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Abstract

Objectives. Hypoxen is a drug which possesses antioxidant and antihypoxic effects. It achieves this by increasing the utilization of oxygen
by mitochondria, intensifying oxidative phosphorylation, and as a result, improving tissue respiration. Athletes take it during prolonged
exercise, in order to increase efficiency and reduce physical overwork. Since 2023, the World Anti-Doping Agency has included the
drug in the monitoring program, in the belief that it can be used to gain a competitive advantage. It is thus a candidate for inclusion
in the Prohibited List as a potential regulator of the human metabolism. Currently, there are no studies or scientific publications focusing
on the identification of hypoxene in biofluids for the purpose of anti-doping control. The aim of this study is to determine the possible
metabolites of the drug and their chromato-mass spectrometric characteristics in urine samples using gas chromatography—tandem mass
spectrometry (GC-MS/MS) for doping control screening purposes.

Methods. Sample preparation of urine samples was carried out using enzymatic hydrolysis, liquid-liquid extraction and derivatization.
The GC-MS/MS method was used for analysis. Screening of hypoxene metabolites was carried out in the mode of total ion current after
fragmentation of selected parent ions.

Results. Three specific metabolites of hypoxene (m/z 342, 300, and 346, including trimethylsilyl derivatives) were identified in urine
samples of volunteers (n = 3). They can act as markers for taking the target antihypoxant, and their possible structural formulas are given.
The excretion curves of two metabolites with an m/z of 300 and 346 respectively in urine were studied. The maximum concentration
is reached after 8—14 and 1.5-6 h, respectively. It was established, that these metabolites are reliably identified in urine 90 h or more after
a single dose of the drug.

Conclusions. Possible structures of hypoxene metabolites in urine samples from volunteers were determined for the first time and their
chromato-mass spectrometric characteristics were established. The approach developed in this study can be used for screening analysis
of hypoxene for the purpose of anti-doping control.
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AHHOTaUuS

Lenn. I'nmokcen — JeKapCTBEHHBIN Ipenapart, 00IaJaloNii aHTHOKCHIAHTHEIM U aHTHTHIIOKCHIECKIM d((eKTaMu 3a CIeT yBeande-
HUS yTHIN3ALUNA MUTOXOHJPHSAMHA KHCJIOPOZAA, HHTCHCU(HKALINN OKHCIUTEIIBHOTO (OCHOPHINPOBAHKS H, KaK CICICTBUE, YIydIICHHS
TKaHEBOTO JbIXaHus. CHOPTCMEHBI IPHHUMAIOT €T0 IPH JUINTEIBHBIX HAarpy3Kax Ul YBEIUYCHHs pabOTOCIIOCOOHOCTH M YMEHBIICHHS
¢m3ngeckoro nepeyromieHus. BcemmupHoe aHTHIOMMHTOBOE areHTcTBO ¢ 2023 I BHECIIO penapar B MOHUTOPHHTOBYIO IPOrpaMMy Ha OC-
HOBAHHH TOTO, YTO OH SIBIISICTCSI IIOTCHIUATEHBIM PETYIISITOPOM MEeTa00IH3Ma, T.€. MOKET HCIIONB30BATHCS TS MOy YSHHUSI KOHKYPEHTHOTO
MIPeUMYIIEeCTBa U OBITh MPETCHACHTOM Ha BKJIIOUEHHE B 3alpeIeHHBIH CIICOK. B HacTosIee BpeMst OTCYTCTBYIOT KaKHe-THOO0 HUCCIIeio-
BaHWS M HAyYHBIE ITyOIMKAIINH [0 HACHTH(HKAINY THIIOKCEHA B OHOXUAKOCTSIX VI aHTHJIOIIMHIOBOTO KOHTPOIIS. B CBSI3H ¢ 3THM, 1Iebio
paboThI OBUTO OIpesieIeHNe BO3MOMKHEIX METaOOJIMTOB TIperapara U X XpOMaTo-Mace CHEKTPOMETPHIECKHUX XapaKTepPUCTHK B 00pasiax
MOYH METOZIOM Ta30BoH XxpoMmarorpadun — rangeMuoi Macc-criekrpomerpurt (I'X—MC/MC) a1t CKpHHUHT-TIPOLEAYPBI IOMHHT-KOHTPOJIS.

Mertoabl. ITpo6onoaAroToBky 00pasioB MOYH IIPOBOANIM C IPUMEHECHHEM (pEPMEHTATHBHOTO THAPOJIN3A, KUIKOCTh-KHIKOCTHOI JKC-
TpakUuuy U AepuBaTuzanuu. s ananuza ncnonszosainn Metox I X—MC/MC. CkpuHHHT MeTabOIUTOB THIIOKCEHA OCYIIECTBISIICA B pe-
JKUME TIOJIHOTO HOHHOTO TOKa 1ocIe (parMeHTaIly BEIOPAHHBIX [TAPEHT-HOHOB.

Pe3yabrarsl. B 06pa3uax Mmoun 100poBosibLeB (1 = 3) uaeHTHGUIMPOBaHbI TPH ClieHUpUIHBIX MeTabomuTa rurnokceHa (m/z 342, 300 u
346, BKIIOYAs TPUMETHICHIMI-IPOU3BO/IHBIE), KOTOPbIE MOTYT BBICTYIATh B Ka4eCTBE MapKEepOB IIpHUEMa LEJIeBOr0 aHTUIMIIOKCAHTA;
MPUBEICHBI UX BOBMOXKHBIE CTPYKTYpHBbIE (popmysibl. VI3ydeHbl KpUBbIe BbIBeACHUs ABYyX MeTabonutos ¢ m/z 300 u m/z 346 ¢ Mouoii,
MaKCHMaJlbHasi KOHIEHTPALUs KOTOPBIX AOCTUTaeTCst cycTs 8—14 u 1.5—6 4 COOTBETCTBEHHO. YCTAHOBIIEHO, YTO JaHHbIE META0OIUTHI
HAJICKHO UACHTH(GUIHPYIOTCS B Moue citycTst 90 U u Gosiee mocie 0OJHOKPAaTHOTO IIpHeMa Mpenapara.

BriBoabl. Briepoie ornpeiesieHbl BO3MOXKHBIE CTPYKTYPbl METa0OJIMTOB THIIOKCEHA B 00pa3lax MOYH JJOOPOBOJIBIEB H YCTaHOBIICHBI
UX XPOMAaTO-MAaCC-CIIEKTPOMETPUUECKHE XapaKTePUCTUKH. Pa3paboTaHHBII MOX0 MOXKET ObITh IPUMEHEH ISl CKPUHUHIOBOTO aHAJIU-
3a C IeJIbI0 AHTUAONMHIOBOTO KOHTPOJIS.

KnioueBble cnoBa MocTtynuna: 21.03.2024
THITOKCEH, METa0OIUThI, AaHTUTUIIOKCAHT, JTOMIUHT-KOHTPOJIb, Aopa6oTaHa: 08.04.2024
raszoBasi Xxpomarorpadusi/TaHieMHasi Macc-CIIeKTPOMETPHS MpuHsita B nevats: 15.04.2024
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INTRODUCTION

Hypoxen (sodium polydihydroxyphenylene thiosulfonate)
is a group of synthetic quinone derivatives with
a pronounced antihypoxic effect. The drug was created by
Soviet scientists in the 1970s, and has been authorized for
medical use since 1997 under the name Olyphenum [1].
The mechanism of its action is not fully understood, but
an important role in this mechanism may be played by the
following factors: a reduction of the damaging effect of
reactive oxygen species on biomembranes; a reduction of
lactate acidosis concentration in hypoxia conditions due
to correction of the disturbed electrotransport function
of mitochondrial enzyme complex (MEC-1) [1] and
a reduction of calcium load in mitochondria. Hypoxene
is able to lay an additional channel bypassing the
damaged first and second complexes of the mitochondrial
respiratory chain, which contributes to the restoration
of the formation of adenosine triphosphate and creatine
phosphate, disturbed by a variety of factors [1]. In addition
to the antihypoxic effect, the drug has pronounced pro-
and antioxidant properties [2-3]. Thus, it can activate
adrenaline autooxidation by 213%! and also suppresses
the formation of superoxide anion O2". Its antioxidant
properties are due to the fact that hydroxyl groups of
polyhydrophenylene structure easily give up the hydrogen
atom and can bind free radicals.

The clinical efficacy of the drug has been
demonstrated in many scientific studies [4-8]. It is
used in complex treatment and in the recovery period
after pneumonias and acute bronchitis. It can also be
used in alcohol intoxication [7], for the prevention
of heart attacks, angina pectoris and strokes [4], in
increased physical exertion and hypoxia, and it has
a gastroprotective effect [8]. Hypoxene has been used
in pharmacological training of athletes for more than
a decade as a means of increasing the body’s resistance
to hypoxia and increasing performance by restoring
the disturbed processes of adenosine triphosphoric
acid formation [9]. Nevertheless, certain aspects of its
effect on a number of body systems of athletes remain
unexplored.

As 0f2023, the World Anti-Doping Agency (WADA)
has placed hypoxene on the monitoring program as
a potential metabolic regulator with the wording “to
assess inappropriate in- and out-of-competition use

item.asp?edn=cwevtp. Accessed January 21, 2024.

september 2023.pdf. Accessed January 29, 2024.

in sport”. The drug may end up on the Prohibited
List? as early as 2025. In this regard, the anti-doping
community is faced with the task of its identification in
biological fluids. There is no information in scientific
literature regarding the identification of the drug for the
purpose of anti-doping control in human biofluids, or
on the study of its metabolism and pharmacokinetics.
The only information given concerns the confirmation
of the synthesized structure by matrix activated
laser desorption/ionization (MALDI) [10], electron
paramagnetic resonance and IR spectroscopy [10, 11].
For the first time, our article proposes an analytical
approach based on the gas chromatography-triple
quadrupole tandem mass spectrometry (GC-MS/MS)
method for the detection of possible metabolites of
hypoxene in urine samples of volunteers for the purpose
of anti-doping control.

EXPERIMENTAL
Reagents and objects of analysis

For the experiments we used hypoxene, purchased
in the pharmacy network, produced by the Olifen
Corporation (Moscow, Russia), and urine samples
of several volunteers (n = 3) who had not previously
taken hypoxene, quinone derivatives or any dietary
supplements at the age of 35 £ 7 years. The volunteers’
gender was not taken into account. The drug is sold
through pharmacy chains and is authorized for use as an
over-the-counter product. In order to search for possible
metabolites, volunteers took the drug according to
the following scheme: Day 1 — 5 capsules, Day 2 —
6 capsules, Day 3 — 7 capsules, at the same time in the
afternoon, having previously passed a blank urine before
the course of intake. Urine samples were collected in
sterile 80 mL urine containers, labeled, stored at +4°C
and analyzed the next day.

To study the excretion of hypoxene, three other
volunteers took a single therapeutic dose of the drug
(8 capsules), after which urine samples were collected
daily for a period of 7 days according to the following
scheme: on the first two days every 3-5 h, the following
days—once in the morning on an empty stomach.
Samples with the date and time of collection were
also stored at +4°C or frozen at —20°C until sample

Study of the mechanism of antihypoxic action of artificial quinone derivatives. Grant No. 04-04-97279. 2004. URL: https://www.elibrary.ru/

The 2024 Monitoring Program. URL: https://www.wada-ama.org/sites/default/files/2023-09/2024 list_monitoring_program_en_final 22

3 The 2024 List of prohibited substances. URL: http://rusada.ru/upload/iblock/836/drtkaf3eckdoljmjxacdwqkbm054m 1n/3amperennniin%20

crncok%202024%20(1).pdf. Accessed January 29, 2024.
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preparation. The work was performed in accordance with
the WADA Code of Ethics (WADA Code of Ethics)*:
written permission was obtained from volunteers to use
their biological material for research.

As an internal standard, 170-methyltestosterone
(certified standard, 1 mg/mL solution, NMI, Australia)
was used. Also used in the experiment were diethyl
ether and n-pentane from J7T Baker (Netherlands);
anhydrous sodium sulfate, carbonate, potassium
hydrogen carbonate, DL-dithiothreitol, ammonium
iodide, potassium dihydrophosphate, sodium phosphate
bivalent dihydrate, sodium azide from Sigma-Aldrich
(USA); compressed argon 5.0 with a purity of at
least 99.999% and helium compressed 6.0 with
a purity of at least 99.999% (Russia). N-methyl-N-
(trimethyl)trifluoroacetamide  from  Macherey-Nagel
(Germany) was used for derivatization. For hydrolysis,
B-glucuronidase from E. Coli K12 (Roche Diagnostics,
Germany). Deionized water, with a specific resistance
of 18.2 MOhm-cm, was used for preparation of buffer
solutions.

Auxiliary equipment

Solid-state heater with programmable temperature
(Thermo, USA); crimper, decapper, polypropylene
vials with silanized inserts of 0.2 mL (Macherey-Nagel,
Duren, Germany); automatic variable volume pipettes
500-5000 pL, 10-200 pL (Eppendorf, Germany) and
tips for them; tabletop centrifuge with horizontal rotor
Rotixa 50 RS (Hettich, Germany); automatic shaker;
OHaus Discovery DV215CD analytical scales (5 digit
accuracy) (OHaus Corp, Switzerland); glass tubes with
screw caps 16 x 125 mm; Vortex liquid shaker (Scientific
industries Inc., USA); low-temperature liquid thermostat
(=30 = 5°C) (Grant Instruments, United Kingdom);
incubator thermostat (55 + 3°C) (Binder, Germany);
HP Ultra-1 gas chromatography column 17 m x 0.2 mm,
0.11 pm (Agilent, USA).

Sample preparation

For the sample preparation of urine samples of the
volunteers before (negative control) and after drug
administration, 16 mL glass tubes were used and 3 mL
urine samples were taken for analysis [10]. A buffer
mixture of 1 mL for hydrolysis was added to each
tube. The buffer mixture for hydrolysis was prepared
as follows: 54 g Na,HPO,-2H,0, 68 g K,HPO, and
1 g sodium azide were brought to 1000 mL with
deionized water (pH 6.2-6.5). Next, the contents of

2 vials of B-glucuronidase (2 % 15 mL) were transferred
into a 1000 mL measuring flask, 150 pL of 1-mg/mL
methyltestosterone solution (internal standard) was
added. Then a freshly prepared phosphate buffer
solution was brought to the mark. The tubes were then
shaken on a Vortex type apparatus and incubated for
60 £ 10 min in a thermostat at 55 + 3°C. After that,
1-2 g of anhydrous sodium sulfate was added to each
tube, shaken for 10 s, 1 mL of carbonate buffer solution
was added, and shaken again for 5-10 s. The carbonate
buffer solution was added to each tube (carbonate
buffer solution was prepared as follows: 60 g each of
K,CO; and KHCO, were weighed and the solution was
brought to 800 mL with deionized water (pH 9.6-9.9).
The resulting solution was stored in a dark glass bottle).
After cooling, 5 mL of diethyl ether (or n-pentane) was
added and stirred for 20 = 5 min on a rotary shaker for
liquid-liquid extraction. The solution was centrifuged for
3—4 min at 3000 rpm and the tubes were placed in a low-
temperature liquid thermostat. The organic solvent was
then transferred to derivatization tubes and evaporated
to dryness at 70 £ 5°C for 20-30 min. Derivatization
reagent of 50 puL was added to each tube and heated at
70 + 5°C for 25 min. Subsequently, the reaction mixture
was cooled and transferred to vials with silanized glass
inserts, tightly closed and analyzed.

Parameters of instrumental analysis
by gas chromatography—triple quadrupole
tandem mass spectrometry

A GC-MS/MS analysis was performed using
a Trace 1310 gas chromatograph coupled to
a TSQ Quantum XLS triple quadrupole mass
spectrometer and a TriPlus RSH autosampler (Thermo
Fisher Scientific, USA). The chromatographic column
was Agilent HP Ultra 1 (20 m x 0.18 mm, film thickness
0.18 wm). The carrier gas was helium (purity 6.0),
flow rate 1.1 mL/min. The injector temperature and
at the interface line device was 280°C, and the ion
source (Trace GC Ultra) temperature was 270°C.
The interface temperature is 300°C. Sample injection
was carried out in flow division mode (1 : 20), and
the volume of injected sample was 2 pL. Temperature
program: the initial starting temperature is 179°C;
next rise to 235°C at a rate of 4°C/min and rise to
310°C at a rate of 20°C/min; delay time is 4.25 min.
The signal-to-noise (S/N) ratio was considered to
be 3 : 1. Mass spectrometer: onset of ion current
registration is 2.9 min; emission current 35-100 pA;
scan rate 3.3 scans/min; and target gas—argon with

4 WADA Code of Ethics. URL: https://www.wada-ama.org/sites/default/files/2022-01/wada_code_of ethics nov_2021 final.pdf. Accessed

February 02, 2024.
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the pressure 1 mTorr. lon transmission width at the
first and third quadrupoles is 0.7. Metabolites were
detected in the scanning mode of total ion current
from specific precursor ions.

RESULTS AND DISCUSSION

According to the information given in [13], hypoxene
(Olyphenum) may consist of a polymer chain of
hydroquinone links (2 to 6 links) linked covalently with
each other in meta-positions, and is the sodium salt of
poly-(2,5-dihydroxyphenylene)-4-thiosulfonic acid. It
has been previously shown [10] that there may be more
hydroquinone links in such compounds, and its molecular
mass ranges from 352 to 784 g/mol. The structural
formula of the active substance of the medicinal product
is presented in Fig. 1.

As stated earlier, there is no information or scientific
publications in the public domain about possible
metabolites of the drug and their identification in
human biological fluids. We compared for the first time
chromatograms of urine samples of volunteers before
and after administration of maximum daily doses of
hypoxen. As a result, 4 compounds were detected
(Figs. 2-5), three of which are absent in blank urine
and may be specific metabolites of sodium hypoxene
(polydihydroxyphenylene  thiosulfonate)  ingestion
(indicated by red arrows in Figs. 3—5). The intensity of
the peaks of these substances correlates with the doses of
the drug taken.

The two substances found with retention times of
5.27 min (m/z 254) and 5.44 min (m/z 182) correspond
to trimethylsilyl derivatives (TMS-derivatives) of
hydroquinone. However, they cannot be used for
doping control purposes, as hydroquinone is naturally
present in the body and is used in food production as an
antioxidant.

After appropriate sample preparation, TMS-derivatives
of hydroquinone were detected both in the blank
urine of volunteers and in the aqueous solution of the
drug and urine samples after its administration. In
addition, hydroquinone itself can presumably also act as
a byproduct in the synthesis of the drug.

Three other substances with retention times of
8.99, 9.55, and 13.41 min were not detected in blank
urine, although they were present in the aqueous
solution of the drug and samples after administration of
different doses of the drug. Thus, they can be deemed
substances of exogenous origin. Figures 3—5 compares
the chromatogram sections of blank urine samples and
samples after hypoxene administration. They show
the mass spectra of possible substances-metabolites of
hypoxene which can be used as markers of antihypoxant
administration. No interfering peaks were observed

OH OH OH
S~g _ONa"
I\
(ON©)
04
OH OH OH

‘ Fig. 1. Structural formula of hypoxene

when comparing the chromatograms of urine samples
from volunteers before and after drug administration.
In order to confirm the exogenous origin of each of
these substances, a sample preparation of a solution of
hypoxene in water was performed. We assumed that
three ions determined in the full ion current scan mode
from specific precursor ions, an m/z of 300, 342, and
346, could be characteristic for the determination of
drug metabolites (Figs. 3c, 4c, and 5c). The inferred
fragmentation patterns of these ions are shown in
Fig. 6. Thus, the substance with an m/z of 342 may
contain three hydroquinone fragments in its structure,
and the thiosulfonate group may be replaced by —OH
(Fig. 6a), corresponding to the information given [10].
In addition, the reason for this substitution may be the
instability of the latter group to heating and the use
of alkaline carbonate buffer with pH 9.6-9.9 during
sample preparation. Also, this substance, presumably,
can be formed as a byproduct during the synthesis of
the drug.

Closest in structure to the metabolite of hypoxene is
a substance with an m/z of 346 (Fig. 5). It is a silylated
derivative of sodium dihydroxyphenylene thiosulfonate
consisting of two hydroquinone links.

Also, one of the metabolites (m/z 300) may contain
a mercapto group instead of thiosulfonate (Fig. 6b).

In general, the presence of closely related structures
in urine samples of volunteers after administration
of the drug with or without any of the —SH, —OH,
—S-S0,-ONa, or —~CH, functional groups cannot be
ruled out (Fig. 6).

When studying the excretion of the drug from
the body, it was found that hypoxene is a mixture of
homologs with a different number of hydroquinone
links in their structure. The composition of the drug
is heterogeneous and may differ from series to series.
Thus, the metabolite with an m/z of 342 was present
in urine samples of all volunteers taking the drug of
series 170522 (Serial number Y9aYRMYBoBe6c), but
was absent after taking series 220622 (Serial number
ApfKe3z2WOmo3). The presence of metabolites with
an m/z of 300 and 346 respectively was confirmed
in urine samples after ingestion of both the above
mentioned hypoxene series.
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Figures 7 and 8 show the excretion curves of
metabolites with an m/z of 300 and 346 of hypoxene.

The above data shows that for the metabolite with
an m/z of 300, the maximum concentration in the
urine of volunteers is reached 8—14 h after the drug
administration (8 capsules once). Moreover, even after
90 h or more, this metabolite can be reliably detected.
However, in a urine sample taken 2 weeks after a single
dose of hypoxene, it is no longer present (data not
shown). For the metabolite with an m/z of 346, the
maximum concentration in urine can be determined as
early as 1.5-6.0 h after administration, and it is reliably
detected in urine more than 90 h after administration.
However, it too cannot be identified after 2 weeks or
more (data not shown). It is possible that hypoxene has
a cumulative effect, and if multiple doses or courses of
administration are administered, its excretion time may
be significantly increased. However, this is an area for
further investigation. When taking a single dose, the
volunteers did not feel any sudden onset of strength,
vigor or other effect. One experienced slight dizziness
which passed after a few hours.

The main candidates for inclusion in the WADA
banned list are primarily substances from the monitoring
program. Hypoxene, which has been included in this
program since 2023, may be banned as early as 2025.
This is similar to meldonium which was previously
included in the training regimens of Russian and CIS’
athletes. This sulfur-containing oligoquinone can be

5 CIS— Commonwealth of Independent States.

6 AMP—adenosine monophosphate.

classified under Item 4 “Metabolic Modulators” of
Article S4 “Hormones and Metabolic Modulators,”
including AMPS-activated protein kinase activators,
mildronate and trimetazidine, which are antihypoxants
of direct energizing action. Post-load reoxygenation
due to increasing oxidative stress is a major component
of post-hypoxic cell damage [11, 12]. In view of this,
various antioxidants, including hypoxene, are actively
used for antihypoxic therapy by activating oxidative
phosphorylation and reducing the formation of reactive
oxygen species. As mentioned earlier, hypoxene is used
in sports medicine to restore the body after prolonged
physical exertion and increase performance capacity.
Murzaeva et al. [13] conducted experiments on the
effect of hypoxene on the bioenergetic processes in rat
liver and heart mitochondria. They concluded that in
the concentration of 0.05-10 pg/mL the drug increases
the conjugation of respiratory chain work, stimulates
respiration and partially reduces the accumulation
of H,O,. Ignatiev et al. [14] studied the effect of this
polyquinone on gas exchange parameters, exercise
tolerance, and dyspnea severity in chronic obstructive
pulmonary disease of moderate and severe course.
Clinically significant changes were obtained in the
assessment of dyspnea severity. The number of patients
with clinically significant improvement reached 46%
after a 6-month course of hypoxene administration.
The authors also stress that on-demand salbutamol use
decreased by 0.5 doses per patient during hypoxene when
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compared with data at the start of therapy. Improvement
of patients’ exercise tolerance was also noted: saturation
increased and recovery period was shortened.

CONCLUSIONS

During the first pilot studies on the identification of
possible metabolites of hypoxene by GC-MS/MS
method, we identified 5 substances, 3 of which are
specific for the drug administration and can indicate
its presence in biological fluids of volunteers (m/z 300,
342, and 346). It was found that hypoxene is a mixture
of homologues with a differing number of hydroquinone
links in its structure. The composition of the drug is
heterogeneous and may differ from series to series. The
article presents structural formulas and fragmentation
schemes of metabolites, two of which (with an
m/z of 300 and 346, respectively) can be unambiguously
identified from series to series. Their excretion curves
with urine are given. It was found that the maximum
concentration of these metabolites in urine is reached
after 8—14 h and 1.5-6 h, respectively. It was also
observed that they were reliably detected by GC—MS/MS
for a period of more than 90 h after a single dose of 2 g
(8 capsules). Hydroquinone derivatives are present in
the urine of almost every human being. Therefore, for
the purposes of doping control, the monitored substance
needs to be distinguished from substances with a similar
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Abstract

Objectives. To study the substrate properties of Cy5-labeled deoxynucleoside triphosphates of various natures (dU and dC) in the
process of incorporation in the DNA chain during recombinase polymerase amplification (RPA).

Methods. The work used the real-time RPA method. The method of horizontal electrophoresis was used to control the quality of the
amplification products obtained.

Results. The influence of the fluorophore structure and linker lengths on the substrate properties for deoxynucleoside triphosphates
Cy5-dUTP and Cy5-dCTP was studied. The following values of the substrate efficiency parameters were determined: amplification
efficiency (kinetic indicator), normalized product yield, and embedding coefficient.

Conclusions. Modified deoxynucleoside triphosphates (AINTP) with long linkers between the fluorophore and the nitrogenous base,
as well as between the quaternary ammonium group and the second heterocycle of the fluorophore, showed greater substrate efficiency
than fluorescently labeled dNTP with short linkers. The modified dU in each pair demonstrated greater substrate efficiency compared
to the modified dC.
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AHHOTaUuus

Lemn. V3yunts cyOeTparHble cBoMcTBa TprudocharoB ae3okcHHyKIeo3n10B pasnmdanoii npupoxst (dU u dC), ¢uiyopecneHTHO-MeueHbIX
KpacurensiMu nmanuHoBoro psina CyS, mpu ux BerpamBanuu B nens JJHK B mporecce pekomMOMHa3HOM HOMMMeEpa3sHOH aMIUTU(HKa-
i (RPA).

Mertoasl. B pabore ncnons3oBanu metoq RPA B pexxnme peansHOTo BpeMeHu. JIist KOHTPOIIst KauecTBa MOJIyIaeMbIX ITPOYKTOB aMILTH-
(hUKaIMU NCTIONB30BAIN METOJ TOPH30HTAIBHOTO dIeKTpodopesa.

Pesyabrarsl. VccnenoBano BausHue cTpoeHus (Quryopodopa U ATHH JTHHKEPOB MEXKIY KPACUTEIEM H a30THCTHIM OCHOBAaHUEM HYKIIE-
0THIa, a TAKXKE BTOPHIM reTepoluKiIoM (uryopodopa i 4eTBepTHUHON aMMOHHEBOH TPYIIIOi, Ha CyOCTpaTHBIC CBOWCTBA IS I€30KCH-
nykneosuarpudocdaros Cy5-dUTP u Cy5-dCTP. Onpenenensl 3HaueHHS TapaMeTpoB cydcTpaTHOM 3¢ dekTruBHOCTH: 3(H(HEKTHBHOCTH
aMIUTUUKAIUH (KHHETHYECKOTO TI0Ka3aTelis), a Tak’Ke HOPMHUPOBAHHOTO BRIXOJA MPOAYKTa U Kod(duIrieHTa BCTpauBaHusl.

BoiBonbl. Moguduunposaunsie aesokcunykiaeosuarpudocars (ANTP) ¢ mmnHHBIME THHKEpaMU MeXTy (Gi1yopohopoM U a30THCTHIM
OCHOBAaHHMEM HYKJICOTH/IA, & TAK)KE MEX/y YeTBEPTHYHOH aMMOHHMEBOW IPYIIION U BTOPBIM IeTepOoLHKIoM (uryopodopa, moka3bIBaIn
6onblIyIo cyOcTpaTHYI0 3G()EKTHBHOCTB, B OTIHYKE OT (uryopecieHTHO-MeueHbIXx ANTP ¢ kopoTkumu auHkepamu. MoauduupoBas-
uble dU B KaKI0ii mape JeMOHCTPHUPOBaIU OONbINyI0 cyOcTpaTHy o 3G GEeKTUBHOCTD 10 cpaBHeHHIO ¢ MoaudunnposanusivMu dC.

KnioueBbie cnoBa MocTtynuna: 16.05.2024
AopaboTaHa: 05.08.2024

MpuHara B nedatb: 10.09.2024

peKoMOHHa3Has MOIMMepa3Has aMITH( UKL, (ITyopecHeHTHO-MeUeHbIe
JI€30KCHHYKIIC03UuATpU(OChATHI

Ana unTUpoBaHua

Emncdanos A.C., lllepmos B.E., Cypxukos C.A., Uynunos A.B., Jlana C.A. HccnenoBannue cyOCTpaTHBIX CBOWCTB (NIyOpeCLCHTHO-
MEYEHBIX NHPUMHIUHTpUPOC(HATOB B PEKOMOWHA3HOW IOJIMMEpasHOi aMIUIMOUKAWH. JOHKUe XUMUYECKUe MexXHONO2Ul.
2024;19(5):408—417. https://doi.org/10.32362/2410-6593-2024-19-5-408-417

INTRODUCTION

Fluorescent labeling of nucleic acids is currently
widely used in molecular biology and medical
diagnostics. Deoxynucleoside triphosphates (dNTPs)
modified by fluorophore introduction [1-4], more
often of pyrimidine nature, are used to introduce DNA
directly in the process of amplification, which greatly
simplifies the procedure of analysis of amplification
products using the immobilized phase (on biological
microarrays, various strip systems, etc.) [5]. The
fluorophores used to obtain fluorescently labeled DNA
need the following properties: chemical stability,
low background fluorescence, and resistance to
multiple irradiation (fluorescence). Such tags include
deoxyribonucleoside triphosphate derivatives modified

with Cy5 cyanine dyes (Cy5-dNTP) [6], where the
fluorophore is attached via a linker to the nitrogenous
base of the nucleotide [7-9]. The wide application
of fluorescently labeled nucleoside triphosphates
in molecular biological diagnostic systems makes
it extremely important for their compatibility with
enzymatic systems [2, 3, 10] to be studied.

The aim of the study is to investigate the substrate
properties of fluorescently labeled dNTPs of pyrimidine
nature (dU and dC) in the enzymatic system of
recombinase polymerase amplification (RPA) [11-13].
A fragment of the ebpS gene of the human pneumonia
pathogen Staphylococcus aureus was selected as
a bacterial genetic target to study the substrate efficiency
of Cy5-dUTP and Cy5-dCTP.
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EXPERIMENTAL

DNA samples. Decontaminated DNA of Staphylococcus aureus obtained from the collection of the State Scientific
Center of Applied Microbiology and Biotechnology (Obolensk, Moscow oblast) was used in the work.

PCR. The polymerase chain reaction (PCR) method was used to produce the target fragment of the ebpS gene. The
reaction mixture (30 pL) contained a mixture of natural dNTPs at a concentration of 0.2 mM; species-specific primers:
forward (5-TTAGAAGCGTCTTTAGATGTGTC-3') and reverse (5'-GGAACAGCGGGGGTGTTGTTGCAGGTGC-3");
5U Taq-DNA polymerase (Thermo Scientific, USA). Its reaction buffer was in the amount recommended by the
manufacturer. Amplification was performed on a Gentier 96E (7ianlong, China) using the following program: preheating
at 95°C for 3 min, then 32 cycles: 95°C for 20 s, 60°C for 30 s, 72°C for 30 s. This was followed by final incubation
at 72°C for 3 min. The resulting PCR product of 497 base pairs (bp) in length was purified and isolated according to
the method described in [14] and then used in RPA to study the kinetic characteristics and substrate properties.

Real-time RPA. The reaction mixture (50 pL) contained the components of the TwistAmp Basic kit (7wistDX,
United Kingdom) at the manufacturer’s recommended concentrations; the kit reagents with the addition
of a pair of primers: 5-CTCCAAATATATCGCTAATGCACCGATAATTAGTACAGTACAGCTGC-3") and reverse
(5'-ACTCGACTGAGGAGGAGGATAAAGCGTCTCTCTCAAGATAAGATAAGTCTAAGAAGA-3").  EvaGreen
intercalating dye (Biotium, USA) and purified PCR product in the amount of 1 puLL were included in the total mixture.
After careful stirring it was poured into 200 pL reaction tubes with the lyophilizate from the kit. Fluorescently labeled
triphostaphates were introduced into the reaction volume at a concentration of 8 uM. The reaction was carried out on
a Gentier 96E DNA amplifier (Tianlong, China) in real time according to the program: 50 min at 40°C and fluorescence
signal acquisition once per minute. The accumulation of reaction product was visualized using intercalating dye. The
RPA product with a length of 282 bp obtained was purified and isolated according to the method described in [14].

Horizontal electrophoresis for RPA product control. RPA products were separated in 4% agarose gel Agarose LE
(Helicon, Russia) for 5 min at 5 V/em, then 50 min at 10 V/em, SYBR Green | (Molecular Probes, USA) was used for
staining. For DNA detection by SYBR Green I staining, visualization was performed on a ChemiScope 6200 Touch gel-
documentation system (Clinx Science Instruments, China) using built-in LEDs, and “Green light excitation/emission”
light filters with excitation spectrum corresponding to Cy3 dye (A . excitation = 200 DM, Ao o cion = 970 nm). For
selective detection of the tag embedded in DNA, “Red light excitation/emission” light filters were used. Their excitation

spectrum is similar to the Cy5 dye (A

'max.excitation

RESULTS AND DISCUSSION

For a comparative analysis of the substrate efficiency
of fluorescently labeled nucleotides, we used dNTPs
(Fig. 1) containing zwitter-ionic indodicarbocyanine
dyes in their structure. They differ in terms of the
spatial structure of the fluorophore [7], the length of the
linker between the dye and the nitrogenous base of the
nucleotide, the second heterocycle of the fluorophore
and the quaternary ammonium group.

Designations were introduced depending on the length
of'the two linkers for the fluorescently labeled derivatives
in each pair (dU and dC). For the linker connecting the
aromatic group of the dye to the nitrogenous base of
the nucleotide, the following numbering was adopted:
(1) for short and (2) for long. The linker connecting the
second heterocycle of the fluorophore to the quaternary
ammonium group was designated as (a) for short and
(b) for long.

The amplification kinetics in the presence of
Cy5-dNTP were analyzed by means of real-time RPA.

The sample labeled as dU-K was taken as a comparison
control. The choice was dictated by its wide application

=650 nm, A

> “max.emission

=670 nm).

in gel biological microarray technology due to its good
substrate efficiency [5]. Similar to the samples under
study, it is characterized by the electroneutral structure
of the fluorophore.

In order to analyze the kinetics of DNA fragment
amplification, 8 uM was chosen as the working
concentration of the tested labeled dNTPs. This was to
ensure partial substitution of natural triphosphates during
the formation of the growing DNA chain. Amplification
was performed in the presence of all four natural ANTPs
at a concentration of 200 uM in three repeats for each
of the tested labeled dU and dC (Fig. 2). A reaction
mixture containing only unmodified (natural) dNTPs at
a concentration of 200 M was used as a control sample.

The amplification efficiency in the RPA process (E,)
was determined using the slope of the straight line of the
S-shaped signal accumulation curve on a logarithmic
scale according to the methodology used for PCR [15].
The ¢ letter implies plotting by reaction time due to the
absence of cycles as in PCR (E).

The effect of linkers of different lengths on the
inhibition of RPA enzyme system polymerases was
studied, and the experimental data summarized in Table.
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Fig. 1. Structure of fluorescently labeled deoxyuridine and deoxycytidine triphosphates:
(a) dU-K, (b) dC-K, (¢) Ula, (d) Cla, (e) Ulb, (f) C1b
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Fig. 2. Kinetics of fluorescence signal accumulation in the presence of modified dU and dC (case study of U2b and C1b).

*Unmodified deoxynucleoside triphosphates.

The data shows that the amplification efficiency for each
of the Cy5-dNTPs was lower than when compared to
natural dNTPs (except Ulb, C2a), indicating inhibition.
There was no significant effect of the length of the
linker connecting the aromatic group of the dye to the
nitrogenous base of the nucleotide on amplification
efficiency. Increasing the length of the linker connecting
the second heterocycle of the fluorophore to the quaternary
amine resulted in a more pronounced inhibitory effect
modified dC when compared to paired dU.

In order to estimate the yield of the amplification
product, a normalized conditional product yield (1)
was introduced according to the pixel brightness
(pixel signal intensity of the analyzed image section)
of the corresponding band in the electrophoregram.
Normalization was performed, in order to visualize the
effect of Cy5-(dU, dC) on the amplification process when
compared to the control sample (natural dNTPs). The
normalized conditional product yield was determined
by means of the pixel brightness of the amplification
product bands on an agarose gel in terms of the control
band. The fluorescently labeled substrate under study had
no significant effect on product yield (except for Ulb).

Pixel brightness in conventional units (c.u.) was
measured using Imagel software (NIH, USA) (Table)
and used to determine the normalized conditional
product yield and label incorporation rate.

In order to evaluate the incorporation of fluorescently
labeled dNTPs into the growing DNA strand, we
introduced the incorporation coefficient (K, ). This is
the ratio of the total pixel brightness of the area of the
phoregram corresponding to the band of the labeled
amplification product as captured on the Cy5 channel
to the brightness of the same band as captured on the
Cy3 channel (Table). Three RPA series were performed
for each pair of fluorescently labeled triphosphates.

It is evident from the data obtained that all modified
dU incorporate into DNA better compared to their
Cy5-dC analogs. It was found that increasing the linker
connecting the second heterocycle of the fluorophore to
the quaternary ammonium group significantly increases
the incorporation rate of fluorescently labeled dNTPs.
Increasing the length of the linker connecting the
aromatic group of the dye to the nitrogenous base of
the nucleotide had a less significant effect on substrate
characteristics.

Table. Amplification efficiency (£,), normalized product yield (n), coefficient of incorporation (K, ) obtained for RPA with Cy5-dU

and Cy5-dC
dNTP No. Amplification efficiency Normalized product yield Coefficient of incorporation
E, +o** N £ ot K, +o**

dNTP* 1.35+0.02 1.00 +0.00 -
dU-K 1.27 £0.06 0.76 £0.25 1.74£0.07
dC-K 1.29 £0.02 0.97+0.17 0.50 = 0.07
Ula 1.28 £ 0.01 0.96 + 0.06 0.27 £0.05
Cla 1.28 +0.03 0.98 +£0.11 0.17 £0.04
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Table. Continued

INTP No. Amplification efficiency Normalized product yield Coefficient of incorporation
E, £ c** N+ o** K, + o**

Ulb 1.34 +0.06 0.77 +£0.29 0.94+0.13
Clb 1.33+£0.03 1.18 £0.58 0.35+0.04
U2a 1.33+£0.04 0.99 +0.34 0.29+0.10
C2a 1.35+0.07 0.88+0.14 0.23+0.03
U2b 1.33+£0.03 0.84 +0.34 0.87 +0.21
C2b 1.28 £0.02 1.10£0.51 0.68 = 0.47

* Unmodified deoxynucleoside triphosphates.

** The mean square deviation.

9 10 11 12 13 14 15

Fig. 3. Electrophoregram obtained in digital TIFF 24 format with saving pixel-by-pixel signal intensity data for measuring

the embeddability coefficient (K, ) of the RPA product: (/) marker of the lengths of double-stranded DNA GeneRuler 50 bp

(Thermo Scientific, USA); (2) ANTP; (3) laboratory control mod-U1, not considered in this study; (4) laboratory control mod-C1,

not considered in this study; (5) dU-K; (6) dC-K; (7) Ula; (8) Cla; (9) marker of the lengths of double-stranded DNA GeneRuler 50 bp
(Thermo Scientific, USA); (10) U2a; (11) C2a; (12) Ulb; (13) Clb; (14) U2b; (15) C2b

CONCLUSIONS

The study showed that the spatial structure of the
fluorophore and differences in linker lengths affect
the substrate characteristics of the modified dNTPs.
It was found that fluorescently labeled triphosphates
with a long linker connecting the nitrogenous base of
the nucleotide to the aromatic group of the dye, and
a long linker connecting the second heterocycle of the
fluorophore to the quaternary ammonium group were
significantly better incorporated into the growing
DNA strand and were characterized by high product
yields.
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Solubilization of n-hexadecane
by micellar solutions of trehalolipid—
surfactants of biological origin
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Abstract

Objectives. To isolate biosurfactants of glycolipid nature produced by oil hydrocarbon degrading bacteria and to establish their ability
to solubilize hydrophobic compounds in the case of n-hexadecane.

Methods. Trehalolipids were isolated from bacteria Rhodococcus erythropolis X5 (VKM Ac-2532 D) and Rhodococcus
erythropolis S67 (VKM Ac-2533 D) included in the MikroBak biopreparation for the bioremediation of oil-contaminated territories.
The genome of R. erythropolis X5 is deposited in the National Center for Biotechnology Information database under GenBank accession
numbers CP044283 and CP044284, BioSample — SAMN12818508, BioProject — PRINA573614, and SRA — PRINAS573614. The
content of trehalolipid biosurfactants was estimated by the amount of trehalose in aqueous solutions of biosurfactants using the phenol-
sulfur method. The surface tension of the obtained aqueous solutions of biosurfactants was determined by the du Noily ring method using
a Kruss K6 tensiometer (Kruss, Germany). The critical concentration of micelle formation was determined by the inflection point on the
curves of surface tension dependence on the concentration of the biosurfactant solution. In order to establish the solubilizing ability
of biosurfactants, the residual concentration of n-hexadecane in an aqueous sample of different concentrations was determined using
a gas chromatographic method of analysis.

Results. At a constant surface tension of 24.2 mN/m and 25.0 mN/m for R. erythropolis X5 and R. erythropolis S67, respectively, the
critical micelle concentration for both strains was 33 mg/L (3.8 - 107> mol/L). The solubilizing effect of Rhodococcus trehalolipid
micellar solutions against hydrophobic n-hexadecane was demonstrated by gas chromatographic analysis. The solubilization process
was characterized using molar solubilization capacity (S,,), molar solubilization ratio (MSR), micelle-water partition coefficient (K ),
and solubilization energy (AGS ). It was shown that the solubilization process of n-hexadecane proceeds spontaneously
(AGg = —35.5 klJ/mol) and more efficiently (S, = 4.3 mol/mol, MSR = 4.7 mol/mol) than in comparison with other biosurfactants
of glycolipid nature.

Conclusions. Based on the value of the molar solubilization coefficient, it can be concluded that trehalolipids of the R. erythropolis X5 strain
solubilize n-hexadecane in aqueous solutions to a greater extent than compared to other biosurfactants of a glycolipid nature, but are
inferior to synthetic surfactants.

Keywords Submitted: 19.01.2024
biosurfactants, solubilization, bacteria-destructors, surface tension, Rhodococcus, n-hexadecane, Revised: 16.04.2024
trehalolipids Accepted: 06.09.2024
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AHHOTaUus

Hean. Beienurs 6nocyphakTaHThl DIMKOIUIHIHOW IPHPOJIBI, IPOAYLHPyeMbIe OaKTepHsIMH-IECTPYKTOPAMH YIIIEBOZOPOIOB He(TH,
1 YCTQHOBHUTH X CHOCOOHOCTH K CONMOOMIH3AIMY THAPO(OOHBIX COSTMHCHNIT Ha IPHMepe H-TeKcaieKaHa.

Metoasl. Tperamomumunael BbIACSIIN W3 Oakrepuit Rhodococcus erythropolis X5 (BKM  Ac-2532 1) u Rhodococcus
erythropolis S67 (BKM Ac-2533 ]1), Bxomsammx B Ouonpenapar «Mukpobak» mist Ouopemennanuu HeTe3arps3HEHHBIX TEPPHUTO-
puii. [enom R. erythropolis X5 nemonupoBan B 6a3ze nanubix National Center for Biotechnology Information mox Homepamu goctyma
GenBankCP044283 u CP044284, BioSample — SAMN12818508, BioProject — PRINA573614 u SRA — PRINA573614. Conepxanue
TPETAIOIUITUAHBIX OMOCYp(HAKTaHTOB OLCHUBAIU MO KOJIWYECTBY TPErajo3bl B BOMHBIX PACTBOPAX OMOCYp(AKTaHTOB C IIOMOIIBIO (e-
HOJIBHO-CEPHOTO MeToAa. [IoBepXHOCTHOE HATSKEHHE MTOTyUCHHBIX BOJHBIX PACTBOPOB OMOCYP(HAKTaHTOB OMPEEISIN METOIOM OTPHI-
Ba KoJblia 1e Hyn ¢ ucnons3oBanuem tersnomerpa Kruss K6 (Kruss, I'epmanus). Kputndeckyro KOHIEHTPALIUIO MUIIETII000pa30BaHUs
OTIPE/IEIISUIH 10 TOUKE Tepernda Ha KPUBBIX 3aBHCHMOCTSIX TIOBEPXHOCTHOTO HATSHKEHUSI OT KOHIIGHTPALUK pacTBOpa OnocypdaxTanTa.
JIns yCTaHOBIICHUS CONMOOMIH3HUPYIONIEH CIOCOOHOCTH OHMOCYp(aKTaHTOB OMPEAENSIN OCTAaTOUHYIO KOHIICHTPAIMIO H-TeKCaJeKaHa
B BOJHO Ipo0Oe pa3IHIHON KOHIIEHTPAINH C TOMOIIBIO Ta30XpOMaTOrpah)Iueckoro MeTo/1a aHaIn3a.

Pesyabrarsl. [Ipy MOCTOSIHHOM TOBEpXHOCTHOM HaTshkeHud 24.2 MH/M u 25.0 MH/M m71st R. erythropolis XS u R. erythropolis S67 co-
OTBETCTBEHHO 3HAUEHHE KPHTHYECKOH KOHIIEHTPAIIMH MUIEI000pa30BaHys 11 0GOHX IITAMMOB COCTaBMIO0 33 Mr/m (3.8 - 107> Momn/m).
C moMoIBI0 ra30XpoMaTorpadguueckoro MeTo/ja aHajnu3a MoKa3aHo COMOOMIN3HpPYOLIee NeCTBIE MULICIUIPHBIX PACTBOPOB TPEraio-
JIMIHI0B POJOKOKKOB B OTHOLIEHHH I'HAPO(OOHOTO H#-rexcasiekana. [Iponece comoOmIn3auy 0XapakTepu30Baii ¢ ITIOMOLIBI0 MOJISP-
HOll comroOumusupyromeil cnocobnocTu (molar solubilization capacity, S, ), MonspHoro kosdduuuenta comobunmuzanuy (molar
solubilization ratio, MSR), ko3¢ dhunuenta pacnpenenenus munenta—sona (micelle-water partition coefficient, K )) u 3nepruu como6ou-
mzamn (AGY). Tlokasamo, 4TO TMPOLECC COMOGHIM3AIIT H-TeKCAeKaHa MpoTeKaeT camonpon3soibio (AGY = —35.5 kJlx/monb)
u 6onee sdexrusHo (S, = 4.3 Moab/MoNIb, MSR = 4.7 MOJIB/MOIIB) 10 CPABHEHHIO C APYTMMH OHOCYP(HAKTAHTAMHU [ITMKOIMITHIHOK
HPUPOIBL.

BeiBoabl. Ha 0CHOBaHHN BETMYHHBI MOJISIPHOTO KO3 (HUIIHEHTa COMFOOMITH3AIIME MOXKHO CIIeTaTh BBIBOJ, YTO TPETAIONHITH/IbI IITAMMA
R. erythropolis X5 B Goibllel CTENEHH COTIOOMIN3UPYIOT H-TeKCaZeKaH B BOIHBIX PaCcTBOPAx 110 CPABHEHUIO C APYruMHu Oouocypdax-
TaHTaMH TIMKOJIMIIHAHON TPUPOJIBI, OFHAKO YCTYMAIT CHHTETHYECKHM MOBEPXHOCTHO-aKTHBHBIM COCHHCHHUSIM.

KnioueBble cnoBa MocTtynuna: 19.01.2024
6rocypdhakTaHThl, COMOOMTH3AIUS, OAKTEPUH-ICCTPYKTOPBI, HOopa6oTaHa: 16.04.2024
MOBEPXHOCTHOE HaTsDKEeHHE, Rhodococcus, H-reKcallekaH, TPeraloIuIn bl NpuHsiTa B neyats: 06.09.2024

Anga uMTnpoBaHusa

Heuaesa .A., [Tapdenosa A.C., @umummosa A.C., ©unonos A.E. Conmrobunm3arnms #-TexcaieKaHna MUEUISIPHEIME pacTBOPaMU TPerasio-
mmaaa — [TAB Ononorndeckoro nmpoucxokaeHus. Torkue xumuueckue mexvonoeuu. 2024;19(5):418-428. https://doi.org/10.32362/2410-
6593-2024-19-5-418-428
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Solubilization of n-hexadecane by micellar solutions
of trehalolipid—surfactants of biological origin

Irina A. Nechaeva,
etal.

INTRODUCTION

Biosurfactants or surfactants of biological origin have
significant advantages over synthetic surfactants due
to their physicochemical and biological properties.
They are rapidly occupying a significant niche in the
production of so-called green products and displacing
analogues of chemical origin from the market. Due
to their structural diversity and properties, such as
reduction of surface and interfacial tension, foaming,
emulsification, wetting, stabilization of emulsions
and solubilization of hydrophobic substances,
biosurfactants can be used in the pharmaceutical and
food industries [1], cosmetology [2], to increase oil
recovery, in bioremediation of polluted areas [3], in
bioelectrochemistry [4], in agriculture [5], and in
wastewater treatment technologies. Biosurfactants are
produced by microorganisms of various taxonomic
groups, such as bacteria of the genera Pseudomonas,
Rhodococcus, Arthrobacter, Mycobacterium, Nocardia,
Corynebacterium and yeasts of the genera Candida and
Rhodotorula [6)].

Among bacteria capable of forming and releasing
biosurfactants into the environment, special attention
needs to be paid to the bacteria of the Rhodococcus
genus. The metabolic activity of Rhodococcus is
due to the presence of a large number of enzyme
systems which enable them to degrade many natural
and anthropogenic organic compounds, such as
alkanes, cycloalkanes, aromatic compounds, phenols,
polycyclic aromatic hydrocarbons, halogenated
hydrocarbons, and polychlorinated compounds. The
list of toxic environmental pollutant compounds
which can be mineralized or transformed by
Rhodococci is quite large. It also includes explosives,
pharmaceuticals, plastics and difficult-to-degrade
synthetic polymers [7].

Rhodococci are characterized by the formation
of surfactants of a glycolipid nature in response to
the presence of alkanes in the nutrient medium. Such
substances are one or two nonreducing disaccharides of
trehalose bound to mycolic acids: long-chain a-branched-
a-hydroxylated fatty acids with different carbon chain
lengths [8].

Due to their low critical micelle formation
concentration (CMC), the ability to reduce surface
and interfacial tension, high activity under extreme
environmental conditions (temperature, pH), good
emulsifying ability combined with high biodegradability,
low toxicity and environmental safety, as well as the
possibility of being obtained from renewable sources

1

of raw materials [9], these biological surfactants are
more promising for the development of environmentally
friendly biotechnologies.

In connection with the above properties and the wide
application of trehalolipids in a range of industrial fields,
the study of the solubilizing ability of their micellar
solutions is both topical and in demand.

The aim of the study was to isolate biosurfactants
of a glycolipid nature produced by the bacteria-
destructors of the Rhodococcus genus of petroleum
hydrocarbons, and to evaluate their solubilizing ability
with respect to hydrophobic compounds on the example
of n-hexadecane.

MATERIALS AND METHODS

Rhodococcus erythropolis X5 (VKM Ac-2532 D) and
Rhodococcus erythropolis S67 (VKM Ac-2533 D) strains
were obtained from the collection of the Laboratory of
Biology and Plasmids of the G.K. Skryabin Institute
of Biochemistry and Physiology of Microorganisms
of the Russian Academy of Sciences. The MicroBak
biopreparation contains these bacteria and is used for
bioremediation of oil-contaminated territories [10].
The genome of R. erythropolis X5 1is deposited
in the NCBI database! under GenBank accession
numbers CP044283 and CP044284, BioSample -
SAMN12818508, BioProject — PRINA573614 and
SRA — PRINA573614 [11].

Microorganisms were cultured in rocking flasks in
200 mL of liquid Evans mineral medium [12] with the
addition of n-hexadecane (20 g/L) (ECOS-1, Russia) as
the sole source of carbon and energy at 26°C and aeration
at 180 rpm on an Excella 25 orbital rocker (Eppendorf,
Germany) for 3 days.

Biosurfactants were isolated from culture fluid
samples by means of liquid-liquid extraction [13].
Glycolipid components were separated by means
of thin-layer chromatography on TLC plates
Silica gel 60 F254 (Merck, Germany) [14].

The total biosurfactant content was determined
by the concentration of carbohydrate in the sample
spectrophotometrically  using the  phenol-sulfur
method [15], after previously constructing a graduation
relationship for the corresponding carbohydrate—
trehalose. In order to calculate the concentration of
trehalolipid, the obtained value of sugar concentration
was multiplied by a coefficient equal to the ratio of the
molecular weight of glycolipid (862) to the molecular
weight of trehalose (342). This is respectively equal
to 2.5.

National Center for Biotechnology. Information https://www.ncbi.nlm.nih.gov. Accessed June 31, 2024.
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The surface tension of the aqueous solutions of
biosurfactants obtained was determined by means of
the method [13] using a Kruss K6 tensiometer (Kruss,
Germany). An initial aqueous solution with
a concentration of 250 mg/L was prepared. A series
of samples with biosurfactant concentrations in
the range of 0-250 mg/L was obtained by dilution
method, and the surface tension of each solution was
measured. The CMC was determined by the inflection
point on the curves of surface tension dependence on
concentration.

In order to establish the solubilizing ability of
biosurfactant, we determined the residual concentration
of n-hexadecane in aqueous samples of biosurfactant of
different concentrations according to the method [16]
with our modifications. For this purpose, 300 pL of
n-hexadecane and 10 mL of biosurfactant solution of the
corresponding concentration were added to the tubes,
which were corked and shaken vigorously for 1 min.
Subsequently, the tubes were left at 28°C, and 180 rpm
on an Excella 25 orbital rocker (Eppendorf, Germany)
for 24 h. The contents of the tubes were poured into
a separating funnel and left for 2 h for phase separation.
Then the n-hexadecane layer was withdrawn into
a separate tube. 10 mL of hexane was added to the tubes
using a graduated pipette, corked and shaken vigorously
for 1 min. The gas chromatographic determination of
the residual concentration of n-hexadecane extracted
with hexane was then carried out. The method used to
determine oil product content in natural and waste waters
was the gas chromatographic method? on a Chromatek
Crystal 5000.2 gas chromatograph (Chromatek, Russia)
with Varian Capillary Column CP-Sil 8 CB (50 m)
and flame ionization detector. The concentration of
hexadecane was calculated by means of the absolute
graduation method.

Experiments were performed in triplicate, statistical
processing was performed using Microsoft Office
Excel 2010 and SigmaPlot® 2011 software. The average
value + confidence interval was calculated.

RESULTS AND DISCUSSION

Representatives of the Rhodococcus genus are efficient
degraders of oil hydrocarbons. They easily adapt to
extreme environmental conditions and are often included
in the composition of biopreparations for cleaning from
oil pollution®. They produce biosurfactants of glycolipid

detector. MVI-05-94. M.: 1994.

Thesis. (Biol.). Yakutsk. 2016.

nature, namely trehalolipids. The hydrophobic
nature of oil hydrocarbons is the reason for their
low bioavailability in the process of biodegradation.
However, the formation of micellar solutions of
trehalolipids can contribute to its increase. In the present
work, the solubilizing ability of R. erythropolis X5 and
R. erythropolis S67 strains was evaluated with respect
to a hydrophobic compound, using n-hexadecane as an
example.

Biosurfactants of a glycolipid nature were isolated
from the culture fluid of petroleum hydrocarbon-
degrading bacteria R. erythropolis X5 and R. erythropolis
S67 by means of extraction with a system of polar
organic solvents. Previously, 2,3,4-succinyl-octanoyl-
dodecanoyl-2’-decanoyl-trehalose and 2,3,4-succinyl-
dioctanoyl-2’-decanoyl-trehalose had been found to
be the main biosurfactants produced by these bacteria
grown on n-hexadecane, both at 26°C and 10°C [13, 17].

In order to confirm the chemical structure of the
isolated substances synthesized by the studied bacteria,
the lipid extract obtained was analyzed by thin-layer
chromatography. In order also to detect trehalose
tetracthers, we used o-naphthol reagent which is
a specific developer for sugars. This enabled us to
identify glycolipids among other lipid components.
When comparing the obtained data with date from the
literature (Table 1), it can be noted that Rhodococcus
biosurfactants appear on chromatograms with a different
number of spots and retention values. However, the
spot which appears to have the highest intensity with
a retention factor of R; 0.35-0.39 is present in all
chromatograms, except for R. erythropolis A29-k1 strain
and R. ruber IEGM 231 strain.

Table 1. Comparative characteristics of the R; values
of trehalolipids of various Rhodococcus strains

Microbial strain Ry Ry, R
R. erythropolis X5 0.38 0.50 0.59
R. erythropolis S67 0.37 0.50 -
R. ruber IEGM 231 [18] 0.18 0.39 0.75

R. erythropolis A29-k1 [19] 0.46 0.54 -

R. sp. 3-2[15] 0.35 0.53 0.56

Methodology for measurement of oil product content in natural and waste waters by gas chromatographic method with flame ionization

Neustroev M.M. Ecological assessment of oil-contaminated permafrost soils and development of methods of their bioremediation. Cand. Sci.
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The trehalolipid components thus revealed may have
structural differences, but they all contain carbohydrate
residues. The results obtained are consistent with the
results of earlier studies [20].

The amount of isolated trehalolipids of R. erythropolis X5
and R. erythropolis S67 bacteria after 3 days of cultivation
was determined by means of measuring the trehalose
content in the analyzed samples. Strain X5 produced more
biosurfactants (0.31 g/L, 36 - 107 mol/L) in contrast to
strain S67 (0.25 g/L, 29 - 107 mol/L). The results presented
agree with the data of Luong [14], in which the content of
trehalolipid biosurfactants was about 0.3 g/L. The same
amount of trehalolipids was obtained by White [21] in the
cell-free supernatant during cultivation of Rhodococcus sp.
PLMO026 on sunflower oil at 19°C.

One of the important colloidal-chemical properties
of surfactants of both chemical and biological origin is
the ability to reduce the surface tension (air—water). As
a consequence, the effectiveness of biosurfactants can be
evaluated by means of measuring the surface tension of
their solutions and plotting the graphical dependence of
surface tension on the biosurfactant content (Fig. 1). At
low contents (up to 25 mg/L), a linear dependence can
be observed. There is a sharp decrease in surface tension
when the biosurfactant content is increased within the
range of 30 to 35 g/L. With a further increase in the
biosurfactant content, there is a slowing of the rate of
surface tension. This is due to gradual saturation of the
surface layer with biosurfactant molecules. When the
CMC is reached, biosurfactants in aqueous solution
begin to form micelles and the surface tension does not
change further. The CMC of isolated trehalolipids of
strains X5 and S67 was determined using the inflection
point of the graphical dependence of surface tension on
the biosurfactant concentration.

80
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At a constant surface tension of 24.2 and 25 mN/m
for R. erythropolis X5 and R. erythropolis S67,
respectively, the CMC value for both strains was 33 mg/L
(3.8 - 107> mol/L). Table 2 summarizes the surface tension
and CMC values of biosurfactants isolated by other
researchers.

The results obtained by us agree with the data
of other authors (Table 2). The trehalolipids studied
are not inferior to other types of glycolipids in
terms of efficiency in reducing the surface tension
of water. The advantage of the isolated trehalolipids
of R. erythropolis X5 and R. erythropolis S67 over
synthetic surfactants should be noted. For example,
sodium dodecyl sulfate (CMC = 234 g/L) and
Tween-80 (CMC = 0.016 g/L) reduce the surface tension
of water from 72 to 37 and 34.8 mN/m, respectively [28],
while natural surfactants reduce the surface tension of
water to lower values.

An interesting objective was to evaluate the solubilizing
ability of the trehalolipids to increase the bioavailability of
hydrophobic pollutants to bacterial cells by increasing their
hydrophilicity. The solubilization process can be described
as colloidal dissolution of various substances in surfactant
micelles, therefore, solutions with trehalolipid content
multiple of CMC were used to determine the solubilizing
ability of trehalolipids.

Solubilization can be quantitatively characterized by
using the molar solubilizing capacity (S, ). This is the
ratio of the number of moles of n-hexadecane to the
number of moles of trehalolipid:

Sy =L

n=e M

wherein C; is the n-hexadecane concentration, mol/L,
C, is the trehalolipid concentration, mol/L.
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Fig. 1. Dependence of surface tension on biosurfactant content of R. erythropolis X5 (a) and R. erythropolis S67 strains (b)
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Table 2. Characteristics of biosurfactants
Microorganism Biosurfactant Surface tension, mN/m CMC, mg/L
Pseudomonas aeruginosa S6 [22] Rhamnolipids 339 50.0
Staphulococcuss aprophyticus SBPS-15 [23] Glycolipids (staphylosan) 30.9 24.0
Rhodococcus sp. HL-6 [24] 30.7 40.0
Glycolipids
Rhodococcus ruber IEGM 235 [25] 26.8 54.0
Rhodococcus erythropolis DSM 43215 [25] 26.0-32.0 4.0-15.0
Rhodococcus wratislaviensis BN38 [26] Trehalolipids 24.4 5.0
Rhodococcus qingshengii FF [27] - 85.0

With increased concentration of trehalolipid micellar
solutions, the amount of solubilized n-hexadecane
naturally increased in the range of trehalolipid contents
above the CMC. This indicates solubilization of the
hydrophobic compound in surfactant micelles. After
24 h, the average molar solubilization of n-hexadecane
in aqueous solution of biosurfactant strain X5 was
4.3 mol of n-hexadecane per 1 mol of trehalolipid. The
solubilization isotherm has a linear character at the
concentration of trehalolipid above the CMC, indicating
a constant micelle shape (Fig. 2).

0.0016

0.0014+ }
y=4.6686x — 7.3050

0.00124 R=0.9588

0.0010+
0.0008+ }
0.0006+

0.0004+ -

Concentration of solibillized
hexadecane, X107 mol/L

0.0002- e

0.00004+—<— ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35

Biosurfactant concentration, X107 mol/L

Fig. 2. Solubilization isotherm of n-hexadecane by trehalolipid
micelles

Solubilization isotherms enable us to determine
the values of CMC for which solubilization isotherms
should be extrapolated to the concentration axis.

Segments cut off on the concentration axis give the
desired CMC values [28]. According to Fig. 2, the
CMC value of trehalolipid biosurfactant produced by
R. erythropolis X5 strain is 2.5 - 107> mol/L. This value
is slightly different from the value of CMC found from
the surface tension isotherm (3.8 - 107> mol/L). This
may be due to an error in the method of determining the
solubilizing capacity of biosurfactants.

The solubilization isotherm presented also allows us
to determine the molar solubilization ratio (MSR) as the
tangent of the slope of this straight line (Fig. 2). MSR
is the amount of n-hexadecane that can be solubilized
by one mole of micellar solution of trehalolipid and
characterizes in general the ability of surfactant to
solubilize n-hexadecane.

We consider the binding constant or molar distribution
coefficient as a parameter of interaction between
n-hexadecane and trehalolipid. This is calculated
according to the following formula:

K MSR
™ SemcVy (1+MSR)’

@

wherein MSR is the molar solubilization ratio, mol/mol;
Scpme 18 the solubility of n-hexadecane at CMC; V,
is the molar volume of water; V, = 0.01805 dm?3/mol
at 298 K.

A knowledge of thermodynamic parameters is
necessary to achieve a better understanding of the
solubilization mechanism. From the thermodynamic
point of view, solubilization can be considered as the
distribution of n-hexadecane between micellar and
aqueous phases. The free energy of solubilization is
calculated on the basis of the following equation:
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€)

AGY =R-T-(ln CMC],

mol,

wherein AGg is solubilization free energy, kJ/mol; R is
the gas constant, R = 8.31 J/mol‘K; T is the temperature,
K; mol, is the solvent (water) molarity, mol, = 55.5.

In order to describe the solubilizing ability of
surfactants, MSR and CMC values are primarily
established. Determination of the micelle-water
distribution coefficient (K ) and solubilization energy
(AGS ) is less frequently used in research work. Among
glycolipid biosurfactants (Table 3), isolated trehalolipids
solubilize n-hexadecane in aqueous solutions more
efficiently. However, they are inferior to synthetic
surfactants, namely those surfactants of a nonionic
nature (Tween-80 and Triton X-100). In [29-31], the
difference in the solubilizing ability of synthetic
surfactants of different chemical structure in relation to
n-hexadecane and chlorine derivatives of hydrocarbons
is shown. For nonionogenic surfactants, the solubilizing
ability of n-hexadecane is higher than that of chlorine
derivatives. For sodium dodecyl sulfate, an ionogenic
surfactant, a lower solubilization capacity of

n-hexadecane and chlorine derivatives can be observed.
Thus, the value of molar solubilizing capacity may differ
depending on the chemical structure of the surfactant
itself and the solubilized substance. In [31] it is
demonstrated that the solubility of naphthalene,
phenanthrene and pyrene increased linearly with an
increasing concentration of rhamnolipid biosurfactant of
bacteria of the Bacillus genus. In addition, the values of
molar solubilization coefficient decreased in the series:
naphthalene > phenanthrene > pyrene.

With regards to the system which we studied, the
free energy value has a negative value
(AGé) = —35.5 kJ/mol), indicating a spontaneous
solubilization process. It was shown in [34] that the
solubilization processes of nitrogen-containing
heterocyclic substances (aniline, indole, quinolone),
surfactants  of  chemical (sodium  dodecyl
sulfate (Tween-80, Span 20, and TX-100)) and
biological (rhamnolipid) origin are spontaneous
(AGS < 0). The value of solubilization free energy
for rhamnolipid is markedly lower than for synthetic
surfactants. This proves the better solubilizing ability
of rhamnolipid and is consistent with our data.

Table 3. Comparative table of data (obtained and from literature) of the physicochemical characteristics of solubilization of different

substances by nature

. MSR, 0
Surfactant Solubilizate mol/mol AGg, kJ/mol IgK Reference
Trehalolipids 4.7 —35.5 1.065 This work
Monorhamnolipids Hexadecane 0.89 - 8.25
[33]
Diramnolipids 3.8 - -
Hexadecane 0.018 —54.5 - [29]
Sodiumdodecylsulfate
Perchloroethylene 0.16 - - [30]
Hexadecane 15.1 —64.4 - [29]
Twin-80
Hexachloroethane 0.15 - - [31]
Hexadecane 40 —64.6 - [29]
Triton X-100
Hexachlorobutadiene 1.22 - - [31]
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CONCLUSIONS

For Rhodococcus trehalolipids, their solubilizing
effect on hydrophobic n-hexadecane was demonstrated
using the following physicochemical values:
molar solubilizing capacity; molar solubilization
coefficient; micelle—water distribution coefficient;
and solubilization energy. Based on the value of the
molar solubilization coefficient, it can be concluded
that trehalolipids of R. erythropolis XS5 strain
solubilize n-hexadecane in aqueous solutions
to a greater extent than other biosurfactants of
glycolipid nature, while they are inferior to synthetic
surfactants.
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Abstract

Objectives. To investigate electrically conductive polymer composite materials (EPCMs) based on crystallizable polyolefins and
electrically conductive carbon black for the production of self-regulating heaters; to study the mechanism of the occurrence of positive
and negative temperature coefficients (PTC and NTC) upon heating such composites.

Methods. A comprehensive study of the structure and properties of crystallizable EPCMs with electrically conductive technical carbon
was carried out. In order to measure the electrical characteristics of the composites, they were compacted into plates to model polymer
heaters. Contact electrodes made of an ungreased brass mesh were embedded in their ends. The temperature dependencies of the electrical
characteristics of the samples were investigated in a modified thermal chamber of an FWV 633.10 Vicat softening temperature meter. The
change in the degree of crystallinity was analyzed by means of differential scanning calorimetry with a NETZSCH DSC 204 F1 Phoenix
calorimeter. The dilatometric and rheological characteristics of the samples were studied using an [IRT-AM melt flow index tester.

Results. It was determined that the self-regulation ability (an abnormally high positive thermal coefficient of electrical resistance) of self-
regulating heaters made of composites of crystallizable polyolefins with electrically conductive technical carbon cannot be explained
by the thermal expansion of EPCMs alone. It was shown that in crystallizable polyolefin-based EPCMs, the inversion of the thermal
coefficients of electrical resistance (transition from PTC to NTC) is associated with a change in the aggregate state of EPCMs and the
beginning of its transition to a viscous-flow state. A mechanism involving a sharp increase in the electrical resistance of self-regulating
crystallizable polyolefin-based composite with electrically conductive technical carbon was proposed and substantiated. This mechanism
takes into account the additional shear deformation effect produced on the crystalline phase of the EPCM by numerous expanding melt
microvolumes formed at the early stages of the melting process with a minimum change in the degree of crystallinity.
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KoadPpunumeHTa 3J71IeKTpN4ecKkoro ConpoTmBIeHUs
npuv HarpeBaHum 3J1IeKTPONpPoOBOASALLUNX
KOMMO3UuUii Kpuctannuaywmxcsa nonmosiepmHoB
C TeXHU4YeCKUM yrneponom

A.B. Mapkos™, A.E. 3Bepes, B.A. Mapkos

MUPDA — Poccutickuii mexunonosuyeckutl yuugepcumem (MHcmumym moHKux Xumudeckux mexmonio2uil
um. M.B. Jlomonocosea), Mocxesa, 119571 Poccus

™ 4emop onsa nepenucku, e-mail: markovan@bk.ru

AHHOTaUuS

ean. VccnenoBars 21eKTPOIPOBOASIIUE TOJTUMEPHBIE KOMIIO3UIIMOHHEIe MaTepransl (OIIKM) Ha 0cHOBE KpHCTAIUTU3YIOIIUXCS T10-
JHOJIe(UHOB U AIIEKTPOIIPOBOIHOIO TeXHHYecKoro yriepona (OTY) st mpon3BoACTBa caMOPETyIHPYIONIUXCs Harpesatenei. 13yunTs
MEXaHHU3M BO3HUKHOBEHUS d()(EKTOB MOJIOKUTEITEHOTO M OTPHIATeIbHOT0 TemieparypHsix koddduientos (ITTK n OTK) B npouecce
HarpeBaHMsi KOMIIO3UTOB.

Metoasbl. [IpoBeneHO KOMIUIEKCHOE HCCIISJOBAaHUE CTPYKTYpPHI M CBOUCTB kpucrammsytomuxcs DKM ¢ OTVY. [ns uccnenoBaHus
ANMEKTPUIECKUX XapaKTePHCTHK KOMITO3HINH OBIIM OTIPECCOBAHBI IUIACTHUHEI C 3AIIPECCOBAHHBIMU HAa KOHIIAX KOHTAKTHBIMH JJIEKTPO-
JIaMU 13 00€3KUPEHHOH JTaTyHHOH CEeTKH, MOJICIUPYIOIIHE ITOJINMEpHBIE HarpeBaTesu. McciuenoBanue 3aBHCHMOCTEI! 3IeKTPHIECKIX
XapaKTepPHUCTUK 00Pa3loB OT TEMIIEPaTyphl IIPOBOIIN B MOANPHIIMPOBAHHOM TepMokamepe npudopa FWV 633.10 nms onpenenenus
TeMIeparypsl pasMsrdenus Buka. MI3MeHeHne cTeneHn KpUCTaUIMIHOCTH MCCIIeJOBAII METOIOM Ji(dhepeHImanbHoi CKaHupyIomeH
xanopumerpuu Ha npubope NETZSCH DSC 204F1 Phoenix. MccnenoBanue AmIaTOMETPHUSCKUX M PEOIOTHUECKUX XapaKTEPHCTHK
00pa3IoB MPOBOAWIN Ha IPUOOpE [UTs onpeeneHus mokaszarens tekydectd (MUPT-AM).

Pe3yabTarhl. YCTaHOBICHO, YTO MOSBICHNE Yy CAMOPETYIHPYIOIIMXCS HAarpeBaTeneil, N3TOTOBICHHBIX M3 KPUCTAIUTU3YIOIIIXCS MOJH-
oneduHOBBIX KoMmmosunuii ¢ DTV, cnoco6HOCTH caMOperyTupOBaHus (MOSBICHIUSI AHOMATBHO BEICOKOTO MONOKHUTETBHOTO TEPMUIECKO-
ro K03(HUIKEHTA dIEKTPUYESCKOTO COMPOTHBIICHNUS) HENb3s1 OOBSICHUTH TONBKO TepMuueckuM pacimuperueM DIIKM. [Tokaszano, uTo
B KpHUCTaIUU3yonmxcs nmonnonepuroBsix JITKM uHBepcns TepMuyecKux k03()GUIMEHTOB MIEKTPHYECKOTO COMPOTHBIICHNUS (TIEPEX0.T
ot IITK k OTK) cBs3ana ¢ m3meHenueM arperatHoro coctostaus DIIKM u Hawanmom ero mepexoia B BA3KOTeKydee coctosHue. [Ipen-
JOKeH U 000CHOBAaH MEXaHM3M PE3KOTO POCTa 3IEKTPHUYECKOTO CONMPOTHUBICHUS CAMOPETYIHPYIOIIMXCS KPUCTAIUTU3YIONIIUXCS TTOJIH-
onepuHOBBIX KoMIO3uuid ¢ DTV, yUUTHIBAIOIINI TOMOTHUTEIFHOE CABUTOBOE Ae(hOPMALMOHHOE BO3ACHCTBHE HA KPHCTAILTHYCCKYIO
¢azy OIIKM MHOXeCTBa PACIIUPSIONIMXCS MHKPOOOBEMOB PacIliaBa, BO3HUKAIOMINX HA PAHHUX CTaJHAX Mpolecca IUIABICHUS MpU
MHHUMAJIbHOM H3MEHEHHH CTECTICHH KPUCTAIIMIHOCTH.

Kniouesble cnoBsa MocTtynuna: 16.05.2024
JMEKTPONPOBOAIINE TOTUMEPHBIE KOMITO3HTHI, CAMOPETYIHPYIOIINECS HarpeBaTel, JAopa6oTaHa: 19.06.2024
MOIHOe(DUHEI, HIEKTPONPOBOIHBIA TEXHUIECKHHI YTIICPOJ, TOJIOKHTEIBHBIH MNpuHsTa B neyats: 10.09.2024

TeMIIepaTypHBIH K03 dumeHT snexrpryeckoro conporusiaerus (I1TK),
OTpPHLATEIBHbIN TeMIIepaTypHbIil KO3GUIMEHT 3IEKTPUUECKOTO
comnporusienus (OTK)

Ansa uMTupoBaHus

MapxkoB A.B., 3BepeB A.E., MapkoB B.A. OcoOGeHHOCTH M3MEHEHHS TEPMUYECKOrO KO3((PHUIMEHTA 3IEKTPUYECKOTO COMPOTHBICHUS
[PH HArPEBaHUM JICKTPONPOBOISIINX KOMIO3HLMI KPUCTAIUIM3YIOIIMXCS MONHOIS(YHHOB C TEXHUYECKUM YIIIEPOIOM. ToHKuUe Xumuue-
ckue mexuonoeuu. 2024;19(5):429-440. https://doi.org/10.32362/2410-6593-2024-19-5-429-440
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INTRODUCTION

Electrically conductive polymer composite materials
(EPCMs) with electrically conductive carbon black (ECB)
asaconductive filler have found the following applications:
in electrically conductive coatings; electromagnetic
shielding for protection against static electricity; fuses
against overloads in electrical grid equipment; temperature
and pressure sensors [ 1-7]; and self-regulating heaters [8—
12]. The production of self-regulating heaters is important
for the safety of household heating appliances. The self-
regulation of power of heaters based on EPCMs is due
to an abnormally high positive temperature coefficient
of electrical resistance (PTC) of crystallizable polymer
matrices (e.g., polyolefins) in the temperature range of
the onset of their melting [8—13]. This phenomenon is
virtually absent in amorphous EPCMs.

An important condition for obtaining EPCMs with
high electrical conductivity is believed to be the uniform
distribution of ECB particles in the composite [14, 15].
Increased electrical resistance upon heating of self-
regulating EPCMs is usually attributed to an increase
in the distance between the particles and aggregates of
ECB during thermal expansion upon heating [16-19].
However, studies indicate an increase in the electrical
conductivity of materials with a nonuniform distribution
of ECB in the crystallizable polymer phase, as well as in
mixtures of such polymers [20-24]. This nonuniformity
of such EPCMs makes the system of conductive
channels formed from ECB particles less stable at
high temperatures. This instability of EPCMs can lead
to reversible disruptions of the conductive channels
in the microzones between the melting crystalline
formations [6, 10, 11, 13, 24]. With an increase in
temperature, the number of such zones increases. The
electrical resistance of the heater increases rapidly, and
its power drops sharply. The purpose of the work was to
confirm the mechanism of the occurrence of abnormally
high PTC in polyolefin-based EPCMs.

EXPERIMENTAL

The objects of this study were thermoplastic polyolefins
with different melting temperatures: stabilized
cable high-density polyethylene (HDPE) 277-73

(GOST 16338-85'); low-density polyethylene (LDPE)
10813-020 (GOST 16337-772); and polypropylene (PP)
01050 (TU 2211-074-05766563-2015%). The electrically
conductive filler was UM-76 finely divided ECB
(TU 38-10001-94) intended for use in EPCMs.

Composites were prepared using a VK-6 laboratory-
scale two-roll mixing mill (GRANAT, Russia) with
electric heating of the rolls at a mixing temperature
of 180 = 10°C. The UM-76 powder was added to
a preliminarily prepared polyethylene melt. After
homogenization, rolling was continued for 10 min. The
ECB content in all the composites was the same and
amounted to 20 wt % (11.7 vol %). It was previously
shown that this UM-76 content is optimal for self-
regulating EPCMs [9].

In order to study the electrical characteristics of
the composites, samples were compacted from them at
a pressure of 15.0 MPa at 180°C and cooled in a mold
to 50°C. The samples consisted of plates with a length
of L =120 = 5 mm, a width of b = 10 £ 0.5 mm, and
a thickness of 8 = 1.0 £ 0.05 mm. Contact electrodes
made of an L-80 ungreased brass mesh (GOST 6613-86%)
were embedded in their ends. Slow cooling guaranteed
the stability of the structure of the properties of the
samples. The electrical resistance of the samples was
measured with a DT9208A ohmmeter (DELTA Battery,
China). Tests at elevated temperatures were performed
in a modified thermal chamber of an FWV 633.10 Vicat
softening temperature (GOST 15088-2014°) meter
(Zwick Roell, Germany) at a heating rate of ~3°C/min.
The temperature coefficient of electrical resistance
(TCR, a; K1) was calculated by the formula:

Ap

o= R 1
oA (1)

wherein Ap is the change in the volume electrical
resistivity at a temperature change AT (°C), and p, is
the volume electrical resistivity (Q-m) under normal
conditions.

The change in the degree of crystallinity was
studied by differential scanning calorimetry (DSC)
with a DSC 204 F1 Phoenix instrument (NETZSCH,
Germany) at a heating rate of 3°C/min. The degree of
crystallinity o, was calculated by the formula:

GOST 16338-85. Interstate Standard. Low-pressure polyethylene. Specifications. Moscow: Standartinform; 2005.

2 GOST 16337-77. Interstate Standard. High-pressure polyethylene. Specifications. Moscow: Standartinform; 2005.

TU 2211-074-05766563-2015. Balene (polypropylene and propylene copolymers). Specifications. https://polimermsk.ru/image/catalog/

product/passport/TU%202211-074-05766563-2015.pdf. Accessed May 22, 2024.

GOST 6613-86. Interstate Standard. Square meshed woven wire cloths. Specifications. Moscow: Standartinform; 2006.

5 GOST 15088-2014 (ISO 306:2004). Interstate Standard. Plastics. Method for determination of Vicat softening temperature of thermoplastics.

Moscow: Standartinform; 2014.
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AH

Lo =— s @
AH

whereinAH_ . is the enthalpy of melting of the crystalline

phase of the sample calculated taking into account the
weight fraction of ECB (kJ/mol). AH  is the enthalpy of
melting of the crystalline phase of the polymer (kJ/mol).

Dilatometric and rheological studies of the
composites were made using an IIRT-AM melt flow
index device (Altavir, Russia) (GOST 11645-2021°) and
known methods described earlier [23]. Dilatometric tests
were carried out by measuring the change in the height
of cylindrical samples (with an accuracy of £0.01 mm)
in the working chamber of the IIRT-AM device. The
coefficient of volumetric thermal expansion B (K™!) was
calculated by the formula:

Av
p= VoAT’ )

wherein Av (cm?) is the product of the displacement of
the rod and the cross-sectional area of the cylindrical
working chamber of the device at a change in the
temperature in it of AT (°C), and v is the volume (cm?)
of the pellet under normal conditions.

RESULTS AND DISCUSSION

The phenomenon of a sharp increase in electrical
resistance with increasing temperature is an integral
property of polymer self-regulating heating elements. This
phenomenon is especially pronounced in crystallizable
polyolefins. The dependencies obtained earlier [25]
(Fig. 1) confirm this and have a shape characteristic of
self-regulating composites with ECB.

All polyolefins presented in Fig. 1 are characterized
by extreme changes in p/p, with increasing temperature.
The highest value of p/p, upon heating is exhibited
by the EPCM based on HDPE which has a degree of
crystallinity o, of 70.8% at normal temperature. For PP
and LDPE, the degrees of crystallinity are significantly
lower: 48.1 and 41.1%, respectively.

Based on the results of our studies, the TCR o values
(K1) of these EPCMs were calculated over a wide range
of temperatures (Fig. 2). As can be seen from Fig. 2, the
temperatures of minima of TCR virtually coincide with
the temperatures of maxima of p/p,, in Fig. 1.

Several temperature regions can be distinguished on
the curves of these dependencies. They differ in magnitude
and sign of the change in electrical resistance. At low
temperatures, the resistance increases proportionally

6
of Standardization; 2021.
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—=&— HDPE

| —O—PP

35 N
—O—LDPE
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3
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IR AR 1
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Fig. 1. Effect of temperature 7 (°C) on the normalized volume
electrical resistivity p/p,, (€2-m/Q-m) of polyolefin composites
with ECB:

(1) polypropylene (PP), (2) high-density polyethylene (HDPE),
and (3) low-density polyethylene (LDPE)

to the increase in temperature. Such a change is due to
the volumetric thermal expansion of the EPCM and
is characterized by the size of the temperature zone of
TCR. The a values (K'!) in this zone were as follows:
LDPE, 0.0033; HDPE, 0.0014; and PP, 0.0024. As the
temperature approaches the temperature regions of
polymer melting, the increase in resistance accelerates
exponentially (the so-called temperature zone of abnormal
PTC). In Fig. 2b, for polyethylenes, the beginning of
this zone approximately corresponds to a temperature of
60-70°C (for HDPE, this can be better seen in an enlarged
figure); also for polypropylene, to 110-120°C. The power
of self-regulating EPCMs is regulated at the beginning
of the PTC zone. This is due to the intensification of
the destruction of conductive channels of ECB in them.
A further increase in temperature in the polymer melting
region leads to an inversion of the electrical resistance
change at its point of maximum and the occurrence of the
phenomenon of NTC. The NTC temperature zone ends
with the complete melting of the polymer and the transition
of the EPCM to the temperature zone of volumetric
thermal expansion of the melt. The change in electrical
resistance in this zone is proportional to the change in
temperature, and is characterized by the value of the melt
TCR zone. It follows that the temperature zones of interest,
PTC and NTC, are associated with different stages of the
melting of the polymer matrix of the EPCM. Gradual
melting causes a sharp (extreme) change in electrical

GOST 11645-2021. Interstate Standard. Plastics. Methods for determination of flow index of thermoplastics melt. Moscow: Russian Institute
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Fig. 2. Effect of temperature T (°C) on the thermal coefficients of electrical resistance o (K™!) of polyolefin composites with ECB:

(1) PP, (2) HDPE, and (3) LDPE

resistance. It is important to note that, only in the TCR
temperature zones of the melt, can the volumetric thermal
expansion be considered the main mechanism of the effect
of temperature on the electrical resistance of the EPCM.
When transitioning from the PTC temperature zone to the
NTC zone, the polymer continues to expand gradually,
since the melting of the polyolefin matrix continues, while
the fraction of the denser crystalline phase continues to
decrease. This is confirmed by the dilatometry and DSC
results given below.

In order to refine the mechanism of the occurrence of
PTC and NTC, the effect of temperature was studied on
the degree of crystallinity of the given EPCMs during
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melting. Figure 3 presents the results of these studies.
The degrees of crystallinity o of EPCMs were estimated
at temperatures corresponding to the maximum values of
p/py, at which inversion transitions from PTC to NTC
were observed. For this purpose, the thermal coefficients
of change in o (Fig. 3b) were calculated, similar to
thermal coefficients o and f.

Unlike electrical coefficients a, these coefficients are
positive at all the temperatures studied. The temperatures
of the maximum values of p/p, and the temperatures of
the maxima of the thermal coefficients of change in o, in
Fig. 3b were found to virtually coincide. In Fig. 3a, their
positions are indicated by vertical dashed lines.
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Fig. 3. Effect of temperature 7 (°C) on (a) the degree of crystallinity o, (%) and (b) the thermal coefficients of change in o, (K™

of polyolefin composites with ECB: (/) PP, (2) HDPE, and (3) LDPE
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In crystallizable polyolefin-based EPCMs, the
inversion of the change in the thermal coefficients of
electrical resistance (the transition from PTC to NTC)
occurs when the degree of crystallinity reaches 20-25%.
Therefore, at degrees of crystallinity less than 20%,
the barrier resistance may not appear, as in the case
of amorphous polymers. In addition, this allows us to
assume that the transition from PTC to NTC is caused
by a sharp change in the aggregate state of the EPCM,
and the beginning of its transition to a viscous-flow state.
This is a result of fragmentation of the crystalline phase
formed at the early stage of the crystallization process
at high temperatures. The melt becomes a continuous
phase. On the other hand, in the PTC temperature
zone, the EPCM continues to contain the continuous
crystalline phase with discrete inclusions of the melt
formed from low-melting components of the crystalline
phase formed at low temperatures at the late stage of the
crystallization process at the boundaries of spherulites.
Even a small decrease in the degree of crystallinity in
the initial PTC temperature zone (at the temperatures of
power regulation of the self-regulating heater) leads to
significant destruction of conductive channels in ECB
and a multiple increase in the resistance of the EPCM.
This is due to the fact that self-regulating EPCMs
respond with an increase in electrical resistance not only
to thermal, but also to deformation effect [8, 9, 26, 27].
Therefore, the cause of the significant increase in
resistance at these temperatures can also be the
formation of melt microinclusions in the crystalline
polymer and the increase in their volume. In this case,
the shear deformation effect of many such expanding
microvolumes is transferred to the crystalline phase.

1.25
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—>—LDPE
—O—PP
1.20
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2
1.15
2
1
1.10
1.05 *WN
1
20 70 120 170
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@

This causes additional shear destruction of conductive
channels of ECB in the crystalline phase and accelerated
increase in the electrical resistance of the EPCM in the
PTC temperature zone even at a minimum change in the
degree of crystallinity.

This factor ceases to act in the NTC temperature
zone (in the continuous phase of the melt), despite the
continued volumetric thermal expansion of the EPCM.
Such a PTC mechanism confirms the weak manifestation
of the phenomenon of PTC in EPCMs based on
amorphous polymers [25] and its occurrence in mixtures
of amorphous and crystallizable polymers [10, 22]. This
can also explain the stabilization of the phenomenon
of PTC and the absence of the phenomenon of NTC
in self-regulating EPCMs subjected to radiation
crosslinking [28-32] or chemical crosslinking [8-11, 33],
thus deprived of the possibility of transition to a viscous-
flow state.

In order to confirm the proposed mechanism,
dilatometric tests of the given EPCMs were carried out.
Figure 4a shows the dependencies of the change in their
specific volume v = V/V, on temperature during thermal
expansion of the EPCM. Here V), and V' are the initial
value of the sample volume and its current value at
temperature 7, respectively.

Naturally, the volume of all EPCMs increases in all
the temperature zones described above. In the curves
in Fig. 4a, the PTC and NTC temperature zones form
a common melting zone, characterized by an accelerated
smooth increase in the volume of the samples and is
separated by two zones with a slow increase in the TCR. In
this case, the calculated coefficient of volumetric thermal
expansion in Fig. 4b is positive throughout the studied

0.012 ;
—&— HDPE 5
—o— LDPE
—o—pp
3
0.008 i
T 1
v
o
0.004
0
20 70 120 170

Fig. 4. Effect of temperature 7 (°C) on the specific volume v during thermal expansion and (b) the coefficient of volumetric thermal
expansion B (K1) of polyolefin-based composites with ECB: (/) PP, (2) HDPE, and (3) LDPE
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temperature range. The temperature zones of the TCR
of the melt are a continuation of the TCR zones of solid
EPCMs (Fig. 4b, dashed lines). The temperatures of the
maximum values of p/p, in Fig. 1 and the temperatures
of the maxima in Fig. 4b are very close. However, the
coefficients of volumetric thermal expansion [ are
greater than an order of magnitude lower than the thermal
coefficients of electrical resistance a. This also indicates
that volumetric expansion is not the only mechanism of
the abnormally high PTC of EPCMs (Table 1).

Table 1. Initial thermal coefficients of electrical resistance o
and the coefficients of volumetric thermal expansion 3

of polyolefin-based electrically conductive polymer composite
materials (EPCMs)

Polyolefin LDPE HDPE PP
0y, K! 0.0033 0.0014 0.0024
By K! 0.000195 0.00038 0.00011

In order to refine the features and mechanism of the
change in the electrical resistance of the studied EPCMs
during heating, it is useful to establish the activation
energies of destruction of conductive channels formed
by ECB particles using the Arrhenius equation [34].
In order to do this, an electrical characteristic needs to
be selected. The behavior of this characteristic needs
to be symbatic to that of this destruction. Change in
electrical resistance is not suitable for this purpose,
since it increases with a decrease in the number of
conductive channels. However, if electrical resistance
is replaced by electrical conductivity (o/c, = p,/p), this
problem can be resolved. The electrical conductivity
should decrease proportionally to the decrease in these
channels. Curve / in Fig. 5 illustrates the dependence
of the logarithm of the electrical conductivity of the
EPCM based on HDPE on the inverse temperature in the
Arrhenius coordinates In(o/c) = A1/T, K™1).

The activation energies of the processes are
proportional to the slopes of the experimentally obtained
curves: In(o/c,) = f(1/T, K™). The activation energy
can change in different sections of the curves when the
mechanism of the destruction of conductive channels in
ECB changes.

The temperature dependence of electrical
conductivity (Fig. 5, curve /) has several regions with
different slopes. These are temperature zones with
different activation energies: a low-temperature zone of
TCR of solid EKPMs with the lowest slope and a PTC
zone with the increasing slope. The NTC temperature
zone, which was not used in the calculations, is
represented by one point.

The low slope of curve / (low values of the activation
energy £, of change in electrical conductivity) in the TCR
zone indicates that the mechanism of the decrease in the
conductivity at these temperatures is the thermal motion
of molecules, causing volumetric thermal expansion of
the material. The increase in the slope at temperatures
above 60°C (the increase in £ ) confirms the assumption
about a change in the mechanism of the destruction of
conductive channels in EKPM at the beginning of the
PTC temperature zone. In the NTC zone, the electrical
conductivity begins to increase.

For comparison, Fig. 5 also shows the DSC (curve 2) and
dilatometry (curve 3) results processed in a similar manner.
The decrease in the degree of crystallinity (curve 2), related
to the destruction of spherulites upon heating, should lead
to the destruction of conductive channels in the EPCM.
However, the shape of curve 2 differs significantly from
the shape of curve /, analyzed above. The degree of
crystallinity changes little until 110°C is reached. Curve 2
has virtually no temperature zone corresponding to the
PTC zone on curve /, and the corresponding activation
energy cannot be calculated.

The results of the dilatometric tests are shown in
curve 3 of Fig. 5. By analogy with the dependence of o/,
on 1/T (K1), the inverse of the specific volume v, the
specific density g/q, = 1/v, was chosen as a dilatometric
characteristic symbatic to o/c,. The low values of the
activation energy (the low slope of the line) indicate that
the volumetric thermal expansion of the material is not
the main cause of the occurrence of the abnormally high
PTC of the studied EPCMs.
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Fig. 5. Comparison of the temperature dependencies

of the normalized values of electrical conductivity o/c,,
degree of crystallinity o /o, and density g/q,

of HDPE-based composites with ECB:

(1) ln(c/co), 2 ln(am/ acrO), and (3) ln(q/qo)
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Figure 6 presents the temperature dependencies of
o/c, on 1/T (K™ for all the studied polyolefin-based
EPCMs. The dashed lines in Fig. 6 are tangents to the
experimentally obtained curves in the regions of interest
at the beginning of the PTC temperature zones. These
are responsible for regulating the power of the EPCM
heaters with increasing temperature.
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Fig. 6. Effect of temperature (1/7, K™') on the logarithms
of the normalized values of electrical conductivity o/c,,
of polyolefin-based composites with ECB:

(1) PP, (2) HDPE, and (3) LDPE

Table 2 presents the results of the calculation of
the activation energies £, of these processes occurring
in these temperature zones of change in electrical
conductivity. Table 2 also shows the values of the
activation energies E . of viscous flow of melts, as
determined by rheological studies.

Table 2. Calculated activation energies £, and £ ¢
of destruction of conductive channels in the PTC zone
and viscous flow of melts of polyolefin-based EPCMs

Polyolefin LDPE HDPE PP
E, kJ/mol 41.6 29.3 45.1
E;, kJ/mol 455 30.5 45.4

The closeness of the E, and E ; values can be
considered as confirmation of the expected influence
of shear effect on the crystalline phase of numerous
expanding microinclusions of the melt formed at
the early stages of melting of polyolefin-based
EPCM:s.

CONCLUSIONS

A comprehensive study of the structure and properties
of crystallizable polyolefin-based EPCMs with ECB
was made. It was determined that the self-regulation
ability (an abnormally high positive thermal coefficient
of electrical resistance) of self-regulating heaters
made of composites of crystallizable polyolefins with
ECB cannot be explained by the thermal expansion
of EPCMs alone. It was shown that in crystallizable
polyolefin-based EPCMs, the inversion of the thermal
coefficients of electrical resistance (transition from
PTC to NTC) is due to a change in the aggregate
state of EPCM and the beginning of its transition to
a viscous-flow state.

A mechanism of the sharp increase in the electrical
resistance of self-regulating crystallizable polyolefin-
based composites with ECB was proposed and
substantiated. This mechanism takes into account the
additional shear deformation effect on the crystalline
phase of the EPCM of numerous expanding melt
microvolumes formed at the early stages of the melting
process with a minimal change in the degree of
crystallinity.
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Abstract

Objectives. To obtain polymer composite materials (PCM) with enhanced physicomechanical properties using the vacuum assisted resin
transfer molding (VaRTM) method, binders must have a viscosity of up to 500 mPa-s. In some cases, this leads to restrictions on the
use of certain materials or requires the use of temporary diluents. This is closely related to the deterioration of other required composite
characteristics, such as increased flammability. Three phosphorus-containing oligoester(meth)acrylates PhOEM-1, PhOEM-2, and
PhOEM-3 were synthesized with significant differences in viscosity characteristics in the series PAOEM-1 << PhOEM-2 << PhOEM-3. The
polymer based on PhOEM-1 exhibits inferior physicomechanical properties despite having lower viscosity. Hence, the aim of the study was
to investigate the viscosity characteristics of mixtures of methacrylate binders of the same nature but different structures and functionalities.
This was done by studying the rheological properties of the original oligoester(meth)acrylates and their mixtures taken in various ratios.
The method used was to optimize compositions via a simplex lattice (Scheffe’s plan), in order to obtain PCM using the VaRTM technology.

Methods. The study of rtheological properties of phosphorus-containing oligoester(meth)acrylates and their mixtures was conducted using
the method of rotational viscometry on a Brookfield LVDV-II + Pro viscometer with a spindle 27 at different shear rates ranging from 0 to
70 s~ and temperatures from 30 to 70°C. Rheological studies were also conducted on a Lamy Rheology GT300 PLUS (GEL TIMER)
viscometer in the same range of shear rates and temperatures.

Results. It was established that the objects under investigation can be characterized by viscosity values ranging from 96 to 2137 mPa-s
depending on the temperature. The nature of the viscous flow of phosphorus-containing oligoester(meth)acrylates and their mixtures
is similar to that of Newtonian liquids only at certain shear rates. The effective activation energies of the viscous flow of binders and their
mixtures were calculated, and the influence of temperature on the viscosity of binders was determined.

Conclusions. The study identified the features and nature of the flow curves of phosphorus-containing oligoester(meth)acrylate binders
of the same nature but different structures and functionalities, as well as of their mixtures. The optimal composition ranges of three-
component mixtures of phosphorus-containing oligoester(meth)acrylates for use in the VaRTM technological process in producing
polymer composite materials within the temperature range of 30 to 70°C were defined. The optimal compositions and temperature
conditions for obtaining polymer composite materials using the VaRTM technology were also identified. This enables the production
of polymer products with complex geometric shapes and varying sizes.
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rheology, polymer composite materials, VaRTM technology, phosphorus-containing binders, Revised: 17.07.2024
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AHHOTaUuS

Lesn. {151 moxydeHUs TOTMMEPHBIX KOMIIO3UIIMOHHEIX MaTeprao (ITKM) ¢ moBEIIIEHHEIM ypOBHEM (DH3HKO-MEXaHHUECKUX CBOUCTB
MeTonoM Oe3aBTOKIIaBHOM TexHomornu (vacuum assisted resin transfer molding, VaRTM) cBs3yronue TOMKHBI 00/1a1aTh BI3KOCTHIO
1o 500 mITa-c. B pane cirygaeB 3TO IPUBOAUT K OTPAHMUYCHUIO [0 MPUMEHEHHIO TeX MIIM MHBIX MaTepHaioB, TH00 TpeOyeT NCIIOIb30-
BaHMS BPEMEHHBIX pa30aBHUTeNeH, UTO HEpa3phIBHO CBSI3AHO C yXyAIICHHEM APYTHX TPeOyeMbIX XapaKTepHUCTHK KOMIIO3UTa, HAIpUMep,
yBeIHdIeHHeM roprodectd. Hamm Obutn cuHTe3mpoBaHb! Tpu (ochopcopepxamux omurodpup(mer)akpmwiara PhOEM-1, PhnOEM-2,
PhOEM-3, o6nafgaomux 3Ha9IUTEIbHBIMA OTIHUYHMAMHE 110 XapaKTepUCTHKaM BA3KOCTH B psigy PhOEM-1 << PhOEM-2 << PhOEM-3,
mpu 3ToM nonuMep Ha ocHoBe PhOEM-1, o6agast MeHbIIeH BSI3KOCTBIO, XapaKTEPU3YETCs XYAUIMMH (H3NKO-MEXaHHIECKUMHU CBOI-
cTBaMH. B CBSI3M ¢ ATHM, IETIBIO MCCIIEOBAHUS SIBUIOCH H3yUeHHE BI3KOCTHBIX XapaKTePHCTHK CMecell MeTaKpUIIAaTHBIX CBSI3YIOIINX
OJIMHAKOBOH IPHPOJIBI, PA3HOTO CTPOCHNUS U (PyHKIIMOHAIBHOCTH ITyTE€M H3yUEHHs PEOJIOTHUSCKIX CBOUCTB HCXOIHBIX OTHT03(Up(MeT)-
AKPUJIATOB M UX CMECEH, B3SATHIX B PA3IMIHBIX COOTHONICHUSX, C IIPIMEHEHNEM METO/Ia ONTUMU3AIUH COCTABOB IO CHMILICKC-PEIIeT-
ke (tany Ilepde) s noryuenust [IKM mo 6e3aroknasuoi (VaRTM) texHomorum.

MeToasl. VccnenoBanme peoJorndeckux CBOUCTB hocdopcomepkammx oaurodGup(MeT)akpuiIaToB U HX CMecei IPOBOIMIN METOIOM
poTanMoHHOW BHCKO3UMeTpHH Ha BHckozuMmeTpe Brookfield LVDV-II + Pro ¢ ucnonb3oBannem mmuHAeNsS 27 MpU CKOPOCTAX CABUTA
B qmarasone ot 0 10 70 ¢! u Temneparypax ot 30 1o 70°C. TlapaniensHO NPOBOIMIIH PEOTOTHYECKHE HCCTIEN0BAHMS Ha BUCKO3HUMETPE
Lamy Rheology GT300 PLUS (GEL TIMER) B TOoM e Anama3oHe CKOpPOCTEH CABHTa U TEMIIEPATyD.

PesysnbTarhl. YCTaHOBIECHO, YTO HCCleayeMble OOBEKTHI, B 3aBUCUMOCTH OT TEMIICPATypPbl, XapaKTEPHU3YIOTCS 3HAYCHUSMHU BA3KOCTH
ot 96 1o 2137 mlla-c. ITo xapakrepy Bsizkoro TedeHust Gpocopcopepxaiiie oaurodGup(MeT)akpuaaTbl © UX CMECH BeayT ceOs aHa-
JIOTHYHO HBIOTOHOBCKUM JKMAKOCTSIM TOJILKO IIPH ONPE/ICTICHHBIX CKOPOCTSX caBura. Paccuntanbl 3((GEKTUBHBIC SHEPIUH AKTHBALIMI
BSI3KOTO TEUEHHS CBS3YIOIIUX U UX CMECEH, YCTAaHOBJICHO BIMSHUE TEMIIEPATYpPhl HA BA3KOCTb CBA3YOIIHX.

BeiBoasl. OnperienieHsl 0COOSHHOCTH M XapaKTep KPHUBBIX TeueHHs ocdopcopeprraniux onurodpup(MeT)akpuilaTHbIX CBS3YIOIHMX OJIU-
HAKOBOM HPHUPOIBI, PA3HOTO CTPOCHHMS ¥ (DYHKIMOHAIBHOCTH, a TAK)KEe UX CMeceil. YCTaHOBIICHBI 00JIACTH ONTUMAIIBHBIX COCTABOB TPEX-
KOMITOHEHTHBIX cMeceid (ochopcomepkaimx oauro3hup(MeT)akpruaaToB Ui HCIIONB30BaHK UX B TEXHOJIOTHYECKOM mporiecce VaRTM
npu nonyyenuu IIKM B quanasone temneparyp ot 30 no 70°C. OnpezeneHs! ONTHMaJIbHbIE COCTaBbl M TEMIIEPATypHbIE YCIOBUS AL IO-
nyuenust [IKM merogom VaRTM, uTo 1103BOJISIET MOTyYaTh MOJIUMEPHBIE U3EINS CIIOKHON reoMeTprIecKkor GOopMbI U pa3HOTO pasMepa.

KnioueBble cnoBa MocTtynuna: 16.05.2024
peosorusi, moMUMepHbIe KOMIO3UITMOHHBIC MaTepraisl, VaRTM-texHomorus, HAopa6oTaHa: 17.07.2024
(bocdopconepxarmine onurodpup(MeT)aKpuiIaTHbIe CBA3YIOIINE, MATEeMaTHIECKOe MpuHsTa B neyats: 10.09.2024
TUIAaHWUPOBAHUE

Ana uunTnpoBaHua

TyxukoB O.0., loneuxona JI.IO., Conomaxun C.M., Hanecnas A.B., Anp-Xam3asu A., bypasos b.A., bopucos C.B., Tyxuxo O.W.
Peonoruueckue cBoiictBa hochopconepxariero onurodhup(Mer)akpriara st mepepadoTKH METOIOM BaKyyMHOI uHGY3uu. Tonkue xu-
muueckue mexronozuu. 2024;19(5):441-451. https://doi.org/10.32362/2410-6593-2024-19-5-441-451
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Rheological properties of phosphorus-containing oligoester(meth)acrylate

for processing by vacuum infusion

Oleg O. Tuzhikov,
etal.

INTRODUCTION

Over the past decade, the market for polymer
composite materials (PCM) based on thermosets
has been growing rapidly. This is due to the unique
properties of the polymers obtained: resistance to
wear and chemicals, including in a wide temperature
range, and the ability to process material using
modern energy-saving and environmentally friendly
methods, such as vacuum assisted resin transfer
molding (VaRTM) [1-3].

In addition to a wide range of choice of binders for
obtaining PCM, methods for their processing are also
being developed. Examples include manual laying out,
spraying, injection and autoclave molding. As a rule,
the above methods for obtaining PCM are relatively
expensive  processes  requiring  simultaneously
increased manufacturability and reduced production
cost! [4, 5].

One promising technology in terms of cost and
manufacturability is a relatively new non-autoclave
technology: the vacuum infusion method VaRTM [6, 7].
However, when producing composites in this way, one of
the most important technological characteristics limiting
the use of the binder is its viscosity. The authors [8—11]
found that the optimal viscosity of the binder for vacuum
infusion should not exceed 500 mPa-s.

Colleagues previously synthesized and patented
a phosphorus-containing trifunctional oligoester(meth)-
acrylate (PhOEM-1) [12]. Later, we obtained and
patented  tetrafunctional  oligoester(meth)acrylates
containing spacers (PhOEM-2, PhOEM-3) [13, 14]. All
of the oligoester(meth)acrylates under consideration are
capable of curing in the presence of a peroxide initiator,
while possessing different levels of initial viscosity
and physical and mechanical properties. Synthesized
tetrafunctional ester(meth)acrylates, unlike trifunctional
ones, are characterized by relatively high viscosity values
at temperatures up to 40°C. These temperatures limit their
use under standard production conditions. We selected
the above compounds, in order to study the rheological
properties of their mixtures in the temperature range of
30-70°C.

Taking the above into account, the aim of this work
is to study the features of the flow curves of phosphorus-
containing oligoester(meth)acrylates and their mixtures
at temperatures of 30—70°C, in order to determine the
optimal compositions of three-component mixtures that
satisfy the processes of obtaining PCMs by the VaRTM
method.

1
Diss. Cand. Sci. (Eng.). Moscow: VIAM; 2016. 146 p. (in Russ.).

EXPERIMENTAL

The objects of the study were phosphorus-containing
polymerizable oligoester(meth)acrylates (PhOEM) with
different molecular weights and relative unsaturation,
with and without a spacer in the structure.

The compounds were synthesized according to the
method described in [15].

The rheological properties of the binders and their
mixtures were studied using rotational viscometry.
For this purpose, a Brookfield LVDV-II + Pro
spindle 27 viscometer (Brookfield, USA) and a Lamy
Rheology GT300 PLUS (GEL TIMER) viscometer
(Lamy Rheology, France) were used. The results obtained
on the Lamy Rheology GT300 PLUS (GEL TIMER)
viscometer showed similar trends in the change in the
properties of the binders.

In order to determine the region of optimal
compositions  of  oligoester(meth)acrylates,  the
STATISTICA program (StatSoft, Russia) was used.
It implements a graphically oriented approach to the
analysis of experimental data [16].

RESULTS AND DISCUSSION

Figures 1-3 presents the structures of the compounds
studied and synthesized in accordance with work [15].

Generalized structural formulas are presented in
Fig. 4.

Figure 4 shows the difference in the structure of the
compounds: different numbers of unsaturated groups;
and the presence or absence of a spacer (the fragment
of the structure contains an insert between the reactive
centers in one molecule) [15].

CH3

CH3; “CHy

| Fig. 1. Structure of PhAOEM-1

Veshkin EA. Technologies of non-autoclave molding of low-porous polymer composite materials and large-sized structures made from them.
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The viscosity of the synthesized compounds was
studied at different shear rates and temperatures. The
results of the studies of the rheological properties in the
form of flow curves are presented in Figs. 5-7.

Fig. 5. Share rate versus shear stress for PhOEM-1 depending
on temperature: T is shear stress, Pa; y is shear rate, s~
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Fig. 6. Share rate versus shear stress for PhnOEM-2 depending
on temperature: T is shear stress, Pa, y is shear rate, s~ !
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Fig. 7. Share rate versus shear stress for PNOEM-3 depending
on temperature: T is shear stress, Pa, v is shear rate, s~!

The study of the rheological properties of
PhOEM-1 is limited to the temperature range of
30-50°C. This is due to the insufficient sensitivity of
the device and the low viscosity of the oligomer at
these temperatures. In this case, the developer of the
device recommended using a spindle of a different
size. However, measurements of liquid viscosity using
different geometric spindle sizes are not recommended
for comparative studies.

In order to compare the viscosity properties of the
oligomers under study, we used a range of shear rates
at which the liquids behaved similarly to Newtonian
ones. As temperature increased, the study was
continued at higher shear rates to ensure the specified
conditions.

Based on the results obtained, the effective activation
energies of the viscous flow of the objects under study
were calculated using Eq. (1) [17].

B =g ()
1742 M
wherein £, is the effective activation energy of viscous
flow, J/mol; R is the gas constant, J/(K-mol); 7; is the test
temperature, K; 1. is the viscosity, mPa-s.
The results obtained are presented in Fig. 8.

26 -
25 | 24.8
24 | 23.9

23 -
22 A 21.5
21 -
20
19

E,, kJ/mol

PHOEM-1 PHOEM-2 PHOEM-3

Fig. 8. Flow activation energy in PhnOEM-1, PhOEM-2,
PhOEM-3

The data presented shows that the effective activation
energy of viscous flow depends on the compound
structure (Fig. 4) and the presence of spacers of various
structures in it. This must be taken into account when
developing the process for obtaining PCM using VaRTM
technology.

Studies were carried out using the mathematical
planning method of an experiment using a simplex
lattice (Scheffe’s plan) with the construction of a fourth-
order polynomial model [18]. The objective was to select
the optimal compositions of oligoester(meth)acrylate
mixtures which provide the necessary conditions for the
technological criteria for vacuum infusion. The essence
of the method consists in constructing a regression
dependence of the mixture properties on the content of
components. The use of this method makes it possible to
establish the dependence of the properties of binders on
their composition [19, 20].

The study area of the PhOEM-1, PhOEM-2,
PhOEM-3 system includes mass fractions from 0 to 1.
This study area is presented in the form of an equilateral
Gibbs concentration triangle. Figure 9 shows the position
of the experimental points of the compositions, i.e., the
points of quantitative ratios of the dosages of the given
compounds which form the basis of the experimental
planning matrix table.
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Fig. 10. Share rate versus shear stress for mixtures
at a temperature of 30°C: 1 is shear stress, Pa; y is shear rate, s™!

Figure 10 presents the results of the studies of
the rheological properties of the binder mixtures in
accordance with mathematical planning using Scheffe’s
plan (see Table) in the form of flow curves. As in the
above study, regions of viscous flow were selected
where the mixtures behaved similarly to Newtonian
fluids.

The rheological dependencies presented in Fig. 10
show that the mixtures behave similarly to Newtonian
fluids [21] and are satisfactorily described by Eq. (2):

@

wherein 7 is the dynamic viscosity, Pa-s; t is the shear
stress, Pa; v is the shear rate, s .

Using the results obtained, we then calculated the
values of the effective activation energy of viscous flow
for the oligomer mixtures.

The ratio of components, viscosity values at
temperatures of 30-70°C and the values of the effective
activation energy of viscous flow for the mixtures studied
are presented in the table.

In order to determine the region of optimal
compositions  of  oligoester(meth)acrylates  using
a graphical method, the STATISTICA program was used.
This program implements a graphical-oriented approach
to the analysis of experimental data. Diagrams of the
nature of the change in properties from the composition of
phosphorus-containing binders are presented in Fig. 11.

Figure 11 shows that there are ranges of viscosity
values at temperatures of 30 and 40°C, below which

=N,

Table. Planning matrix and corresponding viscosities and activation energy of viscous flow (10 rpm)

Composition PhOEM Viscosity, mPa-s
number 1 2 3 30°C 40°C 50°C 60°C 70°C £y KJ/mol
1 1 0 0 162 89 48 - - 215
2 0 1 0 1460 612 434 401 373 23.9
3 0 0 1 1856 776 368 248 155 24.4
4 0.5 0.5 0 445 232 127 66 - 232
5 0.5 0 0.5 661 408 220 124 94 203
6 0 0.5 0.5 2231 1035 530 304 178 24.2
7 075 | 025 0 284 150 96 56 34 19.7
8 025 | 0.75 0 926 436 239 124 71 24.4
9 0.75 0 0.25 349 202 131 89 67 16.6
10 0.25 0 0.75 1987 984 661 506 363 16.6
11 0 0.75 | 0.25 1652 764 361 195 129 25.9
12 0 025 | 0.75 2137 932 438 255 148 25.8
13 05 | 025 | 025 694 347 195 114 74 21.9
14 025 | 05 | 025 1347 668 328 192 102 23.7
15 025 | 025 | 05 1699 905 530 312 227 20.6
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Fig. 11. Composition—property diagrams of mixtures at temperatures:

(a) 30°C, (b) 40°C, (c) 50°C, (d) effective £, kJ/mol

the ratio of mixture components is optimal. Note that at
temperatures above 50°C, the initial binders and their
mixtures meet the requirements for processing polymer
materials using the VaRTM technology, since their
viscosity values do not exceed 500 mPa-s.

The mixture PhOEM-1 : PAOEM-3 =1 : 1 has the
minimum value of the effective activation energy of
viscous flow. The introduction of PhOEM-2 into this
mixture leads to an increase in the effective activation
energy of viscous flow. This is probably due to the
intermolecular interaction of the oligomers and their
thermodynamic compatibility.

CONCLUSIONS

The paper studies the features of flow curves of
phosphorus-containing oligoester(meth)acrylates and
their mixtures. The areas of optimal compositions of
three-component mixtures for their use in the VaRTM
process for producing PCMs at temperatures from 30 to
70°C were determined.

The difference in the obtained flow curves of
methacrylates was determined by the molecular weight
of the compounds and their structure, as well as the
presence of a spacer in the structure. The flow curves
become linear at certain shear rates, above which, within
the studied range of rates, the behavior of the studied
liquids is similar to a Newtonian fluid.

Compounds with a spacer (PhOEM-2, PhOEM-3)
can be characterized by significantly higher viscosity
values of 1460 and 1856 mPa-s at 30°C, which
is two or more times higher than the viscosity of
PhOEM-1 (162 mPa-s). The same tendency remains at
high temperatures.

It was established that at temperatures above 50°C,
the viscosity of both the initial components and their
mixtures in any ratio meets the conditions of the VaRTM
technology for obtaining PCM with improved physical
and mechanical properties.

By using the composition—viscosity and composition—
activation energy diagrams together, the region of
optimal technological conditions (temperature, pressure
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difference) for obtaining PCM by the vacuum infusion
method can be determined.
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Abstract

Objectives. To study the transition of electrons in 1,2-phenyl(4’-carboxy)benzylidene Schiff base ligand and transition metal ions,
optical properties, as well as the surface chemistry of supported transition metals using diffuse reflectance spectroscopy (DRS); to study
the roughness and morphology of the Schiff base ligand and its complexes using atomic force microscopy (AFM).

Methods. DRS, AFM, and Fourier-transform infrared spectroscopy instruments were used to identify electron transitions, optical
properties, and surface morphology in Schiff base ligands and their complexes.

Results. The DRS revealed the d—d transitions and charge transfer shifts of all compounds, and helped identify the structure of the ligand.
One of the optical properties studied was the energy gap calculation of the ligand and its complexes. The copper complex exhibited more
semiconducting behavior with surface morphology properties such as surface roughness parameters lower than those of the ligand and
the cobalt complex. This can be attributed to the smaller size of the copper atom, as well as lower electron transitions compared to the
cobalt complex and the square planar bonding shape.

Conclusions. In Schiff base ligands, the reflectance spectrum bands reveal three electron transitions: n—n*, t—n*, and c—o* transitions.
In cobalt complexes, four transitions are indicated: 4A,(F)—4T,(F), 4A,(F)—4T (P), charge transfer bands, and tetrahedral geometry.
Copper complexes exhibit three transitions: 2B, g—2A g, 2B,g—2Eg, and charge transfer bands, with a square planar geometry for their
structure. The energy gap calculations were 2.42, 2.29, and 2.30 ¢V, respectively. In the case of the SH ligands, copper complexes, and
cobalt complexes, all compounds exhibited semiconductor properties. However, the complexes displayed increased conductivity due to
the influence of the metal and coordination structure.
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AHHOTaUuA

Hesmn. M3yunTh nepexom aeKTpoHOB B 1,2-heHnn(4’-kapOokcH )0eH3WIHICHOBOM Jnranie ocHoBauus [1Indda u B HOHAX MEPEXOIHBIX
METaJJIOB, ONTHYECKUE CBOWCTBA, @ TAKIKE XMMHUYESCKUI COCTaB IIOBEPXHOCTH HAHECEHHBIX MEPEXOAHBIX METAIIOB C TOMOIIBIO CIIEK-
Tpockonun muddysHoro orpaxenus (C10); U3yuuTh MIEpPOXOBATOCTH U MOpQoIOruio uranaa Ha 6ase ocHosanus Lludda n komriek-
COB Ha €ro OCHOBE C MCIOJIb30BaHUEM aTOMHO-CHJIOBOI MUKpockonuu (ACM).

Mertoasl. [l naeHTUGUKANNK SIEKTPOHHBIX MEPEX0/I0B, aHAIN3a ONTHYECKUX CBOWCTB M MOP(OJIOTHH IOBEPXHOCTH JIMTAH/IOB Ha
6a3ze ocnoBanuii [llndda n ux xomrurekco O6buH rcnonbs3oBansl CO, ACM u nHdpakpacHast CHEKTPOCKONHS C IPeoOpa3oBaHUEM
Dypse.

Pesyabrarsl. C/10 BoriBrIa d—d mepexoss! ¥ CABUTH B IIEPEHOCE 3apsia BO BCEX COSANHEHHIX U TOMOIIIA HACHTU(DUIINPOBATE CTPYK-
Typy juranaa. OHUM U3 H3Yy9EeHHBIX ONTHYECKUX CBOMCTB OBUI pacdeT SHepreTHUeCKOH MM JINTaH/a U ero KOMITIeKkcoB. Kommrekce
MeJH TToKa3an Goiee sPKo BBIPaKEHHBIE MOTYIIPOBOIHUKOBEIE CBOMCTBA, B TO BpeMsl Kak MOP(OJIOTNIECKHE CBOHCTBA IIOBEPXHOCTH,
TaKHe Kak [MIepOXOBaTOCTbh, Y KOMIUIEKCAa Mei OBUTH HIDKE, YeM Yy JIUTaH/Aa M KOMIIeKca Kobaibra. DTO MOXKHO OOBSICHUTh MEHBIINM
pa3MepoM aToMa MeaH, 6oJiee HU3KUMH AIEKTPOHHBIMH IIEPEX0IaMH 10 CPAaBHEHHIO C KOMIIIEKCOM Ko0albTa, a TakKe II0CKOKBa Ipar-
HOU reoMeTpHei.

BruiBoabl. B nurangax Ha 6a3e ocHoBanmid LlIudda momaocer cnekrpa oTpakeHus 00HAPYKUBAIOT TPH NEKTPOHHBIX MEpexoaa: n—m*,
n—1* 1 6—0c*. B kommekcax xobanbTa BeisiBIeHHI epexonbl 4A2(F)—4T1(F), 4A2(F)—4T1(P), momock! mepeHoca 3apsaa u TeTpa-
anpudeckas reoMeTpust. KoMIuiekesl Meau IeMOHCTpHPYIOT mepexonsl 2B1g—2Alg, 2B1g—2Eg u monocel nepenoca 3apsijaa, npu
9TOM CTPYKTypa KOMIUIEKCOB MEIN MMEET IUIOCKOKBAIPAaTHYIO TeOMETPHI0. PacdeTsl sHEpreTHdeckoro 3a3opa cocraBmiu 2.42, 2.29
u 2.30 5B coorBeTcTBeHHO. B cnydae nurannoB SH, KOMIIEKCOB MeAM W KOOAbTa BCE COCAWHEHNUS MPOSBIISUIN TTOMYTTPOBOIHUKOBBIC
cBoiicTBa. OJJHAKO KOMIUIEKCHI MEIM U KOOAJIbTa IPOSIBIISUIH MOBBILICHHYIO IIPOBOMMOCTD M3-3a HAJMYHUS METallla U KOOPANHAIMOHHOM

CTPYKTYPHI.
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INTRODUCTION

Understanding the chemical complexes of transition
metal ions is crucial in identifying and quantifying their
coordination. Diffuse reflectance spectroscopy (DRS)
is the technique used to measure the light reflection of
powdered samples in various regions of the ultraviolet,
visible, and near-infrared (NIR) spectra. DRS is used
to gather information about the outer-shell electrons of
atoms and can be applied to detect both d—d and charge
transfer transitions. DRS technology is suitable for
on-site conditions. However, a disadvantage of DRS
is the potential for band overlap, which can make the
technique technically challenging. In a DRS spectrum,
light scattered from the surface of a thick layer is
measured as a function of wavelength [1].

Schiff base compounds, first developed by Hugo
Schiff, are organic compounds. The functional group
of these compounds is the imine group which forms
through the condensation reaction of primary aromatic
or aliphatic amines with carbonyl compounds (ketones
or aldehydes) through nucleophilic addition [2].
Schiff bases have applications in a variety of fields,
including biology, where they serve as ligands in
inorganic and analytical chemistry [3]. They are an
important class of coordination chemistry, involving
the coordination between metal ions and azomethine
nitrogen bonds [4].

Due to their wide range of applications and unique
electronic properties, Schiff base ligands are extensively
studied in coordination chemistry. They have garnered
significant attention for their roles in organic synthesis,
metal refining, metallurgy, analytical chemistry,
photography, and electroplating [5]. Moreover,
they are extensively employed in materials science,
playing roles in supramolecular chemistry, catalysts,
photocatalysts, antioxidants, anticancer agents,

Abs. ethanol

Water out

Water in
Reﬂexed for 4 hours
Ligand + Metal salt
09

Scheme 1. Steps of copper complex preparation

antimicrobial agents, DNA binding, electrochemistry,
and energy materials [6-20].

In this study, we investigated the surface morphology
properties, including roughness and 3D surface images,
of the Schiff base ligand and its complexes (copper
and cobalt complexes). We also studied their optical
properties, such as energy band gaps, indicating
semiconductor properties, and their reflectance of light
through DRS. The DRS data revealed d—d and charge
transfer transitions of the metal ions.

EXPERIMENTAL

1,2-phenyl(4’-carboxy)benzylidene Schiff base ligand
and its cobalt complexes were prepared as previously
reported, and their structures were confirmed [21]. The
copper complex was also synthesized in a 1:1 molar
ratio (metal : ligand) by adding 12.98 g (0.01 mol) of
copper chloride anhydrous salt to a solution of 0.46 g
(0.01 mol) of Schiff base ligand in 15 mL of absolute
ethanol (Scheme 1). The mixture was then refluxed for
4 h. A dark brown precipitate of the Cu complex formed.
It was then filtered, recrystallized with ethanol, and dried
in an oven at 60°C. Attenuated total reflection infrared
(ATR-IR) spectroscopy was performed, in order to
identify the complex (Scheme 2).

The following instruments of diffuse reflectance
spectroscopy (DRS) were used for identifying
electron transitions, optical properties, and surface
morphology in Schiff base ligands and their complexes:
(AvaLight-DH-S-BAL-2048 UV-Vis,  Avantes,
Netherlands) in a wavelength range of 230-1100 nm,
atomic force microscope (AFM) (AA2000, Angstrom
Advanced Inc., USA, contact mode, atmospheric
conditions), and Fourier-transform infrared spectrometer
(FTIR) (Bruker ALPHA, USA) in the transmission range
400 to 4000 cm ™!

After 4-h filtration of ppt

Recrystallization of ppt

>

Dry complexes
at room temperature

I
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+ CuCl,

P
_ \>_<\N_
o8

Scheme 2. Structure of copper complex

RESULT AND DISCUSSION
IR analysis

The ATR-IR spectra of both the ligand and the cobalt
complex were identified as previously reported [21].
In the case of the copper complex, it was observed
that the complex formed with the following linkage:
Cu (ligand) [22-25]. Complications arose between the
copper metal and the nitrogen atom in the imine, as well
as the oxygen atom in the hydroxyl group. This resulted
in the disappearance of certain bands and shifts in others.
Specifically, the imine band shifted from 1583 cm™!
in the ligands to 1533 c¢cm™!' in the Cu complexes.
Additionally, there was a shift in the carbonyl band
from 1661 cm™! in the ligand to 1799 cm™! in the Cu
complexes. Table 1 displays some important IR spectra
bands of the SH ligand and CuL, complex, affected and
shifted as a result of the complex formation.

Table 1. IR spectra bands (cm™!) of SH ligand and CuL, complex

Functional SH ligand bands, | CuL, complexes bands,
groups cm! cm!
v O-H 3320 -
v C-HAr 3066 3063
v C=0 1661 1799
v C=N 1583 1533
vC-0 1451 1433

Optical properties

The photophysical properties of the SH ligand, copper
complexes, and cobalt complexes were measured
using DRS (AvaLight-DH-S-BAL-2048 UV-Vis) in

R

/O

O\Cu
N/ \N
N/

Copper chloride anhydrous

+HCI

the wavelength range of 238-1000 nm, covering the
ultraviolet, visible, and NIR regions. DRS spectroscopy
is a valuable analytical tool for obtaining information
about outer-shell electrons. It is particularly useful in
determining d—d transition and charge transfer spectra in
inorganic complexes [1]. Figure 1 depicts the reflectance
of light from the surface, while Table 2 presents the DRS
data for the ligand, copper complex, and cobalt complex
in terms of wavelength and wavenumber. In the Schiff
base ligand, the reflectance spectrum shows absorption
wave numbers at 11682.24, 13986.01, 20449.90, and
26455.03 cm™!, respectively. These wave numbers may
be assigned to n—n*, n—n*, and c—c* transitions.
The positions of these bands can be utilized, in order
to calculate shifts in the corresponding positions in the
spectra of the metal complexes [26, 27].

The reflectance spectrum of the cobalt complexes
displays absorption wave numbers at 10810.81,
17574.69, 26455.03, and 37593.98 cm™!, respectively.
They can be attributed to transitions 4A,(F)—4T (F),
4A,(F)—4T,(P), and charge transfer bands. Active 1:
Researchers have assigned several transitions in the
cobalt(Il) complexes to the tetrahedral geometry of cobalt
complexes, with a coordination number of four [28-30].

Absorption wave numbers at 37735.85,26455.03, and
14771.05 cm™! were observed in the reflectance spectrum
of the copper complexes. The various transitions in the
copper(Il) complexes indicate a square planar structure
geometry with a coordination number of four [31-34].

In addition, reflectance describes the amount of light
reflected from a surface. As shown in Fig. 2, the surface
morphology and structure of the compound affect the
reflectance. The ligand reflects more light compared to
its complexes, indicating higher reflectance and some
absorption. The reflectance of the ligand is higher when
compared to its complexes, indicating that more light is
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reflected and some is absorbed. In the cobalt complex,
a higher percentage of light is absorbed in the visible
range, while more light is reflected in the NIR range,
possibly due to the transition 4A,(F)—4T,(F).

200 ——SH Ligand
180 ——Cu complex
160 ——Co complex

238 338 438 538 638 738 838 938
Wavelength, nm

Fig. 1. DRS spectra of SH ligand, copper complex, and cobalt
complex

Another optical property which was studied involved
determining the energy gap. This was calculated using
the DRS data through the application of the Kubelka—
Munk theory [35, 36].

F(R)=(1-R, /2R, (1)
whv = Cy(hv — E)'?,

a=F(R),

[F(R,) hv]?> = Cy(hv — E), )

where F'is the Kubelka—Munk function; R__ is the sample
reflection coefficient; a is the absorption coefficient; £
is the energy gap; iv (photon energy) = 1240/\; h is the
Plank constant; A is the absorption wavelength; C; is a
frequency-independent proportionality constant that
includes a matrix element of transition from the valence
band to the conduction band; C, = Clz.

Figure 2 shows the plots of [F(R )-hv]> against
photon energy (Av) for the SH ligand, copper complexes,
and cobalt complexes. The intersection point on these
plots corresponds to the band gap values. The energy

Table 2. DRS data of ligand, copper complex, and cobalt complex

gap calculations were 2.42, 2.29, and 2.30 eV for the
SH ligand, copper complexes, and cobalt complexes,
respectively. All of these compounds exhibited
semiconductor properties, but the complexes displayed
higher conductivity due to the influence of the metal and
coordination structure.

300 —— Co complexes

200

(F-hv)?

100

Cu complexes
114

76

(F- )

38

—— Ligand
1.89

1.26

(F-hv)?

0.63

0
2.0 22 2.4 2.6 2.8 3.0

hv, eV

‘ Fig. 2. Energy gap of compounds

Surface morphology study

Surface morphology properties were assessed using
AFM. The surface morphology of the Schiff base ligand
and its complexes (copper and cobalt) was examined
by analyzing 2D and 3D AFM images, changes in
surface roughness, cross-sectional profiles, and particle
diameters.

Figure 3 presents both 2D and 3D AFM images.
The ligand exhibited a rough surface, likely due to its
inherent structural features and length, which manifested
as contiguous clusters on the surface. In the copper
complex, the surface distribution appeared nonuniform.

Ligand Copper complex Cobalt complex
Wavelength, Wavenumber, Wavelength, Wavenumber, Wavelength, Wavenumber,
nm cm ! nm cm ! nm cm!
378 26455.03 265 37735.85 266 37593.98
489 20449.90 378 26455.03 378 26455.03
715 13986.01 677 14771.05 569 17574.69
856 11682.24 - - 925 10810.81
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This was possibly due to the stereochemistry of the
structure and structural rotations of the complex, as
a result of which certain areas appeared as simple
particle assemblies. Conversely, in the cobalt complex,
the surface was rougher and exhibited heterogeneous
distribution, which can likely be attributed to the larger
size of cobalt atoms when compared to copper.

Figure 4 indicates the grain distribution on the surface
and the histogram of particle diameters. The average
diameter was 87.91, 93.87, and 86.02 nm for the ligand,
Cu complex, and Co complex, respectively.

Figure 5 also presents cross-sections which reveal
both smooth and rough surfaces. In the ligand, the rough
surface is evident as a wider peak on the chart, whereas
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— — N o o
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Fig. 3. 2D and 3D AFM image

..\CSPM182.csm

Pixels = (512, 512)
Size = (3000 nm, 3000 nm)

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(5):452-461

457



Optical and surface properties
of Schiff base ligands and Cu(ll) and Co(ll) complexes

Alaa Adnan Rashad,
etal.

in copper, the surface is less rough, resembling a sharper
peak. In contrast, the cobalt complex exhibits a rougher
surface when compared to the ligand, resulting in a wider
peak width. This can be attributed to the tetrahedral
coordination of the cobalt complex, affecting the surface
characteristics.

Values for the surface roughness are provided in
Table 2. Here it can be seen that the Cu complex has
lower roughness compared to both the ligand and the
Co complex.

Ligand

Granularity cumulative distribution chart

10.00
8.00
6.00
X
4.00
2.00
0.00
o — ) w IS
=) (= (=] (=1 (=3
= S S S S
= (=1 (= (=3
S S S S
Diameter, nm
Cu complex
Granularity cumulative distribution chart
10.00 1
8.00 1
6.00 1
X
4.00 A
2.00 -
0.00 4
(=) wn —_ — o] (38 W W
= = = % =3 % =3 %
=3 = S S S S S S
S =) o =) =) o o
(=] (=] (=] (=] (=] (=]
Diameter, nm
Co complex
Granularity cumulative distribution chart
8.00
6.00
X 4.00
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Fig. 4. Grain and histogram distribution of particle surface
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Table 3. Roughness parameter data

TN Ligand Cu complex | Co complex
parameter
Average 3.07 1.43 3.31
rough
RMS 3.92 1.92 4.24
Peak 24 14.7 30.1
peaking
CONCLUSIONS

The optical and surface properties of the Schiff
base ligand complex are influenced by the choice of
metal. Cobalt is more significantly affected due to its
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tetrahedral coordination structure. This results in four
transition electrons shifting from the ground state
to the excited state. In contrast, the copper complex
forms a square planar coordination structure with only
three transition electrons, impacting the energy gap
and making copper more semiconductor-like than the
cobalt complex.

Furthermore, the surface of the copper complex
exhibits lower roughness parameters when compared
to the cobalt complex, which due to its tetrahedral
structure and the larger size of cobalt atoms has higher
values.
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Abstract

Objectives. To determine the ion mobilities of chloroacetophenone, tris(2-chloroethyl)amine, and methanethiol; the structure of ions
corresponding to characteristic signals; the detection limits of chloroacetophenone, tris(2-chloroethyl)amine, and methanethiol with the
Kerber-T ion drift detector and the Segment automatic stationary gas detector.

Methods. Ion mobility spectrometry was used in order to determine the ion mobilities and detect analytes. The enthalpies of reactions
of'ion formation were calculated using the ORCA 4.1.1 software by means of the B3LYP density functional method with the 6-31G(d,p)
basis set.

Results. The ion mobilities of chloroacetophenone, tris(2-chloroethyl)amine, and methanethiol were determined. A method for recording
ion mobility spectra and their mathematical processing was developed. The dependencies of the change in ion mobility spectra on the
analyte concentration were also studied. Possible mechanisms were proposed for the formation of the ion mobility spectra observed,
in accordance with the ionization features of chloroacetophenone, tris(2-chloroethyl)amine, and methanethiol. The enthalpies of ion
formation were calculated. The ionization schemes of the compounds were shown. The generalized results of experimental studies
were presented, as were the features of compound identification taking into account the structure of the spectra, the concentrations
of substances, and the detection conditions.

Conclusions. Characteristic signals of chloroacetophenone, tris(2-chloroethyl)amine, and methanethiol were identified. All studied
hazardous substances can be detected with an ion mobility spectrometer at concentrations at the ppm level. The following detection
limits of the substances were determined with the Segment gas detector: chloroacetophenone, 245 mg/m?; tris(2-chloroethyl)amine,
0.01 mg/m?3; and methanethiol, 0.8 mg/m?.
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methanethiol, tris(2-chloroethyl)amine Accepted: 13.09.2024
462 © D.A. Aleksandrova, T.B. Melamed, E.P. Baberkina, E.S. Osinova, L.A. Luzenina, A.A. Kaplin, R.V. Yakushin, A.E. Kovalenko,

G.V. Tsaplin, Yu.B. Sinkevich, A.A. Fenin, Ju.R. Shaltaeva, V.V. Belyakov, A.O. Shablya, A.G. Sazonov, 2024


https://doi.org/10.32362/2410-6593-2024-19-5-462-478
https://elibrary.ru/YSOENJ
mailto:dasha-25.2012@yandex.ru

Analysis of the ion mobility spectra of chloroacetophenone, Daria A. Aleksandrova,
tris(2-chloroethyl)amine, and methanethiol etal.

For citation

Aleksandrova D.A., Melamed T.B., Baberkina E.P., Osinova E.S., Luzenina L.A., Kaplin A.A., Yakushin R.V., Kovalenko A.E.,
Tsaplin G.V., Sinkevich Yu.B., Fenin A.A., Shaltaeva Ju.R., Belyakov V.V., Shablya A.O., Sazonov A.G. Analysis of the ion mobility
spectra of chloroacetophenone, tris(2-chloroethyl)amine, and methanethiol. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2024;19(5):
462-478. https://doi.org/10.32362/2410-6593-2024-19-5-462-478

HAYYHAA CTATb4

AHann3 cnekTpoB MOHHON NOABUXHOCTHU
xnopauetodeHoHa, Tpuc(2-xnopaTuy)aMmmHa
M MeTUIMepKanTaHa

JI.A. Asnexcanaposal> 3 T.b. Menamen!, E.II. Badepkuna!, E.C. Ocunonal, JL.A. Jlysenunal,
A.A. Kaniun!, P.B. Akymun', A.E. Kopanenko!, I.B. llanun!, ¥0.5. Cunbkepuu!, A.A. ®enun’,
10.P. llantaesa?, B.B. Beasikos?, A.O. lllagas!>, A.I. Cazonos?

! Poccuiickuii xumuxo-mexnonoeuueckuil yuueepcumem um. J{.1. Menoeneesa, Mocksa, 125047 Poccus
2 Hayuonansuuiii uccredogamensckuii soepuviii ynugepcumem « MUDHy, Mocxkea, 115230 Poccus

3 Mooyc, Mocxkea, 117638 Poccus

™ demop ona nepenucku, e-mail: dasha-25.2012@yandex.ru

AHHOTaUus

Lean. OnpenenuTh 3HaYSHUSI HFOHHOH TTOABM)KHOCTH XJIOpaleToeHOHa, TPUC(2-XIIOPITHIT)aMHH M METHJIMEpPKANTaHa; YCTAaHOBUTH CTPOe-
HHE NOHOB, COOTBETCTBYIOIINX XapaKTEePHBIM CHIHAJIaM; ONIPEeINTh peer 0OHapyKeHHs XJIopaleTohpeHoHa, MeTHIMepKarTaHa U TPHC-
(2-xopaTHIT)aMHHA HAa HOHHO-IpelidoBoM netekTope «Kepbep-T» 1 aBTOMaTnueckoM CTaliOHapHOM Ta30cHrHaIHu3arope «CerMeHT».

MeTtoabl. MeTo[ CIEKTPOMETPUY HOHHOW MOABUKHOCTU UCIIOJIB30BaH sl OIPEICIICHHS 3HAUCHUI HOHHOM MOJBHKHOCTH U JCTEKTU-
POBaHUS aHATUTOB. DHTANBIINHU Peakuii 00pasyromuxcs HoHOB pacuuTansl B nporpamme ORCA 4.1.1 MetogoM (hyHKIMOHANA IIIOTHO-
ct B3LYP ¢ Habopom 6asucubix Gpynknuit 6-31G(d,p).

PesyabTarsl. OnpeieneHsl 3HAYCHUS] HOHHOHN ITOJBIKHOCTH XJIOpalleTOQeHOHa, TPHC(2-XIOpITHI)aMIHA B MeTHIMepKanTaHa. Pa3pa-
0OTaHa METOJMKA MOTYYCHHUS CIIEKTPOB MOHHOM ITOIBIKHOCTH M HX MaTeMaTH4eckoil 00paOboTKu. V3ydeHb 3aBUCUMOCTH H3MEHEHUS
CIEKTPOB MOHHOW TMOABIKHOCTH OT KOHLCHTPALMHU aHaHTa. [Ipe/uioykeHbl BO3MOKHBIE MEXaHU3MBI ()OPMUPOBAHUS HAOIIONAEMBIX
CHEKTPOB MOHHOI MOABMYKHOCTH B COOTBETCTBHH C OCOOCHHOCTIMH HOHHU3AIINH XJIOpareToheHOHa, MeTHIIMEepKanTaHa u Tpuc(2-Xiop-
9THI)aMUHA. PaccunTaHbl SHTANBINH 00pa3oBaHus HOHOB. [10ka3aHBI cCXeMbl HOHM3ALUHU cOoeAnHeHnH. [IprBeneHsr 0000IIeHHBIE pe-
3yJBTaThl SKCTIEPUMEHTATBHBIX UCCIEIOBAHNH, 0COOCHHOCTH UICHTU(DHUKALINT COSTUHEHUI C YI€TOM CTPYKTYPHI CIIEKTPOB, KOHIICHTPa-
LM BEIECTB U YCIOBUH 1€TEKTUPOBAHUSI.

Bb1Bo/BI. BBIsABICHB! XapaKTepPUCTHYECKHUE CUTHAIIBI XJIOpaeTOEeHOHa, TPUC(2-XI0pITHII)aMUHa 1 MeTHIMEpKanTaHa. Bee uccieno-
BaHHbIC BEIIECTBA IPYIIbI ABAPHHHO-XUMHYECKH OIACHBIX BEIECTB MOTYT OBITh AETEKTUPOBAHbI CIIEKTPOMETPOM HOHHOMN MOJBHIKHO-
CTH TIPH aHATHTHYECKH 3HAYNMBIX KOHIIEHTPAIHAX Ha ypoBHe 1072 Mr/m>. OnpesieieHs! mpeieTsl oGHApyKEHHS HCCTIeTyeMbIX BEIIECTB
Ha rasocurnammsarope «Cerment». ITpenen oGHapykeHus xaopanerodenona — 245 mr/m3, Tpuc(2-xnopatum)amuna — 0.01 mMr/m® u
MeTHIMepKanTana — 0.8 mr/m3.

Kniouesblie cnosa Moctynuna: 29.03.2023
CIEKTPOMETPHS HOHHOH TTOBIKHOCTH, XapaKTePUCTHICSCKUH CUTHAIT, MOHHU3AIH, [opa6oTaHa: 03.04.2024
JETEKTHPOBAHKE, XJIOPAETOQEHOH, METHIMEPKAIITAH, TPHC(2-XIOPITII)aMHH MpuHsTa B nevats: 13.09.2024
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Analysis of the ion mobility spectra of chloroacetophenone,
tris(2-chloroethyl)amine, and methanethiol

Daria A. Aleksandrova,
etal.

INTRODUCTION

Ion mobility devices currently use worldwide for the main
purpose of detecting chemical warfare agents, drugs, and
explosives [1, 2]. In addition, detectors based on ion
mobility spectrometry have been successfully adapted
for industrial, technological, and environmental studies,
including food quality analysis and air composition
monitoring [3-7].

The main advantage of devices based on ion mobility
spectrometry, in comparison with those based on
chromatography and mass spectrometry, is the speed of
analysis. The average time to record a reliable profile
of the ion mobility spectrum of the compound under
study is from 3 to 10 s. The Kerber-T ion drift detector!
(Kerber-T IDD) and the Segment automatic stationary
gas detector? (Segment ASGD) (Modus, Russia) are
portable, operate at atmospheric pressure, and do not
incorporate large-sized systems for creating a vacuum.

This aim of this work is not to study the influence of
interfering factors, including the presence of mechanical
and other impurities in the air being analyzed. An
important and practical matter is to optimize the design
of the Segment ASGD enabling the use of the ion
mobility spectrometer in a wide range of temperatures,
including in winter at subzero temperatures. In order to
remove dust and dirt particles, additional protection of
the gas channel is provided, preventing air from blowing
in with a coarse filter in the inlet sampling channel.

Currently, Modus 1is successfully working to
achieve import substitution and develop devices for
the rapid control of hazardous chemical substances, in
order to prevent their use in terrorist activities. Also,
increased requirements have recently been imposed on
safety at industrial facilities, in the aims of monitoring
air composition in the working area and in crowded
places, thus requiring detection of a wider range of
compounds.

The available literature describes the detection of
a number of hazardous chemical substances. However,
but the main attention of researchers is focused on
organophosphorus compounds and mustard agents [8].
Expanding the database is the reason for carrying out this
study.

All the objects under study are highly toxic and
relatively available. Methanethiol is widely used in
the organic synthesis of pesticides and herbicides and
is used as an odorizing additive to natural gas. Tris-
(2-chloroethyl)amine is a blister agent and is currently
the only nitrogen mustard to retain its significance in
chemical warfare. Chloroacetophenone is used in gas

1

2

canisters as a riot control agent. Departments of the
Ministry of Internal Affairs of the Russian Federation
have at their disposal various types of aerosol sprays
containing chloroacetophenone. These compounds need
to be studied for the timely detection and elimination of
the consequences of spraying these substances into the
air and mixing them with water.

EXPERIMENTAL

The studies were carried out with the Kerber-T IDD and
the Segment ASGD (Modus, Russia). Table 1 presents
the specifications of the devices.

Kerber-T IDD is already widely used in the inspection
equipment market. Segment ASGD is also intensively
implemented by the Ministry of Internal Affairs, the
Federal Security Service, and the Ministry of Defense
of the Russian Federation, in order to detect hazardous
chemical substances. Therefore, in order to expand
the equipment database, comparative studies of the
substances need to be performed on both devices.

The ion mobility spectra were recorded at atmospheric
pressure with ambient air as a drift gas. The ability to
record measurement results was provided by the device
software. The result was a text file containing data on
the target substances detected and drift time. These were
used to construct an ion mobility spectrum.

For the purposes of this study, methanethiol with
liquefied gas from a canister (Merck, Germany)
and ethanethiol diluted in dry air from a cylinder
(GAZ-ANALITIK, Russia) were used. Hydrogen sulfide
was obtained by extracting aluminum sulfide from
a freezer and decomposing it to hydrogen sulfide at
a humidity of 20 to 55%. Tris(2-chloroethyl)amine was
synthesized especially for the study. The purity of the
reagent obtained was controlled by gas chromatography—
mass spectrometry: a compound with a sample content
of at least 99% was obtained. Chloroacetophenone,
bromoacetophenone, and acetophenone (Sigma-Aldrich,
USA) with a purity of at least 98% were also used in the
study.

Samples for the preparation of solutions were
weighed on an AND GR-120 scales (4&D, Japan) with
a resolution of 0.0001 g.

A Lenpipet Light dispenser (Thermo Scientific,
Russia) was used to prepare solutions and apply 1-10 pL
of solutions of the required concentrations to a sampling
cloth. The sampling cloth was made of a foil 11-15 pm
thick, pre-annealed in the Kerber-T IDD furnace at
180°C.

Kerber-T portable ion drift detector. URL: http://www.analizator.ru/production/ims/kerber-t/. Accessed January 27, 2023.

Segment automatic stationary gas detector. URL: https://www.analizator.ru/production/ims/segment/. Accessed January 27, 2023.

464 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(5):462-478


http://www.analizator.ru/production/ims/kerber-t/
https://www.analizator.ru/production/ims/segment/

Analysis of the ion mobility spectra of chloroacetophenone,
tris(2-chloroethyl)amine, and methanethiol

Daria A. Aleksandrova,
etal.

Table 1. Specifications of the Kerber-T IDD and Segment ASGD

Characteristic

Kerber-T IDD Segment ASGD

Detection range of low-volatile organic substances for
2,4,6-trinitrotoluene (TNT), g

From 1.0- 1071 t02.0- 1077 —

Detection limit of low-volatile organic substances for
TNT

— for solid particles, g

— for vapor, g/cm?

No more than 1.0 - 10710
No more than 5.0 - 10713

Alarm threshold for controlled substances under normal
climatic conditions, mg/m?3

— for sarin

— for soman

— for VX-type substance

— for chlorine

— for hydrogen sulfide

1.0-102£30%

- 1.0-102£30%

3.0- 1073 +£30%
1.0 £30%
10.0 =30%

Tonization method

Pulsed corona discharge

Pulsed corona discharge

Drift tube temperature, °C

100 100

Time of detection and identification for all detectable
substances, s

No more than 5 No more than 5

Probability of false alarm, %

No more than 1 No more than 1

Detector cleaning time in the event of contamination
with target substances within detection range, min

No more than 3 No more than 3

The enthalpies of reactions were calculated using the
ORCA 4.1.1 software (FAccTs GmbH, Germany) by the
B3LYP? density functional method with the 6-31G(d,p)
basis set.

Specifics of ion
mobility spectrometry

The ion mobility spectrometry method is based on
the ionization of molecules of the substance being
studied at atmospheric pressure. First, reactant ions are
formed in the discharge chamber, the concentration of
which significantly exceeds the concentration of the
substances to be determined. When the target substances
enter the device, the reactant ions transfer a charge to
the molecules by the mechanism of chemical ionization
at atmospheric pressure [9].

3

Formation of ions in the ionization region

The formation of reactant ions in negative polarity under
the influence of a corona discharge occurs as a result
of resonant electron capture by neutral molecules,
e.g., oxygen molecules. Ion—molecular reactions with
sample molecules to form product ions can take place in
accordance with the following scheme:

M+ 05 (H,0), - MO; (H,0),_ . +xH,0,

wherein M is the sample, O; (H,0),, is the reactant ion,
MO;5 (H,0), _, is the product ion, and xH,O is water.

This product ion may live long enough for the signal
of its spectrum to manifest itself in the ion mobility
spectrum, or it may undergo further transformations
leading, e.g., to the ion M.

B3LYP is the Becke—3-parameter—Lee—Yang—Parr exchange—correlation functional.
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When colliding with reactant ions in positive polarity,
molecules of the substance being studied form cluster
ions. These are transformed into more stable hydrated
cluster ions by the elimination of water molecules:

M* +H*(H,0), - MH*(H,0), —
— MH*(H,0),__ +xH,0,

wherein M is the molecule of the substance being studied,

H*(H,0), is the reactant ion, MH*(H,0), is the
cluster ion, and MH*(H,0),_. is the ion of the
substance being studied.

The product ion formed in this process is called
protonated monomer. The formation of a protonated
dimer M,H*(H,0), and other molecular ions is
possible. The number of water molecules in the cluster
ranges from 1 to 3 depending on the nature of the
compound [10, 11].

Ionized molecules of differing substances move in
the drift chamber at different velocities depending on
their charge, weight, and the effective cross-section of
the formed ion. Molecular ions of differing compounds
vary in drift time t; to the collector, enabling their
nature to be determined. This time is proportional to the
length L (cm) of the drift chamber, inversely proportional
to the electric field gradient £, and calculated as:

1 L

T :—-—’ 1
= %'F (1)

wherein K is the ion mobility coefficient, cm?/(V-s).

The ion mobility depends on temperature and
pressure. In order to compare ion mobility values
obtained under different conditions, the K values are
converted to normal conditions:

KP 273

=, 2
07760 T @)

wherein T and P are the temperature (K) and pressure
(mm-Hg), respectively, in the gas atmosphere in which
the ions move; and K is called the reduced mobility

Table 2. Concentrations of tris(2-chloroethyl)amine in the gas phase

(or reduced mobility coefficient). Reduced ion mobility
is used in this work. The results are presented in the
form of an ion mobility spectrum with the background
spectrum subtracted.

Experimental procedure

In the course of work using Kerber-T IDD and
Segment ASGD, a procedure for recording and
determining the characteristic values of ion
mobility was developed. A method for mathematical
processing of the spectra was previously described
in detail [12, 13].

Ion mobility spectra were recorded at atmospheric
pressure with ambient air as a drift gas.

Tris(2-chloroethyl)amine was studied in various
modifications: pure substance, hydrochloride, and
a solution of the hydrochloride in water.

Using an Agilent microsyringe (4gilent Technologies,
USA), 1, 2, 5, 8, and 12 pL of saturated vapor of
pure tris(2-chloroethyl)amine were collected into
25-mL flasks.

Chloroacetophenone was detected by collecting
saturated vapor and diluting it with ambient air. Using
a two-component syringe, 2 to 10 mL of the saturated
vapor of chloroacetophenone were collected into
35-mL flasks. The saturated vapor concentration in the
gas phase was calculated using the ideal gas law:

szg%-RT,@)

wherein p is the saturated vapor pressure, Vis the volume,
m 1is the weight of the substance, M is the molecular
weight, R is the universal gas constant, and 7" is room
temperature in K.

Table 2 presents the concentrations of the analytes
that were calculated using formula (3).

The sensitivity for the hydrochloride is lower than
for the pure substance. Therefore, the hydrochloride
was measured by heating the sampling cloth with

No. Saturated vapor volume, pL. Flask volume, mL Concentration, mg/m?>
1 1 25 0.005
2 2 25 0.01
3 5 25 0.025
4 8 25 0.04
5 12 25 0.06
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the substance in the Kerber-T IDD. The analyte
concentration C was calculated as:

V.

C
C: SVV SV, (4)
f

wherein C, is the saturated vapor concentration, V, is
the saturated vapor volume, and V; is the flask volume.

Table 3 presents the calculated concentrations of
analytes for the Segment ASGD.

Kerber-T IDD monitored the sorption of the substance
with passive sampling from the flask. Therefore, the
sample was injected from a syringe, the substance then
passed through the gas channel under pressure, and the
peak of the substance was detected. The concentration
was calculated under the assumption that the sample was
diluted with an inlet air flow at a rate of /=500 mL/min

by the formula (5):
Cov Vo
F-t

C= > (9)

wherein C'is the concentration, C is the saturated vapor
concentration, V' is the saturated vapor volume, F'is the
inlet flow rate of the device, and ¢ is the sample injection
time.

Table 4 presents the concentrations of analytes for the
Kerber-T IDD, calculated by formula (5).

Methanethiol measurements were performed as
follows. The saturated methanethiol vapor was collected
from a gas cylinder in 50-mL flask 1. The saturated
vapor concentration was calculated using the ideal gas
law. A 1-mL sample of the saturated vapor was collected
in 500-mL flask 2; thus, the saturated vapor was diluted
500 times. The vapor from flask 2 was used to obtain the
final concentrations.

Then 5 and 10 pL of the saturated vapor were taken
with an Agilent microsyringe, and 0.1, 0.25, 0.5, and I mL
of the saturated vapor were collected in 25-mL flasks
using an insulin syringe.

Table 5 presents the concentrations of analytes,
calculated using formula (5).

Table 3. Chloroacetophenone concentrations measured with the Segment ASGD in the gas phase

No. Saturated vapor volume, puL Flask volume, mL Concentration, mg/m?3
1 4 35 485
2 5 35 600
3 6 35 725
4 8 35 970
5 10 35 1200

Table 4. Chloroacetophenone concentrations measured with the Kerber-T IDD in the gas phase

No. Saturated vapor volume, pL Sample injection time, s Concentration, mg/m?
1 3 5 300
2 4 5 400
3 5 5 500

Table 5. Methanethiol concentrations in the gas phase

No. Saturated vapor volume in flask 2, uL Flask volume, mL Concentration, mg/m?
1 5 25 0.8
2 10 25 1.6
100 25 16
4 250 25 40
5 500 25 80
6 1000 25 160
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A glass flask containing an air mixture with a given
concentration of the analyte was placed at the sampling
channel of the ion mobility spectrometer for 5 s. The
device automatically sampled the contents of the flask in
the gas phase analysis mode.

Measurements were made after changing analyte
concentration from 0.01 mg/m? to the concentration
corresponding to the saturated vapor pressure of
the analyte at a temperature of 20-25°C. The work
presents spectra in the optimal range of detection
concentrations.

RESULTS AND DISCUSSION
Study of chloroacetophenone

A series of chloroacetophenone spectra was recorded
with the Kerber-T IDD at various concentrations, then
mathematically processed to give an approximate
estimation of the relative numbers of ions (Fig. 1).
In negative polarity, the amplitude of one main
peak of 2.709 cm?/(V-s) increased with increasing
concentration of the sample. In positive polarity,
with increasing concentration, the amplitudes of all
observed signals increase. However, the amplitude of
the signal with a mobility of 1.475 cm?/(V-s) is more
stable, possible indicating the cluster nature of the ion
structure.

Figure 2 shows a series of spectra of
chloroacetophenone that were recorded with Segment
ASGD.

Ion current, 10° a.u.

y—

35 2.8 2.1 1.4 0.7
Ton mobility, cm?/(V-s)

(2)

(a) negative and

(b) positive polarity

at concentrations of

(1) 300 mg/m? (grey line),

(2) 400 mg/m? (yellow line), and
(3) 500 mg/m? (dark blue line)

According to these procedures and measurement
conditions, the lower detection limit of
chloroacetophenone for the Kerber-T IDD is 300 mg/m?>.
For Segment ASGD it is 245 mg/m3. Several peaks
can be used to identify both polarities simultaneously:
1.708 and 1.475 cm?/(V-s) with a deviation of 0.7% in
positive polarity; and 2.650 cm?/(V-s) with a deviation
of 2.5% in negative polarity.

The ion mobility spectra of chloroacetophenone,
acetophenone, and bromoacetophenone recorded with
the Kerber-T IDD were compared, in order to determine
the structures of the ions (Fig. 3).

In negative polarity, one peak can be observed
for each of the halogen-containing compounds. The
mobilities of the peaks of chloroacetophenone and
bromoacetophenone correspond to the chloride ion
(2.650cm?/(V-s))andthebromideion(2.485cm?/(V-s)),
respectively. In positive polarity, there are three peaks
for acetophenone: at 1.706, 1.578, and 1.300 cm?/(V"s).
These correspond in mobility to the peaks of chloro-
and bromoacetophenone, indicating the same nature
of protonation and, possibly, that the substances are
ionized after the elimination of halogens. However,
in the case of chloroacetophenone, two more peaks
can be observed: at 1.776 and 1.478 cm?/(V's),
probably related to protonated chlorine derivatives
of ions. For bromoacetophenone, a peak at
1.397 cm?/(V's) is also detected, characterizing the
protonated bromine derivative ion. The enthalpies of
reactions of the resulting ions were calculated using
the ORCA 4.1.1 program by means of the B3LYP

=

< 2 4

= 3
g

=) 2
3

5 1

0 e ; L
2.8 2.1 1.4 0.7

Ton mobility, cm?/(V-s)

(b)

Fig. 1. Ion mobility spectra of chloroacetophenone recorded with Kerber-T IDD in
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Ton mobility, cm?/(V-s)

(2)

(a) negative and

(b) positive polarity

at concentrations of

(1) 245 mg/m? (blue line),

(2) 485 mg/m? (orange line),

(3) 600 mg/m? (gray line),

(4) 725 mg/m3 (yellow line),

(5) 970 mg/m? (dark blue line), and
(6) 1200 mg/m? (green line)

density functional method with the 6-31G(d,p) basis
set (Table 6).

The most energetically favorable is the formation of
a monomer ion with the elimination of a water molecule.
However, the formation of an ion with a water molecule
is also possible. The dimer of chloroacetophenone is

Ton current, 10° a.u.

0 _.——-A-LU__LMM

3.5 2.8 2.1 1.4 0.7
Ion mobility, cm?/(V-s)

(2)

Fig. 3. Comparison of the ion mobility spectra of
(1) chloroacetophenone (blue line),
(2) bromoacetophenone (orange line), and

(3) acetophenone (green line) in (a) negative and (b) positive polarity

3_
=
3 24
=
Z
=
§ 1
= 1
0
2.8

Ton mobility, cm?/(V-s)

(b)

Fig. 2. lon mobility spectra of chloroacetophenone recorded with the Segment ASGD in

easily formed. Trimers have a chain structure. According
to calculations, they are unstable and easily dissociate
into a dimer and a monomer upon collision with any
molecule [12, 13]. Thus, the presence of signals of
monomer and dimer ions in the ion mobility spectrum
is most likely.

3_
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=
g" 3
= 1 2
8

1
04—mn :
28 2.1 14 0.7

Ion mobility, cm?/(V-s)
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Table 6. Enthalpies of formation of chloroacetophenone ions

Structure of molecular ion Enthalpy of formation, kJ/mol
OH*
cl
—148.9
OH*OH,
al
—85.2
H,0
H<(
/ TS
o 0
—88.3
a a

Study of tris(2-chloroethyl)amine is a pronounced characteristic signal at a mobility of

Figure 4 shows the spectra of tris(2-chloroethyl)amine 1.512 ¢cm?/(V-s) which is assigned to protonation at
that were recorded with Kerber-T IDD. the nitrogen atom. As a result of the measurements, the
In negative polarity, instability of signals of the optimal detection concentration was determined to be
chloride ion can be observed. In positive polarity, there 0.04 mg/m?>.
1.00 - 3 .
0.75 4 . _
5 = 2 4
- 3 h = \
2 —L
o = 3
S 0.50 4 5 .
51 4 = 1
E N E 2
0.25 4 4 . 1
} ‘
AN
\ [ ’ Ak, = I 0
3.5 2.8 2.1 1.4 0.7 2.8 1.4 0.7
Ton mobility, cm?/(V-s) Ton mobility, cm?/(V-s)
(a) (b)

Fig. 4. Ton mobility spectra of tris(2-chloroethyl)amine recorded with Kerber-T IDD in
(a) negative and

(b) positive polarity at concentrations of

(1) 0.01 mg/m? (blue line),

(2) 0.025 mg/m?> (orange line),

(3) 0.04 mg/m? (gray line), and

(4) 0.06 mg/m? (yellow line)
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(a) negative and

(b) positive polarity at concentrations of
(1) 0.01 mg/m?> (blue line),

(2) 0.025 mg/m?> (orange line),

(3) 0.04 mg/m? (gray line), and

(4) 0.06 mg/m?> (yellow line)

Figure 5 shows a series of spectra of tris(2-chloroethyl)
amine samples recorded with Segment ASGD.

In negative polarity, with increasing concentration,
there is an increase in the signal at a mobility of
2.650 cm?/(V-s), which can be attributed to the hydrogen
chloride ion. Other chlorine signals and a deviation of
the background peaks are also present, but are unstable.
In positive polarity, there is a pronounced characteristic
signal at a mobility of 1.512 cm?/(V:s), which
corresponds to the signal of tris(2-chloroethyl)amine
obtained recorded with the Kerber-T IDD.

Ionization in positive polarity is assumed to be at the
nitrogen atom by the following mechanism:

Cl

> NH\/\CI

H,0

S
- 3
=
£ 2 -
L
-
=
(9]
g 2
] -
1
0 4ot aclfih.. u:»~MM*~'“1r’$ﬂv«t-Ah_|
2.8 1.4 0.7

Ion mobility, cm?/(V-s)

(b)

Fig. 5. Ton mobility spectra of tris(2-chloroethyl)amine recorded with the Segment ASGD in

Ionization in negative polarity occurs at the chorine
atom:

CI
Cl/\/ N\/\Cl

OH

— ( +
Cl/\/ N\/\CI

Formation of chlorine dimers and trimers is possible,
and so is association with water molecules at the
hydrogen atom.

Tris(2-chloroethyl)amine can be used by dissolving
its hydrochloride in water and then introducing it into
water supply systems. Therefore, aqueous hydrochloride
solutions were studied using Kerber-T IDD (Fig. 6):
1 uL of the aqueous solution was applied to a sampling
cloth. The cloth was left until water dried and then was
placed in the device.
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Fig. 6. lon mobility spectra of tris(2-chloroethyl)amine recorded with the Kerber-T IDD in

(a) negative and

(b) positive polarity at weights of
(1) 2 ng (blue line),

(2) 70 ng (yelow line), and

(3) 200 ng (orange line)

The minimum detection limit on a sampling cloth
is 2 ng. With an increase by an order of magnitude, the
amplitude of the peaks reaches a maximum value and does
not increase further. The minimum detection limit with
an amplitude of 300 a.u. in the vapor above an aqueous
solution is a solution concentration of 10~* mol/L.

The ion mobilities in positive polarity for the
substance, its hydrochloride, the vapor above an

Ton current, 10° a.u.

2.8 2.1 1.4 0.7
Ton mobility, cm?/(V-s)

@

(a) negative and

(b) positive polarity at concentrations of
(1) 1.6 mg/m? (orange line),

(2) 16 mg/m3 (gray line),

(3) 40 mg/m?3 (yellow line), and

(4) 160 mg/m?> (green line)

aqueous solution, and the sampling cloth are the same:
1.512 cm?/(V-s).

Study of methanethiol

Figure 7 shows a series of methanethiol spectra
recorded with Kerber-T IDD. In negative polarity, there
is an increase in the amplitudes of two main peaks at

1.25 A
1.00 A

0.75 1

Ton current, 10° a.u.

0.25 A

2.8 2.1 1.4 0.7
Ton mobility, cm2/(Vs)

(b)

Fig. 7. lon mobility spectra of methanethiol recorded with Kerber-T IDD in
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mobilities of 2.175 and 2.075 cm?/(V-s) with an increase
in the sample concentration. In positive polarity, up to
a concentration of 40 mg/m?3, the signal at a mobility
of 1.869 cm?/(V-s) dominates. With an increase in
concentration, signals at mobilities of 1.715 and
1.470 cm?/(V's) begin to dominate.

The lower detection limit of methanethiol using
Kerber-T IDD is 1.6 mg/m3. The signal at a mobility
of 2.243 cm?/(V-s) is insufficiently resolved. It
merges with the peak at 2.175 cm?/(V-s) to form
a single peak. There is also a flow from the third
background peak through 2.243 cm?2/(V's) to the
peak at 2.175 cm?/(V-s). The complex dynamics
of the spectrum makes it difficult to determine
methanethiol only in negative polarity. Several peaks
for identification in both polarities can be reasonably
used simultaneously.

Figure 8 shows a series of methanethiol spectra
recorded with Segment ASGD.

The measurements of methanethiol showed
good convergence of signals in terms of mobility
and peak amplitude. The ion mobility signal value
of 2.150 cm?/(V-s) with a deviation of 0.7% in
negative polarity can be used, as well as signals
at mobilities of 1.882 and 1.721 cm?/(V-s) with
a deviation of 0.7% in positive polarity. The signals
at a mobility of 2.075 cm?/(V:s) in negative polarity
and 1.470 cm?/(V-s) in positive polarity have small

Ton current, 103 a.u.

2.8 2.1 1.4 0.7
Ton mobility, cm?/(V-s)

@

(a) negative and

(b) positive polarity at concentrations of
(1) 0.8 mg/m3 (dark blue line),

(2) 1.6 mg/m3 (orange line),

(3) 16 mg/m? (gray line),

(4) 40 mg/m? (yellow line),

(5) 80 mg/m? (blue line), and

(6) 160 mg/m? (green line)

amplitudes, and therefore, they can be considered as
additional analytical peaks.

The ion mobility spectra of hydrogen sulfide,
methanethiol, and ethanethiol were compared to
determine the structures of ions (Fig. 9).

In negative polarity, a separate peak at a mobility of
2.900 cm?/(V-s) can be observed in the region of light
ions, in which the formation of HS™ is most likely.
There are also two converging peaks of methanethiol
and hydrogen sulfide at mobilities of 2.243 and
2.150 cm?/(V-s), as well as a separate peak of ethanethiol
at a mobility of 2.020 cm?/(V-s). The signal at a mobility
of 2.243 ¢cm?/(V-s) can be due to the formation of an
H-S—S— particle under the influence of a corona discharge.

Since the air in the cylinder is dry and the background
of the room is more humid, the connection of the
cylinder with the ethanethiol-air mixture to the device
gives rise to a signal at a mobility of 2.030 cm?/(V-s).
Therefore, the first signal in positive polarity in the
ethanethiol spectrum is not characteristic. The spectra
of methanethiol and ethanethiol in positive polarity
have a peak with at a mobility of 1.882 cm?/(V-s),
corresponding to hydrogen sulfide. In positive polarity,
there are a number of peaks with approximately the
same period of ion mobility changes. This forms the
basis for the peaks to correspond to the monomer and
dimer structure of the methanethiol and ethanethiol
ions.

1.5 7

Ton current, 103 a.u.

2.8 2.1 1.4 0.7
Ion mobility, cm?/(V-s)

(b)

Fig. 8. Ion mobility spectra of methanethiol recorded with the Segment ASGD in
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(3) methanethiol (dark blue line) recorded with the Segment ASGD in

(a) negative and
(b) positive polarity

CONCLUSIONS

In this study, the ion mobility spectra of chloro-
acetophenone, methanethiol, and tris(2-chloroethyl)-
amine were recorded at various vapor concentrations in
the gas phase. It was found that the ion mobility values
determined by either Kerber-T IDD or Segment ASGD for
each of the studied compounds are respectively the same,
enabling both of these devices to be used identically for air
control. The sensitivity of the Segment ASGD is higher,
since the detection limit of substances is lower. All the
hazardous chemical substances studied can be detected
by ion mobility spectrometers at analytically significant
concentrations at the ppm level. Recommendations were
given for the use of signals in the Kerber-T IDD and
Segment ASGD substance database. lon mobility spectra
and the determination of the ion structure were studied for
the first time.

For chloroacetophenone, the ion mobility signal
values of 2.650 cm?/(V-s) with a deviation of 2.5% in
negative polarity can be used, as well as signal values at
mobilities of 1.706 and 1.478 cm?/(V-s) with a deviation
of 0.7% in positive polarity.

For tris(2-chloroethyl)amine, the ion mobility values
can be set in positive polarity at 1.512 cm?/(V-s) with
a deviation of 0.7% and at 2.650 cm?/(V-s) in negative
polarity with a deviation of at least 2.5%. This is
because the signal in this region of the spectrum strongly
depends on external factors: temperature, humidity, and
atmospheric pressure.

For methanethiol, the most characteristic signals
are the ion mobility values of 2.150 cm?/(V's) with
a deviation of 0.7% in negative polarity, and signals at
mobilities of 1.882 and 1.721 cm?/(V-s) with a deviation
of 0.7% in positive polarity.

The signals obtained for the compounds allow
detection to be set for several peaks simultaneously
which can serve as a good filter for false positives.

This work may have practical significance in
preventing terrorist attacks, monitoring the air in
working areas at production sites, and averting other
threats to human life and health. The introduction of
new data on ion mobility values of the above substances
into the Kerber-T IDD and the Segment ASGD of ion
mobility spectrometers is favorable to the replacement of
imported analogues of air monitoring devices.
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