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Abstract

Objectives. To improve the process of developing energy-efficient flowsheets for the distillation
separation of multicomponent aqueous and organic mixtures based on a comprehensive study of
the phase diagram structures, including those in the presence of additional selective substances.
Methods. Thermodynamic-topological analysis of phase diagrams; modeling of phase equilibria
in the AspenTech software package using the equations of local compositions: Non-Random Two
Liquid and Wilson; computational experiment to determine the column parameters for separation
flowsheets of model and real mixtures of various nature.

Results. The fractionation conditions of the origin multicomponent mixture due to the use of sharp
distillation, pre-splitting process, extractive distillation with individual and binary separating
agents were revealed. The columns operation parameters and the energy consumption of the
separation flowsheets ensuring the achievement of the required product quality with minimal
energy consumption were determined.

Conclusions. Using the original methods developed by the authors earlier and based on the
generalization of the results obtained, new approaches to the synthesis of energy-efficient
multicomponent mixtures separation flowsheets were proposed. The provisions that form the
methodological basis for the development of flowsheets for the separation of multicomponent
mixtures and supplement the standard flowsheet synthesis plan with new procedures were
formulated.

Keywords: distillation, technological flowsheet, phase diagram structure, separatrix manifold,
extractive distillation
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HAYYHAS CTATbSA

Oco0eHHOCTH PEKTH(PUKANMOHHOIO Pa3ae/IeHUsI
MHOIOKOMITOHEHTHBIX cMecei

A.K. ®poakona“’, A.B. PpoakoBa, B.M. PaeBa, B.H. XyukoB

MHPSA — Pocculickuil mexHosiozudeckuli yHugepcumem (MHcmumym moHKUX XUMUUECKUX MEeXHOI02UTL
um. M.B. Nomorocosa), Mockea, 119571 Poccus
Aemop oas nepenucku, e-mail: frolkova@gmail.com

AHHOMaAyus

ITenu. CogepuuercmeosaHrue npouecca pa3pabomKi SHEPe0IhPeKmusHbIX cxem peKmupurauytioHHO20
pasdeneHust MHO20KOMNOHEHMHBIX 800HbLIX U OP2AHUUECKUX cmecell HA OCHO8E KOMNJIEKCHO20
uccnedo8aHuUsL cmpyKkmypsl pas3o80il OUAPAMMbL, 8 MOM UUCSE 8 NPUCYMCMBUU CENEeKMUBHBLX
00ONoNTHUMEebHbLX 8eulecms.

Memoowbl. TepmMoOUHAMUKO-MONOI0ZUUECKUTLL AHANU3 (hA308bLX OUAZDAMM,; MOOLUPOSAHUE (hA308bIX
pasHogecull 8 npoepamMmHom Komnaerxce AspenTech ¢ ucnonvzogaHuem YypasHeHuil TI0KATbHbLX
cocmaesos Non-Random Two Liquid, BunibcoHa,; 8bluUCIUMENbHBLIL IKCNepuUMeHm no onpeoeneHuro
napamempos pabomul KOJOHH Cxem pasoeseHust MOOebHbLX U PealbHblX emecell pasHoll npupoosL.
Pe3ynomamel. BuisignieHbl YCrnosust ppaKyyuoOHUPOSAHUSL UCXOOHOU MHOZ0KOMNOHEHMHOU CMeCcu 3a
cuem UCNONL308AHUSL NPOMEIKYMOUHO20 300AHHO20 PasdeneHusl, npedsapumestbHo20 PacCaaueaHUs,
IKCMPAKMUBHOU PEKMUPUKAUUUL C UHOUBUOYATbHLIMU U OUHAPHBIMU PA30eNSHOUUMU A2eHMaMU.
Onpeodenersl napamempsl padomsl KOJOHH U SHEP03Ampamsl cxem pasoeseHust, obecneuusarouiue
docmuvkeHue mpebyemozo Kauecmsa NpooyKmos npu MUHUMAbHbIX SHEP203aMpPAMaAx.

Buieodst. C ucnonwvzogaHuem paspabomaHHblLX paHee a8mopamil OPULUHATbHBbIX MEMOOUK U HA
ocHose 00006UeHUSsT NOTYUEHHbIX Pe3y/ibmamos npedsloxKeHbl HO8ble No0X00bl K CUHMEsY IHEepe03ch-
exkmusHblX cxem pasdeneHust MHO20KOMNOHeHMHbX cmecell. ChopMyauposarHsl NOSOIKEHUS,
Komopble COCMAeNsiiom MemoooI02UUECKYI0 OCHO8Y pa3pabomrKu NPUHYUNUALLHBIX CXem
pazoeneHust MHO20KOMNOHEHMHBLX cmecell U OONOJIHSAIOM MUNO08oll NAH CUHMe3ad cxem HO8bLMU
npoueoypamu.

Knroueevle cnoea: pexmugpurayust, mexHoi0eu4ecKas cxema, cmpyKkmypa ¢pasosoti duazpammbt,
cenapampuuecioe MH02000pasue, SKCMpPaKmusHas PeKmupuKauus

s yumuposanusn: ®ponkosa A.K., ®@ponkora A.B., Pacea B.M., XKyuko B.M. OcoOeHHOCTH pEKTU(HUKAIIMOHHOTO
pas3zieseHus MHOTOKOMITOHEHTHBIX cMecel. Toukue xumuueckue mexvonoeuu. 2022;17(2):87—106. https://doi.org/10.32362/2410-
6593-2022-17-2-87-106

INTRODUCTION . .
The most energy-consuming processes in

organic petrochemical synthesis technologies and

The development of technology for the production
and isolation of organic substances is a complex scientific
and technical task. The specificity of its solution is due to
the complexity of the resulting mixtures, the nonlinearity
of the dependencies of the mixture properties on the
composition, and the presence of alternative process
structuring options. One of the key problems is the
polyvariance of technological solutions at each of the
stages (chemical transformation and separation stages)
of technology development (Fig. 1) [1-4].

in related industries are the processes of distillation
separation of mixtures aimed at isolating required
quality products, unreacted raw materials, additional
substances, etc.

Figure 2 shows a flowchart describing the
relationship between the various stages of the
separation flowsheet synthesis procedure.

The determining role is assigned to the mixture
physicochemical properties study, which determine
the structure of the phase equilibrium diagram (SPED)
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Fig. 1. Main stages of the organic compound production technology development.

(liquid—vapor, liquid-liquid, liquid—liquid—vapor).
Data on the diagram structure and the system behavior
when external parameters change (for example,
pressure) underlie the choice of separation methods
that can potentially be used in the flowsheets. Further,
possible separation flowsheets are synthesized, and
the structure of the latter directly depends on the
belonging of the point of composition of the mixture
to the specific distillation subregion (or splitting
area) in the diagram. Moreover, the process from
which separation begins is selected (conventional
distillation,  splitting, addition of separating

Properties of MCM

Phase Diagram
Structure

\
)

——) Stage of Separation Methods and Flowsheets Discrimination

agents (SA), etc.). For multicomponent mixtures,
essentially, we are talking about methods of its
fractionation—separation into parts containing fewer
components, which allow us to use a large amount
of accumulated information about the separation
features of binary and triple systems.

At the next stage, it is possible to discriminate
between individual options, for example, by the
number of devices in the flowsheet, the limitations
inherent in a particular method or separation mode.
In this case, qualitative criteria and heuristic rules
are used for the formation of a set of alternative

Separation
Flowsheets

Fig. 2. Flowchart of the procedure for the synthesis of technological distillation flowsheets.
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flowsheets that are subject to comparison by the
selected criterion. These flowsheets can have a
linear structure (a direct sequence of devices) or
contain separation complexes as elements [5-7].
A characteristic feature of separation complexes
is the presence of reverse (recycle) flows. There
are virtually no qualitative criteria for screening
flowsheets at this stage. According to the results of
work [6], preference should be given to a simpler
variant in structure (without feedbacks or with a
minimum number of recycling flows). The final
choice of the separation flowsheet is carried out
only after simulating the processes and determining
the device design and operating parameters
(parametric optimization stage).

This algorithm in an enlarged form reflects
a typical plan for the synthesis of basic technological
distillation flowsheets (TDFS) [3], forms the basis of
engineering research and has powerful information
support in the form of modern software systems
based on phase equilibria and processes mathematical
modeling methods and on the use of extensive
databases of physicochemical, thermodynamic data,
and model parameters. The scientific and technical
literature predominantly presents studies of binary
and ternary mixtures [8—16], less often quaternary
mixtures [17-21]. Review works [22, 23] are also
devoted to the separation of binary and ternary
mixtures, in particular, extractive distillation (ED).
At the same time, quite a few multicomponent systems
with internal azeotropes have been found [24-30].

The information presented in the appendices
to [5] partially reflects the existing picture of the
study of systems containing a different number of
components (Table 1).

Usually, one method of separating a specific
composition mixture and a fixed structure flowsheet is

proposed, which is subject to parametric optimization.
In rare cases, alternative separation methods and
all possible separation flowsheet structures are
considered. Since distillation is the main method for
separation in large-scale production of basic organic
and petrochemical synthesis in related industries, we
will consider this method in the future, which, despite
its energy intensity, dominates in modern chemical
technologies. The development of fundamental
TDEFS is based on the achievements of the scientific
school of Professor L.A. Serafimov, created at the
M.V. Lomonosov Moscow State Academy of Fine
Chemical Technology in the 1960s and 1970s and has
not lost the relevance of his research at the present time.

The synthesis of a TDFS set is based on the
thermodynamic-topological analysis of the SPED
[1, 3], the principle of redistribution of composition
fields between separation areas [3, 5], the already
mentioned standard plan containing the stages
and procedures for the development of possible
TDFS. This work is devoted to improving the
procedures for developing and creating energy-
efficient flowsheets for the distillation separation
of multicomponent aqueous and organic mixtures
based on a comprehensive study of the initial system
phase diagram structure, as well as the properties
of derived systems containing selective additional
substances (SA). The choice of complex n-component
systems as objects (where n takes values of 4 and
higher) dictates the need to create new methods for
studying multidimensional phase diagrams and the
use of complex structure flowsheets representing
a combination of a linear part and complexes with
recycling flows, several functional complexes, and
complexes in a complex.

Multicomponent systems (MCS), on the
one hand, are closest in their properties to real

Table 1. Ratios of the number of publications devoted to the separation of mixtures

with different numbers of components (based on materials [5])

Number of components
in mixture studied

Number of systems

Number of separation variants suggested

70 (48.3%)

187 (72.5%)

3 43 (29.7%) 37 (14.3%)
>4 32 (22.0%) 34 (13.2%)
Total 145 (100%) 258 (100%)
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mixtures formed at different chemical production
stages, which increases the practical value of
the recommendations being developed. On the
other hand, the MCS phase diagrams and their
thermodynamic transformations have a number of
features that distinguish them into a MCS class,
which is determined by the composition space
multidimensionality. It can be stated [31-33] that
ternary mixtures occupy an intermediate position
between binary and quaternary ones and in some
cases it is impossible to extend the known laws of
constructing phase diagrams of ternary systems to
systems with a large number of components. This
is confirmed by the new approaches to the study of
the internal space of composition simplices of four-
and five-component systems, developed by us [32].
A technique for studying the internal space of phase
diagrams of m-component systems based on the
analysis of the simplex two-dimensional boundary
space structure was created. This technique has
been successfully tested on the example of fifteen
quaternary and four five-component systems
containing substances of different classes and
characterized by different complexity of phase
behavior: the presence of azeotropes of different
compositions and types, including those five with
internal singular points. In particular, previously
unknown quaternary azeotropes have been predicted
in the ethyl acetate—ethanol-hexane—water and
ethanol-chloroform—cyclohexane—water  systems.
In the latter, the presence of azeotrope is confirmed
by our own field experiment. Using the example
of the acetone—-methyl acetate—chloroform—cis-
dichloroethylene system, the specificity of the
formation of a two-dimensional separatrix in a
tetrahedron in the absence of a closed contour on a
two-dimensional scan of the simplex is shown: some
of the boundary elements of the separatrix coincide
with the edges of the tetrahedron.

The study of the evolution of vapor—
liquid equilibrium (VLE) diagrams of acetone—
chloroform—ethanol-water systems (appearance/
disappearance of a quaternary azeotrope of the saddle
type, ternary nodal azeotrope) and chloroform—
ethanol-cyclohexane—water systems (appearance/
disappearance of a quaternary azeotrope of the
node type) [34] demonstrates the possibilities
of directional transformation of phase diagram
structures with varying pressure and the creation
of more favorable conditions for the separation of
complex mixtures.

This article provides an overview of the authors’
current work, as well as presents new results that
illustrate certain provisions of the methodology for
the synthesis of basic TDFS mixtures containing
four or more components.

RESULTS AND DISCUSSION

The study of the problem of separation of
complex chemically inert multicomponent mixtures
allows us to identify a number of fundamental
points that complement to varying degrees the
algorithm for the synthesis of flowsheets described
in [3]. Most of the systems considered contain
components, including homologues belonging to
different classes of organic compounds, and water.
These systems are characterized by the presence
of azeotropes of different composition, separatric
manifolds of different structures (simplex,
complex), and regions of two- and three-phase
splitting. With a complex structure of the phase
diagram, the elements of the TDFS most often
are not single columns, but separation functional
complexes based on one or different special
separation techniques [1, 3, 5].

For the separation of mixtures of different
compositions belonging to different distillation
regions, a promising technique is the fractionation
of the initial multicomponent mixture already
at the first stage (in the first apparatus of the
flowsheet). We have considered the following
methods of fractionation of initial mixtures:
1) organizing an sharp distillation (absence of
components distributed between distillate and
bottom products) [35-39]; 2) preliminary splitting
the mixture (in the case of a favorable arrangement
of liquid-liquid tie-lines, which allows obtaining
compositions of equilibrium layers in different
regions of distillation); 3) use of ED in the presence
of SA, selective with respect to the group of initial
components [40, 41].

The possibility of implementing these MCS
fractionating methods depends on the specifics of
the system phase behavior and the initial mixture
composition. The use of the sharp distillation
at the first distillation stage is limited to system
classes in which there are no internal separating
surfaces, as well as areas of compositions of the
initial mixture favorable for such separation [35].
This type of fractionation has shown its advantage
over the modes of the direct and indirect sequences
in the industrial mixtures separation flowsheets for
the production of cyclohexanone [42, 43], methyl
isobutyl ketone [36], and acetic anhydride [37, 38],
as well as in the various solvents regeneration
processes [36, 37].

The use of preliminary fractionation due to the
mixture splitting is associated with the liquid-liquid
and liquid—vapor equilibrium peculiarities. The use of
this technique is advisable if, as a result of separation,
one or more components are almost in full in one
of the equilibrium layers. The mutual arrangement
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of separating manifolds and splitting simplices plays
an important role. As an example, the separation
of a mixture of solvents water—cyclohexanone—
dichloroethane—butanol-1-dimethylformamide can be
given here [20]. Water forms azeotropes with almost
all components, however, when splitting the mixture
of the composition supplied for separation, this
component is present in the organic layer in impurity
quantities that do not affect further separation.
The mixture is separated in conventional distillation
columns, with the exception of a cyclohexanone—
dimethylformamide pair forming a positive azeotrope.

The use of SA, selective with respect to a
group of components in the ED process or forming
a heteroazeotrope with a group of components in
heteroazeotropic (extractive-heteroazeotropic)
distillation, is also an effective mixture fractionation
method. It is advisable to use this technique when none of
the listed above methods can be implemented. Most often,
this situation is observed for systems characterized by a
complex structure of the VLE diagram. The presence of
water in the initial mixture, which increases the volatility
of' some components relative to others, allows it to be used

as a solvent for the (auto)extractive, heteroazeotropic or
extractive-heteroazeotropic distillation process [44—47].
Figure 3 shows the separation flowsheets of a number
of mixtures listed above, and Table 2 shows the static
parameters of the columns and energy consumption in
the columns and flowsheets.

If the size and localization of the splitting area
in a quaternary system does not allow isolating all
the components in flowsheets combining distillation
and liquid splitting, then it is possible to apply an ED
of an aqueous mixture with a specially selected SA.
This SA should be selective with respect to azeotrope-
forming components, and its introduction does not
increase the splitting area in the derivative system
separable mixture + SA [40]. An example is the ED
of a mixture of methanol (M)-tert-butyl alcohol
(TBA)—methyl tert-butyl ether (MTBE)—water (W),
the phase diagram of which is characterized by the
presence of three azeotropes and a separatric manifold
(Fig. 4). The separation of the M-TBA-MTBE-W
mixture is proposed to be carried out in a flowsheet
consisting of two-column ED complexes and a
distillation column (Fig. 5).
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Fig. 3. Separation flowsheets for mixtures: (a) acetone (A)—chloroform (CHL)—ethanol (E) (isopropanol (IPA))-water (W);
(b) chloroform (CHL)—ethanol (E)—cyclohexane (CH)-water (W);
(c)—(d) ethyl acetate (EA)—methyl ethyl ketone (MEK)—-cyclohexane (CH)-isopropanol (IPA) (EG is ethylene glycol,
DMSO is dimethyl sulfoxide, NMP is N-methylpyrrolidone. C1-C6 are distillation columns;
R, and R, are flows of equilibrium liquid phases from the decanter).

When separating quaternary systems containing
more than three binary azeotropes, it is possible
to use different agents at different stages of ED
separation [40, 41]. For ED ternary aqueous mixtures
of organic solvents, it is usually recommended to
use dimethyl sulfoxide (DMSO), glycerin, or diols
[48—53]. For the separation of a mixture of methanol
(M)—tert-butyl alcohol (TBA)-methyl tert-butyl
ether (MTBE)—water (W) industrial solvents,
DMSO, and ethylene glycol (EG) are considered.
The flowsheet shown in Fig. 5 provides for the
introduction of a single DMSO or EG agent into the
ED columns (columns C1, C4), as well as the use of
these agents in different ED columns.

The component separation sequence in the
flowsheet is determined by the nature of the SA’s effect
on the relative volatility of substances in the derived
five-component system. According to the data of the
M(1)-MTBE(2)-TBA(3)-W(4)-SA VLE systems, the
relative volatility of the o, components was calculated
at 101.32 kPa, depending on the amounts of injected SA.
In the presence of both agents, concentration of the
organic solvents mixture in the distillate of the ED
column is predicted. For example, when the flow rate is
F:F, = 1:1 (kmol/kmol) we have the ratio of values a,:

(095)<oz3 (12)<0,30<a,32)<0,3)<a, (40)
for EG, and o, (055) <a, (12) <a, 25) < a, 28) <
<a, B0 <a, (6.8), for DMSO. An increase in the
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Table 2. Operation parameters and energy consumption (Q) of the distillation columns for the flowsheets presented in Fig. 3
(the amount of the original mixture is 100 kmol/h, the original composition of the mixture corresponds to the azeotropic,

for the chloroform—ethanol-cyclohexane —water system, an equimolar composition was analyzed)

*%

R***

Column (P*, kPa)
Stages number
FSorig(SA)

0, kW

Column (P*, kPa)

Stages number

%%
FSorig(SA)

R***

0, kW

Flowsheet (a) in Fig. 3 for a system with ethanol,
the SA amount in C1 (water) is 180 kmol/h;

in C2 (ethylene glycol) — 100 kmol/h

Flowsheet (a) in Fig. 3 for a system with isopropyl alcohol,

the SA amount in C1 (water) is 180 kmol/h;
in C2 (ethylene glycol) — 100 kmol/h

Cl 30 19 (9) 0.9 488.6 Cl 30 16 (10) 0.8 489.4
C2 20 12 (3) 0.5 1172.3 C2 20 17 (5) 2.8 2081.3
C3 35 23 8.6 4262.7 C3 25 16 6.6 2403.0
c4 7 4 0.1 2849.1 c4 7 4 0.2 2848.5

Total energy consumption 8772.7 Total energy consumption 7821.9

Flowsheet (b) in Fig. 3: the SA amount in C1 (water) is 110 kmol/h; in C2 (DMSO) — 70 kmol/h;
in C4 (ethylene glycol) — 170 kmol/h

Cl 10 73) 0.2 512.1 C4 16 10 (3) 0.6 869.9
Cc2 14 8(4) 0.4 469.5 Cs 13 6 0.4 2704.2
C3 11 5 0.4 466.2 Total energy consumption 5021.9

Flowsheet (c) in Fig. 3: the SA amount (N-methylpyrrolidone)
in C1 is 300 kmol/h; in C3 — 194 kmol/h (cyclohexanol);

in C5—57.93 kmol/h

Flowsheet (d) in Fig. 3: the SA amount (N-methylpyrrolidone)
in C1 is 200 kmol/h; in C3 —212.7 kmol/h (cyclohexanol);

in C5—57.93 kmol/h

C1 (50) 30 19 (5) 1.4 2327.6 C1 29 16 (5) 1.6 2685.4
C2 16 5 0.8 2050.5 C2 15 6 1.0 962.7
C3 (50) 20 11 (3) 39 1793.5 C3 (50) 37 26 (5) 1.2 1791.0
C4 13 5 0.7 1199.8 C4 12 5 0.8 1173.9
C5 (50) 29 14 (6) 0.4 324.6 C5 (50) 29 14 (6) 0.4 324.6
Co 17 8 0.6 408.5 Co 17 8 0.6 408.5
Total energy consumption 8104.5 Total energy consumption 6046.1

* The pressure in the columns is 101.32 kPa, except for the values given in parentheses;
is a feed stage of original mixture (separating agent);

orig(SA)
*** Reflux ratio.
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M MTBE M

A\ TBA

M

Fig. 4. Phase diagram of methanol (M)—tert-butyl alcohol
(TBA)-methyl-tert-butyl ether (MTBE)-water (W) system
at atmospheric pressure.

consumption of agents affects o, differently: in the
case of EG, a,,, a,, increase and a,,, a,, decrease,
and the values of o, and a,, increase to F:F, = 1:1
and then go down. In the case of DMSO, a similar
effect is observed for other pairs of components:
a,,, o, and o, increase, a,, and a,, decrease, and a,,
first increases, then decreases. The complex nature
of the influence of agents on a, leads to inversions
of the relative volatility of the components when
the flow rate of agents changes. The purpose of the
ED of the quaternary mixture is the dehydration of
organic solvents, achieved at different costs of EG
and DMSO (Tables 3-6).

1-2-3

Then, ED is used to separate the azeotropic
M—-MTBE mixture (column C4, Fig. 5). With the
introduction of EG, methanol is predicted to be
obtained in the distillate of the ED column, and
MTBE—in the case of DMSO introduction. For the
ratio F:F,, = 1:1 (kmol/kmol), the relative volatility
values are: o, = 1.4 for EG and a,, = 2.3 for DMSO.

Since both EG and DMSO can be used in ED, it
is possible to compare four variants of ED, differing
in sets of agents for columns C1 and C4: 1) EG, EG,
2) DMSO, DMSO, 3) EG, DMSO, and 4) DMSO,
EG. The calculation results of static parameters for
the operation of the flowsheet columns necessary for
this comparison are given in Tables 3—6. Accepted
designations of the parameters of the columns:
N is the total efficiency, theoretical stages (t.s.);
N,/N,, are the numbers of the stages of the feed of
the initial mixture and SA, respectively, t.s.; R is the
reflux ratio; F, is the amount of SA, kmol/h; Q is
the energy consumption in the column boilers, MW;
t,and ¢ are the temperatures of the distillate and the
bottom product, respectively, °C. The total energy
consumption for separation (the duty of the column
boilers) and the total number of theoretical stages
in the distillation columns of the ED flowsheet,
given in Table 7, show that the separation of the
M-TBA—MTBE-W mixture can be carried out with a
single agent—DMSO.

In general, based on the analysis of the SPED of
four- and five-component systems and the assessment
of the effect of SA on the relative volatility of
the azeotropic components of the MCS, basic
technological flowsheets for separating mixtures have
been developed and static parameters of the apparatus
operation have been determined (column efficiency,

1-2 1(2) 2(1)

4

SA

Y

1-2-3-4
e

Y

Cl C2

[ |

4-SA

C3 C4

SA

Y
\

C5

[ |

2(1)-SA

[SS S am—

Fig. 5. Principal technological flowsheet for the M (1)-MTBE (2)-TBA (3)-W (4) mixture separation with dimethylsulfoxide
or ethylene glycol as SA: C1 and C4 are the ED columns, C2 and C5 are the SA recovery columns,
and C3 is the TBA isolation column.
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reflux ratios, feed level of the initial mixture and SA,
and agent consumption), providing energy savings of
up to 30% while ensuring the required product quality.
Table 8 summarizes the studied systems and methods
on which the separation flowsheet of mixtures of
different compositions is based.

CONCLUSIONS

The revealed features of the formation of
phase equilibrium diagrams and the peculiarities of
the distillation separation of different complexity
mixtures are used to improve the methodology of
synthesis of separation flowsheets and the choice of
energy-efficient separation modes of multicomponent
mixtures.

The main methodology provisions relate to the
following issues:

— to define the boundaries of the system under
study and to form an experimental base (collecting
background information, conducting a full-scale
experiment) necessary to solve the task;

—to justify a choice of a phase equilibrium model
and to obtain a set of model parameters reproducing
the properties of the system with a relative error
not exceeding 3—5%. In some cases, this range can
be changed: when studying a system containing
components with similar properties, the description
accuracy should be increased to 1.0-1.5%; when
modeling a system with more than two liquid phases,
the relative error values may be 6—7%;

— to study the composition space of the phase
diagram (to analyze the boundary space of the second
dimension with determination of the number of nodal
points (stable and unstable), saddle points (with
nonzero Poincare index), the number of distillation
regions, closed contours forming one-dimensional
boundaries of the separating manifold of dimension
(n — 2), and one-dimensional binodals; to determine
the internal structure of the simplex (to predict the
presence of an internal singular point, the structure of
internal separatric hyper (surfaces), and the structure
of splitting areas);

— to assess the possibility of using at the first
stage special modes of distillation (direct and indirect
sequences) or the MCS fractionation due to sharp
distillation with favorable ratios of the coefficients
of distribution of components between phases (the
first apparatus is a column) or due to splitting (the
first apparatus is a decanter). The implementation of
these techniques is possible in the absence of internal
separatric surfaces or a favorable mutual arrangement
of binodal and separatric manifolds;

— when it is impossible to implement one of
the listed above techniques, the special methods
based on the addition of SA should been used. It is
necessary to choose the SA (individual or binary) and
predict separation products based on new techniques
developed by the authors [31];

— to synthesize and structural optimize the
flowsheets representing a combination of various
functional complexes, in particular, several ED
complexes with one or different agents;

Table 7. Comparison of ED flowsheets with different sets of agents

Separating agent, kmol’/h 0
ED mode XN, t.s. i= 1—5,iMW
Column 1 Column 4

375 350

Mode 1 EG EG 182 13.11
50 130

Mode 2 DMSO DMSO 155 7.47
50 350

Mode 3 DMSO EG 176 10.58
375 130

Mode 4 EG DMSO 161 10.01

Note: 100 kmol/h of M—=-TBA-MTBE-W mixture; DMSO is dimethyl sulfoxide, EG is ethylene glycol.
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Table 8. Continued
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Note: EG is ethylene glycol, DMSO is dimethyl sulfoxide, NMP is N-methylpyrrolidone, TBA is tributylamine, DEG is diethylene glycol

— to conduct a local full-scale experiment in
order to verify individual results (features of phase
equilibrium, including in the presence of SA, and
modes of operation of distillation columns).

The improving of the procedure for the synthesis
of flowsheets for the distillation separation of
multicomponent mixtures was based on original
methods for studying the of the MCS phase diagram
structures, the selection of additional substances
(optimization at the level of the physicochemical
subsystem of technology development), a variety
of separation flowsheets structures (structural
optimization of flowsheets): new results of a
computational experiment obtained by varying
the apparatus parameters, in particular, column
efficiency, feed stages, and reflux ratios (parametric
optimization); and new results of a full-scale
experiment that allowed establishing the presence of
previously unknown ternary, quaternary azeotropes,
confirming the adequacy of mathematical modeling
of liquid—vapor and liquid-liquid phase equilibria,
and calculating the selectivity of SA in the MCS ED.

Various initial MCS fractionation methods were
considered, which allow already at the first stage
dividing the mixture into smaller constituents, the
separation features of which are well known. Thus,
it becomes possible to use well-known features and
specific parameters of the separation flowsheets of
binary and ternary mixtures, which are presented in
the literature, including the article authors’ works,
and to solve the tasks set. It is shown that the
reduction of energy consumption of flowsheets (up to
30% while ensuring the required quality of products)
is associated with the implementation of a sharp
distillation mode as an alternative to the limit modes
(direct and indirect sequences), the use of the initial
mixture pre-splitting, and the choice of SA in the
processes of heteroazeotropic ED, including binary,
showing in some cases the positive synergistic effect
on increasing the SA selectivity.
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Abstract

Objectives. The chemistry of °’Ga and %Ga radionuclides plays a key role in nuclear medicine
for applications in radiopharmaceuticals, in particular, in noninvasive in vivo molecular imaging
techniques. The use of radiometals for labeling biomolecules typically requires the use of
bifunctional chelators, which contain a functional group for covalent bonding with the targeting
vector in addition to the polydentate fragment coordinating the metal. The aim of the present
review article is to analyze the currently accumulated experimental material on the development
and application of bifunctional chelators of gallium cations in medical research, as well as to
identify the main requirements for the structure of the chelator and its complexes with %Ga,
which are used to create effective Ga-based pharmaceutical preparations.

Results. The review analyzed macrocyclic bifunctional chelators forming stable in vivo complexes
with %Ga and acyclic chelators, whose main advantage is faster complexation kinetics due to
the short half-life of *Ga. The advantages and disadvantages of both types of ligands were
evaluated. In addition, a critical analysis of the binding constants and the conditions for the
formation of complexes was presented. Examples of the influence of the geometry, lipophilicity,
and total charge of the metal complex on the biodistribution of target radiopharmaceuticals were
also given.

Conclusions. Despite the progress made in the considered areas of bifunctional chelators, the
problem of correlating the chemical structure of a metal-based radiopharmaceutical with its
behavior in vivo remains important. Comparative studies of drugs having an identical targeting
vector but containing different bifunctional chelating agents could help further elucidate the effect
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of metal chelate moiety on pharmacokinetics. In order to create effective bifunctional chelating
agents, it is necessary to take into account such factors as the stability and inertness of the
chelator and its complexes under physiological conditions, lipophilicity, complexation kinetics,
chelation selectivity, combinatoriality of the basic structure, along with economic aspects, e.g.,
the availability of raw materials and the complexity of the synthesis scheme.
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AHHOMAQyust

Ienu. Xumus paduoryraudoes *’Ga u **Ga uepaem o0Hy u3 Kaouesblx poaeii 8 s0epHoll Meduyu-
He 02151 NPUMEHEHUs 8 paduogapmnpenapamax, 8 UACMHOCMU, 8 HEUHBA3UBHbLX Memooax Mo-
JNeKYAAPpHOU su3yaausayuu in vivo. HenoavsoeaHue paduomemannios 0si MeueHust GUoMoneKy.i
00bluHO Mpebyem UCNONb308AHUSL OUPYHKUUOHANBLHBLX Xenamopos, Komopble, Kpome NoaAUOeH-
mamHoezo ppazmeHma, KOOPOUHUPYOULE20 MemAl, co0epiKam hYHKYUUOHANIbHYIO 2pynny ONs
KOBA/LEHMHO20 C8513bl8AHUSL C BeKMOPOM-MuUleHblo. Llenu 0aHHo20 0630pa — NpoaHAUIUPO8AMb
HAKONJIeHHbLU K HACMOSiUeMYy 8pemMeHU IKCNePUMEHMANIbHbBLU MAMepuUasl, KACaruulics paspa-
bomru U nNpUMeHeHUSsL 8 MeOUYUHCKUX UCCIE008AHUSX OUPYHKUUOHAIbHBLX XENAmMOopo8 K Kamu-
OHY 2a/LUsl, A MAKIKe 8bl8UMb U NPOAHANUIUPOBAMb OCHO8Hble mMpebosaHUsl, npedbsieisiemble
K cmpyKmype xeaamopa U e2o komnaerxcos ¢ *Ga, Heobxooumble 0t CO30aHUSL IPPeKmUBHbBLX
apmaronozuuecKux npenapamos Ha e20 0CHO8e.

Pe3synomamet. PaccmompeHbl MaKpoyukiuueckue bupyHKUUOHANIbHblE Xenamopbl, 0bpasyro-
wue cmabunbHble in Vivo Komnaekcst ¢ 4Ga, a makike ayuKauuecKue xeiamopbsl, npeumyuie-
cmeo Komopblx 3aKntouaemcest 8 bosiee bblcmpoli KuUHemuKe KOMNAeKcooopasoeaHuUs, Umo siesasi-
emest Kouesbim hakmopom, YUuumsblearouum Kopomrkuii nepuod noaypacnaoa 4Ga. IlpogedeHa
oyeHKa docmouHcma u Hedocmamikog oboux munog aueaHoos. Kpome moeo, ocyuiecmener Kpu-
muuecKkull GHAU3 KOHCMAHM C8513bleAHUSL U YC08Ull 0bpazosaHust Komnaercos. Paccmompernl
npumepbl 8AUSIHUSL NPUPOObL MEMANAUUECKO20 KOMNIEKCA (2eomempust, AUNOgpuibHOCMb, 006-
wutli 3apsid) Ha buopacnpedeneHue yeregblx pacuodpapmayesmuuecKux npenapamos.
Buteoodst. Hecmompsi Ha docmuzHymole Yycnexu 8 paAcCMOMPEHHbIX HANPABAEHUSX CO30aHUSL OU-
PYHUUOHANIBHBLX XeaAamopos, No-npesxKHeMmy A HOU ocmaemcst npodaema Koppeasyuu Xumu-
yecKkoli cmpyKkmypsl paduopapmnpenapamos Ha 0CHO8e MEemMAslo8 ¢ Ux nogedeHuem in vivo.
B smom OMHOWEHUU CPpasHUMENIbHble UCCIe008AHUS NPenapamos, UMenUuUx UOeHMUUHbLU
8EeKMOp HAUEAUBAHUSL, HO BKIIOUAHULUX pa3Hble BUPYHKUUOHAIbHbBLE Xeaamupyroulue azeHmod,
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MoO2ym NOoMoUb 8 OaNbHeleM 8blI8NEeHUU BAUSHUSL MEeMAL-XeJIAmHo20 hpasmeHma HA ap-
MaKoKuHemuky. B yenom moixHo ommemumes, umo 051 co30aHust agpcpeKxmueHozo bUuUpyHKyU-
OHA/IbHO20 XeNaMmupyouLe20 azeHma HYMIHO NPUHUMAMb 80 8HUMAHUE UEaYr CO80KYNHOCMb
arxmopos, 8K0UAIOUYI0 CMABUNTLHOCMb U UHEPMHOCMb XeAAmopa U €20 KOMNIEKCo8 8 (hu3uo-
JI02UUECKUX YCO8USIX, JUNOPUIBHOCMb, KUHEMUKY KOMNIEKCO0OpA308aHUSl, CEeNeKMUBHOCMb
XeNaHUPO8AHUSL, KOMOUHAMOpHOCMb 6a30801L cCMpYKMYpbl, A MAKIe IKOHOMUUECKUEe aCneKmbl:
docmynHoCMb Coblpbsi, CLOIKHOCMb CXeMbl CUHMESA.

Knroueesle cnoea: O6UPYHKUUOHANbHBLIL Xenamop, Au2aro, 2ainuil, paduogpapmnpenapam

Jlna yumuposanus: Tlomieanosa AT, ComoeéBa M.H., bores /1.O., FOpweB /.}O., MbumbaukoBa A.H., Omenxos M.C.

budyHKkIuOHaNbHBIE XEJNATOPbl K KATUOHY  Tajllus.
https://doi.org/10.32362/2410-6593-2022-17-2-107-130

INTRODUCTION

Unlike other methods such as X-rays,
computed tomography (CT) and ultrasound, which
predominantly provide anatomical information, non-
invasive molecular imaging allows chemical and
biological processes to be measured and visualized
in living systems.

Nuclear medicine is a molecular imaging
technique based around radioactive isotopes used
as tracers. The two main imaging techniques used
in nuclear medicine are single photon emission
computed tomography (SPECT) and positron
emission tomography (PET).

Although PET has certain advantages in
comparison to SPECT, such as high resolution and
sensitivity, as well as the ability to quantitative
evaluation due to a standardized attenuation
correction method, the use of PET is limited due to
the short half-lives of the four traditional standard
isotopes: ''C (¢,, = 20 min), "N (¢, = 10 min),
"0 (¢, = 2 min), and "F (¢,, = 110 min). With
the exception of '8F, the solution to this problem
requires the maintenance of a cyclotron for isotope
production in the immediate vicinity of the imaging
apparatus. Despite high equipment maintenance
costs, the rise in the use of PET imaging over the past
decades has been largely driven by the successful
use of ["®F] fluorodeoxyglucose, helping PET to
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become an indispensable tool for diagnosing various
types of malignant neoplasms. Consequently, PET
has evolved from a research tool to a practical,
highly efficient clinical imaging technique, which
has had a tremendous impact on clinical medicine
and pharmaceutical development. This progress
has also spurred the development of other imaging
techniques such as PET-CT and PET—magnetic
resonance imaging, as well as fluorescence imaging.
However, the use of traditional short-living
isotopes hinders the study of long-term processes,
limiting this method to the study of fast biological
processes. For this reason, non-standard PET
radioisotopes have been produced and investigated.
The wider half-life ranges of such isotopes offer
better compatibility with the biological half-lives
of certain target vectors used for the development
of new radiopharmaceuticals. In this context,
radioactive metals such as zirconium, yttrium,
indium, gallium, and copper were considered [1].
Gallium-68 (°®Ga), which has a half-life of
1.13 h, decays with emission of positrons and
capture of electrons (11%). The increased interest
in ®Ga is based on its availability from the
8Ge/*®Ga generator system, which permits the cost-
effective use of ®*Ga-based radiopharmaceuticals in
clinical centers lacking a local cyclotron. Although
8Ge/®Ga generators were first introduced more
than 50 years ago, the most important factor
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in the recent growth in the number of **Ga-based
radiopharmaceuticals has been the progress in
generators’ design. A new generation of these
systems is able to produce **Ga as [*Ga]GaCl,,
which solved critical impurity problems and made
such generators commercially available. The
decay of the ®*Ge isotope to ®Ga with a half-life
of 270.8 days allows its use to obtain long-living
generator systems having an estimated period of
1-2 years for radiopharmaceutical applications.

The use of radiometals for labeling bio-
molecules usually requires the use of bifunctional
chelators (BFC), which bind the metal at one
end and contain a functional group for covalent
bonding with the targeting vector at the other end
(Table).

The choice of BFC is determined by the nature
and oxidation state of the metal radionuclide. The
optimal BFC should ideally meet the following
requirements:

Table. Stability constants (log B,) and synthesis conditions of “’**Ga bifunctional chelating complexes

Chelating agent* log B, ¢768Ga binding conditions RCY** (%) Reference
DOTA (1) 21.3 pH = 4.8, 5 min, 95°C >90 [2]
NOTA (3) 30.7 pH = 3.5, 10 min, 95°C >95 [3]
NODASA (3a) —HEE 0.5 M CH,COONH,, 25 min, 90°C - [4]
NODAGA (3b) - 25 min, 95°C 95 [5]
p-SCN-Bn-NOTA (3¢) - pH = 6.0, 10 min, 25°C 89 [5]
NODAPA-OH (3d) - pH = 2.8, 3 min, 85°C 85 [5]
NODAPA-NCS (3e) - pH = 2.8, 3 min, 75°C 85 [5]
NODAPA-(NCS), (3f) - pH = 2.8, 3 min, 75°C - [5]
TRAP (3g) 26.24 pH = 3.0, 3 min, 40°C 95 [6]
NOPO (3h) 25.01 2.7 M HEPES, 5 min, 25°C 99 [7]
H,NOA2P (3i) 34.44 pH = 7.4, 30 min, 95°C - [8]
H.NOKA - pH = 6.0, 60 min, 25°C 35 [9]
DATAP (4a) - pH=4.7, 1-10 min, 25°C 93 [10]
DATA™ (4b) 21.7 pH=4.7, 1 min, 25°C 97 [10]
PhDATA*! (4¢) - pH=4.7, 1-10 min, 25°C 93 [10]
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Table. Continued

Chelating agent* log B, ¢768Ga binding conditions RCY** (%) Reference
DATAP (4d) - pH=4.7, 1-10 min, 25°C 84 [10]
NO,Bn-PCTA (5) 19.37 pH =3-5,25°C 96 [10]
Diamsar (6a) - 0.1 M CH,COONa, 35 min, 85°C 98 [11]
DiamsarDGA (6b) - 30 min, 85°C 98 [11]
H.,dedpa (8) 28.11 0.1 M CH,COONa, 10 min, 25°C 97 [12]
HBED (7) 38.51 pH =4.2, 4 min, 95°C 99 [13]
KP46 (11) 36.79 pH <2.0,25°C - [16]
EHP 27.52 pH = 7.4, 15 min, 25°C - [17]
EHMP 29.55 pH = 7.4, 15 min, 25°C - [17]
CP256 (14a) - pH=6.5, 5 min, 25°C 95 [18]
NTP(PrHP), (14c) 33.34 pH=17.4,25°C 98 [19]
DFO (15) 28.6 pH =4.5, 5 min, 25°C 96 [20]
Df-Bz-NCS (15a) - pH=7.2, 5 min, 25°C >90 [21]

* All abbreviations are described below in the text of the article.
** RCY is a radiochemical yield.

***No data is available.

Stability/inertness: BFC should form thermo-
dynamically stable and kinetically inert
complexes to prevent any ligand exchange or
hydrolysis in vivo.

Kinetics of rapid complexation: for biological
targeting vectors, BFC radiolabeling should
be effective and fast at low temperatures and
low pH.

Selectivity: BFC must selectively bind
the metal of interest in order to avoid low
specific activity during radioactive labeling,

for example, due to the presence of other
decay products.

Universal chemistry of conjugation: the
flexibility of conjugation of BFC with
functional groups of target vectors allows
optimizing pharmacokinetics by regulating
the polarity of the entire conjugate.
Affordability: BFC preparation should be
simple, fast, cost-effective, and scalable for
preparing several grams of product with the
minimum possible number of reaction steps.
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However, the success of BFC is not guaranteed
even while meeting all of the requirements above.
The two most important parameters of BFC that
affect the properties of radiopharmaceuticals
in vivo are the total charge and lipophilicity of
the corresponding BFC metal complex. These
parameters are determined by the geometry and
set of BFC donors, as well as by the coordinated
radiometal. For example, some peptide targeting
vectors conjugated to identical BFC but labeled
with different radiometals differ in binding to the
receptor and behavior in vivo [22].

In recent years, various structural types of
chelating agents with high stability and selectivity
towards Ga(III) have been proposed for use in in vivo
diagnostics.

MACROCYCLIC GALLIUM CHELATING
AGENTS

In recent years, the development of BFCs in
general, as well as chelators to Ga(lll), has mainly
focused on polyaza macrocyclic ligands (Fig. 1).
Such systems minimize transchelation or metal
loss in vivo, which is beneficial for their use as
radiopharmaceuticals.

In order to saturate all coordination sites on the
six-coordinated Ga(IIl) cation, several multidentate
derivatives of TACN (1,4,7-triazacyclononane)
and cyclene (1,4,7,10-tertraazacyclododecane)  with
additional thiol-S, carboxylate-O and phosphonate-O
donor groups were developed by introducing side
branches on the secondary amines of the corresponding

HO o

Fig. 1. DOTA (1) and NOTA (3) complexes with gallium.

macrocycle [23-29]. The most prominent representative
of this category is the DOTA (1) ligand (1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid (Fig. 1). The
thermodynamic constant of formation of the Ga-DOTA
complex log B, = 21.3 is slightly higher than that
of the Ga(Ill)-transferrin complex [2].

A donor set of NO, of the cyclene fragment
and two carboxylate groups encapsulate the metal
center in the Ga-DOTA complex with cis-pseudo-
octahedral geometry (Fig. 1) [30, 31]. Consequently,
Ga-DOTA complexes have a negative overall charge
under physiological conditions. Due to the kinetic
inertness of the macrocycle, the complexation kinetics
of DOTA are slow. Due to DOTA (1) radiolabeling
requiring conventional or microwave heating to
achieve adequate yields and specific activity, its
application is limited to thermally stable target
vectors [32-34].

Smith et al. investigated tunable ®Ga-labelled
DO2A-like macrocycles for myocardial perfusion
imaging (Fig. 2). By furnishing the DO2A (2)
pendant arms, it was possible to influence the
lipophilicity and charge while retaining a 6-coordination
site for Ga®*" (Fig. 2). Radiolabelling was carried
out at 100°C for 30 min with a pH 0f4.93 in a NaOAc
buffer [0.2 M, 0.5 mL]. The compounds with the
highest lipophilicity [*Ga] GaDO2A-(xy-TXP),
(logD,, — 0.28 + 0.01) and [*Ga]GaDO2A-(xy),
(logD,, — 0.31 £ 0.01) were assessed in an ex vivo
Langendorff isolated perfused heart model. Uptake
in compromised hearts was found to be significantly
lower for both %Ga-labelled complexes than in
healthy hearts [35].

The NOTA (3) ligand (1,4,7-triazacyclononane-
1,4,7-triacetic acid) (Fig. 1), which is rapidly
and efficiently radiolabeled at room temperature,
is highly stable in vivo [36-38]. Due to the smaller
size of the corresponding cavity compared to
DOTA, triazacyclononane ligands exhibit high
conformational and size selectivity with respect
to Ga(Ill). The NOTA (3) ligand and its derivatives
bind Ga(Ill) in pseudo-octahedral coordination—N,O,
with low deformation, leading to complexes having
a neutral total charge at physiological pH (Fig. 1)
[39, 40].

The thermodynamic stability of the Ga-NOTA
complex (log B, = 30.7) is about nine orders higher
than that of Ga-DOTA [3]. This results from its
excellent incorporation of a small Ga(IIl) cation
into the NOTA (3) nine-membered triazamacrocycle
cavity. Regarding conjugation to targeting vectors,
the use of one side functional group of the carboxylic
acid DOTA (1) does not affect its ability to bind
the metal, since only two of the four available
carboxylic acid groups are involved in metal
coordination. In the case of NOTA (3), conjugation
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DO2A-Bn, (2a)
DO2A-xy, (2b)

DO2A-(xy-TTP), (2d)

Ar = Ph

Ar = m,m'-Xylyl

.
PPh,

DO2A-(xy-TPP), (2¢) Ar =

P(m,m'-Xylyl);

DO2A-(xy-TXP), (2e) Ar =

e @_/P(p-Tol)g

Fig. 2. DO2A (2) structural analogues.

can be achieved either using bifunctional derivatives
of NOTA or using one of the three available
carboxylic acid functional groups. However, if
one of the carboxylic acid side groups is used
for conjugation, the coordination properties of
NOTA (3) are potentially impaired due to the
impossibility of achieving the preferred stable
octahedral coordination.

In order to preserve the hexadentate coordination
of NOTA while ensuring covalent conjugation
with the target vector, a range of derivatives have
been developed: p-SCN-Bn-NOTA (3¢) (S-2-(4-iso-
thiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-
triacetic acid), NODASA (3a) (1,4,7-triazacyclo-
nonane-N-succinic acid-N',N'-diacetic acid), and
NODAGA (3b) (1,4,7-triazacyclononane-N-glutamic
acid-N',N"-diacetic acid) (Fig. 3). These compounds
exhibit high labeling efficiency and stability in vivo

[4, 39-42].

Other ligands NODAPA-OH (3d) and
NODAPA-(NCS), (3e, 3f) (n = 1-2), which
demonstrate  radioactive  labeling  efficiency

comparable to NOTA (3), are available due to an
economical and cost-effective synthesis scheme.
At pH 2.8, 85% of all tested ligands were

NODASA (3a)
NODAGA (3b)
p-SCN-Bn-NOTA (3c)
NODAPA-OH (3d)

o NODAPA-NCS (3e)
NODAPA-(NCS), (3f)

radiolabeled in 3 min at 45°C for NOTA (3) and
NODAPA-OH (3d) and at 75°C for NODAPA-(NCS)
(3e, 3f). The stability of the corresponding ®Ga
complexes was in the same range as the related
NOTA, with less than 2% activity loss after 3 h in a rat
plasma study. The possibility of using NODAPA-NCS
(3e) was also demonstrated by conjugation
with L-lysine and glucosamine with a yield of
65%-73% [5].

Another approach to the creation of multimeric
TACN-based radiopharmaceuticals is N,N',N"-trisubstituted
BFC PrP9(TRAP) (3g) (Fig. 4) (1,4,7-triaza-
cyclononan-1,4,7-tris[methyl(2-carboxyethyl)
phosphinic acid) wusing methyl(2-carboxyethyl)
phosphinic acid [6].

In accordance with the crystal structure, the
PrP9 (3g) ligand encapsulates the ®Ga(III) cation
with an N,O, donor distorted in an antiprismatic
manner due to the amino groups of the macrocycle
and side arms of the deprotonated phosphinic
acid. Careful analysis of the Ga-PrP9 bond angles,
which are close to a perfect octahedron, shows
that the Ga-PrP9 complex is less constrained than
its structurally related counterparts Ga-NOTA and
Ga-NODASA, resulting in the cavity formed by

R =CH,COOH,R, =R,=R, =H
R = CH,CH,COOH, R, =R, =R, =H
R,=R,=R,=H, R, = p-Ph-NCS

R =p-Ph-OH,R, =R,=R, = H

R =p-Ph-NCS, R, =R, =R, =H
R=R, = p-Ph-NCS, R, =R, = H

Fig. 3. Structural analogues of NOTA (3).
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PrP9 (3g) being a good fit for Ga(Ill) coordination
[32, 39]. Since adjacent carboxylic acid functional
groups are not coordinated to the metal center,
they can serve as connection points to targeting
vectors. The thermodynamic stability constant
(log B,) of 26.24 is high enough for radiopharma-
ceutical applications. Ligand PrP9 (3g) additionally
exhibits selectivity for small cations similar to that
of NOTA (3), while the constants of formation of
complexes with Cu(Il) and Zn(II) are 10 orders of
magnitude lower than those of the corresponding
complex Ga(Ill). The %Ga radiolabeling yields for
PrP9 of over 95% were achieved within 5 min at
60°C in the pH range 1-5. The functionalization of
carboxylic acid side chains did not significantly affect
the labeling efficiency. A unique feature of PrP9 is
the ability to give high labeling yields at very low pH.

Another phosphorylated analogue of NOTA,
NOPO (Fig. 4a, 3h) also exhibits exceptional
selectivity to Ga(Ill), demonstrating a high
proportion of gallium incorporation even in a
medium containing a large quantity of other
metal impurities [7]. In addition, this chelator
is characterized by efficient complex formation
even at room temperature and low concentrations
(1-10 uM).

A derivative of phosphonic acid H/NOA2P
(3i) (1,4,7-triazacyclononane-N,N'-bis(methylene-
phosphonic acid)-N"-methylenecarboxylic acid)
(Fig. 4a) belongs to the class of triazacyclic ligands.
Its high binding constant with “Ga log B, = 34.44
surpasses NOTA (3) and DOTA (1). However,
the radiolabeling of such a structure occurs quite slowly
at 95°C for 30 min. The stability of this complex

PrP9 (TRAP), 3g: R, = R, = R, = P(O)(OH)CH,CH,COOH,

NOPO, 3h: R, = R, = CH,P(0)(OH)CH,OH,
R, = CH,P(0)(OH)CH,CH,COOH,
HNOA2P, 3i: R, = R, = P(O)(OH)
R, = COOH.

29

a

at pH 7.4 is somewhat higher than that of Ga(Ill)
with transferrin. With regard to biological activity,
it has been established that, despite the rather
high stability of HINOA2P (3i) in vivo, it is quickly
excreted from the body by the kidneys. Nevertheless,
the possibility of more efficient binding to peptides
or octreotide for similar structures containing two
methylenephosphonic groups has been noted. This
demonstrates the potential for a more detailed study
of the bioconjugation of such complexes in living
systems [8].

Hexadentate chelators based on 6-amino-1,4-
diazepine triacetate (DATA, 4) form octahedral
complexes with Ga(IIl) (Fig. 5).

For all four chelators, the radiochemical yield was
quite high for 10 min. For DATA™ (4a) and DATAM
(4b), they reached 97% and 93%; for DATAP™
(4¢) and DATA™ (4d), the yields were 93% and
84% after 1 and 10 min, respectively. The fact that
such complexes exist across a wide range of
temperatures and pH (4—7) makes them quite labile and
widelyapplicable for various bioconjugates, especially
if they are sensitive to the conditions of the
biological environment. The fairly wide spread
of lipophilicity for all four complexes is also
of great importance for individual distribution
in vivo, allowing a chelator for the vector to be more
accurately selected [10, 43, 44].

A macrocyclic chelator based on a chelating
agent, which was developed two decades ago,
has recently been tested for radiopharmaceutical
purposes [45]. Ligand p-NO,-Bn-PCTA (5) (PCTA
(5a) = 3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-
1,11,13-triene-3,6,9-triacetic acid) (Fig. 6) is based

C33

c20 c21 c23

0232

Fig. 4. (a) Structures of PrP9 TRAP (3g), NOPO (3h), and HNOA2P (3i);
(b) crystal structure of PrP9 (TRAP) (3g) with gallium [6].
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1) OH o
j ' R1R2
R, N OH
N R, =H, R,, = CH, DATA* (4a),
Rs N R,s; = CH,, R, = H DATA" (4b),
R, =H, R, =CH,, R, = Ph DATA"™ (4c),
R, R,, = H, R, = Ph DATA™ (4d)
OH
(0]
4
Fig. 5. DATA (4) and its analogues.
F X
S | | 2
N COOH
HOOC COOH HOOC
HOOC HOOC
N02
5 5a
Fig. 6. p-NO_-Bn-PCTA (5).

on a 12-membered tetraaze macrocycle containing
a pyridine group with a p-nitrobenzyl substituent,
which can be converted to an isocyanide for attachment
to a targeting vector [46].

The lower thermodynamic stability (log B, = 19.37)
of complexes of PCTA (5a) with metals can be
attributed to their lower overall basicity as compared
with the corresponding DOTA (1) complexes.
As a consequence, the competition between protons
and metal ions for PCTA (5a) is lower than for
DOTA (1), making PCTA (5a) the best ligand
over the entire pH range. In addition, PCTA was
found to have a much faster complexation than
DOTA (1) [46]. The p-NO,-Bn-PCTA ligand (5),
which demonstrated higher labeling efficiency compared
to p-NO,-Bn-DOTA (1a), achieved a radiochemical yield
of over 96% at pH 3 to 5 and room temperature.

The °"%Ga-p-NO,-Bn-PCTA complexes were
highly kinetically stable with little degradation or
loss of ¢’Ga following incubation for 24 h at pH 2.
In the presence of excess apotransferrin at 37°C,
%Ga-p-NO,-Bn-PCTA showed transchelation of
approximately 10% to protein within 4 h.

Sarcophagin-type BFCs (sarcophagin sar
3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane) were
originally developed for %Cu radiopharmaceuticals
but have recently been evaluated for ®Ga labeling
(Fig. 7a).

Metal complexes of this chelator type are
extremely stable due to the rigidity and encapsulating
nature of the cell’s amino ligand backbone. In the
crystal structure of the Ga(Ill)-(1-NH,-8-NH,)-sar
complex, the Ga(IIl) cation is six-coordinated with
the N, donor in a trigonally distorted octahedral
geometry [11].

For the conjugation of two cyclic RGD peptides
to target the o, integrin receptor, a diamsar
derivative with two glutamic acid residues conjugated
to primary amino groups through amide bonds
was studied [11]. In contrast to labeling with ®Cu,
which usually gives high yields at room temperature,
for labeling the ®*Ga bioconjugate, the diamsar-RGD
dimeric complex was heated at 85°C for 30 min.
However, a quantitative labeling with a yield
of more than 98% was achieved this way.
The ®Ga-labeled conjugate showed no transfer
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SarR=H (6)
Diamsar R = NH, (6a)
Diamsar DGA R = NH-CO—(CH,),—~COOH(6b)

Fig. 7. (a) The sarcaphagin-type BFC structure, (b) X-ray diffraction analysis results of diamsar (6a)
complex with gallium [11].

to apotransferrin for up to 2 h in an in vitro study,
but showed specific binding to the receptor in
vitro and demonstrated high selective tumor
uptake with predominantly renal clearance in
biodistribution and microPET imaging studies.

ACYCLIC CHELATORS

The macrocyclic effect generally results in
kinetically more inert and thermodynamically
more stable metal complexes of macrocyclic
chelators compared to acyclic ligands, making
macrocycle-based BFCs more attractive for
radiopharmaceutical  applications.  However,
the fairly successful in vivo acyclic chelators
are superior to their macrocyclic counterparts.
A significant advantage of acyclic ligands
is their faster metal binding, which leads
to fasterradioactive labeling, especially in the case
of shorter-lived radiometals such as **Ga [47, 48].

OH
R 0
Ho\n/\N/\/N\)LOH
o) R

HO

R=H HBED (7)
R = CH,CH,COOH HBED-CC (7a)

a

A representative ligand of this class is the
acyclic chelator HBED (N,N'-bis-(2-hydroxybenzyl)-
ethylenediamine-N,N'-diacetic acid) (7). Based
on an EDTA-type framework with two hanging
phenolic  branches, this ligand has recently
attracted increased attention in the development
of BFC for radiopharmaceutical applications (Fig. 8)
[14, 49].

When this ligand was developed in the
1950s, it was observed to form highly stable
complexes with Ga(Ill) (log B, = 38.51) [13]. The
acyclic bifunctional ligand HBED-CC (N,N'’-bis-
[2-hydroxy-5-(carboxyethyl)-benzyl]ethylene-
diamine-N,N'-diacetic ~ acid) (7a), which is
characterized by rapid and efficient radioactive
labeling at room temperature, has high in vivo stability;
for this reason, it is used for labeling thermosensitive
biomolecules [14, 15, 49]. An intact monoclonal
antibody (mAb) used as a model protein with
a recombinant diabody was consequentially
linked to HBED-CC (7a) [49]. ®®Ga binding

o)
HzC)k?_
e ,\aNi‘f;:'::=,='N-CHz
0ezl---- 1-0/‘—(
- 5
b

Fig. 8. (a) HBED (7) and HBED-CC (7a), (b) HBED complex (7) with gallium.
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to the HBED-CC-mAb bioconjugate gave
high radiochemical yields under mild
conditions. Complexation at pH 4.1 for 5 min at
40°C produced a 89% yield of radiolabeled
bioconjugate, as compared with diabody labeling,
which achieved a slightly lower yield of 85% in
a HEPES buffer at pH 4.5 and 40°C. Binding assays
showed that labeled ®Ga-HBED-CC did not
significantly affect the receptor binding of
the antibody and the diabody. In addition,
the acyclic BFC HBED-CC (7a) was evaluated
in a second comparative study with NOTA
(7a) [14]. HBED-CC (7a) was conjugated to
protein  via  activated  N-hydroxysuccinimide.
The protein used in this study was single
chain vascular endothelial growth factor (VEGF)
expressed with a cysteine containing fusion
tag(Cys-tag)forsite-specificconjugationof PEGylated
bifunctional chelating agents. The corresponding
bioconjugates HBED-CC (7a) and NOTA (3) were
labeled at pH 4.2 and room temperature. Under
these conditions, the HBED-CC conjugate (7a)
bound quantitatively (98.7%) within 4 min, while
the binding to NOTA (3) was 50%. To achieve
a comparable labeling result for NOTA (3), an
incubation of more than 10 min was required.

The HBED-CC (7a) and NOTA (3) conjugates
were highly stable, as it was demonstrated by
a long-term radiochemical study of human serum,
in which no decomplexation was observed after
72 h. In cell-to-cell binding studies with 293/KDR
cells, both radiolabelled bioconjugates showed
comparable binding with nearly identical K
values (0.67 for HBED-CC (7a) vs. 0.59 for NOTA
(3)), which are in excellent agreement with other
radiolabeled scVEGEF tracers. Biodistribution studies
of both indicators using ex vivo imaging and PET

X

I N P OH
7
HO SN N
I H/Y
2 R o)

R = H H,dedpa (8)
R = 1-methyl-4-nitrobenzene (8a)

in mice with tumor showed a similar distribution
pattern for both indicators, however, liver uptake
of the HBED-CC conjugate (7a) was markedly
lower than for the NOTA analogue (3). On the other
hand, the renal uptake of NOTA (3) was lower
compared to HBED-CC (7a).

A possible modification of HBED-CC (7a)
at propionic acid residues led to the creation of mono-
and bis-condensation products with 4-amino-N-(4-
((3-bromophenyl)amino)quinazolin-6-yl)
butanamide. MTT analysis of mono-andbis-condensed
products and their corresponding complexes showed
IC,, values below 70 uM in the A431 cancer cell
line, making them the first complexes of Ga(Ill)
with  quinazoline  derivatives  demonstrating
antiproliferative activity in the micromolar range
describedinliterature. Previousstudies ofquinazoline
analogues coupled to the DOTA (1) chelator and
labeled with “’Ga did not show any cytotoxicity
even at higher concentrations [15].

Pyridine chelators are actively developed,
one of the best examples being H2dedpa (8)
(6,6'-(ethane-1,2-diylbis(azandiylbis(methylene)
dipicolinic acid) (R = H) and its corresponding
precursor (R = 1-methyl-4 nitrobenzene) (8a) (Fig. 9),
which also belong to acyclic chelators [12].

The H,dedpa (8) ligand binds Ga(Ill) in a
distorted octahedral manner with two carboxylate
donor atoms, two pyridine ring nitrogens, and two
secondary amine N-donor atoms both in solution and
in the solid state, and forms Ga(Ill) complexes with
a high thermodynamic stability (log B, = 28.11). The
coupling of H dedpa (8) and its ®*Ga bioconjugate
precursor gave quantitative yields within 10 min at
room temperature. Once formed, the complex remains
intact up to 97% for 2 h in an in vitro transferrin
challenge experiment.

Fig. 9. (a) H,dedpa structure (8), (b) a crystal structure of H dedpa with gallium [12].
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OH HO

H,hox (9)

9

NH HN

OH HO

H,CHXhox (10)

Fig. 10. Structural formulas of H,hox (9) and H,CHXhox (10).

Increasing the degree of preorganization by adding
a trans-1,2-cyclohexanediamine backbone, such as
in Hhox (9) and H,CHXhox (10), results in an
increase in the kinetic inertness of the complex
(Fig. 10). This modification also resulted in a higher
thermodynamic  stability — of  [*Ga]H,CHXhox
compared to [*Ga]H,hox, and a superior stability
of ["™Ga]H,CHXhox at pH 1. Radiolabeling of
both Hhox (9) (5 min, 25°C, 1107 M, pH 8.5),
and H,CHXhox (10) (~1 min, A, 2.1-107° M,
pH 5) with ®®Ga chloride proceeded in a short period
of time and showed good in vivo stability along with
limited toxicity in vitro. Due to milder radiolabeling
conditions, these chelators are promising candidates as
BFC for biological vectors [35].

Tris(8-quinolinolate) gallium(I1I) (KP46)
(11) has been developed to provide high oral
bioavailability of gallium during cancer treatment.
In contrast to gallium(III) chloride, KP46 (11) shows
higher cellular uptake in rat glioblastoma cells,
causing a significant decrease in intracellular levels
of deoxyribonucleoside triphosphate [16].

Cl

\

O;

12

KP46 (11) is 10 times more active against
A549 human lung malignant adenocarcinoma
cells than gallium chloride, which exhibited dose-
and time-dependent cytotoxicity, while KP46
(11) cytotoxic activity was dose-dependent only.
These results suggested that the mechanisms
of action of gallium chloride and KP46 (11)
are different [50]. To evaluate the safety, toxicity
profile and pharmacokinetics of the drug, a phase |
trial of KP46 (11) was conducted in 2004. Seven
patients with advanced malignant solid tumors located
in the kidney, ovary, stomach, and parotid gland
were treated with KP46 (11). Oral administration
of KP46 (11) was effective in three out of four
patients with renal cell carcinoma. Studies have shown
that a long terminal half-life, high total clearance, and
a large apparent volume of distribution characterize
the pharmacokinetics of gallium [16, 51].

Its analogue, 5-chloro-8-quinolinol (12), can
also form a tris-coordinated structure, where nitrogen
and oxygen atoms coordinate the gallium atom
(Fig. 11).

Fig. 11. (a) 5-Chloro-8-quinolinone (12), (b) its crystal structure with gallium [52].
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This complex was tested for cytotoxicity
against A2780 ovarian cancer cells, MDA-MB-231
breast carcinoma (derived from a metastasis site),
HCT116 epithelial colorectal cancer cell line,
and MRC5pd30 non-cancerous human lung tissue
cells. The complex showed good activity against
a whole panel of cancer cell lines with IC,  values
in the low micromolar concentration range.
It exhibited potency comparable to clinically used
cisplatin in cisplatin-responsive A2780 cells,
but was significantly more active in cisplatin-
initially resistant colon and breast cancer cells,
including the difficult-to-treat, highly metastatic
MDA-MB-231 cell line. In addition, it showed a
clear selectivity for malignant tumor cells compared
to benign lung fibroblastoma (MRC5pd30) [52].

Dimethoxypyridine-3-carboxylic acid is also capable
of complexing with GaBu,—{GaBu,(u-DMP-kO:kO')],
(13), forming a tetracoordinate structure with a
distorted tetrahedral configuration, with two tert-butyl
groups and two different oxygen atoms of two different
metal-bound carboxylate ligands (Fig. 12).

The in vitro cytotoxicity of [Ga'Bu,(u-DMP-kO:kO')],
(13) against the HeLa human adenocarcinoma,
Fem-x human malignant melanoma, K562 human
myelogenous  leukemia, and MDA-MB-361
human breast carcinoma showed a dose-dependent
antiproliferative effect. The complex has a higher
cytotoxic activity against K562 compared to other
cell lines, indicating some preferential activity under
these conditions [53].

In a series of ligands based on 3-hydroxy-4-
pyridinone (GPO), the hexadentate chelator CP256

(R = acyl) (14a) and its bifunctional version YM103
(R = N-(3-amino-3-oxopropyl)-3-(2,5-dioxo-2,5-
dihydro-1H-pyrrol-1-yl)propane) (14b) showed
avery high labeling efficiency at room temperature with
a radiochemical yield of more than 98% within 5 min
at pH 6.5 (Fig. 13) [18].

In studies of the stability of the ®Ga-CP256
complex in human serum under control infection
with apotransferrin, neither decomplexation nor
transchelation was observed, which indicates its
high stability and inertness. PET imaging studies
using the C2Ac protein as a target vector, which
is analogous to the phosphatidylserine-binding
domain of synaptotagmin I, further confirmed
stability in vivo.

Another chelator based on hexadentate GPO,
NTP(PrHP), (14¢), is used as a metal-binding
agent for chelation therapy and may be suitable for
labeling °Ga biomolecules (Fig. 14) [54, 55]. The
NTP(PrHP), ligand (14¢) forms a hexacoordinate
complex with Ga(lll) with high thermodynamic
stability (log B, = 33.34), however, it has been shown
in titration experiments that at pH > 6 it changes
to a water-insoluble form, what should be explicitly
avoided in radiopharmaceutical applications. However,
the therapeutic concentrations at which this drug
can be used are an order of magnitude lower than
the concentrations that have a significant effect on
its solubility.

The radiochemical purity of the ¥’Ga-NTP(PrHP),
complex was more than 98%. Due to the ability
of NTP(PrHP), (14¢) to coordinate “’Ga in vivo,
its activity was investigated by co-administration

C16

Fig. 12. (a) [Ga'Bu,(u-DMP-kO:kO’)], (13), (b) its crystal structure with Ga'Bu, [53].
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R =H DPO (14),
R = acyl CP256 (14a),

R = N-(3-amino-3-oxopropyl)-3-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)propane YM103 (14b).

Fig. 13. DPO (14), CP256 (14a), and YM103 (14b).

14c

Fig. 14. (a) Structure of NTP(PrHP), (14¢), (b) XRD results of its complex with gallium [54].

of the ligand after injection of ®’Ga-citrate, which
causes a rapid clearance of “’Ga from blood, muscles,
and bones. In an additional biodistribution study
of the “Ga-NTP(PrHP), complex, no significant
differences in uptake and clearance were noted.
A study of the “’Ga-NTP(PrHP), complex, carried
out on Wistar rats, showed that it was mainly
localized in the blood, kidneys, and liver after
30 and 60 min with little or no absorption by other
organs. “’Ga-NTP(PrHP), was rapidly cleared from
the blood and only 2% of the administered dose
was present after 60 min. After 24 h, the complex
was largely eliminated from all tissues, with the

exception of the kidneys, where about 10% of the
original concentration was still present.

The deferoxamine (DFO) chelator (15) is
well known for its use in iron chelation therapy
(Fig. 15). The similarity of high-spin Fe(III) with
Ga(IIl) determines the ability of DFO (15) to form
complexes with Ga(Ill), which also have high
thermodynamic stability. The possibility of its
use as a BFC for gallium radioisotopes has been
proven in combination with peptides and small
molecules [20, 56, 57].

Ga labeling was effective, but the complex
was poorly retained in cells after antibody
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NCS

Df-Bz-NCS (15a)

Fig. 15. DFO (15) and Df-Bz-NCS (15a).

internalizationand,probably,afterbiotransformation.
Van Dongen et al. have addressed this issue:
he used BFC Df-Bz-NCS (p-isothiocyanatobenzyl-
desferrioxamine) (15a), which was conjugated
with the 7D12 nanobody against the epidermal
growth factor receptor (EGFR) (Fig. 15)
[21]. *¥Ga  labeling was achieved by
incubating the Df-bioconjugate at pH 7.2 for
5 min, followed by column purification. The
0807Ga-Df-Bz-NCS-7D12 conjugate was stable
in human serum with a radioactivity loss of less
than 2% at 2 h and 7% at 24 h. In biodistribution
studies, *®Ga labeled 7D12 nanobody showed high
uptake in A431 tumors. There was no significant
accumulation in other organs, with the exception
of the kidneys. In PET imaging studies, the tumor
was clearly visualized using %Ga-Df-Bz-NCS-7D12.

Bispidines (compounds based on the core of
3,7-diazabicyclo[3.3.1]nonane) (16) are widely
used chelators with a well-organized coordination
site (Fig. 16). They have been used to form
complexes with a range of metals, including radio-
active ones such as copper-64, whose complexes

have proven to be extremely inert. However, the use
of bispidines for the chelationof Ga(Ill) and, in
particular, °Ga, remained relatively unexplored
until recently [58].

Bispidine ligand (16) was first used for complex
formation with Ga(Ill) and was labeled with %Ga.
Despite its 5-coordinate nature, the resulting complex
is stable in serum for more than 2 h, showing
a ligand system well matched to the imaging
window of ®Ga PET. To show the versatility of the
bispidine ligand (16) and its potential use in PET,
a bifunctional chelator was conjugated to a porphyrin.
The resulting compound showed the same level
of serum stability as the unconjugated ®Ga complex.

The complexation of Ga(Ill) with bispidine (16)
was carried out at pH 4—4.5 and reflux. A radiochemical
yield of 89% was achieved at a ligand concentration
of 100 uM, while at 200 pM the yield was 94%
(Fig. 17).

In terms of complexation kinetics and
radiolabeling efficiency, bispidine (16) is not as
effective as NOTA (3) and the phosphine analogue
TRAP (3g), which can be labeled with a radioactive

Fig. 16. (a) Bispidine (16), (b) complex of bispidine with gallium (17) [58].
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Fig. 17. DUPA-B-Ala-KC18 (18).

isotope at much lower concentrations at 95°C or at
room temperature using large excess of ligand. A
similar trend is observed when compared with acyclic
ligands such as H,dedpa (8) and H.dpa (8b). These
differences are not surprising, since bispidine is a
pentadentate ligand, which is not optimal for Ga(IIl)
complexation in terms of kinetics, selectivity,
and thermodynamic stability.

However, based on observations of the behavior
of'analogous **Cu compounds, one can expect positive
results in terms of kinetic inertness when using a
bispidine framework. When evaluating radiochemical
stability, decomplexation was not observed for
2 h at 37°C, which proves the suitability of this
ligand for ®Ga-PET in vivo. In addition, it is
contemplated that radiochemical yields and
radiolabeling conditions can be further improved by
using other bispidine derivatives, in particular those
with a hexadentate coordination site [58].

A recently emerging class of chelators is
based on tris-(hydroxypyridinone) (THP) (17).
THP-peptide bioconjugates complex with ®Ga
rapidly and quantitatively at room temperature,
neutral pH, and micromolar ligand concentrations,
which makes them suitable for the synthesis
of PET radiopharmaceuticals. A bifunctional
chelator named THP-PSMA (17a) represents this class
of compounds. In THPPSMA (17a) there are three
groups of 1,6 dimethyl-3-hydroxy-4-pyridinone
and glutamate-urea-lysine. In additionto the

aforementioned advantages, the chelation process
with this %Ga ligand is not affected by the presence
of other metal ions such as Fe*". However,
8Ga-THP-PSMA showed lower absolute tumor
uptake compared to **Ga-PSMA-11 [59].

For this reason, a new conjugate was synthesized
containing 3-hydroxypyridin-4-one (17) and a fragment
of DUPA (18a) (2-[3-(1,3-dicarboxypropyl)-ureido]-
pentanedioic  acid), called DUPA-B-Ala-KC18
(Fig. 17). In DUPA-B-Ala-KC18 (18), DUPA
(18a) acts as a PSMA (prostate specific membrane
antigen) targeting moiety and KC18 (18¢) acts as
a Ga(IIl) chelating moiety; B-Ala (18b) was used as
a linker to separate the sefragments. The performed
studies have found that DUPA-B-Ala-KC18 (18) can
quickly form a stable complex with "*Ga*", which
implies that DUPA-B-Ala-KC18 (18) can be efficiently
labeled with *Ga [60].

Another promising class of ligands for gallium
are thiosemicarbazone derivatives, which have
potentially high antitumor activity. It was shown
that thiosemicarbazones in complex with Ga(lll)
inhibit the activity of ribonucleoside diphosphate
reductase (RDR) and have antiproliferative
properties. Due to its similarity to Fe(III), Ga(Ill)
affects the availability of intracellular iron, but
also interacts directly with RDR by competing with
iron for its binding site in the R2 subunit of the
enzyme. The combination of the central metal and
ligand, which are directed to the same molecular
target using different mechanisms of action, can
constitute a strategy for obtaining potent RDR
inhibitors in which the two structural components
exhibit a synergistic effect [61].

The reaction of 2-acetylpyridine *N-dimethylthio-
semicarbazone with GaCl, leads to the formation of
the complex [GaL, ][GaCl,] (KP1089) (Fig. 18). The
gallium atom in this compound is coordinated with
two nearly planar tridentate ligands. The coordination
polyhedron approaches an octahedron, where two
ligands are bonded to the gallium atom through
the nitrogen atom of the pyridine ring, the nitrogen
atom, and the sulfur atom of thiosemicarbazide [62].
The complex was tested for cytotoxicity against
human tumor cell lines SW480 (colon adenoma),
SK-BR-3 (breast adenocarcinoma), and 41M (ovarian
carcinoma) [62].

[GaL,][GaCl,] had a strong antiproliferative
effect at nanomolar concentrations in 41M, SK-BR-3,
and SW480 cells, and the cytotoxicity of the complex
was slightly higher against 41M cells than for free
thiosemicarbazone. Similar results were obtained
with SK-BR-3 and SW480 cells.

Alkylthiosemicarbazones (20a-d) (Fig. 19a)
modified at the N4 position and their complexes
with metals also exhibit significant anticancer
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b

Fig. 18. (a) 2-acetylpyridine *N-dimethylthiosemicarbazone (19) structure,
(b) crystal structure of [GaL,][GaCl,] [62].

activity. Upon modification of the methyl,
phenyl, and pyridyl groups at the R, position of
a-N-heterocyclic piperidylthiosemicarbazones, the
activity increases consistently. For a-N-heterocyclic
piperidylthiosemicarbazones (21a-c) (Fig. 19b), a
decrease in activity is observed upon modification of
the R, substituent in the H — methyl — ethyl series
at the position of the pyrazine fragment.

It is also important to note that a-N-heterocyclic
piperidylthiosemicarbazones (21a-¢) and their
complexes with gallium exhibit low toxicity
(IC,, > 30 pm) towards normal cells (MRC-5).

The results of a study of cellular Ga uptake
performed on the MCF-7 cell line showed that
complexes of thiosemicarbazone ligands with
gallium are easily absorbed by cells and thus have
a potentially high bioavailability. Regarding the
mechanism of anticancer activity, it was found that
these complexes have the ability to increase the
expression of the transferrin-1 receptor (TfR1) and
at the same time to suppress the expression of ferritin,
which leads, on the one hand, to an increase in
the intracellular concentration of iron and, on the
other hand, to a decrease in the possibility of its
deposition and causes toxic effects. In addition,
complexes of thiosemicarbazone ligands with
gallium showed a rather high ability to activate
apoptosis by acting simultaneously on several
proteins involved in the mechanism of its intracellular
activation. It was shown that both the parent
thiosemicarbazone ligands and, to a greater extent,
their complexes with gallium, are able to increase
the expression of caspases-3, -7 and -9, along with

an increase in the expression of cytochrome ¢ (cyt-c)
and apoptotic protease activating factor-1 (apaf-1),
which together cause irreversible cell apoptosis.
These experimental results indicate a great potential
for using Ga(Ill) complexes with thiosemicarbazone
ligands as effective anticancer drugs [63, 64].

2-Acetylpyridine- and 2-pyridinformamidiso
nicotinoylhydrazones HAPIH (22) and HPAmIH
(23) form a complex with Ga(Ill) in the form of a
zwitterion (Fig. 20). The hexadentate structure is
formed due to the coordination of Ga(IIl) with the
nitrogens of the pyridinium rings, free hydroxyls
and nitrogens of the enamine fragment, thereby
forming a zwitterionic structure.

HAPIH (22) and HPAmIH (23) were tested
against HL-60 (leukemia), MCF-7 (breast cancer),
HCT-116 (colorectal cancer), PC3 (prostate cancer)
and HEK-293 (non-malignant human embryonic
kidney cells). HAPIH (22) was most cytotoxic
against colorectal cancer cells IC,; = 1.6 uM. Also,
for HEK-293, both ligands turned out to be 25 times
less toxic compared to other cells of malignant
neoplasms [65].

The 2-acetylpyridine-7-isoquinoline thiosemi-
carbazone analogue (24) (Fig. 21) proved to be quite
effective in complex with Ga(IIl) as an antimalarial
drug against P. falciparum.

In addition, this complex was thirty-one times
more active against HCT-116 cells (carcinoma), four
times more effective against Caco-2 (adenocarcinoma)
and two and a half times more effective against
HT-29 (adenocarcinoma) by comparison with
etoposide after 72 h. The complex was found
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Fig. 19. (a) Structures of complexes of alkylthiosemicarbazones (20),
(b) structures of complexes of piperidylthiosemicarbazones with gallium chloride (21).
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Fig. 21. (a) N-(2-((7-chloroquinolin-4-yl)amino)ethyl)-2-(1-(pyridin-2-yl)ethylidene) hydrazinecarbothioamide (24),
(b) its complex with gallium nitrate.
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Fig. 22. Chemical structure of methylene diphosphonate
[*Ga]Ga-P15-041 (25).

to be non-cytotoxic compared to the benign
colonic fibroblast cell line (CCD-18Co), showing
IC,, = 11.81 + 1.42 mM after 72 h [66].

In one of the latest studies of BFC to gallium,
metastatic foci of prostate cancer were successfully
visualized using [®*Ga]Ga-P15-041 (25) (Fig. 22),
with the absorption in the lesion constantly
exceeding the background.

Dynamic image analysis of [**Ga]Ga-P15-041
uptake shows signal improvement relative to
constant background over time for tumors with
the highest uptake, but signal-to-noise ratio
analysis shows that imaging is optimal between
60 and 90 min post-injection. Dynamic and dosimetric
analyses show that [®Ga]Ga-P15-041-PET imaging
of prostate bone metastases in humans is possible,
but further studies are needed to refine the initial
results [67].

CONCLUSIONS

Over the past decades, tremendous progress
has been made in the development of metal-based
radiopharmaceuticals for PET, facilitating their
use in the early detection of diseases. Significant
progress has also been made in the development
of bifunctional Ga chelators that reliably
bind the corresponding metal center in vivo.
However, new BFCs should be developed with
caution, as increased stringency can reduce
labeling kinetics; therefore, higher temperatures
and longer reaction times are required to
achieve sufficient labeling yields. In addition
to macrocyclic BFC, in vivo stable *Ga complexes
formed with acyclic chelators have the advantage
of faster labeling kinetics, which is a key
factor given the short half-life of *Ga. Despite the

significant progress, the problem of correlating
the chemical structure of metal-based radiopharma
ceuticals with their behavior in vivo remains to be
solved. In this respect, comparative studies of
drugs that have an identical targeting vector but
include different BFCs may help further reveal
the effect of the metal chelate moiety on
pharmacokinetics. At the same time, the choice of
the BFC’s chelating fragment depends on the nature
and degree of oxidation of the radiometal. There
are many examples in literature showing that the
nature of the BFC metal complex (geometry,
lipophilicity, and total charge) plays a key role
in determining the biodistribution of target
radiopharmaceuticals.

Today, the main goal in the development of
metal-based radiopharmaceuticals is the selection
of effective bifunctional chelating agents,
whose system forms a radiometal chelate with
high thermodynamic  stability —and kinetic
inertness to maintain the label on the targeting
vector. The accumulation of radiometal in non-
target tissues should not only be minimized
in order to enhance image contrast, but also to
minimize patients’ exposure to radiation, which is
particularly important in the case of radiotherapy
applications.

Efficient and quantitative radioactive
labeling eases the introduction of new indicators
into clinical practice, allowing the preparation
of radiopharmaceuticals without the need for
additional purification.

Another important step for clinical translation
is the selection of BFC to adjust the polarity
and charge of the entire conjugate as a means
of optimizing the clearance pathway and
pharmacokinetics. For example, the clearance of a
radiopharmaceutical from the blood should be slow
enough to ensure optimal delivery to the target site,
butatthe sametimerapid enoughtoavoidunnecessary
radiation exposure. Thus, in orderto create a BFC with
high stability, efficient radioactive labeling kinetics
and favorable pharmacokinetics is required along
with a deep understanding of the radiometal
coordination chemistry.
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Abstract

Objectives. The study aimed to test the ethanol extracts of ten medicinal plants for xanthine
oxidase inhibitory activity.

Methods. The degree of xanthine oxidase inhibitory activity was determined by measuring the
absorbance spectrophotometrically at 290 nm, which is associated with uric acid formation.
The selected medicinal plants included Piper lolot C.DC. (Piperaceae), Pandanus amaryllifolius
R.(Pandanaceae), Brassica juncea L. (Brassicaceae), Piper betle L. (Piperaceae), Perilla frutescens L.
(Lamiaceae), Anacardium occidentale L. (Anacardiaceae), Polygonum barbatum L. (Polygonaceae),
Artocarpus Altilis P. (Moraceae), Vitex negundo L. (Verbenaceae), Annona squamosal L.
(Annonaceae), which were selected based on folk medicine.

Results. The results showed that the Piper betle L. has a strong ability to inhibit xanthine oxidase
with an IC,, value of up to 1.18 ug/mL, compared to allopurinol 1.57 ug/mL. Different parts of
Piper betle L. were compared and the leaves of Piper betle L. showed the best value for xanthine
oxidase inhibitory and antioxidant activity.

Conclusions. Piper betle L. showed the best potential for inhibition of xanthine oxidase among
ten medicinal plants. Piper betle L. leaf extract showed strong xanthine oxidase inhibitory and
antioxidant activity, compared to the whole plant, and the stem extract, which promises to be
applied in the treatment of gout.

Keywords: anti-gout, xanthine oxidase inhibitors, medicinal plants
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HAYYHAS CTATbA

CKpPHMHHUHT 3KCTPAKTOB JIEKAPCTBEHHbIX PACTEHU I
HA MHTHOMPYOIIYI0 AKTUBHOCTh KCAHTHHOKCH/IA3bl

A.K. Xa2~, 9 N.I1. Hryen!?, T.M. Ae!?

I Xumuro-mexHonozuueckuii ¢paxynemem, TexHonozuueckuii yHugepcumem XOoWUMUHQ,
268 Au TxwvloHz Kbem ya., 2. XowumuH, BeemHnam

?BvemHamcKkuli HayuoHanbHblll yHugepcumem, Pation Txéx, 2. XowumuH, Beemnam
*“Aemop o5 nepenucku, e-mail: hcanh@hcmut.edu.vn

AnHOMauus

Ienu. Hccnedosarue 6bL10 HANpasieHO HA NPOBEpPKY SMAHONbHBLIX dKcmpakmos decsimu
NleKapcmeeHHblX pacmeHull Ha UH2UOUMOPHYIO AKMUBHOCMb KCAHMUHOKCUOA3bL.

Memoost. CmeneHb uHzubupyroueli aKkmugHocmu KCaAHMUHOKCUOA3bL onpedensiu nymem
cnekmpogomomempuueckozo usmepeHust noaaouieHuss npu 290 HM, ebl3bleaemozo obpa-
308aHuem mouesoli Kucnomel. B cocmag omobpaHHbLX leKapCmeeHHblX pacmeHull 80U
nepeuy-nonom (Piperaceae), nanHdaH (Pandanaceae), zopuuya capenmckas (Brassicaceae),
6emens (Piperaceae), nepunna obsvikHogeHHas (Lamiaceae), kewwto (Anacardiaceae), KoHONS
(Polygonaceae), xnebroe depeso (Moraceae), npymusax kumatickuili (Verbenaceae), caxapHoe
sa60K0 (Annonaceae), omobpaHHble HA OCHO8E UX NPUMEHEHUS 8 HAPOOHOU MeOUlUHE.
Pesynemamet. Pesysnbmamsl nokasanu, umo bemensv obnadaem cCuibHOU cnocobHocmbsbro
uraubuposame KcanmuHorkcuoasy co sHaueruem IC,, 0o 1.18 mrz/mn no cpagHeHuro ¢
annonypurosnom 1.57 mre/ ma. Boiiu npogedeHbl Cpa8HEHUSL PA3IUUHBLX uacmell bemens, u
aucmost bemenst NOKA3ANU HAUAYyuwUue nokazameau uHaubuposaHuss KCAHMUHOKCUOA3bl U
AHMUOKCUOAHMHOU AKMUBHOCMU.

Buleoodvl. Gemenb nokasanl JAYywwuil NOMEHYUAN UH2UBUPOBAHUSL KCAHMUHOKCUOA3bL
cpedu decssmu leKapcmeeHHbLX pacmeHull. 9kempakm aucmuoveg bemesst NoOKA3al CUNbHOE
nooassieHue KCaHMUHOKCUOAassbl U AHMUOKCUOAHMHYIO AKMUBHOCMb NO CPABHEHUIO C UeslblMm
pacmeHuem u skcmpaxmom cmebss, Komopsble NPUMEHSIOMCSL NPU JleueHUU nooazpbol.

Knroueevnte cnosea: aHmunodaepa, quu6umopr KCCleuHOKZCLtdaS’bL, JlekapcmeeHHble pacmeHust

Mna yumuposanusn: Ha A.C., Nguyen Ch.D.P., Le T.M. Screening medicinal plant extracts for xanthine

oxidase inhibitory activity. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2022;17(2):131-139. https://doi.
org/10.32362/2410-6593-2022-17-2-131-139

INTRODUCTION the incidence from 0.3 to 6 cases per 1000 people

per year [3]. Xanthine oxidase (XO) inhibitors are

Gout is the most common inflammatory arthritis
characterized by hyperuricemia, arthritis, tophaceous
deposits, and renal calculi associated with a high
serum uric acid level [1]. The prevalence and
incidence of gout disease have increased annually due
to changes in diet and lifestyle, such as fast food, lack
of exercise, etc. [2]. Globally, the reported prevalence
of gout ranges from 0.1% to approximately 10%, and

the mainstay of the therapy to reduce serum urate
levels in patients with gout [4]. XO is an enzyme
involved in the purine metabolism of purine which
catalyzes the oxidation of hypoxanthine to xanthine
and of xanthine to the uric acid [5]. Inhibition of XO
helps to increase uric acid excretion and reduce uric
acid production, which reduces the risk of gout [6].
Allopurinol, a clinically available drug is widely
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used for the management of hyperuricemia in patients
with gout, was proved to have some adverse effects
consisting of hypersensitivity reactions, skin rash,
and gastrointestinal distress [7, 8]. For these reasons,
the search for alternative therapeutic strategies,
particularly those that involve the use of natural
products with low side effects, is gaining interest.
There is an increase in research, which investigate
medicinal plants that contain chemical constituents
with potential biological activity for the treatment of
diseases, including gout treatment [9].

Vietnam is home of about 12000 species of
greatly appreciated plants and about 36% of which
have medicinal properties [10]. Some plants and their
phytochemicals are worth investigating as possible
inhibitors, of XO inhibition as they have been
used as food or food supplements for many years
and found to be safe for human bodies [11]. Many
medicinal plants have traditionally been used in folk
medicine to treat a variety of complications such
as gout. In fact, several plants have been reported
in pharmacopeia as antigout products, and most of
them have demonstrated this activity experimentally.
However, these plants are underutilized and require
additional research to confirm this effect. Therefore,
this work aimed to identify medical plants with
antigout potential of Piper lolot C.DC., Pandanus
amaryllifolius R., Brassica juncea L., Piper betle L.,
Perilla frutescens L., Anacardium occidentale L.,
Polygonum barbatum L., Artocarpus Altilis P., Vitex
negundo L., Annona squamosal L. by evaluation of
the in vitro XO inhibitory activity of them. The total
phenolic and flavonoid content of the tested extracts
was also determined, identifying the importance of
these compounds as XO inhibitors.

MATERIALS AND METHODS

Materials and Chemicals

The leaves or whole plants samples of ten plants
(Table 1) were collected in An Giang province,
Vietnam, in February 2020, during dry season which
is appropriated for harvesting these plants. They were
washed for removing residue of some plant and dust,
then dried under natural air flow in shadow until the
moisture content diminished to 12% and then grounded
and stored in a sealed bag for further use. The plants
were authenticated by the Department of Ecology
and Evolutionary Biology, Faculty of Biology and
Biotechnology, Ho Chi Minh City University of Science,
Vietnam National University.

Absolute ethanol (C,H,OH), methanol (CH,OH),
sodium nitrite (NaNO,), sodium carbonate (Na,CO,),
sodium hydroxide (NaOH), aluminum chloride (AICL,),
dimethyl sulfoxide (DMSO), ferric chloride (AICL,),
diclofenac sodium and other reagents of analytical

grade were obtained from Merck (Darmstadt, FR,
Germany). Folin-Ciocalteu’s reagent, quercetin,
xanthine oxidase (XO) (4.5 U/mL, from bovine milk),
xanthine, ascorbic acid, allopurinol, 1,1-Diphenyl-2-
picrylhydrazyl (DPPH), and gallic acid (GA) were
provided by Sigma-Aldrich (Singapore).

Preparation of plant extract

The dried plant powder (20 g) was extracted at
45°C in absolute ethanol for 45 min with the 10:1 mL/g
solvent-to-sample ratio. Subsequently, the extract
was filtered by vacuum filtration, and the filtrate was
concentrated by a vacuum rotary evaporator (BUCHI,
USA) to remove excess solvent.

Qualitative phytochemical screening

Phytochemical screening of the of medicinal plant
extracts was used to determine the presence of bioactive
compounds: polyphenols, flavonoids, alkaloids, and
tannins [12—14].

Determination of total polyphenol content

The polyphenol concentration in the extracts was
determined by the Folin—Ciocalteu’s assay with slight
modification [15]. In summary, 40 pL of the diluted
extract at different concentrations was thoroughly mixed
with 200 puL of Folin—Ciocalteu’s reagent. The mixture
was kept for reaction for 5 min at 25°C, followed
by the addition of 600 uL of Na,CO, 20 w/v % and
3160 pL of distilled water. The mixture absorbance was
measured at the 760 nm wavelength using a Genesys 10S
UV-vis Spectrophotometer (Thermo Fisher Scientific,
USA). Total polyphenol content was determined in
milligram of gallic acid equivalent per gram of sample
(mg GAE/g). The calibration curve for gallic acid
was created to calculate the phenolic content as the
following equation: y = 0.0013x — 0.0262 (R? = 0.994)
where y is the absorbance and x is the concentration as
gallic acid equivalents (mg GAE/mL).

Determination of total flavonoid content

The concentration of polyphenols in the
extracts was quantified using the aluminium chloride
colorimetric assay method [16]. Briefly, 0.5 mL of the
extract dissolved in methanol was mixed with 2 mL of
distilled water and then 0.15 mL of NaNO, 5%. The
mixture was incubated for reaction in 5 min, followed
by the addition of 0.15 mL of 10% AICI,. Then, 1.0 mL
of NaOH 1M and 1.2 mL of distilled water were added.
The absorbance of the mixture was measured at the
425 nm wavelength. The number of total flavonoids was
shown as milligrams of Quercetin equivalents per gram
of sample (mg QUE/g), using quercetin to perform the
calibration curve: y = 0.001x — 0.0048 (R* = 0.9986)
where y is the absorbance and x is concentration as
quercetin equivalents (pg/mL).
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Table 1. Phytochemical screening results from leaf extract of ten plants

Medicinal plants Plant part used Bioactive compounds
Polyphenols Flavonoids Alkaloids Tannins
Piper lolot C.DC. Whole plant + + - +
Pandanus amaryllifolius R. Leaves + + ++ +
Brassica juncea L. Whole plant + + + +
Piper betle L. Whole plant ++ + - ++
Perilla frutescens L. Leaves ++ + + ++
Anacardium occidentale L. Leaves ++ ++ - ++
Polygonum barbatum L. Leaves ++ ++ - ++
Artocarpus altilis P. Leaves ++ ++ + ++
Vitex negundo L. Leaves + + + +
Annona squamosal L. Leaves ++ ++ ++ ++

— Not detected, + Slightly positive reaction, and ++ Strong positive reaction

In vitro XO inhibitory activity assay

XO enzyme catalyzes the conversion of
hypoxanthine and xanthine into uric acid, a direct cause
of gout [5]. XO inhibitory activity assay is widely used
to determine the anti-gout activity of the plant extracts
[17]. In this study, XO inhibitory activity of the extract
was determined using an in vitro assay with slight
modification to the Abd El-Rahman and Abd-ELHak
method [18].

The assay was carried out on a 48-well plate. The
reaction mixture included 250 pL extract in DMSO,
5% 175 pLsodiumphosphatebuffer(pH7.5)and 150 L
enzyme (0.2 units/mL of XO in phosphate buffer). The
mixture was incubated for 15 min at 37°C. Afterward,
300 pL of xanthine (mM) and incubated for 30 min at
37°C. The reaction was stopped with the addition of
125 pL HCI 1M. The absorbance was measured at
290 nm by Genesys 10S UV-Vis Spectrophotometer
(Thermo Fisher Scientific, USA). Allopurinol was
used as a positive control. The assay mixture without a
sample was used as a negative control. XO inhibitory
activity was expressed as the percentage inhibition of
XO and calculated by Eq. 1:

Ablank - Asample x 100%

blank

XO inhibition = (1)

with 4, is the absorbance at 290 nm of blank, 4 is

the absorbance at 290 nm of the sample.

sample

DPPH radical scavenging activity

The free radical scavenging activity of the extracts
was determined using the DPPH radical in methanol.
The assay was carried out with a slight modification
to the Sharma and Bhat method [19]. In the methanol
solution, DPPH had a purple color that gradually
changed to a yellow color in reaction with antioxidants.
Briefly, 180 pL of DPPH in methanol was mixed
with 120 pL of sample in the methanol at different
concentrations. The reaction mixture was homogenized
thoroughly by a vortex machine and kept in the dark
at 25°C for 30 min. Ascorbic acid (Vitamin C) and
methanol were used as the positive control and negative
control, respectively. The absorbance of the mixture
was measured at 517 nm using a Genesys 10S UV-Vis
Spectrophotometer (Thermo Fisher Scientific, USA) to
calculate the percentage of inhibition as follows:

DPPH radical scavenging activity =
A

_ control Asample x 100%

control

©)

where 4 is the absorbance of the negative control,
and 4

ole is the absorbance of the test solution.
Statistical analysis

All experiments were carried out in triplicate and the
data were expressed as mean+standard deviation (SD).
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RESULTS AND DISCUSSION

Phytochemical screening of medicinal plant extracts

Many natural compounds have shown the anti-XO
enzyme ability such as polyphenols, flavonoids,
alkaloids, tannins, etc [20]. The phytochemical screening
of ten plants was carried out to identify the bioactive
compounds, and the result is shown in Table 1. All
extracts have the presence of flavonoids, polyphenols,
and tannins with different quantities. All plants have the
presence of alkaloids except Piper lolot C.DC., Piper
betle L., Ancardium occidentale L., and Polygonum
barbatum L. The presence of these diverse bioactive
compounds indicated the potential for various biological
activities. Polyphenols, which are secondary metabolites
produced by higher plants, have a variety of biological
effects, including antioxidant, anti-inflammatory, anti-
carcinogenic, and anti-gout [21]. Flavonoids have
the inhibitory activity of various enzymes, such as
XO, peroxidase, and nitric oxide synthase, which are
involved in the production of free radicals, resulting
in less oxidative damage to macromolecules [22].
Tannins, water-soluble polyphenols, have a variety of
in vitro bioactivities, the most well studied of which are
antimicrobial and antioxidant properties [23]. Alkaloids
show strong biological effects on human organisms,
especially anti-inflammatory while inflammatory is
the most popular gout symptom [24]. Preliminary
phytochemical screening shows the potential of
medicinal plants for gout treatment.

Total polyphenol content, total flavonoid content,
and XO inhibitory activity of plant extracts
Polyphenols and flavonoids are considered the

main bioactive chemical constituents and are found
ubiquitously in plants [25]. Therefore, the total
polyphenol content (TPC) and total flavonoid content
(TFC) of the extracts were determined and the results
are described in Table 2. The TPC of the three sample
extracts ranged from 32.13 to 427.89 mg GAE/g, while
the TFC ranged from 50.34 to 605.81 mg QUE/g.
The Piper betle L. had the highest value of both TPC
(427.89 mg GAE/g) and TFC (605.81 mg QUE/g).
The significant value of TPC, and TFC which higher
around 13-19 times than the lowest values. Therefore,
Piper betle L. was predicted to show high potential in
inhibiting XO inhibition because XO inhibition of plant
extract may be related to TPC, TFC, and the chemical
structures of individual phenolic.

The XO inhibitory activity of ten plants was
also presented by their IC,  values, shown in Table 2.
Most medicinal plants have XO inhibitory activity,
ranging from 1.18 pg/mL to 280 pg/mL. As expected,
Piper betle L. with the highest TPC and TFC showed
the best inhibitory activity of the XO inhibitory activity
with the lowest value of IC,  (1.18 pg/mL) which
was lower than allopurinol (1.57 pg/mL). The results
agree with one study reported on the XO that the IC,
value of Piper betle L. was 16.5 ng/mL compared to
the value of allopurinol, 6.16 pg/mL [26]. Artocarpus
Altilis P. showed a value of IC, of 32.31 pg/mL which

Table 2. TPC, TFC, and XO inhibitory activity of ten plants

Medicinal plants (mgT(ffE /g) (mgT(gI(J:E /g) IC,, (ng/mL)
Piper lolot C.DC. 73.56 +3.98 69.59 + 1.82 <10% * 300 pM?
Pandanus amaryllifolius R. 41.15+0.54 50.34+0.63 <50% x 300 uM*
Brassica juncea L. 32.13+0.49 78.68 +2.10 <20% * 300 pM?*
Piper betle L. 427.89+£3.52 605.81 + 11.60 1.18 £0.02
Perilla frutescens L. 104.62 +0.20 137.75 £ 3.01 88.04 +£2.83
Anacardium occidentale L. 122.78 £ 0.89 150.52 +3.99 81.21+£1.55
Polygonum barbatum L. 70.45+0.71 85.52+£2.93 113.94 +7.99
Artocarpus altilis P. 140.60 + 0.42 309.53 £ 1.58 32.31+1.08
Vitex negundo L. 75.80 £0.62 82.11 £2.90 280.00 +10.78
Annona squamosal L. 100.20 + 0.94 223.06 +4.75 72.03 £1.58
Allopurinol - - 1.57+0.01

“Inhibitory activity (%) at the highest tested concentration
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was about 30 times higher than Piper betle L. one when
the TPC and TFC values were approximately 2.7 and
1.7 times, respectively, lower than those of the Piper
betle L. In addition, Annona squamosal L., Perilla
frutescens L., Anacardium occidentale L., had IC
values ranging from 72.03 to 88.04 ug/mL. Polygonum
Barbatum L. and Vitex negundo L. had a value of IC,
greater than 100 pg/mL, which was in accordance
with their low TPC and TFC (<100 mg/g). Piper
lolot C.DC., Pandanus amaryllifolius R., and Brassica
juncea L. showed no inhibitory activity with the
inhibition percentage lower than 50% at 0.3 mg/mL.
The strong inhibitory activity of Piper betle L. XO was
predicted to be related to hydroxychavicol, which was
a phenolic compound identified in Piper betle L. and
found to be a more potent XO inhibitor than allopurinol
[27]. Out of ten plants, Piper betle L. was selected as
the most promising medicinal plant in XO inhibitory
activity, and the different parts of Piper betle L. were
surveyed for more details.

Study on the Piper betle L. different parts
In this study, the TPC, TFC, XO inhibitory
activity, and antioxidant activity of different parts
(stem, leaves, and whole plant) of the Piper betle L.

were determined to provide the basis for further
investigation of this plant (see Figure). The TPC
and TFC of leaf extract were the highest values of
437.12 mg GAE/g and 668.18 mg QUE/g, respectively,
and the stem extract had the lowest values of TPC
and TFC. Thus, the leaf extract showed the best
ability to inhibit XO with an IC,  value of 0.82 pg/mL
when compared to the value of the stem extract and
the whole plant extract, 2.62 pg/mL and 1.18 pg/mL,
respectively, and compared to allopurinol (1.57 pg/mL).
Moreover, the leaf extract also showed the most
potent antioxidant activity with the lowest
value of IC, of 4.21 ug/mL, which is lower than
that of ascorbic acid (5.92 pg/mL). In addition, several
studies showed similar results that the total amounts of
polyphenols and flavonoids of leaf extract were
higher than those of stem extract, and the antioxidant
activity of leaf extract was also better [28, 29].
Clinical evidence suggests that hyperuricemia could
be a significant risk factor for diabetes in gout
patients and therefore the pathogenesis of both acute and
chronic pancreatitis can be related to oxidative stress
[30, 31]. From these results, the leaf extract of Piper
betle L. promises to be a potential anti-gout agent and
used for the treatment of gout and its complications.
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Figure. (a) TPC and TFC, (b) XO inhibitory activity, and (c) antioxidant activity of different parts of Piper betle L.
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CONCLUSIONS

The present work evaluated and screened
medicinal plants for XO inhibitory activity. The extract
of Piper betle L. showed strong XO inhibitory activity
with an IC, value lower than allopurinol (1.57 pg/mL)
with high TPC and TFC. The Piper betle L. leaf was
the part of the Piper betle L. that showed the best
inhibitory activity and also antioxidant activity with an
IC,, value of 0.82 ng/mL and 4.21 pg/mL, respectively.
In summary, Piper betle L. leaf could be a good candidate
for future studies of this plant on the treatment of gout
and its complications.
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Abstract

Objectives. Evaluation of changes in the viral activity of influenza A/ WSN/33 after complex
knockdown of combinations of cellular genes FLT4, Nup98 and Nup205 in human lung cell
culture A549.

Methods. The work was carried out using the equipment of the Center for Collective Use of the
I Mechnikov Research Institute of Vaccines and Sera, Russia. The authors performed transfection
of combinations of small interfering ribonucleic acid (siRNA) complexes that cause simultaneous
disruption of the expression of cellular genes FLT4, Nup98, and Nup205. Within three days from
the moment of transfection and infection, the supernatant fluid and cell lysate were taken for
subsequent viral reproduction intensity determination using the titration method for cytopathic
action. The dynamics of changes in the concentration of viral ribonucleic acid (VRNA) was
determined by real-time reverse transcription polymerase chain reaction (real-time RT-PCR). The
nonparametric Mann-Whitney test was used to calculate statistically significant differences
between groups.

Results. Using all of the combinations of siRNA complexes, cell viability did not decrease below
the threshold level of 70%. In cells treated with complex FLT4.2 + Nup98.1 + Nup205 at the
multiplicity of infection (MOI) equal to 0. 1, a significant decrease in viral reproduction by 1.5 lg was
noted on the first day in relation to nonspecific and viral controls. The use of sSiRNA complexes at
MOI 0.01 resulted in a more pronounced antiviral effect. The viral titer in cells treated with siRNA
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complexes FLT4.2 + Nup98.1 and Nup98.1 + Nup205 decreased by 1.5 lg on the first day. In
cells treated with complexes FLT4.2 + Nup205 and FLT4.2 + Nup98.1 + Nup20S5, it decreased by
1.8 and 2.0 lg on the first day and by 1.8 and 2.5 lg on the second day, respectively, in relation
to nonspecific and viral controls. When conducting real-time RT-PCR, a significant decrease in
the concentration of VRNA was noted. At MOI 0.1, a 295, 55, and 63-fold decrease in the viral
load was observed with the use of siRNA complexes FLT4.2 + Nup98.1, Nup98.1 + Nup205, and
FLT4.2 + Nup98.1 + Nup205, respectively. On the second day, a decrease in vRNA was also
observed in cells treated with complex A. A 415-fold decrease in URNA on the third day was noted
in cells treated with complex FLT4.2 + Nup205. At MOI 0.01, the concentration of URNA decreased
9.5 times when using complex B relative to nonspecific and viral control.

Conclusions. The study showed a pronounced antiviral effect of siRNA combinations while
simultaneously suppressing the activity of cellular genes (FLT4, Nup98, and Nup205), whose
expression products are playing important role in the viral reproduction process, and obtained
original designs of siRNA complexes. The results obtained are of great importance for the creation
of emergence prophylactic and therapeutic drugs, whose action is based on the mechanism of
RNA interference.

Keywords: RNA interference, influenza A virus, gene expression, mRNA, small interfering RNA,
viral RNA
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AnHOomauyus

ITenu. OuyeHka usmeHeHusl supycHoli axmusHocmu epunna A/ WSN/33 nocne komnnexcHoz2o
HOKOayHa KombuHayull kiemouHblx 2eHo8 FLT4, Nup98 u Nup205 e Kysnbmype Jie20uHblX Kie-
mox uenosexa A549.
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Memoowst. Paboma 8blnoIHEeHA C UCNONb308aHUEM 000PYO08AHUSL UEeHMPA KOJLEKMUBHO20 NOJlb-
308aHust HayuHro-uccnedosamenbckozo uHcmumyma 8aKyuH U celeopomor um M.H. Meururxosa
(Poccust). Aemopamu 8btnonHanace mpaHcgekyus kombuHayuii komnnexcoe mMuPHK, evi3biea-
rouWUX 00HOBpPEeMEeHHOe HapyuleHue sKecnpeccuu kaemourvlx 2eHog FLT4, Nup98 u Nup205. B
meueHue mpex OHell ¢ MOMEeHMA MPAHCPEKYUU U 3aparxeHust NPoeoouscst ombop Haodocaoou-
HOU JKuoKoCcmu U K/lemouHo20 Au3ama Ot nociedyrouiezo onpedeseHuss UHMeHCU8HOCMmU 8U-
PYCHOU penpodyKyuu no memody mumpoeaHus no yumonamuueckomy oeticmauro. JJuHamury
U3MeHeHUsT KOHUeHmMpayuu eupycHoili puboHyrreurogoll kuciomel (6PHK) onpedensnu memo-
dom 06pamHOU MPAHCKPUNYUUU U NOAUMEPA3HOU UenHol peakyuu 8 peskume peaibH0o20 epe-
MmeHu (OT-IIL[P-PB). /Ins ebluucaeHuss cCmamucmuuecku 3HAQUUMbLX PAs3iudull Meskoy spynnamu
ucnoswv3osanu Henapamempuueckuii kpumepuii MaHHa-YumHu.

Pesynoemamet. [Ipu ucnonv308aHUU 8CeX KOMOUHAUUL KOMNIEKCO8 MAbLX UHMepgepupyro-
wux PHK (MmuPHK) >ku3HecnocobHocms Kiemok He CHUXKALACL HU Ke Nopo208020 YyposHst 8 70%.
B knemxax, obpabomaHHblx Komnaekcom FLT4.2 + Nup98.1 + Nup205 npu mHoxKecmaeHHOCMU
sapaxenust (Multiplicity of infection, MOI) 0.1 docmogepHoe CHUXKeHUe 8UPYCHOU penpodyKyuu
Ha 1.5 lg ommeuanocs Ha nepeble CYymrKuU NO OMHOUWEHUIO K Hecneyuguueckomy u 8UpycHomMy
Konmpoasm. Mcnoavzoearue komnaerxcos muPHK npu MOI 0.01 npugoduno K 6osee 8blparkeH-
HOMY NPOMUBOBUPYCHOMY d¢pperxmy. BupycHolli mump 8 Kiemkax, o6pabomaHHblX KOMNIEeK-
camu muPHK FLT4.2 + Nup98.1 u Nup98.1 + Nup205 cHurkancst Ha nepsvle cymrku Ha 1.5 Ig.
B rniemkax, obpabomaHHblx kKomnaekcamu FLT4.2 + Nup205 u FLT4.2 + Nup98.1 + Nup205
cHwkancst Ha 1.8 u 2 lg Ha nepeble cymku u Ha 1.8 u 2.5 lg Ha emopble cymKu coomeemcmeeH-
HO NO OMHOWEHUIO K Hecneyuguueckomy u eupycHomy rkoHmpoasm. Ilpu nposederuu OT-TIL[P-PB
omwmeueHo docmogepHoe CHU KeHue KoHyeHmpayuu supycHoti PHK. ITpu MOI 0.1 cHukeHue 8u-
pycHotii 8 295, 55 u 63 pasa ommeuancst npu ucnosbzosaruu Komnaerxcos MuPHK FLT4.2 + Nup98.1,
Nup98.1 + Nup205 u FLT4.2 + Nup98.1 + Nup205 coomeemcmeeHHo. Ha emopsle cymru cHuxe-
Hue supycHotli PHK maxike ommeuaniocs 8 Kiemrkax, 0opadomaHHblx komnaexcom FLT4.2 + Nup98.1.
Cruwxenue ePHK Ha mpemvbu cymku 8 415 paz ommeuanoce 8 kiemkax, 06pabomaHHbLX KOM-
nnexkcom FLT4.2 + Nup205. IIpu MOI 0.01 korHuermpayusi ePHK crHusunace 8 9.5 pas npu uc-
noanvsoearuu komnnerxca Nup98.1 + Nup205 omHocumenvbHO Hecheyuguueckozo U 8UpPYCHO20
KOHMPOSL.

Bwteooust. B xode uccredosarust 6bll NOKA3AH 8bPAsKEeHHbLI NPOMUBOSUPYCHBLIL aghpexm Kom-
6urayuii MuPHK npu 00HO8BpemeHHOM nooasleHuUu aKmueHocmu kaemouHvlx 2eHos (FLT4,
Nup98 u Nup205), ubu npodyKmsl sKCnpeccul uzparm ea’kKHoe yuacmue 8 npoyecce 8UPYCcHOU
penpooyKyuu, a makrke NoAYyueHbl OPpULUHAIbHbLE KOHCcmpykyuu komnaekxcoe MuPHK. ITony-
UEeHHble pe3ylbmambl UMerm 8ArKHOe 3HaueHUe 05t CO30AHUSL Npenapamog 0Nk SKCMpPeHHO
npogunaKkmuku u mepanuu, ube oeticmeue 0cHO8aHO Ha mexaHusme PHK-unmepgeperyuu.

Knroueewle cnoea: PHK-unmepgeperyusi, supyc spunna A, skcnpeccus eeHos, mampuuHas PHK,
Mmanele uHmepgepupyrowue PHK, supycras PHK

Jna yumuposanusa: Mamkos E.A., Koporeimesa M.O., [Tak A.B., ®aiizynoes E.b., Cunopos A.B., [Tognyoukos A.B.,

Boictpunkas E.I1., Iponuna O.E., Connuesa B.K., 3aiiuesa T.A., [Tamxkos E.II., beikoB A.C., CButuu O.A., 3Bepes B.B.
Hccnenoanue NpOTUBOIPUIIIO3HOM akTUBHOCTH KoMILlekcoB MUPHK nportuB kneTounsix renoB FLT4, Nup98 u Nup205 na
Mozen in vitro. Tonkue xumuyeckue mexuwonoeuu. 2022;17(2):140-151. https://doi.org/10.32362/2410-6593-2022-17-2-140-151

INTRODUCTION

The influenza virus is the cause of the most
common anthroponotic infections affecting the
upper respiratory tract. According to the World
Health Organization, in 2021, up to 1.2 billion of
new cases of influenza infection, up to 5 million
cases of severe illness, and up to 650000 deaths were

observed worldwide'. Influenza A virus, which has
high clinical significance and significant pandemic
potential, poses an increased threat to global health
[1]. Additionally, influenza complications can affect
organ systems such as the central nervous,

' https://www.euro.who.int/ru/media-centre/events/
events/2021/10/flu-awareness-campaign-2021
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genitourinary, and cardiovascular systems. The risk
of developing bacterial and fungal post-influenza
complications is also no exception [2-5].

The continued threat of new epidemics and
pandemics demonstrates that the progress made in the
development of health infrastructure, even in the most
developed countries, does not guarantee the protection
of the population from newly emerging infections
[6]. It is known that during outbreaks of bacterial
infections, the answer to such challenges is sought
in the development of new variants of antibacterial
drugs. In the case of viral infections, today there
are practically no approaches for the emergency
development and creation of drugs. Some examples
of the successful solution of this problem (human
immunodeficiency virus protease inhibitor Lopinavir
for the treatment of human immunodeficiency virus
(HIV) infection; inhibitors of non-structural protein
5B—Sofosbuvir, Dasabuvir—for the treatment of
infection caused by the virus hepatitis C) show that
the development of emergency targeted antiviral
drugs takes a long time, and the high cost of
development makes them inaccessible for widespread
use [7-9].

In parallel with this, the use of many
anti-influenza drugs aimed at the therapy and
prevention of this infection does not bring the
desired result due to the fact that new viral strains
resistant to these drugs are detected annually [10].
Modern vaccines also do not guarantee complete
disease protection, since they do not always cause
a sufficient immune response, against which
the acquired immunity lasts only 6 months [11].
It should be borne in mind that influenza vaccines
must be recycled every year, since new influenza
virus strains appear every year, which reduces
the effectiveness of previously created vaccines.
In addition, vaccination is difficult for people who
are allergic to egg white, as well as for people with
immunodeficiency [12—15]. In summary, the creation
of a universal platform for the rapid development
of cost-effective and safe therapies for viral
infections is of obvious relevance for ensuring
human safety since this will allow creating approaches
to control the circulation of influenza viruses
pathogenic to humans.

Ribonucleic acid (RNA) interference (RNAI,
RNAi) is a sequence of regulatory reactions
in eukaryotic cells caused by a foreign double-
stranded RNA molecule. The mechanism of
RNA interference is the separation of exogenous
double-stranded RNA into small sequences by
Dicer endonuclease, which are small interfering
RNAs (siRNAs). After that, siRNA binds to
the RNA-induced gene shutdown complex
(RNA-induced silencing complex or RISO),

which  includes three proteins:  Argonaut-2
(Ago2), the cellular protein activator of protein
kinase R or protein activator of the interferon-
induced protein kinase (PACT), and the transactivation
response element RNA-binding protein (TRBP).
The resulting complex degrades the target matrix
RNA (mRNA) [16, 17].

To date, there is a trend towards the creation
of drugs based on the RNA interference mechanism.
Patisiran and Givosiran, which are used in the
treatment of genetically determined diseases—
amyloid polyneuropathy and acute hepatic
porphyria—have already received approval for
clinical use [18, 19]. There are also a number of
antiviral drugs in various stages of clinical trials
for the treatment of hepatitis C, respiratory syncytial
virus (RSV) infection, and HIV infection [20, 22].

It should be kept in mind that one of the main
factors that reduces the antiviral activity of RNA
interference is the ability to “escape” from siRNAs
specific to viral genes [23]. In view of this, the most
important feature of the applied approach based on
RNA interference inducers, which makes it possible
to avoid the emergence of resistance of the virus
to therapy, is the simultaneity of the therapeutic
effect and the multiple targets of the destructive
effect of synthetic oligonucleotides on the host cell
transcripts, which are vital for the reproduction
of the virus.

Since the antiviral effect of a single knockdown
of cellular genes using siRNA was previously shown
[24, 25], the purpose of this study is to experimentally
substantiate and evaluate the effectiveness of the
simultaneous knockdown of two or more cellular
genes (FLT4, Nup98, and Nup205) in order to reduce
the reproduction of the influenza A/WSN/33 virus
(HINT) in A549 cell culture.

MATERIALS AND METHODS

siRNA
The selection of siRNAs was carried out using
the siDirect 2.0 resource. Oligoribonucleotides

(Syntol, Russia) were diluted with water to a
concentration of 100 pmol/uL. Next, complementary
oligonucleotides (Syntol, Russia) were mixed,
incubated in a thermostat at 60°C for 1 min, then
cooled to room temperature. The prepared RNA
duplexes were stored at —80°C. All work with
finished duplexes was carried out using a cold
tripod. The sequences of the siRNAs used are
presented in Table 1. As a nonspecific control, siL2
siRNA was used, which is specific to the firefly
luciferase gene and does not affect the life cycle of
A549 cells.
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Table 1. siRNA sequences used in the work

siRNA

Sequence

FLT4.2

UGAAGUUCUGUUGAAAAAGdAdC
CUUUUUCAACAGAACUUCAdCdA

Nup98.1

AGUCUUUGUUUCAGAAAGCAGdC
GCUUUCUGAAACAAAGACUdCdA

Nup205

UCAAAAUCUUAUCAAGAAGAGAT
CUUCUUGAUAAGAUUUUGAdAAG

siL2 (nonspecific siRNA)

UUUCCGUCAUCGUCUUUCCATAT
GGAAAGACGAUGACGGAAAATAT

Virus

Influenza A/WSN/33 (HIN1) virus (St. Jude's
Children’s Research Hospital, USA) was used in the
work. Cultivation and determination of the virus titer
was carried out on a cell culture Madin-Darby Canine
Kidney (MDCK).

Cell culture

Cocker spaniel kidney cells MDCK (/nstitut
Pasteur, France) and human lung adenocarcinoma
cells A549 (ATCC, USA) were used in the work.
MDCK cells were grown in MEM medium (PanEco,
Russia) containing 5% Gibco fetal bovine serum
(ESC) (Fisher Scientific, New Zealand), 40 upg/mL
gentamicin (PanEco, Russia), and 300 pg/mL
L-glutamine (PanEco, Russia) at 37°C in a CO,
incubator. A549 cells were grown in DMEM medium
(PanEco, Russia) containing 5% ESC, gentamicin
40 pg/mL, and L-glutamine 300 pg/mL at 37°C in a
CO, incubator.

MTT test

The survival of A549 cells treated with
siRNA complexes was assessed using the
methylthiazolyltetrazolium bromide (MTT) test. On
days 1, 2, and 3 after transfection, 20 pL of MTT
solution at a concentration of 5 mg/mL (PanEco,
Russia) was added to the wells with cells of a
96-well plate and incubated at 37°C in an atmosphere
of 5% CO, for 2 h. Next, the culture liquid was
taken and added to the wells, 100 pL of isopropanol
(Sigma-Aldrich, USA) in each well. Using a plate
spectrophotometer  (Varioscan, Thermo  Fisher
Scientific, USA), the optical density of each well was
determined at 530 nm, considering the background
values at 620 nm.

Transfection of siRNA cells followed by infection

For transfection of siRNA complexes, A549
cells were seeded in 24-well plates at a seeding
concentration of 1:3. After the formation of 80% cell
monolayer, the cells were washed with phosphate-
buffered saline and serum-free Opti-MEM medium
(Thermo Fisher Scientific). Next, a mixture of
Lipofectamin 2000 (Thermo Fisher Scientific) and
Opti-MEM was added to the siRNA solution in
Opti-MEM medium and incubated at room temperature
for 20 min. The total concentration of each of the
four siRNA complexes required for gene knockdown
was 20 pmol/uL per well. The compositions of
siRNA complexes and their sequences are listed in
Tables 1, 2, and 3, respectively. After incubation, the
complexes were added to the cells. siL2 siRNA was
used as a nonspecific control. The cells were then
incubated at 37°C in a CO, incubator. After 4 h, the
culture medium was removed from all wells, except
for the negative control. Then, 0.5 mL of virus-
containing liquid with a multiplicity of infection
(MOI) of 0.1 and 0.01, consisting of DMEM medium,
0.001% tosyl phenylalanyl chloromethyl ketone
(TPCK) (Sigma-Aldrich, Germany), and 40 pg/mL
gentamicin was added. After that, the cells were
again placed in a CO, incubator. Over the next three
days, supernatant samples were taken for subsequent
titration and a cell lysate was taken to assess the viral
RNA (VRNA) concentration dynamics by real-time
reverse transcription polymerase chain reaction (real-
time RT-PCR).

VRNA detection

VvRNA was isolated from the cell lysate using
a Ribosorb kit (Helicon, Russia). The OT-1 reagent
kit (Syntol, Russia) was used to set up the reverse
transcription reaction. Changes in the concentration
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Table 2. Complex siRNA used in the work

Complex siRNA Composition of complex siRNA
Complex A FLT4.2 + Nup98.1
Complex B Nup98.1 + Nup205
Complex C FLT4.2 + Nup205
Complex D FLT4.2 + Nup98.1 + Nup205

Table 3. Primers for real-time RT-PCR of the influenza A virus (IAV) M-gene

Primer Sequence
IAV M F: GGAATGGCTAAAGACAAGACCAAT
TAV M R: GGGCATTTTGGACAAAGCGTCTAC
TIAV M Pr: FAM AGTCCTCGCTCACTGGGCACGGTG-BHQI

of VRNA were monitored by quantitative real-time
RT-PCR with a set of primers and probes for the
M gene of the influenza A virus (IAV) [26]. Real-
time polymerase chain reaction (PCR was performed
using a set of reagents for real-time PCR in the
presence of EVA Green dye and ROX reference
dye (Syntol, Russia). The working concentration of
primers and probes was 10 pmol/puL and 5 pmol/pL,
respectively. The real-time PCR reaction was carried
out in a DT-96 amplifier (DNA technology, Russia).
The temperature-time regime was 95°C—5 min
(1 cycle); 62°C—40 s, 95°C—15 s (40 cycles).
Primers and probes (Synthol, Russia) are presented
in Table 3.

Virus titration at the endpoint
of the cytopathic effect

The viral titer was determined by the extreme
point of the visual manifestation of the cytopathic
effect in the MDCK cell culture. MDCK cells
were seeded into 96-well plates at an inoculum
concentration of 1-10%cm? Two days later, the
nutrient medium was removed from the wells,
10-fold serial dilutions of the viral material were
added in a maintenance medium without trypsin, and
incubated for four days in a CO, incubator at 37°C.
On the fourth day, the titration results were visually
recorded under a microscope for the presence of
a specific cytopathic effect for the influenza virus
(change, deformation, detachment of dead cells from
the bottom of the well). Viral titer was calculated
from [27] and expressed as the decimal logarithm of
50% tissue cytopathic doses in mL (IgTCD

SO/mL)'

Statistical data processing

The statistical significance of the results obtained
was determined using the Mann—Whitney test. The
difference was considered significant at p < 0.01 and
p <0.05.

RESULTS

Effect of siRNA complexes on the survival
of transfected cells

The survival rate of A549 cells transfected with
siRNA was assessed for three days. By analogy
with [28], the survival threshold was set at 70%.
After 24 h, the viability of cells treated with
complexes C and D decreased by 15%—17%. On the
second day, the survival rate of cells treated with the
same complexes did not practically change, however,
the toxicity of complexes A and B for cells was
24% and 21%, respectively. On the third day,
cell survival rates practically did not change. The
survival rate of nontransfected cells was taken as
100%. Survival values were normalized to the mean
absorbance of nontransfected cells at each respective
time interval after transfection. The data obtained
is presented in Table 4.

Effect of siRNA complexes on virus titer

In order to assess the viral activity dynamics,
titration of the virus-containing liquid was carried
out on MDCK cells, which was taken within three
days from the moment the siRNA complexes were
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introduced into the A549 cell cultures. The data shown
in Fig. 1 indicates the ability of siRNA complexes
to reduce the reproduction of the influenza virus
in vitro. Figure 1a shows the decrease in viral titer at
MOI = 0.1. It was found that at this MOI value, the
use of the siRNA complex directed to the FLT4,
Nup98, and Nup205 genes led to a significant
decrease in viral reproduction by 1.5 1gTCD,, ~on
the firstday compared tosiL2 siRNA. Innontransfected
cell culture, virus titers increased over time, reaching
peak values at 48 and 72 h. The same was noted
in cells transfected with nonspecific siL2 siRNA.
Figure 1b shows that at MOI = 0.01, the viral titer in
cells treated with the A and B complexes significantly
decreased on the first day by 1.5 IgTCD,, = relative to
control (p < 0.05). The use of the C and D complexes
led to a significant decrease in viral titer by 1.8
and 2.0 IgTCD,,, ~on the first day and by 1.8 and
2.5 1gTCD,,,  on the second day (p < 0.05),
respectively, according to the controls compared.

Influence of siRINAs on the vRNA concentration

Figure 2 shows the effect of siRNA on vVRNA
concentration in vitro. To assess the change in the
concentration of VvRNA, real-time RT-PCR was
performed. Figure 2a shows that at MOI = 0.1, the
use of the A, B, and D complexes led to a significant
decrease in VRNA on the first day compared to
siL2 siRNA at 295, 55 and 63 times, respectively
(» < 0.05). On the second day, a 205-fold decrease
in VRNA was observed in cells transfected with the
A complex (p < 0.05). When using the C complex,

Table 4. Cell survival after siRNA transfection in %

a 415-fold decrease in VRNA was noted on the third
day (p <0.05). Figure 2b shows that the concentration
of VRNA in cells with MOI = 0.01 decreased by
9.5 times on the first day when using the B complex
(p < 0.05) compared with nonspecific control.

DISCUSSION

This work is a continuation of studies on
the evaluation of the antiviral activity of single
knockdowns of the above cellular genes by means
of siRNA, carried out by the authors earlier [21, 22].
A series of experiments was carried out to evaluate
the efficiency of simultaneous knockdown of several
cellular genes using siRNA complexes directed to
the FLT4, Nup98, and Nup205 genes. A pronounced
antiviral effect of siRNAs directed simultaneously
to several mRNAs of these genes was shown, and
data were obtained indicating a correlation between
a decrease in cellular gene expression and a decrease
in viral reproduction. To assess the effectiveness of
siRNA complexes, two methodological approaches
were used: virus titration by the cytopathic effect and
real-time RT-PCR, which were consistent with each
other. In addition to the effective gene expression
reduction, an important criterion for the use of
siRNAs or their complexes is their low effect on the
vital activity of cells as a result of knockdown of one
or more target genes.

It was found that siRNA compositions directed
simultaneously to the FLT4, Nup98, and Nup205
genes did not reduce cell viability below the

siRNA complex 1% day 2" day 3 day
Complex A 98 76 75
Complex B 97 79 73
Complex C 85 84 86
Complex D 83 78 81
siL2 (nonspecific) 98 84 95
K-(nontransfect.) 100 100 100
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Fig. 1. (a) Multiplicity of infection (MOI) = 0.1; (b) MOI = 0.01. Influence of siRNAs complexes
(A —FLT4.2+ Nup98.1; B— Nup98.1 + Nup205; C — FLT4.2 + Nup205; D — FLT4.1 + Nup98.1 + Nup205)
directed to the FLT4, Nup98, and Nup205 genes on the reproduction of the influenza virus
(on the graph, the data are given in log, ).
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Fig. 2. (a) Multiplicity of infection (MOI) = 0.1; (b) MOI = 0.01. The effect of siRNA complexes (A, B, C, and D)
on the concentration of VRNA (on the graph, the data are given in log, ).

threshold level of 70%, similarly to [28]. When
titrating the virus by the cytopathic effect, the
following decrease in viral activity was noted. At
MOI=0.1, a significant decrease in viral reproduction
by 1.5 1gTCD,, , was noted only when the D
complex was used on the first day with respect to
nonspecific siL2 siRNA. The best result was noted at a
multiplicity of infection of 0.01. Table 2 shows that at
MOI = 0.01, the viral titer in cells treated with the
A and B complexes significantly decreased on the
first day by 1.5 1gTCD,, relative to the control
(p < 0.05). The use of the C and D complexes led
to the significant decrease in viral titer by 1.8 and
2.0 IgTCD,,,  on the first day and by 1.8 and
2.5 1gTCD,,,  on the second day (p < 0.05),
respectively, compared with controls. According to
the results of real-time RT-PCR, there was a decrease
in the amount of VRNA in the cells treated with

complexes compared to controls. At MOI = 0.1, the
use of the A, B, and D complexes led to a significant
decrease in VRNA on the first day compared to
siL2 siRNA by factors of 295, 55, and 63,
respectively (p < 0.05). On the second day, a similar
effect was noted in cells treated with the A complex.
When using the B complex, a 415-fold decrease
in VRNA was noted on the third day. Table 4
shows that the concentration of vVRNA in cells with
MOI = 0.01 decreased on the first day by 9.5 times
when the B complex was used (p < 0.05) compared
with the nonspecific control. It should be noted
that the accumulation of VRNA is apparently
associated with the fact that a partial synthesis
of VRNA was carried out, but there was no assembly
of the virion. Against this background, the
accumulation of VRNA occurred in vitro. Similar
results were shown in the paper [29].
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CONCLUSIONS

Today, the issue of creating safe and effective
drugs for the treatment and prevention of influenza
and its complications is of great importance. In
the present study, the data were obtained that the
simultaneous knockdown of several cellular genes
that play important roles in the process of viral
endocytosis and nuclear import/export of VRNA using
the siRNA complexes significantly and effectively
reduced the reproduction of the influenza virus
in vitro. Effective suppression of viral reproduction
was noted when using the siRNA complex directed
to all three genes at once. This indicates that the
violation of viral reproduction simultaneously at
different stages leads to the great effect and, as
a result, to a decrease in viral activity. The results
obtained make it possible to recommend siRNAs
directed to cellular genes for research as potential
drugs for emergency prevention and treatment of
influenza in an animal model of infection. In parallel,
the results obtained contribute to the development
of principles for the rapid design and development

REFERENCES

1. Peteranderl C., Herold S., Schmoldt C. Human Influenza
Virus Infections. Semin. Respir: Crit. Care Med. 2016;37(4):487-500.
https://doi.org/10.1055/s-0036-1584801

2. Sellers S.A., Hagan R.S., Hayden F.G., Fischer
W.A. 2nd. The hidden burden of influenza: A review of the
extrapulmonary complications of influenza infection.
Influenza  Other Respir.  Viruses. 2017;11(5):372-393.
https://doi.org/10.1111/irv.12470

3. Koehler P, Bassetti M., Kochanek M.,
Shimabukuro-Vornhagen A., Cornely O.A. Intensive care
management of influenza-associated pulmonary aspergillosis.
Clin. Microbiol. Infect. 2019;25(12):1501-1509. https://doi.
org/10.1016/j.cmi.2019.04.031

4. RadziSauskiené D., Vitkauskaité M., Zvinyté K.,
Mameniskiené R. Neurological complications of pandemic
A(HIN1)2009pdm, postpandemic A(HIN1)v, and seasonal
influenza A. Brain Behav. 2021;11(1):e01916. https://doi.
org/10.1002/brb3.1916

5. Kalil A.C., Thomas P.G. Influenza virus-related
critical illness: pathophysiology and epidemiology. Crit. Care.
2019;23(1):258. https://doi.org/10.1186/s13054-019-2539-x

6. WebbyR.J., Webster R.G. Emergence of influenza A viruses.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 2001;356(1416):1817—1828.
https://doi.org/10.1098/rstb.2001.0997

7. Kirby B.J., Symonds W.T., Kearney B.P., Mathias A A.
Pharmacokinetic, Pharmacodynamic, and Drug-Interaction
Profile of the Hepatitis C Virus NS5B Polymerase Inhibitor
Sofosbuvir.  Clin. Pharmacokinet. 2015;54(7):677-690.
https://doi.org/10.1007/s40262-015-0261-7

of specific and effective antiviral siRNAs that can
be used to develop protection means against viruses
belonging to different taxonomic groups. This
technology should become highly universal and, in
the future, can enter the system of rapid response to
the emergence of new pathogenic viruses, pandemics,
and biological terrorism.

Acknowledgments
The authors are grateful to the Center for Collective Use
of the I.I. Mechnikov Research Institute of Vaccines and Sera.
The study was not sponsored.

Authors’ contributions

E.A. Pashkov, M.O. Korotysheva, A.V. Pak,
and Zaiceva T.A. - conducting the experiments;

E.A. Pashkov, E.P. Bystritskaya, Yu.E. Dronina,
and V.K. Solntseva — writing the text of the article and the
analysis of the obtained results;

E.B. Fayzuloev, A.V. Poddubikov, and
A.V. Sidorov —scientific editing;

E.P. Pashkov, A.S. Bykov, O.A. Svitich, and
V.V. Zverev — idea of the study, summary, and general
management.

The authors declare no conflicts of interest.

8. Gentile 1., Buonomo A.R., Borgia G. Dasabuvir:
A Non-Nucleoside Inhibitor of NS5B for the Treatment
of Hepatitis C Virus Infection. Rev. Recent Clin. Trials.
2014;9(2):115-123. https://doi.org/10.2174/1574887109666
140529222602

9. Magro P., Zanella I., Pescarolo M., Castelli F.,
Quiros-Roldan E. Lopinavir/ritonavir: Repurposing an old
drug for HIV infection in COVID-19 treatment. Biomed. J.
2021;44(1):43-53. https://doi.org/10.1016/j.bj.2020.11.005

10. Han J., Perez J., Schafer A., Cheng H., Peet N.,
Rong L., Manicassamy B. Influenza Virus: Small Molecule
Therapeutics and Mechanisms of Antiviral Resistance. Curr.
Med. Chem. 2018;25(38):5115-5127. https://doi.org/10.2174
/0929867324666170920165926

11. Castle S.C. Clinical relevance of age-related
immune dysfunction. Clin. Infect. Dis. 2000;31(2):578-585.
https://doi.org/10.1086/313947

12.Looi Q.H.,Foo J.B.,Lim M.T., Le C.F., Show P.L. How
far have we reached in development of effective influenza
vaccine? Int. Rev. Immunol. 2018;37(5):266-276. https://doi.
org/10.1080/08830185.2018.1500570

13. Pleguezuelos O., James E., Fernandez A., Lopes V.,
Rosas L.A., Cervantes-Medina A., Cleath J., Edwards K.,
Neitzey D., Gu W, Hunsberger S., Taubenberger J.K., Stoloff G.,
Memoli M.J. Efficacy of FLU-v, a broad-spectrum influenza
vaccine, in a randomized phase IIb human influenza challenge
study. npj Vaccines. 2020;5(1):22. https://doi.org/10.1038/
s41541-020-0174-9

14. Wang F., Chen G., Zhao Y. Biomimetic nanoparticles
as universal influenza vaccine. Smart Mater: Med. 2020;1:21-23.
https://doi.org/10.1016/j.smaim.2020.03.001

Toukue xuMmudyeckue TexHoaoruu = Fine Chemical Technologies. 2022;17(2):140-151

148


https://doi.org/10.1055/s-0036-1584801
https://doi.org/10.1111/irv.12470
https://doi.org/10.1016/j.cmi.2019.04.031
https://doi.org/10.1016/j.cmi.2019.04.031
https://doi.org/10.1002/brb3.1916
https://doi.org/10.1002/brb3.1916
https://doi.org/10.1186/s13054-019-2539-x
https://doi.org/10.1098/rstb.2001.0997
https://doi.org/10.1007/s40262-015-0261-7
https://doi.org/10.2174/1574887109666140529222602
https://doi.org/10.2174/1574887109666140529222602
https://doi.org/10.1016/j.bj.2020.11.005
https://doi.org/10.2174/0929867324666170920165926
https://doi.org/10.2174/0929867324666170920165926
https://doi.org/10.1086/313947
https://doi.org/10.1080/08830185.2018.1500570
https://doi.org/10.1080/08830185.2018.1500570
https://doi.org/10.1038/s41541-020-0174-9
https://doi.org/10.1038/s41541-020-0174-9
https://doi.org/10.1016/j.smaim.2020.03.001

Evgeny A. Pashkov, Maria O. Korotysheva, Anastasia V. Pak, et al.

15. Smith M. Vaccine safety: medical contraindications,
myths, and risk communication. Pediatr: Rev. 2015;36(6):227-238.
https://doi.org/10.1542/pir.36.6.227

16. McManus M.T., Sharp P.A. Gene silencing in
mammals by small interfering RNAs. Nat. Rev. Genet.
2002;3(10):737-747. https://doi.org/10.1038/nrg908

17. Pashkov E.A., Faizuloev E.B., Svitich O.A., Sergeev
0.V, Zverev V.V. The potential of synthetic small interfering
RNA-based antiviral drugs for influenza treatment. Voprosy
Virusologii = Problems of Virology. 2020;65(4):182—190 (in
Russ.). https://doi.org/10.36233/0507-4088-2020-65-4-182-190

18. Adams D., Suhr O.B. Patisiran, an investigational
RNAI therapeutic for patients with hereditary transthyretin-
mediated (hATTR) amyloidosis: Results from the phase 3
APOLLO study. Revue Neurologique. 2018;174(S1):S37.
https://doi.org/10.1016/j.neurol.2018.01.085

19. Zhao L., Wang X., Zhang X., Liu X., Zhang Y., Zhang
S. Therapeutic strategies for acute intermittent porphyria.
Intractable & Rare Diseases Research. 2020;9(4):205-216.
https://doi.org/10.5582/irdr.2020.03089

20. Van der Ree M.H., et al. Miravirsen dosing in chronic
hepatitis C patients results in decreased microRNA-122 levels
without affecting other microRNAs in plasma. Alimentary
Pharmacology &  Therapeutics. 2015;43(1):102—113.
https://doi.org/10.1111/apt. 13432

21. DeVincenzo J., et al. A randomized, double-blind,
placebo-controlled study of an RNAi-based therapy directed
against respiratory syncytial virus. Proceedings of the
National Academy of Sciences (PNAS). 2010;107(19):8800-8805.
https://doi.org/10.1073/pnas.0912186107

22. Qureshi A., Tantray V.G., Kirmani A.R., Ahangar A.G.
A review on current status of antiviral siRNA. Rev. Med.
Virol. 2018;28(4):1976. https://doi.org/10.1002/rmv.1976

23. Lesch M., Luckner M., Meyer M., Weege F.,
Gravenstein 1., Raftery M., Sieben C., Martin-Sancho L.,
Imai-Matsushima A., Welke R.W., Frise R., Barclay W.,
Schonrich G., Herrmann A., Meyer T.F., Karlas A. RNAi-based
small molecule repositioning reveals clinically approved
urea-based kinase inhibitors as broadly active antivirals.
PLoS  Pathog.  201918;15(3):¢1007601.  https://doi.
org/10.1371/journal.ppat.1007601

About the authors:

24. Pashkov E.A., Faizuloev E.B., Korchevaya E.R.,
Rtishchev A.A., Cherepovich B.S., Sidorov AV, Poddubikov A.V,
Bystritskaya E.P, Dronina Yu.E., Bykov A.S. Svitich O.A,
Zverev V.V. Knockdown of FLT4, Nup98, and Nup205
cellular genes as a suppressor for the viral activity of Influenza
A/WSN/33 (HIN1) in A549 cell culture. Tonk. Khim. Tekhnol.=
Fine Chem. Technol. 2021;16(6):476—489 (in Russ.). https://doi.
org/10.32362/2410-6593-2021-16-6-476-489

25. Pashkov E.A., Korchevaya E.R., Faizuloev E.B.,
Pashkov E.P., Zvereva T.A. Rtishchev A.A., Poddubikov A.V.,
Svitich O.A., Zverev V.V. Creation of model for studying the
antiviral effect of small interfering RNAs in vitro. Sanitarnyi
vrach.2022;1 (in Russ.). https://doi.org/10.33920/med-08-2201-07

26. Lee H.K, Loh T.P,, Lee C.K., Tang J.W., Chiu L.,
Koay E.S. A universal influenza A and B duplex real-time
RT-PCR assay. J. Med. Virol. 2012;84(10):1646—-1651.
https://doi.org/10.1002/jmv.23375

27. Ramakrishnan M.A. Determination of 50% endpoint
titer using a simple formula. World J. Virol. 2016;5(2):85-86.
https://doi.org/10.5501/wjv.v5.i2.85

28. Estrin M.A., Hussein I.T.M., Puryear W.B., Kuan A.C.,
Artim S.C., Runstadler J.A. Host-directed combinatorial RNAi
improves inhibition of diverse strains of influenza A virus in human
respiratory epithelial cells. PLoS One. 2018;13(5):¢0197246.
https://doi.org/10.1371/journal.pone.0197246

29. Piasecka J., Lenartowicz E., Soszynska-Jozwiak M.,
Szutkowska B., Kierzek R., Kierzek E. RNA Secondary
Structure Motifs of the Influenza A Virus as Targets for
siRNA-Mediated RNA Interference. Mol. Ther. Nucleic Acids.
2020;19:627-642. https://doi.org/10.1016/j.omtn.2019.12.018

Evgeny A. Pashkov, Postgraduate Student, Department of Microbiology, Virology and Immunology, .M. Sechenov First
Moscow State Medical University (Sechenov University) (8, Trubetskaya ul., Moscow, 119991, Russia); Junior Researcher, Laboratory
of Molecular Immunology, Federal State Budgetary Scientific Institution “I. Mechnikov Research Institute of Vaccines and Sera” (5A,
Malyi Kazennyi pereulok, Moscow, 105064, Russia). E-mail: pashckov.j@yandex.ru. https://orcid.org/0000-0002-5682-4581

Maria O. Korotysheva, Student, International School “Medicine of the Future,” .M. Sechenov First Moscow State
Medical University (Sechenov University) (8, Trubetskaya ul., Moscow, 119991, Russia). E-mail: trans.mutation@mail.ru.

https://orcid.org/0000-0001-7216-1266

Anastasia V. Pak, Student, Institute of Clinical Medicine, .M. Sechenov First Moscow State Medical University (Sechenov
University) (8, Trubetskaya ul., Moscow, 119991, Russia). E-mail: dennpk@gmail.com. https://orcid.org/0000-0003-4295-7858

Evgeny B. Faizuloev, Cand. Sci. (Biol.), Head of the Laboratory of Molecular Virology, Federal State Budgetary
Scientific Institution “I. Mechnikov Research Institute of Vaccines and Sera” (5A, Malyi Kazennyi pereulok, Moscow, 105064,
Russia). E-mail: faizuloev@mail.ru. https://orcid.org/0000-0001-7385-5083

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(2):140-151

149


https://doi.org/10.1542/pir.36.6.227
https://doi.org/10.1038/nrg908
https://doi.org/10.36233/0507-4088-2020-65-4-182-190
https://doi.org/10.1016/j.neurol.2018.01.085
https://doi.org/10.5582/irdr.2020.03089
https://doi.org/10.1111/apt.13432
https://doi.org/10.1073/pnas.0912186107
https://doi.org/10.1002/rmv.1976
https://doi.org/10.1371/journal.ppat.1007601
https://doi.org/10.1371/journal.ppat.1007601
https://doi.org/10.32362/2410-6593-2021-16-6-476-489
https://doi.org/10.32362/2410-6593-2021-16-6-476-489
https://doi.org/10.33920/med-08-2201-07
https://doi.org/10.1002/jmv.23375
https://doi.org/10.5501/wjv.v5.i2.85
https://doi.org/10.1371/journal.pone.0197246
https://doi.org/10.1016/j.omtn.2019.12.018
mailto:pashckov.j@yandex.ru
https://orcid.org/0000-0002-5682-4581
mailto:trans.mutation@mail.ru
https://orcid.org/0000-0001-7216-1266
mailto:dcnnpk@gmail.com
https://orcid.org/0000-0003-4295-7858
mailto:faizuloev@mail.ru
https://orcid.org/0000-0001-7385-5083

Investigation of the anti-influenza activity of siRNA complexes ...

Alexander V. Sidorov, Cand. Sci. (Biol.), Head of the Laboratory of DNA viruses, Federal State Budgetary Scientific
Institution “I. Mechnikov Research Institute of Vaccines and Sera” (5A, Malyi Kazennyi pereulok, Moscow, 105064, Russia).
E-mail: sashasidorov@yandex.ru. https://orcid.org/0000-0002-3561-8295

Alexander A. Poddubikov, Cand. Sci. (Biol.), Head of the Laboratory of Microbiology of Opportunistic Pathogenic
Bacteria, Federal State Budgetary Scientific Institution “I. Mechnikov Research Institute of Vaccines and Sera” (SA, Malyi Kazennyi
pereulok, Moscow, 105064, Russia). E-mail: poddubikov@yandex.ru. https://orcid.org/0000-0001-8962-4765

Elizaveta P. Bystritskaya, Junior Researcher, Laboratory of Molecular Immunology, Federal State Budgetary
Scientific Institution “I. Mechnikov Research Institute of Vaccines and Sera” (5A, Malyi Kazennyi pereulok, Moscow, 105064,
Russia). E-mail: lisabystritskaya@gmail.com. https://orcid.org/0000-0001-8430-1975

Yuliya E. Dronina, Cand. Sci. (Med.), Associate Professor, Department of Microbiology, Virology and Immunology,
I.M. Sechenov First Moscow State Medical University (Sechenov University) (8, Trubetskaya ul., Moscow, 119991, Russia); Senior
Researcher, Laboratory of Legionellosis, N.F. Gamaleya National Research Center for Epidemiology and Microbiology (The Gamaleya
National Center) (18, Gamaleya ul., Moscow, 123098, Russia). E-mail: droninayu@mail.ru. https://orcid.org/0000-0002-6269-2108

Viktoriia K. Solntseva, Cand. Sci. (Med.), Senior Lecturer, A.A. Vorobiev Department of Microbiology, Virology and
Immunology, I.M. Sechenov First Moscow State Medical University (Sechenov University) (8, Trubetskaya ul., Moscow, 119991,
Russia). E-mail: speak to vika@mail.ru. https://orcid.org/0000-0003-3783-9232

Tatyana A. Zaiceva, Cand. Sci. (Med.), Senior Lecturer, A.A. Vorobiev Department of Microbiology, Virology and
Immunology, [.M. Sechenov First Moscow State Medical University (Sechenov University) (8, Trubetskaya ul., Moscow, 119991,
Russia). E-mail: zat25@yandex.ru. https://orcid.org/0000-0001-9205-322X

Evgeny P. Pashkov, Dr. Sci. (Med.), Professor, A.A. Vorobiev Department of Microbiology, Virology and Immunology,
.M. Sechenov First Moscow State Medical University (Sechenov University) (8, Trubetskaya ul., Moscow, 119991, Russia).
E-mail: 9153183256@mail.ru. https://orcid.org/0000-0002-4963-5053

Anatoly S. Bykov, Dr. Sci. (Med.), Professor, Department of Virology and Immunology, .M. Sechenov First Moscow
State Medical University (Sechenov University) (8, Trubetskaya ul., Moscow, 119991, Russia). E-mail: bykov@mail.ru..
https://orcid.org/0000-0002-8099-6201

Oxana A. Svitich, Corresponding Member of the Russian Academy of Sciences, Dr. Sci. (Med.), Head of the Federal
State Budgetary Scientific Institution “I. Mechnikov Research Institute of Vaccines and Sera,” Head of the Laboratory of
Molecular Immunology, Federal State Budgetary Scientific Institution “I. Mechnikov Research Institute of Vaccines and Sera”
(5A, Malyi Kazennyi pereulok, Moscow, 105064, Russia); Professor, Department of Microbiolody, Virology and Immunology,
.M. Sechenov First Moscow State Medical University (Sechenov University) (8, Trubetskaya ul., Moscow, 119991, Russia).
E-mail: svitichoa@yandex.ru. https://orcid.org/0000-0003-1757-8389

Vitaliy V. Zverev, Full Member of the Russian Academy of Sciences, Dr. Sci. (Biol.), Scientific Director of the Federal
State Budgetary Scientific Institution “I. Mechnikov Research Institute of Vaccines and Sera” (5A, Malyi Kazennyi pereulok,
Moscow, 105064, Russia); Head of the Department of Microbiolody, Virology and Immunology, .M. Sechenov First Moscow
State Medical University (Sechenov University) (8, Trubetskaya ul., Moscow, 119991, Russia). E-mail: vitalyzverev@outlook.com.
https://orcid.org/0000-0002-0017-1892

06 aemopax:

Iawxoe EezeHuii Anexceeeuu, actiupanrt, Kaeapa MUKPOOHOIOTHH, BUPYCOIOTUH U KMMYHOJIOTHH, [1epBbIii
MocCKOBCKHI rocynapcTBEeHHbIH MeIUIMHCKUN yHuBepcuteT uM. V.M. CeueHoBa Munzzapasa Poccun (CeueHoBCKMI YHUBEpCUTET),
(119991, Poccust, Mockaa, yi. Tpybenkas, a. 8, . 2); MiIaJIINi Hay4dHbII COTPYIHUK, 1a00paTOPHs MOJIEKYIIPHON MIMMYHOJIOTHH,
Hay4Ho-uccnenoBarenbCkuii ”HCTUTYT BaKIMH ¥ cbIBOPOTOK M. .M. MeunukoBa (105064, Poccusi, Mocksa, Manbiit Kazennsiii
nepeyiok, a. SA). E-mail: pashckov.j@yandex.ru. https://orcid.org/0000-0002-5682-4581

Kopomuiwesa Mapust Onez2oeHa, crynent, MexayHapoanas mkona «Meauuuna Byaymieroy», [Tepsbiit MockoBckuii
rocyapcTBeHHbIH MeauuuHCcKuil yHuepceuter uM. .M. CeuenoBa Mun3zznpasa Poccun (CeuenoBckuii Yausepcuter) (119991,
Poccust, Mocksa, yi. TpyOewkast, . 8, c. 2). E-mail: trans.mutation@mail.ru. https://orcid.org/0000-0001-7216-1266

INax Anacmacust BumanveeHa, cryicHT, Muctutyt kiuHudeckoid Meaununsl uM. H.B. Cxiudocosckoro, Ilepsblii
MockoBCKHI rocynapcTBeHHbIH MeauuHckuil ynusepcurer uM. .M. CeuenoBa Mun3zzapasa Poccun (CeueHOBCKUM YHUBEPCUTET)
(119991, Poccust, Mockaa, yi. Tpybenkas, a. 8, c. 2). E-mail: dennpk@gmail.com. https://orcid.org/0000-0003-4295-7858

Paiizynoee Eezenuii Baxmuépoeuu, k.6.H., 3aBely 0NN 1abopaTopueil MONeKyIspHOM BUpyconorun, Haydaro-
HCCIeI0BATENbCKII MHCTUTYT BaKIIMH U CBIBOPOTOK M. .. Meunukosa (105064, Poccust, Mocksa, Mansrit Ka3ennsrit nepeyiok,
1. 5SA). E-mail: faizuloev@mail.ru. https://orcid.org/0000-0001-7385-5083

Cuodopoe Anexcandop Bukmopoeuu, k.6.1., 3apefyromuii taboparopueii JHK-conepxamux supycos, Hayuno-
MCCIIEIOBATENLCKII MHCTUTYT BaKIIUH M CBIBOPOTOK UM. M.W. Meunukosa (105064, Poccust, MockBa, Mainbiit KazeHHbI# niepeyiiok,
1. SA). E-mail: sashasidorov@yandex.ru. https://orcid.org/0000-0002-3561-8295

IToddyburxoe Anerxcandp Bnadumupoeud, x.0.H., 3aBeIyIONIUI TabOpaToprell MUKPOOHOJIOTHE YCIOBHO-TIATOTEHHBIX
Oaxrepuid, Hay4Ho-ncClie10BaTeIbCKUI MHCTUTYT BaKIMH U ChIBOPOTOK nM. M.W. Meunukoa (105064, Poccusi, MockBa, Mainbiit
Kazennslii nepeyinoxk, 1. SA). E-mail: poddubikov@yandex.ru. https://orcid.org/0000-0001-8962-4765

Boicmpuurast Enusaeema IlempoeHa, Miaamuii Hay4qHbl COTPYJHUK, 1aO0paTOpusi MOJIEKYJSIPHOM BUPYCOIOTUH,
Hayuno-uccnenoBarenbCkuii ”HCTUTYT BaKIMH U cbIBOpOTOK M. .M. MeunukoBa (105064, Poccusi, Mocksa, Mainbiit Kaszennsiii
nepeyinok, a. SA). E-mail: lisabystritskaya@gmail.com. https://orcid.org/0000-0001-8430-1975

Toukue xuMmudyeckue TexHoaoruu = Fine Chemical Technologies. 2022;17(2):140-151
150


mailto:sashasidorov@yandex.ru
https://orcid.org/0000-0002-3561-8295
mailto:poddubikov@yandex.ru
https://orcid.org/0000-0002-3561-8295
mailto:lisabystritskaya@gmail.com
https://orcid.org/0000-0001-8430-1975
mailto:droninayu@mail.ru
https://orcid.org/0000-0002-6269-2108
mailto:speak_to_vika@mail.ru
https://orcid.org/0000-0003-3783-9232
mailto:zat25@yandex.ru
https://orcid.org/0000-0001-9205-322X
mailto:9153183256@mail.ru
https://orcid.org/0000-0002-4963-5053
mailto:bykov@mail.ru
https://orcid.org/0000-0002-8099-6201
mailto:svitichoa@yandex.ru
https://orcid.org/0000-0003-1757-8389
mailto:vitalyzverev@outlook.com
https://orcid.org/0000-0002-0017-1892
mailto:pashckov.j@yandex.ru
https://orcid.org/0000-0002-5682-4581
mailto:trans.mutation@mail.ru
https://orcid.org/0000-0001-7216-1266
mailto:dcnnpk@gmail.com
https://orcid.org/0000-0003-4295-7858
mailto:faizuloev@mail.ru
https://orcid.org/0000-0001-7385-5083
mailto:sashasidorov@yandex.ru
https://orcid.org/0000-0002-3561-8295
mailto:poddubikov@yandex.ru
https://orcid.org/0000-0001-8962-4765
mailto:isabystritskaya@gmail.com
https://orcid.org/0000-0001-8430-1975

Evgeny A. Pashkov, Maria O. Korotysheva, Anastasia V. Pak, et al.

Apornuna FOnusi EezeHbeBHA, K.M.H., JIOICHT Kadeapbl MUKPOOUOJIOTHH, BUPYCOJIOTHH H UMMYHOJIOTHH, [1epBhIit
MoCKOBCKHI TOCYIapCTBEHHBIN MeAUIIMHCKMIA yHUBepcuTeT uM. .M. CeuenoBa Munzapasa Poccun (CeueHOBCKHI YHUBEPCUTET),
(119991, Poccusi, MockBa, yn. TpyOetkas, 1. 8, c. 2); cTapIinii HayYHbIH COTPYIHUK, J1a00paTOpHs JIerHOHeIe3a, HarmoHanbHbIN
MCCIIC0BATEIBCKUI LICHTP MUIEMHUOJIOTHH U MUKPOOHOIIOTHH MM. TiodeTHOTO akajemuka H.®. I'amanen (123098, Poccusi, Mocksa,
yn. lamanewn, a. 18). E-mail: droninayu@mail.ru. https://orcid.org/0000-0002-6269-2108

Connuyeea Burxmopust KOoHcCmaHmMuHO6HA, K.M.H., CTapIIHii NperonaBareb Kadeapbl MUKPOOUOIOTHH, BUPYCOIOTHI
U UMMYHOJIOTHM HM. akaaemuka A.A. BopoObeBa, [lepBblii MOCKOBCKHI TIOCYIAQpCTBEHHBId MEIWUIIMHCKAN YHUBEPCUTET
uMm. .M. CeuenoBa Munznpasa Poccun (Ceuenosckuit Yausepcuter) (119991, Poccust, Mocksa, ya. TpyOeukas, 1. 8, c. 2).
E-mail: speak to_vika@mail.ru. https://orcid.org/0000-0003-3783-9232

Baiiyesa Tamesina AneKkcaHOPOBHA, KMH. CTapldii NPENOaBareh Kadeapsl MUKPOOHOIOTHH, BHPYCOIOIHH
U UMMYHOJIOTHM HM. akajaemuka A.A. BopoObeBa, [lepBblii MOCKOBCKHI TI'OCYIapCTBEHHBId MEIWIIMHCKAN YHUBEPCUTET
uMm. .M. Ceuenoa Munznpasa Poccun (Ceuenosckuii Yausepcuter) (119991, Poccust, Mocksa, ya. TpyOeukas, 1. 8, c. 2).
E-mail: zat25@yandex.ru. https://orcid.org/0000-0001-9205-322X

IMawroe Eezenuii ITempoeuu, n.m.H., npodeccop kadeapbl MUKPOOHOIOIUH, BHPYCOJIOTMM U HMMYHOIIOTUH
M. akaziemuka A.A. BopoObesa, Ilepsblii MOCKOBCKMIT TrocylapcTBeHHbIH MemmimHCKuid  yHuBepcuter uM. VLML, CeuenoBa Mumznpasa
Poccun (Ceuenosckuit Yuusepcurer) (119991, Poccusi, MockBa, yn. TpyGeukas, a. 8, c. 2). E-mail: 9153183256(@mail.ru.
https://orcid.org/0000-0002-4963-5053

Buucoe Anamonuii Cepzeeeuu, j1.M.H., npodeccop Kadeapbl MUKPOOHOIOTHH, BUPYCOJIOTUH U UMMYHOJIOTUH, TlepBhIii
MockoBckuii rocynapcTBeHHbIN MeaunuHCKUi yHEBepeuteT uM. .M. Ceuenoa Munsnpasa Poccun (CeuenoBckuil YHuBepcurer),
(119991, Poccusi, Mockaa, yia. TpyoOerikast, 1. 8, ¢. 2). E-mail: bykov(@mail.ru. https://orcid.org/0000-0002-8099-6201

Ceumuu Orxcana AHamonwveeHa, un.-kopp. PAH, n1.M.H., mupekTop, 3aBeAyIONINN TabopaToprueii MOICKYIIPHOH
UMMYHOJIOTHH, Hay4yHO-1ccae10BaTenbCKiil MHCTUTYT BaKIUH U ChIBOPOTOK uM. V.M. Meunukora (105064, Poccus, Mocksa,
Mauerit Kasennslii mepeyiok, 1. SA); npodeccop kadeapbl MUKPOOHOIOTHH, BUPYCOJIOTHHA B MMMYHOJIOTHH, [TepBbiii MOCKOBCKHIA
TOCY/IapCTBEHHBIN MeaUIMHCKUE yHuBepcuTeT uM. .M. CeueHoBa Munsnpasa Poccun (CeuenoBckuii Yausepcurer), (119991,
Poccust, Mocksa, yi. Tpy6Oenikas, 1. 8, c. 2). E-mail: svitichoa@yandex.ru. https://orcid.org/0000-0003-1757-8389

3eepee Bumanuii Bacunveeuu, akagemuk PAH, 1.6.H., HayuHblil pykoBoauTens HayuHO-HCCIIEN0BATENBCKOTO
MHCTUTYTa BaKIUH U cbIBOPOTOK MM. V.M. MeunukoBa (105064, Poccus, MockBa, Mansiii Kazennsiii nepeyinok, 1. SA);
3aBeyIOIIMH Kadeapoil MUKPOOHOIOTHH, BUPYCOJIOTUH U KIMMYHOIIOTHH, [1epBblit MOCKOBCKHIT TOCYIapCTBEHHBIH MEAUIIUHCKHUN
yauBepcureT uM. .M. CeuenoBa Mun3znpasa Poccuu (CeuenoBckuit Yausepcuret), (119991, Poccusi, MockBa, yi. TpyOenkas,
1. 8, ¢. 2). E-mail: vitalyzverev@outlook.com. https://orcid.org/0000-0002-0017-1892

The article was submitted: March 15, 2022, approved after reviewing: March 30, 2022, accepted for publication: April 20, 2022.

Translated from Russian into English by H. Moshkov.
Edited for English language and spelling by Quinton Scribner, Awatera.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(2):140-151
151


mailto:droninayu@mail.ru
https://orcid.org/0000-0002-6269-2108
mailto:speak_to_vika@mail.ru
https://orcid.org/0000-0003-3783-9232
mailto:zat25@yandex.ru
https://orcid.org/0000-0001-9205-322X
mailto:9153183256@mail.ru
https://orcid.org/0000-0002-4963-5053
mailto:bykov@mail.ru
https://orcid.org/0000-0002-8099-6201
mailto:svitichoa@yandex.ru
https://orcid.org/0000-0003-1757-8389
mailto:vitalyzverev@outlook.com
https://orcid.org/0000-0002-0017-1892

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(2):152-163

SYNTHESIS AND PROCESSING OF POLYMERS
AND POLYMERIC COMPOSITES

CHHTES3 H IEPEPABOTKA IIOAMNMEPOB
H KOMIIO3HTOB HA HX OCHOBE

ISSN 2686-7575 (Online)
https://doi.org/ 10.32362/2410-6593-2022-17-2-152-163 [@)sy |
UDC 532.696:678.07.074

RESEARCH ARTICLE

Influence of various factors on surface properties of elastomeric
materials based on nitrile butadiene rubbers

Olga A. Dulina™, Evgeniya V. Eskova, Alina D. Tarasenko, Svetlana V. Kotova

MIREA — Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow, 119571 Russia
MCorresponding author, e-mail: doal503991@yandex.ru

Abstract

Objectives. The influence of the technological additive content and accelerated aging conditions
on the surface energy and elastic-strength properties of nitrile butadiene rubbers with an average
acrylic acid nitrile content and rubbers based on them were studied in the paper.

Methods. The free surface energy of the samples was determined under the standard conditions
and in the accelerated aging conditions with the use of the Owens, Wendt, Rabel, and Kaelble
method.

Results. It was shown that the elastomeric materials surface energy is influenced by surfactants
such as rosin and stearic acid, which are typical ingredients of rubber compounds. It was also
found that the thermal aging effect on the physical and mechanical properties of rubbers based
on nitrile butadiene rubbers depends on the method of rubber isolation from latex and on the
nature of the surfactant components in the samples.

Conclusions. The analysis of the results obtained shows that the change in the vulcanizates
physical and mechanical properties, depending on the technological additive content and the
temperature effect, occurs along with a change in the critical surface tension.
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Biusinue pa3an4HbIX (PAKTOPOB
HA MOBEPXHOCTHBIE CBOMCTBA 3JIaCTOMEPHbIX MaTepHaJIOB
Ha OCHOBE OYyTAaJUEH-HUTPUIbHBIX KAYYYKOB
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AHHOMAuus

Ienu. H3yuerue 8AUSHUSL COOEPIKAHUSL MEXHONI02UUeCcKUX 000a80K U YCa08Ull YCKOPEHHO20 cma-
DEeHUSL HA NOBEPXHOCMHYI 9Hepauio, Ynpyzo-npouHOCMHbsle U ad2e3UOHHble XapaKkmepucmuku
Dpe3uH Ha ocHoge bYymaodueH-HUMPUIbHBbIX KAYUYKO8 CO CPeOHUM COOepIRKaHUeM HUMPUNA AKPU-
7108011 KUC/I0MbL.

Memooest. C nomowsio memooda Oysrca—Bernoma—Pabens—-Kaenbne 6vuia onpedesera ceoboo-
Hasl NOBEPXHOCMHASL 9Hepaust 06pas3yuos 8 cmaHOapmMHbIX YCA08USX U YCA08USX YCKOPEHHO020
cmapeHust.

Pesynemamul. BolLl0 NOKA3AHO, UMO HO NOBEPXHOCMHYI0 SHEP2UI0 91ACMOMEPHBLX Mamepua-
7108 0KA3bLEAIOM 8NUSIHUE NOBEPXHOCMHO-AKMUBHbLE 8euyecmsaa, makue Kak KaHugole u cme-
apuHosas KUCA0ma, s8AsloUUECs MUNUUHBIMU UH2ZPeOUeHMAaMU pe3uHO8blLX cmecell, a maKKe
6bL10 YycmaHo8/leHo, UMmo 8uUsiHUE YCO08ULL YCKOPEHH020 CmapeHust Ha husuko-mexaHuuecKue
ceolicmea pesuH Ha ocHoge bymadueH-HUMPUNbHbLLX KAYUYKos8 3asucum om cnocoba ebloeseHus
Kayuyka us ramekca u npupoosbl NOBEPXHOCMHO-AKMUBHbLLX KOMNOHEHMO8, 8X00SUUUX 8 cOCmas
obpasuyos. [Ipednosazaemcsy, 4mo 3mMmo NPOUCXOOUM 30 CUem MUPAyUL HO No8epxHOCMsb 006pas-
1408 HUSKOMONEKYNSPHBLIX KOMNOHEHMO8 U NOBEPXHOCMHO-AKMUBHbLX 8eULeCms.

Buie00bl. AHANU3 NONYUEHHBLX Pe3ybmamoe noKasvleaem, umo usmeHeHue GPuauKo-mexa-
HUYecCKux ceolicme 8Y/KaHU3amos8 8 3a8UCUMOCMU OM COOepPIKAHUSL MexXHO02UuUecKoll 00-
basxu u sosdelicmeusi memnepamypsl npoucxooum Hapsidy C U3MeHeHUeM KPUmuueckozo
Nno8epxXHOCMHO020 HAMSIKEHUSL.

Knroueesle cnoea: 6ymaoueH-HumpunbHslil KAyuyk, c80600HASL NOBEPXHOCMHASL IHepaus,
NO8epXHOCMHOE HaMSIIKEeHUEe, NOBEPXHOCIMHO-AKMUBHOE 8eULECME0, NOBEPXHOCMHbLE C8OUCMEA,
gusuKo-mexarHuueckue ceolicmea noaAUMepo8, mepmocmapeHrue

Mna yumuposanusn: Iynuna O.A., EcekoBa E.B., Tapacenko A./l., Korora C.B. Bausinue paznuyHbix (akTopoB Ha
IIOBEPXHOCTHBIC CBOWCTBA DJIACTOMEPHBIX MaTEpPHAIOB Ha OCHOBE OyTaJMCH-HUTPHIBHBIX KayuyyKOB. TOHKUE XUMUUECKUe
mexuonoeuu. 2022;17(2):152—163. https://doi.org/10.32362/2410-6593-2022-17-2-152-163
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INTRODUCTION

Nitrile-butadiene rubbers (NBR) are widely
used in the production of rubber products operating,
inter alia, in aggressive environments and at the
elevated temperatures. They are used in almost
all industries [1].

Rubber is the multicomponent composite material
with a multiphase structure, in which the polymer
is in a highly elastic state with high segmental
mobility. Therefore, the surface properties of
rubber-based products are determined by the nature
of polymers, the conditions for their preparation
and surface formation, as well as by the composition
of the polymer material containing a considerable
amount of powdered dispersed fillers and various
low molecular weight additives that can migrate
into the surface layers and affect the surface
free energy (SFE) [1-3]. All this, together with
aggressive factors that have a significant impact
on the state of product material and of its surface,
entails a change in the surface properties and, as
a result, in the product operational characteristics.

In connection with the foregoing, it is
advisable to find a way of assessing the state of
the surface subjected to aggressive action in order
to identify changes in its properties during operation.

In the works of Tarasenko and Dulina [4, 5],
the effect of low molecular weight rubber
compound additives on the surface properties was
studied. It was found that the elastomer compositions
surface properties significantly depend on the
rubber compound ingredients solubility and on
their adsorption properties. It was found that
the effect of surfactants on the surface energy
of rubber compounds is different and depends
on their nature. Sulfur, as a partially soluble
component, does not affect the samples surface
energy in small amounts, and if it is present in
the system in amounts greater than the solubility
limit, it significantly reduces the SFE.

The aim of this work was to study the stearic
acid and rosin content effect on the surface energy
and elastic-strength properties of rubber samples
based on NBRs, with an average content of acrylic
acid nitrile, among other things, under the accelerated
aging conditions of rubbers.

EXPERIMENTAL

The objects of study were NBR samples
with an average acrylic acid nitrile content. The
samples were obtained by two different methods of
isolation from latex [6]. Besides, rubbers based on
them were studied.

SKN-26 SM rubber (Voronezh branch of
Scientific-Research Institute of Synthetic Rubber,
Voronezh, Russia) was obtained using an alkyl
sulfonate emulsifier. The latter is almost completely
washed out in the process of isolation from the latex.
BNKS-28 AMN rubber (Krasnoyarsk Synthetic
Rubber plant, SIBUR Holding, Krasnoyarsk,
Russia) was obtained using fatty acids, followed
by neutralization at the phase boundary to obtain
the emulsifier—the potassium or sodium salt of the
fatty acid. The rubber was isolated from the latex
with the calcium or magnesium chloride solution.
As a result, the emulsifier and coagulator interaction
products remained in the polymer—slightly soluble
salts of fatty acids.

Rubber samples were obtained using the
following formulation: for 100 mass fractions of
the unvulcanized rubber, zinc oxide (Empils-Zink,
Rostov-on-Don, Russia)—5 mass fractions, sulfur
(Rosneft, Moscow, Russia)—2 mass fractions,
carbon black P-514 (Omsktekhuglerod, Omsk,
Russia)—50 mass fractions, and accelerator CBS
(VitaHim, Dzerzhinsk, Russia)—1.2 mass fractions.
The wvulcanization time corresponded to the
optimum vulcanization for this type of rubber
compound.

To determine the critical surface tension, which
is a criterion for estimating the SFE of rubber
samples, the Owens, Wendt, Rabel, and Kaelble
(OWRK) method was chosen. It is based on
determining the contact angles of material surface
wetting by liquids with different surface tension
[7-9]. The OWRK method is more preferable,
because the Zisman method, which is widely used
to assess the surface state, does not take into account
the surface energy polar component contribution.
Studies [10] have shown that the surface energy
values obtained by the Zisman method practically
reproduce the SFE dispersion component values
calculated by the OWRK method.

The obtained contact angles values are used
to calculate the SFE using a mathematical model,
according to which the SFE is the sum of the
dispersion and polar components [11-14].

For determining the SFE, wunvulcanized
rubber samples were obtained by pressing between
fluoroplast films. Rubber samples were pressed
plates.

Since this work considers the SFE as the
comparative characteristic for the series of samples
under study, standard requirements were imposed
on wetting liquids: physicochemical characteristics
stability during storage and high surface tension
and its dispersion and polar components values.
These values should provide sufficiently large and
reliably measured contact angles. As a result, water
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and nonvolatile alcohols—propylene glycol, ethylene
glycol, and glycerin—were chosen as wetting liquids.

The contact angles were determined by the
sessile drop method using an LK-1 goniometer
(OpenScience, Russia). The device makes it possible
to obtain an image of a drop lying on a substrate
using a digital video camera, export the image to
a computer, and determine the contact angle by the
tangent method.

The elastomeric material surface was cleaned
with an inert solvent, ethanol. After that, a drop was
applied to the cleaned surface of the sample using
a microsyringe. The contact angles were measured
after an hour of rest of the samples. This was necessary
for the formation of an equilibrium surface layer
after surface treatment with the cleaning solvent [15].

The main physical and mechanical properties of
the studied rubbers were determined in accordance
with the current state standards (GOST 263-75!,
GOST 27110-862, GOST 270-75°, GOST 262-93%,
GOST 6768-75%).

RESULTS AND DISCUSSION

Inorderto study the influence on the NBRs surface
properties of non-rubber components, the content
and nature of which is determined by the rubber
obtaining method, the critical surface tension was
determined by the OWRK method. The results
presented in Table 1 indicate that the rubbers
production characteristics affect their surface
properties.

Table 1. Surface properties of nitrile butadiene rubbers
obtained by different methods of isolation from latex

Rubber brand SFE*, mJ/m?
SKN-26 SM 28
BNKS-28 AMN 22.4

*Surface free energy determined by the OWRK method.

SKN-26 SM rubber obtained with the use of
an alkyl sulfonate emulsifier, which is almost
completely washed out in the process of isolation
from the latex, has a more polar surface. BNKS-28
AMN rubber has a lower SFE. This rubber contains
a residual emulsifier—sparingly soluble salts of
fatty acids capable of migrating to the surface and
reducing the samples surface tension.

The critical surface tension of samples obtained
based on unvulcanized rubbers was determined
at certain time intervals (0, 1, 3, and 24 h) after
cleaning the surface. As can be seen from Table 2,
the dependence obtained for the unvulcanized rubbers
is also preserved for the rubber samples based
on them. The surfaces of the rubber samples based
on “pure” SKN-26 SM unvulcanized rubber have
higher polarity. An increase in the time elapsed after
surface cleaning slightly decreases the critical surface
tension of all the types of samples. This is explained
by the system tendency to a minimum of SFE, mainly
due to the release of its lowering components to the
surface.

Similar studies were carried out for rubber
samples, in which the content of anionic surfactants—
stearic acid and rosin—was varied (Table 2).

An analysis of the presented results makes it
possible to conclude that in case of rubber based
on “pure” SKN-26 SM unvulcanized rubber, an
increase in the stearic acid and rosin content decreases
the SFE, probably, due to surfactant migration to
the samples surface, and the stearic acid effect being
more significant.

In case of rubbers based on BNKS-28 AMN,
the introduction of surfactants also decreases the SFE,
but a greater effect is manifested upon the introduction
of rosin. It is possible that resin acids that are part
of rosin interact with divalent metal salts remaining
in the system after coagulation, thus forming divalent
metals salts of the resin acids with more pronounced
surface-active properties.

In all the cases, these tendencies in the
corresponding samples are preserved for 24 h after
the moment of purification. However, the effect from
the introduced surfactants becomes less significant.

To expand the understanding of the stearic
acid and rosin role in the NBR-based elastomeric

'GOST 263-75. USSR State Standard. Rubber. Method for determination of Shore A hardness. Moscow: Izd. Standartov; 1989

(in Russ.).

2 GOST 27110-86. USSR State Standard. Rubber. Method for determination of rebound elasticity on the Shob type machine.

Moscow: Izd. Standartov; 1987 (in Russ.).

3 GOST 270-75. Interstate Standard. Rubber. Method of the determination elastic and tensile stress-strain properties. Moscow:

Standartinform; 2008 (in Russ.).

4 GOST 262-93. Interstate Standard. Rubber, vulcanized. Determination of tear strength (trouser, angle and crescent test pieces).

Moscow: IPK Izd. Standartov; 2002 (in Russ.).

> GOST 6768-75. USSR State Standard. Rubber and rubberized fabric. Method for determination of bond strength at ply

separation. Moscow: Izd. Standartov; 1998 (in Russ.).
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Table 2. Surface free energy of rubber samples based on nitrile butadiene rubber containing surfactants

in accelerated aging conditions

Samples composition

SFE,* mJ/m?

Time after surface cleaning, h

Temperature duration, h

0 1 3 24

384 37.0 36.3 34.8 0

343 31.1 30.5 30.0 6
SKN-26 SM

36.7 34.0 33.8 33.3 12

434 41.5 40.9 40.1 18

33.8 31.1 30.8 28.2 0

36.5 35.8 34.1 334 6
SKN-26 SM + 1 mass fract. of rosin

34.6 31.7 30.8 27.3 12

38.6 33.7 32.1 29.6 18

323 29.9 29.1 28.3 0

31.1 28.8 273 27.1 6
SKN-26 SM + 2 mass fract. of rosin

323 27.2 26.8 26.6 12

31.8 253 24.6 23.2 18

31.3 30.5 28.2 25.1 0

29.5 27.6 25.6 23.1 6
SKN-26 SM + 1 mass fract. of stearic acid

29.2 26.3 25.2 233 12

27.4 25.8 24.7 22.9 18

273 26.2 24.7 21.4 0

22.1 21.9 21.0 18.0 6
SKN-26 SM + 2 mass fract. of stearic acid

20.4 20.6 20.1 17.2 12

21.1 19.5 19.1 17.0 18

34 .4 33.9 32.4 30.2 0

28.5 25.1 24.8 23.5 6
BNKS-28 AMN

34.7 34.1 32.8 30.4 12

345 34.2 324 29.9 18

30.2 29.3 28.5 26.9 0

32.0 31.2 29.8 27.6 6
BNKS-28 AMN + 1 mass fract. of rosin

35.6 34.0 324 29.4 12

36.8 35.1 333 32.1 18
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Table 2. Continued
SFE,* mJ/m?
Samples composition Temperature duration, h
Time after surface cleaning, h
0 1 3 24
31.9 30.2 27.8 24.4 0
324 31.5 30.9 30.5 6
BNKS-28 AMN + 2 mass fract. of rosin
34.8 33.2 31.6 29.7 12
40.9 40.3 394 38.4 18
31.8 31.0 30.6 304 0
25.5 25.0 24.5 23.9 6
BNKS-28 AMN + 1 mass fract. of stearic acid
29.8 29.7 29.5 28.0 12
28.1 27.6 259 24.6 18
31.5 313 30.8 294 0
25.0 24.6 23.9 23.5 6
BNKS-28 AMN + 2 mass fract. of stearic acid
31.5 30.9 30.2 29.6 12
30.3 28.6 27.1 24.4 18

*Surface free energy determined by the OWRK method.

materials properties formation, we studied the
accelerated aging conditions effect on the surface
energy of NBR-based rubber samples without
surfactants and containing 1 or 2 mass fractions
of rosin or stearic acid. The samples were subjected
to accelerated aging® at 100°C for 6, 12, and 18 h
(Table 2).

In case of all the rubber samples, the dependence
of the critical surface tension is nonlinear and
passes through an extremum. This trend is basically
preserved 24 h after cleaning the surface.

An analysis of the critical surface tension
dependence on the thermal aging time for rubber
samples based on SKN-26 SM indicates that in case
of samples containing surfactants (rosin or stearic
acid), the increase of the thermal aging time slightly
decreases the SFE, while for a sample without a
surfactant, SFE grows.

¢ GOST ISO 188-2013. Interstate Standard. Vulcanized
rubber and thermoplastics. Accelerated ageing and heat
resistance tests. Moscow: Standartinform; 2014 (in Russ.).

For rubber samples based on BNKS-28 AMN,
the effect of thermal aging on surface properties
is the least pronounced in most cases.

These results can be explained by the complex
physicochemicalprocessesoccurringintheelastomeric
material under the action of elevated temperature.
Under such conditions, oxidation actively takes
place. It is accompanied by the formation of polar
groups, free radicals, and intermediate products,
in particular, oxidation inhibitors. When heated,
rubbers can form substances incompatible with
unvulcanized rubber, and these substances can
migrate to the surface. The complex of changes
occurring in the polymer upon heating results in
the change in the structure of the polymer matrix
and significantly affects the surface properties.
Just like for samples not exposed to temperature,
the critical surface tension decreases as a result of
the system tendency to the equilibrium state as the
time elapsed after cleaning increases.

The above research results show that NBRs
differing in the methods of production and in
the technological additives content have various

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(2):152-163

157



Influence of various factors on surface properties of elastomeric materials ...

surface properties. So, it was logical to assume that
the factors affecting the surface properties also
affect the physical and mechanical properties of
vulcanizates.

As the analysis of the literature data [6, 7, 11, 17]
shows, the emulsifier—coagulating agent systems
used in the NBR synthesis affect the complex of
rubber compounds and rubbers properties. In this
work, a comparative assessment for the effect of rosin
and stearic acid content on the physicomechanical,
technical, and adhesive properties of elastomeric
materials was carried out. Tables 3 and 4 present
test results for vulcanizates based on two NBR
grades: BNKS-28 AMN and SKN-26 SM. They
have similar molecular weights and differ in the
concentration of nonrubber impurities remaining
in the rubbers commercially produced by emulsion
polymerization. Considering that NBR-based rubbers
are recommended for rubber products operating
at elevated temperatures, vulcanizates subjected to
the procedure of accelerated thermal-oxidative aging
were studied (Table 4). In addition, the accelerated
aging conditions have a significant effect on the
polymer material structure, as a result of which both
its surface and bulk properties change.

The data presented in Table 3 indicate that as
the content of rosin and stearic acid increases to

2 mass fractions (per 100 mass fractions of rubber),
the strength indicators level comparable to the base
composition is preserved. In case of vulcanizates
based on BNKS-28 AMN, an increase in their
concentration resulted in the most significant changes
in terms of relative and residual elongation and tear
resistance; in case of rubbers based on SKN-26 SM—
in terms of relative elongation. This is consistent
with the data of [16]. An analysis of the indicators
of vulcanizates subjected to the accelerated aging
procedure demonstrates the preservation of the
trends in changes in the elastic-strength properties
identified for the original rubbers wupon the
introduction of rosin and stearic acid. At the same
time, after aging, an increase in the relative tensile
strength and hardness of the vulcanizates is observed.
In this case, the relative and permanent elongation,
elasticity and tear resistance decrease, which
indicates the predominance of structuring processes
in elastomeric materials under the action of elevated
temperatures in the air.

The adhesive properties of rubbers were evaluated
by the adhesive joints delamination method, in which
the substrates—vulcanizates based on BNKS-28 AMN
and SKN-26 SM—were glued together using a cold
curing adhesive composition based on chloroprene
rubber. According to the data obtained (Table 3),

Table 3. Influence of the kind and content of technological additives on the physical, mechanical,
and operational characteristics of rubbers based on nitrile butadiene rubber

Additives content
Indicators Rosin Stearic acid
Without additives
1 2 1 2
BNKS-28 AMN
Tensile strength, MPa 19.2+2.1 18.3+2.1 189+1.9 18.6+ 1.6 18.1+1.8
Elongation at break, % 335+£30 345+30 410+ 38 315+25 310+ 24
Residual elongation, % 8.0+09 9.0+1.0 14.0+1.5 9.0+0.8 120+ 1.1
Tear resistance, kKN/m 23.0+2.2 28.0+2.9 30.0+3.1 31.0+2.7 240+24
Rebound elasticity, % 19.0+2.0 20.0+2.0 21.0+£22 19.0+ 1.8 19.0+1.8
Shore hardness, A 62.0+£5.0 59.0+5.0 60.0+£52 61.0£5.1 60.0£5.0
Adhesion strength, kKN/m 2.0+0.22 2.5+0.23 2.8+0.25 1.8+0.16 1.7+£0.20
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Table 3. Continued
Additives content
Indicators Rosin Stearic acid
Without additives
1 2 1 2
SKN-26 SM
Tensile strength, MPa 194+24 194+24 20.0+2.7 189+2.7 18.7+2.7
Elongation at break, % 300 £ 28 340 £33 38036 275+ 25 285+ 21
Residual elongation, % 8.0+0.9 8.0+1.0 8.0+1.1 8.0+0.7 8.0+0.7
Tear resistance, kKN/m 25.0£2.8 23.0£2.8 24.0+£2.9 23.0+£3.2 23.0£3.0
Rebound elasticity, % 150+1.4 140+14 140+14 17.0+£2.0 16.0+1.8
Shore hardness, A 63.0+44 62+5.0 61.0+5.1 62+5.0 64+5.8
Adhesion strength, kKN/m 2.5+0.20 3.2+0.26 3.1+£0.29 2.2+0.20 22+0.21

Table 4. Influence of the kind and content of technological additives on the physical, mechanical
and operational characteristics of rubbers based on nitrile butadiene rubber subjected to accelerated aging

Additives content
Indicators Rosin Stearic acid
Without additive
1 2 1 2
BNKS-28 AMN
Tensile strength, MPa 21.1+2.0 189+1.8 195+1.9 20.7+1.9 20.1+2.0
Elongation at break, % 320+33 330+33 390 + 38 300 + 31 290 + 30
Residual elongation, % 7.0+0.7 8.0+0.8 120+ 1.3 8.0+0.7 10.0+£0.9
Tear resistance, MPa 21.0+£2.2 25.0+£2.7 27.0+£2.8 28.0+£2.6 22.0+2.0
Rebound elasticity, % 17.0+ 1.7 18.0+1.9 19.0+1.9 17.0+ 1.7 18.0+ 1.7
Shore hardness, A 64.0£6.5 60.0£6.2 61.0+£6.2 64.0 £6.3 63.0£6.0
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Table 4. Continued
Additives content
Indicators Rosin Stearic acid
Without
additive
1 2 1 2
SKN-26 SM

Tensile strength, MPa 21.8+1.7 20.0+1.9 20.6+1.9 21.0+1.9 20.8 +1.8
Relative extension, % 290 £ 23 320+£29 360 £ 31 260 £+ 23 270 £ 25
Elongation at break, % 7.0+0.6 8.0+0.7 8.0=+0.7 7.0+0.6 7.0+0.6
Tear resistance, MPa 24.0£1.9 21.0£1.9 22.0+£2.0 21.0£1.5 21.0£1.6
Rebound elasticity, % 14.0+ 1.1 13.0+ 1.1 13.0+1.2 16.0+ 1.5 15.0+1.3
Shore hardness, A 66.0+5.3 63.0£5.5 62.0+5.4 65.0+4.8 67.0+4.9

vulcanizates based on paraffin rubber demonstrated
a lower level of adhesive properties in the entire
range of rosin and stearic acid content. The positive
effect of rosin on the delamination resistance index
of samples of adhesive joints was predictable,
given the ability of rosin to increase the elastomeric
materials adhesiveness and gummosity [2]. At
the same time, the introduction of stearic acid
deteriorated a little the adhesive properties of the
studied rubbers. The noted regularities in the
change in adhesive strength upon increasing the
concentration of technological additives and
depending on the grade of NBR wused in the
elastomeric substrates can be explained by the
migration of these components to the rubber surface
and by the effects of intermolecular interaction of
the nitrile groups of rubber with molecules of the
introduced acid and fatty acid salts already contained
in NBR. This decreases the share of “free” nitrile
groups and the polarity of the substrate surface
(Table 1), and, consequentially, this decreases
the intensity of physicochemical interactions at
the polychloroprene-NBR rubber interface of the
adhesive film.

Traditionally, higher carboxylic acids and
their derivatives having a biphilic nature are used
in the composition of elastomeric compositions
as ingredients of polyfunctional action. Fatty
acids and their salts acting as dispersants and
mollifiers/plasticizers improve the compositions

processability and the distribution quality of
rubber compound ingredients, positively affecting
the vulcanizates properties complex [2]. Being
activators of diene rubbers vulcanization with sulfur-
containing vulcanizing systems, they affect the
o vulcanization kinetics and the wvulcanization
network structure, and they have a significant
effect on the complex of technical properties of
rubbers [2, 3, 5]. However, it is known [17] that the
activators action mechanisms of the sulfur-containing
vulcanizing system in NBRs fundamentally differ
from those known for unsaturated nonpolar rubbers.
Analysis of the data (Tables 3 and 4) indicates a
significant role of nonrubber impurities—fatty acid
salts in NBRs—in the formation of a set of properties
of elastomeric materials. This role is determined
by the conditions of their industrial synthesis. This
analysis requires additional deeper study using
modern physicochemical research methods.

CONCLUSIONS

The method for evaluating the surface properties
of elastomeric materials based on NBRs makes
it possible to purposefully control the strength
and adhesion properties of vulcanizates, their
resistance to aging by introducing technologically
active additives. Comparison of the obtained
results showed that the change in the physical and

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2022;17(2):152-163

160



Olga A. Dulina, Evgeniya V. Eskova, Alina D. Tarasenko, Svetlana V. Kotova

mechanical properties of vulcanizates, depending on
the content of technological additives and the effect
of temperature, is accompanied by a change in the
critical surface tension. This, as expected, is caused
by migration of the low molecular weight additive
to the surface, which leads to a cumulative change
in both surface and bulk properties of elastomeric
materials. During operation, especially under the
temperature influence, the migration of components
increases and changes the surface state. This can be
monitored by the change in the surface energy. The
accumulation of the certain amount of statistical data
concerning the effect of accelerated aging on the
properties of vulcanizates based on various rubbers
and concerning the change in critical surface tension
will make it possible to judge not only the change
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Abstract

Objects. Due to the polymer waste accumulation, the search for new directions for their utilization
is urgent. Chemical recycling methods are of considerable interest, which allow one to obtain
the original monomers or change the compositions of the copolymers. From the point of view of
building a circular economy, a promising material is polyethylene terephthalate (PET), on the basis
of which amorphous copolyesters can be obtained. The study aimed to analyze the simultaneous
glycolysis and interchain exchange reactions of PET in the presence of the oligoethylene phthalate
modifier with hydroxyl end groups and the study of isothermal crystallization of poly(ethylene
phthalate-co-terephthalates) with different phthalate contents obtained in this way.

Methods. Oligoethylene phthalate is synthesized by polycondensation. Poly(ethylene phthalate-
co-terephthalates) were obtained by the interaction of post-consumer PET with oligoethylene
phthalate. The composition of the oligomer and copolymers was confirmed using Fourier-transform
infrared spectroscopy, thermal characteristics and crystallization half-times were determined by
differential scanning calorimetry.

Results. In this work, the use of the post-consumer PET chemical recycling process, aimed at
obtaining copolyesters under the influence of small modifier amounts was proposed. The process
consisted in carrying out the combined interchain exchange and degradation with a complex
oligoester different from PET. Poly(ethylene phthalate-co-terephthalate) copolymers were obtained
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via reaction of post-consumer poly(ethylene terephthalate) flakes and synthesized oligoethylene
phthalate resin in the melt phase in the absence of catalyst. The effect of phthalate concentration
in polymer on the isothermal crystallization of phthalate substituted poly(ethylene terephthalate)
was estimated.

Conclusions. The hypothesis about the possibility of using an oligoester modifier to obtain
the PET-based copolymer at the high rate and without reducing the molecular weight to values
characteristic of a monomer or oligomer has been confirmed. The process can be used to obtain
random copolyesters based on post-consumer PET. The phthalate unit concentration increase is
followed by decrease in the glass transition temperature, temperature and heat of fusion, and
increase in crystallization half-times. Phthalate has a better ability to retard PET crystallization
than 2-methyl-1,3-propanediol or furandicarboxylic acid, but is inferior to some of the other
modifiers known.

Keywords: polyethylene terephthalate, PET, copolyester, chemical recycling of PET, glycolysis,
degradation, interchain exchange, isothermal crystallization
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Annomayus

Ienu. HaxonneHue noaumepHblx omxo008 8 nocniedHee spemst obycrasnusaem nouck Ho8blx
nooxo0o8 K ux ymuauszayuu. 3HauumenbHbulil uHmepec npedcmasisiiom xumuueckue cnocobwvl
8MopuuHoil nepepabomiu, KOmopble NO380JASIOM NOAYUUMb UCXOOHbLE MOHOMEPbL UNU U3Me-
Humb cocmaebl conoaumepos. C mouku 3peHust NOCMpPoeHUsT IKOHOMUKU 30MKHYMO20 UUKAA
nepcneKkmugHbIM MAMepPuUaIom ssasiemest noausmunenmepegpmanam (I197T), uz komopozo 8
npouecce XumMuueckozo peyuriuHza noayuarom amopgHsle cononusgupsl. Paboma nocesueHa
uccne0o8aHU0 00HOBPEMEHHO20 NPOMEKAHUSL PeaKyUll 2IUKOAU3A U MexKUuenHozo obmeHa 19T
8 npucymemauu MooupuKamopa 0auUz03muieHgpmaniama ¢ 2UOPOKCUNIbHbIMU KOHUE8bLMU 2pYn-
namu U U3yueHUo U30mepmuieckoli KPUCMAaAtu3ayul NOAU(ImMuUieH gpmanam-co-mepegpmana-
mos) ¢ pasHbim codeprKaHuem pmanama, NOAYUeHHbIX MAKUM CNOCOOOM.

MemooOusl. OnuzosmuseHgpmanam cuHmesuposaH noaukoHdercayuell. IToau(amunen gma-
siam-co-mepegpmanamel) noayueHsvl 83aumooeticmauem emopuurozo 19T ¢ onuzooamuneqgpma-
aamom. Cocmae onuzomepa u cononumepos 6ol noomaeprcoer ¢ ucnonvzosaHuem HMK-Pypve
CNeKmpocKonuu, mepmudeckue XapaKkmepucmuku U noaynepuodbl KPUCMALAUSAUUL ONPeOessiU
Mmemooom OugppeperHyuatbHol ckarHupyowel Kaiopumempuu.
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Pesynemameul. PaspabomaH npoyecc noayueHust COnoAUIPUPO8, OCHOBAHHBLU HA XUMUUECKOM
peuurnuree emopuurozo ITOT nod delicmeuem manvlx Koauwecme moougpurkamopa. Omauuu-
menbHoll 0cobeHHOCMbI0 NpoUecca s8aslemcst 00HO8PEeMEHHOEe NPOMeKaHUe peaKyuil mexxyuen-
H020 06 MeHa U 0eCMPYKYUUL CILONHBIM OSUL0IPUPOM, OMAUUHBbIM no hpupode om TIOT. Pearxyu-
ell 8 pacniage emopuurozo IIOT u cuHmMesUpo8aHHO20 o U0IMUEHMAAaAmA 8 omcymemaue
ramanuszamopa 6bliu NoYUeHbl NOAU(IMuUieH pmanam-co-mepegpmanamot). Usyuero eausHue
KOHUEeHMpayuu pmanama 8 noaumepe Ha memnepamypy Cmeki08aHusl, memnepamypy u me-
nomy NAasieHusl, USOmepMuUUecKyo KPUCMAaIau3ayuo gpmanamsameuserHozo I197T.
Boreoodst. [loomeeprkdera 2unomesa 0 803MOAHOCMU UCNOJIb308AHUSL 0JIUZ03PUPHO20 MOOUPU-
Kamopa Ot NoAYUueHUst conoaumepa Ha ocHoge ITOT ¢ eblcokoll ckopocmbio U 6e3 CHUINKEeHUS.
MONEKYNAPHOU Maccbl 00 3HAUEHUT, XApaKmepHblX O/ist MOHOMEPA Uau oauzomepa. IIpouecc
MozKkem 6blMb UCNONL308AH OISl NONYUEHUS. CMAMUCIMUUECKUX CONOAUIPUPO8 HA OCHO8E 8MO-
puuroeo ITOT. C yseauueHuem KOHUEHMPAYUU 38eHbes hmaiama NPoucxooum CHUsKeHue mem-
nepamypsl CMeK108aHUSl, Mmemnepamypsl U meniomol NAABAEHUS, Y8eauUeHUe NOAYNepuooos
Kpucmanauzayuu. dmanam obrnadaem ayuueli CNOCOGHOCMbIO 3aME0AAMb KPUCMANAUIAYUIO
19T, uem 2-memun-1,3-nponarouon uau pyparHourxapboHosas Kucioma, Ho ycmynaem Hewro-
mopbim 0pyaum U38eCmMHbIM MOOUPUKAMOPAM.

Knroueewvte cnoea: nonusmuneHmepegpmanam, I19T, I[19TD, cononusgpup, xumuueckuil
peuurnune I19T, 2nurxonus, decmpyKyust, MesKUenHoli 06 mMeH, U30MepMUUEeCKast KPUCMANAUIAUUSL

Jna yumuposanusa: Kupmanos KA., Tepsansg A.1O., Tomc P.B., Jlo6anos A.H. ITomydaenue ¢ramar3aMeieHHOr0 BTOPHYHOTO
MoJNMATWIICHTepedTaIaTa 1 U3y4eHHE €ro U30TEPMUUECKON KpUCTAIIH3AMU. ToHKue xumuyeckue mexnonozuu. 2022;17(2):164-171.

https://doi.org/10.32362/2410-6593-2022-17-2-164-171

INTRODUCTION

Currently, an urgent problem is the processing
of polymer waste, a significant part of which is a
large-tonnage polyester—polyethylene terephthalate
(PET) [1].

The most promising are PET processing methods
based on chemical reactions, while the most studied
are degradation reactions: glycolysis, hydrolysis,
alcoholysis, acidolysis, and others [2—4].

Among them, PET glycolysis is of considerable
interest. Heterogeneous glycolysis is the most
widespread; however, examples of the process under
homogeneous conditions both in solution [5-7] and
in melt [8-10] are also known. The degradation
of PET by oligoesters is of particular interest. The
possibility of PET glycolysis with oligoethylene
terephthalates of various molecular weights was
described in [7]. A similar process was also studied

in [10], however, in this case, glycolysis is carried
out with large amounts of a modifier (an oligoester,
which is different in nature from PET), which leads
to a low molecular weight product. At the same time,
it is known that to obtain a higher molecular weight
product, it is necessary to use low concentrations
of the glycolysis agent [6]. Since the authors
obtained a random copolymer in their work, in their
study glycolysis was combined with another chemical
processing method—interchain exchange.

Today, the interchain exchange reaction for the
modification of PET macromolecules in industry
is less significant than glycolysis [11-14]. Although
the polymeric materials produced in this way may
be contaminated with additives from the original
PET composition or degradation products, the
interchain exchange makes it possible to obtain
copolyesters in a single step and at a relatively
low energy cost. The interchain exchange reaction
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rate depends on the concentration of end groups
in the reaction space [12, 14], the content of which
will be higher if the same amount of modifier is used,
but with a low molecular weight.

Most often, the purpose of such a modification
is to obtain amorphous polymers [1] with lower
crystallinity and longer crystallization half-time. For
example, to obtain an amorphous copolymer, a number
of units, such as units of 1,4-cyclohexanedimethanol
(CHDM) [15-19], CHDM and isophthalate [20], only
isophthalate [21], 2,5-furandicarboxylic acid as an
alternative to isophthalate [22], 1,3-propanediol [23],
2-methyl-1,3-propanediol [24], and tricyclodecane
dimethanol [25] are introduced into the PET chain.
Amorphous terephthalate-based polymers, as well
as CHDM and isosorbide [26], CHDM, 1,4-butanediol,
and oligo-l-lactide [27] are also known. One of the
poorly studied comonomers is inexpensive phthalate
[28, 29]. The products of glycolysis, methanolysis,
and hydrolysis of such a copolymer are easily
separated.

The aim of this work is to study the simultaneous
reactions of glycolysis and interchain exchange
of PET in the presence of small amounts of
oligoethylene phthalate (OEP-1) modifier with
hydroxyl end groups, as well as to study the
isothermal crystallization of poly(ethylene phthalate-
co-terephthalates) (PEPT) with different content
of phthalate obtained in this way. The use of a low
molecular weight modifier in the interchain exchange
reaction should make it possible to achieve a high
process rate [12, 14] and avoid thermal degradation,
and at the studied phthalate concentrations, a decrease
in molecular weight will have almost no effect on
the hard-chain PEPT properties.

EXPERIMENTAL

As the main raw material, transparent PET
flakes were used, which are industrial products
of crushing PET containers [7]. To calculate the
degree of polycondensation, we used the data of [8],
which indicated the average molecular weight equal
to 26000 g/mol. The PET molecular weight value
corresponds to the degree of polycondensation equal
to 135.

Phthalic anhydride, chemically pure (Sigma-Aldrich,
USA) was used without preliminary purification.
Ethylene glycol, chemically pure (Sigma-Aldrich,
USA) was pre-purified by vacuum distillation prior
to use.

OEP-1 was obtained by the phthalic anhydride and
ethylene glycol polycondensation. Ethylene glycol in
a molar ratio of 1.25:1 was added to molten phthalic
anhydride at 140°C in a 250 mL flask equipped with

a Liebig condenser. The mixture was kept for
1.5 h. The temperature was maintained using
a heating mantle. After that, the temperature was
raised to 190°C for 3 h, then the mixture was kept
under a vacuum of 40 mbar until the end of the
evolution of the water formed in the reaction.

PEPT of various compositions was obtained
by the interchain exchange reaction in the melt in
the absence of a catalyst. Pre-prepared PET flakes
and synthesized OEP-1 were co-melted in a flask.
The melt was stirred at a temperature of 280°C in an
inert nitrogen gas stream until a constant viscosity
was reached. The time to reach the melt constant
viscosity was no more than 1.5 h for all samples.

Differential scanning calorimetry (DSC) curves
were obtained on a DSC 204 F1 Phoenix calorimeter
(NETZSCH Geratebau GmbH, Germany) in an inert
medium (argon) at the 10 deg/min scanning rate,
as well as in an isothermal mode.

The composition of the products was confirmed
by Fourier transform infrared spectroscopy (FTIR)
on a Spectrum 65 FT-IR spectrometer (Perkin
Elmer, USA) with a resolution of 1 cm™ in the range
from 500 to 4000 cm™ at a temperature of 25°C.
The oligomer average molecular weight value was
determined from the infrared spectrum according to
the procedure [6, 30].

RESULTS AND DISCUSSION

The resulting oligoethylene terephthalate was
examined by DSC. The absence of crystallization,
melting, and the heat capacity increase peaks on
the DSC curve indicates the formation of the
completely amorphous oligomer. The oligomer
average molecular weight value determined from the
FTIR spectrum (Fig. 1) was 800 g/mol. The oligomer
degree of polycondensation is approximately 4.

Thermal properties and isothermal crystal-
lization were studied by DSC. The thermal
characteristics of the obtained copolymers are given
in the table.

In certain scientific literature, one can find
disagreements in the thermal characteristics
values of such copolymers [28, 29]. This may be
due to both the difference in molecular weight
and the composition of the original PET. Despite
this, the obtained thermal characteristics correlate
well with the known data both on the glass transition
temperatures [28] and on the decrease in heat
levels [28] and melting temperatures [29]. With
the sample phthalate to terephthalate ratio increase
from 0 (sample PET-1) to 15 (sample PEPT-15:85),
the decrease in the melting point from 250 to
221°C and the heat of fusion from 71 to 45 J/g
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Fig. 1. Fourier-transform infrared (FTIR) spectrum of the OEP-1 sample (oligoethylene phthalate).

Table. Composition, polycondensation degree and thermal characteristics of copolymers

500

Terephthalate Degree of Glass transition
. c o .
Polymer to pll‘:tl;zlate polycondensation temperature, °C Melting point, °C Heat of fusion, J/g
PET-1 100:0 135 78.4 250.4 71.2
PEPT-5:95 95:5 53 75.3 242.4 61.1
PEPT-10:90 90:10 33 72.2 2333 53.6
PEPT-15:85 85:15 24 69.5 220.8 45.4
confirms the crystal structure violation at the chain
regularity changing. There is also a decrease in the
glass transition temperature from 78 to 70°C with ‘ J‘ ,
the same increase in the phthalate concentration ' r k
in the polymer. 1
The obtained PEPT composition was confirmed
by the FTIR spectroscopy. The position and intensity ‘ ";
of the peaks in the spectra of the samples (Fig. 2) 1
corresponds to the theoretical data [6, 29]. ‘ ! g
The crystallization half-times were calculated  PEPT-15:85 w h V
from the isothermal DSC curves of the copolymers. PEPT-10:90
The half-times of crystallization of copolymers ‘
at different temperatures are shown in Fig. 3. PEPT 5:95
Crystallization  half-times  with increasing  ppp
comonomer concentration show the growth typical I L T T 1
of PET-based copolymers. 4000 3500 3000 2500 2000 1500 1000
1
v, cm

In terms of crystallinity reduction, phthalic
anhydride as a modifier is inferior to CHDM [15]
and isosorbide [31], but is superior to 2-methyl-1,3-

propanediol [24] and furandicarboxylic acid [32].

Fig. 2. FTIR spectra of PET, PEPT-5:95, PEPT-10:90,
and PEPT-15:85 samples.
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Fig. 3. Isothermal crystallization half-times ¢, ,, min,
of PET samples [32], PEPT-5:95, PEPT-10:90,
and PEPT-15:85 at different temperatures 7, °C.

CONCLUSIONS

The simultaneous glycolysis and interchain
exchange reactions can be used as a method for
obtaining amorphous copolyesters based on recycled
PET. The hypothesis about the possibility of using
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Abstract

Objectives. Currently, several hundred polyiodide compounds have been synthesized and
structurally characterized, but so far, no formation patterns for certain polyiodide ions have
been revealed. The purpose of this work is to continue the search for formation regularities of
polyiodides, including polyiodides of lanthanide complexes.

Methods. Iodide and polyiodide of samarium complexes with biuret (BU), [Sm(BU),JI,-BU-2H,O
and [Sm(BU) J[I][T],, were first synthesized and characterized by X-ray diffraction analysis and
infrared spectroscopy, respectively.

Results. The obtained compounds complement the row of isostructural lanthanide (La-Gd)
complexes. Structures of corresponding iodides and polyiodides were compared in detail
Both types of the compounds contain complex cations of the same composition;, however, their
structures differ significantly. The central atom coordination polyhedron can be described as a
distorted square antiprism and a distorted dodecahedron, respectively. Even greater differences
are observed in the outer sphere of complex compounds. The iodide compound crystals contain
uncoordinated iodide ions, a biuret molecule and two water molecules. In the polyiodide compound,
cations together with isolated I ~ ions form a three-dimensional framework with the channels, in
which linear I ions are united in infinite linear chains by weak interactions.

© A.D. Kornilov, M.S. Grigoriev, E.V. Savinkina, 2022
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Conclusions. The replacement of an iodide ion with a polyiodide ion in complex compounds
of lanthanides with BU leads to changes in both the inner sphere and the outer sphere of the
cation complex, including the supramolecular level. The presence of iodine infinite linear chains
in polyiodides allows expecting the presence of anisotropic electrical conductivity along this
direction.

Keywords: lanthanides, samarium, iodide, polyiodide, crystal structure, anisotropy
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AHHOMAQuUs

Ienu. B Hacmosiuiee 8pemst CUHMe3UpPOo8aHO U CMPYKMYPHO 0XaApaKmepu308aHO HEeCKObKO CO-
meH NOAUUOOUOHBLX COeOUHEHUl, 00HAKO 00 CUX NOp He 8blie/leHO 3aKoHoMepHocmell 0bpaso-
8AHUSL MeX UL UHBbLX NOAUUOOUO-UOHO8. Llenbro Hacmosiuell pabomol siesiemcest NPooosKeHUe
noucka 3aKoHomepHocmetl 06pa308aHUsl NOAUUOOUOO8, 8 MOM UUCSE NOAUUOOUOOE8 KOMNIEKCO8
JAHMAHUO08.

MemoouL. Bnepeble CuHMesUpo8aHsl U 0OXapaKmepuso8aHsl MemoodMu PEHM2eHOCMPYKMYpPHO-
20 AHAU3A U UHDPPAKPACHOT CNeKmpoCcKonuu, cooma8emcmaeeHH0, U0OUO U NOAUUOOUO KOMNAEK-
coe camapus ¢ buypemom (BU) cocmasa [Sm(BU),JI,-BU-2H,0 u [Sm(BU) J[L][1],.

Pesynemamul. [lonyueHHble COEOUHEHUSL NONOJHSIIOM Psi0 USOCMPYKMYPHBLX KOMNIAEKCO8 JIAH-
maruoos om La 0o Gd. IIpogedeHo demanbHoe CpagHeHUe cCmpyKmyp UOOUOHBLX U NOAUUOOUO-
HbLX coeduHeHUl. YcmaroenieHo, umo 06a muna coeOuHeHUll cooeparam KOMNAEKCHbLIL KAmuoH
00H020 cocmasa, 00HAKO e20 CMpOeHUe CYULeCMBEHHO pAa3iuuaemcst 8 UOOUOHbLX U NOAUUOOUO-
Hblx coeduHeHusix. KoopOuHauuoHHbLl NOAUIOP UEHMPAAbHO20 AMOMA MOXKHO ONUCAMb KAK
UCKAIKEeHHYI0 K8AOPAMHYIO AHMUNPUIMY U UCKAXKEHHbLU 0oderxasdp, coomeememaeHHo. Ewe
bosbuue paznuuust Haboaromest 80 8HEWHeEN cghepe KoMNeKCHblx coeduHeHutl. Kpucmaniol
UOOUOHO020 COEOUHEHUSsL codeprkam HeKoOpOUHUPOBAHHblE UOOUO-UOHbL, Mmonekyny BU u Ose
MONeKYystbl 800bl. B NOAUUOOUOHOM COEOUHEHUU KAMUOHbL 8mecme ¢ 00UHOUHbILMU UoHamU [~
0b6pasyrom mpexmepHblil KapKaAc, 8 KAHAIAX KOMOPO20 HAX00AMCes AuHeliHble uoHbL 1, 06bedu-
HeHHble cabbimu 83aumodeticmeusimu 8 becikcoHeuHble AUHeliHble Uenu.
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Bobreodst. 3amerHa uoOud-UOHA HA NOAUUOOUO-UOH 8 KOMNJAEKCHbLX COCOUHEHUSX pedKose-
MenbHblx anemermoe ¢ BU npusodum K u3MeHeHUI0 KaK 8HYympeHHel cgepbl KamuoHHO20
KomMnaeKkca, mak u eHewHell cpepsl, 8KNIOUASL CYNPAMONEKYNAPHDBLI YposeHs. [Ipucymemaue
b6ecKoHeUuHbLX TUHETHbIX yenell U3 amomo8 uoda 8 cmpyKkmype noAuUlooud08 KOMNIEKCO8 JAH-
manudoe ¢ BU nosgosisiem oxKudams HAAUUUE AHUZOMPONHOU 9/1eKmponposooHocmu 800.1b

9Mmoeo HanpaesjleHusl.

Knroueevle cnoea: naHmMaHuobl, camapuil, uooud, noAUUOOUD, KPUCMAAUUECKAs. CmMpYyKkmypa,

arHusomponust

JIna yumupoeanusa: Kopuunos A.Jl., I'puropres M.C., CaBunkuna E.B. CpaBHeHne HOAUA0B 1 TOTUHUOIUIOB KOMIUIEKCOB
PEIKO3EMEIIBHBIX AJIEMEHTOB ¢ OnyperoM. Torkue xumuueckue mexronoeuu. 2022;17(2):172—181. https://doi.org/10.32362/2410-

6593-2022-17-2-172-181

INTRODUCTION

One of the iodine features is its tendency
to catenation, which results in the existence of
numerous polyiodide ions [1]. At present, several
hundred such compounds have been synthesized
and structurally characterized, but so far, no
regularities in the formation of certain polyiodide
ions have been revealed. Even in the relatively
simple NMe I-1, system, several unusual compounds
have recently been discovered [2]. It is believed
that large polyiodide anions should be stabilized by
large cations, including complex ones. These include
complexes of rare earth elements (REE). Several
such compounds have been prepared, with only
the polyiodides of REE complexes with urea (Ur)
being systematically studied. [Ln(Ur)J[L][L,],[L,]
(Ln = La-Nd, Sm-Dy), [Ln(Ur) ][L,], (Ln = Ho, Er),
[Tm(Ur). ]J[1,],-21,, and [Ln(Ur)][L,], (Ln = Yb, Lu,
Sc) were isolated and structurally characterized [3—7].
It is noteworthy that the interaction of iodides of the
above REEs (except Sc) with Ur produces isostructural
compounds [Ln(Ur),(H,0),]I, [8]. The interaction
of REE iodides with biuret (NH,CONHCONH,, BU)
and iodine resulted in formation of isostructural
compounds [Ln(BU) J[L][I], (Ln = La, Nd, Gd) [9].
Regarding the corresponding iodide compounds,
only two examples have been found in the literature.

In the Erl -BU-H,O system, an incongruently soluble
compound of the composition Erl,-4BU, characterized
by infrared (IR) spectroscopy [10], was found, and
the crystal structure of [Gd(BU),JI,-BU-2H,0 was
studied [11].

The study aimed to synthesize and characterize
iodide and polyiodide of a samarium complex with
biuret and compare the obtained results with data on
similar compounds of other REEs.

EXPERIMENTAL

Reagents produced in Russia were used.

Synthesis of [Sm(BU),|I;-BU-2H,0 (1).
Samarium oxide (reagent grade, 2.45 g) was treated
with hydroiodic acid (anal. grade), previously purified
by distillation in the presence of hypophosphorous
acid; the resulting solution was evaporated until
crystallization began, then cooled. The resulting
crystals of samarium iodide hydrate were mixed with
biuret (pur., 1.45 g), at that, crystallization water was
released. To homogenize the reaction mixture, a few
more distilled water drops were added and the mixture
was left for a month for crystallization. The resulting
light-yellow prismatic crystals were separated and
dried.
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Synthesis of [Sm(BU),J[L][I], (2). Synthesis
was carried out similarly, but in the presence of iodine
(reagent grade, 5.36 g). The reaction product is black
opaque crystals of the elongated prism form.

IR absorption spectra were recorded with an
EQUINOX 55 FT-IR spectrometer (Bruker, Germany).
Samples were prepared as KBr pellets for the range
of 50-4000 cm™' and as suspensions in Nujol placed
on high density polyethylene (HDPE) windows
for the range of 50-600 cm ™.

The crystal structure of 1 was studied with
a KAPPA APEX II autodiffractometer (Bruker,
Germany)', MoKa radiation (0.71073 A) at 100 K.
The unit cell parameters were refined over the entire
data set along with data processing.? Absorption
corrections were introduced into the experimental
reflection intensities.* The structure was solved
by the direct method [12] and refined by the Least
Squares method in the anisotropic approximation
for all nonhydrogen atoms [13]. The H atoms of
organic ligands are placed in geometrically calculated
positions with isotropic temperature factors equal
to 1.2 of equivalent isotropic factor of the N atom with

which they are bonded. The H atoms of crystallization
water molecules were localized on the difference
Fourier synthesis of electron density and refined
with limited O-H distances and H—O-H angles
and with U = 15U, (0). The atomic coordinates
and thermal parameters for the crystal structure 1
were deposited at the Cambridge Crystallographic
Data Center* under the CCDC 2120579 number.
The main experimental parameters and crystal-
lographic characteristics of compound 1 are given in
Table 1.

RESULTS AND DISCUSSION

In the interaction of REE iodides with BU,
polyiodides form more easily than the corresponding
iodide complexes. Even if iodine is not added
during the synthesis, the formation of not iodide,
but polyiodide compounds often occur; in this case,
the iodine necessary for the reaction form by the
oxidation of I with atmospheric oxygen. In the case
of samarium Sm, both compounds were obtained:
[Sm(BU),]I,-BU-2H,0 (1) and [Sm(BU) J[L][I], (2).

Table 1. Crystal data, data collection, and refinement parameters for structure 1

Characteristic

Value

Empirical formula
M

Crystal system
Space group

a,

b, A

c, A

a, o

B’ o
y,°
v, A3

Z

T, K

Dy g om”

w(Ka), mm™!

Scan range, °

Index ranges

Crystal dimensions, mm
Reflections collected
Independent reflections
Number of parameters refined
Goodness of fit

Final R/'wR [1=205(1)]

C10H29I3N150128m
1082.53
Triclinic

P-1
10.3152(3)
12.7034(4)
13.8461(4)
98.439(2)
103.658(2)
112.284(1)
1574.04(8)

2
100(2)
2.284
4.880
2.84-29.96
-14<h<14;-17<k<17;-19<1<19
0.240 x 0.300 % 0.320
33839
9075
382
1.093
0.0323/0.0704

" APEX2, Bruker AXS Inc., Madison, Wisconsin, USA, 2006

2 SAINT-Plus (Version 7.68), Bruker AXS Inc., Madison, Wisconsin, USA, 2007
3 Sheldrick G. M. SADABS. Madison, Wisconsin (USA): Bruker AXS, 2008
* Cambridge Crystallographic Data Center, http://www.ccdc.cam.ac.uk/conts/retrieving.html
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X-ray diffraction analysis of compound 1 was
performed. The crystals contain: the [Sm(BU),]**
cation, coordination number is 8; uncoordinated iodide
ions; a biuret molecule and two water molecules
(Fig. 1). Structure 1 is isostructural to the analogous
Gd compound [11]. However, the unit cell parameters
determined in [11] differ from those given in
Table 1. Parameters a, b, and c¢ are close for
both structures; however, for structure 1, all angles
are greater than 90°, while for the Gd compound, they
are smaller. This difference is due to the rules for
choosing a standard cell, which require that the
diagonals of the cell faces are not shorter than its
edges. When the edge b is replaced in the standard
elementary cell of the Gd compound (a = 10.374(4) A,
b = 12.897(5) A, ¢ = 13.854(5) A, a = 71.46(3)°,
B = 76.06(2)°, vy = 66.87(2)°) with the diagonal of
the face ab, the parameters of the nonstandard cell
(@=10374 A, b=12.994 A, c=13.854 A, a.=97.08°,
B = 103.94°, y = 114.11°) are close to those given
in Table 1 for the Sm compound.

It should be noted that in other previously studied
Sm complex compounds with BU, [Sm(BU),](CIO,),
[14] and [Sm(BU)J(NO,), [15], outer-sphere BU
molecules are absent.

Each BU molecule is coordinated through
two oxygen atoms. The shape of the coordination
polyhedron, as for the Gd compound, is a distorted
square antiprism. The Sm—-O bond lengths are
2.358(3)-2.442(3) A. It can be noted that the
inner-sphere BU molecules are in the cis configuration,

010 N13

& N10

Fig. 1. Molecular structure of [Sm(BU),]I,-BU-2H,0 (1);
ellipsoids 50%. H-bonds are shown with dotted lines.

while the outer-sphere molecules are in the trans
configuration stabilized by an intramolecular H bond.
In this case, the inner-sphere BU molecules are not
planar, in contrast to the outer-sphere one: the angles
between the OCN planes of two fragments of BU
molecules are 5.82°-15.41° and 2.02°, respectively.
In addition, for three ligands, a noticeable rotation
of the Sm-O bonds about the mean plane
of the ligand is observed, the torsion angles
Sm—O-O-C are 147°-157° (for the fourth molecule,
about 176°). The outlet of the Sm atom from the
planes of BU molecules is almost 1 A. It should be
noted that the single planar Sm—Bu fragment does
not form H bonds with the outer-sphere BU molecules
and water (it participates only in H bonds with the
neighboring complex cation). Apparently, this favors
the greater electron density delocalization along the
chelate cycle [16, 17].

In structure 1, the outer-sphere BU molecules
are located among the complex cations and are
united with them, as well as with crystallization water
molecules and iodide ions, by H bonds. In this case,
layers of complex cations and outer-sphere BU
molecules can be seen in the structure; these layers
are interconnected by water molecules (Fig. 2).
The formation of hydrogen bonds of the N-H...O
and O-H...O types leads to the formation of a three-
dimensional framework, which is very characteristic
of N,O-containing compounds [18-20].

For compound 2, it was not possible to grow
crystals suitable for X-ray diffraction analysis,

Fig. 2. Crystal packing
of [Sm(BU),]I,-BU-2H,0 (1).
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as well as to obtain high-quality powder diffraction
patterns. Therefore, it was studied by IR spectroscopy
in the region from 40 to 4000 cm™'. The main bands
and their assignment for 2 and similar La, Nd, and Gd
compounds are given in Table 2.

Table 2. IR spectra of [Ln(BU), [L][1],

The v(CO) frequency shifts towards lower
values and 3(NH,) towards higher values indicates
that BU is coordinated to Sm via O atoms. The
bands at 71 and 95 cm™ in the compound 2 spectrum
are assigned to 6(I-I-I), and at 144 cm'—to v(I-I)

Ln
Biuret [17] Assignment
La [9] Nd [9] 2 [this work] Gd [9]
73 67 71 70
95 95 95 94 S(--D)
144 144 143 143 v(I-I)
200 198 197 195
213 218 215 215 8(OMO) +v,(MO)
- 242 241 250 3(OMO)
B 295 282
302 20 294 200 8(OMO) +v,(MO)
399 395 397 398
421 442 417 415 v_(MO)
444 457 445 446
496 490
2 482 PSS 487 ©(MOC) + p (NH,)
591 582 582 582 n(NH) + §(MOC)
710 643 648 647 650 3(C=0)
770 770 769 769 770 8(C-NH,)
946 945 944 944 948 V(CN) +v(C-NH,)
1323 1330 1327 1326 1332 8(NH)
1423 1481 1480 1480 1487 (CN) + v(C—NH.)
1499 M v 2
1585 1608 1605 1607 1610 3(NH,)
1719 1698 1688 1696 1700 v(CO)
3254 3209 3238 3208 3211
3259 3272 3269 3264 v.(NH,)
3415 3405 3408 3388 3407 v (NH,)
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of polyiodide chains [21]. It should be noted that
the compound 2 IR spectrum almost completely
coincides with the spectra of previously studied Ln,
Nd, and Gd polyiodides [9], especially in the long-
wavelength region, where the characteristic vibrations
of polyiodide particles are located.

Based on the isostructurality of [Ln(BU),][L][I],
(Ln = La, Nd, Gd) [9] and analysis of IR spectra
(especially in the long wavelength region, which is
extremely sensitive to the structure of the polyiodide
anion), it can be assumed that the Sm compound
also belongs to this isostructural series.

Polyiodide compounds, like iodide compounds,
contain the complex cation [Ln(BU),J**, but its
structure differs from that of the cation in iodide
compounds. Pairs of BU molecules and Ln atoms
in [Ln(BU),J[L][1], are located in two almost
perpendicular planes. The outlet of Ln atoms from
the planes of BU molecules does not exceed 0.1 A.
The Ln coordination polyhedron can be described as
a distorted dodecahedron.

The absence of water can be explained by
the fact that poorly hydrated polyiodide ions are
displaced from the aqueous medium into the solid
phase, preventing water molecules from being fixed
in the crystal lattice. This phenomenon can be used
for further synthesis of anhydrous REE compounds,
which are widely used [22].

Stabilization of polyiodide anions can be
realized in two ways: polyiodide ions can be included
in a supramolecular framework built by cations, or
they themselves can form a framework, and cations
will be located in its cavities [23]. In the previously
studied polyiodides of amide complexes, the second
variant was observed. However, in the case of
BU compounds, it is the cations (together with single
I ions) that form a three-dimensional framework, in
the channels of which there are linear I5 ions, united
by weak interactions into infinite linear chains, which
should cause the presence of anisotropic electrical
conductivity along this direction [9].
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Thus, the replacement of the iodide ion by the
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