsky, N.D. Zelinsky, A.N. Nesmeyanov,
V.M. Rodionov, G.G. Urazov, S.S. Medvedev, [.P. Alimarin, I.N. Nazarov, Ya.K. Syrkin, K.A. Andrianov,
[.L. Knunyants, [.V. Tananaev, N.P. Fedorenko, N.N. Nekrasov, V.I. Goldansky, K.A. Bolshakov, A.N. Bashkirov,
O.N. Tsuberbiller, N.A. Preobrazhensky, A.N. Pravednikov, S.S. Voyutsky, N.I. Gelperin, B.V. Unkovsky,
S.V. Lvov, R.P. Evstigneeva, V.I. Shvets, V.S. Timofeev, and L.A. Serafimov. Madlen Grigor’evna Shirmazan,
who worked as the Scientific Secretary of the Institute for many years, is remembered especially with love and
gratitude.

Graduates of MITHT are a great army of engineers, masters, candidates, and doctors of science who have
successfully worked and are currently working for the development of Russia in academic and industrial institutions,
large firms and engineering companies, and industrial enterprises in the fields of organic and inorganic technologies,
biotechnology, materials science, polymer synthesis and processing, economics, standardization, technosphere
security, and information technology. Among them, I would like to recall graduates with an unusual professional
fate, Ekaterina A. Furtseva, a party and statesman; Doctor of Science, Professor Varvara Chichagova-Chernaya
known as Mother Serafima, the abbess of the Novodevichy Monastery; and composer Vladimir Dashkevich.

Of the many different events—joyful and difficult—that we have experienced together in our Fatherland, we must
remember the Great Patriotic War. In 1942, MITHT announced recruitment for the first year and continued to work.
Scientists of the Institute received seven Stalin prizes for scientific developments in the subjects of defense and civil. I
would also like to mention Nison Ilyich Gelperin, who created a powerful air bomb (NG-5); and a graduate of MITHT,
the skier Lyubov’ Korotaeva, who was the only woman in the team that hoisted the Soviet flag on Elbrus again.

© A.K. Frolkova, 2020
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To the true benefit and glory of the Fatherland

In the postwar years, MITHT continued to train specialists for the expedited restoration of the national
economy and the country’s chemization. In 1956, MITHT was awarded the medal, “For the Development of
Virgin Lands,” and in 1970, an award of the Order of the Red Banner of Labor was received. The movement of
student construction teams was widely developed; MITHT was famous for its tourist section, submariners’ club,
and “kapustniki” (in Russian).

In the 1960s and 1970s, industry laboratories played a significant role in the development of research and the
simultaneous transformation of MITHT into an educational and research institute. Since then, the unity between
education and science remains our priority for improving the quality of training.

Expanding the educational, scientific, and technical base is an integral part of the development of MITHT.
Among the main achievements, I will list the following: the building of the Physical and Chemical Department of the
Moscow Higher Women’s Courses at Malaya Pirogovskaya, designed by A.A. Eichenwald (1908), with the famous
“hole” (“dyrka” in Russian); the construction of a dormitory at Vernadsky Prospect, where the judges of the Olympic
Games lived in 1980; an academic—scientific building in the southwest (phase 1, 1985, and the commissioning of
the whole complex in 2004); a sports complex with a climbing wall; and participation in investment projects for the
construction of dwelling houses, which provided housing for many faculty and staff.

MITHT is a leader among Russian universities in the field of multilevel training, which constantly
adapts to the requirements of the economy and employers and the changeable educational needs of students.
For their contribution to the development of a multilevel education system, three author teams in MITHT
received Russian Federation Presidential awards. Since 1997, the training of personnel at MITHT has been
fully conducted according to the bachelor/master (specialist) level system. Training has been conducted in
23 master’s programs. The share of masters in the annual commencement of young specialists from MITHT was
about 40%. According to the results of state attestations, MITHT received the status of an Academy in 1993,
University in 2011, and the name M.V. Lomonosov Moscow State University of Fine Chemical Technologies,
from which the short name MITHT has been preserved. Since November 2015, MITHT has been part of the
MIREA — Russian Technological University (RTU MIREA) as the M.V. Lomonosov Institute of Fine Chemical
Technologies (ITHT in Russian abbreviation). In its new capacity, ITHT remains faithful to its history, honoring
and developing University traditions. The teaching staff of ITHT is noticeably younger. This stems from special
support programs for young doctoral students and postgraduates who are preparing for teaching at the University.
The contribution of ITHT scientists to the indicators of scientific activity of RTU MIREA is high; teams win
prestigious grants on a competitive basis; research results are published in Russian and international journals
with a high impact factor; dissertation councils work successfully on a regular basis. Student science, cultural
initiatives, and competitions have a significant support from the University management. Much has been done
to recreate the historical appearance of the large A-61 and A-63 auditoriums at Malaya Pirogovskaya. At the
campus at Vernadsky Prospect, build. 86, classrooms, departments, and student chemical laboratories have been
renovated and decorated; the instrument park has been updated; and computer classes have been equipped.
Specialized mega laboratories and training and research centers equipped with modern equipment as well as the
Altair Technopark have been created.

Today, I want to remember many anniversaries: the 100th, 110th, 115th anniversary of MITHT, the 300th
anniversary of M.V. Lomonosov, the 100th anniversary of the 2nd MSU, the 110th anniversary of the MITHT
scientific library (1909), and 15 years of the MITHT Museum and Chamber Choir—a winner of many Russian
and international competitions. The 20th anniversary of the MITHT scientific journal (Scientific Proceedings
of MITHT, Vestnik MITHT, Fine Chemical Technologies) holds a special place among these memories. The
celebration of such events unites the team, causes pride in our University, and builds a careful attitude toward
the traditions and memory of our predecessors.

I would like to extend to the teachers and staff, students and postgraduates, and veterans and graduates of
M.V. Lomonosov MITHT, the most sincere and kind wishes of success, health, wellbeing, preservation, and
multiplication of our achievements.

Alla K. Frolkova
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Synthesis of alkyl-gem-dichlorocyclopropanes
based on isoamylene fraction
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Objectives. The study aims to analyze the dichlorocarbenation of the isoamylene fraction, which
is a mixture of 2-methyl-butene-1 and 2-methyl-butene-2, in order to obtain the corresponding
alkyl-gem-dichlorocyclopropanes in quantitative yield, and also to determine their structure.
Methods. In order to determine the qualitative and quantitative composition of the reaction
masses, the following analysis methods were used: gas-liquid chromatography (using the Crystal
2000 hardware complex), mass spectrometry (using a Chromatec-Crystal 5000M device with
NIST 2012 database), and nuclear magnetic resonance (NMR) spectroscopy (using a Bruker AM-500
device at operating frequencies of 500 and 125 MHz).

Results. Alkyl-gem-dichlorocyclopropanes were synthesized from an isoamylene fraction in the
presence of catamine AB as a catalyst. Alternatively, isomeric alkenyl-gem-dichlorocyclopropanes
were obtained on the basis of isoprene, and by reduction, the corresponding alkyl-gem-
dichlorocyclopropanes were synthesized. The synthesized substances were analyzed by gas-
liquid chromatography, mass spectrometry, and NMR spectroscopy, as previously mentioned
above.

Conclusions. The results show that the dichlorocyclopropanation of the isoamylene
fraction proceeds quantitatively with the formation of a mixture of 2-methyl-2-ethyl-1,1-
dichlorocyclopropane and 2,3,3-trimethyl-1, 1-dichlorocyclopropane. Using isoprene, counter-
synthesis through successive dichlorocarbenation and hydrogenation was used to synthesize
2-methyl-2-ethyl-1, 1-dichlorocyclopropane, one of the products of dichlorocarbenation of the
isoamylene fraction.

Keywords: alkenyl-gem-dichlorocyclopropane, isoamylene fraction, hydrogenation, Pd/C

For citation: Musin A.l., Borisova Yu.G., Raskil’dina G.Z., Daminev R.R., Rabaev R.U., Zlotskii S.S. Synthesis
of alkyl-gem-dichlorocyclopropanes based on isoamylene fraction. Tonk. Khim. Tekhnol. = Fine Chem. Technol.
2020;15(6):9-15 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2020-15-6-9-15
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Synthesis of alkyl-gem-dichlorocyclopropanes based on isoamylene fraction

HAYYHAS CTATbA

CuHTEe3 AJTKUI-2emM-TUXJIOPUUKIIONPONAHOB
HA OCHOBE M30aMIWJICHOBOU (ppaKkuum

A.H. Mycun!, I0.I'. BopucoBa®*®, I'.3. PackuapauHa?, P.P. [lamuHeB’,

P.Y. Pabaen?, C.C. 3aoTcxuin?

1Y pumcKkuii 20cyoapcmeeHHbL HeGhmsIHOT mexHUUecKull yHugepcumem, ¢hunuan 8 2. Cmepaumamar,

Cmepaumamar, 453118 Poccust

2Ypumckuii 2ocyoapcmeeHHulil HegpmsiHOU mexHuueckull yHusepcumem, Ygpa, 450064 Poccus
@Aemop ona nepenucku, e-mail: yulianna_borisova@mail.ru

Ienu. Hzyuume ouxnoprapbeHuposaHue usoamuieHosoll hparkyuu, npedcmagasiioueti coboil cmeco
2-memun-6ymeHa-1 u 2-memun-6ymeHa-2, noayuums coomeememaeyrowie anKui-2em-0uUxiop-
YUKJIONPONAHBL C KONUUECMBEHHBLIM 8bLX000M U YCMAHOBUMb UX CMpPOEHUE.

Memooeul. /s onpedesieHUs KAUecCmeeHH020 U KOJIUUeCMBEeHHO020 COCMA8A PEAKUUOHHbBIX MACC
6bLIU UCNONB30BAHBL 2A302KUOKOCMHASL Xpomamozpadpus (Ha annapamHo-npoepammHOM KOM-
nunekce «Kpucmann 2000»), xpomamomacc-cnekmpomempus (Ha npubope Xpomamasxk-Kpucmann
5000M» c 6aszoii NIST 2012), u chnekmpockonust 10epHo20 MazHUmMHozo peoHarca (AMP-cnekmpo-
ckonus) (Ha npubope «Bruker AM-500» ¢ pabouumu uacmomamu 500 u 125 MT'y).
Pesynomamet. AnKun-2em-0uxiopyurionponaHsbl CUHMe3Upo8aHsbl U3 U30AMUNEHO80U ppak-
Yuu 8 npucymemeuu Kamaausamopa kamamura AB. AnemepHamugHbim nymem Ha 0CHO8e U30-
npeHa nofyueHvl U30MepHble ANKEHU-2eM-OUXTOPYUUKIONPONAHBL, 80CCMAHO8EHUEeM KOMOPbLX
CUHMEe3UPO8AHbLL coomeemcemeayrouue anKul-2em-0uxiopyukionponaHel. Bewiecmea npoaranu-
3UPOBAHDBL U O0KA3AHBL MEMOOAMU 20.302KUOKOCTHOU XpOoMaAmozpauu, Xpomamomacc-CneKmpo-
mempuu u AMP-cnekmpockonuu.

Bbleoobl. YcmaHoe/ieHo, Umo OUX/I0OPUUKIONPONAHUPOBAHUE U30AMUNEHO80T (hpaKyuiu npo-
meKkaem KOJAUUECMBEHHO C 00pas308aHUEM cMecu 2-memun-2-smun-1,1-ouxnopyurxionponaqa
u 2,3,3-mpumemun-1, 1-ouxnopyurxnonponara. C ucnosis3ogaHuem u3onpeHa ecmpeuHovlm CUH-
me3om uepes nocredosamesioHoe OuxXopKapbeHuposaHue u 2udpuposaHrue bbil CUHMEe3UpPo8aH
2-memun-2-amunt-1, 1-0uxXn0pyuuUKIONPOnaH — 00UH U3 NPOOYKMo8 ouxiopkapbeHupo8aHust U3o-
amMuneHoeoll pparKyuul.

Knroueeste cnoea: anKeHUN-2eM-OUXTIOPYUUKIONPONAHBL, US0AMUNEHO8ASL PPpaAKyUsl, 2UOPUPO-

eaHue, Pd/C

s yumuposanusa: Mycuu A.U., bopucosa 0.1, Packunsauna I.3., Jlamunes P.P., Pa6aes P.V., 3morckuit C.C.
CHUHTE3 aJKHI-2em-IUXIOPIUKIONPOTIAHOB Ha OCHOBE H30aMUIICHOBOU (pakiuu. Toukue Xumuueckue mexHorouu.

2020;15(6):9-15. https://doi.org/10.32362/2410-6593-2020-15-6-9-15

INTRODUCTION

In the industrial production of isoprene by
dehydrogenation of pentanes (at the first stage),
pentenes (isoamylene fraction) with a total volume of
2-methylbut-1-ene 1 and 2-methylbut-2-ene 2 (of at least
80%) are formed. This mixture, along with the formation
of isoprene, is used in the alkylation, the epoxidation of
the Prince reaction, and others as well [1-4].

At an earlier point in time [5-8], it was shown
that alkenyl- and alkyl-gem-dichlorocyclopropanes are
used as solvents, plasticizers, and intermediate products

in organic synthesis. In this regard, it was of interest
to study the preparation of substituted alkyl-gem-
dichlorocyclopropanes by dichlorocarbenation of an
industrial isoamylene fraction.

MATERIALS AND METHODS

The analysis of the reaction masses was carried
out using gas-liquid chromatography (on a Crystal 2000
hardware-software complex, NPF Meta-khrom, Russia).
Mass spectra were obtained using a Chromatec-Cristall
5000M instrument (Chromatec, Russia) with the NIST 2012

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(6):9-15
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database (National Institute of Standards and Technology,
USA). Nuclear magnetic resonance (NMR) spectra of 'H
and BC were recorded on a Bruker AM-500 spectrometer
(Bruker Corporation, USA) with operating frequencies
of 500 and 125 MHz, respectively, in a CDCI, solvent.
Chemical shifts are reported on a 6 (ppm) scale relative
to tetramethylsilane as the internal standard. Spin-spin
coupling constants (J) are given in Hz.

We  used  substituted  vinyl-gem-dichloro-
cyclopropanes obtained by the known method [9] using
chloroform, a 50% alkali solution, and a catamine AB
phase transfer catalyst (NPK Isomer, Russia).

Using the same technique, we obtained the
following:

2-methyl-2-ethyl-1,1-dichlorocyclopropane 3.
Yield (3 +4) 95%, T, , = 52°C (35 mm Hg). 'H NMR
spectrum (CDCL,), 8, ppm. (J, Hz): 1.07 t (3H, CH,,
J=179),1.23d(1H,1CH_,J=7.1),1.28 d (1H, CH,,
J=17),1.36d (3H, CH,), 1.59-1.73 m (2H, CH,).
"C NMR, 8C, ppm: 10.74 (CH,), 19.65 (CH,),
29.75 (C), 31.56 (CH,), 33.03 (CH,), 68.03 (C).
Mass spectrum, m/e (I , %): 152/154/156 (<3)

[M]*, (137/139/141)/(22/10/3), (123/125)/(30/15),
(117/119)/(50/20), (101/103)/(10/3), (79/77)/(30/22),
56/100.

2,3,3-trimethyl-1,1-dichlorocyclopropane 4. Yield
(3+4)95%, T, , = 52°C (35 mm Hg). '"H NMR spectrum
(CDCL,), 6, ppm. (J, Hz): 1.16 t (6H, 2 CH,, /= 3.9, 4.0),
1.36 t (3H, CH,, J=6.6), 1.16 t (1H, CH, J = 7.2).
PCNMR, 6C, ppm: 9.55(CH,), 16.86 (CH,),24.73 (CH,),
28.06 (C), 32.64 (CH), 71.46 (C). Mass spectrum, m/e
(> %): 152/154/156 (<3) [M]', (137/139/141)/(50/25/5),
(123/125)/(<5), (117/119)/(100/30), (101/103)/(22/8),
(79/77)/(50/30), 56/(<5).

The hydrogenation procedure for unsaturated
compounds 6a, 6b is similar to that previously
published [10].

The catalyst is palladium-carbon, Pd/C granular',
TU 2170-300-29131036-97. Before use, it was ground
in a mortar, sieved, and stored in a desiccator.

By this method, a mixture of substances 3, 3a was
obtained. The physicochemical constants of compound 3
are presented above. For compound 3a they correspond
to the literature data [11].

RESULTS AND DISCUSSION

As a result of our studies, we found that
dichlorocarbenation by the Makoshi method [12, 13]
of an isoamylene fraction containing olefins 1, 2 in
a ratio of 1 : 5 gives a mixture (7, , = 156-158°C)
2-methyl-2-ethyl-1,1-dichlorocyclopropane 3 and
2,3,3-trimethyl-1,1-dichlorocyclopropane 4 in the
same ratio (Scheme 1, Fig. 1).

" Information about the catalyst is available on the
manufacturer’s website https://www.kazanorgsintez.ru.
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Scheme 1. Carbenation of the amylene fraction 1, 2.
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Fig. 1. Chromatogram of a mixture
of alkyl-gem-dichlorocyclopropanes 3, 4.

Earlier [9], we carried out selective mono-
carbenation of isoprene S to vinyl- and isopropenyl-
gem-dichlorocyclopropanes 6a,b (Scheme 2), which
are formed in a ratio of 95 : 5 (Fig. 2).

CH;
W
Cl Cl
6a

CH;
$CCl,
o — CH;
5
e
CI g >Cl

Scheme 2. Carbenation
of 2-methyl-2-vinyl-butadiene-1,3 5.

Hydrogenation (Scheme 3) of a mixture of alkenyl-
gem-dichlorocyclopropanes 6a,b, according to the
known method [14, 15], was carried out on an industrial
catalyst Pd/C [14, 15] at a temperature of 22-24°C and
atmospheric pressure for 4-5 h. A mixture of products
3, 7 was obtained in a quantitative yield, in which
their ratio corresponded to the content of olefins 6a,b

(Fig. 3).
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Fig. 2. Chromatogram of a mixture
of alkenyl-gem-dichlorocyclopropanes 6a,b.
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Scheme 3. Hydrogenation of a mixture of alkenyl-gem-
dichlorocyclopropanes 6a,b.

The chromatogram of an artificial mixture of
the carbeneation products of the isoamylene fraction
3, 4, and the hydrogenation products of alkenyl-
gem-dichlorocyclopane 3, 7 indicates the identity of
2-methyl-2-ethyl-gem-dichlorocyclopropane 3, which
is obtained by different methods (Fig. 4).

The NMR spectrum of the obtained mixture of
alkenyl-gem-dichlorocyclopanes 3, 4 contains signals
of protons of the cyclopropane ring at 6 C*> and C*
carbon atoms. For molecule 3, protons at 6 C* carbon
atom appear as two doublets at 1.23 ppm (3J=7.1 Hz)
and 1.28 ppm (3] = 7 Hz), while for molecule 4
the proton at 8 C*' carbon atom is a triplet in the
region of 1.16 ppm (3J = 7.2 Hz). Methyl groups are
registered with a triplet for 2-methyl-2-ethyl-1,1-
dichlorocyclopropane 3 at 1.07 ppm (3J=7.9 Hz) and a
doublet at 1.36 ppm (3J = 6.2 Hz), for 2,3,3-trimethyl-
1,1-dichlorocyclopropane 4—at 1.16 ppm (3J = 6.6 Hz)
triplet and 1.36 ppm (/= 3.9 Hz) doublet.

In the C NMR spectra of the mixture of alkyl-
gem-dichlorocyclopropanes 3, 4, the common signal
is the C! signal of the carbon atom at 68.03 ppm and
71.46 ppm, respectively. For isomer 3 6 C? and C3,
the carbon atoms of cyclopropane are recorded in the
region of 33.03 ppm and 29.75 ppm, respectively, and

n
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Fig. 3. Chromatogram of a mixture
of hydrogenation products 3, 7.
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Fig. 4. Chromatogram of an artificial mixture of alkenyl-
gem-dichlorocyclopanes hydrogenation products 3, 7
and a mixture of dichlorocarbenation products
of the amylene fraction 3, 4.

for isomer 4 6 C*" and C*" carbon atoms—at 32.64 ppm
and 28.06 ppm, respectively. The presence of high-
field signals of carbons for molecule 3 in the region
of 10.74 ppm and 19.65 ppm corresponds to methyl
groups, for molecule 4 the same groups appear at
9.55 ppm and 24.76 ppm.

Mass spectra of a mixture of gem-dichloro-
cyclopropanes 3, 4 contain peaks of molecular ions
m = 152/154/156 of low intensity (<3%). Dissociative
ionization of gem-dichlorocyclopropanes 3, 4 can
proceed in different ways. The molecule decomposes
into a dichlorocyclopropane fragment and a substituent
R, or the molecule loses chlorine atoms, but the main
carbon skeleton is retained (Scheme 4).

The table shows the values of fission ion mass m
and the relative intensity of the ion peaks e (% of the
maximum) for compounds 3, 4.

Therefore, based on the frequency of occurrence
and intensity of the peaks (see table), the most
stable fragment in the molecule is the cyclopropane
fragment, which forms a fragmented ion upon the
decomposition of all compounds 3, 4 with a gem-
dichlorocyclopropane substituent.
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Scheme 4. Dissociative ionization of gem-dichlorocyclopropanes 3, 4.

Values of fission ion mass m and relative intensity of ion peaks e (% of maximum)

for compounds 3 and 4

m/e (%)
Compounds M-
152/154/156 56 77179 101/103 117/119 123/125 137/139/141
3 <3 100 30/22 10/3 50/20 30/15 22/10/3
4 <3 <3 55/30 22/8 100/30 <5 50/25/5
CONCLUSIONS Authors’ contribution

It was found that dichlorocarbenation of
the isoamylene fraction, by the Makoshi method,
proceeds with the formation of isomeric alkyl-gem-
dichlorocyclopropanes: = 2-methyl-2-ethyl-1,1-dichloro-
cyclopropane and  2,3,3-trimethyl-1,1-dichlorocyclo-
propane. Using isoprene, counter-synthesis through
sequential  dichlorocarbenation and hydrogenation
was used to synthesize 2-methyl-2-ethyl-1,1-dichloro-
cyclopropane, one of the products of dichlorocarbenation
of the isoamylene fraction.
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Amino acid derivatives of natural chlorins as a platform
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Objectives. This study aims to obtain the amino acid derivatives of chlorophyll a and
bacteriochlorophyll a for the targeted delivery of pigments to tumor foci. This will increase
biocompatibility and, as a result, reduce toxic side effects. In addition to photodynamic efficiency,
an additional cytotoxic effect is expected for the obtained conjugates of photosensitizers (PSs) with
amino acids. This is owing to the participation of the latter in intracellular biochemical processes,
including interaction with the components of the glutathione antioxidant system, leading to the
vulnerability of tumor cells to oxidative stress.

Methods. In this work, we have implemented the optimization of the structure of a highly efficient
infrared PS based on O-propyloxim-N-propoxybacteriopurpurinimide (DPBP), absorbing at 800 nm
and showing photodynamic efficacy for the treatment of deep-seated and pigmented tumors, by
introducing L-lysine, L-arginine, methionine sulfoximine (MSO), and buthionine sulfoximine (BSO)
methyl esters. The structure of the obtained compounds was proved by mass spectrometry and
nuclear magnetic resonance spectroscopy, and the photoinduced cytotoxicity was studied in vitro
on the HeLa cell line.

Results. Conjugates of DPBP with amino acids and their derivatives, such as lysine, arginine,
MSO, and BSO have been prepared. The chelating ability of DPBP conjugate with lysine was
shown, and its Sn(IV) complex was obtained.

© A.F. Mironov, P.V. Ostroverkhov, S.I. Tikhonov, V.A. Pogorilyy, N.S. Kirin, O.0. Chudakova,
A.A. Tsygankov, M.A. Grin, 2020
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Conclusions. Biological testing of DPBP with MSO and BSO showed a 5-6-fold increase in
photoinduced cytotoxicity compared to the parent DPBP PS. Additionally, a high internalization
of pigments by tumor cells was found, and the dark cytotoxicity (in the absence of irradiation) of
DPBP-MSO and DPBP-BSO increased fourfold compared to the initial DPBP compound. This can
be explained by the participation of methionine derivatives in the biochemical processes of the
tumor cell.

Keywords: chlorins, amino acids, bacteriochlorins, photosensitizers, photodynamic therapy,
photo-induced cytotoxicity

For citation: Mironov A.F., Ostroverkhov P.V., Tikhonov S.I., Pogorilyy V.A., Kirin N.S., Chudakova O.0., Tsygankov A.A.,
Grin M.A. Amino acid derivatives of natural chlorins as a platform for the creation of targeted photosensitizers in oncology.
Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(6):16-33 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2020-15-6-16-33

HAYYHAS CTATbA

K 85-n1emuto co oHs poxoderust npogpeccopa A.D. Muporosa

AMUHOKHUCJIOTHbIE IPOU3BOAHbIC NPUPOIHBIX XJIOPUHOB
KaK II1aT(opmMa JJisl CO3MAHUS TAPreTHBIX (POTOCCHCUOWIN3ATOPOB
B OHKOJIOTHHU

A.®P. Muponog!, I1.B. OcrpoBepxoB'“, C.H. Tuxonor!, B.A. IloropuasIi’,
H.C. Kupun', 0.0. Yyznakosa?, A.A. IlpirankoB?, M.A. I'pun’

'MHP5A — Poccuiickuil mexHosio2uueckull yHusepcumem (MHcmumym moHKUX XUMUUECKUX
mexHonozutl umeru M.B. ANomorocosa), Mockea, 119454 Poccus

ZHnemumym gpyHoameHmanbHolx npobaem 6uonozuu, Pocculickas akademus Hayk, [TyuiuHo,
Mockoeckast obnacmo, 142290 Poccust

@ Aemop ons nepenucku, e-mail: ostroverhov@mirea.ru

Ienu. Llenvto Hacmosweli pabomol siens1emest NoAYUeHUe AMUHOKUCIOMHBLX NPOU3BOOHBLX XJL0-
pogunna a u 6aKxmepuoxniopopuana a 0Nk HAaNPABIeHHOU 00CMAasKU NU2MEeHMO8 8 ONYXo.esble
ouazu, yseauueHust buocoemecmumocmu U, KaK creocmaue, YymeHouleHust nobouHozo mokcuue-
crozo Oelicmeusi. Kpome gpomoouramuueckoti sgpcpexmusHocmu 0151 NOSYUEHHBLX KOHBI02Amo8s
omoceHcubunusamopo8 ¢ AMUHOKUCIOMAMU orxKudaemcsi 0ONOJHUMENbHbLI yumomoKcuue-
cKuil aghgperxm, 8bl38AHHDBLU YUuacmuem NoCaeOHUX 80 8HYMPUKIEMOUHbIX OUOXUMUUECKUX NPO-
yeccax, exaouas gsaumooeticmaue ¢ KOMNOHeHMAMU 2/lYyMAamuoHo80l aHMUOKCUOAHMHOT CU-
cmembl, NpugodsULee K Ys36UMOCMU ONYXO/Ie8blX KAeMOK K OKUCUMENbHOMY CMpeccy.
Memoowut. B Hacmosiwell pabome peaiuso8aHa ONMUMUIAYUUS CMPYKMYPbl 8blCOK03pdhexmue-
Hoz20 HUK-dpomocercubunuzamopa Ha ocHoge O-nponunokcum-N-nponokcubaxmepuonypnypuH-
umuoa (DPBP), noanowarowezo npu 800 HM U nokasasuiezo pomoduHamuueckyro sgpgpexmue-
HOCMb 0151 SleueHust 2nyboKo3anezarowux U NULMEeHMUPOBAHHbLX onyxosaell, nymem esedeHust
Ha nepugepuro MAKpPOUUKAA Memuaiogelx sgupos L-nusuHa, L-apeurHuHra, MemuoHUHCYAbg-
okcumura (MSO) u 6ymuorurcynvgorkcumura (BSO). Cmpykmypa nonyueHHslx coeOuHeHUll
doxasaHa memooamu macc-cnekmpomempuu u SAIMP-cnekmpockonuu, a pomouHOYyUpPO8aAHHAS
yumomorxcuuHocme uccnedogara in vitro Ha auHuu kiemorx HeLa.

Pe3synomamet. Bouiu nosyueHst KoHwvrozamel O-nponunokcum-N-nponokcubaxkmepuonypnypum-
uMuoa ¢ AMUHOKUCIOMAMU U UX NPOU3ZBOOHBLIMU, MAKUMU KAK, JAUSUH, APSUHUH, MEMUOHUH-
cynv@porcumuH u bymuoHuHcynbgporcumuH. Ilokasana xenamupyrouiast cnocobHocmes KOHbHO-
2ama DPBP c ausuHom u noayueHr ezo Sn(IV)-komnnexc.
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Bwteoodwst. Buosiozuueckue ucnoimarusi DPBP ¢ MEMUOHUHCYIbOKCUMUHOM U OYMUOHUHCY b~
orcumuHom nokasaiu 5-6 KpamHoe ysesnuueHue pomouHOYUUPOBAHHOU YUMOMOKCULHOCMU
Nno cpasHeHuro ¢ UcXoOHbim homoceHcubunusamopom DPBP. I[Ipu smom obHapysKeHa 8blcoKkast
UHMEePHANU3AYUSL NUZMEHMO8 ONYX0le8blMU KAemKamu, d MemMHO8Asl UWUMOMOKCUUHOCMb (npu
omcymemeuu obayuerHusy) DPBP-MSO u DPBP-BSO ygeanuuunacs 8 4 pasa no cpagHeHuro ¢ ucxoo-
Hblm coedurerHuem DPBP, umo mooxxem 6bimeb 06bsICHEHO yuacmuem npous8o0HbIX MEMUOHUHA 8
6UOXUMUUECKUX NPOYUECCAX ONYXO0Ne80U KAemKU.

Knroueevle cnoea: x10puHbl, AMUHOKUCIOMbL, 6AKMEPUOXNOPUHDBL, hOMOCEHCUOUNUIAMOPbL,
pomoouHamuueckas mepanust, pomouHOYYUPOBAHHAS. LUMOMOKCUUHOCMb
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INTRODUCTION

The addition of amino acids into photosensitizer (PS)
molecules, on the one hand, increases the hydrophilicity
of pigments, and on the other hand, improves the
selectivity of their accumulation in tumor tissues, since
amino acids are involved in numerous intracellular
processes, including the accelerated proliferation of tumor
cells [1, 2]. In addition, some amino acids, including non-
proteinogenic ones, can affect various processes inside
the cell, weakening its defenses, for example, against
oxidative stress. Due to the structural features of some
amino acids, they can be used as complexing agents for
metal cations and organometallic complexes, which have
their antitumor activity [3].

In clinical practice, derivatives of natural chlorins
with amino acids are already being used, and their
efficiency for the therapy of tumors of various origins
has been proven [4, 5]. The relay race of such studies
was continued at the N.A. Preobrazhensky Department
of Chemistry and Technology of Biologically Active
Compounds, Medical and Organic Chemistry in the group
of Professor M.A. Grin and Professor A.F. Mironov,
where bacteriochlorin derivatives with methyl esters
of L-lysine, L-arginine, methionine sulfoximine
(MSO0), and buthionine sulfoximine (BSO), as well as
the structural isomers of some of the earlier mentioned
conjugates were first obtained. The publication of this
work is timed to the anniversary of the outstanding
scientist working in the field of creating new PSs,
and the creator of the first Russian drug, Photogem,
Professor A.F. Mironov.

The development of new highly specific
anticancer drugs is an urgent task for medical and
pharmaceutical chemistry [6]. First, the need to
develop targeted anticancer drugs is dictated by
numerous side effects and the general systemic
toxicity of chemotherapeutic drugs used in clinical
oncology [7].

The strategy of attaching fragments of other
biomolecules to the leader molecule, such as amino
acids [1, 2], peptides [8, 9], and carbohydrates [10—
12], is employed for the targeted delivery of drugs to
tumor foci; biocompatibility is increased, and thus,
toxic side effects are reduced.

Of particular interest is the addition of amino
acids, because the hydrophilicity and bioavailability
of anticancer drugs increase, and their side effects
decrease simultaneously. Several endogenous carriers
of amino acids are concentrated in tumor cells and
contribute to the internalization of the amino acid
derivatives of various pharmacologically active
substances [13]. For example, the histidine transport
system in the body consists of 50% of the SLC15A4
(PHT1) transporter protein, 30% of other amino
acid transporters, and only 20% of all histidine
is delivered to cells using passive transport and
other transport systems. The main carrier protein,
PHTI, transports histidine and oligopeptides from
lysosomes to the cytosol of eukaryotic cells. It is
known to overexpress the arginine transporters,
CAT-1, in rectal cancer cells. An in vitro study has
shown that disabling CAT-1 in tumor cells induces
apoptosis and death, and the carrier protein itself is
a unique molecular biomarker and therapeutic target
in tumor cells. Studies show that the intracellular
transport of certain amino acids is a common feature
of most neoplastic cells [14]. A classic example of
the use of amino acids in the chemical design of
alkylating agents is the creation of the antitumor
drug, Melphalan (Fig. 1) (trade name Sarcolysin),
which is a derivative of bis-B-chloroethylamine and
the amino acid, L-phenylalanine. Melphalan is less
toxic than the original chlormethine (embichinum).
The resistance of tumor cells to melphalan also
develops more slowly than that to chlormethine [15],
which is primarily due to the presence of an amino
acid residue in the preparation structure [16].

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(6):16-33

18



Andrei F. Mironov, Petr V. Ostroverkhov, Sergei I. Tikhonov, et al.

cl

N
NH, TN

HO

Fig. 1. Structure of Melphalan.

A similar strategy for the inclusion of amino acids
in the composition of targeted drugs is implemented
for PSs. The main cytotoxic agent in photodynamic
therapy (PDT) is singlet oxygen ('O,); the action of
which is not specific, since reactive oxygen species
interact and destroy various biomolecules, such as
lipids, proteins, and nucleic acids. The lifetime of
the biochemically active singlet oxygen form in cells
is 250 ns [17]. The diffusion of the 'O, molecule
calculated based on this value is in good agreement
with the experimental data on the radius of action of
'0, in cells and tissues, which does not exceed 50 nm [18].
Since the size of human tissue cells is relatively large
(about 100 um), 'O, is consumed close to the place
of its formation. In this regard, the effectiveness of
the cytotoxic action of a PS directly depends on its
location in the tumor cell. This is confirmed by the
fact that no direct correlation was found between the
quantum yield of 'O, and PS cytotoxicity.

The accumulation of our scientific group’s work
with PSs of the chlorin and bacteriochlorin series
shows that, most often, the intracellular accumulation
of pigments occurs nonspecifically (diffusely or
granularly in the cytoplasm) [19, 20] and does not
affect the vital cell compartments, which together with
a small radius of action of 'O, limits the effectiveness
of PSs.

Currently, the priorities of scientists who create
anticancer drugs have shifted toward the development
of subcellular-oriented drugs [21], in particular,
mitochondria-targeted drugs [22]. Damage to the
mitochondria, which are the energy depots of the
cell, disrupts protein biosynthesis and can lead to the
launch of the tumor apoptosis [23].

It is known that molecules containing positively
charged groups have membranotropic properties
with respect to mitochondria [24]. One of the
known cationic domains in mitochondria-oriented
preparations is a guanidine residue [25], which, due
to a delocalized positive charge, binds to carboxyl
and phosphate groups on membranes, providing an
efficient transmembrane transfer of PSs.

Amino acids have been repeatedly used to
modify PSs based on porphyrins and chlorins. The
purpose of this modification was to increase the
hydrophilicity of pigments, as well as mitochondrial
targeting of drugs. An example of the successful
use of amino acids to increase the hydrophilicity
of pigments is the enzymatic transesterification of
chlorophyll a with various amino acids, peptides,
and proteins, implemented in an Israeli scientific
group. The use of the enzyme, chlorophyllase,
as a catalyst for transesterification, allowed the
authors to obtain esters of chlorophyll @ under mild
conditions; for example, with methyl ester of serine
(chlorophyllideserine) (Fig. 2). The latter showed a
100-fold increase in photocytotoxicity in the culture
of M2R melanoma cells in comparison with the official
drug, Photosan [26].

COOMe

Fig. 2. Structure of chlorophyllideserine.

In in vivo experiments, water-soluble chloro-
phyllideserine was removed from normal tissue within
72 h and predominantly accumulated in the tumor, with
low skin toxicity. This PS exhibited high photodynamic
activity on M2R melanoma in mice [27].

The group of Professor K. Smith carried out the
chemical synthesis of various amino acid derivatives of
chlorin e,. The leader compound obtained in the course
of the study is mono L-aspartylchlorin e, (Fig. 3). This
drug, called Talaporfin, belongs to the second-generation
PS and is used in the treatment of various forms of cancer
[4, 5]. In its pharmacodynamic parameters, the inhibition
of tumor growth, increase in life expectancy, and rate
of elimination from the body, the drug is superior to the
drug, Photofrin, which is widely used in cancer PDT.

The scheme for the synthesis of Talaporfin
includes the preparation of methylpheophorbide a,
opening of the exocycle in the latter with sodium
methoxide, and esterification of the product with
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Fig. 3. Structure of Talaporfin.

diazomethane to obtain the trimethyl ester of chlorin e,.
Alkaline hydrolysis of ester groups and the interaction
of chlorin e, with dimethyl aspartic acid after the
removal of the protective groups results in mono
L-aspartylchlorin e, [28].

The amidation of chlorin e, can take place at one
of three carboxyl groups; therefore, it was believed
for a long time that aspartic acid was attached at the
173-position. However, later, the structure of mono
L-aspartylchlorin e, which is the pharmaceutical
substance of the drug, was finally clarified using
regioselective chemical synthesis [29].

The presence of the guanidine group alone or in
the composition of arginine attached to the chlorin-
series PS, Verteporfin (Vizudin drug), ensures the
accumulation of the latter in the mitochondria of
tumor cells. This fact was discovered during the study
of the intracellular distribution of the modified drug
by fluorescence microscopy on the line of human
carcinoma cells resistant to the action of cisplatin
[30]. Other amino acids, including lysine, serine,
and tyrosine, orient 5-(4-carboxyphenyl)-10,15,20-
tris(3-methoxyphenyl) porphyrin into the lysosomes
of HeLa tumor cells [31].

The ability of the guanidine group to be
protonated in physiological fluids ensures the
participation of arginine in many metabolic processes.
Therefore, the inclusion of the latter in the structure
of drugs, including PSs, largely determines their
pharmacokinetic and pharmacodynamic properties.
There is a research project in which the derivatives
of zinc phthalocyanine and arginine with a free
and esterified carboxyl group of amino acids were
obtained. The two drugs were compared by different
biological tests, and it was shown that both PSs differ
insignificantly in photophysical parameters, while
the results of biological tests revealed significant

differences in their properties. For the conjugate of
the Zn-complex of phthalocyanine with ethyl arginine
ether, a twofold increase in the accumulation in
tumor cells and a fivefold increase in photoinduced
cytotoxicity were found [32].

In addition to antitumor PDT, antimicrobial PDT
is currently being actively developed. The tropism
of PSs to gram-negative bacteria is significantly
increased in the presence of positively charged
groups in their structure. The inclusion of lysine
into the tetraphenylporphyrin molecule enhances
the antimicrobial activity of the Ilatter against
antibiotic-resistant strains of Staphylococcus aureus,
E. coli, and P. Aeruginosa, with tetra-substituted
tetraphenylporphyrin being the most promising [33].

The well-known ability of amino acids to chelate
metal cations due to the presence of carboxyl, amino,
thiol, hydroxyl, and other groups in their molecules is
actively used in the creation of the metal complexes
of porphyrins and related compounds containing a
metal at the periphery of the macrocycle.

Another important intracellular target for targeted
therapy is the thiol-containing tripeptide—glutathione.
It is a key molecule that plays an important role in
the regulation of redox status, drug detoxification,
and cell protection from damage by free radicals,
peroxides, and toxins [34]. Currently, active research
is being carried out on therapeutic agents acting on
the glutathione antioxidant system. Some of them are
already at the stage of in vitro and in vivo preclinical
trials. [35]. Sulfur-containing amino acids—cysteine,
methionine, and its derivatives: MSO and BSO—are
targeted molecules that target components of the
antioxidant system of tumor cells, making the latter
vulnerable to photodynamic effects.

All of the above motivated us to research the
synthesis and biological properties of the conjugates
of natural chlorins with amino acids to obtain
targeted PSs with optimal amphiphilicity, improved
bioavailability, and high photodynamic efficiency.

MATERIALS AND METHODS

All solvents used in this work were prepared
according to standard procedures. Column
chromatography was performed on silica gel 60
(0.040-0.063 mm, Merck, Germany). For preparative
thin-layer chromatography (TLC), glass plates with
silica gel 60 (Merck) were used; for analytical TLC,
aluminum plates with Kieselgel 60 F, . silica gel
(Merck) were used.

Electronic absorption spectra were obtained on
a Shimadzu UV1800 UV/VIS spectrophotometer
(Shimadzu, Japan) in 10 mm thick cuvettes;
dichloromethane was used as a solvent. Nuclear
magnetic resonance (NMR) 'H spectra were recorded

5
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using a Bruker DPX 300 spectrometer (Bruker
Daltonics, Germany) in CDCI,.

Mass spectra were obtained using a Bruker
Ultraflex TOF/TOF spectrometer (Bruker Daltonics)
by the MALDI method with 2,5-dihydroxybenzoic
acid as a matrix.

RESULTS AND DISCUSSION

The purpose of the first stage of the work
was to obtain a lysine-containing derivative of
bacteriopurpurinimide and the structural isomers of
this conjugate, in which the amino acid is attached at
both the a- and g-amino groups.

Lysine is an essential amino acid and is involved
in several metabolic processes within the cell. This
is largely due to the presence of an amino group in
the side chain, which is capable of protonation under
physiological conditions. The resulting positive
charge ensures the binding of the amino acid to the
tumor and bacterial cell membranes. The electron-
donating nitrogen atom of the g-amino group of
lysine, as well as the presence of o-NH,- and
a-COOH- groups in the molecule, allows the amino

acid to create stable complexes with various metals,
which increases the therapeutic and diagnostic
potential of lysine-containing PSs. O-propyloxime-N-
propoxybacteriopurpurinimide 1, which is a derivative
of natural bacteriochlorophyll @, whose synthesis
was described by us earlier, was chosen as the lead
compound in this work [34]. The pigment modification
was carried out at the propionic acid residue in the 17th
position of the macrocycle. In this work, based on the
limited solubility of amino acid derivatives in organic
solvents and the low solubility of bacteriochlorins in
water, a synthesis strategy was chosen that included
the initial preparation of an activated O-propyloxime-
N-propoxybacteriopurpurinimide ester and the
subsequent addition of amino acid derivatives.

For the activation of O-propyloxime-N-
propoxybacteriopurpurinimide, we obtained a
succinimideester, whichisstablebothinaqueousmedia
and in organic solvents. Dicyclohexylcarbodiimide
was used as a condensing reagent (Scheme 1).

For the addition of lysine at the g-amino group,
the methyl ester of a-N-fert-butyloxycarbonyllysine
was used, followed by the deprotection of the a-amino
group of the attached amino acid by the action of
trifluoroacetic acid (Scheme 1).

2: X=H)N

0
O/
HN
\Boc
0
N ~
3: X= Boc” \/\/\)l\o
NH,

H
R= N
0
— H,N
R= 2 \/\/\HI\O/
HN

Scheme 1. Preparation of O-propyloxime-N-propoxybacteriopurpurinimide conjugates with lysine methyl ester.
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The structure of compound 2 after isolation and
chromatographic purification was confirmed by mass
spectrometry (Fig. 4) and NMR spectroscopy (Fig. 5).

The mass spectrum contained the signal of the
molecular ion ([M]* 837.58), as well as fragmentation
typical of this bacteriopurpurinimide with the
elimination of one (M™ —~OC,H,) or two oxypropyl
groups (M" -2-OC,H.) (Fig. 4).

In turn, the NMR spectrum contained signals of
the protons of both bacteriochlorin and amino acid
residue, including the signals of the protons of the
hydrocarbon side chain of lysine in the form of a
multiplet in the region of 1.8-2.3 ppm and the amide
proton signal at 8.25 ppm (Fig. 5).

The preparation of structural isomer 3, in which the
amide was formed due to the a-amino group of lysine,
was carried out similarly to that of compound 2; however,
g-N-tert-butyloxycarbonyl lysine methyl ester was used
as the amino acid component (Scheme 1). The structure
of lysine-bacteriopurpurinimide 3 was confirmed by
mass spectrometry and NMR spectroscopy.

Since tin complexes are currently considered as
an alternative to platinum-containing preparations, it
was interesting to study the complexation of lysine
with tin to then reproduce the metallation reaction on
conjugate 2 [36-39]. For this purpose, the interaction
of Boc-protected at the e-amino group of lysine
with trimethyltin chloride Me,SnCl was realized.

The reaction was carried out in the presence of
triethylamine Et,N (Scheme 2).

In the mass spectrum of metal complex 5, isotopic
splitting of the molecular ion signal was observed,
confirming the presence of a tin atom in the molecule
(Fig. 6).

The reaction of a-N-Boc-Lys with diphenyltin
dichloride Ph,SnCl, was carried out similarly under
basic conditions. To confirm the structure, the matrix-
assisted laser desorption/ionization (MALDI) mass
spectrum of compound 6 was obtained, in which there
was a molecular ion corresponding to the required
mass, m/z: 568 [M]", with characteristic signals of tin
isotopes (Fig. 7).

After the conditions of complexation for
lysine derivatives were selected, we obtained
an organotin complex based on the conjugate
of dipropoxybacteriopurpurin-imide with lysine
attached to the g-amino group of the latter (e-N-Lys-
DPBP) 2 (Scheme 3).

For compound 7, a mass spectrum was obtained
(Fig. 8), where the expected signal of a molecular
ion with an m/z value of 1001 [M]* and characteristic
signals of tin isotopes was present.

As noted earlier, arginine, like lysine, is a
positively charged amino acid under physiological
conditions, since the guanidine group of the side chain
is capable of protonation. Some works describe the
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Fig. 4. MALDI TOF mass spectrum of compound 2.
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Scheme 2. Preparation of tin complexes with Boc-derivative of lysine (5 and 6).
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Fig. 6. MALDI TOF mass spectrum of metal complex 5.
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Fig. 7. MALDI TOF mass spectrum of compound 6.
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Scheme 3. Preparation of tin complex g-N-Lys-DPBP 7.

accumulation of PSs containing a guanidine group
in mitochondria, which increases the photoinduced
cytotoxicity of such pigments. In our work, arginine
was the second amino acid introduced into the PS
molecule according to the method described above
for lysyl-DPBP (Scheme 4).

The "H NMR spectrum of the obtained conjugate 8
contains a broadened signal of the protons of the amino
and imino groups of the guanidine fragment of arginine
at 8.26 ppm (Fig. 9).

It is known from the literature that the target
molecules for interacting with the components of

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(6):16-33

24



Andrei F. Mironov, Petr V. Ostroverkhov, Sergei I. Tikhonov, et al.

120 1001 [M]*

Intensity [a.u.
3

500 600 700 800 900 1000 1100 1200
MZ [Th]

1000 MZ [Th] 1100

1300 1400 1500 1600 1700 1800 1900 2000

Fig. 8. MALDI TOF mass spectrum of compound 7.
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Scheme 4. Synthesis of O-propyloxime-N-propoxybacteriopurpurinimide with arginine methyl ester.

the glutathione antioxidant system are methionine
derivatives: MSO and BSO, the addition
of which into the leader O-propyloxime-N-
propoxybacteriopurpurinimide was implemented in
this work (Scheme 5). The amidation of the propionic
acid residue at position 17° of the macrocycle was
carried out according to the traditional procedure
in the presence of the activating agent 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide = (EDC)
(Scheme 5).

To assess the photoinduced activity of DPBP deriva-
tives with the methyl esters of MSO (DPBP-MSO) 9

and BSO (DPBP-BSO) 10, the HeLa cellline
was chosen [40]. O-propyloxime-N-propoxy-
bacteriopurpurinimide was taken as a reference drug,
and the survival of tumor cells was assessed visually
using an inverted microscope and the MTT test; the
results of which are shown in the table'.

! Biological tests were performed at the P.A. Herzen Moscow
Oncological Research Institute, Branch of the Federal State
Budgetary Institution of the National Medical Research
Center of Radiology of the Ministry of Health of Russia
under the leadership of the Head of the Department, Cand.
Sci. A.A. Pankratov.

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(6):16-33

25



Amino acid derivatives of natural chlorins as a platform for the creation ...

1
N
o
(=
o

rrrrrrrrrrrrrrrrrrrr

I 1
H3;C—0—C—CH—NH
e I 17 0%1’7 B (d)
172 ?Hz

( i Chy - 800
7.31 17 CHy E(d)| D(t)

- 5.07 ||4.41 i " 600

HN=C L 500
" NH, - 400

1713 L

,_200
100
t/\gg LI —_0
e
g

0 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)

Fig. 9. '"H NMR spectrum of compound 8.

iy
1) CH,Cl,, DCC, NHS 2) Z, EDC, CH,Cl,

; Q%/«\/)\m/OCH3
R™Y

NH,
O\\ OCH;
10:2= S
#9  NH 0

Scheme 5. Synthesis of the conjugate of O-propyloxime-N-propoxybacteriopurpurinimide with methyl ester
of L-MSO and L-(S,R)-BSO.
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The presented results show a 5- and 6-fold increase
in the photoinduced cytotoxicity of the DPBP-MSO
and DPBP-BSO derivatives compared to the parent
compound DPBP. The half-maximal inhibitory
concentration, IC,;, changed insignificantly upon
irradiation in the presence of PS in the incubation
medium and after washing the cells from PS, which
indicates a high internalization of the pigment by tumor
cells. Additionally, dark cytotoxicity increased fourfold
in DPBP-MSO and DPBP-BSO compared to the initial
compound DPBP.

EXPERIMENTAL

Conjugate of O-propyloxime-N-propoxy-
bacteriopurpurinimide  with  lysine methyl
ester (2). Compound 1 (1 equiv, 28.7 umol, 20 mg)
was dissolved in 2 mL of methylene chloride,
1,3-dicyclohexylcarbodiimide (1.5 equiv, 43.1 umol,
9 mg) was added and stirred at 0°C for 30 min.
Afterward, N-hydroxysuccinimide (1.5 equiv, 43.1 pmol,
8 mg) was added to the reaction mixture and stirred
for 24 h, after which the solvent was removed in a
vacuum. The residue was dissolved in ethyl acetate,
the resulting precipitate was collected by filtration on
a Schott filter, and the solvent was removed in vacuo.
The obtained activated ester of O-propyloxime-N-
propoxybacteriopurpurinimide (1 equiv, 25.2 umol,
20 mg) was dissolved in 2 mL of methylene chloride,
and the methyl ester of o-N-tert-butyloxycarbonyl
lysine (2 equiv, 50.4 umol, 13.8 mg) was added, after
which the reaction mixture was stirred for 24 h.
Subsequently, trifluoroacetic acid (2 equiv, 8.5 pL)
was added, and the mixture was stirred for another
24 h at room temperature. The progress of the
reaction was monitored chromatographically
(R, = 0.55, CH,CL,/CH,OH, 40/1, v/v). The solvent
was removed in vacuo and compound 2 was purified
by preparative TLC (CH,C1,/CH,OH, 40/1, v/v). The
product yield was 11 mg (55%).

Mass spectrum, m/z: calculated for C,H N O,
[M]": 838.47, found: 837.48.

"H NMR spectrum (6, ppm): 8.6 (H, s, 10-H), 8.54
(H, s, 5-H), 8.4 (H, s, 20-H), 8.25 (H, m, 174-NH), 5.10
(H, m, 17-H), 4.47 (2H, m, 17°-CH,), 4.45 (4H, t,
J = 6.7 Hz, 3*-CH,, 13°-CH,), 4.28 (H, m, 18-H), 4.15
(2H, m, 7-H), 3.99 (H, m, 8-H), 3.63 (3H, s, 17"-CH,),
3.61 (3H, s, 12-CH,), 3.43 (2H, m, 17°-CH,), 3.27 (3H,
s, 2-CH,), 2.72 (3H, s, 3'-CH,), 2.30 (4H, m, 17>-CH,?,
17'-CH,%, 17*-CH,", 17'-CH,"), 2.05 (2H, m, 17°-CH,),
2.01 (6H, m, 3°-CH,, 13°-CH,, 8'%, 8'"-H), 1.86 (2H, m,
175-CH,), 1.79 3H, d, /= 7.2 Hz, 7-CH,), 1.68 (3H, d,
J =6.2 Hz, 18-CH,), 1.6 (2H, m, 17"-CH,), 1.17 (6H,
m, 137-CH,, 3°-CH,), 1.11 (3H, m, 8°-CH,), and 0.16 (s,
NH), —0.13 (s, NH).

Conjugate of O-propyloxime-N-propoxybacterio-
purpurinimide with lysine methyl ester (3). The acti-
vated O-propyloxime-N-propoxybacteriopurpurinimide
ester (1 equiv, 25.2 pmol, 20 mg) was dissolved in 2 mL
of methylene chloride, and &-N-tert-butyloxycarbonyl
lysine (2 equiv, 50.4 umol, 13.8 mg) was added. The
reaction mixture was stirred for 24 h, after which a
twofold excess of trifluoroacetic acid was added, and
the reaction was left for another 24 h. The progress
of the reaction was monitored chromatographically
(R, = 0.6, CH,CL,/CH,OH, 35/1, v/v). The solvent
was removed in vacuo and compound 3 was purified
by preparative TLC (CH,CL,/CH,OH, 35/1, v/v). The
product yield was 10 mg (50%).

Mass spectrum, m/z: calculated for C, H N,O,
[M]": 838.47, found: 837.58.

"H NMR spectrum (8, ppm): 8.62 (H, s, 10-H), 8.52
(H, s, 5-H), 8.42 (H, s, 20-H), 8.17 (H, m, 17*-NH), 5.13 (H,
m, 17-H), 4.44 (4H, t, J = 6.5 Hz, 3*-CH,, 13°-CH,), 4.30
(H, m, 18-H), 4.17 (2H, m, 7-H), 4.00 (H, m, 8-H), 3.75
(2H, m, 17°-CH,), 3.66 (3H, s, 17"-CH,), 3.62 (3H, s,
12-CH,), 3.15 (2H, m, 17°-CH,), 3.28 (3H, s, 2-CH,),
2.73 (3H, s, 3'-CH,), 2.28 (4H, m, 17°-CH}?, 17'-CH},
17>-CH,?, 17'-CH,"), 2.06 (2H, m, 175-CH,), 2.00 (6H,

Photoinduced cytotoxicity of compounds 1, 9 and 10 in HeLa cells in vitro

Experiment options
Exposure in the presence Exposure without PS . .
LS i of PS in the incubation medium | in the incubation medium Dark cytotoxicity
IC,, value, nM
1 DPBP 111+£8 129 + 24 2141 £763
2 DPBP-BSO 20+£0.7 21£2 485+ 63
3 DPBP-MSO 16+1 20+ 5 563 +£258
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m, 3°-CH,, 13°-CH,, 8", 8'"-H), 1.86 (2H, m, 17°-CH),
1.8 3H, d, J= 6.9 Hz, 7-CH,), 1.68 (3H, d, J = 5.9 Hz,
18-CH,), 1.61 (2H, m, 17’-CH,), 1.18 (6H, m, 13’-CH,,
3%-CH,), 1.11 (3H, m, 8*-CH,), 0.08 (s, NH), and —0.22
(s, NH).

The complex of trimethyltin (IV) with &-/V-
Boc-lysine (5). Methyl ester of e-N-Boc-lysine 4
(1 equiv, 1 mmol, 260 mg) was dissolved in 4 mL of
acetonitrile, and 100 pL of triethylamine was added.
After 30 min, trimethyltin chloride (1 equiv, 1 mmol,
200 mg) was added and stirred for a day. The progress
of the reaction was monitored chromatographically.
Afterward, the reaction mixture was extracted in the
H,0/CH,CI, system to remove excess triethylamine,
and the resulting organic extract was chromatographed
using preparative TLC in the dichloromethane—
methanol system (20/1, v/v). The yield was 130 mg
(50%).

Mass spectrum, m/z: calculated for C _H, N.O,'"*Sn
[M]": 424.14 (100.0%), 422.14 (74.8%), 420.14
(42.2%), 423.14 (36.8%), 421.14 (29.3%), 428.14
(16.9%), 425.14 (16.7%), 426.14 (14.3%), 429.14
(2.8%), 416.14 (2.8%), 427.14 (2.3%), 418.14 (1.9%),
419.14 (1.3%); found: 424.14 [M]* (100%), 422.14
(74.1%), 420.14 (40.2%), 423.14 (32.1%), 421.14
(28.3%), 428.14 (15.9%), 425.14 (14.0%), 426.14
(14.3%), 429.14 (2.8%), 416.14 (2.8%), 427.14 (2.6%),
418.14 (1.9%), and 432.14 (1.3%).

Diphenyltin (IV) complex with &-N-Boc-lysine
(6). e-N-Boc-lysine methyl ester (1 equiv, 1 mmol,
260 mg) was dissolved in 4 mL of acetonitrile, and
100 pL of triethylamine was added; after 30 min,
diphenyltin dichloride (1 eq, 1 mmol, 343 mg) was
added and stirred for a day. The progress of the
reaction was monitored chromatographically.

Next, the reaction mixture was extracted in the
H,0-CH,CI, system to remove excess triethylamine,
and the resulting organic extract was chromatographed
using preparative TLC in the dichloromethane—
methanol system (30/1, v/v). The yield was 57 mg
(22%).

Mass spectrum, m/z: calculated for
C,H,,CIN,O,'"*Sn [M]": 568.12 (100.0%), 566.11
(78.7%), 567.12 (45.3%), 564.11 (40.2%), 565.12
(31.6%), 570.11 (28.4%), 569.12 (25.3%), 568.11
(21.4%), 570.12 (19.5%), 572.12 (17.5%), 569.11
(13.8%),571.12 (11.5%), 566.12 (7.4%); found: 566.32
(100%), 568.11 (70.7%), 567.12 (42.3%), 564.11
(36.2%), 565.12 (31.6%), 570.11 (28.4%), 569.12
(25.3%), 568.11 (21.4%), 570.12 (19.5%), 572.12
(17.5%), 569.11 (13.8%), and 571.12 (1.5%).

Synthesis of the tin (IV)-complex of e-Lys-DPBP
conjugate (7). Compound 2 (1 equiv, 0.01 mmol, 10 mg)
was dissolved in 4 mL of acetonitrile, and 50 pL of
triethylamine was added; after 30 min, trimethyltin

chloride (2.5 equiv, 0.025 mmol, 5 mg) was added
and stirred for a day. The progress of the reaction was
monitored chromatographically. Afterward, the reaction
mixture was extracted in the H,O-CH,Cl, system to
remove excess triethylamine, and the resulting extract
was chromatographed using preparative TLC in the
dichloromethane—methanol system (30/1, v/v). The
yield was 2 mg (20%).

Mass spectrum, m/z: calculated for C,;H, N, O.""*Sn
1002.44 (100.0%), 1000.44 (75.9%), 1001.44 (59.5%),
1003.44 (49.0%), 999.44 (41.9%), 998.44 (38.6%),
1006.44 (15.6%), 1004.44 (14.8%), 1004.45 (13.3%),
1002.45 (10.2%), 1007.45 (8.6%), 1005.44 (7.2%),
1003.45 (6.1%); found: 1001.44 (100%), 1000.44
(70.1%), 1002.44 (58.5%), 1003.44 (48.0%), 999.44
(41.9%), 998.44 (38.6%), 1006.44 (13.1%), 1004.44
(14.8%), 1004.45 (7.3%), and 1002.45 (5.2%).

Conjugate of O-propyloxime-N-propoxybac-
teriopurpurinimide with arginine (8). Conjugate 8 was
prepared from 20 mg of compound 1 by a procedure similar
to the preparation of dipropoxybacteriopurpurinimide
conjugates with lysine 2 and 3 to obtain activated DPBP
succinimide ester. The yield of the target compound 8
was 14.6 mg (73%).

Electronic spectrum, A, nm (relative peak
intensity): 368, 420, 544, 798 (1 : 0.50 : 0.37 : 0.44).

Mass spectrum, m/z: calculated for C, H N, O,
[M]*: 867.01, found: 867.6.

"H NMR spectrum (3, ppm): 8.50 (H, s, 10-H), 8.49
(H, s, 5-H), 8.36 (H, s, 20-H), 8.26 (3H, br.s, 17">-NH,
17-NH,), 7.37 (H, d, J = 8.5 Hz, 17*-NH), 7.14 (br.s,
17'%-NH), 5.07 (H, d, J = 9.5 Hz, 17-H), 4.49 (H, m,
17°-H), 4.41 (4H, t, J = 6.6 Hz, 3*-CH,, 13°-CH,), 4.28
(H, m, 18-H), 4.14 (2H, m, 7-H), 3.99 (H, m, 8-H),
3.64 (3H, s, 17°-CH,), 3.60 (3H, s, 12-CH,), 3.35 (2H,
m, 177-H ) 3.23 (3H, s, 2-CH,), 3.13 (2H, m, 17%-H),
2.69 (3H, s, 3'-CH,), 2.57 (2H, m, 17°-H), 2.31 (4H, m,
17*-CH}, 17'-CH}, 17,-CH,®, 17'-CH."), 1.99 (6H, m,
3%-CH,, 13%-CH,, 8'*, 8'*-H), 1.77 (3H, d, J = 7.1 Hz,
7-CH,), 1.67 (3H, d, J = 6.8 Hz, 1°-CH,) 1.16 (6H, m,
137-CH,, 3°-CH,), 1.08 (3H, t, /= 7.28 Hz, 8°-CH,), and
0.26 (s, NH), —0.02 (s, NH).

Conjugate of  O-propyloxime-N-propoxy-
bacteriopurpurinimide with L-MSO methyl ester
(9). Compound 1 (1 equiv, 35.9 pumol, 20 mg) was
dissolved in 1 mL of methylene chloride, and EDC
HCI (1.5 equiv, 53.8 pumol, 11 mg) was added, after
which the reaction mixture was stirred for 15 min
at 0°C. Next, a solution of L-MSO methyl ester
(4 equiv, 143.6 umol, 33 mg) in 1 mL of methylene
chloride was added, and the reaction mixture was
stirred for another 48 h in an inert argon atmosphere
without access to light. The product was extracted
with a 4% aqueous hydrochloric acid—chloroform
mixture (250/25, v/v), then the extract was purified
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by preparative TLC in dichloromethane—methanol
(45/1, v/v). The yield was 8 mg (40%).

Mass spectrum, m/z: calculated for C H, N,O.S
[M]*: 872.43, found: 872.38.

Electronic spectrum, A, nm: (relative peak
intensity): 368, 419, 543,798 (1 : 0.50 : 0.39: 0.42).

'"H NMR spectrum (5, ppm): 8.51 (s, H, 5-H), 8.44
(s, H, 10-H), 8.41 (s, H, 20-H), 5.04 (d, J = 8.7 Hz,
H, 17-H), 4.35 (m, 4H, -OCH,CH,CH,), 4.07 (m, 2H,
18-H, 7-H), 3.92 (m, H, 8-H), 3.58 (s, 3H, OCH,),
3.53 (s, 3H, 12-CH,), 3.2 (s, 3H, 2-CH,), 3.07 (s, H,
CH,-S-CH,-CH,-CH-), 2.72 (m, 2H, CH,-S-CH-),
2.64 (s, 3H, CH,-S), 1.97 (m, 2H, CH,-S-CH,~CH-),
1.71(d,J=7.1 Hz, 3H, 7-CH,), 1.63 (d, /= 7.0 Hz, 9H,
-OCH,CH,CH,, 18-CH,), 1.0 (t, /= 7.2 Hz, 3H, 8>-CH,),
0.1 (s, H, NH), and —0.2 (s, H, NH).

Conjugate of  O-propyloxime-N-propoxy-
bacteriopurpurinimide with L-(S,R)-BSO methyl
ester (10).The preparation of conjugate 10 from
25 mg of compound 1 was carried out similarly to the
preparation of compound 9. The yield was 9 mg (36%).

Mass spectrum, m/z: calculated for C H, N,O.S
[M]": 914.47, found: 914.69.

Electronic spectrum, A, nm (relative peak
intensity): 368, 420, 545,799 (1 : 0.47 : 0.34 : 0.46).

"H NMR spectrum (3, ppm): 9.06 (s, H, S=NH),
8.60 (s, H, 5-H), 8.53 (s, H, 10-H), 8.45 (s, H, 20-H), 5.12
(d, J= 8.5 Hz, H, 17-H), 4.44 (m, 4H, O-CH,-CH_~CH,),
4.33 (m, 3H, 13'-CH,), 4.17 (m, 2H, 18-H, 7-H), 4.00
(m, H, 8-H), 3.88 (m, 2H, O-CH,-CH,-CH,), 3.66 (s,
3H, O-CH,), 3.62 (s, 3H, 12-CH,), 3.29 (s, 3H, 2-CH,),
3.24 (t, J = 7.4 Hz, H, NH-CH), 2.73 (d, J = 7.6 Hz,
7H, CH,-S-CH,, 3'-CH,), 2.71 (m, 2H, 17*>-CH,), 2.33
(m, 2H, 8'-CH,), 2.04 (m, 2H, NH-CH-CH,), 1.79
(d, J=7.3 Hz, 3H, 7-CH,), 1.70 (d, J = 6.8 Hz, 9H,
O-CH,-CH,-CH,), 1.26 (s, 2H, S-CH,~CH,-CH,-CH,),
1.18 (m, 2H, S-CH,-CH,-CH_—CH,), 1.09 (t, /= 7.3 Hz,
3H, 8-CH,), 0.89 (s, 3H, (CH,)),~CH,), 0.15 (s, H,
NH), and —0.14 (s, H, NH).

Investigation of the photoinduced activity of
compounds (9) and (10) in vitro.

Cytotoxicity was assessed using the standard
MTT test. The cells were cultured under standard
conditions at 37°C in a humidified atmosphere with 5%
CO, in DMEM medium supplemented with L-glutamine
(2 mM) and fetal calf serum (10%, PanEko, Russia).
Photoinduced efficacy was assessed as follows:
HeLa cells were seeded in a 96-well flat-bottomed
microtiter plate (Costar, USA). Test compounds
were added 24 h after inoculation. The concentration
varied in the range of 0.05-28.00 uM. Subsequently,
the cells were irradiated with a halogen lamp through

a KS-19 broadband filter that transmits light with a
wavelength of more than 720 nm. The power density
was 21.0 £ 1.0 mW/cm?, and the calculated light dose
was 10 J/cm? Irradiation was performed with and
without the removal of PS from the medium. After
irradiation, the cells were incubated under standard
conditions for 24 h. To analyze the PS cytotoxicity,
the cells were placed in darkened conditions for 24 h.
The survival rate was assessed by visual inspection
and colorimetry using the MTT test. Inhibition of cell
growth by more than 50% was considered biologically
significant. This value was calculated as the mean of
three independent tests.

CONCLUSIONS

In the present work, several conjugates of
O-propyloxim-N-propoxybacteriopurpurinimide with
amino acids and their derivatives, such as lysine,
arginine, MSO, and BSO were prepared. The structure
of all the obtained compounds was reliably confirmed
by a complex of physicochemical methods of
analysis. The chelating ability of the DPBP conjugate
with lysine was shown, and the Sn(IV) complex was
obtained. Biological tests were carried out, and the
high photoinduced cytotoxicity of DPBP derivatives
with MSO and BSO was shown.
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Method of electrochemical biotesting for comparative analysis
of probiotic and antibiotic properties of various plant extracts

Vladimir S. Sibirtsev?, Ulyana Yu. Nechiporenko

All-Russia Research Institute for Food Additives, Saint Petersburg, 191014 Russia
@Corresponding author, e-mail: vs1969r@mail.ru

Objectives. The purpose of this study was to develop an objective instrumental method for
assessing microbial contamination and expressing the probiotic and antibiotic properties of food,
pharmacological, and other products.

Methods. The developed method consists of periodic (every 2 h) registration of changes in pH,
redox potential, and electrical conductivity of a liquid nutrient medium incubated in the presence
and absence of viable test microorganisms and test samples.

Results. Using liquefied CO, from 10 different types of plant materials, we carried out a
comparative analysis of probiotic and antibiotic activities against Lactobacillus acidophilus of
various concentrations of subcritical whole extracts obtained.

Conclusions. Among the studied plant extracts, the most active prolonged antibiotic properties
were exhibited by extracts from the leaves of Eucalyptus globulus Labill. and seeds of Illicium
verum Hook.f. at a concentration in the test medium (C,) more than 3 vol %, whereas the most active
prolonged probiotic properties were exhibited by an extract from the herb of Mentha arvensis L.
at C,, = 0.2 vol %. In most cases, the initial antibiotic activity of the tested extracts (TEs) was
greater than their prolonged activity. Also, the mid-term (in terms of TEs interaction time with
test microorganisms) antibiotic activity of TEs was intermediate in value between their initial
and prolonged activity. In the test medium, the decreasing concentration of TEs decreases
their antibiotic activity monotonically and increases their probiotic activity, suggesting that the
biological activity of products, including various plant extracts, is largely determined not only by
the raw material and the method of extracting biologically active substances from it but also by
the concentration of the extract in the product and by the interaction time of the said product with
microbiota and others. In most cases, a significant number of tests could establish the exact nature
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of these dependencies. The proposed method is much more rapid, objective, and informative and
less laborious and material-intensive than using standard microbiological methods in assessing
the initial microbial contamination and the probiotic and antibiotic properties of various samples
of both the new and already approved pharmaceuticals, foods, and other products, as well as
the individual ingredients and additives.

Keywords: microbiological biotesting, antibiotic properties, plant extracts, microbiological
contamination, electrochemical methods
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HAYYHAS CTATHA

MeToauka 3J1eKTPOXUMHYECKOT0 OMOTECTUPOBAHMS
JIJI51 CPABHUTEJILHOTO AHAJIM3A NPO- 1 AHTUOMOTUYECKUX CBOMCTB
PA3JIMYHBIX IKCTPAKTOB

B.C. Cubupuer?, ¥.10. HeuunopeHko

Bcepoccuiickuil  HQy4HO-UCCIe008amenbCkull. uHemumym nuuesblx oobasox, Cankm-Ilemepbype,
191014 Poccusi
@ Aemop ona nepenucku, e-mail: vs1969r@mail.ru

Ienu. Pazpabomams bbicmpyto U 06beKMUBHYIO UHCMPYMEHMANTbHYI MEMOOUKY OUEHKU MU-
KpOoOHOUL obcemeHeHHOCMU, A MAKIKE NPOo- U AHMUOUOMUUECKUX C8OTICME pAa3UUHbLX 00pa3yo8
nuweeoti, hapmarosiozuueckoli U UHOU NPOOYKYUUU.

Memoout. PaspabomaHHast MemoouKa 3aKaouaemest 8 nepuoouueckoll (uepes Kaxooie 2 u) pe-
sucmpayuu usmeHeHutl pH, pedokxc nomeHyuana u a1eKmponpo8ooHocmu sKUOKOU numamesio-
HOUL cpeldbl, UHKYOUpYeMOoll 8 npucymemeuu U 8 0mecymcemaue KRKU3IHeCcnoCoOHbLX Mecmosblx Mu-
KPOOP2aHU3MO8 U mecmupyemblx 06pasyos.

Pesynomamet. C nomowbro npedcmaeieHHOU MeMOOUKU NPOBEOEéH CPABHUMENbHbLU AHAUS
npo- u aHmubuomuueckoii akmusHocmu ¢ omHoweHuu Lactobacillus acidophilus pasHbix KOH-
UEHMPAUULL YeSlbHbIX OOKPUMUUECKUX SKCMPAKMOE, NOLYUEHHBLX C NOMOULbIO cokuskeHHozo CO,
u3z 10 pasauuHbLx U008 PACMUMENBLHO20 CblPbSL.

Buteoout. [IposedeHHble UCCAe008AHUSL NOKA3AIU, UMO Ccpedu UCCe008AHHbBLX PACMUMENbHBLX
aKempaxmos Haubosiee aKkmugHble NPOJIOH2UPOBAHHbLE aHMuUbUOMuUUecKue ceolicmeaea NPosi8uUU
aKCmMpPaKmeol U3 aucmoes sgKanunma uaposuorozo (Eucalyptus globulus Labill.) u cemar 6adwvsi-
Ha Hacmosuwezo (Illicium verum Hook.f.) npu ux KoHuermpayuu 8 mecmosoti cpede (C,,) 6orvue
3 00.%; a Haubosee aKxmugHble NPOJIOH2UPOBAHHblE npobuomuueckue cgolicmea Nposieusl IKC-
mpaxkm u3 mpagel mamet nyzoeoil (Mentha arvensis L.) npu C, = 0.2 06.%. HauanvHas aHmu-
buomuuecKkass AKMUBHOCMb MeCmupo8aHHblx skcmparxmos (T3) e boavuwuHcmee cryuaes dolna
bonbue UX NPOSNOH2UPOBAHHOU akmueHocmu. B mo epemsi kak cpedHecpouHas (no epemeHu
ezaumodeticmeaust TO ¢ mecmogbiMU MUKPOOP2AHUIMAMU) aHMUbOUOMUueckas akmugHocmes TO
KaK npasusio 6bL1a NPOMEIKYMOUHOU NO 8eAUUUHE MEIKOY UX HAUAIbHOU U NPOSIOH2UPOSAHHOU
axmueHocmbeto. IIpu smom ¢ ymeHovweHuem KoHueHmpauyuii TS @ mecmosoti cpede ux aHmubuo-
muuecKkast akmugHOCmMb MOHOMOHHO YMEeHbULAIACL, A NpoduoMmuUUecKas aKmugHOCMb Yeenuuu-
eanace. Takum o6pasom ouesuoHo, umo buo02uUecKast AKMuU8HOCMb NPOOYKYUU, 8Karouarouell
Pa3nuuHble pacmumenibHble 9KCmpaKmul, 8 3HAUUME/IbHOU cmeneHu onpedesisiemest He moJibKo
CbLPLEM U CNOCOBOM IKCMPALUPOBAHUSL U3 HE20 OUO002UUeCKU AKMUBHbIX 8eujecms, HO U KOH-
yeHmpayueli s3KcmpaKma 8 NpooyKyuu, a makiKe spemeHem e3aumoodeticmaust YnomsHymou
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npooykyuu ¢ mukpobuomoti u m.n. Ipuuem mouHwblil xapaxmep smux 3asucumocmeil 8 601b-
wuHecmee cayuaes moxKem 6blmsb YCMaHO8NeH UL C NOMOULLIO 3HAUUMESIbHO20 UUC/IA MEeCMO-
eblx ucnoimaHuil. IlocneorHue yoobHO NpPoeooums ¢ NOMOUWLIO npedcmasieHHOolU 8 amoll pabome
MemoouKuU, Komopask No3eossiem cyuiecmeeHHo bosiee bblempo, 06beKmu8HoO U UHPOPMAMUEBHO,
a makKoKe cyulecmeeHHo meHee mpyooémMKo U MAMEPUANIOEMICO, UeM NPU UCNOTb308AHUU CIMAH-
0apmMHBLX MUKPOOUOSI02UUECKUX MEMOO08, OUeHUBAMb UCXOOHYIO MUKPOOHYO 0bcemeHeHHOoCMb,
a maroke npo- u aHmubuomuueckue ceolicmea pasiuuHblX 06pasyoe KarK HO8ol, maK U yxe
JonyweHHol K ynompebneHuto npooyKyuu, a makike omoesbHblX UHzpedueHmo8 U 006a80K K

OHO1L.

Knroueevle cnosa: 6uomecmupoeauue Munpo6u0ﬂozuuecrcoe, aHmubuomuueckKue ceozicmea,
aKempaxkmol pacmumeJibHble, .M.U.K?pO6Ha&t O6C€M€HeHHOCTnb, asleKkmpoxumuuecKue Mmemoobl

Mna yumupoeanusn: Cubupues B.C., Heunnopenko Y.}O. MeTonuka 31eKTPOXUMHYECKOTO OMOTECTUPOBAHUS
JUISL CPAaBHUTEIHBHOTO aHAJIN3a IIPO- M AaHTHOMOTHYCCKUX CBOUCTB Pa3IMYHBIX SKCTPAKTOB. TOHKUE XUMUUECKUe MEeXHOI02UU.
2020;15(6):34-43. https://doi.org/10.32362/2410-6593-2020-15-6-34-43

INTRODUCTION

The development of objective, fast, and
available for a wide range of applications methods
for the quantitative assessment of the probiotic and
antibiotic properties of a large number of samples of
new and approved-to-use products in pharmaceutical,
cosmetic, food, feed, and other sectors of the national
economy is becoming increasingly important. The
abovementioned methods are one of the important
components of the product quality and safety
monitoring system. In the implementation of the
abovementioned methods, both multicellular and
unicellular test living organisms are used. Unicellular
living organisms are used both because of they are the
cheapest, available and statistically reliable model of
living organisms, in general, and because they are also
the model of useful natural human microbiota and
natural microbiota that can cause various infectious
diseases, toxicosis, allergic reactions, and contribute
toward the spoilage of food and other products.

However, more time, materials, and labor
of qualified personnel are required in standard
microbiological testing (visual assessment of the
overall survival of microorganisms or the size of the
zone of growth retardation of their colonies), resulting
in incomplete, subjective, and static information on
disorders of the vital functions of test organisms
[1-3]. Thus, the use of instrumental technologies in
microbiological testing seems promising. Among
them, optical and electrochemical methods are simple
in execution, reliable, and universal.

In products manufactured and consumed
by human society, there is an increasing lack of
biologically active substances (BAS) of natural
origin that contribute to the normal development and

functioning of the human body (the human body is only
weakened by stresses, presence of various physical
and chemical factors of environmental pollution,
lack of natural lighting and physical activity, and
contacts with numerous extraneous microbiota, etc.)
and symbiotically associated beneficial microbiota,
or suppress microbiota’s vital activity that is harmful
to humans.

Because of the complexity of achieving the
desired degree of purity, stereospecificity, and other
parameters, the production of concentrated synthetic
analogs of BAS at the current level of technology
development to achieve a sufficiently high degree
of biological activity of such compounds is costly
and ineffective. In addition, BAS of natural origin
has significantly lower side effects in terms of the
spectrum width and intensity of action to humans
and other living organisms compared with synthetic
agents. Main sources of BAS that are used as
functional additives to pharmaceuticals, foods, and
other products are extracts and essential oils obtained
from various plant materials.

Essential oils obtained by distillation or cold
or hot pressing of plant raw materials [4] give
the opportunity to achieve a significantly greater
and stable biological activity of the final product
compared with aqueous, alcoholic, and other plant
extracts (PEs) obtained without removing extractants.
Therefore, essential oils are now widely used as (i)
additives to foods, pharmaceuticals, cosmetics, and
other products, which have selective or low-specific
promicrobial or antimicrobial actions, (ii) additives
with various types of normalizing action used, inter
alia, in the treatment of various diseases, and (iii)
preserving, antioxidant, aromatizing, flavoring,
and other types of additives [3, 4-13]. In addition,
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essential oils are used as antiseptics, environmental-
friendly insecticides and pesticides, and additives to
various dental, wound-healing, and other medical and
packaging materials [5, 14-19].

However, only sufficient volatile and thermostable
substances can be extracted from raw materials by
distillation, and only a little yield of the final product
is achieved by pressing, which is too critical to the raw
materials. Therefore, recently the extracts obtained
from plant materials via the subsequent removal of
the extractant from the final product by increasing
temperature and lowering pressure are used instead
of using essentials oils. Currently, PEs obtained using
liquefied carbon dioxide (CO,PE) as an extractant
are the most common. Liquefied carbon dioxide is
then completely removed from the final product by
changing the pressure and temperature of the latter
[20-26].

Particularly, Biozevtica (Dedovsk, Moscow
oblast, Russia)' not only has developed but also put
into production, followed by a fairly widespread
sale, a whole line of yogurts, mayonnaise, vegetable
and butter oils, spicy mixtures (dry, fat, or water-
soluble), juices, lemonades, and other products with
additives of various CO,PEs (which is also produced
by Biozevtica).

In comparison with essential oils, CO,PEs
have a significantly wider variety of BAS included
in their composition. If the extraction is carried out
with pressure above 7.6 MPa and a temperature of
the carbon dioxide (CO,) below 31°C, the extracts
are called “subcritical.” Otherwise, the extracts
are called “supercritical” because the CO,, being
in a supercritical state, exhibits both the liquid and
gas properties. Besides, CO,PEs are categorized
into “selective” (obtained at low CO, pressures and
having a composition closer to essential oils) and
“whole” (obtained at high CO, pressures). In addition
to volatile components common for essential oils,
whole subcritical CO,PEs (the richest in various
BAS) contain heavier plant resins, paraffins,
pigments, and others and have more viscous pasty
consistency compared with “ordinary” essential oils;
however, they are easily dissolved by both ethers and
vegetable oils (although, in some cases, slight heating
is required to dissolve them).

The purpose of this study was to develop a quick
and objective instrumental method for assessing the
microbial contamination and expressing the probiotic
and antibiotic properties of various products, as well
as individual ingredients and additives, followed by a
comparative analysis using the developed method for
the influence of various PEs on the dynamics of the
human microbiota.

! URL: https://biozevtika.ru. Accessed October 06, 2020.

MATERIALS AND METHODS

We took whole subcritical extracts produced
by Kazanskii zavod ekstraktov (Kazan, Russia)?
using liquefied CO, at a pressure of 7.3 MPa and a
temperature of 20°C from the following types of plant
materials: leaves of southern blue gum (Eucalyptus
globulus Labill.) (No. 1), clove buds (cloves,
Syzygium aromaticum L. Merr. & L.M. Perry) (No. 2),
ginger roots (Zingiber officinale Roscoe) (No. 3),
shoots of common sage (Salvia officinalis L.) (No. 4),
creeping thyme herb (thyme, Thymus serpyllum L.)
(No. 5), oregano herb (Origanum vulgare L.) (No. 6),
field mint herb (Mentha arvensis L.) (No. 7), shoots
of rosemary (Rosmarinus officinalis L.) (No. 8), star
anise seeds (star anise, //licium verum Hook.f.) (No. 9),
and cardamom green seeds (Elettaria cardamomum
L. Maton) (No. 10). This plant was chosen because it
is currently the largest producer in Russia of CO,PEs,
which are used as sources of dietary supplements in
medicine, veterinary medicine, cosmetic and food
products, household chemicals, etc. Raw material No. 1
was obtained from Australia; raw materials Nos. 2, 3,
and 8-10 were from India, and raw materials Nos. 4
and 5-7 were from Russia (Krasnodar krai and Kazan
precincts, respectively).

On the basis of the existing our developments on
various methods of instrumental biotesting [27-33],
to analyze the effect of different concentrations
of the tested extracts (TEs) on the dynamics of the
vital activity of microorganisms, we developed the
method, as described in the following.

Four series of measurements were carried out for
each batch of TE, and before the beginning of each
batch, a nutrient medium was prepared, which was a
sterile aqueous solution with pH 7.2 £ 0.2, containing
5-g/L glucose, 20-g/L protein hydrolyzate, and 2-g/L
NaCl. The nutrient medium was then inoculated with
Lactobacillus acidophilus ATCC 4356, which were
selected as typical representatives of the microbiota
because they are widespread both outside and
inside the human body and other living organisms,
which are actively participating in the destruction
of various biopolymers, and also because they are
widely used by humans in many biotechnological
processes, including bioconservation, ensiling, and
obtaining various fermented milk products. Then, the
mentioned culture medium with test microorganisms
was incubated at 37.0 £ 0.1°C until the content of viable
microorganisms reached approximately 5 x 10° cells/mL,
which was verified by a nephelometric method using
a bacterial turbidity standard.

The obtained test medium was poured into the
test measuring capacities (MCs), in which the amount

2 URL: https://extract.market. Accessed October 06, 2020.
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of TE required to achieve its specified concentration
in the test medium was previously added each (three
MCs in parallel). In this case, we used the following
as control (which was also placed in the MC in
triplicate): a test medium with viable microorganisms
without TE (control-1) and a solution with a given
concentration of TEs in a sterile nutrient medium
(control-2).

Then both the test and all control MCs were
incubated at 37.0 £ 0.1°C for another 6 h. The pH,
redox potential (E, mV) and specific linear low-
frequency electrical conductivity (X, mS/sm) values
of the test media contained in each of the MCs were
sequentially recorded with an interval of 2 h. In
this case, the pH and E values were recorded using
an Expert-001 ionomer (Econix-Expert, Moscow,
Russia)® with combined electrodes ESK-10601/7 and
ERP-105, whereas the values of X were recorded
using an Expert-002 conductometer (Econix-Expert)
with a sensor UEP-P-S operating at a frequency of
1.6 kHz.

After that, we calculated the total degrees of
activation (+) or inhibition (=) of the vital activity
of test microorganisms by the given concentrations
of the tested samples after & hours of their joint

incubation in a liquid test medium (¢,,, %) by the
following Equation (1):
€, = (€, 10.7e,, + 0.7¢, /2.4 (1)

The values of ¢ ot Epp and ¢, were determined
separately from pH E, and X Values of the test
media in the MC during the incubation of these MC
according to the following Equation (2):

g, = 100 x (AYr,, —AYe,)/AYc,, )

The index i shows the measurements for which para-
meter (pH, £ or X) were taken into account in Equation (2):
for example, € s = 100 x (AYep,, - AYc )/AYc

The Values of AYt,, and AYc, were determmed as
averaged over a sarnple of N samples with the same
concentrations of extracts prepared in the same way
from one type of raw material (in our case, N=3 x 4 =12),
changes in the values of the i-parameter of the test
medium (pH, E, or X) that occurred k hours after the
start of incubation of this medium in the presence
of a given concentration of TE (AY? observed in the
test MC) or in the absence of TE (AYc observed in
control-1 MC). For example, AYtpH’2 = pH., - pH,,

3 URL: http://ecosolution.ru. Accessed October 06, 2020.

and AYe,, = X, — X, (where pH_  is the pH value
of the medium in the test MC at the beginning of its
incubation, pH_, is the pH value of the medium in test
MC 2 h after the start of its incubation, X  is the X
value of the medium in control-1 MC at the beglnmng
of incubation, and X, is the X value of the medium in
control-1 MC 4 h after the start of incubation).

The error in determining each of the averaged
quantities ¢ ot Epp and ¢, was calculated in a
standard way [34-36]. On the basis of the standard
formula Az(x) = X(Ax06z/8x) [34-36], the total
error in determining the value ¢, was calculated as
Ag, =(Ag, +0.7Ag, + 0.7A¢,)/2.4.

To assess the general degree of activation or
inhibition of the vital activity of test microorganisms
by the given TE concentrations, we chose the
parameters pH, £, and X because they are most
reliably measured instrumentally and, at the same
time, sensitive enough to be used in controlling the
acceleration or deceleration of conversion by viable
microorganisms present in the test medium and
catabolites present in the same medium into anabolites
after k& hours of incubation of the mentioned test
medium in the presence of TE as compared with the
control, in which TE is absent. The sensitivity is due
to the transformation of catabolites into anabolites
by microorganisms, which significantly changes the
acidity, electrochemical redox potential, and electrical
conductivity of the test media.

The legitimacy of combining three quantities € ,
g,,and € into one parameter £, can be explained by the
fact that each of these quantities was independently
normalized to the control values of its defining
indicator and, thus, uniformly (percentage relative to
the control) reflected the change in metabolism test
microorganisms in the presence of TE, at the same
time characterizing this change somewhat differently,
because changes in pH, E, and X in the test medium
caused different metabolic processes carried out by
the presence of viable microorganisms. As a result,
the total value of ¢, characterized the changes in
the metabolic activity of test microorganisms more
informatively and adequately than each of the values
of ¢ . &,, and g, separately.

The latter is confirmed by the fact that for ¢,
there was a 90% significant correlation with the
change in the number of colonies forming units of
test microorganisms, which is determined using the
standard method [1-3, 37, 38].

With the proposed method, it is possible to
determine the microbial contamination (C,,) of
the tested samples. For this, the calculation is
performed similarly to Equations (1) and (2), where
AYt is determined for control-1 MC and AYc for
control-2 MC. The obtained C|, value is multiplied
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by the calibration factor, determined previously on
the basis of comparing the results obtained using
the proposed method with the results obtained for
the same concentrations of the same TEs using the
aforementioned standard microbiological testing
method. In this case, the resulting C,; value will
show how many viable microorganisms were initially
present in the test sample. Moreover, if the test samples
are incubated in selective nutrient media instead of
the “general accumulative” nutrient medium used in
this study, then the proposed method can be used to
determine both the total microbial contamination of
these samples and the contamination of individual
species and strains of microorganisms.

RESULTS AND DISCUSSION

The table and figure present the most interesting
data obtained by the proposed method concerning the
objects of this study.

As can be seen in the figure, in the change in the
concentration of TEs in the test medium (C,,), the
nature of both probiotic and antibiotic activities can
change quite significantly.

TEs obtained from different parts of different
plants also had different probiotic and antibiotic
activities. This is particularly seen in, for example,
comparing the antibiotic activity of extracts obtained
from the leaves of eucalyptus globular, oregano herb,

The total degree of activation (+) or inhibition (—) of the vital activity of Lactobacillus acidophilus
(g,,» %), determined after 2, 4, and 6 h of their incubation in a liquid nutrient medium
in the presence of different amounts of whole subcritical extracts obtained using liquefied CO,

from various plant materials (CO,PE)

No. of raw material
Biological activity
1 2 3 4 5 6 7 8 9 10
conc. CO,PE 3.0 vol %
€5 Yo -84 —44 =51 -60 =51 =51 —42 —65 —63 —58
€4 o =77 —42 —47 =53 —40 =53 =30 —58 —58 53
€, %0 —67 =37 —42 —42 =37 —49 28 47 =53 —49
conc. CO,PE 1.5 vol %
€5 Yo 24 -13 -15 17 -15 -15 -12 -19 -18 -17
€, %0 22 —-12 -13 -15 —-12 -16 -9 -17 -17 -15
€, Yo -19 -11 —-12 —-12 -11 —-14 -8 -13 -15 -14
conc. CO,PE 0.5 vol %
€, % 15 22 20 22 20 18 16 18 16 20
g, % 5 8 7 8 7 6 5 6 5 7
€ Yo -10 -7 -5 -7 —6 =5 -4 =5 -5 —6
conc. CO,PE 0.2 vol %
€, Yo 28 26 32 38 32 33 52 41 39 36
€4 Yo 26 28 29 33 25 32 48 36 36 33
€, %0 23 26 26 26 23 31 42 29 33 31

Note. See the Materials and Methods section for the method in determining &

. and the corresponding raw material Nos. 1-10 used

to prepare the tested extracts. The relative error in determining €, for all values indicated in the table was in the range from 10 to 20%.
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&v,% : (d)

9 10

Comparative biological activity of the tested extracts (TEs)
against L. acidophilus at different TE concentrations in the
test medium (a: 3.0 vol %; b: 1.5 vol %; c: 0.5 vol %;

d: 0.2 vol %). The ordinate shows the €, (%) values
determined for TE based on the results of measuring the
pH, redox potential, and electrical conductivity of liquid
nutrient media with L. acidophilus after 2, 4, and 6 h
of incubation according to Equations (1) and (2). The
abscissa shows the number of raw materials from which
TEs were obtained.

and meadow mint grass, where at C,, = 3 vol %, the
values of g, were —67 + 8%, —49 + 6%, and —28 + 4%
(see table for extracts Nos. 1, 6, and 7). Also, this
is seen as well in comparing the probiotic activity
of the same extracts, where at C . = 0.2 vol %, the
values of €,, were 23 + 3%, 31 + 4%, and 42 + 5%,
respectively).

Among the extracts studied, the most active
prolonged  (long-term)  antibiotic  properties
(quantitatively characterized in the table by the value
of €60 determined after 6 h of incubation of test
microorganisms in the presence of TE) were shown
by extracts from the leaves of eucalyptus globular
and seeds of star anise with C,, > 3 vol % (see table
for extracts Nos. 1 and 9). The most active prolonged
probiotic properties were shown by an extract from
the herb of meadow mint at C, . = 0.2 vol % (see table
for extract No. 7).

In most cases, the initial (short-term) biological
activity of TEs (quantitatively characterized inthe table
by the value of ¢, determined after 2 h of incubation
of test microorganisms in the presence of TEs) was
significantly greater than their prolonged activity.

This was probably because of both the adaptation of
the test microorganisms to the presence of TE and a
decrease in the activity and the total amount of BAS
contained in TE per cell of the test microorganism
over time. Moreover, the latter took place because
the total number of cells of microorganisms increased
during incubation of the test medium containing
them, whereas the activity and total amount of BAS
contained in TE decreased during incubation because
of biochemical and physicochemical denaturation
and destruction of the mentioned BAS.

The medium-term (in terms of the interaction
time of TE with the test microorganisms) biological
activity of TE (quantitatively characterized in the
table by the value of ¢, ,, determined after 4 h of
incubation of test media with TE) was intermediate
in value between ¢, and ¢, and only sometimes (as,
for example, in the case of extracts Nos. 2 and 9 with
Cye = 1.5 vol %) exceeded both ¢, and ¢, of the
same TE (see table and figure).

The decrease in TE concentrations in the test
medium decreased their antibiotic activity against
test microorganisms significantly and monotonously
and increased, on the contrary, their probiotic activity.
For example, at C,, = 3.0, 1.5, and 0.2 vol %, the ¢,
values for the extract from the leaves of the globular
eucalyptus were —67 = 8%, —19 £+ 3%, and 23 £ 3%,
respectively, and the values of ¢, for the extract from
the herb of meadow mint were —28 + 4%, —8 + 1%,
and 42 + 5%, respectively (see table for extracts Nos.
1 and 7).

The indicated effective concentrations of
TEs turned out to be significantly higher than, for
example, the widely used synthetic antiseptic with
a broad spectrum of action, such as chlorhexidine
bigluconate (CHG), which we studied in the form of
a 0.05% aqueous solution manufactured by Rosbio
(Russia) [29], which already at C ., = 0.0001 and
0.001 vol % showed ¢,, = =35 £ 5% and —1 = 6%
for L. acidophilus. However CHG is not intended
for internal use, and the advantages of PEs over
antibiotics have already been discussed above. On the
basis of these data, the method of rapid instrumental
microbiological testing can be successfully used to
assess the probiotic and antibiotic properties of not
only PEs but also many other drugs and materials
(including those obtained synthetically).

CONCLUSIONS

With the proposed method, it is possible to
assess the initial microbial contamination much more
quickly (within a few hours, not days), objectively,
and informatively than using standard methods, as
well as to determine the effect on the dynamics of life
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activity of test microorganisms of samples of various
products (for example, PEs).

The greater objectivity of the proposed
technique is achieved by reducing the role of the
subjective human factor when replacing visual
methods with instrumental ones in the measurement
process. We achieved greater information content
of the proposed technique because of the following.
Firstly, instrumental measurement methods are more
sensitive than visual ones used in standard methods.
Secondly, the proposed method makes it possible to
assess the dynamics of changes in the vital activity of
microorganisms over a set of arbitrarily selected time
intervals, in contrast to standard procedures, where
measurements are made only once, at the end of the
incubation period of the tested samples. Thirdly, the
proposed method involves assessing changes in the
vital activity of microorganisms at once by several
independent indicators (such as pH, redox potential,
and electrical conductivity of the test medium),
and not just one (turbidity of the test medium, the
number of colonies of microorganisms, or the size of
the zone of their growth inhibition), as in the case of
using standard techniques. The technique presented
here uses fewer materials and is less labor-intensive
compared with similar standard methods and also
provides many more opportunities for automating the
entire analysis process.

All this makes the presented technique much
more accessible for mass use than the previously
used standard methods of microbiological testing and
assessment of microbial contamination of samples of
various products, which is very relevant because one
of the important conditions for ensuring the proper
level of safety and quality of life of people is not only
timely and qualitative testing of the probiotic and
antibiotic properties of new products and individual
ingredients and additives to them but also constant
wide monitoring of microbial contamination, as well
as probiotic and antibiotic properties of products
already admitted for mass consumption to identify
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Objectives. This work aimed to develop technology to produce biodegradable hybrid composite
(BHC) films based on low-density polyethylene (LDPE) 115030-070 and thermoplastic starches
(TPS) of various origins (corn, pea, and rice), with distilled monoglycerides as the plasticizer.
The properties of the produced BHC films were studied and the optimal native starch : glycerol :
monoglycerides ratio is proposed.

Methods. TPS and BHC films based on this material were produced from different types of native
starches in laboratory extruders (Brabender and MashPlast, Russia), and the extruded melts
were subjected to ultrasonic vibrations. The structure and appearance of the BHC films were
studied using scanning electron microscopy and rheology. Their biodegradability was assessed
by immersing them in biocompost for three months. To evaluate the mechanical performance of the
BHC films produced with and without ultrasound, the changes in tensile stress and elongation at
break were determined during the biodegradation process.

Results. The BHC films had a homogeneous structure, except small agglomerates (non-melted
starch grains), which did not reduce their quality. The films with monoglycerides had high tensile
strength, which was comparable with low-density polyethylene. After removing samples of the
BHC films from the biocompost, their tensile strength decreased by 20%, which shows their
biodegradability.

Conclusions. The produced biodegradable composite films and the technology used to produce
them will be applicable for the packaging industry to reduce environmental impact.
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HAYYHAS CTATbHA

Pa3paboTka TexHOoI0run MoJIydeHusi 0Mopas3iaraeMbIX KOMIIO3ULMIA

Ha OCHOB€ IMOJIMITHJICHA, KPpaxXMaJia 1 MOHOIVIMIEPUI0B

H.I0. BacuareB®, B.B. AHanbeB!, B.B. KoanakoBa?, A.C. CapaxBeaan3e?

Mockosckuii nonrumexHuueckuil ynusepcumem, Mocksa, 127008 Poccus

?Bcepocculickuli HayuHo-ucciedoeamenbCkuli uHcmumym kpaxmanonpooykmos, Kpackoeo,

Mockosckas obnacms, 140051 Poccus
@Aemop ona nepenucku, e-mail: iljanaras@yandex.ru

Ienw. CosepuieHcmeo8aHUE MEXHON02UU CO30AHUSL OUOI02UUECKU paspyuldemblx 2UOpuUoHbLX
romnosuyuil (BI'K) Ha ocHoge noausmuneHa Huskoll niomHocmu (II9HII) 11503-070 u mepmo-
NIACMUYUHBLX KPAXMAN08 PA3UUHO20 NPOUCXOAKOEHUS (KYKYPY3bl, 20p0XaA, PUCA) C HOBbIMU NAA-
cmuguKkamopamu — MOHOAUUEPUOAMU OUCTMUSNTUPOBAHHLIMU. Paspabomika mexHoioeuueckoll
cxemwul npousgoocmea BI'K. ITonyueHue u uccnedogarue ceoticma 6uUoioeuueck paspyuloemblx
KOMNO3UYUOHHBLX NIEHOK, NIACMUPUUUPOBAHHBIX CMECHH OUCMUNNUPOBAHHBIX MOHORAUUEPU-
0oe u enuyepuHa. Belbop onmumanbH020 COOMHOUEHUSL HAMUBHbBLU KPAXMAT | 2TUUEPUH | MOHO-
2nuyepuobt.

Memooust. TepmoniacmuuHblil KpaxXmai U KOMNOSUYUOHHbLE NAIeHKU NOAYUAAU HA OCHO8e Ha-
MUBHbIX KPAXMAL08 PA3HBIX 8U008 8 1abopamopHbix skcmpyodepax ¢pupm «BpabeHoep» u «Mawu-
IThacm» (Poccust), npu smom skempyoupyembulil pacniag KOMNo3UyUL noogepeanii 8030eticmeauro
Yyaempaszeyrosulx Konebaruli. Bouia usyueHa cmpykmypa KOMNO3UMHbBLIX NIEHOK MemoooM
CKaHUpyrowell 31eKmpoHHOU MUKPOCKONUU, A Makske ux peosioeuueckue XapaKmepucmuru.
IIposedera oueHKa opeaHOeNMUUECKUX C80licme KOMNOo3UmMHbLX nieHok. CnocobHocms Kk 6uUo-
PA3NI0IKEHUID KOMNOSUMHBLX NAEHOK OUEHUBAIU NPU NOMOULU NOZPYIEHUSL UX HA MPU MeCaUa
8 buozymyc. [ns oueHKuU sKcnayamayuoHHblx ceoticme BI'K, do u nocnie npouecca 6uopasnioxe-
HUsl, onpedensnu paspyularoujee HanpsikKeHue npu pacmsiokeHul U omHocumeibHoe YonuHeHUe
npu paspulee, npuuem oueHka bbLia npogedeHa U 0Jis1 NJIEHOK, Komopble nodgepeasiu e030eli-
cmeuro ysiempassyka.

Pesynomamet. ol 0ocmuzHym noA0sKUMebHbLi 9¢pghexm om ucnonb308aHUSL HO8020 NAACMU-
urkamopa — OUCUNNUPOBAHHBIX MOHOAUUEPUOO8 8 KOMNOSUYUSX MEePMONAACMUUHBLI KpaxX-
Mman : noausmuneH. Ilpu npousgoocmee KOMNO3ULUU NOAYUANUCE OOHOPOOHBLIMU NO cmpyKmype,
uHo20a 06pas308bLEANUCE HebobULUe azllomepambl, npedcmasisirouiue coboll Hepacnaiasusuiue-
Csl Uacmuybl Kpaxmana, umo He yxyouwano kauecmso 2omoavlx BI'K. Komno3umbsl ¢ MOHO2UUE-
pudamu 061a0aU 8bLCOKOTL NPOUHOCMBIO HA PA3PbLE — NpaKmuuecku Ha 00HoM yposHe ¢ IIOHII
Iocne uzvsmus 06pa3y08 KOMNO3UMHBIX NIEHOK U3 OU02YMYCA UX NPOUHOCMb HA PA3pblé CHU-
skanace Ha 20%, umo ceudemenbecmeayem 0 NpomeKaHUU npoyecca 6Uopa3iosKeHUSL.

Bbleoousl. PaspabomaHHbLil cocmas U mexHOoL02Ust NOAYUeHUsL OGUOI02UUEeCKU pasid2aemMblx KOM-
NO3UMHbBLX NJIEHOK Mo2ym Oblmb UCNONB308AHbLL 8 OabHeliulem Ok Npou3eoo0cmea KOMNo3um-
HblX NJIEHOK C 8blCOKUM COOeprKAHUEM KPAXMANA OJsl NPUMEHEHUS. 8 YNaKo8OUHOU ompacau,
YUMo NO380UM CHUSUMb HE2AMUBHYI HARPY3KY HA OKPYIAOULYHO cpedy.

Knroueewvle cnoea: nonuoieuHsbl, mepmMoniacmuuHslil Kpaxman, buopasiazaemvle nOAU-
MepHble KOMNO3UYUU, CMPYKMYPHASL MOOUPUKAYUSL, IKCMPY3USL

s yumuposanusn: Bacunver U.10., AnanneB B.B., Konmakosa B.B., Capmxsenanze A.C. Pa3zpaboTka TeXHOJIOTUH
MOJydeHHsI OnopasznaraeMblX KOMIIO3UIIMI Ha OCHOBE MOJUATHIICHA, KpaxMaiaa U MOHOTTUIEPHUAOB. TouKue Xxumuiecxue

mexnonozuu. 2020;15(6):44-55. https://doi.org/10.32362/2410-6593-2020-15-6-44-55
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INTRODUCTION

Recently, the rapid growth in the consumption
of synthetic plastics in many sectors of the
economy, especially in the field of packaging, has
been a major concern. Plastic containers are used
for packaging food products, medicines, electronic
devices, liquids, some of which have an increased
hazard class [1]. According to the German research
institute, Nova-Institute', which deals with polymer
technologies, global plastic production in 2019
reached almost 400 million tons, whereas the
volume of biodegradable plastics obtained from
renewable resources was only 3.5 million tons, i.e.,
approximately 1% of the total production? [2]. Since
only 25% of plastic wastes are recyclable, there is a
need to create biodegradable polymer compositions
[3-5]. This issue has economic and environmental
facets because it is associated with the need to reduce
the cost of raw materials for the production of various
products, and ensure environmental protection [6—10].

Some technologies for producing biodegradable
polymer hybrid composites (BHCs) and products
based on them are presented in [11-15]. One of the
most promising approaches to produce BHCs is
the use of thermoplastic starch (TPS) as the main
component [16, 17]. To obtain TPS, native starch is
mixed with various plasticizers by heating [18, 19].
The use of TPS instead of native starch as a filler for
polyolefin compositions allows for more effective
processing and higher thermal stability of the finished
compositions [20-22]. The TPS content in the
compositions can be as much as 40—-60 wt % [8, 9].
Therefore, the purpose of this work is to improve the
technology for producing BHCs, containing distilled
monoglycerides (DMG) and intended for use as
packaging materials, select the optimal technological
parameters, and develop a basic technological scheme
for their production.

MATERIALS AND METHODS

Low-density polyethylene (LDPE) (Grade 11503-070),
produced by Kazanorgsintez (Russia), and composite
materials based on it, filled with starch-containing
products, were used. The average molecular weight
of the LDPE was 1.8 x 10* PC-94 glycerin with a
density of 1.24 g/cm?, produced by TC Vympel
(Russia) and issued in accordance with GOST 6824-96,
and DMG produced according to technical specifications
TU10-1197-95 by Rushimtrade (Russia) were also used.
Corn starch produced by Krakhmaloprodukt (Orel,
Russia) in accordance with GOST 32159-2013, rice starch—
Vinh Thuan Trading Import-Export Co. Ltd (Vietnam), and
pea starch—Roquette (France) were used as filler for
LDPE. The grain size and gelatinization temperature
of these starches are shown in Table 1.

TPSes of different species were produced based
on the native starches in laboratory extruders provided
by Brabender (Germany) and MashPlast (Russia)
firms. To do this, starch, glycerol, and DMH were
mixed for 20-30 min in the dispersant. The resulting
mass was loaded into the extruder and processed into
a rod (strand) at extruder outlet temperatures from
115°C to 140°C. The TPS strands were cooled and
crushed using a granulator to produce granules from
2 to 4 mm in size. These granules were used for the
production of the BHC films through mixing with
LDPE in a laboratory flat-die extruder manufactured
by MashPlast (Russia).

The melt flow rate (MFR) of the films was
determined using an IIRT-5 capillary viscometer
(TOCHMASHPRIBOR, Russia) at a ratio of 60 : 40 of
TPS to LDPE mass fractions, a temperature of 190°C,
and a load of 2.16 kg.

The mechanical properties of samples of
the films under tension were determined using a
RM-50 testing machine manufactured by MashPlast
(Russia) equipped with a computer interface with

Table 1. Properties of native starches

Native starch type
Property
Corn Rice Pea
Grain size, pm 5-25 8-32 7-30
Gelatinization temperature, °C 62-72 68-78 57-70

' URL: http://nova-institute.eu/.

2 Bio-based Building Blocks and Polymers — Global Capacities, Production and Trends 2019 —2024. Hiirth, Germany: Michael Carus
(V.i.S.d.P.); 2020. URL: http://bio-based.eu/downloads/bio-based-building-blocks-and-polymers-global-capacities-production-

and-trends-2019-2024/
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the StretchTest software (Russia). The tensile stress
and elongation at break of the films were measured
at a temperature of 23 + 2°C and a relative humidity
of 50 + 5% according to the method described
in GOST 14236-81. The limit of the permissible
load measurement error did not exceed +1%. The
maximum deviation in the width of the samples
was + 0.2 mm. The average value was determined
over 3—5 measurements. The tests were performed at
a strain rate of 100 mm/min. Samples of the films
for testing were obtained using a cutting device, with
the shape of the samples corresponding to type 1B
(ENISO 527-3).

To assess the biodegradation dynamics of
the filled polymer compositions, the composting
method was used. The samples were placed in
special trays with biocompost at a temperature of
23 £2°C and a humidity of 70 = 10%, and kept there
for 3 months. The degree of biodegradation of the
films was evaluated by assessing changes in their
physical and mechanical properties i.e., breaking
stress at tension (o) and elongation at break (g),
according to GOST 54530-2011.

The surface morphology of the films was studied
using a high-resolution, autoemission, scanning
electron microscope, JSM-7500F (JEOL, Japan).

RESULTS AND DISCUSSION

Dry native starch, in accordance with the scheme
shown in Fig. 1, was loaded into the container of a
laboratory dispersant, which was fed glycerol and
DMH plasticizer through a dispenser to achieve a
ratio of 60 : 30 : 10 [10]. Native starch, glycerol, and
plasticizer were thoroughly mixed for 20-30 min
at a speed of 70 rpm. Here, a homogeneous paste-
like mass was obtained. The following steps were
performed to produce the TPS:

Starch Glycerin DMG

s
v

N

3

— dosage of the TPS components: native starch,
glycerol and plasticizer;

— pre-mixing of the native starch, glycerol and
plasticizer;

— extrusion of the TPS composition;

— cooling of the TPS extrudate;

— pelletizing of TPS and

— packaging of the finished granulate TPS.

The mixture in the extruder was heated,
plasticized, and then pressed through the cylindrical
holes of the extruder head. The resulting strands were
cooled and crushed into granules of 2—4 mm in size at
a speed of 120 rpm. The TPS granules were dried in a
vacuum cabinet at a temperature of 60°C.

The technological scheme for the manufacture of
TPS is shown in Fig. 1.

To select the relevant modes of extrusion
production of the BHC films, the rheological
properties of the compositions, in particular, MFR,
were studied. The results are given in Table 2. It can
be seen that the viscosity of the BHC film melts at the
maximum TPS : LDPE mass ratio of 60 : 40 increased
and the MFR of the films decreased by 20.0-27.1%
compared with the original LDPE, which is likely
due to the agglomeration of starch particles in the
melt during the formation of the BHC structure. The
minimum value of MFR was observed in the BHC
film made from rice starch. This reduction in MFR
can lead to a slight decrease in the productivity of
extrusion equipment in the manufacture of such
compositions.

The obtained TPS granules based on different
types of starches were mixed with LDPE in a
laboratory twin-screw extruder equipped with

an ultrasonic melt processing unit at TPS : LDPE
ratios ranging from 40 : 60 to 60 : 40, and BHC was
obtained in the form of strands under the temperature
conditions, shown in Table 3.

Fig. 1. Technological scheme for the manufacture of TPS:
(1) loading hopper, (2) disperser, (3) screw conveyor, (4) extruder, (5) cooling bath, (6) granulating device, (7) scales,
(8) bag sewing machine, and (9) finished products.
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Table 2. Melt flow rate (MFR) of the initial LDPE and LDPE-based BHC films

No. Compositions MFR, g/10 min

1 Original LDPE 7.0+0.2

2 BHC (TPS with pea starch) 5.6+0.1

3 BHC (TPS with corn starch) 54403

4 BHC (TPS with rice starch) 5.14£0.2

Table 3. Temperature ranges of BHC production
Cylinder zone temperature, °C
BHC type Zone of the extruder
Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

BHC based on corn TPS 110 125 135 140 140
BHC based on pea TPS 110 120 125 130 130
BHC based on rice TPS 110 115 120 125 125

The diameter of the extruder screws was 16 mm.
The speed of the screws was 60—80 rpm. The strands
were cut into granules of approximately 2 mm in size
at a knife speed of 140-160 rpm.

A schematic diagram of the used twin-screw
extruder apparatus is shown in Fig. 2.

Then, the granules obtained using the twin-screw
extruder were loaded into a laboratory single-screw
extruder with a screw diameter of 12 mm, which was
also equipped with an ultrasonic melt processing unit,
and extruded through a flat-slot head with a width
of 130 mm. A barrier screw was used, which during
the extrusion process ensured homogenization of the
LDPE/TPS mixture and high quality of the polymer
film. The speed of rotation of the screw varied from
70 to 90 rpm.

The mass coming out of the head was transferred
to cooled receiving shafts, stretched using a broaching
device, and rolled, resulting in the BHC film.

A schematic diagram of the flat-slot single-screw
extruder is shown in Fig. 3.

In the manufacture of the BHC films, the
polymer melt was exposed to ultrasonic vibrations,
and processed by ultrasound directly in the extruder

using an ultrasonic attachment, which was a
magnetostrictive converter with a titanium waveguide.
To remove heat from the ultrasonic attachment, a
water jacket was used. A schematic diagram of the
ultrasonic attachment is shown in Fig. 4.

The ultrasonic attachment was installed
between the screw zone and the extrusion head.
The waveguide of the ultrasonic attachment was
immersed directly in the melt. The attachment was
equipped with an oscillator with a frequency of 22 kHz,
and the oscillation amplitude of the waveguide end
was up to 10 um. In the manufacture of the BHC
film, a frequency of 22 kHz and power up to 1.0 kW
was used for melt processing. With a higher power
of the ultrasonic unit, the melt began to foam when
leaving the flat-slot head due to the destruction of
the polymer composition, resulting in through holes
in the film.

After BHCs were obtained in the form of
polymer films, their organoleptic characteristics were
determined.

The appearance of the BHC film samples
prepared from the maximum achievable TPS : LDPE
ratio is shown in Fig. 5.
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Fig. 2. Schematic of the twin-screw extruder for obtaining composite granules:
(1) ultrasonic attachment, (2) engine, (3) twin-screw extruder, (4) loading hopper, (5) gearbox synchronized with the engine,
(6) pressure sensor, (7) strand, (8) cooling bath, (9) granulator, and (10) composite granules.
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Fig. 3. Schematic of the flat-slot single-screw extruder:

(1) engine, (2) loading hopper, (3) screw, (4) pressure sensor,

(5) ultrasonic attachment, (6) flat-slot head,
and (7) melt of the finished composite.

The films produced at the maximum achievable
TPS : LDPE ratio with the three types of TPS had a
uniform matte-white surface without agglomerates in
the form of non-melted starch particles, and no cracks
or other damage. This indicates that homogenization
of the compositions was achieved.

Although the initial assessment of the organoleptic
properties of the finished BHC films showed positive
results, it was important to consider the structural
changes in the BHC films. As an example, Fig. 6 shows
micrographs of the BHC films obtained at the maximum
TPS : LDPE ratio of 60 : 40, based on rice starch.

Figure 6a shows agglomerates of thermoplastic
starch, some with a “grain” phase interface, while
Fig. 6b showed oriented structures formed in the film
composition.

For BHC to be used as a raw material for polymer
packaging, it is important to achieve high mechanical
performance. For this purpose, the following
mechanical characteristics of the BHC films were
studied: breaking stress at tension (o) and elongation
at break (¢). The test results are shown in Table 4.

Fig. 4. Schematic of the ultrasonic attachment:
(1) transducer of ultrasonic vibrations,
(2) concentrator (waveguide), (3) emitter,
and (4) extrusion head.

As can be seen from the test results, the BHC
films demonstrated high strength, almost at the level
of LDPE, and strong deformation characteristics,
which makes BHC applicable for use in packaging.

Furthermore, the effect of ultrasonic vibrations
on the melt for all compositions improved both
strength and deformation indicators, which shows
that the compositions were homogenous and that
there was an increase in the interaction between the
polymer matrix of polyethylene and TPS of various
origins.
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a

C

Fig. 5. Appearance of representative BHC film samples with a TPS : LDPE ratio of 60 : 40, using (a) corn TPS,
(b) pea TPS, and (c) rice TPS.

The resulting compositions were tested for
the possibility of biodegradation by placing the
film samples in biocompost. In the production of
polymer film materials, it is of great importance
to ensure that a certain value of breaking stress at
tension and elongation at break is achieved, as well
as to maintain these indicators within acceptable
limits during operation. Moreover, the appearance
of the films is preserved when in contact with the
environment. To simulate the long-term operation of
the films, they were immersed in biocompost with
active microorganisms for 3 months. After removing
the samples from the biocompost, their destructive
tensile strength and relative elongation at break were
measured. The test results are shown in Table 5.

On analyzing the data in Table 5, it can be noted
that the mechanical properties of the film samples
changed after 3 months of storage in a biocompost, and
these changes happened faster for samples subjected
to ultrasonic treatment. The decrease in strength of the
BHC films based on corn, pea and rice starch without
ultrasound was 1.2, 1.3, and 1.6 times, respectively,

a

and the decrease in strength of the BHC films based
on corn, pea and rice starch with ultrasound was 1.5,
1.5, and 1.7 times, respectively. We can conclude that
the biodegradation period would be shorter in the
recycling of such films.

CONCLUSIONS

Films have been produced from biologically
degradable hybrid composite material based on LDPE
and TPS, with the addition of DMG as the plasticizer
component.

Laboratory samples of the BHC films based on
different ratios of LDPE and TPS of various types:
corn, pea and rice from 40 : 60 to 60 : 40 wt %, with
the addition of DMG plasticizer with and without
the use of ultrasound were produced using flat-panel
extrusion.

The optimal native starch/glycerol/DMG ratio
was established to be 60 : 30 : 10 wt %.

MFR of the BHC films were measured. The
BHC film with a maximum mass fraction of 60%

b

Fig. 6. SEM micrographs of the BHC films based on a TPS : LDPE ratio of 60 : 40 under a magnification
of (a) 500%, and (b) 10000x.
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Table 4. Physical and mechanical properties of BHC films

No. TPS : LDPE ratio (‘Z’ ﬂf;‘) (Z’ io/‘;) (‘Z’ ﬂf;‘) (Z’ io/‘;)
1 LDPE only 13 115
- With DMG without US exposure* With DMG and US exposure*
Corn-based TPS
60 : 40 9.8 62 10.9 78
’ 50:50 10.4 68 11.6 84
40: 60 11.4 72 12.8 93
Pea-based TPS
60 : 40 6.7 68 7.8 82
’ 50:50 7.8 73 9.3 91
40: 60 8.9 78 10.1 102
Rice-based TPS
60 : 40 10.4 74 11.2 96
4
50:50 10.9 79 11.9 104
40: 60 11.6 93 12.8 115

* Note: US is ultrasound.

Table 5. Physical and mechanical properties of BHC films in biocompost

o, MPa & % o, MPa & %
+0. &= +0. =
No. TPS : LDPE ratio A4£0.2) A5 4£0.2) A5
With DMG without US exposure* With DMG and US exposure*
Corn-based TPS
60 : 40 8.1 49 7.1 47
1
50:50 8.4 56 7.6 53
40 : 60 9.4 68 8.8 64
Pea-based TPS
60 : 40 53 52 5.1 50
2
50:50 7.6 64 5.9 62
40 : 60 8.3 70 6.6 68
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Table 5. Continued

o, MPa g % o, MPa g %
+ 0. el + 0. =
No. TPS : LDPE ratio A402) A5 A402) A+5)
With DMG without US exposure* With DMG and US exposure*
Rice-based TPS
60 : 40 6.3 43 6.0 41
3
50:50 7.3 55 6.7 53
40 : 60 9.3 70 7.8 67

* Note: US is ultrasound.

TPS, showed an increase in melt viscosity by up to
60%. This may reduce the productivity of process
equipment in the production of BHC films.

A technological scheme for manufacturing TPS
for the production of BHC with DMG plasticizer under
the influence of ultrasonic vibrations is proposed.

The structural properties of the obtained BHC
films were studied. It is shown that the addition of
the DMG plasticizer to the BHC films has a favorable
effect on the properties of the films.

The mechanical properties of the BHC films
were also evaluated. It is shown that the effect of
ultrasonic vibrations on the melt in the manufacture
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Objectives. The main indicator that determines electrical conductivity of rubbers is specific
volumetric electrical resistance (p,). The purpose of this work is to investigate changes in this
indicator during swelling and deswelling of electrically conductive rubbers. When considering the
swelling process of rubbers in liquid media at a molecular level, an analogy of this process with
mechanical deformation of the material is drawn and common features and differences of these
processes are revealed.

Methods. For rubber compositions based on paraffinate and alkyl sulfonate nitrile butadiene
rubbers, the degree of their swelling and the change in linear dimensions in heptane and in
gasoline grades 80, 92, and 95 were determined. The p value was determined by a potentiometric
method: the initial value was measured after temperature control of rubbers for 1 h at 120°C,
and the second measurement was carried out after these rubbers were swollen in the solvents
for 48 h, followed by drying at 20°C to a constant weight and repeated temperature control
under the same conditions. Using an IR Fourier spectrometer, spectra of the solvents used were
obtained before and after identification of the investigated rubber samples in them.

Results. It was shown that the type of rubber and solvent used influence the degree of rubber
swelling. Rubber compositions based on natural rubbers with a large amount of attached
acrylonitrile, obtained in the presence of an alkyl sulfonate emulsifier, have the highest
resistance to swelling. The effect of the used solvent on the change in the degree of swelling is
determined by its affinity for rubber and the presence of polar additives that increase the octane
number of gasoline. It was established that the linear change of the samples upon swelling in
the indicated solvents varies according to the length and thickness of the samples. Results show
that depending on the type of rubber used and the degree of its filling, the described rubber
processing technology leads to a decrease in the p value by 2 to 20 times. The greatest effect of
p, reduction is observed in low-filled rubber compositions based on paraffinate nitrile rubbers.
The spectra of the frustrated total internal reflection of the solvents after their interaction with
the studied rubbers show that particulate extraction of dibutyl phthalate, which was used as a
plasticizer in rubber compounding, takes place as a result of rubber swelling.
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Conclusions. The proposed method of rubber processing reduces the p value by removing dibutyl
phthalate from the studied rubbers and forming a more developed carbon-elastomer structure.
Furthermore, it solves the problem of the negative effect of the plasticizer on the p value of rubber
without excluding it from the rubber composition.

Keywords: rubber, specific volume electrical resistance, deformation, degree of swelling, linear
change, reduction factor, dibutyl phthalate, extraction, developed carbon—elastomer structure
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M3MeHeHue JIeKTPUYEeCKMX XaPAKTePUCTUK Pe3UH
B Mpoliecce «<Ha0yxaHue-0TOyXaHue»
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IMenu. OcHo8HbLM nokazamesiem, ONPeoenstoUUM SNeKmpPonpPo8OOHOCMb pe3UH, S8Semcs
yoenvHoe obbemHoe anekmpoconpomuaneHue. Llenv pabomul — uccnedosames udmeHeHust OGHHO-
20 nokasamesst npu HAbYXaHUU U OMOYXAHUU I1eKMponpo8oosuux pe3uH. IIpu paccmompeHuu
npouecca HabyxaHust pe3ur 8 JKUOKUX Cpedax Ha MONEKYAIPHOM YPO8He NposedeHa aHAL02USL
amozo npouecca ¢ mexaHuueckoll oepopmayueli mamepuana, esblssieHbl oduiue uepmot U pas-
JAUUUSL IMUX NPOUECCO8.

MemoobL. /Ina pe3ut HA 0OCHO8E NAPAPUHAMHBLX U AKULCYIbPOHAMHBIX OYymadueH-HUmpusio-
HbLX KayuyKkos bbliu onpedeseHbl cmeneHs UxX HabYXaHust U UsmMeHeHUe JAUHEelHbLX pa3mepos 8
eenmatre, 6eH3uHax mapok AH-80, AH-92, AH-95. YoenvbHoe o6bemHoe aieikkmpoconpomugieHue
onpedeneHo NOMeHYUUOMEMPUUECKUM MEMOOOM: UCXOOHOEe 3HAUEHUE USMEPEHO NOoCle mepmo-
cmamuposaHust pesuH 8 meuerue 1 u npu 120 °C, a noemopHoe usmepeHue nposeoeHo nocse
HabYyxaHusl amux pe3uH 8 pacmeopumensx 8 meueHue 48 u ¢ nocnedyroweti cywrxoi npu 20 °C
00 NOCMOSAHHOU MACCHL U NOBMOPHO20 MEPMOCMAMUPO8AHUSL NPU mex ske ycaosusix. C nomouwbro
HK-cnekmpomempa Pypwe bbuiu noayueHsl cnekmpst pacmeopumeneti 00 U nocsie HaxoxRo0eHust
8 HUX UCCIe008AHHbBLX PE3UH.

Pesynemameut. [IokasaHo, umo HA cmeneHb HAbYXAHUSL pe3ur oKasbleaem eausiHUue mun uc-
nosb3yemozo Kayuyka u pacmeopumens. Haubonoswieii cmotikocmsto K HabyxaHuto obradarom
Ppe3uHbL Ha 0CHOBE KAYUYKO8 C HONbUUM Koauuecmaom npucoedurHeHHozo HAK, nonyuerHsle &
npucymemeuu anKuACYIbPOHAMHO20 dIMYyaveamopa. BausHue uchonszyemozo pacmeopumenst
HO UsMeHeHUe cmeneHu HaAbYXaHus onpedensiemest e2o0 Cpo0CmMeoM K KaAyuyky u Haauwuem no-
JSPHBIX 006A8OK, NOBLILUAIOUUX OKMAHO80E UUCA0 OeH3UHA. YCMAaHO8NEHO, Umo USMEHEeHUEe SiU-
HeliHbLX pasmepos 06pas3yuo8 npu HabYxXaHuU 8 YKa3aHHbLX pacmeopumensix pasiuuHo no oAuHe
u moawure obpasya. Pesynomamul usmeperust yoeabHozo 06seMHO20 31eKMpPOCONPOMUBIEHUSL
noxkasasu, umo 8 3a8UCUMOCMU OM MUNA UCNOABb3YEeM020 Kayuyka u cmeneHu e20 HanoaHeHus
ONUCAHHASL MeXHo02Usl 00pabomKu pe3uHsbl NPUBOOUM K CHUIKEHUIO OAHH020 nokazamesst om
2 0o 20 pasz. Haubonvwiuil achgpexm CHUIeHUSL YOerbH020 06beMHO20 dAeKmMpoConpomueieHUs
Habodaemest Y MANLOHANOSIHEHHBLX pe3UuH HA OCHO8e NapaduHamHblx 6ymadueH-HUmpuibHbLX
rayuykos. [IpedcmagnerHble 8 pabome chekmpbl HAPYULEHHO20 NOJIHO020 BHYMPEHHe20 ompaike-
HUsl pacmeopumesieil nocae Ux 83aumooeticmaust ¢ UCC1e008aHHbIMU Pe3UHaMU NoKa3aiu, 4mo
8 pe3ysbmame HAbYXaHust pe3uH Npoucxooum uacmuuHdsl IKCMpaKyust U3z Hux oubymungpma-
slama, UCnob308AHH020 8 peyenmype 8 Kauecmaee niacmugpuramopa.
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Bbteoout. [Iped iorkeHHbLl cnocob 06pabomru pesutbl N0380Jslem CHUSUMb ee YyoeslbHoe 0bbem-
Hoe 3/leKmpoconpomueieHue 3a cuem YyoaneHus us Hee oubymuagpmanama u popmMuposaHust
6osiee pazeumoti Yenepoo-a1acmomepHOll. cmpyKmypsl U peuums npobremy ompuyamenbHozo
BIUSIHUSL NIACMUPUKAmMopa Ha YyoenbHoe 0b6bemHoe daeKxmpoconpomueieHue pesur 6es uckio-

UeHusl e2o us cocmaesa pe3LLHOGOl7. cMmecu.

Knroueevle cnoea: pesura, yoenvHoe obbemHoe aeKxmpoconpomusieHue, oepopmayust, cme-
neHb HAbYXaHusl, USMEeHEeHUE AUHEUHbLX Pa3mMepos, KpaAmHOCMb CHU KeHUsl, dubymungpmanam,
IKCMPAaKyusl, pasgumast Yyanepoo-saacmomepHast CmpyKmypa

Jna yumupoeanus: Kosanesa JIA., OcsaankoB H.5., 3yeB A.A. VI3MeHeHHe 2M1eKTpUUECKUX XapaKTePUCTUK PE3HH B Tpoliecce
«HabyxaHue-otOyxanuey. Tonkue xumuueckue mexronoeuu. 2020;15(6):56-66. https://doi.org/10.32362/2410-6593-2020-15-6-56-66

INTRODUCTION

Rubbers, like the vast majority of currently
known polymers, are dielectrics. However, it is
possible to make electrically conductive rubber
compositions, which are widely used in various
industries and in everyday life, and their range of
applications is constantly expanding. To create such
materials, special grades of carbon black are added
into elastomers, which have high specific adsorption
surface, dispersion, structure, and roughness [1-3].
These indicators play a decisive role in the formation
of a developed spatial carbon—elastomer structure,
which ensures charge transfer during direct contact
of filler particles or through thin rubber layers by a
tunneling mechanism [4-7].

The level of electrical characteristics of
electrically conductive rubbers determines their
specific volumetric electrical resistance, p . A decrease
in the p_value results from increasing the content of
electrically conductive filler or using filler with a
higher level of specific adsorption surface, dispersity,
and structure [8, 9]. However, after reaching the
optimum filling, a further increase in the content of
carbon black causes a sharp increase in the viscosity
of the rubber compound and, as a consequence, a
deterioration in the processability of the composition,
a decrease in the elastic-strength properties of
rubbers, and an increase in their cost [10]. The gain
in electrical characteristics of the material when filled
above the optimum is relatively small.

The current level of development of science,
technology, and medicine requires finding new
approaches to improving the electrical characteristics
of rubbers, for example, using the influence of
external factors on the carbon—elastomer structure
already formed in the process of rubber production.

It is known from the literature [11] that the
specific volumetric electrical resistance of rubber is
influenced not only by various technological factors,
such as the order of addition of ingredients and

vulcanization, or prescription factors (introduction of
plasticizers and fillers into the rubber mixture) but
also by the conditions of its operation. These include
the effect of elevated temperature, the presence of
deformation, the deformation rate and magnitude,
and the degree of swelling of rubber in solvents.

The effect of elevated temperature on rubber
leads to a noticeable decrease in the p value of
the wvulcanizate [12], which, according to many
researchers, is associated with the desorption of the
elastomer from the surface of carbon black particles
and the formation of larger extended structures—
clusters, which facilitates charge transfer. In this
case, the intensity of the decrease in the p  value is
determined by the temperature acting on rubber.

When a sample of an electrically conductive
rubber is deformed by stretching, compression, or
shear, a number of complex processes occur in it,
leading to a nonmonotonic change in the initial
specific volumetric electrical resistance: an increase
in the p  value upon deformation of up to 50% due
to destruction of the carbon—elastomer structure, a
subsequent decrease in the p value due to orientation
of the elements of the carbon—elastomer structure
along the direction of deformation at its significant
value, and a sharp increase in the p value upon
removal of the deforming force and reduction of
sample due to disorientation of the carbon—elastomer
structure [11]. Thus, any deformation of tension,
compression, and shear of a sample of an electrically
conductive rubber will ultimately lead to a significant
increase in the p value, making it more electrically
conductive.

According to the general definition of the concept
of “deformation,” swelling of rubbers in liquid media
can also be considered as their deformation. When
consideringtheprocessofswellingatamolecularlevel,
direct contact of rubber and liquid leads to diffusion of
the latter into the sample volume due to the presence
of free space between elastomer macromolecules.
Due to this, liquid molecules easily and quickly
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penetrate between macromolecules, pushing and
deforming molecular chains. The amount of solvent
absorbed by rubbers is different and is determined
by the affinity of the elastomer and the solvent, the
time of their interaction, as well as the density of
the spatial vulcanization network. However, when
rubber swells, in contrast to tensile, compression, and
shear deformation, the sample volume increases and
all of its linear dimensions simultaneously increase.
This, naturally, is accompanied by an increase in the
distance between filler particles, which complicates
the charge transfer and leads to a noticeable increase
in the p_ value.

However, in the process of solvent evaporation—
“deswelling” of rubber—the initial electrical
conductivity is restored. Thus, the nature of the effect
on the electrical conductivity of rubbers is one of the
main differences in the deformation process during
swelling and deswelling from, for example, stretching
the sample under mechanical action and returning
it to its original state, and it requires more careful
attention and study.

In this regard, the purpose of this work is to study
the change in the p value of electrically conductive
rubbers during the swelling and deswelling process.

MATERIALS AND METHODS

Elastomeric compositions based on nitrile
butadiene rubbers (NBRs) were manufactured
and investigated: NBRI18 and NBR26 (alkyl
sulfonate), and NBR1845 and NBR2645 (paraffinic)
(Krasnoyarsk Synthetic Rubber Plant, Russia).
These brands of rubbers differ not only in the
content of bound acrylic acid nitrile but also in the
type of emulsifier used during the polymerization
process, which has a decisive effect on both the
vulcanization properties and the physicomechanical
and operational properties of rubbers [13-16]. In
order to impart electrically conductive properties
into rubbers, mixed compositions [17] were used,
consisting of conductive carbon black grade UM76
(KHIMPLAST, Russia), the content of which varied
from 25 to 50 mass fractions in combination with
50 mass fractions of low-activity carbon black P803
(Tuymazytehuglerod, Russia) and 10 mass fractions
of graphite GK-1 (Zavalivskiy Graphite, Ukraine).
Mixture composition of fillers provides the rubber
compound with satisfactory processing properties
even with a total filler content of 110 mass fractions
per 100 mass fractions of natural rubber, and rubbers
have high and stable electrical characteristics. For
vulcanization, a standard vulcanizing group was used,
consisting of zinc oxide, stearic acid, sulfenamide C,
and sulfur (VitaKhim Group, Russia). In addition,

to facilitate processing operations, dibutyl phthalate
(DBP) (RosKhim Group, Russia) was used.

Elastomeric compositions were made on LB
320 160/160 rollers (Metallist, Russia), and the
electrically conductive filler was introduced into
the rubber mixture already containing carbon black
P803 [9]. After curing, the rubber compounds were
vulcanized at the optimum vulcanization time
determined on an RPA-2000 rheometer (Alpha
Technologies, USA). Degree of swelling of rubbers
after 48 h of exposure to organic solvents (heptane
(ORGKHIM, Russia) and gasoline grades AI-80, Al-
92, and AI-95 (Gazpromneft-MNPZ, Russia)) was
determined in accordance with GOST 9.030-74!.

The main characteristic of electrically
conductive rubbers— the indicator of the specific
volumetric electrical resistance—was determined by
a potentiometric method (ISO 1853:19982). Before
measurements, the rubber samples were thermostated
for 1 h at 120°C. After measuring the initial p_ value,
they were placed in the organic solvents for 48 h.
After that, the solvent was completely removed by
drying the swollen samples to a constant weight at
a temperature of 20°C and thermostated them again
in an air thermostat for 1 h at 120°C, and then the p_
value was measured.

To determine the nature of substances extracted
from the rubber samples as a result of exposure to the
solvents, spectra of the solvents used were obtained
by an IR Fourier spectrometer (Bruker, Germany)
before and after identification of the investigated
rubbers in them.

RESULTS AND DISCUSSION

The values of the degree of swelling of the
manufactured rubbers are given in Table 1.

Thedatain Table 1 show thatthe degree of swelling
is determined by the type of rubber and solvent used.
More resistant to swelling are rubber compositions
based on rubbers with a high content of acrylonitrile
(ACN), regardless of the type of emulsifier used.
Rubber compositions based on paraffinic rubbers are
inferior in resistance to swelling compared to those
that are based on alkyl sulfonate rubbers. This is
especially pronounced for rubbers based on rubbers
containing 18% ACN.

The type of solvent used has a significant influence
on the degree of swelling of rubbers. The smallest

' GOST 9.030-74. Unified system of corrosion and ageing
protection. Vulcanized rubbers. Method of testing resistance
to attack by corrosive media in limp state. Moscow:
Standartinform; 2008.

2 ISO 1853:1998. Conducting and dissipative rubbers,
vulcanized or thermoplastic — Measurement of resistivity.
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Table 1. Degree of swelling of rubbers in the organic solvents

(for example, rubber containing 35.0 mass fractions of carbon black UM76)

Degree of swelling after 48 h, %
Elastomeric rubber base
Heptane AI-80 AI-92 AI-95
NBR18 1.6 30.7 18.7 36.1
NBR26 —-0.8 15.1 11.4 17.7
NBR1845 5.0 42.6 39.2 60.0
NBR2645 -0.8 14.9 14.0 20.3

degree of swelling was observed in heptane due to a
significant difference in the solubility parameters of
the rubber samples and the solvent. For rubbers based
on NBR26 and NBR2645, there was even a decrease
in the mass of samples after swelling compared to the
initial values. This is probably due to leaching of some
of the ingredients from the sample during its swelling.
The studied rubbers swelled more intensively in
gasoline grades AI-80, AI-92, and AI-95 than in heptane,
which is due to the presence of polar additives in
their composition that increase the octane number.
By increasing the degree of swelling, the gasolines
used in this work can be arranged in the following
sequence: AI-95 > AI-80 > AI-92. An increase in
the content of ACN in rubber leads to a noticeable
decrease in the influence of the gasoline brand on the
degree of swelling of rubbers.

Table 2 shows the change in the linear dimensions
of the rubber samples based on NBR18, containing
30.0 mass fractions of conductive carbon black
UM?76, 50.0 mass fractions of low-activity carbon
black P803, and 10.0 mass fractions of graphite
GK-1, before and after their swelling in the selected
solvents.

The data presented in Table 2 clearly demonstrate
a significant change in the linear dimensions of the
samples after prolonged (48 h) exposure to the solvents,
which is evident of the occurrence of deformation
processes that affect the carbon—elastomer structure
formed in the rubber compounds. It can be noted that
the degree of deformation of the samples along the
length and thickness was different under the action of
any of the considered solvents, i.e., the sample was
unevenly deformed upon swelling. The amount of
deformation along the thickness of the samples was
noticeably greater than the deformation along the
length for all the samples and media.

Thus, the solvents used in this work interacted
to varying degrees with the studied rubbers from the
point of view of the intensity of their absorption by

the test material and, consequently, the change in
the size of the swollen samples. This allows a more
complete assessment of the effect of deformation
process during swelling on specific volumetric
electrical resistance.

Figures 1-4 show the dependence of the p,
value on the content of technical carbon in rubber,
as well as the reduction factor of the p value, which
was determined as the ratio between the values of
this indicator before and after the above-described
exposure.

As seen from Figs. 1 to 4, swelling of the rubber
samples in any of the considered solvents followed by
the complete removal of the solvent according to the
scheme described above made it possible to obtain a
material with a lower specific volumetric electrical
resistivity as compared to the initial value. The
reduction factor of the p value varied over a wide
range of values. From the presented data, it can be
seen that the greatest effect of reducing the p value
was observed for rubbers containing the minimum of
the considered dosages of electrical conductive carbon
black UM76 (25 mass fractions). The reduction factor
of the specific volumetric electrical resistance for
these rubbers was 15.0-20.5. For rubbers with carbon
black UM76 content of 30 mass fractions and more, the
effect of reducing the p value was less pronounced;
the reduction factor was in the range of 1.1-5.0.

It should be noted that the type of elastomeric
binder used to obtain electrically conductive rubbers
[14] affects the p value of the material obtained
by the method described above. The increase in the
reduction factor of the p  value was most pronounced
for rubbers based on paraffinic NBR.

When comparing the electrical properties of
equally filled rubbers based on the studied rubbers, it
can be noted that the reduction factor of the p value
for most rubbers increased with an increase in the
degree of swelling and, accordingly, an increase in
their deformation during the swelling process.
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Table 2. Change in the linear dimensions of the rubber samples based on NBR18
before and after swelling in various solvents

Sample linear dimension value
Linear dimension and mass of sample Change, %
Before swelling After swelling
Heptane
Width, mm 1.87 1.94 3.74
Length, mm 60.0 61.0 1.67
Mass, g 1.926 1.963 1.92
Gasoline grade AI-80
Width, mm 1.87 2.29 22.5
Length, mm 60.0 68.0 13.3
Mass, g 1.930 2.580 33.7
Gasoline grade AI-92
Width, mm 1.87 2.21 18,2
Length, mm 60.0 67.0 11.7
Mass, g 1.912 2.408 25.9
Gasoline grade AI-95
Width, mm 2.08 2.56 23.1
Length, mm 60.0 69.0 15.0
Mass, g 2.139 2.934 37.2
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Fig. 1. Dependence of the p_ value on the content of carbon black UM76 (a) and reduction factor of the p_ value (b)
for electrically conductive rubbers based on NBR18:
(1) before interaction, (2) heptane, (3) AI-80 gasoline, (4) AI-92 gasoline, and (5) AI-95 gasoline.
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Fig. 2. Dependence of the p  value on the content of carbon black UM76 (a) and reduction factor of the p_ value (b)
for electrically conductive rubbers based on NBR26:
(1) before interaction, (2) heptane, (3) AI-80 gasoline, (4) AI-92 gasoline, and (5) AI-95 gasoline.
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Fig. 3. Dependence of the p_value on the content of carbon black UM76 (a) and reduction factor of the p_ value (b)
for electrically conductive rubbers based on NBR1845:
(1) before interaction, (2) heptane, (3) AI-80 gasoline, (4) AI-92 gasoline, and (5) AI-95 gasoline.

The results shown in Figs. 1-4 show that an
increase in the content of carbon black UM76 in
the mixed filler in the dosage range of 25-50 mass
fractions, in the case of rubber processing according
to the proposed technology, changed the value of the
p, value within the same order. Thus, the considered
method of rubber processing allows reducing the
content of the expensive filler in the composition,
which will lead to a decrease in the cost of the material
and an increase in the complex of technological and
physical and mechanical properties of rubbers.

When rubber swells, solvent molecules increase
the distance between macromolecules, which can
facilitate the transition of the rubber ingredients into

the solvent. Therefore, it is natural to assume that the
effect of reducing the p  value of rubbers upon contact
with the organic solvents is due to the processes of
extracting ingredients from rubber that affect the
formation of the carbon—elastomer structure and the
formation of a more developed carbon—elastomer
structure during the removal of the solvent.

Figures 5 and 6 both show the spectra of the used
solvents before and after identification of the studied
rubbers in them, which were obtained using an IR
Fourier spectrometer.

When comparing the IR spectra of the solvent
(AI-95 gasoline) before and after its interaction
with the rubber compositions based on NBRI1S§
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and NBR1845 (Figs. 5 and 6), one can note the
appearance of bands, indicating that low-molecular
substances are extracted as a result of the swelling
process of the samples with the solvent. For all the
considered solvents, the presence of characteristic
absorption bands at 1284 and 1121 cm™' can be noted.
According to [18], such bands are characteristic of
compounds containing an ether group. In the rubber
samples investigated in the framework of this work,
of all the ingredients in their composition, the ether
group is contained only in the plasticizer dibutyl
phthalate.

The negative effect of a plasticizer on the
electrical conductivity of rubbers while maintaining
a constant content of carbon black is understandable

3
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and has been known for a long time. However, its
exclusion from the rubber composition in order to
reduce the p value is not always possible. In the
case of rubber compounds based on NBR, due to
their high polarity and, as a result, high viscosity, the
absence of a plasticizer complicates the production
and processing on mixing and forming equipment.
In this regard, in the case of electrically
conductive rubbers based on NBR, a choice arises
between making a more technologically advanced
rubber compound and obtaining a finished product
with a higher level of electrical characteristics. The
processing method considered above makes it possible
to eliminate the negative effect of the plasticizer
on the p value of the material. After selecting the

Reduction factor of p,

30
Content of carbon black, wt. fract.

b

Fig. 4. Dependence of the p  value on the content of carbon black UM76 (a) and reduction factor of the p_ value (b)
for electrically conductive rubbers based on NBR2645:
(1) before interaction, (2) heptane, (3) AI-80 gasoline, (4) Al-92 gasoline, and (5) AI-95 gasoline.
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Fig. 5. Attenuated total reflection spectrum of AI-95
gasoline before and after interaction with the rubber
compositions based on NBR18.
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Fig. 6. Attenuated total reflection spectrum of AI-95
gasoline before and after interaction with the rubber
compositions based on NBR1845.
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appropriate solvent, the described method can also
be applied to rubbers for general applications [19].

CONCLUSIONS

Thus, the paper considers a method of directed
physical action on the carbon—elastomer structure
formed in rubber during its manufacture, which
provides a 2- to 20-fold decrease in the p  value of
electrically conductive rubbers. A decrease in the p_
value upon contact of an elastomeric material with
a certain solvent occurs due to the formation of a
more developed carbon—elastomer structure during
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Objectives. To develop physical and chemical bases and methods to obtain rhenium-ruthenium
isoproxide Re 4_yRuy06(OPri) Lo—a precursor for obtaining a high-temperature alloy—from ruthenium
acetylacetonate and rhenium isoproxide acquired by electrochemical methods.

Methods. IR spectroscopy (EQUINOX 55 Bruker, Germany), X-ray phase and elemental analyses,
energy-dispersive microanalysis (EDMA, SEM JSM5910-LV, analytical system AZTEC), powder
X-ray diffraction (diffractometer D8 Advance Bruker, Germany), experimental station XSA
beamline at the Kurchatov Synchrotron Radiation Source.

Results. The isoproxide complex of rhenium—ruthenium Re 4_yRuy06(OPri) Lo was obtained, and its
composition and structure were established. Previously conducted quantum chemical calculations
on the possibility of replacing rhenium atoms with ruthenium atoms in the isopropylate complex
were experimentally proven, and the influence of the electroconductive additive on the composition
of the obtained alloy was revealed.

Conclusions. Physical and chemical bases and methods for obtaining rhenium-ruthenium
isoproxide Re 4_yRuy06(OPﬁ) .o were developed. The possibility of using rhenium-ruthenium
Re 4_yRuyOG(OPr4) L0 @S a precursor in the production of ultra- and nanodisperse rhenium-ruthenium
alloy powders at a record low temperature of 650°C were shown.

Keywords: alkoxotechnology, electrochemical synthesis, rhenium isopropoxide, ruthenium
acetylacetonate, rhenium-ruthenium isopropoxide, rhenium-ruthenium alloy, low-temperature
reduction
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HAYYHAS CTATbA

AJIKOKCOTEXHOJIOT M IMOJIYICHUSA KAPOMPOYHBIX MaTC€pHUaJioB

Ha OCHOBE PCHUSI U PYTCHUSA

E.C. KyaukoBa'®, O.B. YepHrsimona', A.A. Hocukogral, P.[l. CBeTOoropos?,

O.B. Ipo6oT!, H.A. Muxeesn!

IMHUPSA — Pocculickuii mexHosoeuueckuili yHugepcumem Mockea, 119454 Poccus
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123182 Poccus
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IMenu. Pazpabomra (husuKo-XuMUUECKUX OCHO8 U CNOCcOb08 NOYUEHUSL US0NPOKCUOA PeHUS-PYMEHUSL
Re 4»yRuyOG(OPr") |, U3 auemuniayemonama pymeHus U usonpokcuoa peHusl, NOAYUeHH020 2AeKMpoxXu-
MUUECKUM MEMOOOM — NPEKYPCOPA NONYUEHUSL 8bLCOKOMeMnepamypHozo Cniasa.

Memoost. HK-cnekmpockonust (EQUINOX 55 Bruker, ['epmaHus), peHmzeHoghas308blil U 31eMeHMHbI
aHanus, sHepooucnepcuUoHHblil mukpoaranus (AAMA, COM JSM5910-LV, aHanumuueckas. cucmema
AZTEC), nopowkosas peHmezeHogckas ougpparyus (Ougppaxmomemp D8 Advance Bruker, I'epmaHus),
aKxcnepumeHmanvbHas cmaryus «PCA» Kypuamoeckozo UCmouHUKA CUHXPOMPOHHO20 UBMYUEHUSL.
Pe3ynomamel. [lonyueH U30NPOKCUOHbLI KOMNIEKC peHus-pymeHust Re 4_yRuy06(OPf)1 ,» noomeepok-
OJeHblL €20 cocmas U cmpoeHue. IKCNepUMEeHMAIbHO NoOMa8ep KOeHblL paHee NPo8eOdeHHble K8AHMO-
80-XUMUUECKUE pacuemsl, C8UOeMebCmayuuUe 0 803MOIHOCMU 30MEUEHUS AMOMO8 PeHUs. Amo-
MAMU PYMEHUSL 8 USONPONUIAMHOM Komnerce. BolsigneHo enusiHue anekmponpogoosiueti dobasku
HO cocmag noy1uaemoezo cCnaiasa.

Bobleoosl. Paspabomarbl pusUKO-XUMUUECKUE OCHO8bL U NPEeOsIosKeHbL CnOCcobbl NOJYUEHUSL U30-
npoxcuoa peHusl-pymeHust Re 4»yRuyOG(OPr")w, KOmMopblil MoxKem Hallmu NpumeHeHue 8 Kauecmee
npeoulecmeeHHUKa NpuU NOAYUeHUU Yrbmpa- U HAHOOUCNEPCHbLX NOPOULKO8 CNJago8 peHUli-pyme-
HUTl npu pexopoHo Hu3kol memnepamype 650°C.

Knroueesle cnoea: a1KOKCOMEXHON02USL, 3Jze;cmpoxumuuecnuil cuHmes, u3onp0;ccu0 peHus,
ayemusiayemoHam pymeHusi, usonporccud PEeHUs-pYmMeHuUs, crjias peHusl-pymeHust, HU3KO-

memnepamypHoe soccmaHossieHue

Jna yumupoeanusn: Kynukosa E.C., UepnsioBa O.B., Hocukosa JI.A., Cseroropos P.JI., [IpoGot /I.B., Muxees N.A.
AJIKOKCOTEXHOJIOTHSI MOJIy4YCHHUS JKAPOIMPOYHBIX MATEpHANOB HAa OCHOBE PCHHUSI U PYTCHUS. TOHKUE XUMUYECKue MexHONOSUU.
2020;15(6):67-76. https://doi.org/10.32362/2410-6593-2020-15-6-67-76

INTRODUCTION

Functional materials based on rhenium have
a variety of applications, such as in aerospace and
power engineering as well as in the production of
catalysts for processing renewable and nontraditional
raw materials [1, 2]. Alloys containing rhenium
are resistant to high temperatures and aggressive
environments and have high strength performance
and wear resistance.

The classic methods for producing rhenium-
containing alloys, such as induction and electric arc
melting and powder metallurgy, have significant
disadvantages: high process temperatures (over
2500°C), the inability to uniformly introduce alloying

components or control the microstructure of samples,
and enormous energy costs [1, 2]. Thus, in the last
two decades, vacuum smelting in induction and arc
furnaces with consumable electrodes, directional
crystallization, and heat treatments have been widely
used [3-5].

Alcoxotechnology is a promising method for
obtaining alloy powder precursors with a given set
of properties and allows for obtaining ultrafine and
nanoscale materials of high phase and chemical purity
at low temperatures (below 950°C).

Oxoalcoxy derivatives of rhenium can act as
such precursors. Rhenium isoproxide is of particular
interest as rhenium atoms form an almost regular
rhombus in its structure [6, 7].

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(6):67-76

68



Elizaveta S. Kulikova, Oxana V. Chernyshova, Lubov A. Nosikova, et al.

Using quantum chemical calculations in the
Priroda 06 program, the possibility of replacing
rhenium atoms with ruthenium atoms in an isoproxide
complex while preserving the tetranuclear cluster has
been shown [8]. Ruthenium is chosen because in the
periodic table, it is in close proximity to rhenium, and
both elements are transients and have close atomic
radii values. Moreover, it has been known that the
addition of ruthenium increases the temperature limit
for heat-resistant nickel alloys [9, 10].

The aim of this study is to develop physical and
chemical bases and methods for obtaining rhenium—
ruthenium isoproxide Re 47}_RuyOG(OPri)10 to establish
its composition, structure, and use as a precursor in
the preparation of ultra- and nanodisperse powders of
rhenium-ruthenium alloys.

EXPERIMENTAL

The synthesis of the rhenium—ruthenium isoproxide
complex Re4_yRuyOé(OPri)10 was performed in three
stages: synthesis of rhenium isoproxide, synthesis of
ruthenium acetylacetonate, and direct synthesis of the
rhenium-ruthenium isoproxide complex.

Rhenium isoproxide was synthesized by an
electrochemical method according to the methods in
[11, 12]. For the synthesis, a cell without a separated
anode and cathode space with a thermostatic jacket
was used. Platinum was used as the cathode, and
rhenium was used as the anode. The voltage was
130-210V, the current was 30—80 mA, and the alcohol
volume was 200 mL. The synthesis time was 92 h in
the presence of a background electrolyte of lithium
chloride (C ,, = 0.1 mol/L) and 28 h in the presence
of tetrabutylammonium bromide (C_, e = 2-5%
by weight of alcohol). At the stage of obtaining the
rhenium isoproxide, the following reagents were
used: metal plates of rhenium and platinum (purity
99.9%), metal sodium (purity 99.9%), isopropyl
alcohol (TU 2632-011-29483781-2009, extra-pure
grade), lithium aluminum hydride (Merck KgaA,
pure), lithium chloride (Merck KgaA, pure), and tetra-
butylammonium bromide (TU 6-09-1859-77, pure).
Isoproxides are sensitive to moisture, so the isopropyl
alcohol was dried by sequentially introducing sodium
into the system at the first stage and lithium aluminum
hydride at the second stage when heated. The final
water content was less than 0.01%. The lithium
chloride was dehydrated according to the method
described in [13]. Similarly, the tetrabutylammonium
bromide was dehydrated.

Ruthenium (III) acetylacetonate was obtained by
the method described in [14]. The following reagents
were used in the synthesis: acetylacetone (Merck
KgaA, purity > 99%, chemically pure), acetone

(TU 6-09-3513-86, extra-pure grade), ruthenium

hydrochloid (purity 41.67%), sodium bicarbonate
(GOST 4201-79, chemically pure), ethanol (Merck
Kgad, purity > 99%, pure). The product yield was
60%, and the obtained ruthenium acetylacetonate
crystals were studied by X-ray phase analysis.

The following method for the rhenium—ruthenium
isoproxide synthesis was proposed. The synthesis
was carried out by mixing rhenium isoproxide and
ruthenium acetylacetonate in a conical flask in a
“dry” box. The ratio of rhenium to ruthenium 1 : 1
was chosen from quantum chemical calculations [8].
When the ruthenium acetylacetonate was added, the
rhenium isoproxide solution changed in color from
brownish-green to blood red. Next, the solution was
heated to boiling in a reflux flask for 3 h with constant
stirring. The resulting complex was identified by IR
spectroscopy and elemental analysis.

The resulting alkoxy rhenium complex was used
as a precursor in the production of the rhenium—
ruthenium alloy powders. Two methods were used
to obtain it. In the first method, pre-evaporated
rhenium-ruthenium isoproxide in a porcelain boat
was placed in a recovery unit (flow reactor), after
which all connections of the unit were sealed. Before
starting the synthesis, the system was purged with
an inert gas (argon) for 30 min. After the purging,
hydrogen was supplied, and recovery was performed
for 60 min under the following conditions: hydrogen
flow, 4 L/h; pressure, 1 atm. The temperature
conditions in the first experiments were set in the
range of 400—450°C but, in subsequent experiments,
were adjusted to 600-650°C. After the recovery
process was completed, an inert atmosphere was
created in the system for 30 min. Then, the furnace
was turned off, and after it was cooled, the sample
boats were removed and weighed.

The flow reactor for the reduction of the
rhenium-ruthenium isoproxide could not provide a
hydrogen pressure of more than 1 atm, so the second
method for producing alloy powders in a hydrogen
atmosphere using an autoclave installation was used.
Evaporated and weighed samples in porcelain boats
were immersed in the autoclave. Before the recovery
process was started, the system was purged with
hydrogen, creating an excess of it in the installation.
After 10 min of purging, the hydrogen supply was
turned off, and the final pressure was set to 5 atm. Next,
the furnace heating was connected, and the rhenium—
ruthenium isoproxide reduction was performed at
650°C for 90 min, after which the cooled samples
were removed and reweighed. The autoclave method
was used to obtain samples from precursors that did
not contain lithium chloride. Samples obtained by the
two methods described were examined using X-ray
phase analysis.
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The infrared spectra of liquids in the region of scattering angle / (20) in the Dionis program [19].
3600-50 cm™' were recorded on the EQUINOX 55 The angular scale of the detector was calibrated, and

Bruker (Germany) device [15, 16]. The resolution the hardware broadening of the diffraction reflexes
of the device was 2 cm™!, and the accuracy of the was determined by measuring polycrystalline
wavenumber determination was 0.1 cm™'. Energy- standard LaB, (NIST SRM 660a). The qualitative
dispersive microanalysis was used to analyze the phase composition was determined in the Match!
distribution of elements in the samples (SEM program? using the PDF-4+ powder database based on
JSMS5910LV, AZTEC analytical system). the corundum number method [20].

The powder X-ray diffraction examinations were
performed with two installations: RESULTS AND DISCUSSION

1. The D8 Advance Bruker diffractometer,
Germany (Cu Ka radiation, sample rotation, The rhenium isoproxides obtained by the anodic
continuous [1 deg/min], step-by-step [0.02° step, 10 s dissolution of rhenium in isopropyl alcohol were
exposure] modes in the angle range 20 = 5°-100°) studied by a set of physical and chemical methods.
[17]. The ICDD PDF-2 and Crystallography Open All studied solutions had identical absorption
Database! were used for phase identification. bands in the IR spectra regardless of the selected

2. The XSA experimental station [18] of the conductive additive: 3350-3310 cm™', v(O-H);
Kurchatov Synchrotron Radiation Source. To measure 2970-2928 cem', v (C-H) ; 2885-2830 cm’,
the diffraction patterns, we used monochromatic v (C-H) ; 1466-1456 cm™, v (C-C); 1376-1306 cm™,
radiation with wavelength A = 0.802575 A (photon V(C-C); 1161-1128 em™', v(C-0); 950-906 cm ™', v(Re=0);
energy E = 15448.3 eV) focused on a 400 x 400-um  817-815 em™, v(Re-O—~(R)-Re) (bridge); 678-602 cm™",
sample. The survey was carried out in the Debye— V(Re-O—(R)); 486-463 cm™', v(Re-O—(R)); 427-414 cm™',
Scherrer geometry (for transmission) using a two- v,(Re-0); 356-318 cm, v(Re-0); 287-201 cm’,
dimensional Rayonix SX165 detector located v(Re-Re); 213-166 cm™', 5(O-Re-0) + 3(O-Re);
perpendicular to the synchronous radiation beam 137-104 cm™, §(0—Re-0); and 92 em™, t(Re—Re) [21-25].

at a distance of 80 mm. The sample was placed in The elemental composition of the pre-evaporated
a cryoloop with a diameter of 300 um and rotated samples was examined. Figure 1 shows electron
around the horizontal axis during the measurement microscopy images of rhenium isoproxide, displaying
to average the diffractograms over the Sample the areas for which the elemental analysis was
orientations. The exposure time was 3—5 min. The performed (Table 1).

two-dimensional patterns obtained at the detector The small amount of copper impurities was
were integrated, i.e., reduced to the standard one- due to the fact that during the electrochemical
dimensional form of the intensity dependence on the synthesis, copper wire was used as a current supply
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Fig. 1. Electron microscopy of rhenium isoproxide.

! http://www.crystallography.net/cod/. Accessed May 15, 2020.
2 Match! — Phase Analysis using Powder Diffraction, Crystal Impact — Dr. H. Putz & Dr. K. Brandenburg GbR, Kreuzherrenstr.
102, 53227 Bonn, Germany, https://www.crystalimpact.de/match. Accessed September 03, 2020.
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to the rhenium anode. The presence of aluminum
was because Li[AlH,] was used for dewatering the
isopropyl alcohol, and the unreacted aluminum
remained in the solution.

The synthesized ruthenium acetylacetonate
was studied using X-ray phase analysis on two
installations (D8 Advance Bruker, Germany, and
XSA diffractometer, Belok station, Russia), which
showed that the product was single-phase with the
cell parameters indicated in Table 2.

The obtained Ru(AcAc), was characterized by
elemental analysis (for the C, H, N, and S content).
In the Ru(AcAc), (m = 2.995 mg), the carbon
content was 51.41%, and the hydrogen content was
6.44%, corresponding to the theoretical calculations.
Nitrogen and sulfur were not detected.

The IR spectra in the range of 4000-50 cm™!
were studied for the obtained rhenium-—ruthenium
isoproxides. In the investigated range, the following
absorption bands are observed: 3350-3310 cm™,
v(O-H); 2970-2928 cm™, VS"(C—H)(“); 2885-2830 cm™,
v, (C-H),; 1466-1456 em™, v (C-C); 1376-1306 cm™',
v(C-C); 1120-1114 cm™', v(C-0); 949-910 cm',
v(Re=0); 817-816 cm™!, v(Re—O—(R)-Re) (bridge);
678-612 cm™, v(Re—O—(R)); 583-520 cm™!, v(Ru-C);

493-453 cm™, v(Re—O—(R)); 440-410 cm™', v(C—Ru-C);
385-344 cm™!, v(Ru—C-0); 325-301 cm™!, v(Re-0O);
286229 cm!, v(Re-Re); 212-162 cm™, 8(O—Re-0) +
+ 8(0-Re); 159-144 cm™!, v(Ru—Ru); 140-111 em™,
v(Ru—Re); 107-88 cm™!, v((CO)-Ru—(C0O)); 92 cm™!,
t(Re-Re) u 89-80 cm™!, v(C—Ru-C); and 7659 cm™ !,
v, (RuCO,).

The absorption bands Re-Ru, Re-Re, and Ru—Ru
were present in the 950-59-cm™ spectral region,
which confirmed the presence of bonds as established
by quantum chemical calculations and experimentally
proved the possibility of replacing rhenium atoms
with ruthenium atoms in the rhenium—ruthenium
isoproxide complex.

The elemental composition of the surface was
studied for the pre-evaporated rhenium-ruthenium
isoproxide samples. Figure 2 shows electron
microscopy images of the rhenium—ruthenium
isoproxide; the selected regions are the points for
which elemental analysis was performed (Table 3).

The presence of copper and aluminum impurities
in the samples was explained in the same way as for
the rhenium isoproxide samples.

The products obtained during the hydrogen
reduction process were characterized by X-ray

Table 1. Elemental analysis of rhenium isoproxide

Spectrum C (0] Al Cu Re R O:Ztoms’
41 62.24 27.86 - - 9.90 100
42 59.06 19.74 0.40 - 20.80 100
43 61.08 25.66 - - 13.26 100
44 69.70 21.64 - 0.14 8.52 100
45 67.53 24.09 - 0.14 8.24 100
46 67.48 25.45 - 0.11 6.96 100

Table 2. Comparative table of the X-ray diffraction data of ruthenium acetylacetonate

Cell parameters, A

Diffractometer

D8 Advance Bruker of the Belok station

Data PDF-4+ Organic, No. 02-066-6916 monoclinic
structure, gr. P21/c, cell parameters:
a=14.025,b="7.533, c=16.309, B = 99°

a=14.040, b =7.552,
c=16.364, 3 =98.93°

a=14.024, b =17.530,
c=16.376, B = 98.90°
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Fig. 2. Electron microscopy of rhenium—ruthenium isoproxide.

Table 3. Elemental analysis of rhenium—ruthenium isoproxide

Spectrum C o Al G Ru Re S ";f‘“’ms’
47 62.67 27.44 2.40 - 2.00 5.49 100
48 58.96 19.89 237 - 2.80 15.98 100
49 61.39 24.43 - 0.42 2.05 1171 100
50 69.23 22.03 - 0.17 2.94 5.63 100
51 67.83 23.89 239 - 3.07 2.82 100
52 67.02 25.95 - - - 7.03 100
S

20 40 60 80 20, deg.

Fig. 3. Results of X-ray phase analysis of the rhenium—ruthenium alloy
(black is the sample obtained from the flow reactor, and red is the sample obtained from the autoclave).
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Table 4. Comparative table of the radiometric data of the rhenium—ruthenium alloy

Cell parameters, A

Synthesis
D8 Advance Bruker

Diffractometer of the Belok station

PDF-2, PDF-4+, COD databases
Hexagonal (P6,/mmc)-Re,  Ru,

Re, Ru,,

In a flow reactor a=2771,c=4.424

a=2.779, ¢ =4.439

Reo «)Ruo 1

Re,Ru

Re Ru |

In an autoclave a=2757 ¢ ~4.430

a=2.754, c=4.424

a=2.753,c=4.432
Re0 9Ru01

phase analysis. The powder samples obtained from
the rhenium-ruthenium isoproxide at 400—450°C
were X-ray amorphous. When the temperature was
increased to 650°C, the obtained rhenium—ruthenium
samples were double-phase. The main phase was
Re ,Ru . The cell parameters are shown in Table 4. The
impurity phase was LiReO, - H,O with the following
parameters: a = 5.712 A, b =10.782 A, c = 7.453 A,
B = 102.49° (card number 52-1579, P21/a, cell
parameters: a = 5.671 A, b = 10.770 A, ¢ = 7.475 A,
B = 102.45°). The samples obtained by the autoclave
method at the same temperature were single-phase and
of the composition Re  ,Ru  , (Fig. 3, Table 4).

The phase composition was refined using powder
X-ray diffraction on a synchrotron radiation source.
Comparative parameters are given in Table 4.

Based on the results of the X-ray phase analysis
and the rhenium-ruthenium phase diagram [26], it was
concluded that the samples obtained were rhenium—
ruthenium alloys.

The sizes of the alloy particles calculated from the
width of the diffraction peaks were 7.2 nm according
to the Scherrer formula and 16.5 nm according to the
Williamson—Hall method, which confirms the receipt of
nanoscale samples.

CONCLUSIONS
In this study, a method for obtaining a
rhenium-ruthenium  isoproxide complex from
rhenium isopropylate Re,O (OPr'),, and ruthenium

acetylacetonate Ru(AcAc), was developed. The
resulting complex was characterized by a set of

methods  that confirmed previously performed
quantum chemical calculations. It was shown
that the Re 4ivRuyOﬁ(OPri)]0 complex formed
nanodisperse powders of rhenium-ruthenium alloys
at low-temperature reduction (650°C) in a hydrogen
atmosphere. Moreover, the effect of an electrically
conductive additive on the resulting alloy’s
composition was demonstrated. The use of lithium
chloride led to the formation of the LiReO, phase in
the final product in contrast with tetrabutylammonium
bromide, which was not involved in the formation of the
intermediate phases in the rhenium—ruthenium alloy.
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Objectives. The technological process for the production of sheet glass by the float method is
continuous and large-scale. Most European cars (up to 90%) are factory-tinted green; the bulk
of the glass is painted in the desired color during the production process. The introduction of
modern information technologies and digitalization has opened up opportunities for a significant
increase in the efficiency of glass production. Accounting for the amount of drawn and cut glass
allows you to evaluate an important indicator of the production work—the glass utilization rate,
which determines the percentage of quality glass in the total output. The yield of the quality glass
depends on the technological waste in the production process. To assess the effect of waste
arising at the production stages on the glass utilization rate, an analysis of the statistical data
of the float line operation was carried out. These statistical data differ from the normal law of
probability distribution, which limits the use of traditional statistical control methods. Regression
models do not always give an accurate mathematical description of the process since the variance
of the conditional mathematical expectation of the output variable relative to the input is not a
consistent characteristic of the relationship between the input and output variables. The purpose
of this work is to study the application of information modeling theory for the analysis and control
of the technological process of green glass production in terms of its utilization rate.

Methods. The technique of modeling technological chains has some peculiarities with that
for operations modeling. It analyzes operations to identify possible information links between
parameters. Thus, the process of obtaining the utilization rate of green glass in the production
process can be followed. This study analyzes the influence of the paired and triple interactions
of waste on the process of affording the utilization rate of glass at the stages of green glass
production.

Results. Information modeling of the technological process of affording the utilization rate of
green glass in the production process has been carried out. Informational analysis results in a
conclusion about the sufficiency of the control of the utilization rate of green glass in the production
process according to informatively related parameters—waste at the stages of glass melting,
annealing, and flanging.

© R.I. Makarov, E.R. Khorosheva, 2020
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Conclusions. The selected method of information control of the glass utilization rate can be used
in quality management systems in the production of green glass by the float method.
Keywords: technological process, green sheet glass, glass utilization rate, information, modeling
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3€JICHOI0 CTeKJIa
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ITenu. TexHoso2uueckuii npoyecc npousgoocmea JUCmMogo20 Cmekad haoam-cnocobom seastem-
Csl HenpepuleHbIM U KPYNHOMOHHAXKHbIM. Egponelickue aemomobunu e bosvuiuHcmse (0o 90%)
umerom 3eseHYy 3a800CKYI0 MOHUPOBKY CMeKOJ, N0OIMOMY 8 npouecce Npoussoocmea Cmewso
8 ceoell macce okpawusaemest 8 eaaemolii yeem. BHeOpeHue coepemMeHHbIX UHGPOPMAUUOH-
HbLX MexXHON02Ull U YUPPOBU3AUUSL OMKPLLEAOM 803MOIHOCMU CYULECMBEHH020 NO8bLULEHUSL
agppeKmueHOCMU CMEKONIbHbLX NPOU3800CM8. Yuem KoAuuecmaa 8blmsiHYmozo U Hape3aHH020
cmeK/la No3eoJislem OoueHUMb 8AXKHbLIL noxasamesb pabomsl npouseoocmea — KosgguuueHm
UCNONIL308AHUSL CMEK/A, ONPedesSIoUUl 000 KauecmeeHH020 CmeKia 8 NpoyeHmax 6 oouiem
obveme eblpabomiu. Boixod 200H020 cmeKkia 3as8ucum om mexHo/I02UUeCcKUX omxo008 8 npoyecce
npouseoocmea. [Iist OUeHKU GAUSIHUSL 0MX0008, G03HUKAULUX HA CMadusix Npoussoocmaea, Ha
Ko3ghpuyueHm uUCnoib308GHUSL CMEKA NPOBOOUNCS. AHAAU3Z CMAMUCMUUECKUX OGHHbIX pabo-
molL proam-AuHUU. DMuU 8blOOPKU OMAUUAIOMCSL OM HOPMATIbHO20 3AKOHA pachpedeseHusl ge-
posimHocmeti, Umo o2paHuUUU8aAem UCNOb308AHUE MPAOUYUOHHBIX CIMAMUCTMUYECKUX Memo00o8
KoHmpoast. PezpeccuorHble modenu He 8cez0a 0aiom mouHoe mamemamuueckoe onucaHue npo-
uecca, NOCKONbKY OUCNepCUsl YCA08HO20 MAMEMAMUUECKO20 OAUOAHUSL 8blXOOHOU nepemeHHOl
OMHOCUMENIbHO 8X0OHbIX He S8S1eMesl COCMOSIMENbHOU XapaKmepucmuKoil cesi3u Mexoy exo0-
HbIMU U 8bIXOOHbLMU NnepemeHHbimU. [lenbro 0aHHOU pabomul siesilemest ucciedoeaque npume-
HEeHUSL UHGOPMAYUOHHOT MeopuU MOOESUPOBAHUSL OISt AHAIUZA U KOHMPOJISL MEXHO/I02UUECK020
npouecca npousgoocmaa 3eeH020 Cmekia o KoagpgpuyueHmy e2o UCnOAb308AHUSL.

Memoosl. Memoouka MOOeNUPO8AHUSL MEXHOJI02UUECKUX Yenell umeem HeKomopble 0CO6eHHO-
CMu no CpaeHeHuro ¢ modesuposaruem onepayuii. B Helli npogooumest aHaius onepayuii 0as
8bLSIBNIEHUSL BO3MONHBIX UHPOPMAUUOHHBLX C8s13ell MeN0Y napamempamu, Umo no3eoisiem npo-
cnedums 3a POPMUPOBAHUEM KOIPPUUUESHMA UCNOIL308AHUSL 3e/1eH020 CMeKaad € npoyecce
npousgoocmea. AHAU3UPYEemEest 8AUSIHUE HA 8eAUUUHY KO duyueHma UCnoNb308AHUSL CMeK-
714 NAPHBLX U MPOTHBLX 83AUMOOETiCMBUTL 0MX0008 HA CMadusix NPou3eo0Cmea 3e1eHo20 CmeKJa.
Pesynomamet. I[IpogedeHo UHGPOPMAUUOHHOE MOOEAUPOSAHUE MEeXHO/I02UUECK020 npoyecca
POPMUPOBAHUSL KOIPPUUUSHMA UCNOSILIOBAHUSL 3€/IeH020 cmeKd. MHGpOPpMAYUOHHBLI aHAUS
nosgoJisiem coesniamos 3aKaroueHue 0 00CMAmMoUHOCMU KOHMPOJsL KO3 puyueHma UcCnoib308a-
HUSL 3eJIeH020 CMmeK/la 8 npoyecce NPousso0cmaa no UHGOPMAMUEHO CESA3AHHBIMU C HUM Napa-
Mmempamiu — 0mxo0amu Ha4 CMAdusiX CMeKJa08aApeHUsl, OmoKu2a U ombopmoeKu.

BbLeoodsl. BulOpaHHAst Memoouka UHGOPMAUUOHHO20 KOHMPOJIS. KOShPuUuyueHma UCnoib308a-
HUSL CMEKAA MOXNEemM NPUMEHSIMBCSL 8 CUCMeMAX MeHEeOIKMEeHMa Kauecmsa e npoussoocmae 3e-
JleH020 cmeraa ¢haoam-cnocobom.
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The float method, a chemical technology, is used
for the production of sheet glass. The production
process is continuous and large-scale. Sheet glass
is the most important product in the glass industry.
Sheet glass is mostly used in industrial, civil,
residential, and agricultural constructions. The major
consumers are the automotive industry, railway
coach manufacturing, and railway transport!.

Most European cars (up to 90%) are factory-
tinted green; the bulk of the glass is painted in
the desired color during the production process?.
The production of green glass has been mastered
at Russian glass factories, including AGC Bor
Glassworks (Russia)® [1].

Over the past 10—15 years, the production and
consumption of glass in Russia have significantly
increased. This has led to increased requirements for
sheet glass quality. The planning and management of
large-scale production, which includes the production
of polished sheet glass, has special aspects [2].
The technological processes of such industries are
continuous, multistage, interdependent, and inertial.
The introduction of modern information technologies
and digitalization has opened up opportunities for
a significant increase in the efficiency of glass
production [3-6].

Accounting for the amount of drawn and cut
glass makes it possible to estimate an important
indicator of the production: the glass utilization rate,
which determines the percentage of high-quality
glass in the total out-turn. The yield of suitable glass
depends on the technological waste in the production
process*®. The type of waste that depends on the
quality of melting and producing sheet glass includes

smelting defects (bubbles, striae, glass stones, etc.),
glass ribbon forming defects (crystallization, tin
flakes, poly thickness, optical distortions visible in
translucent light (“zebra”), stepwise rubbings and
cuts from the shafts, lack of border width, etc.,),
annealing quality (residual stresses, flection, poor
glass cutting), and waste from cutting and shaping
glass strip (crizzles, cracks, cutter breaks, scratches
from transverse cutting, etc.).

To assess the effect of the waste arising in the
production on glass utilization rate, an analysis of the
statistical data of the float line operation was carried
out. These statistical data differ from the normal law
of probability distribution, which limits the use of
traditional statistical control methods. Regression
models do not always give an accurate mathematical
description of the process since the variance of the
conditional mathematical expectation of the output
variable relative to the input is not a justifiable
characteristic of the relationship between input and
output variables [7-9].

The informational approach based on the
principles of discretization and diversity makes
it possible to single out the main part, which is
essential in complex technical systems [10, 11].

This study aims to applicate the information
modeling theory for analyzing and controlling the
technological process of green glass production in
terms of its utilization rate.

MATERIALS AND METHODS

To identify the influence of waste arising at different
stages of production on glass utilization rate, an analysis
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was carried out using retrospective data related to the
operation of a float line for 60 days. The production of
green glass was characterized by an average productivity
of 168 tons per shift with a standard deviation of 15 tons.
The average thickness of the produced glass was 3.1 mm
with a standard deviation of 1.0 mm.

To carry out the analysis, a transition from
continuous random variables to discrete ones was
made. Four partition ranges were chosen for optimal
filtration [10, 12]. Entropy was estimated for the
obtained discrete random variables.

The values of the entropy of the analyzed
variables calculated based on the experimental data
were outside the confidence interval of the normal
distribution curve. This confirmed that they differ
from the normal distribution law.

Information analysis of the technological process
of glass production at individual stages consists of the
sequential determination of the amount of information
with the use of the following equation:

I(X;—>Y)=H(x)+HY)-H(x;Y), i=1234 (1)

where H(X)) and H(Y) are estimates of the entropy
(the quantitative measure of uncertainty) of X, and Y,
respectively, i.e., estimates of information content;
H(X,Y) is the entropy of interdependent systems
(the entropy of the co-appearance of statistically
dependent magnitudes X, and Y).

The system of equation (1) makes it possible to
estimate the influence of each technological operation
on the glass utilization rate.

The degree of the influence of information about
waste at the production stages on the glass utilization
rate is estimated using data connection coefficients:

R(X;»V=1x;,->Y)/HY), i=1234. 2)

The method for technological chain modeling
has some peculiarities with operations modeling.
According to this method, operations are analyzed
to identify possible information links between
parameters. Thus, the process of affording green glass
utilization rate in the production can be traced [10].

The influence of the paired and triple interactions
of parameters associated with waste at different
production stages on the formation of glass utilization
rate was analyzed. Information analysis resulted
in a conclusion on the sufficiency of the control of
green glass utilization rate in the production process,
according to informatively related parameters.

RESULTS AND DISCUSSION

Let us carry out information modeling of the
technological process of forming green glass utilization
rate.

The technological chain of green glass
production (production stages) is presented as an
information channel receiving information about
waste at production stages X, (i = 1, 2, 3, 4). The
information is sequentially transformed into
information about glass utilization rate Y at the
technological chain output.

Let us estimate the amount of information
contained in the parameter of green glass produced
at production stages: melting waste H(X ), molding
waste H(X)), annealing waste H(X,), and flanging
waste H(X,). The amount of information contained in the
parameters of the produced glass is H(X) = 1.38 {nat}.
(Here, {nat} is the logarithmic unit for measuring the
amount of information).

Let us determine the impact of waste from
individual production stages (X, X,, X,, X,) on the
glass utilization rate (Y). Calculating the information
model parameters is reduced to determining the
amount of information transmitted to the glass
utilization rate Y from the waste at the production
stages (X, X, X,, X,). The analysis comprises the
sequential determination of the amount of mutual
information / between the parameters using the
system of equation (1). The calculation results are
shown in the table below.

The information transmitted from parameters X,
and X to Y turned out to be statistically insignificant.
This indicates that there is no influence of waste
from the glass strip molding and annealing stages
on the green glass utilization rate. The information
transmitted from the parameter X, (glass melting
waste) and X, (flanging waste) to the glass utilization
rate Y turned out to be statistically significant. This
indicates the influence of glass melting and flanging
waste on the green glass utilization rate in the
production process.

The degree of influence of the information
on wastes at the stages of production on the glass
utilization rate was determined using the data
connection coefficients (2). These results are also
shown in the table.

The data connection between the parameters is
interpreted as follows: parameter X, (melting waste)
transfers 16% of information to parameter Y (glass
utilization rate); parameter X, (flanging waste)
transfers 20% of information to Y. Calculation
showed a weak data connection between waste at
certain production stages and green glass utilization
rate.
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Analysis of the impact of waste from individual stages of production

on the glass utilization rate

Stages of sheet Amount of information Impact of waste Statistical significance
glass production transmitted to the glass information on the glass of transmitted
utilization rate utilization rate information
IX—Y) RX—Y)

Melting waste, X 0.23 0.16 significant

Molding waste, X, 0.05 0.04 insignificant

Annealing waste, X, 0.13 0.10 insignificant

Flanging waste, X, 0.27 0.20 significant

Using the basic provisions of information
theory let us determine the sequential increment of
information transmitted to the output parameter Y
after each operation [10]:

I(x]—Y)=023;
I(X4—>Y/X1,X3)=052.

The degree of influence of the information increment
on the glass utilization rate Y is determined using the data
connection coefficient:

Ri(X1—7Y)=0.16;
R4(X4—)Y/X1,X3):0.38.

Let us analyze the effect of the paired and triple
interactions of the parameters associated with wastes
at different production stages on the formation of the
glass utilization rate [10]:

I(X1,X4—>Y)=0.52;
Ri4(X1, X4—Y)=0.38;
I(X1, X3, X4 Y)=1.04;
Ri3a(X1, X3, X4—>Y)=0.75.

Thus, information from the paired interaction of
parameters X and X, makes up 38% of the information
of parameter Y; information from the triple interaction
of parameters X, X,, and X, makes up 75% of the
information of Y.

The works presented in the monograph [10] are
devoted to the application of information methods in
quality management. The obtained research results are
consistent with previously published works [13, 14].

CONCLUSIONS

The carried-out information analysis leads to the
conclusion that it is sufficient to control green glass
production according to three parameters: waste at the
stages of glass melting X, annealing X, and flanging X,
as they are the most informative concerning the glass
utilization rate.

The proposed method of information control of
the green glass utilization rate can be used in quality
management systems in the production of glass by the
float method.
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Objectives. This article aims to describe, elaborate, and test a general algorithmic method for
constructing the structure—property models for organic compounds.

Results. The construction of the models is based on the statistical analysis of some sets of
chemical structures of definite classes with known property values. These models have some
forms of correlation equations. For the representation of chemical structures in this method, the
special weighted molecular graphs (MGs) that reflect some peculiarities of the spatial structures
of the corresponding molecules are used. The proposed method is realized in two steps. First, it
is assumed that the required structure—property equation has a definite form and depends on
several adjusted numerical parameters and two changeable functions of one variable. In this
step, from some set of functions, the pair of functions that provide the best model is selected.
In the second step, the best model (from the previous step) is modified. For this purpose, the
classification of the vertices of MG by the chemical symbols of the corresponding atoms and
their first-order environments is fulfilled. Further, the graph edges are classified according to the
classes of the vertices which they connect. Furthermore, the numerical correction terms for the
initial weights of the vertices and edges are introduced, and they improve the obtained model.
The final result of the model-construction process is the equation of the definite form containing
concrete numerical values of its parameters. Some examples of the application of the elaborated
method for constructing the structure—property models for the concrete properties and classes of
compounds are presented. The following classes of organic compounds and their physicochemical
properties are considered: 1) the boiling point of alcohols, 2) the water solubility of alcohols,
3) the boiling point of sulfides, and 4) the retention indices of alkylphenols. The obtained results
indicate the efficiency of the proposed approach and the significance of introducing the second
step to the method.
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Conclusions. In this work, a general algorithmic and computerized method for constructing the
structure-property models of organic compounds is suggested. Examples of the application of
this method demonstrated its high efficiency. The method is suitable for any class of organic
compounds and properties, which are quantitatively measured. Owing to its high efficiency, the
structure—-property models obtained by this approach can be employed to calculate the properties
of chemical compounds for which experimental data are unavailable.

Keywords: structure-property correlations, weighted molecular graphs, graph invariants,
computer chemistry, mathematical chemistry, length of the chemical bond, covalent atomic radius
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HAYYHAS CTATHBA

Monesiu ¢BSI3H «CTPYKTYPaA-CBOMCTBO» OPraHUYeCKUX COCAMHEHUI
HA OCHOBE MOJICKYJISIPHBIX I'Pag)0B ¢ 3JIeMEHTAMM
MPOCTPAHCTBEHHOI'0 CTPOCHUS MOJICKY.JT

H.A. Illyaaera, M.H. CkBopuora®, H.A. MuxaiiaoBa

MHPSA — Poccutickuil mexHoiozuueckuil yHugepcumem (MHcmumym moHKUX XUMUHECKUX MEeXHOI02UTL
umeHu M.B. Aomorocoea), Mocksa, 119571 Poccusi
@Aemop ons nepenucku, e-mail: skvorivan@mail.ru

Ienu. Ilens pabomsl — pazpabomams, onucams U hpomecmuposams 06w ull areopummuueckuil
Memo0 nocmpoeHust mooesneli Ces3U «cmpyKmypa-c8olicmao» Ost OP2aAHUUECKUX COeOUHEeHUT.
Pesynemameul. BuluileyKkasaHHble MOOENU CMPOSMest HA OCHO8E CMAMUCMUUECK020 AHAAU3A
O0aHHbBIX NO 8bLOOPKAM CMPYKMYP U C8OUCME XUMUUECKUX COeOUHEHUT U UMerom Ul Koppes-
UUOHHbIX YpasHeHUl. Xumuueckue cmpykmypsl 8 NPeosoIeHHOM Nnooxooe npedcmagusitomest
8 sude CneyualbHblLX MONEKYNSAPHBIX 2pagho8 ¢ secamu 8epuluH U pebep, omparKarouux onpe-
desnieHHble 0CObeHHOCMU NPOCMPAHCMBEHH020 CMPOEHUSL COOMBEMCMBYouuUx monekyn. Peanu-
3ayust memooa npoucxooum & 0ea amana. Ha nepgom samane npeonosazaemcsy, Umo Uckomoe
YpasHeHue C8s13U «cmpyKmypa-ceolicmeo» umeem onpedeneHHbslll aHarumuueckuil eud u 3a8u-
cum om psi0oa N0O20HOUHBLX Napamempos U 08Yx pyHKYUil 00HOU nepemeHHOl, Komopble mozym
sapvuposamecst. Ha amom smane npoucxooum ombop napvl pyHKUUl U3 3a0aHH020 MHOXKe-
cmea pyHKyull, darowux Hauryuuwyro mooens. Ha emopom amane npoucxooum moougpurayust
noayueHHol Haunyuwel mooeau. /1ns amoti yenu nep8oHaAUaIbHO NPOBOOUMCSL KAACCUDUKAYUUSL
8EPULUH MONEKYJSIPHO20 2pagha No XUMUUEeCKUM CUMBOSAM COOMBEMLCMBYIOULUX AMOMO8 U KAp-
MUHAM UX Nep8oz0 OKPYIEeHUs,, npogooumest makrke kaaccugurayus pebep epagpa 8 coomeem-
CMBUU C KAACCaMU 8EPULUH, iKKOmopble OHU coeduHsitom. Ha ocHoge noayueHHol Kaaccugurayuu
8800sIMCsL UUC/IO8bLE (NONPABKU» K UCXOOHbLM 8€CaM 8EePULUH U pebep MONeKYNIPHBLX 2paghos,
YUMo No380slem YAYUULUMb MOO0Eab, NOAYUEHHYIO HA nep8om amane. KoHeuHbim pe3yibmamom
npouecca nocmpoeHust MOOeAU CAYAHUM YpasHeHue onpedeseHHo20 8uda ¢ KOHKpemHbIMU YUC-
J08bIMU 3HAUEHUSIMU 8CeX e20 napamempos. [IpusedeHsbl npumepsbl NPUMEHEeHUsL NPEOSLOIEHHO-
20 mMemooa 051 nocmpoeHust mooeseli Cesi3U «mpyKmypa-ceoticmao» 0151 KOHKpemHblx ceolicme
u Knaccoe coeduHeHull, nokasslearouiue ezo aghpexkmusHocmo. Pacemampusanuce crnedyrouiue
¢usuKo-xumuueckue ceolicmaa U KAACCbL Op2aHUUeCKUX coeduHeHull: 1) memnepamypa rkune-
HUsl cnupmos; 2) pacmeopumocms cnupmos 8 goode; 3) memnepamypa KuneHus cyabguoos;
4) uHOeKcoblL YyoeprKu8aHusl ANKUNGPEHOI08.
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Bbteooust. [Iped iorxkeH 00Ul aN20pumMuUUeckKuil Memod nOCMpoeHUs. KOPPENSIUUOHHBIX Ypae-
HeHUTl, C8s13bl8AOUUX CMPYKMYpPY U ceolicmea opeaHuueckux coeduHeHuti. IIpusedeHsl npume-
pbL e2o peanusayuu. Memood moxem 6bimb UCNONL308AH Ol JHOOLLX K/IACCO8 OP2aAHUUECKUX Coe-
JuHeHUll U 110bbLX UX ceolicmea, Komopble usmepsiromest KoauuecmserHo. Mooesu, nocmpoeHHble
HA OCHOBe NPeosIoNKEHHO020 nodxoda, obradarouue 00CMmamouHO 8bLCOKUM KAUecmeom, moaym
6blMb UCNONIBL308AHDBL 0151 pacuema ceolicme coeOuHeHUll, 01t KOmopblx omcymcemayrom sKcne-

pumeHmasloHble OaHHble.

Knroueesle cnoea: Koppesiyul «mpyKkmypa-ceoticmeor, MoNeKYNsipHble 2paghbl, UHEAPUAHMbL
2pagha, KoMNbIOMepHAsE XUMUSL, MAMEMAMUUECKAST XUMUSL, OJUHA XUMUUECKOU C8s3U, KO8A-

JleHMHbLU paduyc amoma

Ana yumupoeanua: lynaesa H.A., CkBoproBa M.M., Muxaiinosa H.A. Mogenu cBA3U «CTPYKTypa-cBOHCTBO»
OPraHUYEeCKUX COCJUHEHUN HA OCHOBE MOJEKYISPHBIX rpadoB ¢ 3JeMEeHTaMU IPOCTPAHCTBEHHOIO CTPOESHUS MOJIEKYII.
Tonxue xumuuecxue mexuonoeuu. 2020;15(6):84-103. https://doi.org/10.32362/2410-6593-2020-15-6-84-103

INTRODUCTION

One of the important problems of mathematical
and computational chemistry is to determine the
quantitative correlations between the structures
and properties of chemical compounds [1-11].
The obtained relationships enable the prediction
of the properties of given compounds (both real
and hypothetical) from their structures through
appropriate calculations, which can be employed for
a targeted search for compounds with a predetermined
set of properties. Notably, a large number of different
chemical substances have been synthesized thus far.
However, the experimental determination of their
various properties for a targeted search for compounds
is technically largely difficult; moreover, it requires
significant finance and time. Hence, the development
of various mathematical methods for modeling the
correlations between the structure and properties of
chemical compounds is an essential task.

Generally, a statistical approach that is based on
the analysis of a given set of chemical structures with
known values of the studied property is employed
to construct models for the structure—property
correlations. For the quantitative description of the
structures of chemical compounds, a certain set of
molecular parameters x,..., x, is first selected; as
these parameters can be used, for example, any
topological, electronic, or geometric characteristic
of molecules. It is further assumed that the property,
y, 1s related to these parameters through the
function, f: y = f(x,..., x,). The analytic form of f'is
generally set by the researcher, e.g., f is a linear or
quadratic function, but it depends on several selected
parameters. These parameters are obtained from the
known data of the initial (training) sample of chemical

compounds so that the equation, y = f{(x ,..., x, ), would
be calculated with extensive accuracy (in a sense) for
the initial data set.

To assess the accuracy of the approximation in the
constructed model, a correlation is usually established
between the calculated and experimental values of
the studied properties of the training sample of the
compounds. Therefore, the correlation coefficient, R,
is determined, as well as the average relative error,
0 (in %), which are subsequently employed to draw
conclusions on the quality of the model. For example,
in [12], the following characteristics of the quality of
the model, which were determined by the value of R
were proposed thus: R > 0.990 (outstanding), R > 0.975
(excellent), R > 0.950 (very good), R > 0.925 (good),
and R > 0.900 (fair). Notably, these criteria, which
express the acceptability of the model, can be selected
differently in some cases.

In the studies of structure—property correlations,
the methods for quantitatively describing the
molecular structures are very crucial. One of the most
common and conventional methods of representing the
structure of a molecule is by a graph with numerical
weights (or symbolic labels). The vertices and edges
of such graph correspond to the atoms and bonds
in the molecule, and their weights quantitatively
characterize the peculiarities of atoms and bonds of
different types. As topological molecular descriptors,
X,..., X in the structure—property correlation models,
some numerical invariants of theses graphs are used
[13-21].

Evidently, the mathematical models for the
structure—property correlations that were obtained
within the framework of this approach depend
significantly on the selected weights of the graphs
representing the chemical structures since the
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aforementioned graph invariants significantly depend
on these weights. Generally, the selected weights of
vertices and edges of a graph in a particular context
do not depend on the considered class of compounds
or properties. For example, for the molecular graphs
(MGs) of alkanes (these graphs are constructed without
considering the hydrogen atoms), it is generally
assumed that the weights of all the vertices are equal
to zero. Examples of weights of vertices and edges of
the weighted graphs of heteroatomic molecules are
presented in the paper [15]. These weights depend
on atomic characteristics, such as the total number
of electrons, the number of valence electrons, the
number of neighboring hydrogen atoms, and the
parameters that characterize the multiplicity of the
chemical bonds. There are also examples of weights
of vertices and edges of MGs in the literature based
on the covalent atomic radii, degrees of vertices in the
graph, and distances between the vertices [22-24].

Notably, during the construction of models
connecting the structure and properties of chemical
compounds, the questions about the best selection of
the graph invariants, x ,..., x,_ (molecular descriptors),
approximating function f and weights of vertices
and edges of MGs representing chemical structures
arise. These problems are generally due to the lack of
a priori information on what structural features and
how the considered property depends for a given class
of compounds, and an infinite number of variants to
select the graph invariants, approximating function f,
and the weights of a graph.

We shall now in more details describe the method
for constructing the models of the structure—property
correlations based on the optimal (in a sense) selection
of the weights of the vertices in weighted MGs that
represent the chemical structures described in [25].
Initially, some classification of the atoms present in
the molecular structures of the studied compounds
was performed. For example, the atoms can be divided
into classes according to their chemical symbols
taking into account the distribution of the bond types.
A further detailed classification of the atoms can be
obtained if, for this purpose, the pictures of their
first-order environments are used. All the atoms of
one, kth, class (k= 1,2,...) are assigned some weights
z, (k= 1,2,...) (the number of classes is unknown at
this stage). For further constructions, all the atoms in
each molecule are numbered. Thereafter, it is assumed
that the dependence of the studied property, y, on the
structure of the molecule has the following special
form (Equation (1)):

y:zwiwj-l_ca (1)

where w, and w, are the numerical weights of
the atoms in the molecule with numbers i and j,
which are determined by their class in the adopted
classification, i.e., w, = z,, if the atom, /, is in the kth
class. In Equation (1), the sum is for all the bonds (i,))
in the molecule, and ¢ is a constant.

Further, the unknown weights of the classes,
(k = 1,2,...), are selected so that the relation (1)
would be as accurate as possible for a given sample of
the compounds. Consequently, a nonlinear function
of the k variables of the following form is introduced,
as shown in Equation (2):

F(zpez) =), (7 =97 @)

for which we obtained the minimum and corresponding
values of the variables, z,.,..., z,. In Equation (2), y,"
is the experimental value of y of the pth compound,
and y5" is the analytical expression for calculating
the property of the pth compound that was obtained
from Equation (1) and depending on the parameters,

Ziyeens Z

Tﬁus, the resulting equation of the structure—
property correlations has the form of Equation (1) in
which z ..., z, are known and selected in the optimal
method (in the above sense). Equation (1) can be
employed afterward to calculate the property values
of other compounds of the same class that are not
present in the initial sample.

The following facts are the basis for selecting
Equation (1) in the above studies. One of the most
widely employed MG invariant for modeling
structure—property correlations is the molecular
connectivity index (the Randi¢ index) y, as shown in
Equation (3):

L

Z=Elm)* @

where v, v, are the degrees of vertices i and j in the graph,
and the sum is the sum of all the edges (i,j) of the graph
[26]. This index possesses the following property: for a
tree graph with a fixed number of vertices, it takes its
extreme values (the highest and lowest) on the most- and
least-branched trees, i.e., chain and star graphs. Owing
to this property, y can serve as the quantitative measure
of the degree of branching in an acyclic molecule.
There are generalizations of y for cases involving more
general subgraphs (chains of different lengths; notably,
x corresponds to a chain length of 1, i.e., an edge of the
graph), as well as cases, when in formula for y instead of
vertex degrees state some weights of vertices, depending
on the characteristics of the corresponding atoms. The
above modifications of y also have wide applications in
structure—property correlations [27, 28].
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The replacement of the values of v, with those of
the form, v, + x, in the formula for y have been proposed
when constructing the structure—property correlations
[29]. Further, x are the selected parameters based on
the chemical symbols of the corresponding atoms. As
a specific example, it was demonstrated that a more
accurate correlation of the structure—property type
could be obtained with such a “variable” y than with
the original y. Additionally, it was noted that for each
property and class of compounds the set of optimal
selected parameters is own set [29].

The idea of generalizing y by introducing the
selected atomic parameters was also implemented in
[30-35] particularly for classes of compounds, such
as alkanes, alcohols, and ethers, for their enthalpies
of vaporization. The compounds were represented by
graphs without considering the hydrogen atoms. In these
works, a molecular descriptor of the following type was
considered, as expressed in Equation (4):

1 2 3
Sy =ty Ly Ly X, “4)

2 3 4

where

‘7= (ns) " 7= (in(55)) .
=X (n(050,)) 2 =X in(65,0,8)

In Equation (5) for %, the summation is for all
the non-hydrogen atoms of the molecule, numbered
i=1,2,...,n. In Equation (5) for 'y, 2y, 3y, the summation
is for all the chains of the atoms containing 1, 2, and
3 consecutive bonds, with the numbers of atoms
in these chains corresponding to i,j, i,j,k, or i,j,k,[,
respectively. The numbers of the kind, J, were the
selected parameters of the atoms depending on the
method of their classification. Further, it was assumed
that the dependence of the considered property on the
parameter,’?y, has the following form (Equation (6)):

)

y=ax"y+b. (6)

where the constants, a and b, were selected according to
the least-squares method.

In [36], a modification of the classical Randi¢ index
according to the selection of the atomic parameters was
considered. In that case, some of the parameters that
were attributed to the carbon atoms were fixed (they were
assumed to be equal to the degrees of the vertices in the
corresponding graph), and the other part was selected.

In this study, we proposed and verified a new general
method, which was developed within the framework
of a statistical approach for solving such problems, to
establish quantitative correlations between the structures
and properties of organic compounds. The method

is based on representing the structures of the studied
compounds as weighted MGs with weights of vertices
and edges reflecting the elements of spatial structure of
corresponding molecules, with the subsequent corrections
of these weights. The proposed approach is a generalized
development of a previously described approach [25].

DESCRIPTION OF THE METHOD FOR
CONSTRUCTING THE STRUCTURE-
PROPERTY CORRELATION MODELS

Construction of weighted MGs of organic
compounds

Let there be a certain sample with structural formulas
of organic compounds of a certain class and known
numerical values of some physicochemical property
obtained experimentally and reported in the literature.

The construction of any structure—property
correlation model within the framework of the above-
described statistical approach presupposes the preliminary
construction of special MGs for the compounds under
consideration. In the given paper weighted MGs with
vertices corresponding to the non-hydrogen atoms of
the molecule, and edges corresponding to the chemical
bonds between these atoms, are considered. The MG
vertices were assumed to be numbered 1,2,...,n, and
edge, which was formed by a pair of vertices that were
numbered 7/ and j (i <j), was denoted by the symbol (i,j).
The weights of the vertices and edges of MG reflect the
elements of the spatial structure of the molecule, namely,
the vertex weights w,_ are taken as the covalent radii of
the corresponding atoms, and edge weights w, are taken
as the lengths of the corresponding bonds. The values of
the atomic radii and bond lengths used in this work are
presented in Tables 1 and 2, respectively [23], [37].

Table 1. Covalent radii of the atoms (A) [23]

No. Atom Atom radius, A
1 Csp? 0.77
2 Csp? 0.67
3 Csp 0.60
4 Nsp? 0.74
5 Nsp? 0.62
6 Nsp 0.55
7 Osp? 0.74
8 Osp? 0.62
9 F 0.72
10 Psp? 0.10
11 Psp 1.00
12 Ssp? 1.04
13 Ssp? 0.94
14 Cl 0.99
15 Br 1.14
16 I 1.33
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Table 2. Average bond lengths in the organic molecules (A) [37]

No. Bond Bond length, A No. Bond Bond length, A
1 C4-C4 1.54 23 C2-Cl1 1.63
2 C4-C3 1.52 24 C3=C3 1.34
3 C4-C2 1.46 25 C3=C2 1.31
4 C4-N3 1.47 26 C3=N2 1.32
5 C4-N2 1.47 27 C3=01 1.22
6 C4-02 1.43 28 C2=C2 1.28
7 C4-S2 1.81 29 C2=N2 1.32
8 C4-F 1.40 30 C2=01 1.16
9 C4-Cl1 1.76 31 N3=01 1.24
10 C4-Br 1.94 32 N2=01 1.22
11 C4-1 2.14 33 N2=N2 1.25
12 C3-C3 1.46 34 Cc2=C2 1.20
13 C3-C2 1.45 35 C2=N1 1.16
14 C3-N3! 1.40 36 C3=(C3? 1.40
15 C3-N2 1.40 37 C3=N2? 1.34
16 C3-02 1.36 38 C3-F? 1.32
17 C3-F 1.33 39 C3-CP 1.71
18 C3-Cl1 1.73 40 C3-Br? 1.89
19 C2-C2 1.38 41 C3-1? 2.10
20 C2-N3 1.33 42 C3-022 1.36
21 C2-02 1.33 43 C3-N32 1.48
22 C2-F 1.30 44 C3-S822 1.81

In Table 2, the numbers that are placed after the
symbols of atoms are those of the neighboring atoms
of a given atom in a molecule; the superscript, 1, in
No. 14 implies that the bond length of the N-C=0
group is 1.32; superscript, 2, in Nos. 36—44 implies
that C3 is a carbon atom in the benzene ring.

An example of the described weighted MG,
which corresponded to the structural formula of
2-methyl-2-butanol, is shown in the figure (the MG
vertices are not numbered).

0.77
[
C

}1.54

0.77 0.77

0.77 0.77
- - - -
C - C - C - C

Weighted molecular graph of 2-methyl-2-butanol.

Description of the initial structure—property
correlation model and the method of selecting its
parameters

In the proposed approach to modeling the structure—
property correlations, it was initially assumed that the
corresponding equation that connects the property, v, to
some structural characteristics of the molecule (or its
MGQG) has the following form (Equation (7)):

y=aX () oL Al e )

where w, is the weight of the edge (i,j) in MG; w_ is
the weight of the vertex, i, of MG, the summation in
each sum is for all edges (i,j) in MG. The functions,
f,(x) and f(x), are some fixed functions of one
variable. Both functions were selected independently
from any given set of functions. The following set
of functions was considered in this paper: f{x) = Inx,
f(x) = x*, where k takes the values, =1 and 0.5, i.e.,
five functions were considered. Notably, this set
of functions could be extended or changed. Thus,
the model was determined by specifying a pair of
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functions, f,(x) and f,(x). The parameters, a, b, and c,
were selected by the least-squares method according
to a given (training) sample of compounds for each
pair of f,(x) and f (x). Therefore, 25 different models
could be built in this case.

To assess the accuracy of each of these 25 models
(its quality) for a training set of compounds, R and
the standard deviation, s, were calculated for the
correlation between the experimental and calculated
values of y. From the obtained set of models based
on the parameters, R and s, one (the most accurate
model) was selected. Moreover, this model can be
further improved.

Notably, to assess the accuracy of the model on
the initial sample of compounds, the average and
maximum absolute (or relative) errors in calculating
y (Aavg, 4., 5avg, o_. . respectively) could be used.

Correction of the model based on the modifications
of weights of vertices and edges of MGs

To improve the constructed model (with a selected
pair of functions, f,(x) and f(x)), we performed the
corrections of w, and w, of MG. This adjustment was
performed as follows: initially, the vertices and the
edges (i,j) of MG were divided into some classes
according to certain criteria.

The classification of the MG vertices was
performed according to the chemical symbols of the
corresponding atoms and the pictures of their first-
order environment. The classes of the vertices were
numbered arbitrarily as 1,2,...,n,. The class with the
number, p, was initially assigned some indefinite
numerical “weight,” X, (p = 1,2,...,n,). The bonds
were classified according to the classes of atoms that
they connect; the bond classes were also numbered
arbitrarily with numbers 1,2,...,n,. The class with
the number, ¢, was initially assigned some undefined
numerical “weight,” z, (g=12,...,n).

Instead of the initial w,, the weights with the
form, w, + x , were considered, where p is the number
of the class, to which the ith atom belongs. Further,
instead of w,, the weights were similarly corrected
to the form, w,+z, where ¢ is the class number to
which the edge (i,j) belongs.

Further, these corrections, as well as the
coefficients, a, b, and ¢, which are assumed to
be unknown, were selected simultancously by
minimizing a function of many variables of the
following form, as shown in Equation (8):

F(a,b,c,xl,xz,x3,...,zl,zz,z3,...) =

8
- ;('yexp»k ~ Veale k )2> ( )

where y_ . is the experimental value of y of the kth
compound, y_, . is the calculated value of y of this

compound that is obtained by Equation (7), where
instead of the initial weights, w, and w, are their corrected
expressions; the summation is for all the compounds of
the training set.

For the optimal selection of the parameters, a,
b, ¢, x,, X,, X,,..., in this task, the add-in, “Load the
Solver,” of the Microsoft Excel program could be
used.

Notably, to refine the model, only w, can be
adjusted, while w, remains unchanged.

To evaluate the quality of the model on the
training set of compounds, R and s were determined
for the correlation between the experimental and
calculated values of the studied property, as well
as the average and maximum absolute (or relative)
errors (Aavg, 4. ., 5avg, J, .. respectively) in calculating
the property value.

To assess the predictive power of the model, a
new set of chemical compounds of the same class and
known values of y was used (test sample). For these
compounds, the obtained formula was employed to
calculate y and determine R and s, for the correlation
between the experimental and calculated values of
v, as well as the parameters, Aavg’l, Amaqu, 53%1, 5max,l’
similar to the above parameters for the training
sample.

EXAMPLES OF CONSTRUCTING THE
STRUCTURE-PROPERTY CORRELATIONS
ON THE BASE OF THE PROPOSED METHOD

This section offers examples for the application
of the developed method in the construction of models
of the structure—property correlations for a range of
physicochemical properties of organic compounds of
some classes, as well as the analysis of the results.

In each example, a certain sample of compounds
is considered and divided into training and test
samples. N is the number of compounds in the initial
sample (N, and N, are the numbers of compounds in
the training and test samples, respectively). The initial
data are presented as a table containing the names
of the compounds and values of their considered
physicochemical property, which were culled from
the literature. The compounds included in the test set
are marked as *.

Following the method described herein, the
weighted MGs of the compounds under consideration
were constructed at the first stage of research in each
example. Thereafter, for the training set, the unknown
constants, a, b, ¢, were calculated for each pair of the
selected functions, f,(x) and f,(x), by the least-squares
method, as well as the parameters, R and s. The best
model was selected from the obtained models by the
parameters, R and s, i.e., the best pair of f/(x) and
/5(x) was selected. For this model, R, s, 5avg, and 0

max’
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as well as similar parameters, R , s, 5avg‘1, 6max,], were
determined, thereby characterizing the qualities of the
model on the training and test samples, respectively.

The obtained best model was refined in the second
stage of the research. Therefore, the MG vertices
were initially classified according to the chemical
symbols of the corresponding atoms and the patterns
of their first-order environments. The classification
results are summarized in a table containing the
structural fragments that define the classes and their
descriptions.

Further, based on the obtained classification of
the vertices, corrections x, x,,... were introduced
to the initial w . The obtained values of corrections
x,, X,,... and the coefficients a, b, ¢ for the improved
model are summarized in another table. The final
result of the model-building process is an equation of
a certain form with the specific numerical values of
all its parameters, which enables the calculation of y
for any compound of a given class. For this equation,
R, s, 5avg, o ... and R, s, 6avg7|, and 5max,1 were also
determined, thus characterizing the qualities of the
model on the training and test sets, respectively.

Finally, the results were analyzed at the third stage
of the research. Thus, all the statistical characteristics
of the four cases (initial/refined models and training/test
samples) are summarized in one table, after which
these characteristics were compared in the initial and
refined models, and a conclusion was made about the
advisability of introducing corrections to w, of MG to
improve the model. Moreover, the quality of the final,
refined model was assessed.

a) Boiling points of alcohols

A sample of alcohols with their boiling points,
N =31, N =21, N, = 10 [29] was considered as the
initial data for constructing the model. The initial
data are presented in Table 3.

The best model selected at the first stage was an
equation of the following form (9):

y=a2(wl.j)_l+bZ(wﬁ><wjj)_%+c. )

Further, the MG vertices were classified, and the
results are presented in Table 4.

Table 3. Alcohols and their boiling points [29]

No. Compound Boiling point, °C
1 Ethanol 78.0
2 Propanol 97.1
3 2-Propanol 82.4
4 Butanol* 117.6
5 2-Methyl-1-propanol 108.1
6 2-Butanol* 99.5
7 2-Methyl-2-propanol 82.4
8 Pentanol* 138.0
9 3-Methyl-1-butanol 131.0
10 2-Methyl-1-butanol 128.0
11 2-Pentanol* 119.3
12 3-Pentanol 116.2
13 3-Methyl-2-butanol* 112.9
14 2-Methyl-2-butanol 102.3
15 Hexanol 157.6
16 3-Methyl-1-pentanol 153.0
17 4-Methyl-1-pentanol 151.9
18 2-Methyl-1-pentanol* 149.0
19 2-Ethyl-1-butanol 147.0

20 2,3-Dimethyl-1-butanol* 144.5
21 3,3-Dimethyl-1-butanol 143.0
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Table 3. Continued

No. Compound Boiling point, °C
22 2-Hexanol* 140.0
23 2,2-Dimethyl-1-butanol 136.5
24 3-Hexanol 135.0
25 3-Methyl-2-pentanol* 134.3
26 4-Methyl-2-pentanol 131.6
27 2-Methyl-3-pentanol* 126.5
28 3-Methyl-3-pentanol 122.4
29 2-Methyl-2-pentanol 121.1
30 3,3-Dimethyl-2-butanol 120.4
31 2,3-Dimethyl-2-butanol 118.4

Table 4. Classification of vertices of MG, corresponding to alcohol molecules

Structural fragment Ao
No. that defines the class of atoms Description of the atom class
1 C—C The central C| atom is bonded to one C atom
2 C—C—C The central C, atom is bonded to two C atoms
C—C—C
3 | The central C, atom is bonded to three C atoms
C
C
4 c—¢C—C The central C, atom is bonded to four C atoms
C
5 cC—C, —0O The central C, atom is bonded to one C and one O atoms
C— ¢ —C
6 | The central C, atom is bonded to two C and one O atoms
O
C
7 C—C—C The central C, atom is bonded to three C and one O atoms
O
8 cC—O0 The central O atom is bonded to one C atom

Based on this classification, corrections x —x,
(correction parameters) were introduced to the
weights of the MG vertices. The determined
corrections x, x,, ..., x, and the coefficients a, b, and
c are presented in Table 5.

Thus, the improved model is expressed as
Equation (10):

Y :aZ(Wtj)_l *
1 (10
+b2((wﬁ +x,)x(w, +xm))_5 +c,

where n and m are the numbers of the classes of
vertices to which the corresponding vertices i and j
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belong. The values of the corrections, x and x , as well
as the coefficients a, b, and ¢ were obtained from Table 5.
The summation in each sum is for all edges (i) in MG.

Table 6 presents some statistical parameters of the
constructed models for the four cases (initial/refined
models; training/test samples).

As presented in Table 6, the introduction of
corrections to w_ of MG significantly improved the
initial model (on all characteristics). Thus, an equation

of the form of Equation (10) was more accurate than
Equation (9) in expressing the relationship between
the structures and boiling points of alcohols.

b) Solubilities of alcohols in water

A sample of alcohols, N =30, N, =20, N, = 10
[38], with their water-solubility values, —logX (X is
the molar fraction of a substance in solution), was
considered as the initial data (Table 7) for constructing
the model.

Table 5. Values of the correction parameters, x —x,, and the coefficients @, b, and ¢

for the improved model

3%, X, X, X, X, X, X, X, a b c

0.0348 0.0003 0.0112 0.0170 0.0001 0.0117 0.0174 | 0.00303 15898 7936.4 —549.4

Table 6. Some statistical parameters of the initial/modified models for the training/test samples
for the boiling point of alcohols
Initial model Modified model
Statistical parameters (without the corrections of w, of MG) (with the corrections of w, of MG)
of the model

Training sample Test sample Training sample Test sample

s 13.19 10.09 1.82 2.04

R 0.838 0.796 0.997 0.992

g 9.23% 6.18% 1.21% 1.39%

. 25.43% 13.25% 3.96% 3.05%

The best model that was selected at the first stage is
an equation of the following form (11):

1

y=aX(w f +b3 (w,xom,) 7 ve.

(1)

Further, the MG vertices were classified, and the
results are presented in Table 4. Corrections x,—x,
(correction parameters) were introduced to the weights
of the MG vertices based on this classification. The
obtained corrections, x , X,, ..., X, and the coefficients
a, b, and c are presented in Table 8.

Thus, the improved model is expressed as
Equation (12):

y= aZ(Wij ); +
! (12)

+b2((wﬁ +xn)><(wjj +xm))_5 ‘e,

where n and m are the numbers of vertex classes to which
the corresponding vertices, i and j, belong. The values of
corrections x, and x , as well as the coefficients a, b,
and ¢ were obtained from Table 8. The summation in
each sum is for all edges (i,j) of MG.

Table 9 presents some statistical parameters of
the constructed models for the four cases (initial/
refined models; training/test samples).

According to Table 9, the introduction of
corrections to w, of MG significantly improved the
initial model (on all characteristics). Thus, an equation
of the form of Equation (12) was more accurate than
Equation (11) in reflecting the relationship between
the structures of alcohols and their water solubility.

To further improve the model, a classification of
edges in MG (or bonds in structural formula) based
on mentioned above classification of the MG vertices,
was fulfilled. Therefore, the following edge classes
were determined:
NC-C,2)C-C,3)C-C,4HC-C,5C-C,6)C-C,
7) C-C,, 8)C-C,9) C-C, 10) C-C, I1) C-C,,
12) C-C,, 13) C-C,, 14) C-C,, 15) C-C,, 16) CC,,
17) C,—C,, 18) O-C,, 19) O-C_, 20) O-C..
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Table 7. Alcohols and their water-solubility values [38]

No. Compound Solubility in water, —logX
1 1-Butanol 1.750
2 2-Methyl-1-propanol 1.743
3 2-Butanol* 1.724
4 1-Pentanol 2.332
5 3-Methyl-1-butanol 2.254
6 2-Methyl-1-butanol* 2.207
7 2-Pentanol 2.025
8 3-Pentanol* 1.961
9 3-Methyl-2-butanol 1.926
10 2-Methyl-2-butanol 1.608
11 2,2-Dimethyl-1-propanol 2.030
12 1-Hexanol* 2.957
13 2-Hexanol 2.612
14 3-Hexanol 2.542
15 3-Methyl-3-pentanol* 2.109
16 2-Methyl-2-pentanol 2.233
17 2-Methyl-3-pentanol* 2.445
18 3-Methyl-2-pentanol* 2.458
19 2,3-Dimethyl-2-butanol 2.118
20 3,3-Dimethyl-1-butanol 2.870
21 3,3-Dimethyl-2-butanol 2.359
22 4-Methyl-1-pentanol 2.737
23 4-Methyl-2-pentanol* 2.534
24 2-Ethyl-1-butanol 2.956
25 1-Heptanol 3.554
26 2-Methyl-2-hexanol 2.820
27 3-Methyl-3-hexanol* 2.729
28 3-Ethyl-3-pentanol 2.579
29 2,3-Dimethyl-2-pentanol 2.615
30 2,3-Dimethyl-3-pentanol* 2.588
Table 8. Values of the correction parameters, x —x,, and the coefficients @, b, and ¢
for the improved model
5%, 5%, 5% 5%, 5% 5 X, a b c
0.0005 0.0011 0.0011 0.0011 0.0001 0.0002 | —0.0003 | —0.0002 | 213.25 | —203.61 15.14
By this classification, corrections z,-z,, statistical parameters of the constructed modified

to w,_ were introduced and obtained, and new
values of the parameters, a, b, ¢, and X —X, Were
simultaneously obtained. Table 10 shows some

models for the four cases (model with corrections to
the weights of vertices/the weights of vertices and
edges; training/test samples).
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Table 9. Some statistical parameters of the initial/modified models for the training/test samples
for the water solubility of alcohols

Initial model Modified model
Statistical parameters (without the corrections of w, of MG) (with the corrections of w, of MG)
of the model
Training sample Test sample Training sample Test sample
s 0.301 0.239 0.078 0.091
R 0.794 0.798 0.988 0.973
g 9.25% 6.31% 2.40% 3.43%
o 28.53% 17.49% 6.29% 17.40%
Table 10. Some statistical parameters of the modified models with the correction parameters
to vertex weights and to weights of vertices and edges for the training and test samples
for the water solubility of alcohols
Modified model Modified model
Statistical " (with corrections to the vertex weights (with corrections to the weights of vertices
atistical parameters of MG) and edges of MG)
of the model
Training sample Test sample Training sample Test sample
s 0.078 0.091 0.026 0.099
R 0.988 0.973 0.999 0.968
e 2.40% 3.43% 0.69% 3.43%
O 6.29% 17.40% 2.48% 18.86%
Table 11. Sulfides and their boiling points [39]
No. Compound Boiling point, °C
1 Methyl ethyl sulfide 66.6
2 Methyl propyl sulfide 95.5
3 Diethyl sulfide 92.0
4 Methylisopropyl sulfide 84.4
5 Ethylisopropyl sulfide 107.4
6 Methyl butyl sulfide* 123.2
7 Methyl isobutyl sulfide 112.5
8 Ethylpropyl sulfide* 118.5
9 Methyl zert-butyl sulfide 101.5
10 Methylamyl sulfide 145.0
11 Ethyl butyl sulfide 144.2
12 Dipropyl sulfide* 142.8
13 Propylisopropyl sulfide 132.0
14 Ethyl isobutyl sulfide 134.2
15 Methylisoamyl sulfide 137.0
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Table 11. Continued

No. Compound Boiling point, °C
16 Methyl 2-methylbutyl sulfide* 139.0
17 Ethyl sec-butyl sulfide 133.6
18 Ethyl tert-butyl sulfide* 120.4
19 Diisopropyl sulfide 120.0
20 Methyl 1-ethylpropyl sulfide 137.0
21 Methyl sec-butyl sulfide* 114.5
22 Methyl tert-amyl sulfide 128.3
23 Methyl-1,2-dimethylpropyl sulfide 133.0
24 Methylhexyl sulfide* 171.0
25 Propyl butyl sulfide 166.0
26 Propyl isobutyl sulfide 155.0
27 Isopropyl isobutyl sulfide* 145.0
28 Ethyl 2-methylbutyl sulfide* 159.0
29 Propyl fert-butyl sulfide 138.0
30 Isopropyl sec-butyl sulfide* 142.0

Notably, the introduction of additional parameters
to the correlation equation improved all the model
characteristics on the training set. However, in the test
sample, the model became slightly worse. In this regard,
it was not sensible to further classify edges of MG.

¢) Boiling point of sulfides

A sample of sulfides, N = 30, N, = 20, N, = 10
[39], with their boiling points was considered as the
initial data (Table 11) for constructing the model.

The best model that was selected at the first stage is an
equation of the following form (13):

y=aZ(Wij)‘1+bZln(Wﬁijj)+c' (13)

Further, the MG vertices were classified, as
presented in Table 12.

Corrections x,—x, to w,_of MG were introduced
based on this classification. The obtained corrections,

Table 12. Classification of vertices of MG, corresponding to sulfide molecules

Structural fragment q
No. that defines the class of atoms Description of the atom class
1 C—C The central C, atom is bonded to one C atom
2 C—C—C The central C, atom is bonded to two C atoms
C—C—C
3 | The central C, atom is bonded to three C atoms
C
4 C,—/S The central C, atom is bonded to one S atom
5 C—C,— S The central C, atom is bonded to one C and one S atoms
C— C,— S
6 | The central C, atom is bonded to two C and one S atoms
C

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(6):84-103

96



Nadezhda A. Shulaeva, Mariya I. Skvortsova, Nataliya A. Mikhailova

Table 12. Continued

Structural fragment e
No. that defines the class of atoms Description of the atom class
C
7 C—C—S The central C, atom is bonded to three C and one S atoms
C
8 C—S—¢c¢C The central S atom is bonded to two C atoms
Table 13. Values of the correction parameters, x,—x,, and the coefficients a, b, and ¢
for the improved model
X, X, X, X, X, X, X, a b c
0.00016 | 0.00014 | 0.00002 | 0.00017 | 0.00006 | 0.00006 | 0.00021 | 0.00006 7284.7 9091.2 4055.93
X, X, .., X, and the coefficients a, b, and ¢ are shown of the form of Equation (14) was more accurate than
in Table 13. Equation (13) in reflecting the correlation between the
Thus, the best model is expressed as Equation (14): structures and boiling points of sulfides.
d) Alkylphenol retention indices
-1 - —
_ A sample of alkylphenols, N = 30, N, = 20,
y—aZ(w,.j) + B ple © P Lo
(14) N, = 10 [40], with their values of retention indices

+bZln( W, +x,) (wjj+xm))+c,

where n and m are the numbers of the vertex classes
to which the corresponding vertices, i and j, belong.
The values of the corrections, x and x , as well as the
coefficients a, b, and ¢ were obtained from Table 13. The
summation in each sum is for all edges (i,/) in MG.

Table 14 presents some statistical parameters of
the models for the four cases (initial/refined models;
training/test samples).

According to Table 14, the introduction of
corrections to w_ of MG significantly improved the
initial model (on all characteristics). Thus, an equation

was considered as the initial data (Table 15) for
constructing the model.

The best model that was selected at the first stage
is an equation of the following form (15):

y=a2(wy) +b2(w xw) +c. (15)

Further, the MG vertices were classified, as
presented in Table 16. The C atoms included in the
benzene ring are denoted as C°.

Corrections x —x, to w, were introduced based on this
classification. The obtained corrections, x, x,, ..., x,, and
the coefficients a, b, and ¢ are presented in Table 17.

Table 14. Some statistical parameters of the initial/modified models of the training/test samples

for the boiling point of sulfides

Initial model Modified model
Statistical parameters (without the corrections of w, of MG) (with the corrections of w, of MG)
of the model
Training sample Test sample Training sample Test sample

§ 7.76 2.73 2.64

R 0.954 0.846 0.994 0.991
Opg 4.41% 6.77% 1.83% 1.81%

O 12.48% 10.72% 5.60% 4.07%
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Table 15. Alkylphenols and their retention indices [40]

No. Compound Retention indices
1 Phenol 1281
2 2-Methylphenol 1354
3 3-Methylphenol* 1386
4 4-Methylphenol 1385
5 2-Ethylphenol 1430
6 3-Ethylphenol 1483
7 4-Ethylphenol* 1473
8 2,3-Dimethylphenol 1495
9 2,4-Dimethylphenol 1456
10 2,5-Dimethylphenol 1453
11 2,6-Dimethylphenol* 1416
12 3,5-Dimethylphenol* 1489
13 3,4-Dimethylphenol 1530
14 4-Isopropylphenol 1527
15 2-n-Propylphenol* 1502
16 3-n-Propylphenol 1565
17 4-n-Propylphenol 1563
18 2-Ethyl-4-methylphenol* 1523
19 2-Ethyl-5-methylphenol 1529

20 2-Ethyl-6-methylphenol 1485
21 3-Ethyl-5-methylphenol* 1581
22 4-Ethyl-2-methylphenol* 1539
23 4-Ethyl-3-methylphenol 1608
24 2,3,4-Trimethylphenol 1638
25 2,3,5-Trimethylphenol 1593
26 2,3,6-Trimethylphenol* 1551
27 2,4,5-Trimethylphenol* 1593
28 3.,4,5-Trimethylphenol 1667
29 4-sec-Butylphenol 1612
30 2-n-Butylphenol 1600
Table 16. Classification of vertices of MG, corresponding to alkylphenol molecules
No. st ey Description of the atom class
that defines the class of atoms
1 c'—c¢Cy —cC° The central C} atom is bonded to two C® atoms
Cc— C'z’ —C°
2 The central C’ atom is bonded to two C® and one C atoms
C
3 C* —C, The central C, atom is bonded to the C* atom
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Table 16. Continued

Structural fragment e
No. that defines the class of atoms Description of the atom class
4 c—C, The central C, atom is bonded to the C atom
5 ct—C,—C The central C, atom is bonded to one C® and one C atoms
ct—C : —C
6 The central C} atom is bonded to one C’ and two C atoms
C
7 C—C—C The central C, atom is bonded to two C atoms
b b
C'— b —
8 The central C} atom is bonded to two C* and one O atoms
(0]
9 ct—o0 The central O atom is bonded to one C® atom
Table 17. Values of the corrections parameters, x,—x,, and the coefficients a, b, and ¢
for the improved model
X, X, 3%, X, X, X, X, X, X, a b c
0.6198 | 0.5934 | 0.7245 | 0.2346 | 0.4256 | 0.5157 | 0.3836 | 0.9956 | 0.9777 | 780.9 | 1055.5 28.2

Thus, the best model is expressed as Equation (16):

y= aZ(wij )71 +
+b2((wﬁ +xn)><(wjj +x, ))E +c,

where n and m are the numbers of the vertex classes
containing the corresponding vertices, i and j. The
values of the corrections, x and x , as well as the
coefficients a, b, and ¢ were obtained from Table 17.
The summation in each sum is for all edges (i,/) in MG.

(16)

Table 18 presents some statistical parameters of
the models for the four cases (initial/refined models;
training/test samples).

According to Table 18, the introduction of the
corrections to w, of MG significantly improved
the initial model (on all characteristics). Thus, an
equation of the form of Equation (16) was more
accurate than Equation (15) in reflecting the
correlation between the structures and retention
indices of alkylphenols.

Table 18. Some statistical parameters of the initial/modified models of the training/test samples

for the retention indices of alkylphenols

Initial model Modified model
Statistical parameters (without the corrections of w, of MG) (with the corrections of w, of MG)
of the model
Training sample Test sample Training sample Test sample
s 36.92 30.37 15.03 16.18
R 0.934 0.904 0.989 0.974
g 1.94% 2.01% 0.72% 1.00%
0, 5.86% 5.42% 2.16% 3.17%
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CONCLUSIONS

In this study, a general algorithmic method
for constructing the mathematical models for the
structure—property correlations of organic molecules
was developed. The abovementioned models were
built based on the statistical analysis of the data of
the samples of structures and properties of chemical
compounds of some classes, and they have the forms
of correlation equations. The method is suitable to
any classes of organic compounds and any properties,
which can be measured quantitatively.

To represent chemical structures within the
framework of the proposed method, special weighted
MGs reflecting some elements of the spatial structure
of the corresponding molecules were used.

The method is realized in several stages. At the
first stage, it was assumed that the desired equation for
the structure—property correlation has a well-defined
form and depends on several adjustable numerical
parameters and selected pair of function on one variable.
Additionally, the best pair of functions (according to
certain criteria) from a given set, i.e., the best model, is
selected at this stage. In addition, the preassigned set of
functions can be extended, that promote the increasing
of the accuracy of the best selected model.

The second stage is only required if the construction
of a more accurate model was desired.

At the second stage, the obtained best model
undergoes some modifications, which are aimed at
improving its accuracy. Therefore, the MG vertices are
initially classified according to the chemical symbols
of the corresponding atoms and the patterns of the
first-order environment, as well as the edges according
to the vertex classes that they connect. Based on the
obtained classification of vertices and edges, several
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