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ULTRAFAST TRANSMISSION ELECTRON MICROSCOPY
A.A. Ischenko'®, L. Schafer?, Yu.l. Tarasov’!, E.A. Ryabov?3, S.A. Aseyev?
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Ultrafast laser spectral and electron diffraction methods complement each other and open up new
possibilities in chemistry and physics to light up atomic and molecular motions involved in the primary
processes governing structural transitions. Since the 1980s, scientific laboratories in the world have
begun to develop a new field of research aimed at this goal. “Atomic-molecular movies” will allow
visualizing coherent dynamics of nuclei in molecules and fast processes in chemical reactions in
real time. Modern femtosecond and picosecond laser sources have made it possible to significantly
change the traditional approaches using continuous electron beams, to create ultrabright pulsed
photoelectron sources, to catch ultrafast processes in the matter initiated by ultrashort laser pulses
and to achieve high spatio-temporal resolution in research. There are several research laboratories
all over the world experimenting or planning to experiment with ultrafast electron diffraction and
possessing electron microscopes adapted to operate with ultrashort electron beams. It should be
emphasized that creating a new-generation electron microscope is of crucial importance, because
successful realization of this project demonstrates the potential of leading national research centers
and their ability to work at the forefront of modern science.

Keywords: ultrafast electron diffraction, crystallography and microscopy, ultrashort laser pulses,
femtosecond and picosecond pulsed electron beams, ultrafast photoexcitation of molecules, coherent
dynamics of nuclei, coherent electron dynamics, dynamics of phase transitions.
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Memoobl ceepxbolcmpoii s1eKmpoHHOU OUPPaKUUUL, A3EPHOT CNeKMPOCKONUU U K8AHMOB8OU Xu-
MUU, OONONHAS OpYe OpYyaa, OMKPbLEAOM HOB8ble B03MOIKHOCMU USYUEHUSL BHYMPUMONEKYJSPHOU
OuUHAMUKU 8euiecms, yuacmeyrouwux 8 npoyeccax xumuueckux peaxyuil. IlepexooHoe cocmosiHue
XuMUUecKux peaxkyuil onpedensem HanpasaeHue smux npoueccos. Hauurnas om nepssix pabom
1980-x 20008, gvinonHeHHbIX 8 Poccuu U noka3asuux NPUHYUNUATLHYIO 803MOAKHOCMb UCCAE00-
8AaHUSL KO2epeHMHOU OUHAMUKU S0ep MONeKYJAPHBbIX cucmem, mHozue HayuHble sabopamopuu
8 Mupe Hauaiu UHMeEeHCUBHY paspabomiky Ho8ol obriacmu ucciedos8aHull, HanpPasieHHy HA
sKCNepuUMeHMaIbHOe UCCe008aHUE NEePEXOOHO020 COCMOSTHUSL MemoOoMm ceepxbblcmpoil ougpai-
yuu atekmponos. IlocnedosamenvHoe passumue 3moz20 HaANpPasieHust NPueesio K cCo30aHuU0 makx
HA3bl8AEMO020 “AMOMHO-MONEKYNAPHO20 KUHO”, NO3BONAIOULE20 BUIYANUIUPOBAMb KO2EPEHMHYIO
ouHaMuKy si0ep 8 MONEKYaax U ceepxbblempble NPOUECCbl 8 XUMUUECKUX PeaKyusix 8 pesxume
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Ultrafast transmission electron microscopy

peanbHoz20 8pemeru. B Hacmosiuee epemsi psid HAYUHO-UCCAe008aMENbCKUX 1abopamopull 8 mupe
paspabamobiearom memoosl ceepxbolecmpoll OUGPAKUUU INEKMPOHO8 U PEHM2EeHO8CK020 U3NYyue-
HUSl, KOMOopble OMKPbLIU 803MOAHOCMb UCCE008AHUSL NEPEXOOHO020 COCMOSIHUSL XUMUUECKUX peark-
yuti. CozdaHue a1eKmpoHHbIX MUKPOCKONO8 C 8bLCOKUM NPOCMPAHCMBEHHO-8PEMEHHBIM paspeule-
HUeM 518/151emest HO8bIM HANPABIEHUEM 8 INEKMPOHHOU MUKPOCKONUU, OAUIIKO NPUMBLKAIOULUM K
9MOMY HOBOMY HANPABAEHUIO HAYKU. YCNeuHAsl peaiu3ayus 9moeo HanpaeieHus UCCae008aHull
demoHcmpupyem NOMeHUUANL 8e0YUlUX HAUUOHANLHBIX HAYUHO-UCCAe008AMENbCKUX UEHMPO8 U
ux cnocobHocms pabomame HA nepedHem Kpae CO8PeMeHHOU HaYyKU.

Knroueevte cnoea: ceepxbblcmpast OUPPAKUUSL INEKMPOHO8 U PEHM2EHO8CK020 U3TYUeHUsl, KPUCMAl-
J102paghust U INEKMPOHHASL MUKPOCKONUSL, YIbMpaKopomiKue AasepHble UMNY.TbCbl, hemMmoceKyHOHbLE
U NUKOCEKYHOHble UMNYJIbCHbLE 3EKMPOHHbLE NYUKU, ceepxbblcmpoe ¢homogo3byrkoeHue MONEeKY,
KozepeHmMHast OUHAMUKA s10ep, KO2epPeHMHASL OUHAMUIKA 9/IeKMPOHO8, OUHAMUKA PA308blX Nepexo0os.
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Introduction

The goal of any microscopy is to study the structure,
composition, and a variety of physical and chemical
properties of materials, biological samples, or other
microscopic items [1-3]. Conventional microscopy
can capture static images of structures on length scales
in the micrometer regime for optical microscopes and
nanometer, or even sub-nanometer scales, with electron
microscopes. Traditional microscopy aims to observe
snapshots of the microscopic world, frozen in time.
It is the goal of ultrafast electron microscopy to add a
temporal dimension to those observations, i.e. to observe
the motions of nanoscale objects.

In most conventional microscopies, electromagnetic
radiation or corpuscular beams act as the probes: optical
microscopes use light while electron microscopes use

electron beams for imaging, respectively. Other microscopic
methods take advantage of ions, protons, positrons,
neutrons, or acoustic or microwave radiation or other, less
common, methods [3-8]. In each of them, the specificity of
the interaction of a beam of particles (or photons) and the
molecules or atoms of a sample yield unique and rather
useful information about the structure, composition and
microscopic inhomogenieties of the sample, and the nature
of their intermolecular interactions [5, 6, 9]. Scanning probe
microscopies, which use a sharp probe tip that is scanned
across surfaces, are fundamentally quite different and
possibly more difficult to adapt to the time domain.

Imaging in classical microscopy is achieved in either
of two ways: In transmission mode, a large area of the
sample is illuminated by a beam of light or particles and the
image of the object is projected onto a screen or detector
by specifically designed lenses. In reflection mode, either
the primary radiation reflected off the sample, or secondary
particles or photons generated by the incident beam, are
used to form an image of the sample [1, 10]. Most often,
transmission microscopes that use, for example, a film,
photographic plate, photosensitive recorder or digital
camera, produce the entire image at once [11, 12]. Reflection
microscopes often operate in “scanning microscopy’”” mode,
where the sample is scanned by a beam focused to a spot of
rather small diameter, and the resulting image is assembled
point by point.

Because most materials absorb the optical radiation,
transmission optical microscopy is limited to sample
thicknesses of typically less than 1 mm. In electron
microscopy, the sample has to be much thinner because
the electrons interact with matter more strongly than
light. Transmission electron microscopy is therefore
applicable only to very thin slices, with film thicknesses
of much less than 1 micrometer. Such samples are
prepared using special ultramicrotomes that can produce
film thicknesses down to a few tens of nanometers [2].

1. Transmission and scanning
electron microscopy

Scanning microscopes form images by focusing
a beam of charged particles or photons to a very small
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diameter and moving it across the surface of an object.
Reflected particles or photons are recorded by a detector
that does not require imaging capability. The image is
constructed "point by point" by recording the signal
as a function of the probe beam position. The method
is reminiscent of the generation of an image using a
scanning electron beam in a traditional cathode ray tube
(CRT), or the modulation of the brightness of luminous
points in a LCD monitor [13]. Scanning microscopy is
a rather convenient tool to study the morphology and
topography of various geometric objects, to investigate
elemental compositions, to measure the electric and
magnetic fields in micro-volumes, or to test electrical
parameters such as lifetime diffusion length of charge
carriers in semiconductor crystals [14].

In a transmission electron microscope (TEM), an
electron beam illuminates a larger area of a very thin sample.
Asthey are relayed by a set of electrostatic or magnetic lenses
onto a fluorescent screen or equivalent position sensitive
detector, the transmitted electrons form an image [2, 15]. The
first such transmission electron device was demonstrated in
1931 by M. Knoll and E. Ruska [16], who imaged a wire
mesh using an electron beam. The image was formed by
an axially symmetric set of magnetic electron lenses with a
narrow annular gap and a sharp maximum of the magnetic
field on the axis. The first commercial transmission electron
microscope was developed and released by Siemens A.G. in
1939 under the supervision of E. Ruska, who received the
Nobel Prize for Physics in 1986 for his design of the electron
microscope.

The transmission electron microscope is the
now a ubiquitous tool that finds applications in the
study very thin samples and nanoscale structures with
typical dimensions of about 10-100 nm. Using electron
accelerating voltages of up to 200 kV [17], the electron
rays of the microscope are quite similar to those of
optical light microscopes in that they create an image of
the sample based on the transmitted beam, Fig. 1 [17].

The transmission electron microscope consists of an
electron gun and an assembly of electromagnetic lenses.
Fig. 1 shows the path of the rays in a microscope with three
levels of zoom and one condenser lens that is used to pre-
focus of the electron beam. The two common modes of
operation are the imaging mode and the micro-diffraction
mode. Inimaging mode, the plane of the sample conjugates
to the screen where the image is formed. It is assumed that
the sample is very thin compared to the focal length of the
imaging objective lens. In diffraction mode, the sample
conjugates to the back focal plane of the objective lens,
where the distribution of the amplitudes of the electron beam
corresponds to the Fraunhofer diffraction of the electrons by
the sample [1].

The diffraction mode makes possible the chemical
analysis of very small samples [18]. The phrase "micro-
diffraction" is often invoked, where the word "micro" implies

Fig. 1. The ray paths in the transmission electron
microscope and its modes of operation:
(a) — imaging the spatial structure of the sample;
(b) — micro-diffraction: 1 — the source of the electrons;
2 — the condenser lens; 3 — the sample;

4 — the object lens; 5 — the focal plane of the object lens;
6 — the first intermediate image; 7 — the intermediate lens;
8 — the second intermediate image;

9 — the projection lens; 10 — the selector diaphragm.

that the diffraction signal is observed from only a rather small
area of the sample. The area is chosen either by a special
selector diaphragm that is placed in the plane of the first
intermediate image (see Fig. 1), or by irradiation of the desired
part of the sample with a tightly focused electron beam.

In imaging mode, a so-called aperture diaphragm is
installed in the focal plane of the object lens in order
to limit the aperture of the beam, i.e. the opening angle
of the cone of rays emerging from the sample. This
helps to decrease the spherical aberration, a basic
imaging error that is associated with the projection of
a point in the sample to a point of the image [1, 19].
Fig. 1 presents the setup with the single-lens condenser.
Modern microscopes are usually equipped with a two-
lens condenser that allows for a rather high electron
flux to a small area of the object with characteristic size
of 1-5 microns. This eliminates problems arising from
the growth of films due to hydrocarbon polymerization
of oil vapors as a result of electron bombardment of
the unobserved sample areas in instruments where the
microscope column is evacuated by diffusion pumps.

Themostcommon electron microscopes, of whichmany
thousands have been produced, use electron accelerating
voltages of 80-100 keV. Several hundred instruments with
an accelerating voltage of between 200 keV and 500 keV
were created for the study of objects with thicknesses of
up to 10 microns. Comparatively few microscopes with
voltages in the MeV range have been built.

Toukme xumudeckue TexHororuu / Fine Chemical Technologies 2017 Tom 12 No 1 7
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The electrons of a typical transmission microscope
with an accelerating voltage of 100 keV have a de Broglie
wavelength of 3.7 pm. This is much smaller than the order
of 100 pm diameter of a hydrogen atom. Experience with
optical microscopes, where the resolution is limited by the
wavelength of the light, might suggest it is easy to observe
any atomic particle with an electron microscope. But instead,
it is extremely difficult to observe individual atoms. This
is because the spatial resolution is limited by the poor
quality of electron lenses compared to optical lenses: at
the same angular size of the light and electron beams,
electron lenses create almost of two orders of magnitude
more aberrations and image distortion [1, 15, 19].

2. 4D Electron microscopy

To observe the motions of microscopic systems
in a dynamical fashion, one encounters a challenge
with a well known tradition. While the human eye can
follow slow processes, events that happen on time scales
faster than about a tenth of a second elude our direct
observation. To probe temporal events faster than that,
the English photographer Eadweard Muybridge invented
the use of multiple cameras. As an example, Fig. 2 shows
an 1871 Muybridge recording that captures the moment
when a galloping horse separated all four hooves from
the surface of the earth.

Fig. 2. One of the first “movies” in history. These images were obtained by E. Muybridge in 1871.
The time delay between the exposures was about 50 ms [20].

Of scientific interest today would be movies showing
the movement of atoms in molecules, the fast dynamical
processes in biological systems, or the changes in the
geometrical structures of nanoscale devices. To estimate
the magnitudes oftime scales involved, we can extrapolate
from the observation of macroscopic objects by using as
the maximum velocity the speed of sound.Thus, if a time
resolution of 1 pus suffices to time-freeze the motions
of objects with spatial dimensions of 1 mm, then in a
system with a characteristic length scale of nanometers,
a picosecond (107'? s) time resolution is appropriate. To
resolve the motions of individual atoms and functional
groups within molecular systems, a time resolution in the
femtosecond regime is necessary.

The two principal designs of electron microscopes,
the scanning design and the transmission microscope
[1, 2], can each be adapted to a time resolved
operation. However, for all but the slowest processes
of interest, scanning an electron beam even as the
molecular dynamical process is unfolding, would be
too slow. Consequently, the scanning approach is best
implemented with temporal processes that are repetitive:

in a stroboscopic microscope, the scan of the electron
beam and the associated detection of back-reflected
primary and secondary radiation are synchronized
with the oscillatory motions of the nanoscale object of
interest. In contrast, a transmission microscope, which
can capture an entire image at once, does not require
repetitive processes. That approach is used in the so-
called dynamical transmission electron microscope [21].
Both types of instrument will be discussed in detail
below.

To illustrate the main components of an ultrafast
electron microscope, Fig. 3 shows the schematic of a
recently built instrument that was designed to explore
phenomena occurring on a picosecond or sub-picosecond
time scale [4, 22].

The instrument can conceptually be divided into
three components: (1) the electron gun, where the
sub-picosecond pulsed electron beam is formed and
accelerated to a high energy; (2) the interaction unit, in
which the sample is excited by femtosecond laser pulses
and its spatial-temporal structure probed by ultrashort
electron bunches; and, in this case, (3) the position-
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Fig. 3. Schematic illustration of an ultrafast electron
microscope. A commercial electron microscope, operating
in a continuous mode, can be taken as a basis in order
to create such a device. To adapt it to time-resolved
microscopy requires a femtosecond laser to provide a
pulsed excitation of the sample (laser beam shown in red),
and another one for the preparation of the photoelectron
probe pulse of ultrashort duration (marked in blue) [23].
(Reprinted figure with permission from [Grinolds M.S.,
Lobastov V.A., Weissenrieder J. and Zewail A.H. Four-
Dimensional Ultrafast Electron Microscopy of Phase
Transitions // Proc. Nat. Acad. Sci. U.S.A. 2006. V. 103.
P. 18427-18431]. Copyright (2006) National Academy of
Sciences, U.S.A).

sensitive detection of the electrons after their interaction
with the sample. In other designs, the backscattered or
secondary electrons will be observed.

Theuse of electron beams consisting of short electron
pulses imposes strict requirements on the detector,
because such pulses cannot sustain a large number of
electrons. To make up for this constraint, the detection
efficiency of the detector should be as high as possible.
After much development work, the detection efficiency
for the time-resolved instrument, illustrated in Fig. 3,
has been improved by almost an order of magnitude
compared to that of a standard electron microscope [4].
In addition to enabling the time resolved experiments, the
low electron flux also provides interesting opportunities
in areas where radiation damage is of concern, such as in
the imaging of biological samples.

The generation and propagation of ultrashort
electron bunches are at the core of time-resolved electron
microscopy. We will therefore pay special attention to
the effects that need consideration in the design of an
instrument [24]. The duration of the photoemission
of electrons from the surface of a solid cathode, and
therefore the initial duration of the photoelectron bunch,
is determined by the duration of the laser pulse. But
during the propagation from the photocathode to the
target, the electron beam is stretched in time. We shall

consider three major factors that lead to a smearing of
the electron bunch.

First, the acceleration of photoelectrons in a static
electric field near the solid photocathode causes so-
called time-of-flight chromatic aberrations (TFCA). The
temporal spreading of the electron pulse is given by:

Aty =\2m,AE, [eF , (1)

where AE is the initial spread of the kinetic energy of the
electrons as they emerge from the cathode and F is the
electric field in the acceleration gap.

This expression for TFCA can be obtained by
solving a quadratic equation that describes the uniformly
accelerated motion of the electrons in the acceleration
gap of the length of /:

v0t+(eF/me)t2/2=l

Differentiating the both sides with respect to time ¢
yields:

Avy +(ef /m,)At=0,

from which the expression for TFCA immediately follows.
As a numerical example let us consider an electron pulse
with an initial energy spread of AE = 0.3 eV, which is
accelerated by a field of F = 10® V/m. This is about the
maximum value of the field as higher values lead to
vacuum breakdown even with special electrodes that
have undergone thorough mechanical, electrochemical
and ionic treatment. With those parameters, eq. (1)
suggests a broadening of the pulse by At = 60 fs.
Secondly, the travel of electrons with slightly
different kinetic energies through the field-free flight
tube requires a fair amount of time, during which the
electrons drift apart. The resulting elongation of the
electron pulse during this time of flight is expressed as:

ATrop =trop(AE, [2K) . (2)

Here, 7, is the travel time of the electrons with
kinetic energy K from the photocathode to the sample.
Any temporal spreading after the sample is of no
consequence. As an example, using electrons with kinetic
energy K = 30 keV, an energy spread of AE, = 0.3 eV as
above, and a travel time 7, = 3 ns that corresponds to
a distance of 30 cm between the cathode and the target,
one obtains At = 15 fs.

Thirdly, the Coulomb repulsion between the
electrons that comprise a pulse causes a swelling of
the pulse. To estimate the effect of this space-charge

interaction on the temporal properties of the beam, we
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consider a model in which the electron bunch is traveling
through a field-free region. The total energy of the bunch,
consisting of N electrons, is conserved:

VJFW:%Zez/4ﬁgo|ri_1~j|)+%§jmevi2 (3)

Therefore, the characteristic value of the distribution
of the velocities, dv, resulting from the electrons pushing
each other apart, is qualitatively estimated as:

m6v* |2~ e*N/(167,57), “4)

where or is the initial size of the photoelectron cloud. In
this model, the velocity spread of the electrons causes an
elongation of the order of Az, ~t,,.0v/v,, which can be
rewritten as:

Az, = (tTOF/Ve)\/W ©)

As an example, consider an instrument with N =
10* electrons moving with a velocity of v, = 10° m/s for a
flight time of 7, = 3 ns. Let us assume that initially, the
electron pulse is confined to a an initial size of dr =~ 10
pum, which might result from the tight focusing of a laser
beam on a photocathode. Within the framework of the
simple model, we find that the space-charge interactions
lead to a broadening of the electron pulse by At. = 5 ps.

These considerations, and the numerical examples,
suggest that the Coulomb repulsion of the electrons
within each electron bunch is the main factor that
constrains the design of ultrafast electron microscopes.
Of course, various parameters can be optimized, although
in most cases there are trade-offs to be considered. For
example, the use of very high accelerating voltages, such
as 500 keV instead of 30 keV, can reduce the swelling
of the electron bunch due to Coulomb repulsion; but it
can also lead to enhanced damage of the sample. Use of
very fast electrons, in the MeV range, can further reduce
the space-charge broadening becasuse of the onset of
relativistic effects [25, 26]. It should also be noted that
an electrostatic mirror, a so-called reflectron, can be used
to re-compress the electron bunches after their original
spreading [27,28]. At the present time, a radio frequency
compression scheme is already in use for this purpose.

Visualizing the rearrangement of atoms in
different molecular and condensed-matter systems
requires resolving picometre displacements on a 10-fs
timescale [29]. The authors of this work demonstrated
the compression of single-electron pulses with a de
Broglie wavelength of 0.08 A to a full-width at half-
maximum duration of 28fs, substantially shorter than
most phonon periods and molecular normal modes.
These measurements pave the way to resolve the fastest

atomic motions relevant in reversible condensed-matter
transformations and organic chemistry.

An important challenge in the field of 4D, i.e.
spatially and temporally resolved, electron microscopy
remains the observation of an image or a diffraction
pattern produced by a single electron pulse. While for
pulses of long (nanosecond) duration this has been
achieved using conventional electron acceleration
voltages [30], meeting this challenge for ultrashort, i.e.
picosecond or femtosecond pulses, is more difficult. A
solution to this problem is rather important, because it
would enable the study of ultrafast irreversible processes.
An early breakthrough has been achieved by a collaboration
of scientists at Brown University and at SLAC, who used
ultrashort electron pulses with 5.4 MeV of energy, generated
using the Gun Test Facility at SLAC, to record single-shot
diffraction patterns of 160 nm thick aluminum foils [25,
26]. Their work showed that MeV electrons should make
it possible to achieve sub-100 fs time resolution using
single shot images. Subsequently, physicists in Japan,
applying a magnetic sector to compress the electron
bunches, were able to collect diffraction patterns of thin gold
films with single, subpicosecond electron bunches [31].

3. Examples of instrument designs

Conventional electron microscopes take advantage
oftwo ofthe three main properties ofthe electron: the small
de-Broglie wavelength, which enables very high spatial
resolution; and the electric charge, which allows one to
control its movement by electric and magnetic fields [1].
Already 60 years ago, a third important property of the
electron, its small mass and the concomitant low inertia,
began to be used in so-called stroboscopic electron
microscopy for the study of periodic processes [32]. The
essence of the method is quite simple: a sample with
periodically time-varying characteristics, with a fixed
rate of change, is irradiated by short bunches of electrons
that arrive at the sample with the same frequency and
with a fixed phase relationship. The synchronicity of
the periodic processes and the electron probe bunches
effectively freezes the image, which shows the state of
the sample at the time of arrival of the electron pulses.

Stroboscopic techniques were developed in the Soviet
Union as early as the 1960's by G.V. Spivak. All major
types of electron microscopes were adapted to this purpose
[33, 34]. These developments allowed the exploration of
many processes in rapidly varying thin films and in surface
layers of solids. Examples include the re-polarization of
ferroelectrics, the distinctions of the domain structure
during re-magnetization of thin magnetic films, the
heterogeneity of alternating fields of magnetic heads,
and the local defects of p-n junctions during their fast
switching between the locked and open states [35].

The initial work on stroboscopic microscopy
was in the microsecond and nanosecond time regime.
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Subsequently, several laboratories started to push into
the picosecond domain, usually using stroboscopic
scanning electron microscopy to investigate periodic
processes. The main difficulties arose from the gating,
the interruption, or the modulation of the electron beam.
Two methods can be used for this: first, one can change
the intensity of the electron beam by applying appropriate
voltage pulses across the cathode or across a modulator
in the electron gun; and secondly, one can deflect a
continuous electron beam by an electric or magnetic field
in the vicinity of a skipping aperture of small diameter.
The electron pulses so obtained should, of course, be
properly frequency and phase synchronized with the
periodicity of the sample to avoid a loss of resolution.

The larger the duty cycle of the blanking pulses,
i.e. the higher the ratio of the repetition period to the
duration of the front of the electron pulse, the better the
temporal resolution of the stroboscopic microscope, but
the lower the brightness of the image. Consequently,
each application requires a careful assessment of the
best trade-offs. Moreover, a very short front of the pulse
causes the resolution of the microscope to deteriorate
because of non-ideal edges of the pulse, the appearance
of chromatic aberration in transmission electron
microscopy and the manifestation of the Boersch-effect
[36], i.e. the transition of the longitudinal component of
the electron velocity to a transverse component due to
Coulomb repulsion.

Space-charge effects can be completely eliminated
by using electron pulses that contain, in the extreme
limit, only a single electron. If the pulse train has a
large enough number of electron pulses then the overall
current must not necessarily be small. Zewail and his
group have demonstrated this approach [37,38] by using
a femtosecond laser pulse train with 80 million pulses
per second to generate a current in the range of 500 pA,
implying about 40 electrons per pulse. This microscope
delivers not only excellent temporal resolution but also a
very high spatial resolution.

While the stroboscopic approach is limited to
repetitive signals to which the electron pulse train is
locked in frequency and phase, a different approach,
called dynamic transmision electron micrsocopy
(DTEM), enables the capture of images that follow
one-time events [21]. Just as Muybridge’s temporally
sequenced image frames were the predecessors of real
movies, so it can be expected that the step-by-step
acquisition of images can eventually lead to the creation
of the long-desired ‘molecular movies’.

A review article [21] and monograph [4] describe
the development of the methods of 4D, dynamic
transmission electron microscopy. A sketch of a DTEM
is reproduced in Fig. 4. In the DTEM approach, the
cathode drive laser pulse is sufficiently intense to
generate an electron bunch that contains a large number

of electrons. This pulse is accelerated toward the sample,
and just as in standard transmission electron microscopy,
the transmitted electrons are projected onto a screen
using a set of electrostatic lenses.

"‘ Laser.pulse-driven
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Fig. 4. The schematic of a dynamic transmission electron
microscope (DTEM) [21].

A challenging aspect of the DTEM design is
to minimize space-charge interactions between the
electrons vis-a-vis the need to have a sufficient number
of electrons to obtain an image. In the instrument shown
in Fig. 4, this is achieved by operating the device with
electron pulse durations of 10’s of nanoseconds. Such
long pulses can sustain the requisite electron numbers,
on the order of 108 electrons, to make imaging possible
with a single shot.

Quite recently a compact electron source specifically
designed for time-resolved diffraction studies of free-
standing thin films and monolayers has been developed
[39]. An extremely compact design, in combination with
low bunch charges, allows for high quality diffraction in
a lensless geometry.

A further important technological advance embodied
in the instrument of Fig. 4 relates to the recording of the
transmitted electrons. The problem with a conventional
detector capturing the transmitted electron image is that
the readout of the detector must be sufficiently fast to
follow the fast repetition rate of the electron bunches. To
solve this problem, the design of Fig. 4 uses a deflector
system to cast images from different electron bunches
onto different parts of the detector, so that an un-gated

Toukme xumudeckue TexHororuu / Fine Chemical Technologies 2017 Tom 12 No 1 11



Ultrafast transmission electron microscopy

CCD camera can be used to capture multiple shots. As
illustrated below, the nanosecond time resolution of
the instrument is sufficient to explore many phenomena in
material science, such as the propagation of melting fronts
upon localized heating. The DTEM approach with the multi-
frame detector is attractive also because it approaches the
ultimate goal of recording movies of one-time events.

In 2016, at the Institute for Spectroscopy of Russian
Academy of Sciences (ISAN) it has been created ultrafast
transmission 75-keV  photoelectron microscope in
collaboration with the Moscow Technological University
(MIREA), Institute of Fine Chemical Technologies.
The setup is based on commercial transmission electron
microscope Hitachi H-300 and is intended for the researches
of dynamic processes in the solids by excitation of a sample

by femtosecond laser pulses and with probing emerging
dynamics using ~ 7 ps pulsed photoelectron beam. The
introduction of an adjustable optical delay between excitation
and probing channels enables observation of ultrafast
processes in matter. Our apparatus has been combined with
80-MHz femtosecond laser Mai-Tai, 2.5-MHz femtosecond
fiber laser Antaus, or 1-kHz source of amplified femtosecond
laser pulses with an energy of up to 4 mJ per laser pulse.
In the first part of the experiments it has been visualized
the interaction of picosecond 75-keV electron beam with
charged cloud emitted from copper target under the action
of focused femtosecond laser radiation. In the next part, the
laser-induced plasma and associated processes in the vicinity
of solid target will be investigated with high spatio-temporal
resolution.

Fig. 5. Overview of the ultrafast transmission electron microscope
at Institute of Spectroscopy of the Russian Academy of Sciences developed by research group
from ISAN and Moscow Technological University, Institute of Fine Chemical Technologies.

4. Applications of time-resolved microscopy

4.1. Phase transitions in nanoparticles

When vanadium dioxide, VO,, is heated beyond
67° C, it undergoes a phase transition of the first type,
reorganizing from a low-temperature monoclinic
structure (M) to a high-temperature tetragonal rutile
structure (R). The studies [23] describe the application
of ultrafast electron microscopy to explore this phase
transition. Since those studies used single electron probe
pulses, Coulomb space-charge problems were absent.
The authors were able to record a time series of images,
i.e. a movie, with a very high spatial resolution and an
ultrashort temporal resolution. They also showed that it
was possible to investigate an ultrafast metal-insulator
phase transitions in the same material. A structural

phase transition in VO, nanoparticles is manifest in the
diffraction patterns (atatomic scale) and in the microscope
images (on a nanometer scale) with a temporal resolution
on the order of 100 fs (Fig. 6).

This time-resolved ultrafast electron microscopy
study recorded the motion of atoms upon femtosecond
laser irradiation of the sample in the near IR, revealing
the phase transition in all three dimensions and in time.
It showed that as an initial step, the vanadium atoms are
separated from each other, and subsequently begin to
move towards their final positions.

Phase-change materials represent the main
candidates for data storage devices with high-speed
recording performance, which use the large difference
in the physical properties of their transitional lattice
structures. On a nanoscale, it is fundamental to determine
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Fig. 6. (a) Images showing a phase transition in the films of VO, (left) and after the phase transition (right),

were collected with a magnification of 42 000 (the bar corresponds to 100 nm). (b) The diffraction patterns, corresponding

to the phase transition in the films of VO, (right) and after the phase transition (left).
The monoclinic phase and the high-temperature rutile phase are experimentally observed (left side of panel (b)
and constructed by calculations, right side of panel (b). From [23]. (Reprinted figure with permission from [Grinolds M.S.,
Lobastov V.A., Weissenrieder J. and Zewail A.H. Four-Dimensional Ultrafast Electron Microscopy
of Phase Transitions // Proc. Nat. Acad. Sci. U.S.A. 2006. V. 103. P. 18427-18431].
Copyright (2006) National Academy of Sciences, U.S.A).

their performance, which is ultimately controlled by
the speed limit of transformation among the different
structures involved. In the work [40], the authors report
observation with atomic-scale resolution of transient
structures of nanofilms of crystalline germanium
telluride, using ultrafast electron crystallography. A
nonthermal transformation from the initial rhombohedral
phase to the cubic structure was found to occur in
about 12 ps. On a much longer time scale (hundreds
of picoseconds) equilibrium heating of the sample is
reached, driving the system toward amorphization. Thus
itis possible to visualize the elementary steps defining the
structural pathway in the transformation of crystalline-
to-amorphous phase transitions.

4.2. Laser-induced crystallization

Capturing movies of nanoscale objects undergoing
irreversible dynamical processes is one of the essential
goals of time resolved electron microscopy. The dynamic
TEM equipped with a multi-frame detector described above
(Fig. 4) enables the recording of brief image sequences
that can be assembled to a movie. The work [30] describes
the observation of irreversible phase transitions resulting
from the rapid heating of a sample with a short laser
pulse. Specifically, the authors reported the observation
of crystallization in GeTe, Fig. 7. The sequence of images
spans the time range from slightly before the exposure of the
sample by the laser to about 2.5 ps after the irradiation event.
During this time, the laser pulse heats the sample to
more than 800 K, at the center of the laser beam profile.
The material responds by undergoing a phase transition
to form crystallized GeTe, a process that unfolds on a
microsecond time scale. Since this time scale is much
longer than the duration of each electron bunch, 17.5 ns,
each exposure freezes the motions in time, resulting in
spatially well-resolved images.

Fig. 7. Frames of a ‘movie’ revealing the crystallization
of amorphous GeTe (blue) into crystalline regions (yellow)
after exposure of the material to laser pulses with 4.7 mJ
of energy. The individual frames were recorded
in the work [30] using 17.5 ns electron pulses deflected
onto different detector areas at the time points as indicated.

The recent progress in ultrafast and ultrabright
electron and x-ray sources makes it possible to extend
crystallography to the femtosecond time domain in
order to literally light up atomic motions involved in the
primary processes governing structural transitions [41].
The advances in this area have enabled atomic resolution
to structural dynamics for increasingly complex systems.
Corresponding scientific activity focuses on achieving
sufficient brightness in pump-probe schemes to resolve
the far-from-equilibrium motions directing chemical
processes that in general lead to irreversible changes
in different samples. Given the central importance of
structural transitions to conceptualizing chemistry, this
emerging field in science has the potential to significantly
improve our understanding of chemistry.
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4.3. Musical nanoscale instruments: a drum,
a harp and a piano

Most materials subjected to an ultrashort, intense
laser pulse experience strains that result from the non-
uniform spatial and temporal distributions of the absorbed
laser energy and from changes in the lattice parameters
induced by the sudden deposition of energy. For very
small structures, the accompanying deformations may
be very large. Using ultrathin platelets of graphite and
gold, Baskin with the co-workers [42] have used the
effect in a surprising way. In their experiments, graphite
nano-sheets with thicknesses of 75 nm were exposed to
pulsed laser radiation with a wavelength of 532 nm and
a repetition rate of 5 kHz [4]. The energy density of the
focused laser pulses reached a value of about 7 mJ/cm?,
an exposure that led to mechanical vibrations. Using
200-keV electrons, Baskin with the colleagues [42] were
able to image these vibrations, see Fig. 8.

Baskin et al. observed that immediately following
the exposure to the laser pulse, individual carbon atoms
vibrated in a random order. But after a few tens of

o 1 - 3
1.0 g i i

microseconds, the corresponding modes of the graphite
membrane began to synchronize (Fig. 8). Apparently,
the graphite sheet resembles a "drumbeat" — albeit with
a much higher frequency than found in a macroscopic
drum: the frequency of the nanoscale graphite membrane
is around 1 MHz.

To process the images of Fig. 8, a cross-correlation
function was defined as:

Wi =[2,,C (OC, (OINE C, P, C (],  (6)

X,y Xy XY X,y Xy Xy
where the contrast is:
C., (=[N, (@) - NN

Here, N_ (7) is the number of counts corresponding
to the picturé element (pixel) with the coordinates of
(X, y), and «<N(¢)> is the average number of the counts.
To assemble Fig. 8, 2000 images had to be collected
with time interval of 50 ns. The micrograph of the
graphite membrane itself is represented in the lower left
corner of Fig. 8.

B Tiwre {.li10_ fis}

Crema Comelation
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Fig. 8. The time-dependence of the oscillatory motions of graphite membranes, as represented by the cross-correlation
functions. The scale bar in the lower left figure indicates a length of 5 microns. Five areas that feature different
initial dynamics are marked in red, yellow, green, blue and purple. The transition from chaotic behavior to coherent
oscillations is shown in the panels I-II-III. They correspond to different temporal intervals as indicated in the top panel.
From [42]. (Reprinted with permission from (Baskin J.S., Park H.S., and Zewail A.H. Nanomusical Systems Visualized
and Controlled in 4D Electron Microscopy // Nano Lett. 2011. V. 11. No. 2. P. 2183-2191).

Copyright (2011) American Chemical Society).

Following the success with the graphite sheet
nano-drum, other nanoscale musical instruments
were constructed using arrays of cantilevers (Fig. 9.)
The devices were created from micro-structuring of
multilayer work-pieces of Ni/Ti/Si,N, using sharply-
focused ion beams [42]. Each work-piece consisted of 30
nm layers of nickel and titanium that had been applied to
15 nm films of Si,N,. To create a ‘piano’, the cantilevers

had almost the same lengths, approximately 4.6 pm,
but their width varied from about 400 nm to 2.3 pm. To
generate a ‘harp’, the lengths and widths of individual
elements varied in the range of 1.2 - 9.1 um and ~ 300-
600 nm, respectively.

To ‘play’ the instruments, the harp and the
piano were exposed to nanosecond 519 nm (or 532
nm) pulses from a Nd:YAG laser that arrived at 1 ms
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intervals and that carried energy densities per pulse of
2 mJ/cm?, Aided by the layered structures with different
coefficients of thermal expansion, the laser exposures
induced mechanical deformation that launched the
vibrations. The motions of the oscillators were observed

[Nano-piano

using the synchronized electron microscope. The results
for individual cantilevers pl, p5, h1l and h5 as indicated
in Fig. 9 are shown in Fig. 10. An analysis of the
dependence of the oscillatory frequencies on the device
dimension is provided in Fig. 11.

Nano-harp

Fig. 9. Images of nanoscale musical instruments, obtained with a scanning electron microscope.

Note that two of the thinnest cantilevers, p7 and p8 on the left, and two pairs of cantilevers, h1/h2 and h3/h4
on the right, are partially melted in the central part as a result of micro-structuring by the focused ion beam [42].
(Reprinted with permission from (Baskin J.S., Park H.S., and Zewail A.H. Nanomusical Systems Visualized and

Controlled in 4D Electron Microscopy // Nano Lett. 2011. V. 11. No. 2. P. 2183-2191).
Copyright (2011) American Chemical Society.).
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Fig. 10. Oscillations of cantilevers caused by the pulsed heating
of the sample (top) and the fast Fourier transform of the motions,
bottom. The experimental data are provided for a selection
of the structures as labeled in Fig. 9 [42]. (Reprinted with permission
from (Baskin J.S., Park H.S., and Zewail A.H. Nanomusical Systems
Visualized and Controlled in 4D Electron Microscopy // Nano Lett. 2011.
V. 11. No. 2. P. 2183-2191). Copyright (2011) American Chemical Society).

Beyond the pure pleasure of marvelling at the
richness of phenomena in the microscopic world,
nanoscale oscillatory systems can also have very
important applications. For example, Baskin et al. [42]
note that the layered nanostructures could be used to
precisely measure the temperature of a device with a
spatial dimensions of 10 pm, even while maintaining a
microsecond temporal resolution.

Only out-of-plane vibrations are represented
[42]. (Reprinted with permission from (Baskin
J.S., Park H.S., and Zewail A.H. Nanomusical

Systems Visualized and Controlled
in 4D Electron Microscopy //

Nano Lett. 2011. V. 11. No. 2. P. 2183-2191).
Copyright (2011) American Chemical Society).

4.4. 4D Electron tomography

Tomographic measurements, i.e. the mapping of
three dimensional structures using electrons, date back
to as early as the 1960-ies [43]. Since the analysis of
the data involves the processing of a large number of
2-dimensional electron diffraction patterns, progress had
been limited mainly by the lack of computer power. But
the development of modern computational capabilities
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has changed the situation, to the point where it is now To record a 3D image of a nanoscale object, the
possible to add the fourth dimension, time, using the object needs to be probed by the electron beam from
methodology of time-resolved microscopy. different directions, see Fig. 12.
A B 1—»59«:&
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Fig. 12. (A) Schematically, 4D electron tomography employes short laser pulses to induce a dynamical change,
followed by a short electron pulse a short time afterward. To record the tomographic image, the object needs
to be observed from different vantage points, which can be achieved by rotating it about a tilt angle, a.

(B) Here the series of two-dimensional electronic images can be taken at different angles a and time delays.
In the work of [44], the angle is varied from -58° to +58° in 1° increments, requiring a total of 4000 projections.

Applying the concepts of 4D electron tomography, Exposure of the sample to a femtosecond laser pulse
[44] studied the temporal behavior of carbon nanotubes. heated the nanotube and caused structural changes that
A nanotube of length L = 4.4 pm was twisted in the form unfold on picosecond and nanosecond time scales. The
of a bracelet. Here the images in Fig. 13 and 14 were spatial resolution was sufficient for the faithful imaging
obtained using electron pulses with an energy of 200 keV. of channels with ~ 10 nm diameter.

Fig. 13. (A) 3D images of multi-walled carbon nanotubes at different times. The lengths of the respective segments
around a fixed area are denoted as L1 and L2. (B) Cross section of the 3D images. Two-dimensional slices
in the plane xy are shown. The slice thickness is 4.6 nm. The arrows point to dark areas that show the cross sections
of the nanotubes. The spatial resolution is sufficient for the faithful imaging of channels with ~ 10 nm diameter.
(C) An image taken with a transmission electron microscope [44].
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The possibility to create a 3D atomic movie using
4D electron tomography is particularly exciting. It
should be emphasized that the pioneering experiments of
[44] did not induce irreversible damage in the structure
of the nanotube, because the total dose received by the
carbon sample during the experiment was about 2 orders
of magnitude less than the value at which the irreversible
deformations occur. This is a tribute to the extremely high
detection efficiency reached in 4D electron microscopy.

1950 ns

=
o g
,_,"' Izuzuns

2090 ns

2090 ns
B 2160 ns

2230 ns

Fig. 14. Mechanical vibrations of a carbon bracelet.
The arrows indicate the direction of the individual
sections of a carbon nanotube. From [44].

4.5. Plasmonics, nanophotonics and topological
phase of matter

The understanding of light—matter interactions near
the atomic scale in both space and time is crucial for a
variety of different applications, including plasmonics
and nanophotonics. It is well known, that rapidly
changing electromagnetic fields are the basis of almost
any photonic or electronic device operation. These
areas hold the promise of advancing both the speed of
computers and may also provide techniques to create a
new generation of ultrasensitive molecular biosensors.
Ultrafast electron microscopy provides a unique window
into ultrafast dynamics at the nanoscale: as a result,
internal structural, bulk electronic and surface near-
field dynamics of these devices can all be obtained with
nanometer and femtosecond resolutions. This makes
it possible to map the evolution of photonics-related
phenomena [45]. The establishment of the time scales of

the different transient structures permits determination
of the possible limit of performance, which is crucial for
the investigated devices.

The waveform electron microscopy, based
on ultrafast electron gun, can be used to visualize
electrodynamic phenomena in devices as small and fast
as available [46]. The authors observed collective carrier
motion and fields with high spatially-temporal resolution
using this approach. A collimated beam of femtosecond
electron bunches (probe) passes through a metamaterial
resonator, excited with a single-cycle electromagnetic
pulse (pump). If the probing beam is shorter in duration
than half a field cycle, then time-frozen Lorentz forces
distort the images quasi-classically. As a result, a
pump-probe sequence reveals in a movie the sample’s
oscillating electromagnetic field vectors with complete
information, including their time, phase, amplitude and
polarization.

The electronic and structural dynamics in the
topological insulator Bi,Te, under strong photoexcitation
were characterized with 4D electron microscopy and
ultrafast mid-IR laser spectroscopy [47]. The investigated
sample characterized as bulk insulators with an electronic
conduction surface band have shown a variety of exotic
responses in terms of electronic transport when observed
under conditions of applied pressure, magnetic field, or
circularly polarized light. However, the atomic motions
and their correlation between electronic systems in such
type of solids under intense laser excitation have not
been studied. The artificial and transient modification
of the electronic structures in topological insulator
via photoinduced atomic motions represents a novel
mechanism for providing a comparable level of bandgap
control. The results of time-domain crystallography
indicate that photoexcitation induces two-step atomic
motions: first bismuth and then tellurium center-
symmetric displacements. These atomic motions in Bi, Te,
trigger 10% bulk band gap narrowing: the obtained data
are consistent with ultrafast mid-IR spectroscopy results.

4.6. Imaging of isolated molecules
with ultrashort pulsed photoelectron beam

Aligning molecules with intense pulsed laser
radiation is a field at the interface between strong
laser physics and chemical dynamics with potential
applications ranging from high harmonic generation
and nanoscale processing to stereodynamics and control
of chemical reactions [48]. Intense linearly polarized
light induces a dipole force that aligns an anisotropic
molecule to the direction of the field polarization [49,
50]. Using femtosecond laser technology, it is possible
to spin anisotropic molecules [51, 52]. Rotating the
laser polarization causes the molecule to rotate: at high
spinning rate, the molecular bond can be broken and the
molecules dissociate [51].
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Imaging the structure of molecules in transient-
excited states remains a challenge due to the extreme
requirements for spatio-temporal resolution. Ultrafast
electron diffraction from aligned molecules provides
atomic resolution and allows for the retrieval of
structural information without the need to rely on
theoretical models [53-55]. In particular, diffraction
from aligned molecules has opened the door to
retrieving three-dimensional structures directly from
experimental data.

5. Future trend

5.1. Spatial and temporal electron microscopy
with additional spectral resolution

The combination of nanoscale spatial resolution
with subpicosecond, and eventually femtosecond
temporal resolution, forms the basis of the atomic
movie. Additional information can be gained when
the energy of the electron beam, transmitted through
the sample, is measured. Clearly, implementing
such a study poses serious experimental challenges.

Femtosecond

Electron Probe

Femtosecond
Excitation

Graphemne Substrate

Therefore, the precedent in this field plays an
important role.

This idea was first realized in the work of [56] using
a single metal nanostructure. In this experiment, a silver
particle of triangular shape with a characteristic length of
130 nm and a thickness of 20 nm was placed on a substrate
of graphene (Fig. 15) and irradiated by femtosecond laser
pulses with photon energy of 2.4 eV. The optical radiation
excites plasma oscillations that were probed by an ultrashort,
10 nm diameter electron beam that was moved across the
surface of the sample. The energy gain of the electrons
was measured in addition to its spatial and temporal
characteristics.

It is important to emphasize that due to the field localized
on the surface of a metal particle, the electrons can not only
lose kinetic energy, as would be the case with a standard
transmission electron microscope, but also acquire energy
(Fig. 16). In principle, this process can be controlled by
changing the wavelength of the laser radiation. Fundamentally,
the accuracy of this procedure is limited by the spectral width
of the laser pulse and could reach values approaching 1 meV.

Space-Time-Energy Resolved Frames

Fig. 15. In the process of ultrafast spectral imaging, a 10 nm electron beam was scanned over the silver particle
that was previously excited by a femtosecond laser pulse [56]. For each position of the probe, the change
of the kinetic energy of the electrons (i.e. their spectrum) was measured as a function of the delay between
the exciting optical and the probe electron pulses. The increase in the energy of the electrons is given in units
of the photon energy, being equal to v =2.4 eV. From the article [56].

Silver Nanoparticle

Time (fs)

USl Int.

+2 +1 o -1 -2 +2 +1
Elactron anergy (v

-1 -2

Fig. 16. In [56] spectral and temporal characteristics of silver nanoparticles were investigated.
The electron spectra, obtained at a delay of 100 fs after the femtosecond optical pulse, is shown in the bottom traces.
Schematically indicated are the positions of the electron beam with respect to the triangular silver particles,
which are depicted in gray. From [56].
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The measurements by Yurtsever with the co-
workers resulted in a map of the plasmonic texture that
is generated on the surface of the silver particle, see Fig.
17. As is clearly seen, the field of plasma oscillations is
concentrated near the vertices (the cusps) of the triangular
particle. The authors report a fairly good agreement with
theory. Qualitatively similar results were obtained near the
sharp edges of a copper surface irradiated by the laser [56].

The advances of 4D ultrafast electron microscopy
in the field of nanoplasmonics and nanophotonics has

enabled observations of the dynamics of photon—matter
interactions at the atomic scale with ultrafast resolution
in image, diffraction and energy space [57]. In this work
the photon—electron interactions have been captured
by the method of photon-induced near-field electron
microscopy (PINEM) in image and energy space. It
should be emphasized, that the PINEM diffraction
method paves the way for studies of structural dynamics
in reciprocal and energy space with ultrahigh temporal
resolution.

0 hv

n=2 n=0

Fig. 17. Factually, plasma oscillations, optically excited in the silver nanostructure by femtosecond laser,
were observed using nanolocalized electron bunches. Here, the electron signal is proportional to the height
of the corresponding cylinder. For each panel, the energy, acquired as a result of the interaction of the electrons
with nanolocalized fields, is shown in the lower right corner. From [56].

5.2. Controlling the motions of free electrons
by femtosecond light pulses

Femtosecond lasers play a key role in 4D electron
microscopy since they are necessary for the optical
initiation of ultrafast processes in the sample as well as
to form the ultrashort electron pulses used to probe the
progress of the dynamical process. A further use of the
pulsed laser radiation is the measurement of the temporal
characteristics of the photoelectron bunches. Finally it
may be possible to implement additional compression
steps that generate shorter electron pulses, potentially
reaching into the attosecond regime.

The last statements need to be amplified on, because
they imply the possibility of controlling free electrons
with a laser beam. At first glance, this statement conflicts
with the well-known fact that free electrons cannot
absorb the electromagnetic (EM) radiation because the
laws of conservation of energy and momentum cannot
simultaneously be satisfied. Yet it turns out that free

electrons can scatter EM radiation. From a quantum
mechanical point of view, this is the result of stimulated
Compton scattering in a strong electromagnetic field.

The possibility to control the translational degrees
of freedom of charged particles, in particular of free
electrons, by a spatially inhomogeneous electromagnetic
field was demonstrated theoretically by Gaponov and
Miller in the mid 1950's [58]. The mechanism leads to
the ejection of charged particles from the strong field.
In the case of high-power laser radiation, the Gaponov-
Miller, or ponderomotive (gradient) force (PF) [59],
which is defined as the spatial gradient of the so-called
ponderomotive potential U, can reach sufficiently high
values to form a basis for the effective control of electron
pulses in vacuum.

For non-relativistic electrons, the concept of the
ponderomotive potential in a spatially inhomogeneous
electromagnetic field, £ = £ (r)sin(er) , can be introduced
by averaging the Hamiltonian H over the fast oscillations
with frequencies ® and 2o [24]:

H=((p+eE, (r)sin(or)/ w)* ) 12m, = p* | 2m, +[eE ()] / (4m,@”) = p* 1 2m, +U, (7

Here, me and e are the mass and the charge of the
electron and «...» denotes an averaging over optical
cycles. As a result, the expression for the PF can be
written as:

F#od (r,1)=—[e?A? | 64> m,e,c* IVI(r,1) (8)

Here ¢ is the dielectric constant, ¢ the speed of light
and A the wavelength of the laser radiation. It follows
that for a tightly focused laser pulse with an intensity of
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10 W/em? in the center of a focal spot of 2 um diameter
(at the level of 1/e) and A=800 nm, the force, F*"¥ =~ 101!
N, is approximately equal to the strength of the interaction
between two electrons separated by a distance of 5 nm. In
this example, the ponderomotive potential is U,=60eV.

It follows that ultrashort laser pulses allow the
control of free electrons in vacuum on a femtosecond
time scale. This makes possible both the creation of
ultrashort photoelectron bunches and the measurement
of their duration [60, 61].

The determination of the temporal characteristics
of a pulsed electron beam is based on scanning the time
delay between the laser radiation that forms the bunch
and the tightly focused laser beam that changes the
velocity distribution of the photoelectrons as a result
of the PF. Such a method compares favorably with a
standard streak camera in its technical characteristics
and can be used for femtosecond electron beams [61].
In a streak camera, the electrons are deflected by a high-
speed and high-voltage electric field with an amplitude
of about 2 - 5 kV before reaching a position-sensitive
detector. The rate of change of the high electric field
determines the temporal resolution of the device. The
currently best time resolution is in the subpicosecond
range, approaching values of ~ 300 fs [62]. Even so, it
is noted that the femtosecond temporal synchronization
of the high-voltage electrical pulse in the streak camera
and the femtosecond laser pulse that forms the ultrashort
photoelectron bunch poses serious technical challenges.

The study of the behavior of the free electrons in
spatially inhomogeneous electromagnetic fields began
shortly after the development of the theory of Gaponov
and Miller. The first experiments were devoted mainly
to the possibility of creating traps using microwave
technology [63]. Here, special attention was focused
on the observation of the passage of the electrons with
a certain kinetic energy through the ponderomotive
potential, which allowed, for example, one to determine
the value of UP [63, 64]. The first demonstration of
scattering of the photoelectrons by the ponderomotive
potential, created by an intense sub-nanosecond laser
pulse, was done in the study of Bucksbaum et al. [65].
Here the multi-photon ionization of Xe, especially
bleeding in the vacuum system, was used to prepare the
pulsed photoelectron beam with kinetic energies less
than 5 eV. This experiment demonstrated the control of
low-energy photoelectrons by an optical ponderomotive
potential of about 10 eV.

Special attention should be given to the
measurement of the value of the PF from the tightly-
focused femtosecond laser radiation that interacts with
the electrons propagating in vacuum. This may be
useful for in situ space-time diagnostics of the laser
fields of high intensity, and can be used to validate the
measurement of ultrashort electron pulse durations based

on the irradiation of the electron bunches with the laser
pulses of high intensity. Here it should be noted that
the use of laser radiation with intensities of more than
10" W/cm? may be accompanied by the photoionization
of the residual gas in the vacuum system and thus by
a possible deformation of the electron trajectories that
encounter a cloud of charged particles.

The strong electromagnetic field of the focused
laser beam can eject electrons from their field-free paths.
This is illustrated in Fig. 18, which shows two counter-
propagating, tightly-focused laser beams forming a
standing wave from which the electron pulse is deflected.
The scheme using counter-propagating lasers has two
purposes. First, it allows to determine the duration of
the initial electron bunch by scanning the timing of the
laser pulses that create the standing wave, and using a
position-sensitive detector to analyze the rejected, but in
general diffused, electron beam components. Secondly,
the deflected electron pulses have potentially a shorter
time duration than the incident electron pulses.

Ploosecond i I
electron bunch

Stan allng Wi,
formed by two
Intense femtasecond
lzzer puses
Fig. 18. Deflection of an electron beam as a result
of the optical ponderomotive force generated
by an ultrashort laser pulse. For illustrative purposes,
it is shown the deviation of the electron beam
with a very small transverse diameter, when the maximum
intensity of the laser field is shifted down somewhat
(in the picture). In general, the scattering pattern
is more complicated.

Two important remarks should be made here. The
scheme in Fig. 18 requires the spatial-temporal matching
of two femtosecond laser pulses from two directions and
a (sub)picosecond electron bunch from another direction.
The use of a single laser beam for the electron scattering
would, of course, be simpler. However, in the standing
wave the spatial inhomogeneity of the electromagnetic
field is about A/2, a rather small value that is technically
difficult to obtain with a single amplified femtosecond
laser beam. For example, a parabolic mirror can usually
focus 800 nm amplified femtosecond laser radiation
to a spot diameter of d,, ~ 6 microns. Therefore, for a
given laser pulse energy, laser wavelength and focusing
conditions, the scattering of electrons in a pulsed standing
wave will be more pronounced.

A further important consideration relates to the
ultimate possibilities of this approach. This is important
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because it is rather interesting to know the accuracy
of the electron pulse duration measurement as well as
the duration of the deflected electron bunch. These
characteristics are directly related to the transit time of
the fast electrons through the laser focal spot,

z-ﬁn =Ty = dl/e /VE 5 (9)

where v is the speed of the electrons. Using d,, = 6 pum
and v, = 10° m/s for electrons with 30 keV of kinetic
energy, we find z_= 60 fs. Note that the use of a standing
wave formed by two laser beams (Fig. 18) will not
lead to a decrease in tfin, and hence the accuracy of
measurement for this example will remain of the order
of 100 fs. Therefore, to obtain a femtosecond electron
bunches with t ~ 10-50 fs it is important to ensure the
tight focusing of intense laser radiation, and/or to use
electrons with higher kinetic energy.

An alternative way of creating ultrashort electron
bunches also employs a standing light wave, but in
a collinear geometry [4]. This approach is shown
schematically in Fig. 19.

Electron pulse Time:
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Fig. 19. Schematic diagram of the creation
of attosecond electron pulses.
a) An electron bunch with sub-picosecond duration
is irradiated by two counter-propagating laser beams
(forward and after the bunch) with different wavelengths.
In the reference frame of the electrons,
the wavelengths are the same as a result
of the Doppler-effect, and a standing light wave is formed.
b) Ponderomotive forces push electrons away
from the strong laser field.
c) As a result, the compression leads to the formation
of electron bunches with attosecond duration. Strictly
speaking, the envelope duration of the initial electron
bunch remains constant, but importantly, the attosecond
spikes appear inside the envelope [66].
(Reprinted figure with permission from [Baum P.
and Zewail A.H. Attosecond electron pulses for 4D
diffraction and microscopy // Publ. Nat. Acad. Sc. 2007.
vol. 104, no. 47, pp. 18409—-18414].
Copyright (2007) National Academy of Sciences, U.S.A).
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In this context it should be recalled that on the basis
of the uncertainty principle, AEA£>#, the existence of
ultrashort, in this case attosecond, bursts needs a wide
spectrum of energy AE . For example, a bunch with 100
as (10-16 s) duration has at least AE, = 6 €V. The initial
picosecond photoelectron pulse does not exhibit such
spectral properties. As shown in Fig. 19, the required
broadening is due to the work of the ponderomotive
forces [4]. We illustrate this with a simple estimate, by
writing down the expression for the work in the traditional
sense, where the energy gain of the electrons is equal to
AE, = F77y, (with 7 the laser pulse duration), and
the force is approximately defined as F*" ~2U o' A
(with A" the wavelength of the laser radiation in the
reference frame of the fast electron). In the conditions of
the numerical experiment [4], Up ~0.2eV,\" =370 nm,
v, = 108 m/s and T, = 300 fs, one finds AE = 32 V. The
calculated value AE, exceeds by 2 orders of magnitudes
the spectral width of "normal" sub-picosecond electron
pulse, emitted from the solid photocathode under the
action of femtosecond laser radiation.

As considered in the monograph by [4], this
scheme is rather elegant. Even so, it is important to
emphasize that the measurement of the duration of the
formed attosecond electron bursts remains a challenging
experimental problem. It is possible that it belongs to the
class of experiments in which it is easier to create an
ultrashort bunch than to measure it.

Conclusions

Electron microscopy and diffraction with a high
temporal resolution have opened the possibility of
directly observing processes that occur in non-steady
states of materials. A temporal resolution on the order
of 100 fs corresponds to the time scale of transitions of a
quantum system through an energy barrier of a potential
surface, or the formation or breakup of chemical bonds
during a chemical reaction. The advances of time-
resolved electron microscopy thus open the possibility of
investigating the coherent nuclear dynamics of molecular
systems and condensed matter [4, 24, 67].

In the past two decades it has become possible
to observe the motions of nuclei in time intervals
corresponding to the period of oscillation of the nuclei.
The changes in the nuclear system during these time
intervals probe the fundamental transition from the
macroscopic kinetics of a chemical system to the
dynamics of the phase trajectory of a single molecule,
the molecular quantum state tomography [67—70].

The development of dynamic electron microscopy
and the first steps devoted to the progress in the study of
structural dynamics of ultrafast processes are illustrated
in Fig 20, which summarizes some of the milestones and
recent accomplishments.
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Fig. 20. Chronology of important developments in ultrafast time resolved electron microscopy since 1980’s [21].

At present, both the instrument development and
the exploration of new phenomena continue at a rapid
pace. The methods of ultrafast electron crystallography
and electron microscopy with temporal resolution from
microseconds to femtoseconds open great opportunities
to study the 4D structural dynamics. Very recent advances
in the formation of ultrashort electron pulses allow us to
reach an attosecond temporal resolution and observe the
coherent dynamics of the electrons in molecules [71—
73]. It is all but certain that exciting developments in this
field will continue into the future.
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O TEPMHUYECKOH YCTOMYUBOCTH KOMILIEKCA
BUCMYT(II) MO 3TUONOP®UPHH II

I.B. T'oAy0eB*@, rAaBHBIH CIEIHAAHCT, B.[l. PymaHueBa**, cTapIIui Hay4YHBIH
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Bnepesuole nonyuer komnnerxc sucmym(lll) iioo smuonopgpupunr II. Peaxyusi smuonopcgpupura Il c
tiooudom suemyma(lll) nposedera npu kunsueHuu 8 nupuduHe 8 morxe apeoqa. CoeouHeHue oxapar-
mepusogaro memooamu HK-, 'H-SIMP-, aneKmpoHHOU cneKmpocKonuu U MAacc-CheKmpomempuu.
Macc-cnexmp npedcmagsieH 00HOU uHmeHcusHol uHuell m/z 684.990, coomeemcmayrowieii Kom-
naerxcHomy uoHy 6es amoma tiooa. IlocnedHee coenacyemest ¢ OGHHbIMU, C8UOEMENTbCMBYUUMU
0 HU3KOU ycmoliuugocmu KoMnuiexKcos sucmyma ¢ nopgupurHamu. Beinonren aHnanus HMK-cnek-
mpoe no2oueHUst NOYUEHHO20 KoMNnleKca npu KomHamyoil memnepamype u 145°C. Onmumu-
3ayust 2eomempuu U pacuem uacmom no0ueHUs. 8blnoaHeHbL 8 npozpamme Prirodal5 memoodom
DFT c ucnonwzogarHuem gpyrrkyuorana PBE 6 6a3uce L1 8 NosHOINEKMPOHHOM CKANSPHO-PEeNMUBU-
cmekom npubauxeruu Dyall Modified Dirac. IlpogedeHo omHeceHue KoiebamenvHolx uacmom. Io-
JNYUEeHHble pe3ylbmambl N0380ASI0M 3aKA0UUMb, umo kKomnaekc sucmym(Ill) tioo smuonopgu-
punr II npedcmaesnsem coboti KpaiiHe Heycmoliuugoe coeduHeHUe, KOMOpoe Ne2kKo 2UOPONUYEemCest
Ha 8030Yyxe MOJeKYaMU ammocpepHoll 800bL ¢ obpaszosaHuem sudpoxcoxomnaerca. Ilpu smom
ouHaMuKa NoppupuUHO8020 KObUA He npemepnesaem 3amMemHblx USMEeHEeHUTL.

Knroueesle cnoea: sucmym, mMemainonopuputbl, mepmudeckas ycmotiuusocms, UK-, SIMP-, anex-
MPOHHASL CNEKMPOCKONUSL, MACC-CNEKMPOMEMPUSL.

ABOUT THERMAL STABILITY OF BISMUTH(II) IODINE
ETIOPORPHYRIN II COMPLEX
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26

For the first time, a complex of bismuth(Ill) with iodine and etioporphyrin II is reported. It was
prepared by reacting etioporphyrin II and bismuth(Ill) iodide in pyridine in Ar atmosphere. The
prepared compound was characterized by FT-IR, H-NMR, UV-VIS spectroscopy and mass
spectrometry. One intense line at m/z 684.990 attributed to the complex without the iodine atom
is observed in the mass spectrum. This is in agreement with the data indicating that bismuth-
porphyrin complexes generally have low stability. Analysis of FT-IR spectra obtained at room
temperature and at 145°C is reported. Prirodal5 DFT package was used for optimization of complex
geometry and calculation of the IR spectrum. Calculations were done using BPE functional and L1
basis set under relativistic approximation of Dyall Modified Dirac. Assignment of the vibrational
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frequencies is reported. Collected data indicate that the complex of bismuth(Ill) with iodine and
etioporphyrin Il is not stable and easily hydrolyses when exposed to air forming the corresponding
hydroxocomplex. This transformation does not change significantly the dynamics of the porphyrin

ring.

Keywords: bismuth, metalloporphyrins, thermal stability, FT-IR, NMR, UV-VIS spectroscopy,

mass spectrometry.

BBenenue

B Hacrosimiee Bpems B Poccun u 3a pyOexoM miu-
pOKOE MPUMEHEHUE B MEIMIIMHE HAXOAAT 0CO00 YHUCThIE
COCIMHEHHUsI BUCMYTa, OTIMYAIOLINECs BBICOKOH peax-
IIUOHHOM CTIOCOOHOCTHIO. O MEePBBIX MPUMEHEHUSX TIpe-
[apaToB BUCMYTa B MEIUIIMHE JJIsl JICUSHUS JTUCIICTICUI
coobmanock B 1786 1. [1]. OCHOBHBIC HUTpAT, CAJIHIIHU-
JaT ¥ UUTpaT BUCMYTa OOJNaJaroT BBICOKOW TEpaneBTH-
YECKOM aKTHBHOCTBHIO M HU3KOW TOKCHYHOCTBIO TIPH Jie-
YEHHUHU JKEITYJOYHO-KHUILIEUHBIX 3a00JI€BaHU; OCHOBHbBIE
canmunmiar («bucantony), ramnar («Jlepmaton») u Tpu-
opompenomar («Kcepodopm») UCIIONB3YIOTCS B BHIE
MIPUCHINOK, Ma3eid, acT MpPHU JICYCHUH KOKHBIX 3aboie-
BaHUH, BUCMYT BUHHOKHUCIBINA («bucMoBepon») B BUIE
MAaCIISTHOM B3BECH TIPUMEHSICTCS TIPH JICUSHUH CHHITHCA
[2]. B mocnennue necATUIETUS] HA PHIHOK JIEKApCTBEH-
HBIX IPENaparoB MOCTYIMHJ HOBBIH Mpermapar BUCMYyTa
«/e-Hom» u ero ananor «TpubuMoI», BbITyCKaeMble
tdbupmamu Gist Brocades, Hunepnaunwl, Torrent, anus,
u 1p. ITo MHEHHIO TacTPOIHTEPOIIOroB [3], OHU OTHOCAT-
csl K yucIy Haubosee 3(h(EKTUBHBIX TPOTHBOSI3BCHHBIX
IIperapaToB B KOMIUIEKCHOM Teparnuu sI3BeHHOH 00J1e3HI
JIBEHAIIIATUIIEPCTHOW KHIIIKH.

[lepBble BUCMYTOBbIE KOMILJIEKCH MOPQUPUHOB
ObuTH MoTy4eHs! B 1969 1. kunsiueHueM stuonopdupuna
WK JUMETHIIOBOTO ddupa me3onophupuna [X B mupu-
JIMHE C TPUHUTpaToM BUcMyTa [4]. OHU oxapakTepu3o-
BaHbl TOJBKO METOJaMM 3JIEKTPOHHOU CHEKTPOCKOIUHU
U 3JIeMEHTHOro aHanm3a. OTMeueHo, 4To oOpa3oBaHUE
koMmiuiekca ¢ BucMmyToM(Ill) Gomnee BeposTHO, yeM cC
BucMyToM(V). B 1992 1. cuHTE3MpOBaH M HICHTU(DHUIIN-
poBan komiuiekc Bi(Ill) ¢ 5,10,15,20-teTpaTonuimnop-
¢upunoM [5].

OnrtumanbHbIl MOHHBIA pajlyc KaTHOHA Ui €ro
KOOpAMHALMK ¢ TopduprHOM cocTaBnger 1.25-1.30 A
[6]. N3-3a Gonbuioro monHoro paguyca Bucmyta(lll)
(1.31 A) ero xommekchl ¢ ophUPUHAMH B NPUHIMIIE
JIOJDKHBI MMETh HEOOBIYHYIO I€OMETPHUIO, T.€. HE HC-
KITIOUEHO, YTO IIEHTPAIBHBIA METAJT MOXKET BBICTYIIATh
HaJI IJIOCKOCTBIO Makpolukia. [loaTBep:kaennemM 3Toro
MIPE/TIONOKEHHSI CIYXKHT, B YaCTHOCTH, TOT (DaKT, 4ToO
BHUCMYTOBBIE KOMILJIEKCHI HE YCTOHYMBBI Ha BO3JYyXe U
OBICTPO pasnararoTcs C MOBBIIICHHEM TEeMIIepaTypsl [6].
MomuiHble KOMILIEKCHI BUCMYTa ¢ TTOPGUPUHAMH K Ha-
CTOSIIIIEMY BPEMEHH HE OITUCAHBI.

Lenp Hacrosmeil paboThl — CUHTE3 KOMILIEKCa Ho-
muna Bucmyta(lll) ¢ stnonopdupunom Il u uccnenona-
HUE €ro ycTOWunBoCTH MeToioM MK-cnekTpockonuu.

3KCHepI/IMeHTaJIBHaH qacTb

CunTtes stnonopdupuna Il ocyimecTBieH, HCXOs
3 4,4’-numetnn-3,3’-mudTui-5,5’ - M3 TOKCUKapOOHMII-
JUTUppoMeTana aHanorndHo merony I. dwumepa [7].
IIpu cunrese xomruiekca BucMytT(lIl) ox stuonopdu-
pun Il 6panu Homun Bucmyta(lll) (Peaxum, 4.n.a.). B
paboTe MCHONB30BAIM MTUPHIHH, XJIOPO(GOpM, METPO-
NeiHbIi 3dup, n3onponanon (XuMmen), cuimkareis 60
(0.040-0.063 mm) pupmbr Merck.

DIEeKTPOHHBIE CIIEKTPHI TIONIOMICHUS H3MEPSITH Ha
cnexkrpodoromerpe Helios Alpha Local Control System
«TermoSpectronic» (CILIA) B ximopodopme. Macc-criek-
TphI peructpupoBanu Ha crnekrpomerpe Ultraflex TOF/
TOF (Brucker Daltonics, I'epmanust), marpuma — 2,5-
nuruapokcudensoiinas kucnora. Crekrper 'H-SIMP B
mkase o (M.n1.) noiy4anu Ha npubope Brucker DPX-300
(300 MI'm) (I'epmanus) B aeiirepoxiopodopme ¢ TMC B
KauecTBE BHYTPEHHETO CTAaHIapTA.

Komnnexc eucmym(Ill) itoo smuonopgupun I1
nonydamu pactBopeHnem 40 mr (0.083 Mmons) sTHO-
nopdupura 1l B 15 M1 mupuauHa B TOKE aproHa. 3areMm
nobasistn 70 mr (0.22 mmodb) oauaa BucmyTta(lll) u
KHILSITHIIA B HHEPTHOH atMocdepe 3 4. [lanee nobasisum
emte 70 Mr noguaa BUcMyTa ¥ Kunsatuiau 4 4. [Mupuaun
OTTOHSUIM B BaKyyMe€ J10CyXa, OCTaTOK KUIIITHIU C XJIO-
podopMoM U OTHUIBTPOBBIBAIHM KPACHBIH OCATOK CMe-
cu oauaa U oKcoroauaa BUCMyTa. MaTO4YHBI pacTBOp
KOHIIEHTPUPOBAIN M XpOMaTorpapupoBaiu Ha KOJIOHKE
C CHIIHKArelieM B CHCTEME XJIOPO(OPM—IETPOTCHHBIH
a¢up (1:1). B mepBoii dhpakunu comepkancs Hempope-
arupoBaBmmid dtronopdupun 1l B BHIE SpKO-KpacHOTO
pactBopa. MeHee MOABMKHBIA BHUCMYTOBBIN KOMITJIEKC
Oyporo [BeTa ATIOHPOBATIH CMECHIO XJIOPOPOPM—HU30IPO-
nanon (4:1). PactBopurenu ynansum B Bakyyme. Boixon:
25 mr (36.8%). Macc-criektp, m/z: 684.990 [M - 1], pac-
cuntano 1t C, H, N, Bil: 812.552; "H-SIMP-cniextp (3,
m.1., CDCL,): 10.15 (4H, ¢, mes0-H), 4.16 (8H, B, -CH.-),
3.71 (12H, ¢, -CH,), 1.83 (12H, 1, CH,CH,-). [lanubie
ANIEKTPOHHOU CIIEKTPOCKOINH MPEICTABICHBI B Ta0MI. 1.

Ta6auna 1. 3nauenus JIMH BOIH (HM)
B DJIEKTPOHHBIX CIIEKTPaX MOTIIOMICHHSI

Coenunenue B-nonoca Q-1no10ChI
Druonopdupun 11 399 496; 528; 565; 621
Bucmyt(I1l) #iox 475 532: 575
stronopupu 11
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Oypbe-UK-cniekTpbl 00pas3inoB B OpoMue Kaius B
cpenrem MK-auanazone (4000-700 cm™') peructpupo-
Basm Ha ipubope EQUINOX 55 ¢upmer Bruker (I'epma-
HUSI) C TMOMOIIBIO MPUCTABKH AU (HY3HOTO OTPAKECHUS
EasiDiftf™ Diffuse Reflectance Accessory ¢pupmbr PIKE
Technologies, Inc., B nanpaem UK-auanazone (700-50
cM') — B BHJIE CYCIICH3HHU B Ba3€IMHOBOM MacJie Ha OKHAX
U3 MOJMATHIICHA BBICOKOH IJIOTHOCTH. TemreparypHbIi
HK-3KkcieprMEeHT BBITOTHSIIH C TIOMOIITBIO TEMITEpaTyp-
Hoi mpuctaBku Variable Temperature Cell Controller
¢upmber Specac B cpemHeM u ganbHem MK-muamaso-
He. O6paboTKy CIEKTPOB NMPOU3BOAMIM B NPOTrpaMMe
OPUS6.0. OnTtumMuzanuio TeOMETPUA U PacueT 4acToT
MOIVIOIIEHNsT OCYIIECTBIISIM B mporpamme Prirodals
[8-10] meromom DFT ¢ mcronp3oBaHneM (yHKIIHOHA-
na PBE B 6asuce L1 (dft/pbe/L1) B monHO3IEKTPOH-
HOM CKaJSIpPHO-PEISTHBHCTCKOM TpuOmmkeHun Dyall
Modified Dirac. PucyHkn ONTHMH3HPOBAHHBIX IeOMe-
TPUYECKUX CTPYKTYp, TPEACTABICHHBIC B HACTOSAIICH
paboTe, BEITIOJNHSIIN B Iporpamme Mercury.

Pe3y.]'[I>TaTI)I H UX oﬁcy;wle}me

B pesynbrare B3aumoaeiicteus itonuaa sucmyrta(lll)
u stuonopdupuna Il nomyden xomrmiekc BucMyT(I1I)
tion sTuonopdupus II. Tauusie 'H-SIMP- 1 35meKTpoH-
HOM CIIEKTPOCKOITUH MOTHOCTBIO TOJATBEPIKIAIOT COCTAB
MOJYYEHHOTO coequHeHus. OJHaKO Macc-CIeKTp Mpel-
CTaBJIE€H OJHOI MHTEHCHUBHON muuuei m/z 684.990, co-
OTBETCTBYIOLIEH KOMILJIEKCHOMY MOHY Oe3 aToma iona,
W HE CONIEPKUT JIMHUK, OTBEYANOIIEH MOJICKYISIPHOMY
noHny (812.552). 3Dt0 BHoONHE coIviacyeTcs ¢ yTBepxKie-
HUEM O a0 yCTOHYMBOCTH KOMIUIEKCHBIX COEIHMHE-
HUI TOPGUPHHOB C BUCMYTOM [6].

C numenpr0 HM3y4YeHHs Tiporecca IpeoOpa3oBa-
HUS KOMIUIEKCA BBIIIOJHEH aHalu3 JUIMHHOBOJHOBBIX
UK-cnekrpoB nornomenus npu HarpeBanuu 10 185°C.
3HavyeHusi KojeOaTeNbHBIX YacTOT (IJIMHHOBOJIHOBAs
4acTh CHEKTpPa) CUHTE3UPOBAHHOTO KOMILJIEKCA U TOTO
K€ KOMILIEKCa, BhIJIEpyKaHHOTO Tipu Temrieparype 145°C,
MIPE/ICTaBICHEI B Ta0IMI. 2.

ConocraBjieHue IMOMYyYEHHBIX CIIEKTPOB IO3BOJIA-
€T BBIACIUTH IPYMITy MOJ0C moriomeHus npu 135, 125,
101 u 62 cM’!, oTBeHarolMX KOJEOAHUSAM C Y4acTHEM
aToma Hojia, KOTOphIE UCUE3al0T B CIEKTPE KOMIUIEKCA,
BBIIEP’)KAaHHOTO MPH MOBBILIEHHON Temneparype. B to
e BpeMs npu HarpeBanuu B MK-crextpe Habmomaer-
¢l MHTEHCHBHas mojoca mpu 3320 cm!, orBevaromas
BaJIeHTHOMY Konebaumio OH-rpymmel, mosBisromencs
B CIIEKTpE, [0 BCEH BEPOSTHOCTH, 3a CYET B3aUMOJCH-
CTBUSI KOMILIEKCA C MOJICKyJaMH aTMOC(hepHOH BOJbI,
KOTOPOE€ COIMPOBOXKIAECTCA BBITECHEHUEM HOIUA-MOHA.
OTHOCHTEIIFHO HU3KOE 3HAUuC€HUE YacTOThl KoJeOaHWs
THJIPOKCOTPYMNIbl yKa3blBaeT Ha HAJIW4YME CHIBLHOW BO-
JIOPOJTHOM CBSI3M C MOJICKYJION BOJIbI, O IIPUCYTCTBHH KO-

Taomua 2. Yactorsl kosebanuii (v, cm')
B MK-cniekTpax momomneHust KOMIUIEKCOB U X OTHECEHHE

CoenuneHue
Bil EPII BiOH_EP II Orecerie
68 S(I-Bi-NC)
83 S(OBIN)
101 v(Bil)+v_(BiN)
120 v (BiN)+8(OBiN)
134 v, (BiN)+8(OBiNC)
125 S(IBINC)+v(BiN)+v(Bil)
156 v(Bil)+v(BiN)+3(BiNC)
166 S5(CNBi)+v(BiN)
173 v(BiN)+3(BiNC)+5(IBiN)
177 S(NBIN)+3(BiNC)+v(BiN)
199 3(BINC)+5(NBiN)
212 S(NBIN)
228 3(BiNC)+5(IBiN)
229 3(BINC)+5(0OBiN)
248 v(BiN)+dkosbIia
277 265 S(BiNC)
281
301 S(NBiN)+8(CNC)
328
301 S(NBiN)+dkonbIta
346 V(BiN)+8(BiNC)
343 . . .
350 S(OBiN)+vs(BiN)+3(NBiN)
373 374 v(BiN)+3(BiNC)
i?z 4313(8) S(CNC)+oxompia+d(NBiN)
461 465 S(CNC)+oxombra+d(NBiN)
492 503 S(CNC)+o6xonbia+d(NBIN)
561 574
624 598
S(CNC)+oxombIia
662 652
679 669

TOPOIl B KOMIDIEKCE CBUAETEIBCTBYET MIMPOKasl Mojoca
B obmactu 3500-3200 cm'.

OnTrMH3NpOBaHHAS CTpYyKTypa KOMILJIEKCa
BucMyT(I1l) #ion stnonopdupun Il mpexncrasnena Ha puc.
1. TTopduprHOBOE KOJIBIIO INIOCKOE (OTKIOHEHHE OT IUIO-
ckoctH coctasisier 0.05 rpaj. — TOPCHOHHBIH Yo 1o aro-
MaM azora). Cesizu Bi—N B onTHMU3HPOBaHHON CTPYKType
THONApHO HEPAaBHOLIEHHSI: B¢ CBsi3H 110 2.239 A, nBe — no
2454 A. Atom BucMyTa HaxomuTcs Ha pacctosHEE 1.139
A may ockocThI0 MOp(GUPUHOBOrO MaKpoOLMKIIa. BaseHT-
HbIit yron N—Bi—I cocraemsier 137 rpas.

Kak B ciyuae ucxopnoro komiuiekca (puc. 1), Tak u
Jutst komiutekca ¢ OH-rpynmoi moppupruHOBOE KOJIBIIO
SIBIISICTCS TUIOCKUM: OTKJIOHEHHE OT IIOCKOCTH COCTaB-
nsiet 0.11 rpax. — TOPCHOHHBIN yToJl MO aToMaMm a3oTa
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Puc. 2. OntumMu3upoBaHHas CTPYKTypa KOMILIEKCa BUCMYyTa ¢ ATHonopdupuHom 1
MOCJI€ OTILEIICHUS MO I-MOHA U 3aMELEHUS €r0 Ha THAPOKCOrPYIIILY.

(puc. 2). Csazu Bi—N B ONTUMH3UPOBAHHOW CTPYKTYpe
TONapHO HepaBHOLEHHBL: [Be cBssu no 2.319 A, nse —
no 2.549 A. Atom BHCMyTa HaXOAMTCS HA PACCTOSHUH
1.226 A nan nnockocThio mophUpHHOBOro Konbla. Ba-
nenTtHbIi yroia N—Bi—O cocrasnser 143 rpa.

Bonbine Me:KaTOMHBIC PACCTOSHUS BUCMYT—a30T
U 3HAYUTENBHBIN BBIXOA aTOMa BHCMYyTa M3 IUIOCKOCTH
nop(UPHUHOBOTO KOJIbLIA €CTECTBEHHO JIENAIOT €ro ysi3-
BUMBIM JUISI aTak¥ MOJICKYJaMH BOJIBI, B DE3yJbTaTe
KOTOPO# MPOMCXOAUT 3aMeHa HOAWA-HOHA HA THUIPOK-
corpymmy. B ycloBHSX Macc-CIIEKTPOMETPHYECKOTO
SKCIIepUMEHTa HaOMIOJAeTCsl TOJIBKO OTUICIUIEHUE C1abo
CBSA3aHHOTO HOQW/I-MOHA.

Otnecenne nonoc B MK-cnekrpax KOMIUIEKCOB B
JUTMHHOBOJTHOBOW OOJIACTH C/IENIAaHO HAa OCHOBaHUH pe-
3yJIBTATOB pacyera KoIeOaTebHOrO CIEKTpa M JIUTepa-
TypHBIX naHHBIX [11, 12] 1 moaTBEpK/IaeT 3aKIIOUCHMS,
c(OPMYIHPOBAHHBIC TP AHAITU3E PA3IUUM B CIIEKTPax
HOMUTHOTO ¥ THAPOKCOKOMITIICKCOB.

W3meHeHUs B CIIEKTPaX KOMILUICKCOB TPOSIBILIIOTCS B
o0nacTu JiepopMaIMOHHBIX KOJIeOaHWiA. DTH KoleOaHHs C

Cnucok JuTeparypbl:

1. Yang Y., Ouyang R., Xu L., Guo N., Li W., Feng
K., Ouyang L., Yang Z., Zhou S., Miao Y. Bismuth
complexes: synthesis and application in biomedicine // J.

HauOONBIIMM BKJIQJAOM KoopauHat yria [-Bi—N wumu
O—Bi—N umetor yactorst 68 1 83 cm™'. TIpu Gosiee BBICOKUX
gactorax (134—120 cM') OHH CHJIBHO TepeMelIaHbl C Ba-
JIeHTHbIMH KonieOanusamu v (Bi—N). MakcumanbHbliA BKIIa
KOOp/IHAT CBSI3eH BUCMYT—Aa30T PEANTH3yeTCsl B KOJICOAHNS
¢ Goree Bbicokumu dactoramu (340-385 cm!). SHaueHwms
YaCTOT JTHUX KoJicOaHWH HE YyBCTBHUTEIIBHBI K 3aMEHE HO-
JMJ-MOoHA Ha ruapokcorpymity. [Tonoce! nedopmaimoHHbIX
KosieOaHui MOP(HUPHHOBOTO KOJIbIIA TAKKE TIPAKTHICSCKH HE
MEHSIOT YacTOT CBOMX KOJIeOaHMH U repexoe OT HOaua-
HOTO K THAPOKCOKOMITICKCY.

TakuM 00pazoM, BBIIOJIHEHHOE HCCIIEIOBAHUE TI0-
3BOJISIET 3AKJIFOUUTh, uTO KomIuieke BUcMyT(I11) Hox atno-
nopdupuH Il npencrasnseT codoi kpaiiHe HeyCTOHYMBOE
COCTMHEHNE, KOTOPOE JIETKO THIPOIM3YeTCsl Ha BO3IyXE
MoOJIeKyJaMi aTMOC(epHOH BOAbI ¢ OOpa3oBaHHUEM TH-
IpokcokoMIuiekca. [1pu aTom nuHaMmKka Hop(hUPHHOBOTO
KOJIbLIA HE TIPeTepIieBaeT 3aMETHBIX H3MEHEHUH.

Pezynomamur pabomuvr nonyuenvt 6 pamxax Ilo-
cyoapemeennoco  3adanusi  Munoopnayku — (npoexm
4.9596.2017/b4).
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XHMHUS 1 TEXHOAOI'HSI HEOPTAHHYECKHX MATEPHAAOB

YIIK 546:54.057

TEPMOXUMHYECKHA CUHTE3 U TIOMUHECIHEHTHBIE CBOMCTBA
HAHOCTPYKTYPHUPOBAHHBIX IIOPOLIKOB Y,0,:Ev’* U Y,0,:Bi*, Eu’*

O.B. NaBsiooBa®, accucTeHT Kadenpnl «MaTepHasOBeAEeHHE

B MalIHHOCTpoeHHuH», H.E. [IpoObINIeBCKasA, CTAPIIHHA HAYYHBIH COTPYAHHK
HHUA TeXHHYECKOH KepaMHKH H HaHOMaTepHaaoB, E.H. [loanneHexXHBINH,
TAaBHBIH Hay4YHBIH coTpyaAHHK HUA TeXxHHYeCKOH KepaMHKH

H HaHOMAaTepHaAoB, A.A. Boiko, npopekTop no HUP

Tomensckuil 20cyoapemeeHHblil mexHudeckull yHusepcumem umeru I1.0. Cyxoeo,
TI'omenw, 246746 Benapyco
@Aemop ons nepenucku, e-mail: olga_davidova-uretskaya@mail.ru

IIpednoxeH HOBbLIL MEMOO MEPMOXUMUUECKO20 CUHME3A JIHOMUHECUEHMHBbIX HAHOCMPYKMYypPUpo-
ganHbLx nopowros Y,0 :Eu’ u Y,0,.:Bi**,Eu’, ocHogaHHblil HA npoyecce 20peHuUst HUmpamog coom-
8eMCmMBYULUX MEMAILIO8 8 NPUCYMCMBUU KOMNIIEKCHO20 OP2aHUUECK020 20PpH0Ue20, COCMOSULe20
u3 emecu kapbamuoa u eekcamemuneHmempamura ('MTA). YecmarosneHo, umo 8 pe3ysiemame
MepMOXUMUUECKOU peakyuu U nocaie npokaausaHust npekypcopa npu 650°C nonyuaromest 6osee
pblXible NOPOWKU, Uem NPU peaKyui ¢ OOHUM Kapbamudom 8 Kauecmae 20prouezo, ¢ 6obuuUM KO-
auuwecmeom nycmom. Ilokasaro, umo npu nonyueruu nopowxos Y,0,:Eu’* na cmaduu 2ens ¢gop-
Mmupyromes 6e3800Hble coeduHeHus ¢ moueguHou cocmasa Y(NO,),-3CO(NH,), u Eu(NO,) -6CO(NH,),,
Komopbule pasznazaromest npu memnepamype nopsioka 1200°C, passusaroweticss 8 pesyabmame
npouecca 20peHust, ¢ 06pa3zo8aHuUeMm COOMBEeMCMBYUWLUX KPUCMANLAUYECKUX oKcuoos. [Ipu amom
UOHbL €6PONUSL 3AMEULaiOM Yacmes UoHo8 ummpus 6 cmpykmype Y,0,, cnocobcmeys opmupo-
B8AHUIO JIIOMUHECUUPYIOULE20 Nopouka. XapaKkmepucmuKu NOPouKo8 U3yuaiu mMemooamu peHm-
2eH08CKOol JuparKyuu, CKaHupyrowel 91eKmpoHHOU MUKPOCKONUU U (POMOSOMUHECUEHMHOU
cnekmpockonuu. Ha permeerozpamme cuHmesuposaHHsulx nporxanusaruem npu 650°C nopowrxos
Habrooaemest uHmeHcusHblill nuk Ha 20 = 28.94°, omeeuarowuil KpUCMAANUUECKUM UACMUUAM
Y,0, co cpedrum pasmepom 62.3 Hm. Ilpu nogbiuwenuu memnepamypsl obpabomku 0o 1200°C
u sbloepoKiKe 8 meueHue 1 uaca cpeoHull pasmep uacmuy so3pacmaem 00 0.25 mxm. Hameperue
cnexmpoe pomoslomurecyeryuu obpasyos Y,0 :Eu’" 6blaguno mMaxcumym 6 KpacHoil obracmu
(A=612 nm) npu 8o36yxKoeHuu Ha oauHe gonHbl 395.5 Hm (dpuosemosoe usnyuerHue). Hnmercus-
HOCMb JlloMUHecyeHyuu yeeauuusaemess Ha 15% npu egedeHuu 8 mampuuly UOHO8 sucmyma
u ymernvwaemes Ha 30% npu npoxanusaruu nopowrxos Y,0:Eu’ do 1100°C. Hanocmpyrxmy-
pupoeantsle nopowru Y,0.:Bi**, Eu®, nonyueHHble MEMOOOM 20pEHUS, MOYM NPUMEHSMbCSL 6
cucmemax 3auumel YeHHblx bymaz U NPOMbLLUTEHHbIX Mo8apos, m.Kk. obnadarom ocobbimMu Jio-
MUHECYCHMHBIMU XAPAKMEePUCNUKAMU, NO38ONLIOUUMU NPOBOOUMb 8U3YAlbHOe HabnrooeHue
Haonucell U MemoK noo U3iyueHuem ceemoouUoOHbLX UCMOUHUKO8 6e3 ucnosib3oearust Yd-namn.

Knroueesvle cnoea: mepmoxumuueckuil cuHmes, HAHOCMPYKMYPUPOBAHHbLE NOPOULKU, OKCUO
ummpust, UOHbL e8PONUSL U BUCMYMA, JIFOMUHECUEHUUSL.

THERMOCHEMICAL SYNTHESIS OF NANOSTRUCTURED Y,0,: Evw**
AND Y,0,:Bi*",Eu** POWDERS AND THEIR LUMINESCENT PROPERTIES

0.V Davydova®, N.E. Drobyshevskaya, E.N. Poddenezhny, A.A. Boiko

Gomel State Technical University, Gomel, 246746 Belarus
@Corresponding author e-mail: olga_davidova-uretskaya@mail.ru

This article describes a new method of thermochemical synthesis of luminescent nanostructured

powders of Y,O_:Eu*" and Y,0,:Bi**, Eu’* based on the burning of nitrate salts in the presence of a
complex organic fuel consisting of a mixture of carbamide and hexamethylenetetramine (HMTA). It is

Toukme xumudeckue TexHororuu / Fine Chemical Technologies 2017 Tom 12 No 1 31



TepMOXHMHYECKHH CHHTES .... HAHOCTPYKTYPHPOBaHHLIX nopoukos Y,0,.: Eu*' u Y,0,:Bi**, Eu®

established thatusing a combined fuel—a mixture of carbamide and HMTA —ina thermochemical reaction

followed by calcination of the precursor at 650°C gives more friable powders than the reaction with pure
carbamide as a fuel, with a large amount of cavities. It is shown that when preparing Y,0,:Eu’**powders,
complex compounds of anhydrous nitrates Y(NO,),-3CO(NH,), and Eu(NO,),-6CO(NH,), with urea are
formed at the gel stage. They are decomposed at a higher temperature (about 1200°C) resulting from
the combustion process. As a result, corresponding crystalline oxides are formed. The europium ions
replace a part of the yttrium ions in the structure of Y, O, favouring the formation of a luminescent powder.
X-ray diffraction, scanning electron microscopy, and photoluminescence spectroscopy have been used
to characterize these powders. The powders synthesized in this manner (calcination at 650°C) show
a sharp peak in the X-ray diffraction picture at 26 = 28.94° corresponding to crystalline Y,0, particles
with average particle size 62.3 nm. However, when treatment temperature is increased to 1200°C,
and the process duration is 1 h, the average particle size increases to 0.25 microns. Measurement of
photoluminescence spectra of the samples revealed a maximum in the red region (A=612 nm) when
exciting at a wavelength of 395 nm (violet radiation). Luminescence intensity increases by 15% when
introducing bismuth ions into the Y,0, matrix and decreases by 30% when calcinating the Y,0,:Eu’*
powders at 1100°C. The nanostructured Y,0,:Bi*", Eu’>* powders obtained by the burning method can
be applied in systems for protecting valuable security and industrial products, because these powders
have special luminescent characteristics allowing to make visual observation of texts and tags under
the radiation of LED sources without application of UV-lamps.

Keywords: thermochemical synthesis, yttrium oxide, nanostructured powders, ions of europium and

bismuth, luminescence.
BBenenue

OxcuaHble JTOMUHOMOPBI B TIOCIEAHES IeCSTHIIC-
THE TIPUBJICKAIOT MOBBIIICHHOS BHIMAHUE YYEHBIX U pa3-
PabOTYMKOB ONTHYCCKUX U ONTOICKTPOHHBIX MPHOOPOB
pa3IMyUHBIX KIAacCOB M HasHaueHWH. OHU NPUMEHSIOTCA
B KOHCTPYKLUSX IUIOCKUX aBTOOMHCCHOHHBIX IKPAHOB
(Field Emission Display — FED), sxpanax mBeTHOTO Te-
JIEBUJIEHUS BBICOKOTO pa3pelleHus], JUIsl MapKUPOBKU U
KOHTPOJISI TOBApOB U MPOAYKTOB [1].

Oxcup uTTpust YZO3 SIBIISIETCST TIOMXOISIIEH MaTpHIIei
JUTSL BBEJICHUS JIETUPYIOIIMX HOHOB BBUJTY HATMUHS OONBIION
IIAPUHBI 3aIperieHHoN 30HbI (5.8 9B), BBICOKOTO 3HAYEHMS
JINIEKTPUYUECKON TPOHULIAEMOCTH, BBICOKOM TEpMUYECKOU
U XUMHYECKOH CTAOWMIIBHOCTH, a TAKKe IPO3PAIHOCTH I
BUJIMMOTO M3iTy4eHust. OH Mpor3BOAMTCA B (hopMe OeItoro mo-
pouka (wioTHocTh 5.046 r/em’) ¢ T = 2417°C um Gecrser-
HBIX JTMaMArHATHBIX KPUCTAILTOB (TUIOTHOCTH 4.84 /em?) [2].

JltoMHHecCLeHTHbIE MaTepualibl Ha OCHOBE HaHOYa-
crurt Y,0,, JETMPOBaHHOTO MOHAaMu JiaHTaHu10B (Ln),
OTKPBIBAIOT HOBBIE BO3MO)KHOCTH NPUMEHEHHUS B pas-
JUYHBIX 00NACTSAX 3JICKTPOHUKH, ONTHKH U MEIUIIUHBI
[3]. DbdekTHBHOCTL W3TYUYCHHS JIFOMUHO(OpPA 3aBUCHT
0T MOp(}OJIOTHU TOBEPXHOCTH YacTull [4], KprcTaiu-
YECKON CTPYKTYpHl MOPOLIKA [5] U OJHOPOAHOCTH pac-
MpesiesieHus akTuBaropa B mMarpule [6, 7]. B wactaocrn,
HaHopasMepHbiii Y,0,:Eu’" mpescTaBnseT 3HauMTENb-
HBIA MHTEpEC IJIsl MPUMEHEHUs B MOJEBBIX IMHUCCHOH-
HBIX aucruiesx [8], ckpbIToii 1iBeTHOM TiedatH [9, 10], a
Takke Jsi GOPMHUPOBAHUS MTPO3PAYHON JTa3epHON Kepa-
muku [11, 12]. JIas omy4eHus: spkoit KpacHO# GpoTo- 1
KaTOIOMIOMUHECIICHIIMU Hanboliee IHUPOKO H3BECTHBI
MarepHualibl Ha OCHOBE OKCHJIa UTTPHS, JIETHPOBAHHOIO
nonamu Eu®". TTokaszano [13], uro cosjerupoBaHue Ma-

tpunel Y,0,:Eu™’, momyuenHoii MeToziom coocaknenus,
MOHAMH BHCMYTa 3HAYATECIHHO ITOBHIIACT HHTCHCHB-
HOCTh (DOTOTFOMUHECHIEHIINU TIPH ¢ BO30YKJICHUU Ha
JuTHE BOHBI 250 HM.

Hanoctpykryper Y,O,:Ln*" paszmuunoii mopdomo-
THH MOTYT OBITh CHHTE3HPOBAHBI C HCIIOIH30BAaHHEM
30JIb-TEIb-TIPOIIECCA, METOOM COOCAXKICHUS M METO-
oM ropenust [14—17]. HeoOxoqumMo OTMETHTB, YTO CY-
IICCTBYIOIIME BapUaHTBl CHHTE3a YIBTPAJAUCIICPCHBIX
OKCHJIHBIX JIIOMHHO(OPOB, OCHOBAaHHBIC Ha IPOIECCaX
TOPCHHUS, SIBIISIFOTCS ABYXCTaJUMHBIMU M TPeOyroT A
MOJYYCHHUS XOPOIIO JTIOMHUHECHUPYIONINX ITOPOIIKOB
JOTIOTHUTETIBHOM CTaUN MPOKATUBAHUS IPEKYPCOPOB B
Pa3IUYHBIX Ta30BBIX CPElaxX MU MOBBIIICHHBIX TEMIIe-
parypax (1100-1200°C) [17].

C yd4eToM BBIIICH3IOKEHHOTO LETBI0 PaOOTHI SBU-
JMCh MTOUCK M pa3paboTKa HOBBIX, 00Iee YKOHOMHYHBIX
U DHEProcOeperanux BapHaHTOB CHHTE3a HAHOCTPYK-
TYPHUPOBAHHBIX JTIOMUHO(OPOB.

3RCHepI/IMeHTaJI]>HaH HacTb

WHrpenueHtsl mis CHHTE3a JEIOMUHO(OPOB CMEIIIH-
Bam B crefyrommeM cootHomeruu: 10.0 r Y(NO,), 6H,0,
u.n.a., TY 6-09-4676-83; 0.6 r Eu(NO,),"6H,0, u.n.a.;
6.1 r xapbammua CH4N20, g.a.a., [OCT 6691-77, pac-
tBOpsu B 30.0 MJI AMCTHIUTMPOBAHHOW BOJBI M J10OaB-
nsmi B emech 0.6 T rekcamerwienterpamuna (CH,) N,
4.1.a., coaepxanue aMmuHoB 99.9%, kon CAS # 100-97-0.
s cuHTE3a CONErHpoOBaHHOTO BHCMYTOM OKCHIA WT-
tpus Y,0.:Bi**, Eu’" B pacTBOp BBOAMIM JIOHONHH-
TeNBHO TpUHHUTpAT BUcMyTa (X.4., [OCT 4110-75) B
KOJIMYECTBE, COOTBETCTBYIOIIEM COIEPKAHUIO B JIFOMH-
HOo(ope, paBHOM 0.05% at. IlepememmBami pacTBop 0
TMIOJTHOTO PACTBOPEHHUS CYXUX HMHIPEAUeHTOB. [lomyyeHHbIi
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PAacTBOp B TEPMOCTOMKOW BBIIAPUTENLHON Yallle CTABWIN B
Tepmotikagd ¢ temneparypoit 80-100°C u npu momermsa-
HIW KOHIIEHTPUPOBAIIM PACTBOP 10 COCTOSIHUSI BA3KOTO TEIs
(1.5-2 u). 3arem 3aKkpbIBaIM Yally ATFOMUHUEBOH (DOIBIOH,
TPOZIENTBIBAIIA OTBEPCTHS [T BBIXOZIA Ta30B, TIOMEIIAH 3Ty
Yalry B APYTY0, OOJBILErO UAMETPa, U CTaBUIN B My(esb-
HYIO T1e4b, HarpeTyto 110 Temreparypsl 350°C. B meun non
BO3/eiCTBIEM OBICTPOrO HAarpeBa IMPOUCXOMIIIA OypHas XU-
MIYECKask peaKIisi OKHCIICHHS-BOCCTAHOBIICHNST, HHULINHPY-
emMasi TeKCaMeTIICHTeTpaMHHOM. [10 OLleHOUHBIM JTaHHBIM,
Temrieparypa mpu 3ToM ToBbimanacs g0 1200-1300°C.
IIponyxT BAEpKMBAIM B Ieun 1pu Temreparype 650°C B
Tedenre | 4. 3a BpeMsi BBIICP)KKH YAATSUTICH OCTaTOYHBIC
MOJICKYJIBI BOJIbI, BHITOPAJIN OCTaTKK OpPraHUUECKUE pearcH-
ToB. [locie OCThIBaHS TTeUH BHITAPHUTENBHYIO YaIlTy, B KO-
TOpOii chopmupoBasICs: IEHOOOPA3HBII HOPHUCTHII TPOTYKT
Oeroro 1BeTa, U3BJICKAN U3 My(ebHO# T1euu (puc. 1).

a

JInst n3ydeHust (QM3HKO-XUMHYECKHX, CTPYKTYPHBIX, OIT-
THYECKMX W JIFOMUHECIIEHTHBIX CBOWCTB CHHTE3MPOBAHHBIX
MaTepHalioB FICTIONB30BAIE METOIBI PEHTTCHO(A30BOTO aHa-
m3a (POA) (mudpaxromerp JJPOH-7), ckaHUPYIOIIYIO A1eK-
TpoHHYI0 MuKpockorio (COM) (mukpockort Vega 11 LSH,
Tescan, Yexust). MccnenoBanus mapamerpoB MOPHCTOCTH U
VIENBHON TOBEPXHOCTH O0OpAa3LoB OCYIIECTRIUIA METOIOM
Bpynayspa-Ommera-Teitnopa (b2T) B UXIT HAH Ykpauss,
. Kues. CrieKTphI JTOMUHECTICHITMM  PETUCTPHPOBAIIH C TIO-
Motpio criekrpoduryopumerpa CIUT-2, ucrpasrisiig ¢ y4eTom
CTICKTPATBHON TyBCTBUTEIBHOCTH CHUCTEMBI PETHICTPAIIN U
pacrpeneieHys! CHEKTPAIBHON IIOTHOCTH BO30YXKIAIOILETO
m3nydenust (D HAHB, . Munck). CrieKTpallbHO-JTFOMHHEC-
LIGHTHBIE MCCIIEJIOBAHH MOYYEHHBIX MTOPOILIKOB TPOBOIIN
Tipy B30y KICHIH JIFOMUHECIICHIIMI CBETOM PTYTHOM JIAMITBI
¢ HabOPOM (DUITBTPOB IPH KOMHATHOM TeMIIepaType.

Puc. 1. [TpoaykT oHOCTaIUHHOTO TEPMOXUMUYECKOTO CUHTE3a OKCUJIAa UTTPUSI:
a) B BBIMMAPHUTEIIBHOM Yallie MOCIie U3BJICUCHUsI U3 Meun; 0) Mukpodororpadus arioMeparos.

Pe3yJ'll)TaTbl H UX 06cy>lc11elme

B pasButue npouecca CHHTE3a OKCHIHBIX IOPOLIKOB
merogoM roperust B HUJI texauueckoil kepaMUKHU U Ha-
vomarepuasioB ['TTY um. I1.O. Cyxoro mpemioxeH u
paspaboran Oosiee MPOCTOW, OAHOCTAIMUHBIA BapHaHT
CHUHTE€3a C UCIOJIb30BAaHUEM B KaU€CTBE KOMIIJIEKCHOTO
TOPIOYEr0 CMECH a30TCOJIEPIKAIIUX OPraHUYECKHUX CO-
eNMHEHUH — KapOamuIa W TeKCaMeTHJICHTETPaMHHA.
Bnarogapsi Mcnoib30BaHUIO TOPIOYEH CMECH CIIOKHOTO
COCTaBa ylalioch OOBEIMHUTH B OJHOM IIporiecce 0e3
W3BIICUEHUSI TPOMEKYTOUHBIX MTPOILYKTOB 3TAIbl HHHUIIU-
HMpOBaHUs peaklUu TOPEeHHUs, YIaJIeHUs OpPraHuYeCKUX
npuMeceld, CBOOOJHOM U CBA3aHHOW BOJBI U (POPMUPO-
BaHHWE KPUCTAJUIMICCKON CTPYKTyphl. OCOOCHHOCTBIO
OJTHOCTAAMUHOTO TIpoliecca SIBIISETCS OTCYTCTBHE OIle-
panuu  (GOPMHUPOBAHUS TIPEKypcopa, APOOJICHUS Ipe-
Kypcopa, a KpUCTaJUIMYECKUI OKCHI, aKTUBUPOBAHHBIN
noHamu P33, popMupyeTCst OTHOBPEMEHHO C peaKiuei

cuHTe3a (puc. 2), IpuydeM JOMOIHUATEIbHBIC MTPOIIECCH
MIPOKAJIMBAHUS OCYLIECTBIIAIOTCSA B Ie4M 0e3 M3BIIeue-
HUSI UX U3 PEaKIIMOHHOTO COCY/a.

OIHOCTAIMITHBIM METOJIOM  TOJIYYCHBI  YIBTPAJIHC-
MICPCHBIC TIOPOIIKH OKCHAA WTTPHS, aKTUBUPOBAHHBIC
wonamu Eu** u conerupoBannbie nonamu Eu’' u Bi*". B
cXeMe OHOCTAIUIHOTO TIpoIiecca CHHTE3a HpH (op-
MHUPOBAaHHUU  YIBTPAIUCICPCHBIX IMOPOIIKOB  OKCHJIA
UTTPHS, AKTUBHPOBAHHBIX MOHAMH EBPOITHS, HA CTaHH
yIapuBaHusl 00pa3yroTCs KOMILUIEKCHBIE COSJIMHEHUs Oe3-
BOJHBIX HUTPATOB UTTPHS M €BPOIHS C MOYCBUHON COCTaBa
Y(NO,),-3CO(NH,), u Eu(NO,),-6CO(NH,),, kotopsie
pHu BbICOKOH Temriepatype (okoio 1200°C), pa3Buba-
IolIeiica B pe3ylbTare mpolecca TOpeHus, pa3iaraTcs
¢ 00pa3oBaHHEM COOTBETCTBYIOIINX KPHCTAJLTHICCKUX
okcuioB [ 18]. 3ameTum, 4TO MOHBI €BPOITHUS 3aMENIAIOT B
y3J1aX PEemIeTKN OKCHIA HTTPUS 9aCTh HOHOB Y, CIIOCO0-
CTBYSl ()OPMUPOBAHUIO JIFOMUHECITUPYIOLIETO MTOPOIIKA!

Y(NO,),3CO(NH,), — Y,0, + CO, + N, + H,0 (600-700°C) (1)
Eu(NO,),,6CO(NH,), — Eu,0, + CO, + N, + H,0 (600-700°C) )

CYMMapHafl PCaKkiys CUHTE3a aKTUBUPOBAHHOI'O €BPOIMEM OKCHUIA UTTPUA C UCIIOJIB30BAHUEM Kap6aMH):[a B Ka4C€CTBC

TOPIOYEro MOXKET OBITh MpejcTaBleHa Tak [19]:

(2-2x)Y(NO,), + 2xEu(NO,), + 5CO(NH,), — (Y, Eu),0, + 5CO, + 8N, +10H,0 3)
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ekcameTuneH
TeTpaMuH
(CH2)eNy
Y(NO3)3.nH20 KapﬁaMI/I[J,
EU(NO3)3.”H20
CO(NH2)2
\ il /
CwmewmnBaHue,
pacTtBopeHue B HO 1
ynapusaHve
T=650°C > TopeHue un P MydenbHas
TepmoobpaboTka nevb

'

JOvcnepruposaHve

!

M3mepeHune
napameTpos

Puc. 2. Cxema OJIHOCTaZ[HﬁHOFO TCPMOXUMUYCCKOIO CUHTE3a OKCUAAa UTTPUs,
AKTUBUPOBAHHOI'O MOHAMU €BPOIINS.

B kagectBe orxomsmux rasos Beimenstorcs CO,,
a30T U Tapbl BOJHI, TPAKTHUCCKH OE3BpEIHBIC IS OKPY-
xaroteit cpensl. [Ipu ropenun MTA taxoke o6pa3yror-
Csl YIVIEKUCIIBIN a3, a30T U BOAA MO PEAKIIMHU:

(CH)N, +90,=6CO, + 2N, + 6H,0 (4)

ITpu HECOOMIOAEHUH CTEXMOMETPUUYECKHX COOTHO-
LIEHUH UHTPEAUEHTOB HUTPAT UTTPUS MOXKET pas3Jiararb-
sl C BBLAEICHUEM OKCHJIOB a30Ta:

4Y(NO,),—2Y,0,+ 12NO,+30, (500-600°C) (5)

Ilo 3Toit mpuunHe KapbaMu I peakiiy TOpeHus OepyT B
00mpIIIX KomrdecTnax (Ha 10-15% mac.), gem o peakrmm 3.

OKCIEepUMEHTAJIbHO YCTAaHOBICHO, UTO B IpoIEcce
(hopMHUpOBaHUS OKCHAA UTTPUS METOIOM TOPEHHS B OfI-
HOCTaIUIHOM Mpoliecce NPUMEHEHUE B KaueCTBE IOpIo-
Yero TaKuX OPTaHMYECKUX COEMHEHHUH, Kak KapOamu,
cmech kapbamuna u I'MTA, npuBoauT k 00pa30BaHUIO
anIOMEPUPOBAHHBIX IIOPOILKOB CO CPETHUM Pa3MEPOM B
npenenax 10-120 mxwm (tabm. 1).

Hopommku Y,0,:Eu’" uMenn yneibHyro MoBepXHOCTb
S, =77-128 M%/T, ipudeM B nipucytetBun I MTA yrens-
Has TOBEPXHOCTH MOPOIIKOB IprMepHO Ha 30% Oorbirte, a
pasMep arperaToB NEPBUYHBIX YACTHI] MEHbIIIE (Ta0. 2).

Taoauna 1. Cpegaue pa3Mepsl arlioMepaToB MOPOLIKOB OKCUA UTTPUS, ITOJYYEHHBIX OTHOCTAIUIHBIM
METOJIOM TOPEHUS C Pa3IMYHBIMU BHJIAMH TOprodero (pexuM tepMmooopadoTku 650°C Ha Bozmyxe 1 9)

OpraHuyeckoe roprodee

Cpenuuii pa3mep arioMepaTroB, MKM

IIpumMepHast HaChITHAS IIOTHOCTD, I/AM?

Kapbammzg
Kapbamun+I'MTA

10-100
50-200

190
48

Ta0auuna 2. YaenbHasi IOBEPXHOCTh arJIOMEPATOB M YCIIOBHBIN IHAMETP YaCTHUL] OKCHJIA UTTPHSI C EBPOIIEM
Y OKCHJA UTTPHUS C BUCMYTOM U €BPOIHEM, (OPMUPYEMBIX B OJHOCTAIMIHOM TEPMOXHUMHUYECKOM MPOLIECCce

Temmneparypa Tepmuue- Y,0,:Eu*", kapbamun u TMTA Y,0,:Bi*", Eu*", kapbamun u TMTA

ckoii 00paboTku, °C V1. OBEPXHOCTh, M*/T dcp, HM ViI. OBEPXHOCTh, M*/T dcp, HM
650 7.7 101.9 12.6 62.2
900 8.0 98.04 12.8 61.3
1100 5.7 137.6 3.90 201
1200 4.1 191.3 3.10 253

OdeBUIHO, UTO C OBBIIICHUEM TEMIIEPaTypHI IIPO-
KaJMBaHUs B 000MX CIy4asix pa3Mephl 4acTUI[ PaCcTyT, a
BBE/ICHIE HUTPATa BUCMYTa B CHCTEMY TIPH MOBEIIICHUT
Temmneparypsl npokanuBanus ot 900 go 1200°C mpuso-
JMT K MOMyTOPHOMY poCTy pasmepa yactuil Y,0,:Bi*’,
Eu’* mo cpaBHeHuio ¢ Y203:Eu3*, YTO CBSI3aHO, CKOpee
BCET0, C UX OOJIBIICH yIeTbHON MTOBEPXHOCTHIO.

YCTaHOBNEHO, YTO C HCHOJIb30BAaHUEM CIOKHOTO

34

TOPIOYETO arjioMeparhl B Pe3yNbTaTe peakIiH Ioyda-
10TCsl OoJiee paciylieHHbIE ¢ OONBIIMM KOJIWYECTBOM
MYCTOT, JIETKO TUCIIEPTHPYEMbIe BPYYHYIO B CTYTIKE HITH
B IIapOBOIl MesbHHUILIE (pHC. 3).

Paccmorpenne UK-cniekrpos o6pasuos Y,0,:Eu™,
TMIOJTyYEeHHBIX IPOKAJIMBAHUEM NIPEKypcopa Ipy TeMIepary-
pax 650, 900, 1100 u 1200°C, noka3zsBaer (puc. 4), 4To
mpokast mosoca mpu 3000-3800 cm!, oOycroBneHHAs
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SEM HV: 20.
View field: 265 mm  Det. BSE Detector
viadk Name: 1.tf

VEGAN TESCAN g/
Digtal Microscopy Imaging [

a

SEMHV: 20.00kV  WD: 10.6890 mm
View field 52,91 pm  Det. BSE Detector

viadk Narme: 4 tif

20pm

0

VEGAN TESCAN g/
Oigtat Miroscopy maging [

Puc. 3. COM-uso6paxenune nopouika Y,0,:Eu, nonyuennoro ropenuem
B MOYEBHMHE TOCIIE CHHTE3a U npokanuBanus npu 650°C (a) u pa3mMonoToro B cTymke (0).

BaJICHTHBIMU KosieOanusMu rpynn O—H, mpucyrtcTBy-
€T BO BCEX CIIEKTpaX, HE3aBUCHMO OT TEMIICpaTypHl.
Opnako mpu Temneparype npokanusanus 1200°C ee
WHTEHCHBHOCTh YMEHBINACTCS MPHMEPHO B IBa pasa.
Ionoca C—H-konebanuii mpu 28602870 cm™! B pesysib-
TaTe MPOKAIWBAHWS Ha BO3MYyXE IMPAKTUYECKH HcUe3a-
eT; TaKKe 3HAYMTEIIbHO YMEHBINAETCS] MHTEHCUBHOCTH
mosioc B ooitactu 1570-1580 cm™!, CBA3aHHBIX ¢ HAJIU-

100
80
60 -

40

OtpaxeHue, %

20

0

YHeM OCTaTOYHBIX KapOOHATHBIX Tpymil. [loHmkeHHas
KOHIICHTPAIUS aJCOPOUPOBAHHBIX Ta30BBIX MPUMECEH U
TUJIPOKCHIIBHBIX TPYII CBUJIETENLCTBYET O O0Jiee BBICO-
KO TemIieparype, pa3BUBAIOILEHCS B IPOLIECCE TOPEHUS
B cMecu Kapbamuaa u I'MTA, yem B ciiydae JByXcCTa-
JUIHOIrO CHHTE3a. DTO TAaKXKE MOATBEPIXKIAET €ro mep-
CIIEKTHBHOCTh JIJIs1 (POPMUPOBAHUS JTFOMUHECIIEHTHBIX
ITOPOLLIKOB.

T T
4000 3500 3000

T
2500

T T T
2000 1500 1000

1
BonHoBoe uucno, cm

Puc. 4. K-cniexrper 06pasiios Y,0,:Eu™, nomy4ennsix npu ropennu B kapdamuae 1 I'MTA u npokaieHHbIX
npH pas3nuuHbIx Temmneparypax:1 — 650°C; 2 — 900°C; 3 — 1100°C; 4 —1200°C.

Beenenne B cocraB roproueii cMecu KapOammma U
I'MTA nonoiHuTeNnsHO a30THOKUCIIONO BUCMYTa U UX TIPO-
kaymBaHue npu Temmneparypax 1100-1200°C oGecneunnn
BO3MOKHOCTh TIOTy4eHHS emle Ooiee 00e3BOKEHHBIX I10-
POIIIKOB OKCH/Ia UTTPUS, COICTHPOBAHHBIX HOHAMH €BPO-
mus u BucMyTa (Y,0,:Bi*", Eu’") ¢ conepsxanuem B -
muHo(pope BucmyTta u eponus 1no 0.05% ar. Cnenyer
NOAYEpKHYTh, 4T0 MK-criekTpbl yka3aHHBIX I1OPOILKOB
UJICHTUYHBI CIIEKTPaM OKCHJIOB, HE cojiepkaiux Bi*',

[loBbleHHasT Temrieparypa Mpu CHHTE3¢ TOPOIIKOB
Y,0,:Eu*" 00ycroBIMBaeT COBEPIIEHCTBOBAHME KPUCTAILII-
YECKOM CTPYKTYpHI M YBEIHMUYCHHE pa3Mepa arperaros, YTo
nionTBepkaaeTcst qaHabiMu PDA. Tlokazano Hanmmuue B 00-
pasuax Y,0,:Ev** u Y,0,:Bi*" Eu'*, T=650°C xpucrammide-
CKOI MOHO(a3bI OKCHJIA UTTPHS B COOTBETCTBHY C TAHHBIMU
karasiora JCPDS-1996 (kaprouxa Ne 43-1036) (puc. 5). Hpy-
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rux (ha3 B COCTaBE MOMyUYCSHHBIX 00PA3IIoB HE 0OHAPYKEHO.

CrieKTpbl JIIOMUHECIICHIIMHY TTOTYYSHHBIX TIOPOIIKOB
MIpUBEICHEI Ha pHC. 0.

YCTaHOBIEHO, YTO TPH BO3OYKACHHH ITOPOIIKOB
Ha JuiMHE BOJIHBI 395.5 HM ((puosieToBOe H3IyUYCHHE)
B CHEKTpPE (DOTOTIOMUHECHIEHIIMN MOPOIIKOOOPA3HBIX
obpasnos Y,0,:Eu’" npucyTcTByeT yskas mosoca IpH
612 ™ (kpacHast oOnacth). THTEHCUBHOCTD JIFOMUHEC-
LEHIUU B 3HAYUTEIBHOW CTETICHH 3aBUCHT OT HAIUYUS
B MaTpPHUIIEC HOHOB BUCMYTa (pHUC. 6) U TeMIIEpaTyphl IPo-
KaJHMBaHUA MPEKypCcoOpa U YMEHBIIACTCS MIPU IPOKAJIH-
Banuu a0 1100°C npumepno Ha 30%.

310T 3(QPEKT, BO3MOKHO, BHI3BAH YBEIHICHUCM
pa3sMepoB arperatoB NpH IPOKATUBAHUHM M, CJIEIOBa-
TENFHO, YMCHBIICHUEM KOHIICHTPAIIMU [TOBEPXHOCTHBIX
HMOHOB aKkTHBaropa B arperare [20].
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259402

Puc. 5. Tudpakrorpamma Y,0,:Eu’*, momyuennoro npu ropennn B kapobamuze u 'MTA,
C TIPOKATMBAaHUEM TIPEKypcopa mpu Temmeparype 650°C.

110
100

VIHTEHCMBHOCTb SIOMUHECLIEHLIAM, OTH. €A,
3
:

~
600 650 700
[nuHa BomnHb!, HV

Puc. 6. CriekTpbl JIOMHHECLEHIIMH TOPOIIKOB
Y,0,:Ev*" (1) u Y,0,:Bi*", Eu*" (2) B 3aBucumMoctn
OT HAITMYHS B PEIICTKE OKCH/Ia HOHOB Bi**
pu Temmneparype 650°C.

Takum 00pazom, MpOIECcC AOMOTHUTENBHOTO MPOKa-
JIMBaHUS BBI3bIBACT YMEHbIICHHE 3(DPEKTHBHOCTH JIFOMH-
Hecuennmu Ha 30%, a BBeneHue noHOB Bi*" B CTpyKTYpY
B KaUE€CTBE COAKTHBATOpa BEAET K €€ yBeIMUeHHto Ha 15%.

W3 BbIlIECKa3aHHOTO OUYEBUAHBI TPEUMYIIECTBA
METOJa TOPEHHsI a30THOKHCIIBIX CONell B cMecH Kapoa-
muaa 1 TMTA i nonydeHus: KpacHbBIX JIIOMUHO(OPOB,
XapaKTEePU3YIOLIErocss MPOCTOTONW, HU3KOM TeMIepary-
pOWi MOIKKra, COKpAIIeHHBIM BPEMEHEM BCETO Mpoliec-
ca TI0 CPaBHEHUIO C JUIUTEIBHBIM IPOIIECCOM MPSMOTO
CIIEKaHHsI OKCUJIOB U JIOTIOJTHUTEIBHBIM MTPOKATMBAHUEM
nipu Temmeparype 1100°C.

Hanocrpykrypuposannbie nopomku Y,0,:Bi*, Eu*,
TIOJTy9CHHBIE METOIOM TOPEHHS, MOTYT IIPHMEHSTHCS B
cHCTeMax 3allUThl LEHHBIX OyMar W MPOMBIILIEHHBIX TO-
BapOB, TaK KaK O0JIaJar0T OCOOBIMHU JIFOMHHECIICHTHBIMU
XapaKTEePUCTUKAMH, TTO3BOJIIOIIMMH TTPOBOJUTH BU3yalb-
HOE HaOMIONEHNe O] N3IIyICHHEM CBETOIUOTHBIX HCTOY-

Cnucok JuTeparypbl:

1. Tlopnenexwusrii E.H., boiiko A.A. Knaccuduxka-
[Msl CIIOCOOOB MOJIYYCHHUS YIBTPAAUCIICPCHBIX OKCHII-

HBIX MOpomkoB // BecTtH. ['omen. roc. TexH. yH-Ta UM.
I1.0. Cyxoro. 2003. Ne 1. C. 21-28.

HUKOB 0e3 TipuMeHeHus1 YD-J1aMIT 1 1a3epoB, HaIpuMep, ¢
HCHoIb30BaHueM ¢ronetoBoro ceeroanona CJI ARPL-1W-
UV400 c A =395-400 am.

BriBoabI

[IpoBenen cuHTE3 HAHOCTPYKTYPHUPOBAHHBIX IIO-
pomkoB Y,0,:Ev’* n'Y O*:Bi**, Eu’* ycoBepiencTBoBaH-
HBIM METOZIOM TEPMOXMMHYECKUX PEaKkIuii (TOpeHus) B
OJIHY CTaJIMI0 B YCJIOBUSAX OKHMCIICHHSA-BOCCTAHOBIICHUS
A30THOKHUCITBIX COJIEH UTTPUS U €BPOIHUS B IPUCYTCTBUHU
kapbamuga w/mnm cmecu kapbamuga ¢ I[MTA B kaue-
CTBE TOPIOYET0. YCTAHOBJIICHO, YTO MPH MCIOITH30BAHUHT
cmecu kapbamuia 1 TMTA B pe3ynbTare TepMOXUMHUYE-
CKOl peakIiy M MMoCiie MPOKaJIMBAaHMUS IIPEKypcopa Ipu
650°C nomy4atorcst 6osee poixibie nopouku Y,0,:Eu’
(maceimHas wiotHocTh 190 r/amM?), YeM npu peaximu ¢
OJIHUM KapOamMuaoM (HACBIMHAS IUIOTHOCTH 48 r/mm?).
Pasmep arperaros Bapsupyetcs ot 102 am 1 Y,0,:Eu’*
o 62.2 uM — st YZO3:Bi3*, Eu**. IIpu marpeBanuu 10
1200°C pasmep uactuir BozpactaeT A0 0.19 u 0.25 Mxm,
COOTBETCTBEHHO. M3MepeHHe CIEeKTpOoB (POTOIOMUHEC-
IICHIINH BBIIBIJIO B O0OMX CITyJasx MakCHUMyM B KPacHOM
obmnactu (A = 612 HM) npu BO30OYXICHUH HA UTMHE BOJHbI
395 am. Ilokazano, 9To MpoOIIECC TOMOTHUTEILHOTO MTPOKa-
nuBaHus Ha Bo3myxe npu 1200°C BbI3bIBaET yMEHbLICHHE
MHTEHCUBHOCTH JitomuHecrieHmn Ha 30% 3a cuer pocra
pa3MepoB arperaroB, a BBeJICHHE HOHOB Bi*™ B cTpykTypy
B KaU€CTBE COAKTUBATOPa BEAET K €€ yBearyeHHto Ha 15%.
Hanoctpykrypuposannsie nopomku Y,0,:Bi**, Eu’* 00-
JaJar0T OCOOBIMH JIIOMHHECIICHTHBIMH XapaKTEePHUCTH-
KaMH, TIO3BOJIAIOLIUMHE MPOBOJIUTH BU3YyalbHOE HAOIIO-
JICHNUE TIO]T M3ITyYCHNEM CBETOIUOAHBIX HCTOUHIKOB 0e3
npuMeHeHus1 YD-1amMI 1 J1a3epoB.
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XHMHUS 1 TEXHOAOI'HSI HEOPTAHHYECKHX MATEPHAAOB
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INEPEPABOTKA OTXOJA0OB TEJLJIYPUJIA BUCMYTA

M.B. IIlpirankoBal’®, cTrapmiui Hay4HBIH COTPYAHHK, E.A. [IepMmuHOBaZ,
MeHeAxXep nmo KadecTBy, M.T. YykmaHoBa®, MAAAIIHHA HAayYHBIH COTPYAHHK,
O.A. PaiixuHal, acmupaHT

IMockoeckuii mexHoso2uueckuil yHugsepcumem (MHcmumym moHKUX XUMUUECKUX MEeXHOI02UTL),
Mockea, 119571 Poccus

?Me>K0yHapoOHbLl HAYUHO-UCCe008AMENbCKUL YeHMpP 0XPaHblL 300p08bsl Uesl08eKA,
JKUBOMHbBLX U OKpyxKarouwell cpedst, Mockea, 117218 Poccust

SKaszaxcmancko-BpumaHckuil mexHuueckuil yHugepcumem,

Anma-Ama, 050000 Pecnybrukxa KazaxcmaH

@Aemop onsi nepenucku, e-mail: tender-mitht@mail. ru

B pabome uccnedosarobl ocHogHble cmaduu nepepabomru meanypuoa sucmyma Bi,Te,, exouaiowue:
cnerxarue c NaOH, svuyenauusarue u 2uopoaumuueckoe ocarkoerue. B kauecmase ucxooHwlx eeuiecms
ucnosb3osaHsl 0bpasusbt OO0 A/IB HHokuHupuHz». B pesynbmame npogedeHHbIX UCCe008aHUTL 8blsi8-
JleHbl 3aKOHOMEPHOCMU nogedeHus meanypa Ha cmaouu cnekarnust Bi,Te, ¢ NaOH u ebiuenaiusamust
nonyueHHozo cnexa. Ommeuero, umo npu memnepamype 350-450°C Ha cmaduu cnexkaHust ¢ NaOH
mennyp nepexooum & gopmy Na,TeO,, yoobHyt 0Nt OabHele20 USBNeUeHUsL 8 PACMEop U omaoe-
JIeHUst om sucmyma. Yeenudwenue memnepamypol npusooum k okucneruro Na,TeO, u obpasosaruto
Na,TeO, — coedureHus, He pacmseopumozo 8 800e, U Mem CaMbiM — CHUIKEHUIO CMeNneHU U3GIeUeHUs.
mennypa Ha cmaduu svluenauusarust. Ilokasaro, umo ysenuueHue memnepamypst om 8 0o 25°C Ha
cmaduu 2uGPOTUMUUECKO20 OCAXKOHUST MeNYPa NPAaKmMuUecKu He 81uslem HA CmeneHb e20 Usgieue-
Hust, komopast cocmaeansiem 93.5-98.2%.

Knroueesle cnoea: meanypuod sucmyma, cCneKaHue, eblijesauuearue, cCmeneHsb UseieueHust,
2udposiumuueckoe ocarxoeHue.

BISMUTH TELLURID WASTE PROCESSING

M.V. Tsygankova'@, E.A. Perminova?, M.T. Chukmanova?, O.A. Raikina’

IMoscow Technological University (Institute of Fine Chemical Technologies),

Moscow, 119571 Russia

?International Research Centre of Protection of Human Health, Animals and the Environment,
Moscow, 117218 Russia

SKazakh-British Technical University, Almaty, 050000 Republic of Kazakhstan
@Corresponding author e-mail: tender-mitht@mail.ru

The main stages of bismuth telluride processing comprising sintering with NaOH, leaching and
precipitation were investigated. Bi,Te, samples produced by "ADV Engineering” were used as starting
compounds. The studies revealed regularities of tellurium behavior during the sintering of Bi,Te, with
NaOH and the resulting the solid residue leaching. It was noted that annealing at 350-450°C with
NaOH transforms tellurium into Na,TeO,, which is an appropriate form for further dissolution and
separation from bismuth. Increasing temperature results in Na,TeO, oxidation and formation of the
water-insoluble compound Na,TeO,. Thus, it decreases tellurium extraction degree during the leaching.
It has been shown that increasing temperature from 8 to 25°C at the step of tellurium hydrolytic
precipitation slightly affects the extraction degree, the value of which is 93.5-98.2%.

Keywords: bismuth telluride, annealing, leaching, recovery rate, precipitation, recycling.
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IlepepaGoTKa OTXOLOB TEAAYPHZAA BHCMYTa

BBenenune

HHTepec K MOMYMpPOBOAHUKOBBIM TEPMOIICKTPHU-
YEeCKUM 3JIeMEHTaM, padotaromum Ha 3ddekre 3ecOeka,
IOCTOSIHHO pacTeT. C 0JHOM CTOPOHBI, 3TO CBA3aHO C He-
XBaTKOH DHEPTHH, HCIIOIB3yeMO! B IPOMBIIIIICHHOCTH U
B OBITY, C APYroi — ¢ OOJBIINM YHCIIOM YCIICIIHBIX HC-
CIICZIOBaHUI U pa3pabOTOK B 00JACTH CO3IaHUS TEPMO-
ANIEKTPUUYECKUX MaTepUalioB Ha OCHOBE O-(hasbl cocTaBa
Bi,Te, (pucynoxk [1]). B mocnennee Bpems 06beM Mupo-
BOTO PBIHKA TEPMOJICKTPHICCKUX MaTECpHANOB CKETOIHO
yBenuuuBaercst Ha 15-20%. Temtypun BUCMyTa SIBIISIETCS
OCHOBHBIM MaTCpHAIOM /ISl TPOU3BOACTBA TEPMOIICKTPH-
YEeCKHX IIPHOOPOB M YCTPOICTB, pabOTAIONHX B AUATIa30HE
temmeparyp 200—600 K 1 o0nagaronmx B 3TOM Auarna3oHe
JYYIITAMHA TEPMODJICKTPUIECKAMH CBOMCTBaMH [2].

OCHOBHBIE  NOCTaBIIMKM  TEPMONIEKTPUUECKON
MIPOIYKITUH — 3TO 3apyOexkHbIe pupMbl: Melcor, Marlow,
Tellyrex u Merit Technology Group, MTG. B Poccun
okon0 10 KPYHMHBIX TPENIpPUSATHH 3aHUMAIOTCS paspa-
00TKOI U IPON3BOJCTBOM TEPMOIIEKTPUICCKUX MPUOO-
POB ¥ M3/1eTUi Ha UX OCHOBE [3].
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JlmarpamMma cocTOsTHUSI CUCTEMbI BUCMYyT—Tesutyp [1].

[IpoMBILIIIEHHBIMH  METOJaMHU CHHTE3a, TaKUMH,
KaK METOJ] 30HHOM Tu1aBKH [4, 5], MeToz ropsiueit SKCTpy-
3uw [6, 7] u ropstuero npeccoBanws [8, 9], mponu3BoasATCS
3aroToBkM Bi, Te,, N3 KOTOPBIX BBIPE3AIOT CTEPXKHU pa3-
JUYHOTO CeYeHHs W JUITMHBIL. B mpouecce mpou3BoacTBa
00pasyroTcsi OTXOABI — TIOPOIIKM M KYCKH TEJUTypHIa
BHUCMYTa, KOTOPbIE HEOOXOIUMO IepepabdaThiBaTh C Lie-
JBIO YTHIM3AINH [ICHHBIX KOMIIOHEHTOB.

B nuteparype onmcan cnoco6 nepepaborku Bi, Te,
METOJIOM TIOJTUCYIb(HUAHOTO BIIIETaYNBAHUS B cpere |
M NaOH B teuenue 1-3 4 npu coornomenun T:0K=1:5
u temneparype 90°C [10]. B3aumogeiicTBue nporekaer
0 CJEAYIOLIUM PEaKIUIM:

Te +2Na,S, =Na,TeS, + Na,S (1)
Te +Na,S, = Na,TeS, 2)
Te +Na,S, =Na,TeS, 3)

[Ipu TakoM criocobe TepepabOTKH CTETICHb WU3BJIe-
YeHUs! TeJTypa B pacTBOp cocTaisieT MeHee 5%. bonee
3¢ (deKTUBHBIM TIPU TepepadoTKe TeJuTypuia BUCMYTa
apysiercst ciekanue ¢ NaOH ¢ mocienyromum Belena-
YHBaHUEM ITOJYUIEHHOTO Clieka. B pesymsrare B3ammo-
neiictust Temutypa ¢ NaOH o6pasyroTcs pacTBOpUMBIE B
BOJIE COEIMHEHUS — NaZTeO3 u Na,Te [11]:

3Te + 6NaOH = Na,TeO, + 2Na,Te + 3H,0 4

BucmyT no cBOMM XMMHMYECKHM CBOICTBaM SIBIISI-
€TCsl YCTOMYMBBIM, MaJIOPEaKIIMOHHBIM AJIEMEHTOM, HE
pearupyrommM ¢ Bogoi u menoyamu [12].

Takum 00pa3oM, Ielb HACTOSIICH CTaThbH — pas-
paboTka crnocoba mepepadOoTKH OTXOMOB TeJTypHaa
BHUCMYTa W BBISIBICHHE OCOOCHHOCTEH ITOBEICHUS TeEll-
Jypa Ha BCEX CTaUAX MpoIecca.

3KCHepI/lMeHTa.ﬂbHaﬁ 4acTb

B kauecTBe NCXOMHBIX BEIIECTB HCIIONB30BAIN 00pa3-
bl Bi,Te, (OO0 «AJIB Mmxurmpunr»). NaOH (4. 1. a.)
TY . ludpaxrorpamma ucxonnoro Bi, Te, npounauimpo-
BaHa B reKCaroHaJIbHOW perieTke ¢ mapamerpamu a = 4.389
(0.006) uc=230.502(0.062) A.

Cnekanne ¢ NaOH nipoBonim B My(ebHOM 1medn B
TeyeHue 30-120 MuH B HUKEIEBBIX TUINISX [IPU TEMIIEpa-
type 350-600°C. BhimenaynBanue CrieKOB MPOBOIWIN B
cTakaHax B TeueHue 5—60 MUH IpU KOMHATHOH TeMIle-
parype, cootHomenuun T:2K=1:2+14 u nepememmBannn
C TMOMOIIBI0O MarHUTHOM MelaiKku. [uaponuTrieckoe
OCaKJICHHE TEILTypa OCYIIECTBIUIHA B CTaKaHaX MPH ITOCTO-
SIHHOM TEepeMENINBaHUN MAarHUTHOM MEIIAIKOW, TeMIiepa-
Type 25+2° u 8+£2°C. pH KxoppeKTupoBaim J100aBICHUEM
pacTBOpa CepHON KUCTIOTHI.

Wsmepenne pH npooawnu Ha pH-meTpe «AHMOH
41005 co cTEKJITHHBIM KOMOMHUPOBAHHBIM 3JEKTPOIOM
OCK-10601/7. TlpomykThl criekaHus HICHTHOHUIUPO-
BaJIN METOJIOM PEHTIeHO()A30BOr0 aHanm3a MO peHTre-
HOTpaMMaM, TONYYCHHBIM Ha MOPOIIKOBOM IU(paK-
tomerpe Shumadzu XRD-6000 (usnyuenne Cuk I,
rpadUTOBBII MOHOXPOMATOP) B MHTEpBaJie yIIIoB 20 =
10°-60° ¢ mrarom ckanupoBanus 0.02°. JIns oGpaboTt-
KM PEHTTeHOIpaMM HCIOb30Balu nporpammy difwinl,
uneHTU(UKaNK0 (a3 OCYLIECTBISUIN, UCIONb3Ys IO-
pomkoByro 6a3y ganubix JCPDS PDF. MnaunupoBanue
pPEHTreHorpaMM BbINONHSUIM 1O mporpamme FullProf
Suite [13]. JnddepeHunanbHbI TEPMHUUSCKAN aHATN3
npoBoawIN Ha JepuBarorpade mapku Q-1500 (macca
oOpasia 232.8 mr) B mHTepBaje temmeparyp 20-400°C.
Cxopoctb HarpeBa 10 rpaa/muH.

ConepkaHme Teypa W BHCMyTa B DPacTBOpax
onpeaeasain METoA0M HHI[yKTHBHO—CBS[SaHHOﬁ IJ1a3sMbl
Ha cniekTpoMerpe Optima 8X00 npu JutHE BOJHBI 214,
2821 223.061 um, coorBeTcTBeHHO [14].
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PeSy.TlI)TaTbI H UX 06cym11eHne

W3ydeHo BIusHUE TEMIIEPATYPbl U MPOAOIIKHUTEb-
HOCTH CIICKaHUS Ha M3BJICUCHUE TEITypa.

Temmiepartypa npoBeieHHs TpoLiecca B3auMOACHCTBHS
TeJUTypHaa BECMYTa C THIPOKCHIOM HATpHsl BBIOpaHa Ha
OCHOBaHWH JaHHBIX TepMorpadudeckoro aHammsza. B uH-
tepBasie Temneparyp 20-400°C Ha nepuBarorpamMme Ha-
omonaercs Ba dddexra — srmorepmuueckuii (80—-180°C)
u sx3otepmuyeckuii (330-400°C). DunorepMuyeckuii d¢-
(heKT OTHOCHTCSI K O0C3BOXKHBAHHIO THIPOKCHIA HATPUS
U COMpPOBOKIACTCS MOTEPEH MacChl, KOTOPAsi COCTABIISICT
7.3%. Dx30TepMudeckuil 3pdexr cA3aH ¢ Tem, 4To mo-
cie mnasneHust NaOH (322°C) HaynHaeTcss MHTCHCHUB-
HO€ MPOTeKaHWe OCHOBHON peaKlInu:

Bi,Te, + 6NaOH = 2Bi + Na,TeO, + 2Na,Te + 3H,O  (5)

Ha ocHoBaHmm HaHHBIX TepMorpaduu BeIOpaHa
MUHUMaIIbHasl TeMIlepaTypa MPOBEIACHUS Ipolecca
350+20°C.

Jutst onpeienieHust ONTHMaJIbHON IPOIOJKATEIBHO-
CTH CIICKaHUS Bi2T¢33 ¢ NaOH mnporiecc npoBOAMIN B HH-
tepBaie Bpemenu 30—120 mun nipu 350°C u crexuome-
TPUYECKOM COOTHOLIEHMU KoMroHeHToB (Bi,Te,:NaOH
= 1:6). Ha penTrenorpaMmmax BCeX IOIyYCHHBIX CIICKOB
OTCYTCTBOBAJIM MUKW UCXOJHBIX BELIECTB, OITOMY IS
BBIOOpa ONTHUMANBHON TPOJOKUTEILHOCTH CIICKAHUS
WCIOJIB30BAJIM PE3YJIbTaThl IOCJIEAYIONIErO BhILIea-
yuBanus cnekoB (T: K = 1:10, npogomkutensHOCTh 15
MuH). [TockonbKy crenenb U3BIEUEHUs Telypa B pac-
TBOp, cocTaBisBIIas 89%, He MOBBIIANACH MIPHU Jallb-
HelIeM YBEJIWYEHUU NPOJODKUTENBHOCTU CIIEKaHUs,
BBIOpAHO BpeMsI CIIeKaHus, paBHOE 30 MUH.

Baenenne 30%-ro u36brTka NaOH Ha craguu crie-
KaHWS HE PUBOJIUT K YBEJIMUYCHUIO CTETICHH U3BJICYCHUS
TEeJUTypa B pacTBOP P MOCIIEAYIOIIEM BhIleTaYMBaHHUH.

HccnenoBano Takxke BIMSHHE HA M3BICYCHUE TEJ-
Jypa B pacTBOp TEMIIEpaTypbl CIIEKaHUS B UHTEpBaJe
350-600°C (Tabm. 1).

[TonmyuyeHHbIE IKCIIEPUMEHTAIbHbIE JaHHBIE IOKa-
3BIBAIOT, YTO TEMIIeparypa, MpU KOTOPOH MPOBOIUTCS
MPOIIECC B3aUMOICHCTBUS BizTe3 ¢ NaOH, oxka3spIBaeT
CYIIECTBEHHOE BIIMSHUE HA MOCIEYIOIee H3BICUCHUE
TeJUTypa B pPacTBOP Ha CTaJIMH BbILEIAYUBAHUs. YBEIU-
YyeHME TEMIIEpaTypbl Ha CTaauu criekanus cabiiie 450°C
MIPUBOJIUT K CHI)KEHHUIO CTEIIEHU U3BJICUECHUS TEJUIypa B
pacTBop; TakuM 00pa3oM, ONTUMAaJIbHAS TeMIeparypa
B3aNMOJIEMCTBUS BiQTe3 ¢ NaOH 350-450°C.

B Tabn. 2 mpejacraBieHbl JaHHBIE PEHTTEHO(DA30-
BOT'0 aHaJIM3a cIieka, nosydenHoro npu 350°C, kotopbie
MOKa3bIBAIOT, YTO B COCTaBE IMPOAYKTa MPUCYTCTBYIOT
nBe ¢assl: Bi u NaZTeO3. B cooTrBeTcTBHU ¢ OCHOBHOU
peaxiueii (5) B cocTaBe MPOIyKTa JOIKHA TPUCYTCTBO-

Tao6auna 1. 3aBHCHMOCTE CTEIIEHH U3BICUCHUS
TeJUTypa B pacTBOP OT TEMITEPATyPhl CIICKAHUS

t,°C E,,%
350 89.0
450 93.2
500 88.9
600 79.8

BaTh Takke (paza Na Te. Onnako u3-3a HaNnoKeHUs au -
PaKIMOHHBIX MUKOB OCHOBHBIX (ha3 UICHTU(DUIIIPOBATH
Na,Te B cnieke, monmyuennom nipu 350°C, ne ynaercs.

Na,TeO, — Bo1OpacTBOPMMOE COEMHEHHE, TO3TO-
My, HCIONB3yS B Ka4eCTBE BBIMICTAYNBAIOIICTO arcHTa
BOJIY, MOYKHO TIEPEBECTU TEJUIYP B PACTBOP M OTACIUTH
€ro OT BHCMYTa. YBEIHUYCHUE TEMIIEPATypPhl CHCKAHUI
n0 600°C mpuBOAMT K MOSIBIECHHUIO JIOTIOTHUTEIbHBIX
JU(PPaKIIMOHHBIX TTUKOB (Ta0II. 3), OTHOCAIIMXCS K (ha3e
Na,TeO,. O6paszosanue Na,TeO, mpoucxonut Benen-
crBue okucienus Na,TeO,, koropoe HaYMHAETCS TPH
temneparype 450°C [15], mockonbKy mporecc HpoBoO-
IIUTCST Ha BO3yXE:

2Na,TeO, + O, = 2Na,TeO, (6)

PactBoprmMocTh NazTeO4 B Boze coctasigeT 0.88 r
(18°C) B 100 T BOmBI [15]. Takum oOpasom, oOpa3oBaHUE
Na,TeO, Ha craguu CrieKaHWs MPUBOIUT B JAIbHEUIIEM
K CHIDKEHHUIO CTEIIeHU W3BJICYEHMs TEJUTypa B pacTBOp Ha
CTa/IMM BOTHOTO BBIIENAYUBAHUSL. YTOOB! YBEIUYUTH CTE-
TIeHb U3BJICUEHUS TEJUTypa B PACTBOP, MOXKHO UCIIOJIb30BaTh
10%-nyro H,SO, B KauecTBe BBIILENAYMBAIOIIEIO ATCHTA.
OJHaKo Py 3TOM B PacTBOP mepexoauT 1o 48% BucmyTa.

MoubHoe cootnomienne Na, TeO,: Na TeO, B creke,
noiyaeHaoM nipu 600°C, cocrasmnsier 8.5:1. JlaHHOE cOOT-
HOIIIEHHE HE TIOCTOSHHO M 3aBHCHUT OT YCJIOBHUI Mporiecca.
VBenuueHue TemriepaTrypbl U BPEMEHM CIEKAHUS MOXKET
nosbiark Koo Na, TeO, B crieke, OHaKO, HCCIIEI0BaHuSl,
MIPOBEACHHEIC B IAHHOH paboTe, He TIO3BOJIUITH BBIIBUTH Xa-
pakTep COOTBETCTBYIOIINX 3aBUCHMOCTEH.

Hamu noka3zaHo, 4To cTerneHb U3BjiIedeHus TeJurypa B
pactBop nosslitaercs ot 58.0 10 89.0% c yBenuueHuem
MIPOJIOJKUTEIBHOCTU BhILENIaYMBaHUs OT 5 10 15 MuH.
JanbHeiee yBeIu4eHUE NPOJODKUTEIILHOCTH BbIIIIE-
nayuBaHus 10 60 MUH HEe NPUBOIUT K U3MEHEHUIO CTe-
TICHH U3BIICYEHHSI TEJITypa B PacTBOP.

CootHomienne ¢a3 (T:2K) okaspiBaeT CyniecTBEH-
HO€ BJIMSHUE Ha CTENEHb W3BJICUCHHUsS TeIulypa B pac-
tBOp. Tak, mpu Hebompmux oTHOmEeHUIX T:K, paBHBIX
1:2 u 1:4, B pacTBOp IEPEXOUT, COOTBETCTBEHHO, 65.7
u 68.8% Temtypa U3 cueka. YBeJIMUYE€HUE COOTHOLIEHUS
T:K no 1:10+14 npuBOIUT K MOBBIIIEHUIO CTETIEHU U3-
BieyeHus Tesutypa 10 89.0%.
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T36JII/III3 2. ﬂaHHLIe peHTFeHO(l)aSOBOFO aHaJIn3a IPOAYKTOB CIICKaHU

Bi,Te, c NaOH npu Temneparype 350°C

20 U daza 20 U daza
15.50 5 Na,TeO, 41.77 5 Na,TeO,
17.21 4 —«— 42.16 4 —«—
17.88 2 —«— 42.89 2 —«—
19.90 8 —«— 43.89 2 Na,TeO,
21.48 22 Na,TeO, 44.56 12 Bi
22.50 4 Bi 45.26 2 Na,TeO,
23.47 12 Bi, Na,TeO, 45.93 11 Bi, Na,TeO,
24.12 20 Na,TeO, 46.65 3 Bi
24.85 3 —«— 47.40 3 Na,TeO,
25.90 11 Na,TeO, 47.64 1 —«—
27.20 100 Bi 48.24 1 Na,TeO,
27.96 27 Na,TeO, 48.74 22 Bi
28.53 2 —«— 49.48 6 Na,TeO,
29.08 2 —«— 49.88 2 —«—
31.18 13 —«— 52.07 17 —«—
31.67 31 —«— 52.67 3 —«—
32.16 10 —«— 53.36 23 —«—
33.42 3 —«— 54.08 1 —«—
36.31 35 —«— 54.84 2 —«—
36.96 74 Na,TeO, 55.41 2 —«—
38.00 43 Bi 55.64 1 Na,TeO,
39.66 46 Bi 56.10 13 Bi
39.95 23 Na,TeO, 57.32 4 Na,TeO,
40.25 13 —«— 57.88 2 Na,TeO,
40.84 2 Na,TeO, 59.44 3 Bi

W3 mosny4eHHOro pacTBopa TeJUIyp MOXKHO BbIJie-
JIMTh METOJOM THAPOIUTHYSCKOTO OCAXKICHHUS MPU JI0-
OaBneHnu pa30aBiICHHOW cepHOU KucioThl. Ilporecc
OITUCHIBACTCS] YPABHEHUEM PEaKIIUU

TeO,> + 2H" = H,TeO, (7

W3 nuTeparypHBIX AaHHBIX W3BECTHO [15], 4TO TH-
JIPOJIMTUYECKOE OCAXKACHUE TEJTypa JIydlle IPOBOAUTH
npu noHmxkeHHo Temneparype (10°C) u pH 3.5-5.0.
[Moy4eHHbIe TaHHBIE TOKA3BIBAOT (TA0M. 4), YTO IPOBeE-
JIeHHe ocaxieHus Tejutypa npu remuneparype 8°C u pH
3.9-4.3 no3Bonser BbLACTUTH B ocanok 98.2% rtemnypa,
OJTHAaKO W TpH KOMHATHOM Temneparype (25°C) nmpu pH
3.8-4.1 ocaxneHue Takxke MOCTaTOUHO A(P(HEKTUBHO U
MO3BOJISIET BBIAECTUTH B ocamok 93.5-98.2% tenmypa.
Jnga ocaxaeHus MCIOJIb30BaJId PACTBOP BbIILIEIAYH-
BaHUs, KOHIEHTpAIMs TeJLTypa B KOTOPOM COCTaBIIsiia
10.8 r/am®. OcrarouHas KOHIIEHTpAILMs TeJulypa B pac-
tBOpe 0.2-0.7 r/om°.

Ha ocHOBaHHM MONYyYEHHBIX SKCIEPUMEHTAIbHBIX
JIAHHBIX TIPEIUIOKEH Croco0 TiepepaboTKu  TeJuTypuia

BUCMYTa, OCHOBHasl CTajiusi KOToporo — crekanue Bi,Te,
¢ NaOH B monmbHOM cooTHOmIeHH! 1:6 mpu Temmneparype
350-450°C B teuenne 30 mun. Ilocne oxmaskaeHus criek
BBIIIENIAYMBAIOT BOJIOW B T€UEHHE 15 MWH IIpU COOTHOIIIE-
muu T:K=1:10. BucMmyT npu 3TOM OCTaercst B TBEPIOM
OCTaTKe, a TeJUTyp U3 HOIY4YEHHOIO pacTBOpa BBIAEIAETCS
METOZIOM THAPOIMTUYECKOTO OCAXICHUS ITyTeM ITOAKHC-
JICHUs pacTBopa pa30aBJIeHHOW CepHOM KucioToit mpo pH
3.8-4.1 npu koMHaTHOI Temneparype (25+2°C).

BoiBoabI

1. B pesynbrare MOpOBEAECHHBIX HCCIEIOBAHUN
IPEIOAKEH criocob nepepaboTku otxonos Bi, Te,, Bkiro-
YalOIMK CHIeKaHUe ¢ TUAPOKCUAOM HaTpHs, BbIILEIa4YU-
BaHHUE BOJIOW U THAPOTUTHUYECKOE OCAKICHUE TEIUTypa C
UCIOJIb30BaHUEM Pa30aBIeHHON CEPHON KUCIIOTHI.

2. BbIsIBIEHBI 3aKOHOMEPHOCTH TOBEIEHUS TEI-
nypa Ha craausx cnekanus Bi Te, ¢ NaOH u Bbiue-
JAYUBaHUsS TOJNYYCHHOTO crieka. OTMEUeHo, 4To MpHu
temieparype 350-450°C na craguu cnekanus ¢ NaOH
Teutyp nepexomut B Gopmy Na TeO, — ynobOuyro s
JajbHeHIero nepeBoga B pacTBOP M OTHEIEHHUS OT
BHCMYyTa. YBenumueHue remneparypst 10 600°C npuo-
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Ta6aumna 3. Jlanapie peHTreH0()a30BOT0 aHaI3a MPOAYKTOB CIICKAHUS

Bi,Te, ¢ NaOH npu 600°C

20 1, daza 20 1, daza
15.46 34 Na,TeO, 42.94 8 Na,TeO,
16.56 10 Na,TeO, 43.85 2 —«—
17.16 11 Na,TeO, 44.35 3 Na,TeO,
17.90 6 —«— 44.59 2 Bi
19.86 20 Na,TeO, 45.34 8 Na,TeO,
21.17 3 Na,Te 45.34 8 Na,TeO,
21.50 45 Na,TeO, 45.82 7 Na,TeO,, Bi
23.38 22 Na,TeO, 46.48 5 Na,TeO,, Na,TeO,
24.07 37 Na,TeO,, Na,TeO, 47.35 5 Na,TeO,
24.88 2 Na,TeO, 47.61 14 Na,TeO,
25.89 31 Na,TeO, 48.66 6 Bi
27.18 27 Bi 49.51 4 Na,TeO,
27.47 18 Na,TeO, 49.80 6 Na,TeO,
27.83 4 —«— 50.96 2 Na,TeO,
31.16 26 —«— 51.10 2 Na,TeO,
31.64 40 —«— 51.60 3 —«—
32.16 13 —«— 52.02 25 —«—
33.31 19 —«— 52.54 2 —«—
34.05 4 Na,TeO, 53.25 55 —«—
34.76 7 Na,TeO,, Na,Te 53.48 46 —«—
36.24 85 Na,TeO, 54.03 5 —«—
36.94 100 —«— 54.29 6 —«—
37.22 19 Na,TeO, 55.41 3 —«—
37.95 12 Bi 56.01 6 —«—
39.64 7 Bi 56.35 12 —«—
40.27 22 Na,TeO, 56.95 3 —«—
41.39 —«— 57.29 17 Na,TeO,
41.74 —«— 59.52 2 Bi
42.14 Na,TeO, - - -

Tabmmmna 4. Biusiare ycrnoBuil THAPOIMTHIECKOTO
OC&)KJICHHS Ha CTEIICHb M3BJICUCHUS TEIUTypPa B OCAJIOK
(comepxkaHue TesuTypa B ucxoaHoM pactBope 0.432 1)

pH t,°C Macca rennypa B ocajike, r E.. %
3.8 25+2 0.424 98.2
4.1 2542 0.404 93.5
43 8+2 0.424 98.2
3.9 842 0.424 98.2

aut x okucienuto Na, TeO, u obpasosanuto Na, TeO, —
COCIUHCHUS, HE PACTBOPUMOTO B BOIE, H TEM CAMbIM —
K CHI)KCHHUIO CTCTICHHM M3BJIICUCHUS TEIUTypa Ha CTaIuu
BBIII[CIIAUNBAHHS.

3. YcTaHOBIEHO, YTO YBEIWYEHUE COOTHOILECHUS
T:2K Ha craguum BelmenauuBanusa ot 1:2 mo 1:10+14

MIPUBOJUT K MOBBILIEHUIO CTEIIEHHU U3BJIEUEHUS TEIULy-
pa B pacTBOp 70 89% mpH NPONOIKUTEIBHOCTH MPO-
necca 15 muH.

4. TlokazaHo, YTO IMpPOBEJAEHUE MpPOIECcCa OCaAXK-
JieHust Temrypa tpu Ttemmeparype 8°C  mo3Boisier
BBICTUTh B ocagok 98.2% Ttemnmypa, OAHAKO W MPH
KOMHAaTHOU Temmeparype (25°C) ocaxxieHue TaKxe J10-
CTaTOYHO A(PPEKTUBHO U MO3BONSET BBIICIUTH B OCa-
Jok 93.5-98.2% tennypa.

5. HaiineHHble ONTUMAajbHBIE YCIOBHS OCYLIECT-
BJICHUS Tporiecca 00eCIeUNBalOT CKBO3HOE M3BICUCHIE
TEJUTypa U3 OTXOOB TEJUTypHJa BUCMYTa B KOHEUHBIN
MPOYKT, cocTanstomniee 83.2—87.4%.

Pesynomamot nonyuenst @ pamkax Iocyoapcmeentoco
3adanust Munobpnayxu Poccutickot @edepayuu Ne 150.
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TEOPETHUYECKHE OCHOBBI XHMHYECKON TEXHOAOTHH

Y/IK 66.021.2.065.5

OIIEHKA MEPEMEHHOM MHTEHCUBHOCTHU OTBOJA TEILJIOTHI
OT INIOBEPXHOCTHU NAJAIOIINX U KPUCTAJVIN3YIOUXCS KAIIEJIb
PACIIVIABOB B IPOLECCE UX ITPHUJIJIMPOBAHUSA

E.H. 3BepeBa®, acnupaunT, I0.A. TapaHn, noueHT

Kadgpedpa npoueccos u annapamog xumuueckux mexHonoauti um. H.H. I'enenepuHa,
Mockosckuii mexHoso2uueckuil yHugepcumem (MHcmumym moHKUX XUMUUECKUX MeXHO.102Ull),
Mockea, 119571 Poccust

@ Aemop ons nepenucku, e-mail: lenazvereva724@gmail.com

IpedcmaeneH memoo pacuema UHMEHCUBHOCMU 0m8oda Meniomol Om NOEEePXHOCMU KPUCMAIU-
3yrowuxes Kaneav pacnaasa. IlpogedeHo cpasHeHue NOAYUEHHBLX 3HAUEHULL C NOMOULbIO Npeosio-
HEHH020 Memoda C IKCNEPUMEHMANTBHO 3APUIKCUPOBAHHBIMU 3HAUEHUSIMU, XAPAKMEPUIYIOULUMU
UHMEHCUBHOCMb MEeNI000MeHA MeHKOY NOBEPXHOCMBIO 00pasyrouelics 2paHy bl U oxaaxoaroueti
cpedoti. [TpoaHANUSUPOBAHO BAUSIHUE UIMEHEHUsT KoaghdhuyueHma menioomoaull no NO8EPXHOCMIL
2PaHYIbL HA 8peMst NOJIHOU KPUCMAIU3AUUL, 4, Ce008aAMeabHO, HA 2abapumbl 2PaHYASUUOHHOU
bawHu. Yenosue, onpedensiiouiee menioobmeH mMexK0y NO8EePXHOCMbIO 2PAHYbL U OKPYICAIOUAUM
X1a0oazeHmoM, 8pemst NOAHOU KPUCMALIUSAYUU 8 COBOKYNHOCMU C 3A8UCUMOCMSIMU CKOPOCMU 3a-
DPOIKOEHUSL U pOCMA 2PAHYJL ONPEOesSIIOm NPOUHOCMHbLE C80LICMEA 2PAHYL AMMUAUHBLX YOOOPEHUTL.

Knroueevle cnoea: Kpucmaniu3ayust, NPUAIUPO8AaHUe, KoagpuyueHm menioomoauu, epaHyad,
npubusKeHue NoepaHUUHO20 COSL.

EVALUATION OF VARIABLE INTENSITY OF HEAT REMOVAL
FROM THE SURFACE OF FALLING AND CRYSTALLIZING MELT DROPLETS
IN THE PROCESS OF THEIR PRILLING

E.N. Zvereva®, Yu.A. Taran

Moscow Technological University (Institute of Fine Chemical Technologies),
Moscow, 119571 Russia
@ Corresponding author e-mail: lenazvereva724@gmail.com

The method of calculation of the intensity of heat removal from the surface of the crystallizing
melt droplets is presented. A comparison with the experimental fixed values representing the
intensity of the heat transfer between the surface of the resulting pellet and cooling agent is
carried out. The influence of heat transfer coefficient on the surface of the pellet changes on
complete crystallization time, and therefore on the size of the granulation tower, is analyzed.
Conditions defining the heat transfer between the granule surface and surrounding coolant,
while full crystallization in conjunction with the dependence of the rate of nucleation and growth
of the granules determine mechanical properties of ammonia fertilizer granules.

Keywords: crystallization, prilling, heat-transfer coefficient, pellet, boundary-layer approximation.

Beenenue TaMH TPaHYSIIMOHHBIX OallleH U MX PEKUMOM PadOTHI

JUISL pEUIEHUs IMPOSKTHBIX U OKCILIyaTallMOHHBIX 3a/1a4.

B nanHo# paboTe onpeensioT IepeMEHHYIO HHTEH- CymiecTByeT HE TaKk MHOTO KOJIMYECTBEHHBIX 3aBHCHU-
CHUBHOCTh OTBOJA TEIUIOTBI OT ITOBEPXHOCTH KpHCTAI- MOCTEH U1 OIpeAelIeHNs] IIEPEMEHHOM MHTEHCUBHOCTH
JU3YIOIMXCSA TPaHysl K Ia3000pasHOM OXJIaxJaroIen O0TBOJIa TCILUIOTHI OT ITOBEPXHOCTU KPUCTAIIIM3YIOIIUXCS
CpeJie C IEINbIO CBsI3aTh MOJyYeHHbIC JJaHHbIe C Tadapu- rpaHyl K rasoo0pasHoil oxiaxaaromeil cpeme [1-3];
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PE3yIBTATHl PACYETOB C MPUMEHEHHUEM N3BECTHBIX 3aBH-
cuMocrteil pacxoasarcs. [loaToMy npencrasisier HHTEpec
HE TIPOCTO CPAaBHUTH PE3yJbTAThl PacdeTOB M3MEHECHUS
kod(uIMeHTa TEII00TIa4M 10 TTOBEPXHOCTH TPaHYJIbI
OT yIJIa aTaK! €€ TIOTOKOM ra3000pa3HOTr0 XJIaJ0areHTa
@ =f(p), HO U OLEHUTH BIIUSHUE PE3YIBTATOB PACUETOB
BPEMEHH ITOJTHON KPUCTALTH3AINU TPAHYIN MO MPEAsIo-
JKCHHBIM YPaBHEHHSM M MATEMATHUYCCKUM MOJICISIM Ha
oTIpesieTieHne HEOOXOAMMOM BBICOTHI TPaHYIISIIMOHHBIX
Oamen. O030p pabOT U pe3ysbTaThl paHee MPOBEJCHHBIX
aBTOPaMH SKCTIEPUMEHTOB TI0 TETIO00MEHY MEXIy chepH-
YECKUMH TeJIaMH, B TOM YHUCIIe, TIPETepIIeBAIONMHI (a3o-
BbI€ TIPEBPAIICHUS], ¥ TA30BBIM IIOTOKOM TIprBe/ieH B [ 1-8].
B nacrosmieii padote npencTaBlieH METOI OICHKH
WHTEHCUBHOCTH OTBOJA TEIUIOTHI OT ITOBEPXHOCTH KpPH-
CTAJUTM3YIOLIMXCS Karesib paciuiaBa. [IpoBenieHo cpas-
HEHHE pe3yJIbTaToOB, MONYyUYSHHBIX C IIOMOIIBIO0 METONIa
pacuera B PHOIMKEHHU MTOTPAHUYHOTO CIIOS, C IKCIIe-
PUMEHTAIHHO 3a(UKCHPOBAHHBIMY 3HAUYCHUSMHE, XapaK-
TEpU3YIONIMMH WHTEHCUBHOCTH TEIUIOOOMEHa MEeXy
MIOBEPXHOCTHIO 00pa3yromeiicss TpaHyasl U OXJIaXKaaro-
ieii cpeioit B mpouecce npuwtupoBanus [1, 3, 4, 9].
JlaHHBI MeTON aKTyaleH Uil KPYIMTHOTOHHAKHBIX
MPOLIECCOB  TIPOM3BOJICTBA  A30TOCOJACPIKAIIMX MHHE-
PaNBHBIX YIO0OpEeHUH (aMMUavHas CeuTpa, KapoaMuy),
cepsl M T.JI., IPOTEKAIOMINX B OAIIHSX, I1e Kaluld pac-
IUIaBa TIOTMAJAl0T B BOCXOSIINH ITOTOK XJIAJOAarcHTa
(uamre Bcero — Bo3ayxa). [IpeasioxeHHbIH MEeTO] TI03BO-
JSIET YUCIICHHO OMPEACTUTE KOX(P(PHUINCHT TEIUIOOTAaqN
@, Ha TIOBEPXHOCTH KPUCTaJUIM3YIOIIEHCS TpaHylbl B

3aBUCUMOCTH OT yIJIa ¢, KOTOpbIi n3MeHnsercs ot 0 1o
7. DTOT Iuamna3oH M3MEHEHUS yIJia aTaku SBISeTCs Xa-
PaKTEePHBIM IS ITpoIiecca MPIUINPOBAHUS B OANTHSAX.

JKCIepUMEHTAIbHASL YaCTh

Koo puuuent Temnoornaun o, KOIMYECTBEHHO
OTIPEIEISICTCS C IIOMOIIBIO IPEUIOKEHHOTO HAMH YpaB-
HEHUsI B MPHOJIMKEHUU TMOTPAHUYHOTO CIIOSI, KOTOPOE
MOYKHO TIPE/ICTABHUTH B CICAYIOIIEM BHIC:

a, =(0.2aC/Pr")-1/w/rkvc , €))

e Pr=v, /a,,a, =2 [c.p.— KO3DDHUIMEHT TeMIIEpaTypo-
TIPOBOIHOCTH, M*/C; W — CKOPOCTb BO3/lyXa, M/C; 7', — Pajiiyc
IpaHyJIbl, M; V., — KHHEMATHYeCKas BA3KOCTb, M*/C; ¢, — Te-
TLI0EMKOCTb, [IK/KI Tp; p_ — IIIOTHOCTB, KI/M’; ¢ — OTKIIO-
HEHHE OT YIVIa aTaKy XJIaJJareHTOM, IPajl.

Bbun onpenenenbr ko3QpGUIMEHTHI TEMIOOTAAYH O,
AT TpaHys ¢ pasnuyHbiMu auamerpamu (d, = 0.001 m,
d,=0.002 m, d, = 0.003 m). Pe3ysnbrarsl pacueToB npe-
CTaBJIeHbI B Ta0. 1.

VYpaBraenne (1) OMUCHIBACT «IAJAFONIUN» YYacTOK
KpuBoi a._ = f(¢), tie ¢ usmensiercs ot 0 10 7, n = [-1/2+-1/3],
r, = 0.0005 m.

Jist ammuaqnoit cenmrpe: 4, = 0.0257 Br/mrp —
TEMIONPOBOAHOCTB; 1, = 17.3-107° Ila-c — BA3KOCTH; ¢, =
1005 JIx/kr-Tp — yaenbHasl TEIUIOEMKOCTh. OmpenernsemM
K03 GHUIMEHT TeIo0T a4 o Ui rpanyisl d, = 0.001 m:

20 = (0.2a, [Py \w/rovep =02-2.124/0.6777% /8. 6/0.0005-1.437-107° - 7 =194.89 B/ 3> - 2p

Takum 00pasoM, MOYKHO MPOBECTH PAcYEThI & U IS
apyrux muameTpos rpanyn (d, =0.002 m u d, = 0.003 m). B

TaOm. 1 mpencTaBieHk! MOMYYeHHBIC PE3YIIBTAThI I KOd(-
(MIMEHTOB TEMIOOTAAYM &, IPH CKOPOCTH BO3AYXa W=W, .

m

Tabnuna 1. 3nauenns kodQUINEHTOB TEMIOOTAYH ¢ , 3ABUCUMBIX OT yIiIa ¢,

qutst rpanyn ¢ d = 0.001, 0.002, 0.003 m

OkcriepuMeHTabHbIe 3HaueHus o, [1], | PacueTHble 3HaueHus o, B npuOMmKenun | PacueTHbie 3HAYEHNS ¢, O 3aBUCHMOCTH
?, Br/M*Tp [IOrpaHUYHOTO CJ10s, BT/M? Tp Dpoccnunra (uist Re = 1000), Br/m? rp
paa d=0.001 m | d,=0.002 m | d=0.003m | d=0.001m | d,=0.002m | d=0.003m |d=0.001m | d,=0.002 m | d=0.003 m
30 580.0 496.5 435.0 194.9 137.8 112.5 930.1 465.0 310.0
45 539.4 469.8 411.8 159.2 112.6 91.9 908.7 4543 302.9
60 516.2 435.0 388.6 137.9 97.5 79.6 801.5 400.8 267.2
90 255.2 261.0 174.0 112.6 79.6 64.9 4443 222.2 148.1
110 87.0 54.5 34.8 - - - 194.3 97.1 64.8
140 139.2 89.3 75.4 - - - 265.7 132.9 88.6
180 200.7 162.4 139.2 79.6 56.3 45.9 408.6 204.3 136.2

B 9710i1 ke TabnmIle MpUBEACHBI YKCIICPUMCHTAIb-
HBIE 3HAYEHHU 0, U1 pasMepos rpanyi d = 0.001, 0.002,
0.003 M mpu CKOPOCTH BUTAHHUs W, TIOJy4EHHBIE C T10-
MOIIBIO IHarpaMMBbl U3 pabotsl [1], u 3Hauenus a , pac-
cuMTaHHble MO 3aBucuMocTn Ppoccnmara [1]. Yucmo
®poccenrHra MOo3BOJSIET OLEHUTh OTHOCUTEIBHYIO HH-

TEHCHUBHOCTb JIOKAJILHOTO TIEPEHOCA TETlIa M MPE/ICTaB-
JICHO CJIEYIOUIUM BBIPAKEHHUEM:
Nu-2

Fr=——— 2
Re03. pr033 )
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Merton pacdera Kod(pQHIEHTa TEIUIOOTIa9d C TIO-
MOIIBIO BBIIEIPUBEICHHOIN 3aBUCUMOCTH 3aKJIFOUAETCs B
TOCIIeI0BaTeIbHOM ONpe/ieneHnH uncia Gpoccnmara ¢ mo-
MOIIIBIO rpaduueckort 3apucumoctu F, = flp) [1], 3arem
3HAYECHUsI KpUTepus Nu ¥ HITOTOBOM OTIPEAETICHUN KO3(]-
(unEenTa TEMmIO0TAAYH ¢ 10 TIOBEPXHOCTHU IPAHYJL.

Ha pucynke mpuBeneHs! rpaduieckne 3aBHCHMO-
ctu a, = flg) (9KCTIEPUMEHTAIILHBIE — 10 TUAarpaMMe U3
paboTsl [1] ¥ pacyeTHBIC — IO METOY B MPUOIMIKCHHH
MOTPAHUYHOTO CJIo W 1O 3aBUcUMOcTH DpocciauHra
[1]) Ut rpaHyn aMMHAYHOUW CEITUTPBI C TUAMETPOM d =
0.001 m mpu w

81U,

m*

1000 |

900

800

=

-

%500 \-_\

z

2 N

¥ 400 N
300 \\
200 N
100 B E—

0
30 50 70 90

110 130 150 170

pl rp

3aBrcumocTH o, = f{p) (¢ — dKCTIEpUMEHTANIBHBIE 1O [ 1], X — pacueTHbIE IO METOLY B MPHOIHKEHHH
TIOTPaHMYHOTO CJIOSI, M — paccYuTaHHble no Gpopmyne @poccnunra npu Re, =1000) mns rpamyn

aMMHavHOH cenuTpsl ¢ trameTpom d = 0.001 Mmpu w,_ .

Hwxe mpencrabneHa cpaBHHTENbHAs —TaOiwIia
(Tabn. 2) onpenenenns Ko3GGUIHMEHTOB TEMIOOTAYH 0
OT TIOBEPXHOCTH 00pa3yoNUXCs IPpaHysl pasHbIMH CIIO-
cobaMu (IKCIIEPUMEHTATBHBIMU U PACUCTHBIMHU).

B a70i1 e Tabnuiie 1aHbl 3HAYCHUST BPEMEHH T10JI-
HOW KPUCTAJIM3ALMH T JIJIA BCEX CIIy4aeB (KaK pacyer-

m
HBIX, TaK U OKCTIIEPUMEHTAIBHBIX ¢ ). JlaHHbIE 3HAYECHHUS
ObLIN MOTyY€Hbl YUCIEHHBIM PACUETOM IO CO3IaHHOMY
Ha Kagenpe ITAXT maremariueckoMy onucanuio [4 —7,
10] nprMEeHUTENBHO K KPUCTAIUIM3ALMH Kalleslb PacIlIaBoB
aAMMHaYHON CENTUTPHI chepraecKoit (POpMBI, UTO YIOBIECTBO-
PUTEIBHO COMIACYETCS C SKCIEPUMEHTAIIbHBIMU JTAHHBIMH.

Tabmuna 2. Cpaaenue ko3QOHUINEHTOB TEMIOOTAAYH ¢, OT TIOBEPXHOCTH oOpasyromuxcs rpanyin ¢ d = 0.001 m

pu pa3InIHbIX crocobax OLICHKN MHTCHCUBHOCTHU OTBOAA TCIJIOTHI ITPU W = W

m

Merton onpenenenus a, Br/m* 1p o, Br/m?* mp ac/af“”“ Pacxoxpuenue o, c o, % | 7 ,¢
DKcnepuMeHTalbHble 3HaueHus [ 1]
d,=0.001 M, 462.9 580.0 0.798 20.2 1.8
t = 173°C
Pacuer no 3aBucumoctu @poccenmnra [1]
d,=0.001 m, 398.6 930.1 0.429 57.1 1.8
t = 173°C
Pacder B npuOnmkeHN# NOrPAaHUYHOTO CIIOS
d, = 0.001 M, 125.6 194.9 0.645 355 2.0
t = 173°C
Pacuer ¢ nomormipto Mat. Mojienu [3] 311.9 - - 1.9
Pacuer ¢ moMomIbi0 MOTYIMITUPUIECKOTO BeIpaskeHus [11] 328.4 - - 1.9

J1J1 OLIeHKM HHTEHCUBHOCTH JIOKQJILHOTO TIepeHoca
TEIIa UCTIONB3YyeTCs Oe3pa3MepHast rpyIina, ¢ HTOMOIIBIO
KOTOPO# PacCUMTHIBACTCS YCPSTHEHHBINH KOA(PQUIIUCHT
TEIo0TAa4M o, [3] mo moBepxHOCTH OOpasyromencs
rpanysibsl npu 200<Re<3000:

a,-d

Nu=0.37-Re"-Pr/%, (Nu = %%, 3)

B Tabn. 3 mpencraBieHbl MOMYyYCHHBIE YCPETHEH-
HBIC 110 MMOBEPXHOCTU 3HAYCHU A OCC TIpyu pa3JINIHbIX 3HA-
YEeHUSX d TPaHyI AaMMHAYHOMN CETUTPEL.

AHAJIOTHYHO, JUIs pacueTa cpeanero koddduimen-
Ta TEIIOOTAAYU OT CPEPUUCCKUX IPAHYII K XJIAJ0arCHTY
B pabote [11] npemiokeHo Moy MIUPUIECKOe pacyeT-
HOC BBIPAKCHUE:
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Nu=2+k-Re® - PrO33, e k=0.59+0.74 (4)

Jst pacuera Ob10 npuHATO 3HaueHue k = 0.6. Ilo-
JIyYEHHBIE YCPEIHEHHBIE 3HAYEHUS 0 , IPUBEICHHBIE B
Tabi. 3, HAXOAATCS] IPUMEPHO B TOM JKE UHCIIOBOM JIH-
arnasoHe, YTO M CPEJHHE 3HaYeHHs KOA(H(HUITUSHTOB Te-
IUIOOTAAYH, PACCUNTAHHBIE C IOMOIIBIO BhIpaskeHUs (3).

Otmerum, uto 3Hauenus a = fl¢) u o , paccanran-
HBIC TI0 pa3HbIM (popMyliaM, Pa3UdarOTCs TOCTATOYHO

CWIBHO MeXny co0oil. IToaroMy cumrTaTh BOmpoC 00
onpezieieHuH Ko3pQUIIMEeHTa TEIIO0TIauM ¢, B 3aBUCH-
MOCTH OT yTJIa aTaKH ITOTOKA BO3AYXa ¢ U YCPESTHEHHBIX
3HAYEHHUH ¢ IOJIHOCTBIO PEIICHHBIM MPEXIEBPEMEHHO.
Onnako, 3Hauenns o, = f(¢) HaleKHBI HE CAMH TIO
cebe, a Kak Kod(PUIMEHTHI MOJIEIH MEPEHOCa TETUIOThI
B KpHUCTAJUIM3YIOLIEWCS TpaHyne. BHyTpeHHee compo-
THUBJICHHE IIEPEHOCY TEIUIOTHI B TPAaHyJIC HUBEIHPYET pa3-
YK B PACYETHON BENMYMHE ¢, M B KOHEYHOM DE3yIib-
Tare — BEIMYUHE BPEMEHH MOJIHOM KPUCTAIUTM3ALNHI T_ .

Taonmua 3. 3xHavueHust K03PGUIHSHTOB TEIUIOOTAAYN a_amns rpanyn ¢ d = 0.001, 0.002, 0.003 M,

paccuuranusie o popmynam (3) [3]u (4) [11]

Nu ‘o, Br/M?>p
d,m Re <
3) “ 3) “)
0.001 418 12.1357 12.7773 311.9 328.4
0.002 835 18.3944 17.2414 236.4 221.6
0.003 1253 23.4606 20.6668 201.0 177.0
BoiBoabl pacCUMTaHHbIMU ¢ . TakuM 00pa3oM, BO3MOXKHO HCTIONB30-

1. CpaBHUTENBHBIN aHAN3 TIOKa3all, 4To dopmyra (1)
JUIsl pacueTa o, TO3BOJSET MPOBECTH OLIEHKY MEPEMEHHOM
WHTEHCHBHOCTH OTBOIA TEIUIOTHI IO TIOBEPXHOCTH 0Opa-
3yromieiicst rpaHynbel K TOTOKY xjajareHta. [lomydeHHsle
pacyeTHbIe TaHHBIC B MPHOMVOKEHUH TIOTPAHUIHOTO CIIOS
COMIaCyroTCsA C SKCIICPUMCHTAJIbHBIMU, TOJTY4YCHHbIMHU B
paborax [1, 2]. B To e Bpemsi HaliieHHbIe TIO0 (hopMysiam
(2), (3) ycpenHeHHbIE 3HAYEHUS G, TAKKE KOPPETUPYIOT €
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BaHME METOA pacyeTa KOd(Q(UIMEHTOB TEMIOOTA M ¢ B
HPUOIIDKECHUN TIOTPAHUYHOTO CIIOST JUTSI OIICHKH MHTCHCHB-
HOCTH TEIUI000MEHA KPUCTAILTN3YIOIICHCS KaIUTH PpacIliaBa.

2. IlpoBeneHHBIN aHAIU3 YTBEPAKIAET aBTOPOB BO
MHEHMH, YTO MOXKHO CUUTaTh BOIPOC O METOJIE pacueTa
a. = f{p) pEIIEHHBIM ONTUMHUCTHYHO, TAK KaK C Y4ETOM
BHYTPEHHETO CONPOTUBIIEHUS [IEPEHOCY TEIUIOTHI OH 110~
3BOJISICT HA/ICKHO PACCUNTHIBATH IMHAMUKY KPHCTAIIIH-
3allMK Karesb paciaBa u ONpeNessTh T .
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JIBYXCTAJTUHHASA MEPEKPUCTAJIIM3ALIMS C PETEHEPAIIMEN PACTBOPHUTE.JIS

I'.A. HocoB, npodeccop, M.E. YBapoB?, cTapmiuii mpenomaBaTeAb

Kadgpedpa npoueccos u annapamog xumuueckux mexHonozuti um. H. 1. I'enonepuHa,
Mocrosckuii mexHono2uueckuil ynugepcumem (MHcmumym moHKUX XUMUUECKUX MeXHOI02UlL),
Mocksa, 119571 Poccus
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B pabome npeoiorkeH sHepeocbepesarouiuil 8apuaHm cxembl 08YxcmaouiiHo2o npoyecca nepexpu-
CMAIUBAUUL 8eU4eCME U3 pacmeopos ¢ peeHepayuell pacmeopumesist Memooom 8blNaApUSAHUSL C
UCNO/Tb308AHUEM MENJI08020 HACOCA 3AKPbLMO20 MUNA U OpeaHU3ayuUell peKynepamueHoe0 mensio-
o6 mMeHa Mer0Y Macco8blMU nomoKamu. st 0aHHOo20 npouecca ouucmiu 6bLiU NOAYUeHbl meope-
muuecKkue ypasHeHus, onucblearouiue e2o no cmaousim. Ha ocrose smux sasucumocmeii npogeder
AHANU3 NUSIHUSL HEKOMOPbIX NAPAMEMPO8 HA NPOUECC NePeKpUCMAIUZAUUL HUMPAma Kaaust u3
800H020 pacmeopa. B pesynemame ycmaroaneHo, umo usgieueHue pacmeopumenst U3 MamouHblx
pacmeopo8 no3eosisiem CYuleCmeeHHO CHUSUMb pacxo0 ceerkeed pacmeopumesisi 8 paccmampueade-
MOM npoyecce ouucmku. ITokasaHo, Umo UcCnob308aHUe MENI08blX HACOCO8 HA CMAaduUll pezeHepa-
yuu pacmeopumesist U3 0mpabomaHHbIX pacmeopos8 8 COUeMAaHUU C perKynepamusHblM meniooome-
HOM ME0Y MACCOBLLMU NOMOKAMU SIBIAEMCSL FHEpPeeMUUecKU Hauboiee 8bl200HbIM 8 bobUUHCMEE
MEXHON02UMECKUX PEXKUMO8. DMO noOmeeproaemcst 8blCOKUMU 3HAUSHUSMU KOIghdpuuueHma npe-
06pazo8aHUsL FHEPeUU U HUSKUMU SHAUEHUSMU (<1) omHOCUMenbHo20 pacxooa YCro8H020 Monaued.
TarrKe ycmaHo8n1eHO, Umo npogedeHue OONOJHUMENAbHOU cmaduu KPUCMAITU3AUUU 8eulecmasa U3
YnapeHHoeo pacmasopa No38oislem Yeeuuiums 8blxo0 npodykmos npaxmuuecku 8 1.3 pasa. Beé amo
oKasbleaem NoOIKUMeENbHOe BAUSTHUE HA MEXHUKO-9KOHOMUUECKUEe NoKasameau 0aHH020 NPoyUecca
ouucmiKu.

Knroueesle cnoea: ouucmrka eeuiecms, NepeKpucmaiiusayus, meniogsle Hacocsbl, IHepzemuue-
cKue 3ampamaol, pezeHepayusl pacmeopumeisl, peKynepamueHslii meniooomeH.

TWO-STAGE RECRYSTALLIZATION WITH THE REGENERATION
OF THE SOLVENT

G.A. Nosov, M.E. Uvarov®

Moscow Technological University (Institute of Fine Chemical Technologies),
Moscow, 119571 Russia
@Corresponding author e-mail: uvamikhail@yandex.ru

50

In this paper we propose an option of an energy-saving scheme for the two-stage recrystallization
of substances from aqueous solutions with regeneration of the solvent from the final solutions by
evaporation using a closed-type heat pump and recuperative heat exchange between the mass flows.
Theoretical equations describing this process were derived. On the basis of these dependences we
carried out analysis of the impact of some parameters on potassium nitrate recrystallization from
aqueous solutions. It was found that the regeneration of the solvent from the final solutions allows
reducing significantly the consumption of fresh solvent for the purification process. It was shown
that the use of heat pumps at the stage of the solvent extraction from the final solutions combined
with recuperative heat exchange between the mass flows is energetically most advantageous in most
technological regimes. This is confirmed by high values of the energy conversion coefficient and low
values (<1) of relative consumption of reference fuel It was found that an additional stage of the
product crystallization of from the evaporated solution allows increasing the output of refined products
almost by a factor of 1.3. This has a positive effect on the technical and economic indicators of the
purification process.

Keywords: purification of substances, crystallization, heat pumps, power consumption, solvent
regeneration, recuperative heat exchange.
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BBenenue

OuuncTka BEIIECTB OT IPUMECEH IyTeM IMEepPEKpU-
CTAJIJIM3alMM UX U3 PaCTBOPOB JOBOJIBHO YaCTO HCIIOJb-
3yeTcsl B XUMHYCCKOH, (papManeBTUIECKOM, MUIICBON 1
JIpyrux otpacisix npombinuieHHocTd [1-3]. CymecTsy-
eT IENBIH PsIT BapUAHTOB TEXHOJIOTHUYECKUX CXEM IS
MIPOBEICHUS TAKOIo Mpollecca, OTINYAIOLIMXCS MEXIy
co00# Kak MO YHCIYy CTaaui, TaKk M MO OpPTaHU3aLUH
TEXHOJIOTUYECKUX NOTOKOB. OCHOBHBIMM MapaMeTpaMu,
BJIHMSIFOIIMMHU Ha BBIOOP TOAXOISAIIMX BapUaHTOB MPO-
BEJCHUS IMpoLecca MNEePeKpUCTAIIM3ALMY, SBIISIOTCS:
COCTaB MCXOJHOTO BEIECTBA, €T0 (hPHU3UKO-XMMHUUCCKUC
CBOICTBa, CBOWMCTBA PAaCTBOPUTEICH, TPeOOBAaHHS K Y-
CTOTE KOHCUHBIX TPOAYKTOB, a TAKXKE HHEPreTUUCCKUC
3arparhl Ha IPOBEJCHUE OYUCTKU. TeXHUKO-IKOHOMUYE-
CKHE TOKa3aTeNN JaHHOTO MPOIlecca 3aBUCAT HE TOJIBKO
OT pacxofla pacTBOpUTENEil, HO TaKXKe U OT 3aTpaT pas-
JMYHBIX BUJIOB SHEpruu. M3BneueHue pactBopureneii u3
MaTOYHBIX PACTBOPOB C IEIBI0 UX pEreHepaui OOBITHO
OCYILECTBISICTCS] METOJIaMH BBITIapuBaHusl. MHOTIa AMIst
9THUX LeJIel NPUMEHSIOTCS MPOLECChl IUCTHIUISILIMN W
pextudukanuu [1]. YacTHYHO CHU3UTH YHEPrOEMKOCTh
MIPOLIECCOB MEPEKPUCTAIUIM3ALMUN MOXHO IYTEM Opra-
HHU3AlUU PEKyIEPaTHBHOTO TEIIOOOMEHA MEXAy MOTO-
KaMH MaTOYHMKA, PEr€HEPUPOBAHHOTO PACTBOPUTENS U
yIapeHHOTo pacTBopa. IIpyu 3TOM CymeCTBEHHO MOBBI-
cUThb 3()(HEKTHBHOCTh PEKYIICPATUBHOTO TEIIOOOMEHA
MO’KHO MPY UCIIOJIb30BaHUU TEIIOBBIX HAacocoB [4, 5].

[Ipu mnpoBeneHUM NEPEKPUCTAIUIM3ALNN Ba)KHOE
3HAYCHHE MMEET TaKKe BBIXOJ KOHEYHBIX MPOIYKTOB
pa3znenenus. Ero yBennueHne MOXET ObITh JOCTUTHYTO
IIPU OPTAHHU3ALNH TOTIOJTHUTEIBHBIX CTAANIN KPUCTAILIN-
3allMd MaTOYHHUKOB.

Hcxons w3 sToro, B 1aHHON paboTe HaMu ObLT pac-
CMOTpEH MpoLecC IBYXCTAAMWHOW NepeKpHucTaiin3a-
I[N C pereHepalueil pacTBOPHUTENS METOIOM BBINAPHU-
BaHU C UCIIOJIb30BAHUEM TEIMJIOBOTO HAcoca 3aKPhITOTO
TUMA U OpraHU3alMell PeKyNepaTUBHOTO TEMI000MEHa
MEX]y TOTOKAMHU.

3KCHepI/IMeHTaJ'[I)Haﬂ 4acTb

[IpuHiunuanbHasl cxema paccMaTpUBaEMOIoO Mpo-
1ecca OYMCTKM NOKa3aHa Ha puc. 1. B nanHom Bapuan-
T€ OH MPOM3BOAMTCS cleayromuM odpasom. Ha craguto
pactBopenus H nmoparorcs HCX0JHOE BEIIECTBO ' M KpH-
crajmyeckas (asa S, moay4eHHas Ha BTOPOH CTauu
KPUCTAJUIM3ALINY, [JIe OHU PACTBOPSIIOTCS B pEr€HEpUpO-
BaHHOM pacTBopuTele R ¢ 100aBIeHUEM HEKOTOPOTO KO-
JMYecTBa CBeXero pactopures P, Pacxox P, 3aBucut
OT MOTEPH PACTBOPUTENS C YIAPEHHBIM MaTOYHUKOM M.
[Tony4yeHHBIN HAa CTaguU PACTBOPEHUS pacTBOp [ maiee
TOJIaeTCsl Ha MEPBYIO CTA[MIO0 KpucTammsanuu K |, rie
OH OXJI&XKJ/IAETCs JI0 TEMIIEPATYPhI f,, HIXKE TOUYKH €T0
HACBIIIEHUS, BCJEACTBHE YErO IPOUCXOAMUT IHPOIECC

kpuctammm3anui. [Ipu sToM oOpasyeTrcs cycneHsws,
cocTosias U3 KpucTamieckon ¢asel K, cocrasa X, u
MaroyHuKa M, cocrasa x, . 3aTeM MoJIy4YeHHas CyCIeH-
suss K +M, wanpasisercs Ha craguio cemnaparuu O,
TJIe IPOMCXOMT OT/CTIEHUE KPUCTATHYECKOH (aspr S,
or marouynuka L, Kpucramimyeckas ¢asa S, orbupaer-
Csl B KQUECTBE KOHEYHOI'O MPOAYKTa Pa3lesIeHus, a Ma-
TOYHHUK L, HANIPABIISETCS HA PETEHEPALUIO B BBITIAPHOM
anmapart B. C menpro HarpeBa X0JI0JHOTO MaToOYHUKA L ;
nepe] ero nojadeil Ha CTaJuIo BBIIAPUBAHUA OH I1€PBO-
HaA4YaIbHO TOJACTCS B OXJIAXKIAIONIYIO PyOaImIKy BTOpO-
ro kpucramsaropa K ; mpi 5TOM OH BBINIOTHSET pOJIb
XJajoarenra. B kpucramimsarope MaTo9HUK L, Harpe-
BAETCsI OT TEMIIEPATYPHI /,, JI0 ¢, ,, @ 3aTE€M OH MOCTyma-
er B TeroooMennuk T, rie MpOM3BOAUTCS €ro HarpeB
OT TEMIIEPATYPHI £,, 110 ¢, , IOTOKOM PETeHEPUPOBAHHOTO
pactBoputenst R. IlogorpeTblii TakuM 00pa3oM Marod-
HBIA pacTBOp L, najiee MonaeTcs B BHIAPHOMW ammapar
B, rae npoucxoauT OTTOHKAa OCHOBHOM YacCTH PacTBOPH-
TeJs OT MAaTOYHHKA.

OO0pa3yromyecss MpH BITAPUBAHUU (BTOPUYHEIC)
Hapel paCTBOPUTENS R MOAAIOTCS B KOHAEHCATOP TEIIO-
Boro Hacoca K, rie oHu KoHIeHCUPYIOTCS IIPU TeMIIEpa-
Type {,,. B pe3ynbrare konaeHcanuu napos R B TIio00-
MeHHUKe K MpONCXOAnT BRIIETICHNE TEIUIOTH (ha30BOTO
npespaiieHus. Jlanee pereHepUpOBaHHBIA PAacTBOPHU-
Tenb R oxiakaaercs B TeIIooo0MesHuke 7' | ¥ 3aTeM 10~
JlaeTcs Ha CTaJUI0 PaCTBOPEHUSI.

3aMeTum, 4To B PsJie CIIydaeB TEIUIOBOH IOTOK pe-
TEHEPUPOBAHHOIO PACTBOPUTEIIS, IIOCTYNAIOLIET0 Ha
CTaguu pacTBopeHus H, MOXeT OBITh HETOCTATOUYCH JIIIS
IIOJIHOT'O PacTBOPEHUS TBEPIOrO BELIECTBA B PACTBOPHU-
Tesne. B aToM ciydae cienyer ycTaHaBIMBaTh KOMIIEH-
cupyronmii TemnoooMeHHuK T,, ¢ MOMOINIBI0 KOTOPOTrO
MO’KHO JOIIOJIHUTEIBHO HarpeBaTh MOTOK R.

[Tociie OTroHKM pPacTBOPUTENS YMAapeHHBIH pac-
TBOp W, oOoraiieHHbId MPUMECSIMHE, HalpaBIsSeTCs Ha
BTOPYIO CTajuio kpucrammsanuy K, rie o B pesyis-
TaTe TEMI00OMEHa C IIOTOKOM L, OXJIakKIaeTcst 10 TEM-
neparypsl Z,,. IIpp 3TOM IPOUCXOAUT MPOIECC JOMOI-
HUTEJIbHOW KPUCTAJIJIM3AlMM OUYUILIEHHOIO BELECTBA U3
ynapeHHoro marounuka . Ilocne pasneneHus cycleH-
3un K, +M, Ha craguu cenapaunu @, mosy4arorcs Kpu-
crajnyeckas ¢pakuus S, u Marounuk L. [Mocnennumii
COZIEP’KUT OCHOBHYIO Maccy IpHUMecel U OTBOIUTCS U3
ycraHoBku. TBepaas (aza S, 0ObIYHO HE YIOBIETBOPAET
TpeOOBaHMSIM OYHCTKH, TIOITOMY €€ CIIeTyeT HallpaBIIATh
Ha cTajguto pactBopenus H.

Kak yxe ormeudasnoch BbIlE, B paccCMaTpUBaeMOM
mpolecce MePeKpUCTAUIM3ANY HAMU ObUI HCIHONb-
30BaH TEIUIOBOM HACOC 3aKpBITOrO TUIA, B 3aMKHYTOM
KOHTYpE KOTOPOTO LUPKYIUPYET MPOMEXKYTOUHBINA Te-
mioHocutenb G . CreyeT OTMETUTD, YTO M3 TEMIOBOTO
Hacoca TEIIOHOCUTENb TIPH TEMIIEPATYPE ¢, U ABJICHUH
P, B IAPOXKUIKOCTHOM COCTOSHUM TIOCTYNAET B KOHJEH-
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JAByxcTanuiHasa MEepPEeKPHCTAAAH3ALHS C pereHepauuel paCTBOPHTEAS

Frox, tr

Py, xo, to

W, X, tw

Puc. 1. [IpyHuunuanpHas cxema yCTaHOBKHM NEPEKPUCTAIIM3ALMN C pEreHepaleil pacTBOpUTENs
METOJIOM BBIITAPUBAHUS MTPY MCIOIB30BAHUH TETUIOBOTO HACOCA 3aKPHITOTO TUIMA (0003HAUYEHHS CM. B TEKCTE).

carop K i oxnaxaeHus IoToka BTOPUYHOTo 1apa, rjae
B pe3yabTare TemIooOMEHa C KOHJCHCHUPYIOIIMMHUCS
rapaMy pacTBOPUTENS MPOUCXOAUT HCIApEHUe TEeIuIo-
Hocutess. [Ipu 3TomM MoTOK R OXJjaxkaaercs 10 TeMIle-
parypsl £,,. Jlanee HAChILIEHHbIE Napbl TEIIOHOCHTESA
G, u3 KoHJeHCcaTopa nocTynatT B komnpeccop TK, e
CKHMAKOTCS OT JIABJIEHUs p, 10 p,. B pesynsrare 31oro
TeMIepaTypa CKaToro TEIUIOHOCUTENS MOBBIIIAETCS OT
{, 10 ¢, TIpY YBEIMYEHUH €TO TEMIocoaepxkanus. Cxaroie
napel TEIIOHOCHTENS G, TIOCTYNAOT B TPEIOILYIO Kame-
Py BBIIIApHOTO amnmnapara. B pe3ynbrare UxX KOHAEHCAUN
BBIIENSETCS TemoTa (O, , HeOOX0AMMast JUIsl IPOBEICHHUS
craauu BbinapuBaHus B. CKOHIEHCHUPOBAaHHBINA TEILIO-
HOCHUTEJb MOCTYNAET B APOCCEIbHBIN BeHTUb [IB, rie
€r0 JIaBJICHUE YMEHBIIACTCA OT p, JI0 p,. Jlasee Terono-
CUTEIb B NAPOKUIAKOCTHOM COCTOSSHUU CHOBA HaIlpaBJLi-
€TCs B KOHJIEHCATOpP.

Pacuersl paccmarpuBaeMoro Impolecca IEpeKpH-
CTAJJIM3ALMU MOTYT OBITh OCYLIECTBIEHBI C HUCIOJIB30-
BaHUEM YpaBHEHWH MaTrepHalbHOIO M TEIUIOBOTrO Oa-
JTAHCOB OCHOBHBIX CTaauil mpouecca. MarepuaibHbIN
OamaHc craguu pacTBopeHus H ommchiBaeTcst ypaBHe-
HUSAMU:

R+P,+F +S,=F; (1

RxR + POxO + FT):T +S xS2 - FXF ’ (2)

2,

IJIE X, X, — KOHIIEHTPAIIUsI HCXOIHOTO U PETEHEPUPOBAH-
HOTO pacTBOpUTENS; R, P, — IOTOKH pEreHepUpOBaHHO-
IO U YUCTOTO PACTBOPUTEIS; X, X, M X, — CONEPIKAHUE
OYMILAEMOTO KOMIIOHEHTa B MCXOIHOM BeIECTBE F,

KPUCTAJUTMYECKOH (pase S, u momyyaemom pacteope F.

[Ipu coBmecTHOM paccMoTpeHun ypaBHenwuii (1) u
(2) nmomy4aercs cieayromias 3aBUCUMOCTD JIJIsI pacueTa
KOHIICHTpAIHH pacTBopa F :

. Rx, + Poxg + Frxp +S,x5, 3)
£ R +Py+F, +S,

TemumoBoit Gananc cranuu pactBopeHust H omnmcel-
BaeTCs ypaBHEHUEM

FTL'TITJ’_ SZcTt 02 + R(th5 + P()(:Ot() = (FT + SZ)rP + F‘LFt P (4)

IJIE C,, U C, — TEIIOEMKOCTb CBEKETO U PEreHEPUPOBAH-
HOTO PACTBOPUTEIICH; €, U C,, — TEIUIOEMKOCTh TBEPOTO
BEIIECTBA [ 1 TOTy4aeMoro pactsopa £ ¢, 1, t, u t,
— TeMIleparypel MOTOKOB ', S,, P, u F, r, — Temnora
pacTBOpEHHUs BElIeCTBa.

W3 ypaBHeHus (4) MOXKHO OMPENETUTh TEMIIEPATypy
f;, IPU KOTOPOH HEOOXOIUMO I0/IaBaTh PEreHEPUPOBAH-
HBII pacTBOPUTENb Ha CcTaauto pactBopenus H mis no-
Jy4eHHs pacTBopa [ ¢ 3aJaHHON €ro TeMIIepaTypoi 7,

_ Feptp + Fr(rp —cpty) +8,(rp — ¢l gy) = Bycol

0]
2 o )

YpaBHeHUs1 MaTepuaabHOro OajaHca TEpBOW cTa-
JIMW KPUCTAIITU3ALNN UMEIOT BUJI:

F=K +M, (6)

F’(F = lel(l + M X (7)

rmr
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IJIE X, , ¥ X, — KOHLEHTPAIUs PACTBOPEHHOTO BEIECTBA
B KpUCTAJIMYECKOH (ase K, u marounuke M.

IIpu coBmectHOM pemennn ypaBHeHui (6) u (7)
MOJTy4aeTcs CIEAYIOIast 3aBUCUMOCTD ISl pacueTa BbI-
X0J1a KPHCTAJTMIEeCKOH (asbl:

Xr = X

K =F

1

(8)

X~ Xmn

B sTom ciyuae, eciau pu KpUCTaJUIM3allMN OYHIIA-
EMBIX BEIIECTB HE 00pas3yloTcs TBEPAbIC PacTBOPHI, TO
KOHIICHTPAIMIO TMONTYy4aeMOH KPHCTAIUTMISCKOU (a3bl
MOXHO NPUHATH X, = 1. BenuuuHa ke paBHOBECHON
KOHIIEHTPALMU MAaTOYHHUKA X,  3aBUCHUT OT TEMIIEPATYPBI
OXJIQK/ICHHS PACTBOPA HA CTANUAX KPUCTAIUTM3ALMH /) .
Ee MOXHO yCTaHOBUTb, MCIIONb3Yysl JUArpaMMmy paBHO-
Becus ¢as.

Kak yxe ormewasoch Bbllle, Ha NEPBOM cTaguu
Cermapanuy IOTy4YeHHas CYCICH3US pasziensercss Ha
KPUCTAIMYECKYI0 a3y S, u Marounuk L. Ilpu sTom
MOJHOCTBIO OTACIHUTh MATOUYHHK OT KPUCTAJUTHYCCKOMH
(a3el, Kak TpaBmIo, He yaaercs. KomnuecTBo 3axBaThl-
BAaEMOTO MAaTOYHMKA 3aBHCHUT OT Pa3MEPOB KPHCTAIIOB,
ux (OpMBI, a TaKkKe OT PSIKUMOB CTAIHH CeIapanuu
[1]. OObIYHO pazieneHue CyCIeH3UH OCYIIECTBISCTCS
IIpU TOU K€ TemIleparype, YTO U IMPOBEACHUE CTaIuu
KpHUCTauM3auuu (To ecthb f,, = ¢, ). [looToMy mMoxkHO
IPUHATE, YTO X, = X,,. IIpx 5TOM BBIXOA OTAENEHHON
KPHCTAITMYCCKON (ha3bl HAa MEPBOH CTaIUM Cerapanuu
MOYKHO OIPEJeNIUTh U3 YPaBHEHUI

_ X N K,
S =F n , O]
Xs1 — Xan —m
e m, — Ko9(QQUIMEHT 3aXBaTa MATOYHMKA KPHMCTAJI-

nuyeckoi (asoit Ha craguu cenaparuu O, Benuuuny
ko3 duImeHTa 3axBaTa MOXKHO YCTAaHOBHTD, UCTIONB3YS
3aBHCHUMOCTb

X1~ Xan

B cBoro ouepenp, MOTOK OTBOAMMOTO HA JaHHON
CTaJly MaTOYHHUKA COCTAaBIISIET

L=F-S (10)

[Tonorpes marouHuka L, BO BTOPOM KpUCTAJLIN3a-
TOpe sz Iepe]] ero rnojayeil Ha CTaaAui0 BbIIAPUBAHUS
OCYILIECTBISIETCS OT TEMIEPaTypsl ¢,, 10 ¢,,. [Ipu sTom
KOJIMYECTBO NEPEIaHHOrO TeIl1a B 3TOM KpHCTaIM3aTo-
pe cocTaBisieT

Qoz - LICMI(ILZ - tu) (1 1)

B remnooOMeHHUKE T1 MAaTOYHHK JIOIIOJIHHUTECILHO
HArpeBaeTcs OT TEMIICPATYPHI £, , JIO ¢, , TIOTOKOM pereHe-
pupoBanHoro pactBoputens R. KonmnuecTBo nepenanHo-
O TerJia B JAHHOM TEIIO0OMEHHUKe Oy/leT paBHO

Ql = LICMI(tLS - ZLz) = RCR([RZ - tRS) (12)

[Ipu >TOM TeMIEeparypy MaTo4HMKA f,,, MOCTyMa-
IOLIETO B BBHINAPHON ammapar, MOXKHO YCTaHOBMTH, HC-
HONb3ys 3aBUCUMOCTh

;=i +.fifffﬁﬁ_:f£iz (13)
LICMI

3Has KOJIMYECTBO MEPENAHHOTO Tema (), a TaKKe
Pa3HOCTh TEMIIEPATyp MOTOKOB, MOXKHO PAaCCUUTATh HE-
00XOIMMYI0 OBEPXHOCTH TerooOMeHnuKa 7.

PaccmoTpum Teneps craguto BeinapuBanus B. Ma-
TepHaJIbHBIN OaJIaHC ITOW CTAJIUK OIHUCHIBACTCS YpaBHE-
HUSMHU:

L, =W+R; (14)
Lx,, =Wx,+Rx, (15)

TIe X, X, — COIEPKaHUE PACTBOPEHHOIO BEHIECTBA B
YIapeHHOM PacTBOPE U B OTOTHAHHOM PacTBOPUTEIIE.

ITpu coBmecTHOM perenun ypaBHenuit (14) u (15)
MOTy4aeTcs CISIYIOIee BbIPAXKEHHE ISl PACUETa BBIXO-
Jla PereHepPUPOBAHHOTO PACTBOPHUTEIIS:

Xy — X
_ w Ll
R R

Xy —Xp

(16)

Jlnst onpesiesnieHust KOMMuecTsa Temna 0, ToIBOIH-
MOTO B BBIIIAPHOM arapare, 3aliiieM ypaBHEHHE Te-
IJIOBOTro Oamanca

LICMItL3+ QH:RZRI + WthW’ (17)
TJIE i,, — DHTAJILINS IAPOB PACTBOPUTEIS NPU JABJICHUH
D,;s €y €y — TEIIOEMKOCTH MaTOYHMKA L, M yIapEeHHO-
ro pactBopa W; ¢, — TeMneparypa KuIeHHs pactBopa W
IpU JIABJICHUH p ; ¢, , — TEMIIEPATypa MaTOYHHUKA Ha BXO-
JI€ B BBIIIAPHOU anmnapar.

U3 ypaBaenust (17) MOXHO OMpEAETUTH KOIHYE-
CTBO TeIlIa, HEOOXOAUMOE IS IPOBE/ICHUS CTaUH BBI-
MapuBaHuUs:

Q,=Ri,,+Weyt, —Le, 1 (18)

1"MI'L3

Temmeparypy KuiieHUsl pacTBopa W B BbIIIapHOM
anmapare MOKHO ONPEACTUTh, UCTIONIB3YsI 3aBHCUMOCTh
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t,=1,+ 5,

rIe f, — TEMIEPATYPA KUIIEHUS YMCTOTO PACTBOPHTEIS
TIPU IaBJIEHMH P, 5, — «CTaHIapTHasD JICIPECCHs pac-
TBOpa MpH aTrMOC(HEPHOM JaBICHUU U KOHIIEHTPAIUU
YHapEHHOTO MaTOYHHKA X .

Ecnu nmpornecc BInapuBaHus POBOAUTCS TIPU JaB-
JICHUU HIDKE aTMOC(HEPHOT0, TO IS pacdeTa BENNINHBI
JIENPEeCcCUy  MOXKHO HCIIONB30BaTh NpaBuio babo [6].

IIpu coBmMecTHOM paccMoTpennu ypaBHenuit (14) n
(18) monmyuaercs cnenyroliee BhIpakKeHUE ISl Onperie-
JICHUS KOJIMYECTBA BHIMAPECHHOTO PACTBOPUTEIIS:

Li(cyty —cwilys)

Ty —lg +Cply

R= (19)

BCJ'II/I‘II/IHy TCIJIOBOI'O ITIOTOKaA QH’ nepeaaBacmMo-
o OT KOHACHCUPYIOHICTOCSA CKATOTO TCIUIOHOCUTEIIA K
KHUIIAIIEMY PAaCTBOPY, MOXKXHO TAaKXKE NNPCACTABUTH KaK

QH - GX(iz B i3) (20)
Ucnonw3ys ypaBHeHue (20), MOXKHO ONpEAETUTH

pacxo/1 MPOMEKYTOUHOTO TEIIOHOCHTENS G, IIMPKYIIHU-
PYIOLLETo B KOHTYpE TEIUIOBOIO Hacoca:

G = Oy _ Rig +Weyty —Licytys

X

2

i —1, i, —1,

IJIE i, ¥ [, — SHTAJIBIIUK CKATOTO TEIIOHOCHUTEIS HA BXO-
JIe ¥ BBIXOJIC U3 IPEIOIEH KaMephl BBIMTAPHOTO ariapara.

MoiHOCTh TypOOKOMIIpeccopa, HeOOXoaumMast Jist
CKATHUS TAPOB MTPOMEIKYTOYHOTO TETTIOHOCUTEIIS OT JIaB-
JIEHUs p, 10 IABJICHUS p,, paBHa [6]

GX (iz — i1)
UG

N =

K

(22)

TIe 7, U 7y, — aanadaTHuIeCcKuii 1 MEXaHWIECKUI K03(D-
(UIMEHTBI MOIE3HOTO NEUCTBHUS KOMIIPECCOPA; I, — 3H-
TaJbIHS TETUIOHOCUTEIIS Ha BBIXOJIE U3 KOHCHCATOPA.

J171s OLleHKHM SHEpreTHYeCKOi 3((HEKTUBHOCTH MPH-
MEHEHHS TEIUIOBOTO HAcoca B Ipoliecce MepeKpucTall-
JIU3AIMH BEIECTB U3 PAaCTBOPA HAMH OBLIT UCIOIB30BaH
k02 puumrenT npeobpasoBanus sHeprum ¢, [6, 7]

Oy (i, —L)N AT
== (23)
Ny i, =

[Ipu anamuse >(pQPEKTUBHOCTH TPOBEIACHUS pac-
CMaTpUBACMOTO TEXHOJIOTHYECKOTO TpoIiecca ¢ TeTJIo-
BBIM HACOCOM ITOMUMO KodddurenTa npeodpazoBaHus
HamMH OblIa TaKXKe HCIIOIb30BaHA BEJIMYMHA OTHOCH-
TEJILHOTO PACX0/ia YCIOBHOTO Torumea b, [7]:

b,N b,

b= 2= 2
bT QH gTbT

24)

e b, n b3 — YIENbHBIC PACXObl YCIOBHOTO TOILJIMBA
Ha HpOHSBO}lCTBO CAWHUIIBI TCIIJIOBOU U SHCKTpI/I‘IeCKOI/I
SHEPTHH.

PaccMotpuM Teneps BTOPYO CTaIHIO KPUCTAILIN3A-
105051 sz. Ee MaTepuanbHbIii 0ajaHC OMUCHIBACTCS CUCTE-
MOW ypaBHEHHM:

W =K,+M,; (25)
W =Kx,+Mpyx,, (26)

IJIE X,,, X,,, — KOHLIEHTPAIUKM PACTBOPEHHOIO BEIIECTBA B
KpucTa/unueckoi dase K, u marounuxe M,

[Ipu coBMecTHOM pelieHnn ypaBHeHu (25) u (26)
MOJTy4yaeTcs CleAyIollee BhIpaxkeH!e JJIs pacueTa BbIXO-
Jla KpECTAJNTNIEeCKOU (pa3bl Ha BTOPOH CTaJMK KPUCTAII-
JU3anuu sz:

K,=W Xw " v Q7

Xr2 = Xu2

TernoBoit OanaHC CTauU KPUCTAIUTH3ALMA sz
OIHCHIBACTCS YPABHEHUEM

Wb, +Kye=K, o, + M, t,+0,, (28)

c 2c¢K2"02 2eM2°02

TJIE C,,, C,,, — TEIUNIOEMKOCTH KPUCTAIINYECKON (hasbl K,
¥ MartoyHuka M,; ¢, — TeMmeparypa OXJIakKICHHsS yma-
peHHOro pacteopa ¥ Ha cragun K .

[Ipu coBMecTHOM paccMoTpeHnH ypaBHeHuH (11) u
(28) MOKHO ONPEETUTHL TEMIIEPATYPY MATOYHMKA /,, HA
BBIXOZIE M3 KpHcTasm3aropa K :

Ky (rg = catpn) * Weyty =M ocypoto,
Lc,,

tLZZtLI + (29)

Beixoj kpuctannnueckoi daszel S , Ha CTa(uu cena-
pauun O, ¢ yyeTom ko3 duIMeHTa 3axBaTa MaTOYHHKA
m, COCTABISET

KZ

- 5
1—m,

S =W X~ Xuma

2 _
Xs2 = Xur2

(30)

e m, — KOA(PUIIMEHT 3aXBaTa MATOYHUKA HA CTA/IUU D,.

Benuunna ko3dduimeHTa W3BICUCHHS IIEJIEBOTO
KOMIIOHEHTA U3 PacTBOPA B pACCMaTpUBAEMOM IIPOLECCE
OUYHCTKHU paBHA

_ F Xp — szLZ
L (31)
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I'.A. Hocos, M.E. YBapos

Pe3yabTrarsl U HX 00Cy:KIeHHe

B pesymerare mpoBEIEHHOIO YHCICHHOIO AKCIICPH-
MEHTa Ha 0a3e MOTyYeHHBIX TCOPETUISCKHIX 3aBUCUMOCTEH,
HaMH OBUT TIPOAHAIM3MPOBAH IIPOLIECC IBYXCTAIHIHON
HEPEKPUCTALTI3AIMKI C OpPraHHU3alHeH pPeKylnepaTHBHOTO
TEIUI000MEHA MEK/Ty IIOTOKAMH U UCTIONIH30BAHUEM TEILIO-
BOTO HAcOCa 3aKPHITOTO THIIA HA IPUMEPE TIePEKPUCTALIH-
samu KNO, u3 BommbIx pactsopos. Ilpu paccmorpennu
JTAHHOTO BapHaHTa MPOIECCa OYMCTKH B KAa4EeCTBE IPOME-
JKYTOYHOTO TEIUIOHOCUTENIS, IHPKYIIHPYIOIIETrO B KOHTYpe
TEIIOBOTO Hacoca, ObUT BeIOpaH (peoH-11, Temmeparypy
kotoporo B koHneHcatope K npunumamu Ha 10°C Huke
TEMIIEPaTy Pl OXJIKIICHHUS PETEHEPUPOBAHHOIO PaCTBOPH-
e, npu gasiennd p, = 0.66 Mlla. Temneparypy KoHzeH-
CHPYIOIIETOCS TETIIOHOCHUTEIIS B TPEIOIICH Kamepe BhIap-
HOro ammapara npuHumaid Ha 10°C Belle TeMmneparypbl
KHIISILETO PACTBOPA £, IPH JIABJICHUH, HAXOAIIEMCS B /K-
anasone p, = 1.05+1.35 Mlla.

Ha mepBoM stane 6p110 MpoaHATM3UPOBAHO BIMSHHUC
KOHIICHTPAIIMK II0IABAEMOT0 Ha PEreHEepalyio MaTOYHO-
IO PacTBOpa X,, Ha XO1I npouecca pasnenenus. CHIKeHre
3aTpar TEIIOBOM SHEPrHH Ha CTa[uy BbIapuBaHus O, a
TaKKe MOIIHOCTH KOMIIpEccopa TEIIOBOTO HAcoca BO3-
MOYKHO ITyTEM IIPEIBAPHUTEIHLHOTO MO0 PEeBa MATOUHUKA OT
TEMIIEPATYPHI £, 110 TEMIIEPATYPBI {,, B KPUCTAILTM3ATOPE
Kp2 u B terooomennuke T,. M3sectHo [5], yro Temmepa-
Typa MaTOYHOTO PacTBOpa ,,, TIOCTYNAIOIIETO CO CTaIUK
cemapauu @, 3aBUCHT OT TEMIIEPATYPhl OXJIAXKICHHS
HICXOJIHOTO PacTBOpa f,, Ha CTagun Kpucrammsamm K,
a CIICZOBATEIFHO, U OT KOHIICHTPAIUH IOJy4aeMOro Ma-
TOYHHKA. B pesynbrare nmpoBeleHHbIX HaMH HCCIISIOBAHHI
OBLIO YCTaHOBJIEHO, YTO MPH MOBBILEHUH X, , TIPOUCXOIHUT
CHIDKEHHE TETUIOBON HArpy3KH BBIIAPHOTO armapara Q,, a
TaKKe MOLIHOCTH KoMnpeccopa N, 4To 00BSCHSCTCS He-
KOTOPBIM MOBBIIIICHHEM TEMITEPaTyphl MATOYHOTO PacTBOpa
¢, ,, IONIABAEMOTO Ha CTa/MK BbINapuBanusi. ConocTasienye
paccMaTpuBaeMOro BapUaHTa JBYXCTAJUMHON IEpeKpH-
CTAJUTM3AIMA C OAHOCTAIMHHBIM IOKA3aJI0, YTO BapHAHT

s—s\

06 <

0,8

Nar

/
/
e

04
10 20 30 40

X5 % KNO,

Puc. 2. 3aBucumocts kodduireHTa u3BIeYCHUS
OT KOHIEHTPAIX MaTOYHOTO PacTBopa,
MOCTYIAIOLIETO Ha CTa/INIO BhINAPHUBAHUS
(x,=70% KNO,; - - - 0omHOCTaIMAHBINH BapUAHT;
_ JIBYXCTaJUHHBIN BapHaHT):

I —x,=30%KNO,; 2 —x, =40% KNO,.

JIBYXCTaJJMITHOIN OYHCTKH TO3BOJISIET JOCTHTaTh Oojee BbI-
COKHX 3Ha4YeHUI Kodddrurenta mBnedeHus (Ha 20+30%
BBIIIIC) TIO CPABHEHHUIO C OHOCTAAUHHBIM (pHC. 2).

Ha crnemyromem stame ncciegoBaHHS OBUIO H3Y-
YCHO BIHMSIHHEC KOHLEHTPAIWH YHApCHHOTO MaTOYHOTO
pacTBopa X, Ha SHEPreTHYECKY 3(PPEKTHBHOCTDL W3-
BIICUCHMS PACTBOPHUTEINS M3 MAaTOUHHKOB. PaHee ObLIO
YCTAQHOBJIEHO [5], 4TO BEIMYMHA MACCOBBIX IOTOKOB
PETCHEPUPOBAHHOTO PACTBOPUTENST R ¥ YIapeHHOTO
MaTOYHUKa W, UCTIONB3YIOLIMXCS ISl IPEABApUTENbHO-
ro MOJOrPEBA MCXOJHOTO MAaTo4HOro pactBopa L,, Cy-
IIECTBEHHO 3aBUCHUT OT KOHIIEHTPALHUHU X . ITO B CBOIO
oYepeqb OKa3bIBACT BIMSHME M HA 3aTpaThl TEIUia MpH
HPOBEJICHUHU perenepanuu pactBopurens O, . B pesynb-
TaTe MPOBEICHHBIX HCCIEAOBAHUI OBIJIO yCTAHOBIEHO,
YTO YBEJIMYCHHUE KOHLIEHTPALUHU YIapeHHOI'0 pacTBOpa
X, IPUBOIUT K HE3HAYUTEILHOMY TOBBIIEHHIO TEMIIE-
parypbl MATOYHUKA f, ,, IOJOTPEBAEMOT0 B KPUCTAILIH3A-
Tope K, i rerumoobmennnke T, 4to 0bycroBieHo 6oee
BBICOKHM BBIXOJIOM PETEHEPUPOBAHHOIO PACTBOPUTEIS
R. OpnHako NOBBILIEHHUE TEMIIEPAaTyphbl KUILALIETO pac-
TBOpA /£, C POCTOM X, BBIHY)K/JIA€T yBEINYUBATH CTEICHD
CXKaTHsl MapoB MPOMEKYTOYHOTO TETIOHOCHTENS 7. B
kxommnpeccope TK.

[IpoBenenHble pacyeTsl MOKA3alH, YTO HCIIOIH30-
BaHUE NPEAJIaraéMoro HaMHu BapuaHTa JBYyXCTaIUIHON
HNEePeKPUCTAIUTU3AIMN C pETCHEpaIleld PacTBOPUTEN,
C OJIHOH CTOPOHBI, MO3BOJSET CYIIECTBEHHO YBENU-
YHUTH BBIXOJ OYMIIEHHBIX NMPOIYKTOB, MUHUMH3UPOBATh
3aTparhl CBEKEro PacTBOPUTENS, a C APYroil CTOPOHBI,
HCTIONI30BAaHME PEKYIIEPATHBHOTO TEIFIOOOMEHA MEXKITY
notokamu R, W L, ¢ N(pUMEHEHUEM TEIIOBOTO Hacoca
MO3BOJISICT CYIIECTBEHHO CHU3UTH DHEPTETHUCCKHUE 3a-
TpaThl HA pEreHePaIio PaCTBOPUTEICH.

Kaxk ormeuasnocs BhIIIE, B KaUECTBE OJHOTO U3 KPHU-
TEPUEB OLICHKU YHEPTreTUIECKON A(PPEKTUBHOCTH paszie-
JICHUSI HaMH OB UCTIONB30BaH OTHOCUTEIILHBIN Pacxon
yciosHoro Torusa b, Ha puc. 3 mpusenena 3aBucH-
MOCTb Kod(duumnenTa b, OT KOHIEHTPALMU yIapeHHO-

1

0,8
£ 06
1234
—
0,4
0,2
40 50 60 70 80
Xy, % KNO,

Puc. 3. 3aBUCUMOCTb OTHOCUTEJIBHOTO pacxoja
YCIIOBHOTO TOILIMBA OT KOHIICHTPALINH YIapEHHOTO
pactBopa, % KNO, (x, = 40% KNO,, p, = 0.66 MIla,
n.=2+2.3):
I-x,=12;2~-x,=175,3-x,=24;4-x,,=32.

L1
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ro pacTBopa X,. 13 NpuBeIEHHBIX JAHHBIX BUIHO, YTO
MCIIOJIb30BaHHE TEIUIOBOTO HAcOCa 3aKpPBITOTO THIA HA
CTaJM{ BBIIAPUBAHUS B PACCMaTPHBACMOM BapHaHTE
mpoIriecca SBISETCS SHEPIeTHUSCKU BBITOJHBIM BO BCEM
JUana3oHe KOHLUEHTPaLuii X, MOCKOIbKY BEIUYUHA OT-
HOCHTEJIFHOTO PacXo/ia yCIOBHOIO TOIUINBA COCTABIISET
b, = 0.42+0.6. XapaKkTepHO, 4TO BENWYMHA b, MPAKTH-
YECKH HE 3aBUCUT OT KOHLUCHTPALIUU MATOUHUKA IEPBOU
CTaMi KPUCTAJLIM3aluH X, ,. I1oBbIIeHHE Xe KOHIEH-
Tpaluu pacTBOpa MOCJIEC €ro BblllapuBaHUs XW MpUBOAUT
K HEKOTOPOMY YBEJMYECHHMIO pacxoja TOIIMBA b, 4TO
00YyCJIOBJIEHO POCTOM MOIIHOCTH KOMIIpeccopa.

BpiBoaBI

[Ipemnoxen sHeprocOeperarolii BapuaHT CXEMBI
JIByXCTaJIMAHOTO IMPOLIeCcca MEPEeKPUCTATIIM3AIMHI BEIECTB
13 BOJHBIX PacTBOPOB C pereHepalyeil pacTBOpUTENs U3
MAaTOYHHUKOB METOJIOM BBINAPHBAHUS C HCIOIB30BAHHEM
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TETUIOBOTO HACOCA 3aKPBITOTO THIIA U OpTaHM3aIel peKy-
MIEPATUBHOIO TEIUIOOOMEHA MEX/Ty MACCOBBIMH OTOKAMH.
Jns paccMaTprBaeMOoro mporecca OIMCTKH MOTYIeHBI TEO-
peTUYeCKUe 3aBHCHUMOCTH, OIHCHIBAIOMIHE ero. Mcmomb3ys
JaHHBIC 3aBUCHMOCTH, BBITIOTHEH aHAIN3 BIFSTHUS HEKO-
TOPBIX MAPaMETPOB HA XOJ MpOIecca MepeKpUCTaILIN3a-
W HATpaTa Kalust 3 BOJHOTO pacTBopa. [lokazano, 4to
MPUMCHCHHE TEIUIOBBIX HACOCOB HA CTAJUM W3BJICUCHHUS
pacTBOPHUTENS M3 MAaTOYHBIX PACTBOPOB B KOMOWHAIIMH C
PEKYIIepaTHBHBIM TEIUIOOOMEHOM MEXKITY MAaCCOBBIMHU II0-
TOKaMH TTO3BOJISIET 3HAYUTENIFHO CHU3HUTH SHEPTCTIHYCCKIE
3arparbl Ha MPOBECHHE JAHHOTO MPOIIECCA, YTO MOIOKH-
TEIBLHO OTPaKACTCS HA TEXHUKO-DKOHOMHUECKUX TOKa3a-
TEJISIX MPOIIECCa OUMCTKHU. YCTAHOBIICHO, YTO OPraHU3aIIHs
JOTIONHAUTENBHON CTaIiM KPUCTADIN3AIMN BEIIECTBA U3
YIApEHHOTO PAcTBOPa TO3BOJIIET CHHU3UTH PACXOJ CBEXE-
TO PacTBOPHUTEISI HA TIPOIIECC PA3ICNCHUS, a TAKKe CyIIe-
CTBEHHO MOBBICUTB BBIXO]] OUHUIIICHHBIX MIPOIYKTOB.
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Paspabomar npenapamugHulii memoo cuHmesa 2-(2-(0uanKunamuHo)IMUNAMUHO)IMAHON08, OCHO-
8GHHbBLU Ha packpbimuu okucu cmupoaa usdbvimikom N, N-OuzameuieHHblX IMmuieHOUAMUHO8, 20e
AnKUN — NPOU3BOOHbLE ANIKAHOB020, NUNEPUOUHOB020 U MOPEPONUHO8020 psida. [Toka3aHo, umo
pacKkpbulmue oKCUpaHo8020 UUKAA OKUCU CMUPOSA No0 delicmauem OUAMUHO8 8 USONPONUT080M
cnupme npu KOMHAMHOU memnepamype OCYU,eCmBasiemest NPeumMyuecmseHHO No Npasuny
Kpacyckozo no cesizu mexKoy amomom KUCopooa U mMeHee 3aMeUeHHbIM AMOMOM Yanepood,
¢ npeobaadarHuem 0o 82% emopuurozo ouamuHocnupma. YcmaHosnieHo, umo pasoesnierue npo-
dyKkmoe pekmugurayuell unu nepekpucmaniudayueii He no3eoisiem noayuumes wucmole Uso-
Mepbl. [ns nonayueHust wucmolx npodykmosg cmecb usomepos nepesoounu cyxum HCl e dueu-
Opoxniopudel 8 cpede duokcaHa U OuIMuUI08020 agpupa. IlonyueHHass cmece OULUOPOXIOPUOO8
JuamuHocnupmos bvLna pazoeneHa HA ducmele NPooykmsl memooom OpobHOl nepekpucmat-
AU3AUUU U3 CMeUwaHHblx pacmeopumenetl. Qucmele 2-(2-(0uankunamuHo)smunramuro)-1-ge-
HUNOMAHONBL U 2-(2-(0UANKUNAMUHO)IMUAAMUHO)-2-DEHUNIMAHOSbL NONYUEHblL NOCAEOYIoUUM
noowenauueaHuem pacmaeopos8 OusuopoxXsIopuoo8 OUAMUHOCNUPMO8 800HbIM pacmeopom NaOH.
Cmpoerue duamuHochupmog noomeeprkoero oaHHoimu MK-, 1H- u 13C-AMP-cnexmpockonuu
u macc-cnekmpomempuu.

Knroueevle cnoea: curmes, 0OKUCb CMUpPOA, pACKpblmue YUKAA, IMUNeHOUAMUH, OUAMUHO-
cnupm.

SYNTHESIS, PREPARATIVE SEPARATION OF STRUCTURE ISOMERS
AND PROPERTIES OF 2-(2-(DIALKYLAMINO)ETHYLAMINO)ETHANOLS
OF ARYLALIPHATIC SERIES

D.Q. Hoang®, E.Ya. Borisova, N.Yu. Borisova, A.V. Krylov, N.A. Danilkin,
A.G. Samokhin

Moscow Technological University (Institute of Fine Chemical Technologies),
Moscow, 119571 Russia
@Corresponding author e-mail: quanghoangl510@gmail.com

A method for the synthesis of 2-(2-(dialkylamino)ethylamino)ethanols based on the epoxide ring
opening in styrene oxide by N,N-disubstituted ethylenediamines was developed. It is shown that
the opening of the oxirane ring by diamines in 2-propanol at room temperature occurs mainly
according to the Krasusky rule at the bond between the oxygen atom and the less substituted
carbon atom. A mixture of two products with the predominance of the secondary diamino alcohol
up to 82% was obtained. It was found that the separation of the products by distillation or
recrystallization does not allow obtaining pure isomers. The mixture of isomers was converted into
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dihydrochlorides by dry HCI in dioxane and diethyl ether. Pure 2-(2-(dialkylamino)ethylamino)-1-
phenylethanols and 2-(2-(dialkylamino)ethylamino)-2-phenylethanols were separated by the first
fractional recrystallization of a mixture of diaminoalcohol dihydrochlorides from a mixed solvent
followed by alkalization of the products with an aqueous sodium hydroxide solution. The diamino
alcohols were characterized by FT-IR, 'H- and "*C-NMR and HRMS-ESIL.

Keywords: synthesis, styrene oxide, ring opening, ethylenediamine, diamino alcohols.

BBenenune

AMUHOCTIUPTBI MU UX CHHTETHYECKHE aHAJIOTH 3a-
HUMAIOT Ba)KHOE MECTO B apCeHajJe COBPEMEHHBIX JIe-
KapCTBEHHBIX CPEICTB Ojarojaps CBOMM IBYM (yHK-
[IUOHAIBHBIM TpynmaM. V3BeCTHBI MHOTOYHCICHHBIC
MIpUMeEpBI BbIJENIECHUs IPUPOJHBIX U CUHTE3a (hapMako-
JIOTUYECKH aKTHBHBIX COCIMHEHWH CO CTPYKTYpPHBIMHU
¢parmentamu amuHocnupToB [1-5]. IIposBusrouiue
pa3IMYHY0 aKTHUBHOCTh AMHHOCTIMPTHI M WX IPOU3BO-
JIHBIE 110 THUJPOKCUIIBHOM TPyIIIe U aTOMY a30Ta BKIIIOUE-
HBI B YUCJIO JIEHCTBYIOIIUX JIEKAPCTBEHHBIX CPE/CTB [6].

AHTHapUTMHYECKas aKTUBHOCTb — OJHO W3 Hau-
Oonee Ba)KHBIX CBOWCTB ITHX COCAWHCHHM, MOCKOIBKY
apUTMHS MOXKET NPHUBOIUTH K OINACHBIM OCIOKHEHUSM
MIPH TTATOJIOTHH CEPAIa U COCY/IOB, a TAK)Ke MOXKET CTaTh
npuyrHOW BHe3armHoW cmeptu [7—-15]. Ilpensiaymmmu
nccienoBanusiMe [ 16] mokazaHo, 4To aHTHAPUTMHUYECKOE
JericTBre OM(YHKIIMOHABHBIX aMUHOAMHIOB OLPEICIIs-
eTCsl pacCTOSHHEM MEXTy (PyHKIMOHAIBHBIMU TpYIITIa-
MU. B ciydasx, korga paccTosHUE MEXIY KOHIIEBBIMHU
TPYIIaMH COOTBETCTBYET PACCTOSHHIO MEXKIY IOJISp-
HBIMU OOJIaCTAMHU PELeNnTopa, COeIUHEHHUS MPOSBISIOT
HanOOJBIIYI0 AKTHBHOCTE. B CBS3M ¢ 3THM akTyalbHOMH
3ajadell siBIsieTCA pa3paboTka METOJO0B CHHTE3a HO-
BBIX apMIIATU(aTHICCKUX aMHHOCIIMPTOB, a TaKKe HO-
BBIX 3(()EKTHUBHBIX U MaJOTOKCHYHBIX JEKAPCTBECHHBIX
CPEZCTB [UIsl JICUCHNS HAPYIICHNH CePACIHOTO pUTMA Ha
UX OCHOBE.

W3BecTHBIM CIIOCOOOM CHHTE3a aMUHOCIIUPTOB SIB-
nseTcsl HyKIeo(MIbHOE PacCKPhITHE STOKCHUAO0B aMHUHA-
mu [17-27].

Jannasg paOora HpeAnpuHATa B NPONODKEHUE H
pa3BUTHE MCCICAOBAHUI IO CHHTE3Y BBICOKOA()(HEKTHB-
HBIX OMOJIOTMYECKH aKTUBHBIX AUAMHUHOCIIMPTOB aprJlaliv-
daruyeckoro psiaa [28, 29].

bbbt pazpaboraH crnocod MOMy4eHHUs! YUCTBIX H30-
MEpOoB 2-(2-(TuanKuIaMHHO )3TUIIAMUHO )3TAaHOJIOB
apuianudaruueckoro psja, couep)Kalldx BTOPUUHYIO
aMUHOTPYIIITY.

Pesyabrarsl u uX 00cy:KI1eHHe

Apunammdarndeckue  2-(2-(IMaTKHIaMHUHO )3 THIaM -
HO)3TaHOJIbI 5—7 TPEACTaBIAIOTCA MEPCIEKTUBHBIMU
UL CHHTE3a COCAWHEHUH, comepxkamux (apmakodop-
HBIC aMUJIHYIO U CIIOKHOI(UPHYIO TPYIIIBI, TOCKOIBKY
WX TPOU3BOIHBIC [0 AMHHO- M THIPOKCHIIBHON TpyTIe
SIBIISIFOTCS IOTCHIIMAIBHBIMA aHTHAPUTMUKaAMHU.

Hns nomyuenus apunamudarndeckux 2-(2-(nuan-
KIJIAMHUHO )9THIIAMUHO )3TAaHOJIOB 5—7 HaMHU IpeUIokKeHa
peakumsi pacKpbITHsl OKUCH cTuposna N, N-au3amenieH-
HbIMU OSTWiIeHAuaMuHaMu 2—4. C 1enbplo MoyuyeHUs
BTOPUYHBIX TUAMHHOCIUPTOB, JJIsl IPOBEJCHUS MOCIIe-
OYIONIMX PEaKlni, PacKpbITHE OKHCH CTHUpoiia OBLIO
MIPOBE/ICHO B OTPE/CIICHHBIX YCIOBUAX (Temreparypa,
pacTBOPHTENb, COOTHOIICHHE PEarcHTOB), BIUSIOIINX
Ha PETHOCEICKTUBHOCTD PEAKIIUU, KOTOPbIE OBLIN MO-
noo6pansl panee [30, 31].

W3BecTHO, YTO pacKphITHE OKCHPAHOBOTO IIMKJIA
OKHCH CTHpOJIa O] ACHCTBHEM aMUHOB OCYILECTBIISICT-
sl MPEUMYIIIECTBEHHO M0 TpaBmiry Kpacyckoro mo cBszu
MEKIY aTOMOM KHCIOpOJa U MEHee 3aMEIICHHBIM YIJIe-
POZHBIM aTOMOM € 00pa30BaHMEM, KaK MPaBUIIO, CMECH
MEPBUYHOTO M BTOPUYHOTO aMHHOCITUPTOB. AHAIIOTHY-
HBIW pe3ynbTaT ObUT TOTYYEeH HAMH ITPU UCTIONB30BAHUH
N, N-nu3aMenieHHbIX dTHiIeHInaMuHoB 2—4 (cxema 1).

‘YeraHoBEHO, UTO pacKpbITHE OKUCH cTuposna N, N-u-
3aMEIICHHBIMH ITUICHIUAMUHAMHU 2—4 B COOTHOIICHHU
1 : 1.5 B U30IpONMWIOBOM CIMUpPTE IPU KOMHATHOH TeMIIe-
parype B TeUCHHE 8 4, B OCHOBHOM, TIOUHHSCTCS TIPABUITY
Kpacyckoro ¢ o0pazoBanueM MpeuMyILECTBEHHO 10 ~77—
82% 2-(2-(IMaNKuIaMHHO )3 THIIAMUHO)- 1 -(heHILIITAHOIOB
5A-TA. I3meHeHune npupo/ibl aIKUIbHBIX TPYII Y 3aMe-
IIEHHOTO aToMa a30Ta B N, N-IH3aMeIleHHBIX dTUICH/IN-
amunax B pany: NR, = N(C,H,),, NC.H  (nunepumuno),
NC,H,O (Mopdon1HO) IPaKTHIECKH HE BIHMSJIO Ha CO-
OTHOIIIEHHE N30MEPHBIX MTPOTYKTOB.

Panee OBUIO ycTAaHOBIIEHO, YTO pa3/eNieHHE IPO-
JQYKTOB peKTH(UKaIMel Nin NepeKpucTauin3anueii He
MIO3BOJISICT TIOYYUTh YHCTHIC H30MEPHIL.

[Toce okoHUaHUsI CHHTE3a U3 PEAKIIMOHHON CMECH Ha
POTOPHOM HCTIAPHUTEINE YN PACTBOPHTENTh M HEIpPO-
pearupoBaBIIME HCXOAHBIE BEIIeCTBa, MmoiaydnB 91-95%
cMmecu poaykToB (A + B) 2-(2-(auankuiaMiHO )3 THIIAMHA-
HO)- 1-hermimTanonoB SA—7A u 2-(2-(AMaTKUIaMIHO )TH-
JamuHo)-2-erun-1-sranonoB SB-7B. CoorHomierne A/B
onpezensu MerogoM 'H-SIMP-criektpockoruu Jiist CUrHa-
noe CHOH nponykra A u curnanos CH OH nponykra B
B CDCI, ¢ y4eToM KOIMYECTBA PE3OHMPYIOLIMX TIPOTOHOB
obmactu 3.5-4.7 M.

[Ipu mepexpucrammm3anuy MpoaykToB (6A + 6B)
u (7A + 7B) u3 netposneiiHoro 3¢hupa ObUTH MOJTYYCHBI
CMECH HCXOJHBIX U30MEpOB 0€3 M3MEHEHHs COOTHOIIIE-
Hus A/B.

B nanHoi#l pabGote Obu1 paspaboran crmocod pas-
JCJICHUS] M30MEpPOB Yepe3 MEePEeKPUCTAIUIH3ALUI0 JIH-
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OH
" N NR
o i-ProOH NN A 2
NR NR
+ H N2 O)\/ 2y N
8 h, 20-25°C
1 2-4 5A-TA 5B-7B
HCI / Dioxane
Et,0 oH
NR; = NEt, (2, 5A, 5B, 5AX2HCI, 5BX2HCI) OoH H NR
NZN 2
NCsH1o (3, 6A, 6B, 6AX2HCI, 6BX2HCI) NR, NN
* + H *
NC4HgO (4, 7A, 7B, TAX2HCI, 7BX2HCl) 2HCI 2HCI
(5A-TA)X2HCI (5B-7ByXx2HCI
Cxema 1

THAPOXJIOPHUIOB JTUAMHHOCIUPTOB U3 CMECH JITaHOIA
n anerona. [lepekpucrayummzanueil cMecel AUTHUAPOXIIO-
punoB (5A-7A)x2HCI + (5B-7B)x2HCI mnonyyanu
2-(2-(quanKuIaMUHO)ITUIAMHUHO)- | -penun-1-3TaHo-
1bl (SA—7A)*2HCI ¢ Beixogamu 39-45% (B pacuete Ha
coeaunenue 1).

U3 ¢umsrparoB (6A-7A)x2HCI + (6B-7B)x2HCI
OTTOHSJIA PACTBOPHUTEIIb, OCTATOK PACTBOPSUIM B BOJIE, TIPH
nofenadrBaHuy pactBopa NaOH ObLH OTydeHbI HCXOJI-
HbIE cMecH n30MepoB. M3 mosrydeHHOM cMecH n30MepoB
MoCJIe MEPEKPUCTAIUTH3AINN H3 CMECH PacTBOPUTENCH
MeTposIeHbIN 3up — sTunanerar (5 : 2) NoJy4uIu Y-
CThIC KPHUCTAIUIBI 2-(2-MHUMEePUAMHOITHIAMHHO)-2-(e-
HIITaHONMa 6B (BhIXOA 6%, B pacuere Ha coenuHeHue 1)
u 2-(2-mopdonuHOITHIIAMUHO)-2-peHmIdTanona 7B
(Beixoz 11%, B pacuere Ha coequHeHwue 1).

[NommenayrBanreM BOIHBIX PACTBOPOB IHTHIPOXIIO-
punos (SA—7A)x2HCI BogusM pactBopoM NaOH Obim
TOJTy4eHbI OCHOBaHHSI SA—7A ¢ Beixofamu 96-98%.

Crpoenrie TMaMUHOCTIMPTOB TOATBEPAKICHO JTaHHBIMU
HK-, 'H- u BC-SIMP-CIieKTpOCKOITHHI 1 MacC-CIIEKTPOMETPHH.

BriBoaBI

Ha ocHoBaHHMM MPOBEACHHOTO MCCIICAOBAHUS BbI-
OpaHBl ONTHMANBLHBIC YCIOBHSI TPOBEICHHUS CHHTE3a
cMecu u30MepoB  2-(2-(AuanmKUIIaMHHO)ITHIAMHU-
HO)-TaHOJOB, OCHOBAaHHOTO HAa PACKPBITHH OKUCH
cTupona u30bITKOM N, N-TU3aMeleHHBIX STHIICHINA-
MUHOB, TZI¢ alIKWI — IPOM3BOJHBIC aJTKaHOBOTO, ITHIIC-
PUINHOBOTO U MOP(OIHMHOBOTO Psifa.

[TomoOpansl yciioBUs U pa3paboTaH Crocod pas-
JICJICHUS] CMECH M30MEPOB Ha YUCTHIC U30MEPHBIC MPO-
IYKTHI IIyTeM TEPEBEICHUS UX B AUTHIPOXIOPHIBI 00-
pabotkoii cyxum HCI B cpene anokcana u AM3TUIIOBOTO
adupa ¢ mocieayroIIel TpoOHOM epeKpUCTAIUTH3AIUI
B CMEIIAHHBIX PACTBOPUTEINISX PA3TUUHON MOISPHU3YIO-
e crrocoOHOCTH.

3KCHepI/IMeHTa.T[I>HaH qacThb

PacTBOpuTenN OBUIM OYHMIIEHBI M BBICYIIECHBI CO-
macHo ctaHAapTHbIM Meronukam. s TCX ucnonb-
3oBanu Silufol UV-254 «Kavalier» (Uexus). Cucrema
anmroeHToB s TCX: aneron (A), stanon (b). derek-
[UIO TSITSH OCYIIECTBISUIH B ITapax noia. TeMieparypsl
TUTABJICHUSI OB ONPEJENICHBI NP TIOMOIIK MPpUOOpa
«Buchie MP-250» (IlIseiinapus). MK-cnekTpsl peru-
ctpupoBanu Ha npudope «BrukerVector 22» (CIHIA);
00pa3mbl TOTOBIWIIM B Ba3edMHOBOM Macie. CHEeKTpEI
SMP 3anucansl Ha cnekTpoMeTrpax «BrukerDPX-300»
(CIIA), nmpu COOTBETCTBYIOIIMX pPAabOYUX YACTOTAX
300.13 MT'1; (‘H); 75 MT1; (1*C). CrieKTpbl pericTpupo-
BaJTH B IMITYJIGCHOM PEKUME C HaKoTuIeHneM 1 Dypre-tipe-
obpasoBanuem criektpa B aekrepoxiopopopme CDCIL,,
nefirepoumernicybpokcune  DMSO-d,.  Buyrpennmii
cragapr — TMC. Macc-crieKkTpsl perucTpupoBaiu Me-
tonom HRMS-ESI, pacrBopurens MeOH, temmepa-
Typa cuctemsl Hamycka 20°C Ha Macc-CIIEKTpOMETpe
«LTQ OrbitrapXLTM» (CIIA). DneMeHTHBIA aHaIN3
npoBoauiu Ha npudope «kFLASH EA 1112y (Mranus).

Huruapoxnopua  2-(2-(IM3THIAMUHO)ITUIAMU-
HO)-1-¢penmmdTanona (SAx2HCI). K pactsopy 4 T
(0.0333 mouw) okwcH crpona (1) B 30 M1 H30MIPOIHIIOBOTO
cnupra jobaesuty 5.8 T (0.05 mMonb) N, N-IU3THITHIICH-
JamuHa (2). PeakImoHHy0 cMech TIepeMeIMBaIA § 9 MU
KOMHATHO# Temmeparype. [IpoTexanne XuMHUYecKol peak-
in koHTpormposai TCX (cuctema A). [Tocne aToro u3
PEaKIMOHHOW CMECH Ha POTOPHOM UCIIAPUTENC YIas-
JU PacTBOPHUTENH M HEMPOPEarHpOBABIINE HCXOTHBIC
BemectBa. [lomyuyeno 7.43 r (94.5%) cmecu mponyk-
TOB 2-(2-(AM3THIAMHUHO )3 THIIAMUHO)- | -(peHIIITaHOIa
(5A) u 2-(2-(AMATUIAMHUHO)ITHIAMHUHO)-2-peHnnITa-
Houa (5B) B cootHomenuu SA : 5B = 80 : 20. Cmech
npoaykroB SA u 5B pactBopunu B 100 M ausTmiIo-
BOro 3upa u 00pabOTaIM HACHIIICHHBIM PAacTBOPOM
HCl/nuokcan no 3uadenus pH 2. BemmaBmuii ocanok
OTHUIBTPOBATH W TPOMBUIN IHUITHUIOBBIM 3PHPOM
(3%x30 mm), 3areM NEepeKpUCTAUIN30BAIUd M3 CMECH
stanona u anerona (3 : 5). [loxyummu 4.42 r (43%, B
pacuere Ha coequHenue 1) murunpoxnopuaa 2-(2-(au-
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STWJIAMHHO )3THIAMUHO)- 1 -pernmaTanona (SAx2HCI).
T, 181—183°C. R, 0.22 (b). Haiineno, %: C 54.27; H
8.50; N 9.05. C14H26N20C1 Beraucneno, %: C 54.37;
H 8.47; N 9.06. UK-cnextp (v, cm™): 3387 (v,,), 2695
2416 (v,,,). Cuexrp SIMP 'H (3, m.1., I[MCO—dﬁ): 11.23
(c, 1H, HN"), 10.08 (c, 1H, HN"), 9.34 (c, 1H, HN"),
7.40-7.28 (M, 5H, Ph), 6.26 (¢, 1H, OH), 5.06 (ax,
3J=22,°J=10.0 I'u, 1H, CH), 3.49 (M, 4H, 2CH.N),
3.17-3.02 (m, 6H, 3CH,N), 1.26 (t, °J = 6.6 I'i, 6H,
2CH,). Cnextp SAIMP "C (5, m.x., AIMCO-d,): 141.61
(C, Ph), 128.38 (2C,, Ph), 127.79 (C_, Ph), 125.87
(2C,, Ph), 68.12 (CH), 53.60 (CH,N), 46.80 (2CH,N,
N(C,H,),), 45.65 (CH,N), 40.76 (CH,N), 8.48 (2CH,).
Macc-cniekrp, m/z: Beraucneno aus [C ,H, N,O + HJ*
237.1967, naiineno 237.1958.

2-(2-(Amd>THnamMmuHo)ITHIaMUHO)-1-PeHnadTa-
HOJ (5A). Jlns momyuyeHust OCHOBaHHUSI SA K pacTBopy
4.0 v (0.013 monp) auruapoxiopuga 2-(2-AUITUIAMHU-
HO)3THUJIaMHHO)- | -pennmatanona (SAx2HCI) B 15 ma
H,O npunusanu 20% pactsop NaOH 1o snauenus pH
12. IIpomykT sKcTparupoBanmu nuxiopmeranoM (3x20
MJ), 3aT€M OPraHM4ecKOW CJIOW MPOMBUIM HACHILIEH-
HBIM BogHBIM pacTBopoM NaCl (3x15 mir) u BeICYIITHITH
6esBonnbiM Na,SO,. Ilocne ynaneHus pacTBOPUTENs
nomyarin 2.96 1 2-(2-( I3 THITaMIHO )3 THIIAMHHO)- 1 -(he-
HuIATaHona (SA) B BUIE eNTo-0e10ro Macia, KoTopoe
BIIOCJIEJICTBUH 3aKPUCTAJUTM30BaIoch. Bwixonm 97%.
Tn. 54-56°C. R, 0.27 (B). Haiineno, %: C 70.94; H
10.42; N 11.80. C14H24NZO Brrancneno, %: C 71.14; H
10.23; N 11.85. UK-cnextp (v, em™'): 3294-3062 (v, 1
V) Cnekrp AMP 'H (3, m.a., CDCL,): 7.40-7.31 (m,
4H, Ph), 7.29-7.23 (m, 1H, Ph), 4.72 (an, 3J = 3.5, 3J
=9.2I'n, 1H, CH), 3.12 (¢, mmpoxuii, 2H, NH + OH),
2.88 (an, °J = 3.5,%] = 12.3 I'u, 1H, H, B CHCH,),
2.80-2.65 (m, 3H, CH N + H, B CHCH,), 2.55 (™, 6H,
3CH,N), 1.02 (1, *J = 7.2 ', 6H, 2CH,). Cniexrp SIMP
PC (8, m.a., CDCL,): 142.59 (C, Ph), 127.80 (2C_, Ph),
126.81 (C, Ph), 125.37 (2C_, Ph), 71.27 (CH), 56.92
(CH,N), 52.24 (CH)N), 46.47 (2CH,N, N(CH,),),
46.11 (CHN), 11.11 (2CH,).

Jduruapoxaopux  2-(2-nunepuaMHOITHIAMH-
Ho)-1-¢penmmTanona (6Ax2HCI) momyumnu anano-
ruyHo coeauHeHnto SAX2HCI wu3 3.6 v (0.03 momb)
okucu ctupona (1) u 5.8 r (0.045 monp) 2-nunepuinHO-
stminamuHa (3). [oxyyeno 6.9 r (93%) cmecu npoayk-
TOB  2-(2-NMHUMEepUAMHOITUIIAMHHO )- | -(heHUIIITaHoIIa
(6A) 1 2-(2-TUNepUINHOITUIIAMUHO)-2-(hEeHUIITAHOIA
(6B) B coorHomenuu 6A : 6B =77 : 23. Cmech npoayk-
TOB 6A 1 6B pactBopunu B 100 M1 AMATHIIOBOTO 3dHpa
1 00paboTtanu HachkleHHbIM pacTBopoM HCl/mnokcan
no 3HadeHus pH 2. BrimaBmmii ocagok oThunsTpoBa-
JIY, TPOMBUTH JHUATHWIOBBIM 3dupoM (3x30 M) U me-
PEKPUCTAIM30BAIM U3 CMECH 3TaHOJIA U areToHa (3 :
5). Honyuunu 3.8 r (39%, B pacuere Ha coequHeHue 1)
quruapoxyopuaa 2-(2-munepuInHOITHIAMHIHO)-1-de-

14724

ammTanona (6AX2HCI). T, 171-173°C. R, 0.45 (b).
Haiineno, %: C 55.92; H 7.90; N 8.91. C15H26N20C1

Borunciieno, %: C 56.07; H 8.16; N 8.72. UK-cnektp
(v, em™): 3391 (v,,,), 26582414 (v,,,). Cnextp SIMP
'H (8, m.x1., AMCO-d,): 10.90 (c, 1H, HN"), 9.91 (c, 1H,
HN"), 9.31 (c, 1H, HN"), 7.42-7.30 (M, 5H, Ph), 6.26
(c, 1H, OH), 5.05 (nm, °J=2.2,3J=10.5 T'u, 1H, CH),
3.48 (m, 6H, 2CH N +2H_8NCH, ), 3.22-2.96 (M, 4H,
CHN +2H B NCH, ), 1.81-1.42 (m, 6H, 4H, +2H,,
NC.H, ). Cnextp AMP "C (8, m.1., IMCO-d,): 141.64
(C, Ph), 128.36 (2C_, Ph), 127.79 (€, Ph), 125.89 (2C,,
Ph), 68.14 (CH), 53.50 (CH,N), 52 44 (2C, NC,H 10)
51.55 (CH)N), 40.95 (CH\,N), 22.28 (2C;, NCH,),
21.11 (C NC.H, ). Macc-cnexrp, m/z: BLI'{I/ICJ'ICHO JUIst
[C.H NO + H]* 237.1967, maiineno 237.1958.

1577247 "2

2-(2-ITunepuanHOITHIAMUHO)-1-PeHUIITAaHOI
(6A) momyueH aHajormyHO coenuHeHnio SA u3 3.0 r
(0.0093 Mo1b) mUruApoXJIOpUAa 2~(2-MUNEPUANHOITUIIAMHU-
HO)-1-permmdTanona (6 AX2HCI). Beixon 2.27 1 (98%).
T.. 59-60°C. R 0.33 (b). Haiineno, %: C 72.43; H
9.88; N 11.45. C15H24N20 Brrancneno, %: C 72.54; H
9.74; N 11.28. UK-cnektp (v, em™'): 3308-3060 (v, 1
). Cnexrp SAMP 'H (3, m.1., CDCL,): 7.40-7.32 (m,
4H, Ph), 7.29-7.23 (m, 1H, Ph), 4.70 (ax, 3J =3.5,3%J
=9.2T'u, 1H, CH), 3.11 (¢, mmpoxuii, 2H, NH + OH),
291 (an, °J = 3.5, %/ = 12.5 I'u, 1H, H, B CHCH,),
2.78 (m, 3H, CH,N + H, B CHCH,), 2.51-2.38 (m, 6H,
3CH,N), 1.59 (M 4H, H NCH, ), 1.44 (m, 2H, H,
NCH,)). Cnexrp SIMP 13C (6, m.1., CDCL,): 141.98 (C
Ph), 127 19 (2C_, Ph), 126.18 (C,, Ph), 124.77 (2C,
Ph), 70.75 (CH), 57.61 (CH,N), 56.20 (CH,N), 53.58
(2C,, NCH,), 44.75 (CH)N), 24.73 (2C;, NCH, ),
23.27(C,NCH,).

2-(2-IIunepuANHOITHIAMHUHO)-2-(PeHNIITAHOI
(6B). 113 marouHOro pacTBOpa, MOIY4YEHHOIO IIOCIE BbI-
nenenust npoaykra 6Ax2HCI, ymamuimm pacTBOpHTENb,
OCTaToK pacTBOpwId B Boze (50 M) U K pacTBOpy NpH-
muBamu 20% pactBop NaOH no 3nauenust pH 12. Dke-
TParupoBalIn OPraHMUYECKYIO YacTh U3 BOJHOTO PacTBO-
pa auxiopmeraHoM (3%30 wmur), 3aTeM OpraHWYeCKHUA
CJIIOH TPOMBUIM HACHIIICHHBIM BOJHBIM PacTBOPOM
NaCl (3x15 mn) u Beicymmmm 6e3soaubM Na,SO,. Pac-
TBOPUTENb YMNapWIH, OCTaTOK MEPEKPHCTATIIN30BAIN
M3 CMECH 3THJAIeTara u nerposerHoro agupa (2 : 5),
nonyunan 0.45 r 2-(2-nmunepuanHOATUIAMUHO)-2-(e-
HuidTa"ona (6B) (6%, B pacuere Ha coeauHeHue 1).
Taon. 117-118°C. R, 0.22 (B). Haiineno, %: C 72.62; H
9.65; N 11.48. C15H24N20 Boruucneno, %: C 72.54; H
9.74; N 11.28. UK-cnektp (v, cm™): 3267-3064 (v, 1
V). Crexrp SAMP 'H (8, m.1., CDCL,): 7.37-7.24 (m,
5H, Ph), 3.76 (nm, 3J =4.2,3J= 8.7 T'u, 1H, CH), 3.69
(an,*J=4.2,%J=10.5Tu, 1H, H, 8 CHCH,), 3.55 (11,
%J =8.7,%J=10.5Tn, 1H, H, B CHCH,), 2.75-2.45
(M mwupokui, 10H, NH + OH + 4CH,N), 1.57 (m, 4H,

» NCH, ), 1.43 (v, 2H, H, NCH, ). Crekrp SIMP

57710

60 Toukwre xumndeckue texHosorun / Fine Chemical Technologies 2017 Tom 12 No 1



O.K. Xoanr, E.fSI. BopucoBa, H.IO. BopucoBa, A.B. KpsiaoB, H.A. lanuakuH, A.I'. CaMmOoxuH

PC (6, m.a., CDCL,): 140.19 (C, Ph), 127.38 (2C_, Ph),
126.28 (Cp, Ph), 126.06 (2C_, Ph), 65.65 (CH,OH),
63.51 (CH), 57.42 (CH,N), 53.40 (2C_, NC,H, ), 42.74
(CH,N), 24.73 (ZCB, NCH,), 23.30 (Cy, NCH, ).
Macc-cnektp, m/z: Beraucieno s [C H, N O + HJ*

1577247 2
249.1967, natineno 249.1951.

Jduruapoxaopun 2-(2-mop¢oaMHOITUIAMHU-
Ho)-1-penmmTanona (7AX2HCI). [Tonyuen ananoruy-
Ho coenmnenno SAX2HCI u3 4.8 r(0.04 Monb) okucH cTu-
pona (1) u 7.8 r (0.06 Monp) 2-MopdonunosTUnamua (4).
[Momygeno 9.1 1 (91%) cmecu mpoayKToB 2-(2-MOpQoIHHO-
STUJIAMUHO)- 1 -penunmatanona (7A) u 2-(2-MophoarHodTH-
naMuHO)-2-penmnTanona (7B) B cootHomennn 7A : 7B =
82 : 18. Cmech nponyktoB 7A u 7B pactopriu B 130 mn
JWATITIOBOTO dupa 1 00padoTai HACHIIICHHBIM PAaCcTBO-
pom HCl/mrokcan 110 3Hauenust pH 2. Boimasimii ocanok
OT(UIBTPOBAIN, TPOMBUTH AMATHIOBEIM ddpupom (3%30
MJI) U TIEPEKPUCTAIUTU30BAIN M3 CMECH 3TaHOJIA U alleTOHA
(2 :5). Iomyuwnnu 5.8 r (45%, B pacuere Ha coenuHeHuE 1)
quruapoxsopuna  2-(2-MoppoIMHOITHIAMIHO)- 1 -(heHI-
tanona (7Ax2HCI). T 200-202°C. R 0.5 (b). Haiizne-
Ho, %: C 51.90; H 7.51; N 8.64. C ,H, N,O,Cl,. BeI-
qucieno, %: C 52.02; H 7.48; N 8.67. UK-cnektp (v,
em'): 3242 (v,), 2728-2405 (v,,,)- Cnexrp SIMP 'H
(6, m.x., IMCO-d)): 11.67 (c, 1H, HN"), 9.53 (c, 1H,
HN"), 9.35 (¢, 1H, HN"), 7.42-7.27 (m, 5H, Ph), 6.23
(c, 1H, OH), 5.06 (mm, °J =2.1,%) =10.2 I'u, 1H, CH),
3.94 (m, 4H, 2CH,0, NC H,0), 3.56 (M, 6H, 3CH,N),
3.23-3.02 (m, 4H, 2CH\N). Cnexrp SIMP "C (3, m.1.,
HAMCO-d,): 141.62 (C, Ph), 128.36 (2C_, Ph), 127.78
(Cp, Ph), 125.88 (2C , Ph), 68.11 (CH), 63.15 (2CH,0,
NC,H;0), 53.46 (CH,N), 51.42 (CH,N), 51.37 (2CH,N,
NC,H,0), 40.53 (CH,N). Macc-cnexrp, m/z: BbMUCIIe-
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wo mist [C, H, N.O, + H]" 251.1760, maiinerno 251.1751.

1477227 272

2-(2-MopdonauHodTHIAMUHO)-1-peHUIITaHOI
(7A). Tlomyyen ananorudHo coenuHeHuio SA u3 323 r
(0.01 momb) muruapoxsopuaa 2-(2-MophOIUHOITUIAMU-
HO)-1-permmranona (7AX2HCI). Boxox 2.4 1 (96%).
T 58.5-59.5°C. R/.0.25 (b). Haiineno, %: C 67.32; H
8.50; N 11.21. C, ,H,,N,O,. Beruucneno, %: C 67.17; H
8.86; N 11.19. MK-cnektp (v, em™): 3306-3077 (v, 1
V) Cnexrp SIMP 'H (3, m.1., CDCL,): 7.40-7.31 (m,
4H, Ph), 7.29-7.24 (m, 1H, Ph), 4.72 (ax, 3J = 3.6, 3]
= 9.0 I'u, 1H, CH), 3.66 (1, °J = 4.7 I'u, 4H, 2CH,0,
NC,H,0), 3.09 (¢, mmupoxkwuii, 2H, NH + OH), 2.86 (ux,
*J=3.6,"J=12.3Tu, 1H,H, B CHCH,), 2.82-2.68 (M,
3H, CH,N + H, 8 CHCH,), 2.53-2.36 (m, 6H, 3CH,N).
Cnekrp SIMP "C (3, m.x., CDCl,): 142.46 (C, Ph),
127.84 (2C , Ph), 12691 (C, Ph), 125.35 (2C, Ph),
71.48 (CH), 66.41 (2CH,0, NC,H,0), 57.70 (CH,N),
56.72 (CH,N), 53.14 (2CH,N, NC,H,0), 45.05 (CH,N).

2-(2-MopdoaunodTHIaMIHO)-2-(peHnITanoa (7B)
TOJTy4eH aHaJIornyHo coenmHenuto 6B. Bexon 1.1 1 (11%,
B pacuere Ha coenuneHue 1). T 107-108°C. R/, 0.49 (b).
Haiineno, %: C 67.20; H 8.72; N 11.15. C ,H,.N.O,. BbI-
yucieHo, %: C 67.17; H 8.86; N 11.19. UK-cnekrp (v,
em'): 3264-3075 (v, u v,). Cnexrp SIMP 'H (5, M.z,
CDCL,): 7.38-7.25 (m, SH, Ph), 3.77-3.67 (m, 6H, 2CH,O
B NC,HO + CH + H, 8 CHCH,), 3.61 (11, °J = 8.6, °J =
10.2 T'u, 1H, H, B CHCH,), 2.72-2.415 (M, mmpoxuid, 6H,
NH + OH + 2CH,N), 2.37 (m, 4H, 2CH\N). Cniexrp SIMP
BC (8, m.a., CDCL): 140.55 (C, Ph), 128.08 (2C_, Ph),
127.08 (C,, Ph), 126.62 (2C , Ph), 66.45 (2CH,O, NC H,0),
66.20 (CH,OH), 64.14 (CH), 57.67 (CH,N), 53.03 (2CH,N,
NC,H,0), 42.88 (CH,N). Macc-crieKtp, /m/z: BBIMHCIIEHO
s [C H N O, + HJ" 251.1760, Haiineno 251.1777.

1477237 272
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B cmamwe npedcmaenieHsl pe3ysibmamul pabomel, seasiiouielicst 00HUM U3 amanos paspabomru
MEeMOOUKU KOAUUECMBEHHO020 OnpedesileHUsl XOPUOHUUECK020 20HadomponuHa uenogexka (XI'd) me-
MOo0OM C8EPXBBLCOKONPOU3BO0UMENBHOU 8bLCOK0IPPEeKmUBHOU IKUOKOCMHOU Xpomamozpadpuu
8 couemaHuu ¢ maHoemHol macc-cnekmpomempueti (CBOXKX-MC/MC) ons evisienerus cryuaes
e20 3noynompebneHus 8 kauecmae 0onuHaa cnopmemeHamu. B xo0e pabomsl udeHmugpuyuposa-
HbL mpunmuueckue nenmuosl, coomgemcmayrowue Hauboiee pacnpocmpaHeHHbIM U30hopMaMm
XI'd: a- u B-cybveduHuyuam, paculenieHHoMy U Kopogomy gppaemermy B-cybveouHuybl 20pMo-
Ha. HoeHmugpurkayust u cekgeHUuposaHue cneyuguueckux GgpazmeHmos 8blnoaHeHbl MemoooMm
HaHOBO2KX @ couemaHuu ¢ macc-cnekmpomempuetl 8blCOK020 pas3peuleHust ¢ UCNONAb308AHUEM
8bLCOKOMOUHO020 U UYBCMBUMENBHO20 MACC-CneKkmpomempa 2ubpudHozo muna. IIposedera on-
MUMU3AYUUSL MACC-CNEKMPOMEMPUUECKO20 ONpedesieHUsl BbIOPAHHBLX cneyuguueckux nenmuoos
memoodom CBIKX-MC/MC. KonuuecmeeHHoe onpedeneHue X' no chneyuguueckum ppazmeH-
mam memoodom CBIOKX-MC/MC noszgossiem 00HO3HAUHO 0emeKmuposames coomeememayrouiue
U30GhOPMbL, UMO 3HAUUMENLHO NO8bLLUAEM CNeYUPUUHOCTIL MEMOOa U CHUXKAem 8eposimHOCmb
NONYUEHUSL JIOIKHONOSIO2KUMENIbHO20 pe3ysbmamd.

Knroueeste cnoea: xopuoHuueckuii 2conHadomponuH, XI'4, uzogopmvl, mpuncuHoiu3, ceepxnpousso-
oumenvHasi BOXKX, macc-cnekmpomempust, AHMUOONUH208bLll KOHMPOJlb.
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The article presents the results of the first stage of development of a new quantitative method
for human chorionic gonadotropin (hCG) determination by means of ultra-high performance liquid
chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) to uncover doping abuse
by athletes. The identified tryptic peptides correspond to the most abundant hCG isoforms: the
a- and S3-subunits, the nicked and f3-core fragment of the hormone. Identification and sequencing
of specific fragments were performed with the use of nanoLC-MS/MS. A high resolution /
high accuracy hybrid mass-spectrometer was applied. Optimization of mass-spectrometric
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determination of selected specific peptides was accomplished by UPLC-MS/MS. Quantitative
evaluation of hCG using specific fragments determination by UPLC-MS/MS allows to detect
corresponding hCG isoforms. This significantly increases the method specificity and decreases

the probability of false-positive results.

Keywords: human chorionic gonadotropin, hCG, isoforms, trypsinolysis, ultra-HPLC, mass-

spectrometry, anti-doping control.

BBenenue

B mnocnennee Bpemsi Bo3pacTaeT MHTEpEC K pas-
JUYHBIM COCJMHEHUSM MENTHIHOW MPUPOABI C MOTEH-
IMUATBHBIM JIOTIMHTOBBIM 3((eKkToM, 00IanarommM 1o
CPaBHEGHHUIO C HHU3KOMOJICKYJISPHBIMU JIOTTMHTOBBIMHU
CYOCTaHIUSIMH PSIOM HPEHMYIIECTB, CPEIH KOTOPBIX
ObICTpast Ierpaganus UCXOTHBIX COCMHEHUN B OpraHu3-
Me YeJoBeKa. JTO JeNlaeT UX 0COOCHHO MPUBIICKATEIb-
HBIMH JUIs1 HCTIONB30BaHMS CIIOPTCMEHaMHU. B yacTHOCTH,
C BBeJEHMEM HOBOro kiacca «llentuaHble TOPMOHBI U
aHAJIOTK» B KayeCTBE JOMUHIOBBIX areHTOB, MexTyHa-
poanbiit Onumruiickuii komuretT (MOK) oOparun BHH-
MaHHE Ha OIUH U3 CTUMYJISITOPOB SHAOTCHHON CEKpenu
TOPMOHOB — XOPHMOHMYECKUH T'OHAJOTPOIIMH 4YeJIOBEKa
(XTY) [1]. XT'Y ciocoOCTBYET CEKpelru TECTOCTEPOHa,
SIBISTIOIIETOCS] OJJHUM U3 HamOOJIee TOIYJISIPHBIX JTOTHH-
TOBBIX areHTOB CPEIH aTIETOB, 3JI0yNOTPEONeHUEe KOTO-
PBIM BBIABIISIETCSI C HCIIOJIB30BAaHHEM BBICOKOYYBCTBH-
TEIBHBIX METOJIOB Ta30BOI XpOMaTorpauu B COUCTaHUN
¢ TargeMHon macc-criekrpomerpuerd (I'’X-MC/MC) umu
M30TOITHOM Macc-crieKTpoMeTpuu [2—4].

XI'Y Bmecte ¢ runoduszapHbIMU (HOJUTUKYICTHMY-
mapyromum (OCIY) u morennusupyrommm (JIIN) rop-
MOHAaMHU MPHUHAUIEKAT K CEMEHCTBY T'OHAJOTPOIHBIX
TOPMOHOB (TOHAIOTPOIMHOB), MPEICTABIAIONUX COOOH
MIOJIKJIACC TPOITHBIX TOPMOHOB. B TO k€ Bpemsi, ronano-
TPOIUHBI C THIMO(PHU3APHBIM THPEOTPOITHBIM TOPMOHOM
(TTT) m HExaBHO OTKPBITHIM TUPEOCTUMYIMHOM 00pa-
3YIOT CEMEHCTBO TIUKONPOTEeMHOBBIX TopMoHoB (I'TII).
Bce unensl aToro cemeiictsa o cBoeil CTpykrype siBiis-
I0TCSI TETEPOMMEPAMH U COCTOSIT U3 IIIMKO3MINPOBAH-
HBIX a-cyobeuHuIs! (ol TII) u f-cyobequannsl (STTI),
HEKOBAJICHTHO CBS3aHHBIX MEX 1y c000il. a-CyOoneaunu-
11a WACHTUYHA U1 BCEX I'OHAJIOTPOIIMHOB, B TO BpeMs
KaK XMMHYECKHE CTPYKTYpbI [-CyOBEIUMHMI[ KaXKJOTO
13 TOHAJIOTPOIIMHOB yHMKalbHBL. XI'U cuHTe3upyercs
B OOJBIINX KOHIEHTPALUSIX Y XKCHIIMH MpU OepeMeH-
HOCTH KJIETKaMHU IUIALEHTBI, B MaJIbIX KOHLIEHTPALHUAX
— TUno(H30M U PAIOM JIPYTHX TKaHEH MPH Pa3IndHbIX
onyxoiix. bombmas 4acte nmpkynupytomero XI'4
MOJIBEpraeTcss MeTaboINYeCcKol Jerpaganuu ¢ o0paso-
BaHHEM HECKOJIBKUX Pa3IUIHBIX M30(hOpM: CBOOOTHOI
f-cyopenununpl (SXIH), kak MUHEMYM JIBYX n30(opm
pacIIeIUIeHHBIX [-CYOBEIIMHUI] U KOPOBOTO (pparMeHTa
SXTU (kppXI'Y). IlpucyrcTBHE ONpENEICHHBIX H30-
(hopM B opraHU3Me UEIOBEKa HCIONB3YETCs B KAYeCTBE
MapKepa IpH JUarHOCTHUKE PAKOBBIX 3abosieBaHuii [ 5, 6].

B nacrosee Bpems npumenenue XI' criopreme-
HAMH MY’KCKOTO TIOJIa CTPOTO PETYNHPYeTCs] KIaccoM
S2 «IlentuaHble TOPMOHBL, (AKTOPBI POCTA, MOJOOHBIE
UM CyOCTaHIIMM M MHUMETHKM» 3alpeIIieHHOTO CIHCKa
BAJIA [7]. CornacuHo pexomengauusam BAJIA, antuno-
MTUHTOBBIC JTAOOPATOPUH JOJDKHEI BEBITIONHATH MEPBUY-
HBI CKPUHUHTOBBIN TECT UMMYHO(DEPMEHTHBIMU METO-
namu aHanu3a (MDA) ¢ ucrmob30BaHHEM KOMMEPUYECKH
JOCTYIHBIX HA0OPOB, OLIEHUBAIOLIUX COJCPKAaHHE HH-
taktHoro XI'Y (u-XI'Y) B Oumompodax CIOpPTCMEHOB.
IIpoOsr Moun ¢ koHueHtpanueit u-XI'l 6onee 5 ME/n
CUHUTAIOTCS TTOJOKUTEIHHBIMHI U JTOJDKHEI OBITH TIpOaHa-
JIU3UPOBAHbI MOATBEPKIAIOUIMM METOJIOM, OLIEHUBAIO-
MM KOHIICHTPAIIAIO TOJIBKO HHTAKTHOH M30(opMmsr [8].
OpHako, B 3aBHCUMOCTH OT HCIOJb3YEMBIX aHTHUTEI,
meronsl UDA He Bcerma o0J1agaroT JOCTAaTOYHOU CelIeK-
TUBHOCTBIO H3-32 KPOCC-PEAKTUBHOCTU C MPOAYKTAMU
nperpaganuu u-XI'Y, 4To0 MOXKET NPUBOJUTH K yBEIUYE-
HUIO BEPOATHOCTU BBIHECEHHS! JIOKHOIOJIIOKUTEILHOTO
pesynbrara [3]. OqHuUM U3 aabTepHATHBHBIX TOAXOOB,
XapaKTepU3YIOIIUXCS BHICOKOW CEJIEKTUBHOCTBIO U UyB-
CTBHUTEIIFHOCTBIO, SIBISIETCS] METO BRICOKOA((PEKTUBHOI
KHUJKOCTHOHM XpoMmaTorpauu B CO4eTaHUU C Macc-CIIeK-
TPOMETPHUEN.

B nacrosmeil pabote mpencTaBieHbl Pe3yJIbTaThI
WCCIICIOBAHWH, SBIISIONINXCS OIHUM H3 ATAIllOB pa3pa-
OOTKM METOIMKH KOIMYeCcTBEHHOro ompenenenus XIU
B 00pa3nax MOYM CIIOPTCMEHOB METOJIOM CBEPXBBICOKO-
MIPOU3BOJIUTENLHON BBICOKOA(P(PEKTUBHON >KUIAKOCTHON
XpoMmarorpaun B COYETAaHUU C TAHAEMHOH Macc-CIIeK-
tpomerpueit (CB2XX-MC/MC). BBuay wuieHTHYHO-
CTH 0-CyOBEIMHUI] TOHAJIOTPOIIIHOB M OOINBIIOTO pas-
HOOOpasus uzopopm XI'Y, B OCHOBE METOAUKH JIEKUT
npuHIMN noaxoaa «Bottom-Upy», mpu KOTOpoM Hpous-
BOJUTCS KOJIMUECTBEHHOE OMpe/iesIeHHe crierupuaecko-
TO MEeNTHAA aHAIH3UPYEMOTO COCTMHEHHS, TTOTyYeHHO-
ro B IIpoliecce MPOTEOIMTUYECKOrO ruaponn3a. Beibop
ONITIMAJBHOTO CIEIM()UIECKOTO MEeNTHAa M TpUMEHe-
HHUE METO/IOB TAHIEMHON Macc-CIEKTPOMETPUH I103BO-
JISIT 3HAYUTENHHO YBEIHYIHUTE CIICIIM(DUIHOCTD AETEKITHN
Y CHU3HUTH BEPOATHOCTD MOIYUCHUS JIOKHOTIOIOKUTENb-
HOTO pe3yIbTarTa.

3KCHepI/IMeHTaIﬂ>HaH qacTb

MarepuaJsbl
B kauecTBe CcTaHJAapTOB HCIOJIB30BAIU MEXKIY-
HapoOJIHBbIC OATaJlOHHBIC Tpenapathl u3odopm XI'Y,
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npuobpereHnbie 'y HarmumonaneHoro WHcTHTYTa OHO-
JIOTMYECKUX CTaHAapToB U KoHTpoeit (NIBSC, Benuko-
Opuranwust) (Tadum. 1).

Tadnnua 1. KatanoxHbsle HOMepa COeIUHEHUI,
HCIIONB3YEeMBbIX B UccienoBannu nzodopm XI'

Cranpapt Karanoxusiii Homep NIBSC

u-XT'Y 99/688
kGSXTY 99/708
o-Cyobenuanna X' 99/720
p-Cyosenunnma X' 99/650
p-Cyosenunnna XI'Y pacie- 99/692
TUICHHAS

Pacmerennsiii X' 99/642

Bce pacTBOpbI TOTOBUIIM C HCHOJB30BAHUEM Jie-
MOHU3UPOBAHHON BOJBI, C YIENHEHBIM CONPOTUBICHHEM
18.2 MOwm/cM, TIPUTOTOBJIEHHOW C MOMOIIBIO CHCTEMBI
BomorrororoBk Milli-Q Integral-5 (Millipore, ®pan-
must). L-JlutnorpenTosn, ObIYMii CHIBOPOTOUHBIN alib-
OymuH ObuTH TIpenoctaBieHbl Sigma-Aldrich (CILHA),
ruapokapoonar ammoHusi — AppliChem (I'epmanus),
ronameramua — Acros Organic (CHIA), ¢ocdarHO-CcO-
neBoi Oydep — Amresco (Kanana), TpUncuH MpUTro-
HOH N1 CEKBEHUPOBAHUS CTENIEHU YHUCTOTHI — Promega
(CHIA). IMoaBwxkHbIe (a3sl A XpoMaTorpaduyecKoro
pasneneHus TOTOBWIM C HWCIIONB30BaHHEM BOIBI (up-
™Mbl Biosolve (@paHuus), aneToOHUTpUIA U METaHOIA —
Merck (I'epmanust), Bce pacTBOPUTETH MAPKH ISl XPO-
Mmarorpapumn». MypaBbuHas KHCIOTa ¢ YUCTOTON >98%
npenocrasieHa Fluka (LlBetiniapus), TpudTopykcycHas
KucioTa ¢ yucrtoroi 99.5% — Acros Organic (CLLA).

MeToant

Ilpuzomoenenue pacmeopos cmanoapmos

HaBecku cTaHmapToB pacTBOpsUIN B (ocharHO-CO-
neBoM OyhepHOM pacTBope, conepkamieM 1% OblYbero
CBIBOPOTOYHOTO aNbOyMHHA, JIO KOHCYHOH KOHIICHTpa-
uu 2 ME/Mk, anukBoTHpoBain U Xpanuiu npu -80°C.

Ilonyuenue mpunmuyeckux ¢pazmenmos u3o-
dopm XI'd

K anukBoTaMm KOHLIEHTPUPOBAHHBIX PACTBOPOB, CO-
nepxkamux 100 ME kaxnoi u3 uzodopm XI'Y, nobas-
nsumm 1o 100 mxut 0.1 M GydepHOro pacTBopa rHapoKap-
O6onara ammonus (pH 7.4), TiaTensHO MepeMenuBaIy.
JucynbhuaHeie CBSI3M BOCCTaHABINBAIN T00aBICHHEM
5 mMxn 1 M pactBopa L-putuorpeurona ¢ nocienyro-
niei nHakyOanmed B Teuenue 1 1 npu 37°C W mocTosH-
HoM BeTpsixuBaHuu (600 006./MuH). CynbhrugpuisHbe
TPYIIIBI AJKITHPOBATH T00aBICHHEM HoqaneTaMuaa 10
KOHEYHOM KOoHILeHTpauuu pearenra 20 MM ¢ nocienyo-
el MHKyOaIel mpu KOMHATHOM TeMIiepaType B TEMHO-
Te B TeueHre 30 MuH. TPUIICUHOIN3 OCYIIECTBIISIIN B Te-
YeHUE HOUHU NP J0OaBICHUH | MKT TPUIICHHA B Ka)KIBIH

obpazern. [Ipomecc MPOTCOTUTHIECKOTO paCHICTIICHHUS
TEPMUHUPOBAIIN JJOOABIEHUEM MYPaBbHHOM KUCIIOTHI 10
KOHEYHOH KOHLEeHTpauuu B pactBope 1%. [TosyuenHbie
o6pasupl neHtpudyruposanu npu 14000 00./MuUH U
AQHATM3UPOBAIH XPOMATO-MAaCC-CIIEKTPOMETPHUIECKHU-
MU METOJIaMH.

Ilpogeoenue ananuza c nomouivio nano-BIKX
6 COuemanHuu ¢ Macc-cneKmpomempueil 6b1CoK020
paspewenusn (nanoBIKX-MCBP)

Jns  upeHTHUKAIMK TPUNTHYSCKHX (PparMeHToB
MPUMEHSUTA HAHOTIOTOKOBBIH Xpomarorpad momermm Dionex
Ultimate 3000 LS Nano u Macc-CHEKTpOMETpP BBICOKO-
ro paspemenus ruOpuaHoro trma Q Exactive ¢ monHOM
JIOBYILLKOW M BO3MOXHOCTBIO 3(h(heKTHBHOIO BBIOOpa MO-
HOB-TIpeKypcopoB ¢upmel Thermo Scientific, I'epmanms.
KonuentpupoBanue HaHOCHMMOIo oOpasla MpOBOIWIN
Ha nipeakononke Acclaim Pep Map 100 (75 MxMm x 2 cm,
pasmep wactur 3 MkM, Thermo Finnigan, I'epmanus).
Xpomarorpadudeckoe paseiieHHe KOMIOHEHTOB OCY-
LIECTBISUIA C MCIOJIb30BAHUEM aHATUTHYECKOM KOJIOH-
ku Zorbax 300 SB-C18 (75 mxm X 150 mm, pa3zmep ya-
crunl 3.5 MM, Agilent, CIIIA). 3arpy3ounsrii OydepHbIit
pacTBop BOIA/allcTOHUTPHI/MYpPaBbUHAsL KUCIOTa/TPUQ-
TopykcycHast kucnora 98/2/0.1/0.08 (00./06./06./06.) wuc-
TIOJTE30BAJIH B KAUECTBE HTIOCHTA 3arPy309HOTO HACOCA [T
HaHeceHHs1 00pa3lia Ha KOHLEHTPUPYIOILYIO MPEIKOIOHKY.
OmonpoBaHie Ha KOHICHTPHUPYIOIILYIO KOJIOHKY MPOBOH-
1 1o niporpamme: 0—5 muH — 100% 3arpy3ounoro Oydep-
HOTO PacTBOpa IMPU CKOPOCTH TIOTOKA 3 MKJI/MHUH. BoHbII
pactBop 0.1% mypasbunoil kuciotsl (A) u 0.1% pac-
TBOP MypaBbUHOW KHCJIOTHI B CMECH alleTOHUTPHII/BO/IA
80/20 (00./06.) (B) ncnoabp30Baiu B KaueCcTBE TMOABHIK-
HBIX (ha3. Paznenenne KOMIOHEHTOB CMECH HPOBOIIIN
rPaJeHTHBIM JIIOMPOBAHUEM 10 Tporpamme: 0—5 MuH
— 5% (B); 35-40 mun — 95% (B); 41-48 mun — 5% (B);
CKOPOCTB ITOTOKA — 350 HII/MHH; TeMIIepaTypa TepMOoCTa-
Ta KOJIOHOK — 25°C; 06bpeM mpoOsr — 1 Mk JlerexTn-
pOBaHUE TPUNITHUECKUX (PPArMEHTOB MPOBOAUIM B pe-
KUME TIOJIOKUTEIBHON MOHM3AIMU C HCIOJIh30BAHUEM
ctasibHOro aMmmurepa ot Thermo, I'epmanus.

[TapameTpsl Macc-CHEKTpOMETpa: HaNpsDKCHHE Ha
smutTepe — 2.2 kB, TeMmneparypa BHYTPEHHEro Karui-
aspa — 275°C, MakCUMallbHOE BpeMsl MHKEKIUM HOHOB
— 100 mc, okHO n30MsIMK UOHOB — 2.0 a.€.M., CKOPOCTh
CKaHWpoBaHus — 1 ckan/c. AHanMMU3 NPoO OCYIIECTBIIS-
JU B JBYX PEXKHMax CKaHHUPOBAHUS: CKAHUPOBAHHE I10
MOJIHOMY MOHHOMY TOKy ¢ pazpemenuem 70000 B nua-
na3oHe macc m/z 50-2100 1 MOHUTOPUHT CEIEKTHBHBIX
MOHOB ¢ okHOM m3ossituu 1.5 Jla ¢ pa3pemennem 35000
U rmocneayouei (¢parMeHtanueil MoHa-mpeKypcopa
KaXJIOTO aHAIN3HPYEMOTO COCAMHEHHS. DHEpTUs co-
yaapenus coctasisia 20 u 25 3B, nonmyctumas ommo-
Ka Macchl JICTEKTUPOBAHHBIX ()parMEeHTOB — He Oonee
5 mua!. OOpaboTKy MONYYCHHBIX JAHHBIX [TPOU3BOIU-
T ¢ MOMOIIBI0 MpOTrpaMMHOT0 oOecriederus Xcalibur

66 Toukwre xumndeckue texHosorun / Fine Chemical Technologies 2017 Tom 12 No 1



H.O. 3BepenBa, H.B. CaBeaneBa, I1.B. IlocTHHKOB, I0.A. Edhnmosa, M.A. [IukyHeIr

Bepcuu 2.2. TouHble Macchl OAHO- W MHOTO3APSTHBIX
HOHOB-TIPEKYPCOPOB TPUNTUUECKUX MENTUIOB, a TAKKE
TOYHBIE MACCHl WX HOHOB-TIPOIYKTOB PACCUUTEHIBAIH C
MIOMOIIIBI0 MHTEpHET-pecypca Mass Prospector (http://
prospector.ucsf.edu/).

Ilposedenue ananuza ¢ NOMOWIbIO CEEPXEHICOKO-
nPOU3600UMENbHOI 8bICOKOIPPEKMUBHOIL IHCUOIKOCHI-
HOWl Xpomamozpajuu 6 coyemanuu ¢ MAHOEMHOU
macc-cnekmpomempueit (CBIKX-MC/MC)

CBOXX-MC/MC-ananu3 Ttpuntuueckux dpar-
MEHTOB ITPOBOJIMITM Ha JKUJKOCTHOM XpoMarorpade mMo-
nenu Ultimate 3000 LS, coennHeHHOTO ¢ KBaIpyMOJib-
HBIM Macc-aHanuzatopoM Quantiva ¢upmber Thermo
Finnigan, ['epmanusi, OCHAIlIEHHOTO BHELITHUM MCTOYHH-
KOM HarpeBaeMoM AIIEKTPOPACIBUINTEIHFHON NOHU3AIINN
Opu aTMOC(EpPHOM JaBICHHH. XpOMaTrorpapuueckoe
pasjielieHHe KOMITOHEHTOB OCYIISCTBIISUIM C HCIOJIB30-
BaHHEM aHAJIIOTHYHON aHAIUTHYCCKOW KOJNIOHKH Zorbax
300 SB-C18 (1x50 mm, pazmep uactuir 3.5 MM, Agilent,
CIIIA) ¢ npenxononkoii Zorbax Stablebond (1x17 mwm,
pasmep yacturl 5 MM, Agilent, CIIIA). B kadectse
amoeHToB ucnonb3oBau 0.1% pacTBopbl MypaBEUHON
KHCIIOTHI B Bojie (A) u anieronutpuiie (B). I'panuentroe
JIIOUPOBAHUE MPOBOAWIN 10 mporpamme: 0 MuH — 5%
(B); 15 mun — 37% (B); 16-18 mun — 95% (B); 18-18.5
MmuH — 5% (B), ckopocth motoka — 150 MKJ1/MHH, TeMIIe-
parypa TepmocTara KoJoHOK — 25°C; oO0beM mpoObI
— 3 MKIIL

[TapameTpbl  Macc-CIIEKTpOMETpa:  TeMmIeparypa
BHYTpeHHero kanujuisipa — 275°C, teMmneparypa UCTOU-
HUKa 3JIeKTpOpaclbUINTeNIbHOW HoHu3auuu — 325°C,
HarnpsbkeHue Ha pacnbuiutene — 1.5 kB, makcumanbHoe
BpeMs HaKoIUIeHHsI HOHOB — 30 Mc, pa3penieHue KBajapy-
noniedt Q1 1 Q2 Ha MIMPUHE MMOJIOBUHBI BHICOTHI MaKCH-
myma — 2.0. CoennHeHus! AETEKTUPOBAIH B PEKUME MO-
HUTOPUHTA CEJIEKTUBHBIX PEaKLUH.

Pe3y.]'ll)TaTbI H UX 06cym11e1me

CornacHo HOBBIM TpeboBanusim BAJIA, npu moa-
TBEPI)KHAIOIIEM aHAIN3¢ aHTHUIONMHIOBBIC Ta00OpaTOpHU
JIOJDKHBI TTPOBOJIMTH KOJMYECTBEHHOE OIpE/ICIICHUE WH-
TAKTHOTO XOPUOHMYECKOTO TOHAJOTPOIIMHA YeJIOBEKa
(u-XT'Y) ¢ wucnonp3oBaHWeM TecToBOro Habopa MDA
JIPYTOro MpoU3BOAUTENS UM XPOMAaTO-MacCc-CIeKTpOMe-
TpudeckuMu Metomamu [7]. Ilpu paszpabotke, Banmumaimm
M BHEJPEHUH METOIMKHM KOJIMYECTBEHHOIO ONPEACIICHUs
XI'! B mpobax crnopremenoB BIXKX-MC/MC-metonom
BAJIA pexomenayer obOpamarbes K crarbe [14], B Ko-
TOPOIl MIPUBEICHO OMHMCAHKUE MPOOOMOATOTOBKH, ITO3BO-
JISTIONICH OTACTUTh MHTEpecyrolyo uzopopmy u-XI'H
or npyrux. IIpoOOmoAroToBKa 3aKIIOYAETCS B JBYXd-
TaITHOW UMMYHO(EPMEHTHOH 0YHCTKE 00pa3IOB MOYH C
WCTIOIB30BaHUEM PA3JIMYHBIX THIIOB aHTUTEN, UMMOOU-
JIM30BaHHBIX HA MAarHUTHBIX YaCTULAX, C OCIEYIOIINM
MPOTEOJIMTUYECKUM  PACIICTUICHUEM aHAIHM3HPYEMBIX

coeauHeHnid. Ha mepBoM sTame MCIoNb3yrTcs aHTUTE-
na, cnenu(uyYHbIe K AUTONaM fS-CyObeIMHUIIBI U €€ KO-
poBomy (parmenTy, Ho He K u-XI'Y. C mOMOIIBI0 TaKUX
AHTHUTEN, KOHBIOTUPOBAHHBIX K MAaTHUTHBIM YacTUIAM, U
MarHUTHOTO IITATHBA JaHHBIC H30(OPMBI YIATSIOTCS U3
o0pasiia MOYHM MM CBIBOPOTKH KpoBU. Ha BTOpOM 3Tarne
K o0pasnam J00aBISIOTCS aHTUTENA, CIeHU(UIHBIC K
u-XIT'Y, B pe3ynapTare 4ero MpoucCXoJUT €ro BbIIEICHUE
n3 oOpasna.

Macc-crieKTpOMETPUYECKUI aHalTN3 3aKJIIOYacTCsl B
OZIHOBPEMEHHOM Kau€CTBEHHOM M KOJIMYECTBEHHOM aHa-
m3e m3opopm X no ux crerupuaeckuM parMeHTamM,
00pasyronmMes B pe3yNbTaTe IMPOTSOTUTHIESCKOTO THIIPO-
yu3a. JlaHHBIM MPUHIMIT TPUMEHSUICS paHee MpH paspa-
0OTKe METOIMK KolmdecTBeHHoro onpeneneHus XI Y, kak
JUISL MCTIONIb30BAaHMS! B KJIMHUYECKOM TMarHOCTUKE, TaK U B
nensix ronuHT-KoHTpontst [9—13]. Crienuduueckue dpar-
MeHThI u30(opm XI'H nomydaroT B mpouecce mpoTeoan-
THUYECKOI'0 pacIlleIUIEHUs] ¢ UCTIOJIb30BAaHUEM TPUIICHHA,
KOTOPBIA C BBICOKOH CIEUU(UIHOCTHIO OCYIIECTBIAET
THJIPOJIM3 TCNTUIHBIX CBSI3¢H OCIKOBOW IIEMHU TOCIe
AMUHOKHCIIOTHBIX OCTAaTKOB JIM3MHA U apruHuHa. O0pa-
30BaBIINECS TPUITHUECKUE (PPATrMEHTHI MOTYT HCIIONb-
30BaTbCsid B KayecTBE CHEUU(UYECKUX MENTHIOB s
KOJIMYECTBEHHOTO onpeaencHus nzopopm XI'Y. Hioke
MPEUIOKEHBI TPUNITHUECKUE TENTUIBI Pa3TUYHBIX H30-
(dhopm XI'U, KOTOpBIE MOTYT UCIIOJIL30BAThCS B KAYECTBE
crenu(puIecKux GpparMeHToB (puc. 1).

a-Cyoveounuya

KonndecrBenHast omeHka CBOOOIHOU o-CyObenu-
Hunpl XI'Y B Ononorunyeckux odpasiax He HMEeT Tpak-
TUYECKOM LIEHHOCTU C TOYKU 3PEHUs aHTHIOMHUHTOBO-
TO KOHTPOJISI BBUJY HEIKBHUMOJISIPHOTO COOTHOIICHUS
a/p-cyopenuunn XI'Y npu cuHTE3¢ B HOPMAJIbHBIX (DU-
3MOJIOTUYECKUX YCIIOBUSAX U UX UICHTUYHOCTH JIJISl BCEX
roHa0TpoNnuHOB. OHAKO NPHU UCIIOJIB30BAHUHU JAHHON
CXeMbl MMMYHOOYUCTKH Tiepes] (DUHAIBHBIM JTarom
POOOIOATrOTOBKY B aHAITM3UPYEMOM 00pa3Ie 0CTaeTCs
Tonbko u-XI'Y, cocrosmmii u3 odenx cyowbenuuuil. Ta-
KUM 00pa3oM, OIpeesieHUe o-CyObeInHHUIIbI TTO3BOIUT
HCIIOJIh30BAaTh €€ B KaUeCTBE MapKepa yCIenTHO| Mpooo-
TOITOTOBKH U JIJIs1 KOJTMYECTBEHHOM onleHkH u-XI'Y npu
HCTIOJIb30BAHUU COOTBETCTBYIOIIECTO M30TOITHO-MEUEHO-
IO BHYTPEHHEI0 CTaHAapTa.

[Ipu aHanmm3e KOHIIEHTparTa IOCJE TPUIICHHOJIN3A
merogoM HaHOBOKX-MCBP nHamu wunentudunupo-
BaH TPHUNTHYCCKUI (parMeHT oT2, COOTBETCTBYIOIIMIA
KpUTEpUSM, BBIABUIA€MbIM IPU BHIOOpPE ONTHUMAIBHO-
ro nenruga [11]. Ha puc. 2 npencrasieH macc-CreKTp
IBYX3apsJHOTO HOHA-TIPEKypcopa  CIeH(pHISCKOro
MeTnTH/IA.

@parmenTapusie WoHBI ¢ m/z 207.11, 385.25,
583.35, cooTBeTcTByIOMmKE A", y** Uy, ABIAIOTCA ca-
MBIMHM WHTEHCHUBHBIMU IPU JaHHBIX YCJIOBHAX aHAIU3a
¥ MOTYT UCTIOJIB30BaThCS JIJIsl KOIMYECTBEHHOTO OTIpe/ie-
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Puc. 1. Cxemarnueckoe n300paxeHHE aMUHOKHMCIOTHBIX MOCIIEA0BATENILHOCTEH pa3niuuHbIX n3odopm XU
C yKa3aHHeM IpeularaeMbIX Crieliu(UUecKuX MenTHIO0B (BBIICICHBI [IBETOM; TAK)Ke OTMeUeHbI ocTarku 1uctenHa (C),
y4acTBYIOIINE B 00pa30BaHUN ITUCYIb(OUAHBIX CBsI3el, M ocTaTrku acnaparuHa (N) u cepuna (S),
10 KOTOPBIM ITPOMCXOANUT COOTBETCTBEHHO N- N O-TIIMKO3MIMPOBAHHUE).
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Puc. 2. Macc-criekTp IBYX3apsIHOTO HOHA-TIpeKypcopa crennpudeckoro nentuaa o 12 ¢ m/z 409.2314,
noy4eHHbI MeTogoM HaHOBOXKX-MCBP B pexxnme tSIM-tMSMS, sueprust koyummsnu 25 3B.
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H.O. 3BepenBa, H.B. CaBeaneBa, I1.B. IlocTHHKOB, I0.A. Edhnmosa, M.A. [IukyHeIr

seHnst X1 npu BBINOTHEHUHN MOATBEPKIAIOIIETO aHa-
m3a. Cnenu@uuHOCTh BBIOPAHHBIX HMOHOB-TIIPEKYPCO-
POB M HOHOB-TIPOJYKTOB ObLjIa ITOKa3aHa ITyTeM aHaJln3a
mectu o0pas3loB KOHIEHTpATa, MOJYYSHHBIX B PE3yJib-
TaTe MPOTECOTUTHYCCKOTO PACHICTIIICHUS TPUIICHHOM, 0e3
JI00aBJICHUS CTaHJApTa O-CyObEeTNHUIIBL.

p-Cyoveounuya

B ommawme ot a-cyObeTMHHIIBI, XHMUYECKHE CTPYK-
TYpBI f-CyObEMHULL KaXI0TO U3 TOHAJOTPOIIMHOB YHHU-
KalbHbl. HauOonplas TOMOJOrHS aMHUHOKHCIOTHBIX
nocrnenoBarenbHocTel Habmonaetcs cpeau JII u XTI
u cocrasiseT npuMepHo 80%, crenens poxrctBa XI'Y ¢
nByms apyrumu ropmonamu — OCL u TTT Hioke.

S-Cyopenuanna X' cocrout u3 145 amuHOKHC-
JIOTHBIX OCTATKOB M BKJIFOYAET YHUKAIbHYIO aMUHOKHC-
JIOTHYIO TIOCIIEIOBATENBHOCTD 121145, HazpiBaeMyto
C-xoH1eBbIM TienTuaoM. KpoMe paznuunii B aMUHOKUC-
JIOTHBIX MTOCJIEIOBATEILHOCTSIX TOHAAOTPOIIMHOB, Y TOP-
MOHOB 3HAUUTENIFHO OTJIMYAIOTCS YIVIEBOJIHBIC YaCTH.
Eciu o-cyObeuHMIIA COEPIKUT JIBA OJIUTOCAXAPHTHBIX
OCTaTKa, 4TO XapaKTePHO JUIsi BCEX TOHAJOTPOIHUHOB,
To f-cyobremunuibl JII, ®CIT u X[ BKIHOUAOT OAMH,
YEeThIPE W MIECTh OJIMTOCAXAPUHBIX OCTAaTKOB, COOT-
BETCTBEHHO. B ctpykrype [-cyonenumuunpl XI'Y amu-
HOKHUCJIOTHBIE OCTATKH acliaparnHa B TOJOXEHHSIX 13,
30 ¥ aMMHOKHCIIOTHBIE OCTATKH CEPUHA B TOJOKESHUIX
121, 125, 132, 138 rmuKo3uIMpOBaHbl yIIEBOAHBIMHU Lie-
MsIMU OMAaHTCHHOW M MOHOAHTEHHOW CTPYKTYPBI, COOT-
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BETCTBEHHO. TakuM 00pa3oM, YeThIpe U3 IIECTH CANTOB
IIMKO3UIMPOBaHus f-cyobennnunel X1 nokanuzosa-
Hbl Ha C-KOHIIEBOM IIENTHJIE, YTO 00eCIIeunBaeT OMOJIO0-
THYECKYIO CTIEIU(UIHOCTD BCETO TETEPOIUMEpA.

[Ipu aHanm3e aMHUHOKUCIIOTHOM MOCIIENOBATEILHOCTH
SXTY Tpuntudeckue MenTuibl, o0pazyeMble U3 00IacTH
C-KOHIIEBOTO TIENITH/A, SBILIOTCS HAMOO0JIee YHIKAIBHBIMY,
OJIHAKO KayK/IbIH M3 HUX COICPKUT CANT TITMKO3UITUPOBAHHS.
[Tpu epMeHTaTHBHO Jierpalallii MOJICKYIIBI MOTYT 00pa-
30BBIBAaThCA TPUNTHYECKUE (PPArMEHTHI C TETEPOreHHBIM
COCTAaBOM YIJIEBOAHOM 4YAacTH, YTO MOMKET OTPHULATENILHO
CKa3aThCsl HA pe3ysbTarax aHalu3a. JpyruMu noTeHmab-
HBIMH TPUNTHYCCKAMHI (DparMEHTaMH, COOTBETCTBYIOIIIH-
MU kpurepusm [11], seistores nentunsl 15 u f19. B
pesynbrare ananuza MetogoM HaHOBDXKX-MCBP mo-
Ka3aHo, 4TO Haubosee ONTHMaJbHBIM cHelu(puyecKum
nenTuIoM siisiercst 15 BBUY ero 6ojiee HHTEHCUBHON
HMOHU3AIMHU 110 cpaBHeHuto ¢ fT9. Tpuntuueckuii mentus
ST5 cocrout n3 17 aMHUHOKUCIIOTHBIX OCTAaTKOB, OITHAM W3
KOTOPBIX SIBIISIETCSI XMMUYECKH HEeCTaOMIbHAS aMHHOKHC-
nora 1uctenH. CTaHAapTHBIM HOIXOOM IIPH aHAIM3e IH-
CTEHH-COZIEPXKAINX OEJIKOB M TIENITH/IOB SBIISIETCS aIKHIIM-
poBaHKe CYIbGTHAPITFHBIX TPYIIT BUHUIHAPHIMHOM FIH
vonaieramugiom  [9-14]. B coctaB TS5 Takxke BXOAUT
AMHUHOKHUCIIOTa [IyTaMHUH C JOIOJIHUTEILHON HOHOTEH-
HOU TPYIINON, B pe3yabTaTe 4ero Mpu HOHU3AIUH e TH-
Ia 00pasyroTcs IBYX- H TpeX3apsaHbIe HOHBI-TIPEKYPCO-
psl. Ha puc. 3 npencrasiieH MacCc-CIEKTP IBYX3apsJHOIO
HOHA-TIpeKypcopa criennpudeckoro nenrumaa f15.

y3 yi
Y|IR Vi

1316.6757

+

8
1035.5021

3 +
457 . N bg b¥
e b3 bz 6103914 7074430
o 3412179 497.3069 Ya b
353 24 | 122599 4 8915641 yi
k| Yo 2+ bt 12
307 2+ | yie 13
E . anos| Y11 Twarr, o 16 1429.7609
255 2 2+ “| 658.8403 I - 1314.8128]
203 _+ 3msisie | bj Vg | 2+ 8574578 | + + +
iy Y12 b, Y13
382915180557 + 938 444 + o se
153 175.1188 - 715.3835 b8 ’ Vg 12157428 15288231
03 b 778.4813 1148.5868 V14
2 y+ T 1585.8485
54 213.15941‘ l l H { x l | '31039;‘ \ ‘ 1219.6191 |
P B TR 1 N A I .
30 0 6

200 0

400 5 00

700

!
L T T T
800 900 1100 1200 1300 1400 1500 1600

m/z

Puc. 3. Macc-cniekTp ABYX3apsJHOTO HOHA-TIpeKypcopa crenuduyaeckoro nentuna 15 ¢ m/z 964.0365,
mony4deHHbI MeTonoM HaHoBIXKX-MCBP B pexmme tSIM-tMSMS, sneprus xomwmmsnn 25 3B.
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®parmenTapHbie HOHBI ¢ m/z 1316.67, 1035.50,
610.39, coorsercTByromume y, ¥, y," ub,’, ABIAOTCA Han-
0oJlee MHTCHCUBHBIMHE IIPH JaHHBIX YCIOBUSAX aHAIIN3a
U MOTYT HCIIOJIb30BAThCS ISl KOJIMUECTBEHHOT'O OIpe/ie-
sennss XI'Y npu npoBeAeHUN MOATBEPKAAOIIErO aHa-
nu3a. Bplcokas cnermpuIHOCT M XapaKTEPUCTHIHOCTH
BBIOPaHHBIX MOHOB-TIPOIYKTOB ObLIa JOKa3aHA aHAIN30M
IecT 00pa3lioB KOHIIEHTpara Oe3 n00aBiIeHHs CTaHaapTa
SXTY, moNmydeHHBIX B Pe3yIbTaTe TPUIICHHOIN3A.

Pacwennennsie uzogpopmvt XI'd (44/45 u 47/48)
Pacmreruiennsie m3odopmer fXIY (44/45) u pXTYU

vit  y3tyg* yZ*
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(47/48) sBISIFOTCS TIPOMEKYTOYHBIMHU TPOJAYKTAMH JIe-
rpagau XI'Y, oOpa3oBaHHBIMH IIPU PACIICIUICHUN
MENTUIHOW CBSI3M B MONOXKEHUAX 44/45 n 47/48, coot-
BETCTBEHHO. JlaHHBIE pa3pbIBbl MOIUMENTHIHOW EMH
pacronararoTcsl B OCIeAoBaTebHOCTH rientuia S15, mo-
9TOMY 3TH TPUNTHYECKHE (parMeHThl HAMU TPEITIOKEHBI
B KaueCTBE CHEIM(PHICCKUX TIICNTHAOB pACIICTUICHHBIX
m3odopm i KonmdectBeHHoro ompenenenus XIY. Ha
puc. 4-5 npencTaBiIeHbl Macc-CIEKTPhl IBYX3apsaHbIX
HOHOB-TIPEKYPCOpOB crenupuueckux nentuaos pTS u
pT5’ fXTY (47/48) n fXTU (45/46), cCOOTBETCTBEHHO.
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Puc. 4. Macc-criekTp qByX3apsiIHOTO HOHA-NIPEeKypcopa creiduueckoro nentuna pTS5 fXIY (47/48)
¢ m/z 765.4235, nonyuennsiii MetooM HaHOBIXKX-MCBP B pexume tSIM-tMSMS, sueprus koyumzuu 25 5B.

ITockonbky pl-aHTHTena Takke CHenUGUIHBI K
pacmieruienHoi m3opopme XY, pparmeHTapHBIC HOHBI
¢ m/z 1035.50, 810.38, 1317.65, cooTBeTCTBYIOIIKE Y, ',
Yo MY, , OPEIIOKEHO UCTIONB30BATh JUIsS Ka4€CTBEHHOM
OLICHKH A(P()EKTUBHOCTH TPOBEACHHON MPOOOIIOTOTOBKI
00pas31oB MOYH TIPU BBINOJIHEHUH TOATBEP)KAAIOIIETO aHa-
JIM3a C LENbI0 KOJIMYECTBEHHOTO onpesenenust u-X1 Y.

OparmenTapuble noHbI ¢ m/z 1316.67 u 1035.50,
COOTBETCTBYIOIIME Y, ~ M Y,', ABIAIOTCA Haubonee WH-
TEHCUBHBIMHU B JIaHHBIX YCJIOBHUSX, OJHAKO YacTO OHU
JIOTIOJTHUTEITFHO TPOTOHUPYIOTCS (puc. 5). M3meHeHne
MOJIEKYJIAPHONH Macchl 00pa3yeMbIX HOHOB-IIPOJYKTOB
MOXKET OTPHUIATEIIBHO CKA3aThCsI HA CTA0OMIILHOCTH OTIpe-
JIeJICHUS] COeTUHEHUH, TOITOMY B KaueCTBE MOHOB-IIPO-
JTyKTOB JJAHHOTO CTICITU(UIECKOTO MENTH 1A MTPEUIOKEHO
JIETEeKTUPOBATh HOHBI C m/z 398.23,518.25u 715.38, co-
oTBeTcTBytomMeE b,", y.** ny *. Ananmusom mectu 00-
pa3IoB KOHIICHTpaTa 0e3 M0o0aBICHUS CTaHIApTa TOCIe

TPUIICHHOJM3a J0Ka3aHa CHeNH(UIHOCTh BBIOPAHHBIX
noHoB s XTI (44/45) u fXTU (47/48).

kppXrd

KopoBbiii  ¢pparment  f-cyobenuuunpl  XI'Y
(xppXTY) siBNACTCSI KOHEUHBIM IIPOIYKTOM JICTpaJaliuil
XI'1 u npencrapiseT coO0H Ba GparmMmeHTa aMUHOKHC-
JOTHOM mocnenoBarenbHOCTH  fB-cyObenanuunsl  XIU,
COCTOSIIIIUX M3 aMUHOKUCIOT S6-40 u f55-92, crabuu-
3UPOBAHHBIX YETBHIPbMS TUCYNb(UAHBIMU CBSI3sIMH [5].
ComacHo JaHHBIM padot [15-17], He menee 50% obmero
kommuectBa X1 gerpagupyer 10 CTPYKTypbl KOPOBOTO
(bparMeHTa B TIpOIIECCe MOYCTHOH SKCKPEIUH, YTO BAKHO
Y4UTBIBATh TIpU ONTUMHU3AIMKM METOAUKH HpO6OHOZ[F O-
ToBKH. B paborax [9, 14] B kauecTBe crienupuIecKux
MENTUIOB Mpenjaraercs nerexkruposatrs 19 u fT5, or-
nuyaromuecs Ha 2 U 12 aMHHOKHCIIOTHBIX OCTAaTKOB, CO-
OTBETCTBEHHO. [IOCKOJIBKY /AJI1 KOJIMYECTBEHHOM OlIEH-
ku u-XI'Y mpetokeHo ucnoib3oBark ST5, B KauyecTBe
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Puc. 5. Macc-ciekTp IByX3apsTHOTO HOHa-TIpeKypcopa cnenuduaeckoro nenrtuma pTS’° fXITU (44/45)
¢ m/z 914.4996, nomyuennsiit MmetooM HaHOBOXKX-MCBP B pexume tSIM-tMSMS, sueprus xoyumszuu 20 3B.
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Puc. 6. Macc-criekTp I1ByX3apsJHOTO HOHA-TIpeKypcopa creruduaeckoro nentuna kppTS ¢ m/z 405.6991,
nonydyeHHbIi MerogoM HaHOBOXXX-MCBP B pexxume tSIM-tMSMS, sueprust komumsuu 25 5B.

crienu(prIeCcKoro nenTuaa Beiopan kTS, Macc-ciekTp
KOTOPOTI'O NpECTaBJIeH Ha puc. 6.

@parmeHTapHble HMOHBI ¢ m/z 612.25, 711.31,
171.14, cooTsercTByIOIME y,", Y, U a,", SABISIOTCS Hau-
0oJsiee MHTEHCUBHBIMU U MOT'YT UCIIOJIb30BaThCA IJIsd KO-
nmuaectBeHHoro onpeneienus XI'Y. Ux cnenmnduanoctsh
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71



KoanyecTBEeHHOE OIIp€AECA€HHE XOPHOHHYECKOI'0O rOHAZOTPOIIHHA B IICAAAX AaHTHAOIIHHIOBOIO KOHTPOASA

Tpuntuueckux (parmentoB a2, FT5, kppTS, pTS FXTH
(47/48) n pTS5’FXTY (44/45) B ycnoBUSX TaHIIEMHOM

Macc-CIIEeKTPOMETPHH, KOTOpas sBIsSeTCS Hamboiee
MOMYNSIPHON AJIT KOJINYECTBEHHON OLICHKU OENIKOB U
MEeNTUIOB B MPOTEOMHBIX HccienoBanusax [18]. Xa-
PaKTEPUCTUYHOCTh M CHEIU(PUIHOCTh BHIOPAHHBIX
MEePexo/0B MOH-IPEKyPCOP/HOH-TIPOAYKT JOKa3aHa

AHAJIM30M IIIECTH MOJCJIBHBIX 00pa3loB MOYHU, B KO-
Topble go0aBunu u-XI'Y 10 KOHEYHOH KOHILIEHTpa-
nuu 5 ME/Mi, u mectu o6pa3moB 0e3 mo0aBiIcHUS
CTaHJIapTa B KauecTBe OJAHKOBBIX 00pa3loB MOCIe
npoOoMmoAroToBKM. B Tadm. 2 mpuBeaeHbl OCHOBHBIE
XPOMAaTO-Macc-CIEeKTPOMETPUUECKUE MTapaMeTphl Je-
TEKTUPYEMBIX COCTUHCHHUM.

Tabauna 2. Ocrosuele mapamerpsl CBOKX-MC/MC-anann3za
IIpHU KOJINYECTBEHHOM omnpeneneHnu X1 B Moue ciopTcMEHOB

Hou
Crienuduaeckuit Bpewms ynepxuBaHus, Hanpsokenne, mogaBaemoe | DHeprus KOJUIU3UH,
TENTHU MUH HpEKypCop, TIPORYKT, Ha S-nmuH3y, B 3B
m/z m/z
292.3 (y.*) 20
aT2 5.06 409.5 487.6 (y,") 75 30
207.2 (a,") 20
518.9 (v 15
612.2 (y,") 20
PT5 10.35 643.5 7117 (y0) 115 20
811.0 (y,") 20
282.2 (a,)
3529 (a,)
pT5 pXTY (47/48) 8.60 510.6 8103 (y.) 75 20
1036.2 (y,")
299.2 (b,")
s 398.4 (b,)
pTS’ pXTY (44/45) 9.80 914.6 13167 (v, ) 135 30
1036.7 (y,")
612.2 (y,")
kGPATS 1.51 406.0 7116 (y.) 115 15

BBuay orcyTcTBHs pedepeHCHBIX CTAaHIAPTOB aHa-
TM3UPYEMBIX CHEIU(PHUSCKIX (ParMEHTOB, OITHMH3a-
U0 3HAYCHUI PaIHOYaCTOTHOIO HAIPSHKESHUSI, 1O/aBa-
eMoro Ha S-00pa3HyIo JIMH3Y, ¥ YHEPTHH COYIapeHHsS B
SIYCHKE CTOJKHOBCHUI MPOBOMMIM B PYYHOM PEKUME.
Kak BujHO Ha mpuMmepe mepexona m/z 643.5 — 612.2
cnenuduueckoro nentuaa FT5 Ha puc. 7, rpaduku 3a-
BHUCHMOCTH, TIONYYCHHBIC NPH ONTUMH3ALNN TaHHBIX
napamMeTpoB, UMCIOT BHJ HMOJIMHOMHAJIBHOW KPUBOH C

3500000 T A

3000000

1. el

: 2500000 +

yc

$2000000 +
1500000 +

1000000 7

VIHTEHCUBHOCTb.

500000 +

0 4 ' 4 s L s * ®
t 1 t 1 t + 4 g 4

75 100 115 135 150 165 180 200 225 250
PannouacroTroe HanpsKeHHe S-00pa3HOH
nHH3bI, B

MaKCHUMyMaMU B IIMPOKUX TUANA30HAX HAMPSDKCHUS HA
mun3e (75-150 B) m sHeprum coynapenus (10-25 3B).
AHanornyHble rpaQuK 3aBUCUMOCTEH OBLTH MOTYYEHBI
JUTSL BCEX aHAM3UPYEMbIX CHICHU(PUISCKUX MEITH/IOB.
[penernbl KOMMYEeCTBEHHOTO OIPEISICHHUS Crie(uye-
CKHX MENTH/IOB pa3nuHbIX n30(hopm X1 Y paccuuThIBaiM HA
OCHOBAHHH JIAHHBIX CEPTH(UKATOB CTaH/IAPTOB M COCTABIIIN
0.25 o/ it oT2, FT5 u 0.5 nmons/n — it kpSTS,
pTS pXTY (47/48) u pT5’ fXITY (44/45), COOTBETCTBEHHO.

60000 + b

50000 +

ClI. €1,

40000 +

y

30000 +

20000 +

MHTEeHCUBHOCTH
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0 t t t
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DHeprus KOmmm3uy, 3B

Puc. 7. BiusiHne paguodacTOTHOTO HaNpsDKEHHUsT S-00pa3HOMN JIMH3BI HA HHTEHCHBHOCThH HOHA-TIPEKypcopa
cnemuduaeckoro nenruna BT5 ¢ m/z 643.5 (A) n sHepruu coynapeHus B Kamepe CTOJIKHOBEHUH
Ha MHTEHCHBHOCTH 00pasyromierocsi noHa-npoxaykra c m/z 612.2 (b).
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Hcnonp3oBanne HEOOIBIION CKOPOCTH HapaCTaHUS
IpajIieHTa OPraHUYECKOr0 PACTBOPUTEISI B MOOMIIEHOM
(a3e MO3BONMIIO JIyUIIe pa3NeNATh aHATU3UpPyEMbIe
nenTusl (puc. 8). ns ynydmenus GopMbl MUKOB MO0~
OpaHa onTUMallbHAsl CKOPOCTh MTOTOKA MOOHMIIBHBIX (has3.
Kak BUIHO M3 XpOMaTOrpaMMBbl OMPEICISIeMbIX CIICIIH-
(bMYeCcKUX MEeNTHI0B, XpoMarorpa(uueckie MUKH BCeX
BEIIECTB CHMMETPHYHBI U UMEIOT (HOopMy pacmpernere-
aus ["aycca. lllupuHa THIKOB aHATU3UPYEMBIX MTEITHIOB
cocragnuset 0.2-0.6 MuH.

RT: 0,00-12,00 SM: 15G
100

| al2
90 5,06 {

PXIY (47/48)
8,60

80— l |

BT5

10,36

10,34,

|
.

‘ “ BXTY (47/48)

"
Bpems, MvH

Takum oOpasom, ucroib3oBanne Metona CBIXX-
MC/MC mno3BosisieT COKpaTuTh BpeMs aHaiu3a ¢ 48 10
22 MUWH, 9TO O0CCIEYMBAET CPABHUTEIHLHO OOJBINYIO
MIPOU3BOAUTEIBHOCTb. JleTeKkTHpoBaHUE —crernuduie-
ckuX nentuaoB u3opopM XI'YU TpOWHBIM KBaJAPYIOIh-
HBIM MAacc-CIIEKTPOMETPOM TO3BOJISET pPeaan30BaTh
BO3MOXKHOCTb AQHQJIM3a B PEKUME PETUCTpalUM 3ahaH-
HBIX MPOLECCOB (PparMEHTALUH, Ha3bIBAEMOTO MOHM-
TOPUHTOM BBIOpAHHBIX/CEICKTHBHBIX peakiuii (MBP).
JlaHHBII peXKUM JECTEKTUPOBAHUS COCIUHEHUI Haubo-

Puc. 8. Xpomarorpamma pactopa nzodopm XI'Y (2.5 nmomns/im u-XI' u 5.0 nmons/n kpSXITH)
n pacuieruieHHoro X1 nmociie mpoTeoauTHIecKoro ruaponu3a TpuricuiaoM Metonom CB2XX-MC/MC.
[ToxazaH nmpoduib copepKaHus alleTOHUTPHIIA B TIOJBIKHOH (paze (0003HaYEH CHHUM KOHTYPOM).

Jiee 4acTO UCTOJIBb3YETCsl B KOMTMYECTBEHHBIX METOAMKAX
ONPEJEIICHNS KaK HU3KOMOJIEKYJISIPHBIX, TaK U COETHHE-
HUN TENTUIHON MPUPOIBI.

BriBoaBI

B xome mponenanHo#l paGoThl MOmOOpaHBl ONTH-
MaJIbHBIC CTICIM(UIEeCKHE e TH/IBI, COOTBETCTBYIOIINE
cBOOOJHBIM 0- U f-cyObeanHUIIaM U Hanbosee pacipo-
crpaneHHbIM n3opopmam XI'U. Cnenuudeckue nenru-
ael T2, BTS, kTS, pTS pXTY (47/48) u pTS5® pXTU
(44/45) mO3BONSIOT OMHO3HAYHO WICHTU(PHUIIMPOBATH
cootBercTByomue n3odopmbr XI'Y, 94T0 criocoOCTBYET
YBEJIIMYCHUIO CHIeIM(PUIHOCTH pa3pabarbiBacMON MeTO-
KK ¥ TIO3BOJISICT OTCIICKUBATH I(PPEKTUBHOCTH IPO-
001oroTOBKM 00pa3ioB. JlaHHOE UCCIIeOBAHNE BBITION-
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PaccmompeHo onpedeseHue yunepmempuHa memooom obpauieHHo-gazogoti OD BOKX e uszo-
Kpamuueckom pexxume. [IpogedeH aHanus cybcmaHyull (mexHuueckux npooyKmoea) ¢ pasiuuHbim
cooeprKaHuem KaK 2eOMempuieckux (UWUc-, MpaHc-), makK U ONMUUeCKux (3ema-yunepmempuH u
anva-yunepmempuH) usomepos yunepmempura. Mngopmayus o cooeprcarHuu Haubosee aw-
MUBHBIX YUC-hOpM Oaem 803MOIKHOCMb OUeHUMb buoso2uiueckyto agpcpexmusHocme cybcmaH-
yull monbKo Ha ocHogaHUU 0aHHbLx OP BOKX, umo, 8 ceoto ouepedb, MOIKem s8A51MbCsl PeuLato-
wum chaxmopom 8 npoyedype oueHKU NocmaswurKa,/ npousgooumens cybcmaHyu Ui 20mosblx
Kommepueckux cpeocma. OnmumanbHslil OUANA30H KOHUeHMpAauuil onpedeneHus seomempuue-
CKUX U30Mepo8 yunepmempuHa e pabouux pacmeopax cocmagasiem om 0.2 0o 1.0 me/ mn. Ilpe-
Odesn onpedesieHust cybcmaryuu 8 pabouux pacmeopax/ cmuieax cocmasasem 0.005 me/ ma.

Knroueeste cnoea: uHcekmuyuobsl, cneKkmpogomomempust, UUNepMempuH, 3ema-yunepmempuH,
anbgha-yunepmempuH, onpeoesieHue, yuc-, mpaHc-usomepst, OD BOXKX, «pest controb.

ESTABLISHMENT OF ISOMERIC COMPOSITION OF INSECTICIDAL
CYPERMETHRIN SUBSTANCE BY RP-HPLC

L.A. Nosikoval, A.N. Kochetov?®

IMoscow Technological University (Institute of Fine Chemical Technologies),
Moscow, 119571 Russia

2CJCS «METTEM-Technology», Balashikha, Moscow region, 143900 Russia
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The determination of cypermethrin, one of the most sought pyrethroid insecticides having a wide
range of activities, by isocratic RP-HPLC is considered. The analysis of substances (technical
products) with different content of both the geometrical (cis-, trans-) and optical (zetacypermethrin
and alfacypermethrin) isomers of cypermethrin was carried out. Information about the content
of the most active forms of cis- allows evaluating the effectiveness of the biological substance
based only on RP-HPLC data, which in turn can be a decisive factor in the of the substance
assessment supplier / manufacturer or ready commercial products. The optimum concentration
range for determining the geometric isomers of cypermethrin in the working solution is from 0.2 to
1.0 mg/ml. The substance detection limit in working solutions/washings is 0.005 mg/mlL

Keywords: insecticids, UV, cypermethrin, zeta-cypermethrin, alpha-cypermethrin, determination,
cis-, trans-isomers, RP-HPLC, «pest control.
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LumepmeTpuH SIBISIETCS OJHAM H3 CaMBIX Pacmpo-
CTPAHCHHBIX NMHUPETPOUAHBIX MHCEKTUIIUAOB, HCHOJIB3Y-
OIINMCS] OTHOBPEMEHHO B MEIUIIMHCKOHN JIC3MHCEKIIUH 1
cenbckoM xo3siicTBe [1-3]. B 3aBucumocTn ot BeIOpaH-
HOTO TIPOM3BOIUTEIIEM CYOCTaHIINK MapIIpyTa CHHTE3a U
MPEKyPCOPOB BO3MOXKHO MOIYyUEHUE Pa3INUHbIX HA0OPOB
M30MEPOB TUTYIFHOH CYOCTAaHIINH, 3HAYUTEIEHO OTIHIa-
IOIIMXCS 10 cBOeW 3(PPeKTUBHOCTH [4] Ui HACEeKOMBIX

(tabmn. 1). Bmecre ¢ Tem, Hanmmdare HHPOPMAITAH O TIPOIICHT-
HOM COJICPYKaHUH ITUMIEPMETPUHA B ChIPHE U JOIOTHUTEITh-
HOW MH(pOpMaIK 00 W30MEPHOM COCTaBE IO3BOJHIO OBl
OCYILICCTBIISATh MOHUTOPUHI CYOCTAaHIMH IO KITIOUCBOMY
rokazareimo — Ouonoruueckoit ahdexkruBHOCTH. [locen-
Hee 00CTOSITENBCTBO KpaliHe Ba)KHO, MOCKOJIBKY HaOMr0-
JAeTCsl AMHAMUKA YBEJIMYCHNS PE3UCTEHTHOCTH [[EIEBBIX
BUJIOB HACEKOMBIX K cyOcTaHImu [5—7].

Taonauua 1. Uzomeps! « [ {unepmeTprHa» 1 X 0OTHOCHTENbHAS d(h(hEKTHBHOCTh

Hannune uzomepon
CoenuHeHne DHaHTHOMEpHBIN cocTaB® Do dexruBHOCTE* B TEXHUYECKUX
cyOcTaHIMsAX
o H
R o
CH; H
u . 82 B
CH;
aR (1R)-cis
O-IIUTIEPMETPHUH
- B-mumepmeTpuH
yuc-
- Z-uunepMeTpuH
=
RO o O-IUTIEPMETPHH
@A & 2400 p-wnnepuerpun
" " Z-1unepMeTpuH
o) CN CH;
o oS (1R)-cis
U i :
0, 0.
B Y
CH,3 Z
>?2—& o @ 81
«lunepmeTpun» & & -
CH,
oR (1R)-trans
- Z-uunepMeTpus
oS (1S)-trans
mpanc- .
__— : o B-ummepmerpun
Sl i 1400 Z-1UnepMeTpUH
R = 0-iumepMeTpuH
CHj
oS (1R)-trans
B-tmepmerpun
- 0-tmmnepmeTpruH
aR (18)-trans
* _ Cl
R = CI/K/H

** JlaHHBIC TIPUBEACHBI 11 KOMHATHOM MyXH (HOKayH-2((eKT) OTHOCUTENBHO OHOpecMeTprHa, aKTHBHOCTh KOTOpOro npuHsita 3a 100 [4].
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B aHamuTHyeckoil MpakTHKE PEKOMEHIOBAaHO WC-
nonb3oBaTh Metonsl [ JKX-ananmza (nerekTupoBaHue
[MNJ1) munepmerpuna [8], oIHAKO TPHBHAIBHOE 000-
pyllOBaHHE HE TIO3BOJIIET JOOWUTHCS pa3ieieHus BCeX
ONTHYECKUX M30MEPOB LUIEPMETPUHA JJAXKE C HCIIOJIb-
30BaHHEM CaMOr0 YyBCTBUTEIBHOIO THMA JETEKTHUPO-
Banus (O3]1) [9]. Ucnonb3oBaHue MeHEE AOPOTOCTO-
SIIEero 00OpYJOBaHUS U aXUPAJIbHBIX HEMOJBUKHBIX
(a3 He MO3BOJISAET OCYIIECTBIATH MOHHTOPHHT ITH-
MepMeTpUHA JlaXe Ha COAepKaHUEe TeOMETPUUYECKUX
n3omepoB (yuc-, mpawuc-). Hanpumep, MetomoM oOpa-
meHHo-(a3zoBoit (OD) B2XKX B rpagueHTHOM pexuMe
amronpoBanus [9] He ymaeTcst MPOBECTH pa3ieabHOE Jie-
TEKTUPOBaHHE T€OMETPUUYECKUX M30MepoB. Paznenenue
OIITUYECKUX W30MEPOB LIHIIEPMETPHHA OBUIO JOCTHTHYTO,
C Pa3HOH CTENEHbIO YCIIEITHOCTH, TOIBKO IPH UCTIONB30Ba-
HUH XUPATIBHBIX CTAIIMOHAPHBIX (pa3 metomom BIYKX [10]
u [DKX [11] (pa3neneHue BOCBMU U CEMU ONTHYECKUX HU30-
MEpOB, COOTBETCTBEHHO).

Panee MbI oka3aayM NPUHIMITHAIEHYIO BO3MOYKHOCTb
mpoBecTH onpenenenue meronoM BIXKX B m3okparmdie-
CKOM pEeXHMME TEOMETPHIECKUX N30MEPOB /IS IEPMETPHHA
u uriepmeTprHa [12, 13], ogHako ObLIIM PaccMOTPEHBI HE
BCE JIOCTYIHBIE U30MepHBIe (opMbI Tocaeanero. Heooxo-
JIUMOCTb 110I00HOT0 CKPUHUHIA OYEBUIHA, ITOCKOIBKY
Oonblliee COAEpKaHMUE YUC-U30MEPOB LUIEPMETPUHA
(mpeumytiectBeHHO 0S(1R)-cis-pOpPMBI) TO3BOJISET OT-
cedb 3aBEJIOMO MEHee aKTHBHOE ChIphe M 3aMETHO YBe-
THYUTH d(PPEKTUBHOCTh TOTOBBIX KOMITO3HITUH 3a CUET
YBEIMYEHUS COACPIKAHUS YUC-U30MEPOB YKE Ha CTaJIUU
OIICHKH ITOCTABIINKOB CYOCTaHITHIA.

BKCHepHMeHTaJIbHaﬂ qacTb

J1nst mpoBeieHrs] CCIIeIOBaHNI MCTIONB30BAIIN CIIe/Ty-
OIME aHATMTHYEeCKe cTaniapThl: «llurnepmerpuny (96.2
1 99.1%) (I'CO 7736-99, HIIK «bnok-1», Poccust) pazHbIx
maptui, «o-Llpmepmerpum»y 96.4% (I'CO 7735-99, HIIK
«bnok-1», Poccus), «Ilepmerpun» 99.5% (I'CO 7715-99,
HIIK «bnok-1», Poccust), a Tarke psii MMIIOPTHBIX CyO-
CTaHIMK (LMIIEPMETPHH HE TPOU3BOIMTCI HA TEPPUTOPHU
TaMOYKEHHOTO COI03a; Ha PHIHKE PHUCYTCTBYIOT CyOCTaHIINN
KUTACKOTO Y MHMICKOTO MPOU3BOACTBA [2]) C 3asBICHHBIM
coziep>kaHieM OCHOBHOTO KOMITOHEHTA He Hike 96%.

M3omnpomanon (x. 1., TOCT 18300-87), xsmopodopm
(x. 4., TY 6-09-06-4263), ykcycHas kuciora (X. 4.,
I'OCT 61-75), Bona muctummpoBannas (IOCT 6709-
72), aneronutpun (uist BOXKX, «Panreacy, Mcmanus)
UCIIONIE30BAIHUCH 0€3 MPEIBAPUTEIEHON OUUCTKH.

[Iposenenne BOXX B coueranuu ¢ YO-nerekTu-
pOBaHHEM OCYILIESCTBIUIM Ha Xpomartorpade «Waters
490» (Waters Ltd., Watford, UK), ocHameHHOM Haco-
com Altex monenu 110A, umxekropom «Rheodyne» c
oobemom nerim 20 mki, Y®-gerekropom Momenu 490
C MEPEMEHHOHN JITUHOM BONHBL VICIIONB30Ba M KOJOHKU
n3 Hepkaperonied cramu (4.0x150 mMM), 3armoHeHHbBIE

Cemapon SGX C18 Cymnep (RP-S) u Cenmapon SGX C18
Cynep, 3epruenue 5 MM («ncuko», Poccus). [Toasuxk-
Has (paza mpeABapUTENHHO JIera3upoBajach Mpu MOMO-
LY yAbTPa3BYKOBOM YCTaHOBKH, CKOpocTh Ioroka 0.5
u 1.0 MJI/MUH, COOTHOIIICHHE KOMITOHEHTOB YKa3aHO B
noanucu K puc. 1, 2. JlerekTupoBaHue OCYIIECTBIISIIN
nipu 280 HM (TeMIiepatypa KOMHaTHas1). 3alich XpoMa-
TOTPaMM ITPOBOJIMIIN € TOMOIIIBIO TPOTPaMMBbl « MyIbTH-
xpom» (Ampersand Ltd. Bepcus 1.521, Poccusi).

B mporecce paboThl TOTOBHUIIN MIPEMHUKCHI aHATH3H-
pyeMBbIX cyOcTaHIHH B XJI0pohopMe ¢ KOHIICHTPAIHSIMH
5-10 mr/mi1. Pa36aBneHneM NpeMUKCOB H30IPOIIAHOIOM
no koHneHTparuit 0.02-2.0 Mr/mur ymaercss MOJYyYHTh
cTabuibHbIe paboure pacTBOPHI (XpaHeHue 3 Mecsla B
xonoamneHuke T = 2+6°C) ans aHATUTHYECKOTO OIpe-
nenenust merogqoM O® BOXX ¢ mupokum oxBaTtom mo-
JISIPHOCTEH TIOJBMXKHOM (hasbl.

Pe3yabraThl M MX 00cyxaeHHE

[locnenoBarensHOE yBENHYEHHE IOISPHOCTH IIOA-
BWDKHOM (pa3wl (YBeNMUeHHE coneprkanusi Bombl ot 20 10
45% 00.) TO3BONIIIO JUIS TUTYIBHOM CyOCTaHIMK JOOUTH-
Csl HE TOJBKO Pa3elicHHs] TEOMETPUUCCKIX H30MEPOB IIPH
HCIONIb30BaHUN O0JIee TONSIPHBIX SITIOUPYIONINX CHCTEM
(puc. 1), HO ¥ «IBOCHHS» ITHKOB OJHOW U3 (GopM (yuc-),
YTO YKa3bIBaeT Ha BO3MOXKHOCTh WJICHTH(DUKAIMK TPYIIT
onrrrueckux n3omepos (puc. 1B, I'). Comocrasienue xpo-
MaTorpaMM aHaJTUTHUYECKUX CTaHJapTOB Pa3HBIX MApTHI
M TEXHHYECKOTO TIperapara KUTaWCKOTO IPOU3BOICTBA
(puc. 1b-T"), HECMOTpS Ha pa3Nu4ne yCIOBHN XpOMaTO-
rpadupoBaHus (Bapualliy HEMOIBIDKHBIX (ha3 U cOCTaBa
IIOEHTA), AAaeT NPUHIUIHNAIBHYIO BO3MOXHOCTD OICH-
KH COZIepKaHUsl OoJiee aKTUBHOH yuc-(pOPMBI, TTIOMIMO
YCTaHOBJIEHUSI OOIIET0 COAep KaHMsI UTIIEPMETpUHA TS
TEXHHYECKOTO MponykTa. [IpoBeneHHbIC MCCIeIOBAHMUS
BBISIBWIM Pa3IMdne M30MEPHOTO COCTaBa OTEUECTBEH-
ubeix ['CO pasnbpix napruii (puc. 1b, B), mpu sTom B 10-
KyMEeHTaIuu (Iacnopre) Ha CTaHJApTHBIM oOpaser] uH-
(opmarist 00 H30MEPHOM COCTaBE OTCYTCTBYET.

UccnenoBanHble BapuaHThl CyOCTaHIIMM MOYKHO
pa3MecTHTh B TOPSAKE YMEHBIICHUS d(H(EKTHBHOCTH:
texHuueckast cyocranius — [[CO (maptus 1) — T'CO
(maptus 2) B COOTBETCTBUU C COAepiKaHHEM yuc-popm:
50, 42 u 36% coorBeTcTBEHHO. OTHOBPEMEHHO CTaHO-
BUTCSI BO3MOXKHBIM (PHKCHPOBATh Pa3iIMIHe B COCTaBE
MPUMECHBIX (Da3, YTO MOXKET SBISATHCS JIOTIOJHUTEIb-
HBIM KPHTEPUEM TIPH aHAIH3€ CHIPhsS Ha IPEIMET ycTa-
HOBJICHHSI TIOATTMHHOCTH TAPTHH TPOIYKIIUU WUIH UJICH-
TU(PHUKALIAH TOCTABIINKA.

Jns 3era-numnepMeTpuHa IpH MOCIEA0BATCIEHOM
VBEIHMUCHUN TMOJSIPHOCTH DJIIOCHTA HE YNAIOCh 3aMeT-
HO YIyYIIUTh pa3fieleHHE I'e€OMETPUUECKUX H30MEpPOB
(puc. 2A), HECMOTpPS Ha TO, YTO OOIIIEE YUCIIO U30MEp-
HBIX CyOBbEMHMII B JIBA pa3a MEHBIIE IO CPABHEHUIO C
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80:20:1(A); 70:30:0.5 (b). Kononxka 4.0x150 mm Cenapon SGX C18 Cymep, 5 MKM:
cucrema CH,CN — H,0, 55 : 45 (B); 60 : 40 (I'). Cropocts motoka 0.5 mi/mum; A = 280 HM.
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Puc. 2. XpomarorpaMMbl pacTBOPOB IIUIIEPMETPHHA U ero romoiioroB: 1.00 mr/mu 3era-uunepmeTpu (A), 0.96 Mr/mi
anbha-tmnepmerpuH (B), 0.02 mr/vn npmepmerput (B), emeck 0.48 mr/mi pnepmerpuna u 0.48 mr/min nepmerpuna ().
Komnonxka 4.0x150 mm Cenapon SGX C18 Cymep (RP-S), 5 mxm: cucrema CH,CN — H,0 — CH,COOH (80 : 20 : 1);

0.5 mi/mun (A, B); konorka 4.0x150 mm Cenapor SGX C18 Cymnep, S mkm: cucrema CH,CN —H,O (60 : 40);
1.0 mi/mun (B); cucrema CH,CN — H,0 (75 : 25); 0.5 ma/mun (). A = 280 nm.
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numnepMeTpuHoM (4 potus 8). OqHAKO YMEHBIIICHHUE CO-
JIepyKaHMsl alleTOHUTPUJIAa B COCTaBe TMOABIKHOW (a3bl
TIPH OTIPEICIICHUH JIPYTOH CyOCTaHIMK — aib(a-Iumep-
MeTpHHA NPUBOJNT K JeTeKTUpoBaHuio (puc. 2b) odoux
ONITHYECKUX HM30MEPOB CYOCTAHIIMH, BKJIIOYAs CaMYIO
aktuBHYIO (aS(1R)-cis) dopmy u3 Bcex 8 ONTHUECKHUX
M30MepoB TunepMerprHa (cM. Tadn. 1). B mocnennem
ciy4ae CKOpOCTb DIIOMPOBAHMS TIOABIKHOU (pa3bl uepes
XpOMaTorpapuuecKyl0 CHCTEMY IPHIUIOCH YBEIHUH-
Bath J10 1.0 MJI/MMH, TOCKONBKY ITPU MEHBIIEH CKOPOCTH
(0.5 mur/mMHH) He oOecrieuuBacTCsl JOJDKHOE pasJielicHHE.
HecMmoTpsi Ha HEJOCTAaTOUHOE B PACCMOTPEHHBIX YCIIO-
BUSIX XPOMATOTpaUpPOBaHUS pa3leiICHUE ONTHYCCKUX
HU30MEpOB  anb(ha-IHUIepMETPUHA OCTaeTCd BO3MOXK-
HOCTB KaueCTBEHHO OIICHUTH X COOTHOIIICHNE B paMKax
o7HO# rpynmnsl (oHo 6mu3ko k 50:50 (puc. 2b), uro, Be-
POSITHO, OOBSCHSACTCS 0COOCHHOCTSIMU CHHTE3a/BhIJIeIe-
HUS ITaHHOTO TPOJYKTAa).

Hexotopele TpOM3BOAMTENHM KOHEUHBIX WHCEKTH-
LUIHBIX CPE/ICTB TP BBIOOpE CYOCTaHIMK LUIEPMETPUH
OPUECHTUPYIOTCSI, TOMAMO COIEP KaHMs JEHCTBYIONIETO Be-
IIECTBA, HA KOHCUCTEHIINIO MPHOOpPETaEMbIX CyOCTAHIIMIA,
OCYIIECTBIISIST THTYHTHBHO MPOCTYIO, HO BCE JKE& HEBEPHYIO
OLICHKY «BSI3KUM»—CKUAKWN». Jlorndeckuii mochul IMo-
HSTCH — OYHMIICHHBIC M30MEpPHBIC CAWHHUIIBI IUICPMETPH-
Ha (anb(a-1HIepMeTprH, 3eTa-IUNEPMETPHH) SBIISIOTCS
KPUCTAJUTMICCKUMH BEIIECCTBAMH (TOTa KaK TEXHIICCKHI
LUIIEPMETPHH U €0 aHAJIMTHYECKUE CTAaHIAPThl — BSI3KUE
amop(HBIe TIPOAYKTHI), YTO MOATAIKUBACT K BBIBOMY, UTO
IpU ONTM3KOM CONEP’KaHUK OCHOBHOTO KOMIIOHEHTA B BbI-
OupaeMbIX 00pasliax ChIpbsi HaHOOJCe AaKTHBHBIM Oy/eT
SIBIIATHCS OoNee «KpucTayumueckuit»y. OqHako HaMu ObLIO
YCTaHOBJICHO 00paTHOE: KUIKUN MeI000Pa3HbIi TeXHUUE-
CKHI MIPOIYKT OKa3zajics Ooliee MpHUBJIEKATEIbHBIM C TOUKH
3pEHHsT HCTIONB30BaHMUS IS Lieliel «pest controly, 1Mo cpas-
HEHUIO ¢ 3acThIBIICH aMOp(HOI Maccoil aHaIUTUYECKOrO
crargapra. [Tlo-BiumMoMy, He comepKaHne ONpeeTeHHBIX
AKTUBHBIX H30MEPOB OTBETCTBEHHO 32 KOHCHCTEHIIUIO CYO-
CTaHIMH, a HAIMYHAE TeX WIM WHBIX TPUMECHBIX (a3 (CM.
puc. 1), KoTopble B MEHBIIIEM KOJIMYECTBE MPUCYTCTBYIOT Ha
XpOMaTorpaMMax KpHCTAIUTITIECKHX TOMOJIOTOB (puc. 2A, b).

Crnemyer OTMETUTH, YTO Ha XpOMaTorpaMMe CTaH-
JIapTHOTO 00pa3ia abda-I|IepMeTprHa MPUCYTCTBYET
JIOCTATOYHO MHTCHCHBHBIA MUK MPUMECHON (a3bl (MUK
No 6 puc. 2b). OgHako HEMOHSTHO, SBISETCS U OTBE-
YalOIIUN eMy KOMIIOHEHT XapaKTePUCTUUYHBIM JJIsl BCEX
BO3MOXHBIX 00pa3loB aibda-IurnepMeTpruHa U He Ba-
pBUpYETCS JIU OH B 3aBUCUMOCTH OT METOJIOB CHHTE3a/
OYHCTKH, CTIOCOOOB XPaHEHHUS, WJIH K€ BOBCE SBISIETCS
MpUBHECEHHBIM Ha cTaauu ¢dacoBku ['CO, Tak xak ajs
IPYTHX CyOCTaHINH, KpOME ITHKOB IIEJIEBOTO KOMIIOHECH-
Ta, aHAJJUTUYECKOTO CUTHAJa C COMOCTaBUMOW WHTEH-
CHBHOCTBIO Ha XpoMarorpaMMax He HaOomaercs.

MOoXHO PEeKOMEH/I0BaTh CIIEAYIOIINE YCIOBHS TPO-
BEJICHUS aHAJM3a W30MEPHOTO COCTaBa U THTYIb-

HOW CyOCTaHIIMM Ha TMPOTECTUPOBAHHBIX KOMMEPYECKU
JIOCTYIHBIX CTAllMOHAPHBIX (a3ax B H30KPATHUECKOM
PSKUME: HCTIONB30BAHUE DITIOUPYIOIIUX CHCTEM C CO-
JiepKaHueM ateToHuTpuia He Oonee 70% (mpu He-
OOXOMMMOCTH MOYKHO ~OCYIISCTBIISITH ITOIAKHCIICHUE
MOJIBM>KHOM (has3bl YKCYCHOM KHCIIOTOM il TIPeA0TBpa-
IICHUS BBIACTICHUS JIOTIONHHUTENBHBIX HHTPEIHCHTOB
U3 SKCTPAKTOB TOTOBBIX CPEACTB [14]), cCKOpOCTH 3IIt0-
eara 0.5 MI/MHH TIpW IJIHHE BOJHBI JETCKTUPOBAHUS
280 M. MpeHTH)UKAIMIO TEOMETPUUECKUX H30MEPOB
MIPEATIOYTUTENFHEE OCYIIECTBISTh B AHMAIAa30HE KOH-
ueHtpanuii 0.2+1.0 mr/mi. B ciydae Gosee paz0aBiieH-
HBIX pacTBOpOB (pHcC. 2B) MOrpenHocTs onpeneneHus
U30MEPHOTO COCTaBa 3HAYUTEIBHO YBEJIMYUBACTCS.
MuHAMAaNBHEIN TIPeAes ONMpeIeNiCHHs [IUIEPMETPIHA B
BBIOpaHHBIX ycnoBusx coctasisier 0.005 mr/mi. Bos-
MOYXHO OJJHOBPEMEHHOE OIPEICICHIE TeOMETPHUCCKIX
M30MEpOB NlepMeTpuHa U numnepmerpuna (puc. 2I) umm
K€ TPYIIIOBOE ONpPE/ICICHIE B IPUCYTCTBUN APYTUX TIH-
PETPOUIHBIX MHCEKTUIIM/IOB: TETPaMETPUHA, TpaHC)Iy-
TpuHa, heHoTprHA M repMerpuHa [13]. OnpeneneHuto
TUTYJIBHOW CYOCTaHIIMM MeIIaeT TPUCYTCTBHUE TOMO-
JIOTOB: JIIMOA-IIUTAJIOTPUHA W JeTbTaMETPHHA, KOTO-
pble MOTyT OBITH ONpEAETICHBl COBMECTHO, HCIOJB3YS
XpoOMaTorpaduuecKyro Wi CIIEKTPO()OTOMETPHUCCKYIO
MeTonuku [14]. Vcnonb3oBaHHE CMECEBBIX KOMITOZUIIMI
MIHPETPOUIHBIX WHCEKTHUIMIOB KpaifHe BaKHO, TOCKOIBKY
OCHOBHBIM KOMIIOHEHTOM HanOosee 3(QEeKTUBHBIX U HaU-
MeHee TOKCHYHBIX MHCEKTUIMIHBIX MPETapaToB sBISIETCS
MUKPOKAIICYJTHPOBaHHbIE ()OpMBI Iunepmerpuna [15], a ox-
HUM U3 TiyTel yBelmueHust 3QGEKTHBHOCTH TaKHX CPEICTB
HPEACTABIACTCS. UCHOIb30BAHNE CyOCTaHIMI, 0OOorarieH-
HBIX HauOOJIee aKTHBHBIMHA H30MEPHBIMH (DOPMaMHL.

3ak/oueHue

OueBuaHOE pa3inune W30MEPHOTO COCTaBa B WC-
XOJIHBIX CYOCTaHIMSX HAKJIJbIBAET JOMOIHUTEIbHBIE
TpeOOBaHUSA 10 CTaHAAPTHU3AIMU ITOTO TapaMeTpa Ipu
MIPOBEICHUH OMOJOTHYECKUX UCCIICAOBAHUH U, BOSMOXK-
HO, JTaXe K IIePECMOTPY HEKOTOPBIX U3 HUX — HATIPUMED,
MPU YCTAaHOBJICHWU YPOBHEW PE3UCTEHTHOCTU (TOIH-
KaJIbHOE HAaHECCHHE Ha HACEKOMBIX PACTBOPOB CyOCTaH-
1), @ TaK’Ke HEKOTOPBIX APYTHX (PU3HOTOTHYECKUX U
OMOXMMHYECKHX ToKazareneit [5—7, 16—18]. B aToi cBs-
3H MpeJiaraéMblil HAMU JTOCTYIIHBIM U MPOCTOM MOIXO0/
JIaeT BO3MOXHOCTh TIOJIYYHUTh HH(POPMAITUIO 00 H30Mep-
HOM COCTaBe, KOTOPBI, TOMUMO OOIIETO COIEp>KaHUs
[UTIEPMETPUHA TIPH BXOJHOM KOHTPOJIE CHIPhS B IPO-
[ecce MPOU3BOACTBA MM MOHUTOPHUHIE TOTOBOW MpO-
JIYKIIMH Ha JFOOBIX CTaUSX MYTH K MOTPEOUTEITIO, SIBJIS-
€TCsl CBOEOOPpa3HBIM MaPKEPOM, TIO3BOJISIOLINM OLICHUTh
MPOW3BOJIUTEIISA/TIOCTABIINKA HCXOAHON CcyOcTaHInu/
TOTOBBIX CPEJICTB M CIY)KHUTh JIOTIONHUTEILHOM CTere-
HBIO 3aIIUTHI B cydae Gparbcu(HUKAIUK TIPOTYKIHH HITH
MCTIONB30BaHus OoJiee ICNIEBOTO ChIPhsl C MEHBIITUM CO-
JIep’)KaHWEM aKTHBHBIX U30MEPHBIX CyOhEeINHUIL.
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MATEMATHYECKHE METOAbI H HH®OPMAIIHMOHHBIE
CHCTEMBI B XHMHYECKOH TEXHOAOT'HH
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HOBBIE MOJIEJIBHBIE IIPEJCTABJEHUSA B TEOPUU KOJIEBAHUI

9.M. Kapramos, npodeccop

Kadpedpa svicwietl u npurkiadHol mamemamuru,

Mocroeckuii mexHonozuueckuil yHugepcumem (MHcmumym moHKUX XUMUUECKUX MexXHO02ull),

Mockea, 119571 Poccust

@Asmop oaa nepenucku, e-mail: kartashov@mitht.ru

PaccmompeH HO8bLL Kaace MOOenbHbLX hpedcmagieHUll 8 meopul KonebaHUll cucmem, onucbleae-
MbIX KAACCUUECKUMU KPpaegblMU 3a0auamu Oast YypasHeHUl eunepboauveckozo muna. OcobeHHoCMb
NpeoiosKeHH020 No0X00a 3AKI0UAEMCs. 80 88e0eHUU 8 OCHO8HOe YpasHeHuUe KolebaHUll 00NnosHU-
MeNbHO20 CAA2AeMO20, XApaKmepusyrouiezo Hatuuue 8 cucmeme epadueHma memnepamypul. Pas-
sumast meopusi Kacaemest NPoo0obHbIX KONeOaHUTL CMepiKHsl, HO C 00OUHAKOBbIM YCNexom MmoxKem
6bimb pacnpocmpaHeHa HA 300yl 0 KONebaHUSX CmpYHbl, MemMOpaHbl, KPYMUIbHBLX KOAeOaHUl
8aa, INEeKMPOMAZHUMHbBIX KoaebaHull u m.o. IIpogedeHbl UUC/IeHHble IKCNepUMEHMbL, NOKA3A8ULUE
cyuiecmeeHHoe 8AUSIHUE MeMNepamypHo20 NoJisl 8 CMepIKHe Ha xapaKkmep KolebaHUull U cmeuteHull
CceueHUll CmepiKHsL N0 CPABHEHUIO C KAACCUMECKUMU PEeULEeHUSIMU.

Knroueesle cnoea: cmeprkeHsb, NpooosbHble KOleOAHUS, 2padueHm memnepamypbol, CMeULeHUsL.

NEW MODEL IDEAS IN THE THEORY OF OSSILATION

E.M. Kartashov

Moscow Technological University (Institute of Fine Chemical Technologies),

Moscow, 119571 Russia

@ Corresponding author e-mail: burliaevv@yandex.ru

The article considers a new class of model representations in the theory of oscillation of systems
described by the classical boundary value problems for hyperbolic equations. The peculiarity of
the suggested approach consists in the introduction of an additional term into the basic equation
of oscillations. This term characterizes the presence of a temperature gradient in the systems.
The developed theory is applicable to longitudinal oscillations of a rod, but can be extended
just as well to the problem of the vibrations of strings, membranes, shaft torsional oscillations,
electromagnetic waves, etc. Numerical experiments showed a significant effect of the temperature
field in the rod on the nature of the vibrations and displacements of the rod cross-sections in
comparison with classical solutions.

Keywords: rod, longitudinal vibrations, temperature gradient, offset.

Ipocreiimue 3amadn MaTeMaTHIecKod (HM3UKH, Ka-
caroluecs: CBOOOIHBIX WIIM BBIHYXKJICHHBIX KOJICOAHMI
CTPYHBI, MPOJOJIBHBIX KOJICOAHUI CTEpP)KHS, MOMEPEUHBIX
KoJieOaHMii MEMOPaHbI, KPYTHITbHBIX KOJICOaHHU BaJia U T. 1.,
HPHUBOJAT K YPAaBHEHUIO TUTIEPOONINIECKOrO TUIA

0*u(x,t o*u(x,t
a(ﬁ Lo ()Ecz : M

P HEU3MEHHBIX TeMIIepaTypHbIX yeinoBusx (T = const),
BBI3BIBAIOIIMX OTKJIOHEHHUE u(X, {) CHCTEMBI OT ITOJIOXKE-
HUs paBHOBecus [1].

Hactosiimass myOnukanust KacaeTcsi CpaBHUTEIBHO
HOBOT'O BOIIPOCA B TEOPHUHU KOJIeOaHMIA, KOT/Ia KoJieOaHus
B CUCTEMC yCJ'IO)KHHIOTC?[ HaJIMYUEM B HeI71 Fpaﬂl/ICHTa
Temneparypsbl. J{Jst onpeneieHHOCTH paccMaTPUBAOTCS
MPOJIOJIBHBIE KOJIeOaHHsI OHOPOJHOTO CTEPIKHS C TIoTe-
peUHBIM cevueHreM S HUIHHIPUICCKON HITH KaKoW-JIn00
UHOI (DOPMBI, AT PACTSDKEHUSI MM CHKATUSL KOTOPOTO
HEOOXOMMO TMPHIOKHUTHh W3BeCTHOE ycuiue. Omnuimem
HpOD,OJ'lI)HbIe KO.]'[e6aHI/I$[ CTCp)KHH HpI/I HaJIMYUU B HEM
grad7(x, ¢), npeanonaras, 4TO CHJIBI JEHCTBYIOT BIOJb
OCH CTEepPKHS (0Ch X) ¥ KaXKA0€ U3 MOMEePEUHBIX CEUSHUH
CTepPKHS TIepeMeNaeTcs OCTYNaTeIbHO TOIBKO BIOJb
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HoBble MOAEABHBIE IPEACTABAECHHS B TEOPHH KOA€OaHHH

ocu crepkast. OOBIYHO 3TO TPEAOTOKEHUE OIPABIBI-
BAeTCsl, €CIU TONEPEYHbIE pa3Mephbl CTEPIKHS Mallbl 10
CPaBHEHMIO C €r0 JUIMHOW, & CUJIbL, JEHCTBYIOIINE BIOJIb
OCH CTEp)KHS, CPaBHUTEJIBHO HEBEIHMKH. B MpoTHBHOM
ciy4ae, KaK M3BECTHO [2], CTepKEeHb MOXKET HaYaTh U3-
rubarbes. B Kypce CONpOTHBIIEHUS] MaTepuasioB ycTa-
HaBJIMBAETCsl, YTO HaMMEHbIIas Harpys3ka P, Ipu KOTo-
pOii CTepKEHb MOXKET MPHUHSITH YCTOHUNBOE M30THYTOE
MOJIO’KeHNE (KPUTHUYECKasl HAarpy3Ka), OIpeessieTcs 1o
bopmyne Ditnepa P = 7’EJ/F, tne E — monynb FOura, J —
MOMEHT MHEPLUH MONEPEYHOI0 CEUYEHHs] OTHOCUTEIBHO
€ro LEHTpa THKECTH, [ — JUIMHA CTEPXKHS. DTOT ciiydail
HE paccMaTpuBaeTCsl.

BriBenem nuddepeHumanbHoe ypaBHEHHE TIPO-
JOJBHBIX KOJICOaHNH CTEPIKHS MIPU HAJIMYUH B HEM TEM-
nepatypHoro nonsi 7(x, ¢). B 0CHOBy BbIBOJIa MOJIOKUM
3akoH ['yka u Bropoii 3akoH HproToHa.

ITyctb x — abcuucca HEKOTOPOTO CEYSHHS CTEPHKHS,
KOTJIa TIOCIIeTHUHA HaXOOUTCS B TIOKOE; (X, ) — CMeIIIe-
HHUE 3TOTO CEYCHHUsI B MOMEHT BpeMeHH ¢. Torna cmerie-
HHUE cedeHus ¢ abcruccoii (x + Ax) Oyaer paBHO (¢ TOU-
HOCTBIO JTO OECKOHEYHO MalIbIX BBICIIETO MOPSIKA)

ou (x,t)Ax

Ax.t)=
u(x+ ,t) u(x,t)+ o

)

Orcrofa cleayeT, 9T0 OTHOCHUTEIFHOE YIJTUHEHUE
y4acTKa CTepKHS B CEUYCHHH C a0CIIMCCOW X B MOMEHT
BpeMmeHHu ¢ > () paBHO bu(x,t)/ 0x. ConacHo 3akoHy ['yka,
HanpspKeHUE, BbI3BAHHOE JIEWCTBMEM HEKOTOPOW CHIIBI
F, nponopinoHaabHO BEJIMYMHE Ae(hOopMaIiu

du(x,t)
o=E-¢e=F——~, 3)
ox

e ¢ =ou/ox — nedopmanus. [lycts T(x, ¢) — Temmnepa-
TypHO€ T0JIE€ B CTEPKHE, T, — HadaIlbHas TEMIIEPATypa.
O4eBUIHO, YTO MPH U3MEHCHUU TEMIICPATyPhl CTCPIKHS
or T, no T(x, f) B CEUEHHUH CTEPKHSA ¢ aOCIUCCOH X BO3-
HHUKAeT OTHOCHUTEIIFHOE YUIMHCHUE (TeMIIepaTypHas Jie-
bopmanus) € = a[T (x,t)—T, 0], rae o — koddduimest
JUHEHHOTO TeIutoBoro pacmmmpenus. Cuia, AeHCTBYIO-
11ast Ha AJIEMEHTAPHOM ydacTke [x + Ax]| cTepHs, paBHa
MPOM3BECHUIO IIOMIAIN TIOIIEPEYHOTO CEYCHNUS Ha pa3-
HOCTb HAPSDKCHUH B CEUCHHSIX:

ou (x+Ax,t) B du(x,t)

F=S(0,,-0,)=SE

ox ox
+SE ([T (x+ Axt) =T, ]=[T (x0) -7, ]} = @
_spardnn) sEanc LT ]
ox ox

Cornacuo Bropomy 3akoHy HeroToHa

2 2
Fzmau(f’t):pSAxau(f’t), 5)
ot ot

e p — INIOTHOCTh Marepuana cTepyxkus. Teneps Ha oc-
HoBaHuu (4)—(5) maxomum (HOBOE) aubepeHInab-
HOC ypaBHEHHE MPOJIOJIBHBIX KOJEOAHUS OIHOPOIHOTO
CTEep KHSI IPY HaJIMYMU B CTEP)KHE I'paJleHTa TemIiepa-

TYpBL:

ofu(x,t o*u(x,t 0| T(x,t)-T,
()(t2 s aiz )il (ax) ] (6)

e ag = E/p ([a;]=w?/;[u]=m).

OcranoBuMcs monpodOHee Ha Tu(QepeHInaT-HOM
YPaBHEHUH TEIUIONPOBOJHOCTH JUIL TEMIIEpaTypHOH
¢yskmmn T(x, £). MOXHO MPENIOIOXKHTh, YTO KojeOa-
HUSI CTCP)KHSI TIPOMCXOJST B OKPY)KAIOIIEH CTep:KeHb
Cpene, TeMIeparypa KoTopoi I MOKET HE COBNAATh C
HA4aIIbHON TeMIIEpaTypoii crepxus 7, u yepes Ooko-
BYIO ITOBEPXHOCTH IPOUCXOIHUT TEINIOOOMEH CO CPEIOi.
B sTOM ciydae ypaBHEHHE TETJIONMPOBOIHOCTH 3aIH-

metes B Buge [3]

of  o’T
E:ay—mz[T(x,t)—T;]; (7)

rne m* = oy P/(cpS), P — nepuMeTp MONEPEYHOTo cede-
HUs CTEPIKHS, 0., — KOO(POHUIMEHT TEMI000MeHa B 3aKOHE
Herotona ([a ] = Jorc/(cm’ epad), [m’] = 1/c).

B kayecTBe WIUTIOCTpALIK [TOTYyYEHHBIX COOTHOILICHUI
paccMoTpuM city4aid, koraa KoHel x = 0 IIMHIPUIECKO-
IO CTEp’KHSI HACTOJIBKO JUIMHHBIN, YTO €r0 MOYKHO CUMTAaTh
HPOCTHPAIOIIMMCS B OJJHY CTOPOHY J10 OECKOHEUHOCTH, TIe-
peMeIaeTcst o TapMOHIYECKOMY 3aKOHY Asinw? mpu Hy-
JICBBIX HAYAIBHBIX YCIOBUAX s X > 0 (mepemernicHne
KOHI[A CTEPIKHS 110 3aKOHY ASinm? BBI3BIBACT MPOIOJIb-
nas cuna F(t)=(4ESw/ag)coswt NPUIIOKEHHAS K
Topuy x = 0). OTHOBPEMEHHO CTEPKEHb HAXOIUTCS B yCIIO-
BUSIX TEMITEpaTypHOTo HarpeBa ¢ Topiia x = 0 remneparypoit
T, otanoii ot HavanbHo# 1) (T > T), v pr 5TOM UMeeT
MECTO TEIIO0OMEH 4Yepe3 OOKOBYIO MTOBEPXHOCTH CTEPIKHS
co cpeztoit Temnieparypsl 1. Takum 00pasom, B CTEpIKHE
BJIOJIb €TO TEKYyIIEH TONIIMHBI BOSHUKACT TEMIIEpaTyp-
Hoe none 7(x, ¢), Bimstoniee Ha konebanus. TpeOyercs
OTIMCATh MPOOIBHBIC KOJICOaHUs CTEP)KHS IpH chopmy-
JUPOBAHHBIX YCIOBUSX.

CooTBeTCTByIONIAs MATEMaTHIECKAst MOJICIIb IMECT
BUL:

—5 =4 —25, x>0, t>0> (8)
ot ox ox
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u(x,t),_o=0. aug’t)L:O: 0, x>0,

u(x,t)x:0=Asina)t,t>0, |u(x,t)|<oo, x>0, >0,

oT o'T
=da

0t ox?

—mZ(T—TL,), x>0,¢>0,

T(X,l‘}tz():TO ,x20,

T(x,f)|x:0=Tc, t>0. |T(x,t)|<oo, x20,120.

B (8)—(13) mepeiinem k O6e3pa3MepHbIM IEPEMEHHBIM:

* ,1 T(x,t)—
§=x/l, v =apt/l, u (f,T)Z%,W(@T)Z(Xf
Aﬂ_al(Tc_To)’ml _aol,mz - d . ay’

31ech [ — macmTabHas eqMHUIA UTAHBL.
3agaya (8)—(13) Oynet uMeTh BUIL:

o'u’ B o'’ OW
o’ o0& c)f

u*(f,r) e ou ((,"‘,r)

or
u*(é,r)|§:0:AOSinm3r, >0, |u*(§,2')|<oo £20, 720

, £>0, >0,

=0, £20

ow 34
()—T:mf oF -m;, (W-1), £€>0, 7>0,
W(&7)|.0=0, W(&7), =L ¥ (&r) <0 £20, 720

Oneparonnoe (1o Jlariacy) pemenue 3aaaqun (15)—(16) oTHOCHTENBEHO QYyHKINK 171 : (f

UMeeT BUJT
m 1 1
i (& p)= L [ }
1+ amim3 | \p+m3(p-p,) \/p+m§(p—pz)
x exp(— p&)+ 3_exp(- p o
m32 \/1+4m1m2 \/p+m2p pl)

_1/p+H12 (P Pz eXp[ m é/m )]]

oemilem |-

€

(10)

an

(12)

(13)

(14)

(15)

(16)

p)=Jexpl- pr)-u”(£.0)dz

0

a7
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ITepexons x opuruHamam [4], HaxoaUM:

w (&r)=u (Er)+uy(Eohn(z - &), (18)

rae 7(z) — dynkus Xesucaiaa.
31ech:

my 1

% _ 1
u (&,7)=——F——es ) exp(p,7)
AR v P2y et
X exp(—ﬁmZ2 +pp&/m )@*[275 —ﬁim% + i ’;J— (19)

-l + i éfm o @wmﬂ}

[:_4\1\)

*
U

()= S L explpy - )
1+ 4mim3 k=1 2\mj3 + py ’ (20)
x QD(\/(mzz +kar —§))}+ Ay sinms(z — &),

P2 = (1 + .1+ 4mim3 )/(2m1 ) D' (2)=1-2(2); @(z) :(2/\/;)j'exp(—y2)dy — (yukuus Jlamaca.

0

Ecnu B (16) npenedpeus TermiooOMeHOM uepe3 OOKOBYIO TOBEPXHOCTh m22 = (0 (3a c4eT TepMOU3OIIALIUN OOKOBOU

. 2
MTOBEPXHOCTH CTEPXKHSI MJTM MAJION BETMYHUHBI 7715 ), TO GyHKIIWH B (18) OyayT UMeTh BU:

u (€.7)= —mTEeXP(T/mIZ Iexp(— E/m? )@*£2mf\/? _ﬁJ _

N[ & AT 2mAT E ) & o &)
ikl ] - o)

uZ(é,r)=m5exp(T‘fJ¢(V Jz’"l\/ — &+ Aysinmy (7 — &), (22)

ml ml

2D

Ecnu B mocranoBke 3amaun (8)—(13) nckmounTs BIUSHHUE IpaaneHTa TeMnepatypsl (I = const — KTaCCHIECKU
city4aii), To IepeMelleHle CEYeHNs CTEPIKHs ¢ abCIHccoi & onmcbiBaeTest GopMyItoii:

i (&,7)= [y sinm;(z — &)z - &) (23)

PaccMOTpUM ellle OIMH NPAKTUYECKH BAKHBIM CIIyYaid, KOrja K KOHILYy CTEpKHs X > 0 MPUIOKEHa TPOIOJIbHAs
cuia P = const, Tak 4to [OM(X,I)/GXJLZO =-P/(ES), t > 0, wn B nepeMenHbIX (&, 7)

Ou*(é,r)
¢

—(_ B P
g:o_( Ao)r 720, [AW] (24)
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Oyuxmwms cmernenust u*(& 1) umeer Bux (18), e ”1* (;‘,z‘) — Belpaxkenue (19),

MZ(QZ,T):Ao(f—§)+;{[L—L}Lexp[m(f—f)]—

J1+4m?m3 \P2 p1) P
| (25)
L S 5)]},
P2
4YUCla p, ¥ p, IPUBEICHBI BBIIIIC.
B cnyqae OTcyTCTBI/ISI I’paZ[I/IeHTa TeMHepaTypBI pemeHHe UMEECT BU:
i (&)= Az =&z - &) (26)

PucyHku 1-4 pacKpbIBarOT KOJHUECTBEHHO BIMSHUE TEMIIEPATYPHOTO IMOJIS B CTEPIKHE Ha XapakTep MPOI0IbHBIX
KoJIeOaHn.

" e )
WL T E T, WIE T e,
Lof .
naf
If b o
n6f e, v
.
k, \‘.
1t 0.4 .

02 %

L —oaf 2 L ===
\‘ L 2
-0.4 -
Puc. 1. Kpusas [ — 1,7*(@‘,1') (pemrenmue (23)), Puc. 2. Kpusbie / — i (5,2’) (pemrenmue (23)),
* *
KpuBbie 2, 3 — U (f ,T) (pemenue (18)): KpuBBIC 2 — U (f ,T) (pemmenme (18)):
2-mP=18,3-m{=24.&E=1,my=25, mi =18, my=25, 4y=1; m;=0.1.
Ay =1; m% =0.1. crutousle T = 0.2 , nyHkTupHble 7 = 0.6.
008 AU E T, U o) ot 7,
4 0.6 E.
0sf \\
3 " S
oAb,
N nzf N
02k g ‘\‘ )

0.l \\
\\ N
oy L N - . - A £
L} FIRES

Puc. 3. Kpusas [ — i (£,7) (pewenne (26)), Puc. 4. Kpussie [ — i (&,7) (pemenne (26)),
KpuBble 2, 3 — U (ff,T) (pemrenue (18), (19), (25)): KpuBbIE 2 — u*(ﬁ,r) (pemrenue (18), (19), (25)):
2-mP=18,3-mi =24 &=1, m? =18, 4y=1; m?=0.1.
Ay =1; m% =0.1. crutontHble 7 = 0.2 , myHkTupHsbie 7 = 0.6.
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[Ipexxne Bcero, 3aMeTHM, YTO H3MEHEHHUE 3HaKa
u*(& t) o3HAYaeT M3MEHEHHWE HaIpaBJICHUS CMelle-
HUS (DUKCUpOBaHHOTO ceueHws. Ha puc. 1 ommcans
MIPOAOJIbHBIE KoeOaHusi ceueHust ¢ = 1 co BpeMeHeM,
paccuutannbie no pemennio (18)—(20), (23). Kpusas 1
— KJaccudeckuil cimydaid (23): xoneOaHUS HAYMHAIOT-
cs ¢ 3alepKKOM Ha 7 = 1, O 9TOr0 MOMEHTa CEYEHUE
HaXOJHUTCA B COCTOsIHMU ToKosi. KpuBeie 2, 3 — koseOa-
HUS CEUEHUs IPU HaJM4YUU B CTEPIKHE TEMIIEPATypPHOIO
MOJISi: TPOIIECC HAauYMHAETCA C Ha4aJlbHOTO MOMEHTa
BPEMEHH, CMELIEHUE OJHOr0 3HaKa BO3PACTaeT, U C
MOMeHTa 7 = | HauuHaroTCA KojeOaHus, aMIUIUTYIa KO-
TOPBIX BO3pacTaeT co BpeMeHeM. Ecim npeneOpeus Bims-
HHEM TEIUI000MeHa yepe3 OOKOBYHO TIOBEPXHOCTH CTEPIKHS,
TO KapTHHA KOJICOAHMI COXPAHSETCS, HECKOIBKO YMEHbIIa-
ercs JIMHEeiHas 4acTh rpaduka Ha IPOMEXYTKe T € [0,1].
Puc. 2 packpsiBaer kapruny cmemenus (18)—(20), (23)
CEUCHUH CTEPIKHS BIOJTb €TO TEKYIIEH AIHHBI B (PUKCHU-
POBaHHBIH MOMEHT BpeMeHH. JlJIsl KIacCH4ecKoro ciy-
qast (23) cMenieHrne HauuHAETCs ¢ TOpIA, U JJIsl CEYCHHUH,
YICJICHHOTO IIPEBHINAIOINX (DUKCHPOBAHHOE BpEMS,
HabIroaeTcs coctossHue nokost. [Ipu Hamuuuu Temmnepa-
TYPHOTO HOJIs IJIs1 MJIIX BPEMEH CMELLEHHE TakKe Ha-
YHHAETCS C TOpIa, YOBIBACT, MEHSCT 3HAK U 3aTeM TpH-
ONrDKaeTcsl K HyJIEBOMY 3HAYEHHUIO — COCTOSTHHIO TIOKOSI
JUIsL TOCTaTOYHO yHalleHHbIX ceueHui. [Ipu oTcyreTBun
TermooOMeHa gyepe3 OOKOBYIO IIOBEPXHOCTh KapTHHA IT0-
BEJICHUSI CMEUICHUs IPAKTHUECKU coxpansercs. Puc. 3
onmceiBaeT nosenenue cmemenus (18), (19), (25), (26)
¢uxcupoBanHoro ceuenus ¢ = 1 co BpeMeHeM. B kiac-
crudeckoM ciydae (26) Takxke 10 MoMeHTa T = | Habmo-
JTAeTCsl COCTOSTHUE MOKOSI, M HaYnHas ¢ 7> | cMeleHne

Cnucok JuTeparypbi:

1. TuxonoB A.H., Camapckuit A.A. YpaBHenus ma-
temarudeckoil pusuku. M.: Hayka, 1966. 724 c.

2. Apamanosuu WN.I"., Jlesun B.U. YpaBuenus mare-
Maruyeckoit Gusuku. M.: Hayka, 1969. 288 c.
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mkoia, 2001. 540 c.

BO3pacTaeT co BpemeHeM. [Ipu Hanuuny rpainenTa TeM-
MepaTypsl B CTEPIKHE CMEIIEHNEe HAYMHAETCS C Hayallb-
HOTO MOMEHTa BPEMEHH U JI0 OTPECIICHHOTO BPEMEHU
HE TIPEBBIIIAET «KJIACCUYECKOro» 3Ha4eHus. Puc. 4 onu-
CHIBACT CMEIICHHE CEYCHHUM CTEp)KHSI BJIOJb €r0 TEKYy-
e IIMHBL 1715 GUKCUPOBAHHBIX MOMEHTOB BPEMEHH.
DTOT pUCYHOK UHTEPECEH TeM, UTO KapTHHA TTOBEICHUS
CMeIleH!s ONTU3Ka K pHC. 2, HECMOTPSI Ha TPUHITUTTHAIb-
HYIO pa3HUIly B 3aJJaHUHM TPAaHUYHOTO YCJIOBHS Ha TOP-
ue crepxHs (15) u (24). OTauune B TOM, 4TO MPH T =
0.2 cmemenne Ha puc. 4 HAUWHAETCS C OTPULIATEIIEHOTO
3HAYEHUS: TEMIIEPaTyPHOE TOJIe «OMyCKaeT» Kiiaccuie-
CKYIO MPSAMYIO CMEIICHUS (CIIJIONTHAS JTMHUS) B 00JIACTh
OTPHIIATENILHBIX 3HAYEHU. AHAIOTUYHOE BIMSHUE Tpa-
JIMEHTA TEMITEPaTyphl B CTEPKHE HA CMEIICHUS HATIISII-
HO MPOSIBJISIETCS U HA pHC. 2.

B 3aximroueHne 3aMeTHM, YTO Pa3BUTHIM IMOAXON
MOXET OBbITh pacIpOCTpaHEH Ha JOObIE MPOIECCHl KO-
nebaHuil myTeM MOIU(UKAIIMH OCHOBHOTO YPaBHEHUS
runepoonnyeckoro tuna (1).

BriBoabI

PaccMOTpeH HOBBIN K1acc MOAEIbHBIX IIPEICTaBIIe-
HUH B TCOPUH HPOJOIBHBIX KOJICOAHUH CTEp)KHS ITyTEM
BBEJICHUSI B OCHOBHOE YpaBHEHME KoJeOaHUU rumnepoo-
JIMYECKOTO THIIA JIOIOJIIHUTEILHOIO CIIaraéMoro, Xapak-
TEPU3YIOLIETO HAJIMYUE B CUCTEME IPAJUCHTA TEMIIEPa-
Typsl. PaccMOTpeHbl UMcIeHHbIE IPUMEPBI U [T0Ka3aHo,
YTO B IIOCIIEJHEM ClIydae KapTHHAa CMELICHHA CEYECHUN
CTEP>KHA NPUHIUINAIBHO MEHSETCS II0 CPAaBHEHHIO C
KIIACCHYECKUMH PEUICHUSIMH B TEOPHH KOJIEOAHWH CH-
CTEM B YCIIOBHUSX ITIOCTOSHHBIX TEMIIEPATYP.
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MATEMATHYECKHE METOAbI © HH®OPMAITHOHHBIE
CHCTEMBI B XHMHYECKOH TEXHOAOI'HH

Y/IK 661:658.51

MPUHIMAIIBI TIOCTPOEHUSI KOPIIOPATUBHOM MH®OPMAIIMOHHOMN CUCTEMBI
YITPABJIEHUA TOIT'NCTUYECKUMU ITPOINECCAMM HA ITPEAITPUATUAX
HEOTEXUMHNYECKOI'O ITPODPUJIA

E.A. CoboaeB?, acnupanT, A.P. AGayaraaumoB, acnupaHT, C.B. PasaAuBHHCKadA,
noueHT, B.®. KopHiomko, 3aBeayromui Kadbeapoi

Kagedpa uHpopMaAUUOHHBIX CUCMEM 8 XUMUUECKOU MEeXHOI02UU,

Mockosckuili mexHoso2uueckuil yHugepcumem (MHcmumym moHKUX XUMUUECKUX MexXHOo.102ull),
Mockea, 119571 Poccusi

@Aemop ons nepenucku, e-mail: sobolev_e@yahoo.com

B cmambe paccmompeHsl 0CHOBHble acneKkmbl NPOEKMUPOSAHUSL KOPNOPAMUBHOT UHPOPMAUUOHHOT
cucmembl YnpaeneHust J02UCMUUECKUMU NPOYUeccamu Heghmexumuueckozo npeonpusimust. Cocmas-
JleHbl PYHKUUOHATbHAS U KOHUeNMYAbHASL MOOeU YNPAasIeHUst NOCMASKAMU Heghmexumuuecrkoti
npooyryuu. Aemopusl npedaazarom UCnob308amMsb MOOYJbHbL NPUHUUN NOCMPOEHUSL UHDPOPMALUU-
OHHOU cucmemsl Ha ocHoge ERP d anaxkmura. OnucaHsbl npeumyuiecmsa UCno163080HUSL APXUMEK-
mypbl aeiueHm-cepeep» U 00 beKmHO-PeNSIYUOHHON MO0esU OAHHBIX 8 KOPNOPAMUSHBLIX UHGOPMA-
UUOHHBIX cucmemax. [ns 86l60pa ONMUMAALHOU cmpame2ull YynpasieHusl 3anacamu npeonpusimust
asmopbl peKomMeHOYom uchoteaosams coamecmmulii ABC/ XYZ-ananus no HomeHkiamype u obbemy
npooark sbinyckaemoil npeonpusimuem npooyKyuu.

Knroueeste cnoea: kopnopamusHsle UHPOPMAYUUOHHBLE CUCMEMbL, NPeonpuamusl Hegpmexumu-
yeckozo npogunst, ERP, ynpasneHue nozucmuueckumu npoueccamu, ABC/ XYZ-ananus.

PRINCIPLES OF CORPORATE INFORMATION SYSTEM FOR LOGISTICS
MANAGEMENT OF PETROCHEMICAL ENTERPRISES

E.A. Sobolev?, A.R. Abdulgalimov, S.V. Razlivinskaya, V.F. Kornyushko

Moscow Technological University (Institute of Fine Chemical Technologies),
Moscow, 119571 Russia
@ Corresponding author e-mail: sobolev_e@yahoo.com

The article describes the main aspects concerning the development of the corporate information
system for logistics management of petrochemical enterprises. The functional and conceptual
models of petrochemical products supply management have been composed. The authors suggest
using modular design of an information system based on ERP Galaktika. Advantages of applying
the client/server architecture and object-relational data model to corporate information systems
are outlined. The authors recommend using ABC/XYZ analysis as the method of classifying
inventory by sales and products levels to determine the optimal inventory control strategy.

Keywords: corporate information systems, petrochemical enterprises, ERP, logistics management,
ABC/XYZ-analysis.

Hedrexumuueckas orpacie B Poccun oOnanaer
0OJBIINM TOTEHLIMAIOM pocTa. Hannuue Oorathix 3ama-
COB MPHUPOJHBIX PECYPCOB U MIUPOKOTO PHIHKA COBITA, a
TaK)Ke MOJICPKKa roCcyaapcTBa, CTUMYIUPYIOLIEro Ha-
paiuBaHie 00beMa IPUBJICKAEMBIX B OTPACIb CPEICTB,
MO3BOJISIFOT JaTh ONTUMUCTHYHBIA MIPOTHO3 Ha IKOHO-
MHYECKOE Pa3BUTHE HEPTEXUMHUCCKOW MPOMBIILICH-
HOCTH B OmKaIme IecAaTHIeTHs. B mociennne roanl

HEM3MEHHO PacTeT 00IIee KOJTMIESCTBO MPOU3BOANMON
MPOAYKIUN HepTexumMudeckoro kommiekca PO [1]. B
2015 rony IlpaBurenbctBoM PO Oblna 3amyimeHa mpo-
rpaMMa MMIOPTO3aMEIEHHs, B PaMKax KOTOpPOW 3Ha-
YUTEJIBHO PACLIMPSAETCS HOMEHKIIATypa BbIITyCKaeMOH
MPOAYKIUH. B 4acTHOCTH, HA MPEANPUATHSIX yKE BHE-
JPAIOTCS B MPOU3BOACTBO HOBBIE MAapKH MOJUMEPOB, a
k 2017 rogy maHupyercs NMOJIHBIA OTKa3 OT MMIIOPTa
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KPYIHOTOHHAKHBIX IOJIMITUIIEHA U MOJUIponuieHa. B
HEKOTOPBIX 00JIACTSIX POCCUICKOTO phIHKA XMMHUUYECKOMH
IIPOAYKIMH BO3HUKIIA CUTyalLlUs, KOIJIa MIPeJI0KEHNE HEe
YCIIEBAET 3a CIPOCOM: K IPUMEPY, CPEIHHI TeMa pocTa
IIPOM3BOJCTBA MOJIMBUHUIXJIOPHUIA B MOCIENHEE Jecs-
THWJIETHE COCTABIUT OKosIo 3.3% B Tof, B TO BpeMs Kak
CIPOC Ha HErO Ha PhIHKE YBEJIMYMBAJICS B CPEAHEM Ha
8% B rox [2]. Oty mpobneMy Takxke mpeanoaaraercs pe-
LIUTh CYLIECTBEHHbIM YBEJIMYEHHEM IPOU3BOJCTBEHHBIX
MoIHocTell. B ycnmoBusix pocra oObema MpPOM3BOACTBA,
pacIIMpeHuss HOMEHKJIATypbl U acCOPTUMEHTa BBIITyCKa-
eMOl TPOAYKLUH, U, KaK CIIEACTBHE, YIIyOJICHUs PbIHKA,
Ha TIPBBIA TUIAH BBIXOJUT HEOOXOAMMOCTh 3(h(EKTHBHOM
pean3aiuy Ipoaax, a 3HAYUT, U TPaMOTHOI OpraHU3alin
noructrdeckol cucrembl. CornacHo «CTpaTernu pas3BH-
TUSI XUMHYECKOTO M HEe(PTEXMMUYECKOro KOMIUIEKCa Ha
nepuog no 2030 roma», YTBEp)KIEHHOH COBMECTHBIM
npuka3oM Munnpomropra 1 Munsnepro PO, oqnum u3
MIPUOPHUTETHBIX HATIPaBICHUH MOJCPHHU3ALUHN HEPTEXU-
MHuuecKoil orpacnu B nepuoa ¢ 2016 mo 2030 rr. siBsieT-
Cs1 pa3BUTHE JIOTHCTHYCCKON HHPPACTPYKTYPHI.

B Hamte BpeMsi B JIOTMCTHKE, KaK M B OOJIBIITMHCTBE
CMEKHBIX c(ep NeSTEIHHOCTH, aKTHBHO BHEAPSIOTCS WH-
(hopMalOHHbIE TEXHOJOTMH YIpPaBICHUS OH3HEC-TPO-
neccamu. [103TOMy MpH MPOEKTUPOBAHUM JIOTUCTUUECKOU
CHCTEMBI OJHMM M3 KJIIOUEBBIX 3TAllOB SIBISETCSI BHIOOP
nHopMarmonHol cucteMbl. Hedrexumuueckue mpen-
mpuATus, AelcTByromye Ha teppuropuun PO, B ocHOB-
HOM TPE/ICTABISIOT cO00M KOPIOpPAIH — 00BETNHECHUS
HECKOJIbKUX MPOU3BOACTBEHHBIX TOUCK IMOJ IIEHTpANHU-
30BaHHBIM YIpaBICHHEM (HampuMmep, HepTeXuMuIe-
ckoe npousBoactBo OAO HK «bamrnedTsy» BKIOUaET
B ce0s IENOYKy M3 TpeX 3aBONOB: «YdaHePTexumy,
YHII3 u «Ydaoprcunres»). Takue mpeanpusiTis UMe-
10T CJIOKHYIO MHOTOYPOBHEBYIO CHUCTEMY OpIaHU3alluU
Ou3Hec-nporeccoB. B cBs3u ¢ 3TUM JOTHYHO BBHIOpATh
MOJICNTb KOPITIOPATHBHON WH(MOPMAIIMOHHON CHCTEMBI
(KUC) pns ynpaenenust jpoructukoit mocraBok. KHMC
OpraHm3yeT cOOp MaHHBIX M WX COCPEIOTOYCHHE B
YIPAaBIISIOIIEM LHEHTPE MPEAIPULTHS, 00ECIIEUUBACT CH-
CTEeMaTH3aINIO W 3aIIUTy MH(OpMAIUH, a TaKkKe aBTO-
MaTHU3alHIo MIPOIECCOB, 3aJCHCTBOBAHHBIX B 00paboTKe
JTaHHBIX.

IIpoexktupyemas KHUC nomkHa COOTBETCTBOBAThH
psiay 6a30BbIX TpeboBaHwMiA [3]:

1) cucTeMHOCTD — MpEACTaBICHHE JAaHHBIX B (hopme
CHCTEM U IOJCUCTEM C OpraHu3alyell Npo3padHbIX CBS-
3ell MeXy HUMH. DTO MO3BOJIUT OOECIIEUUTh OBICTPHII
JIOCTYIl K JJaHHBIM M BBISIBUTH CYLIECTBYIOLIME MEXITY
HHIMH 3aBUCHMOCTH Ha JIIOOOM 3Tare NpUHATHS PELICHNU;

2) THOKOCTB — CITOCOOHOCTh CHCTEMBI K 3BOITFOITHO-
HUPOBAHHIO, OBICTPOMY PACHIMPEHUIO CBOUX (DYHKIIHO-
HaJIBHBIX BO3MOJKHOCTEH TIPH BOZHHIKHOBCHUH HEOOXO-
JUMOCTH;

3) mojyIepiKKa TEXHOJOTHM pacrpeneieHus oopa-

OOTKM JaHHBIX ISl OpraHU3aIMy paboTHI B paMKax Kop-
MIOPaTUBHOM CeTH;

4) HaJIEKHOCTh — O0CCIICYCHNE 3aIIUTHI CHCTEMBI
OT CIy4YallHBIX TOTEPh U HCKAKEHHS HHPOpPMAIUH, a
TaKKe IIPEIOTBPAIICHIE BOSMOKHON YTCUKH KOH(PHICH-
[IUAIbHBIX JIaHHBIX;

5) Mcnonb30BaHUE KIMEHT—CEPBEPHON apXHTEKTY-
pBI ¢ moanepkkoit coBpeMeHHBIX CYB/];

6) BO3MOYKHOCTB UHTETpAIlUH cUCTeMBI ¢ ipyrum [10.

IMocTpoenne pynkuuonanbuoii mogeau KUC

B 3aBucumocTH 0T 0071aCTH PHUMEHEHS, pa3padoTaH-
HOM KOHIICTIINH IUTAHUPOBAHKUS PECYPCOB M HCTIONB3YEMbIX
METOJIOJIOTHI BBIIETSIOT PA3INUHbIC KIIACChI KOPIIOPATHB-
HbIX cucteM: MRP, ERP, MPS, FRP u T.1. B cdepe ympas-
JICHUA JIOTUCTUYCCKUMMU TIPOLCCCAMU TPEATIPUATUSA XOPO-
o 3apexoMenyioBan cedss KUC ERP-kiacca (Enterprise
Resource Planning) [4], xapakrepusyrommecs BBICOKOH
AIANTUBHOCTBIO K TPOMCXOISIINM HM3MCHECHHSM B IUIa-
HupoBaHuu. ERP-cucTteMbl MMEIOT MOAYJIBHBIM IPUHLIUI
OpraHM3allly, 32 CYET KOTOPOrO JOCTUTAIOTCS THOKOCTh U
pacmmpsACMOCTb CUCTEMBI: MIPEATIPUATHUC UCTIOJIL3YCT TOJIb-
KO T€ MOJIYJIH, KOTOPBIE HEOOXOMMMBI JUTS BBITIOTHEHHS Te-
Ky1el 3a/1a4u, HO B JTFOOOH MOMEHT UMEETCSl BO3MOXKHOCTb
pacimpuTh (PYHKIIOHATEHOCTh CHCTEMBI MTOIKITIOYEHUEM
JIOTIONHUTENBHBIX Mofmyneid. Kpome Toro, cmocoOGHOCTH
ERP-cuctem K WHTErpauyy MO3BOJSET MPEANPHUITHIO
crpoektrpoBath cBoro KMC Ha 6a3ze Heckonmbkux ERP-cu-
CTeM, BBIOMpast 13 KKIOW MOJIYJIH, JTydIlle B CBOCH TPyTI-
nie («best-of-breed») [5].

Brinenmnm OCHOBHBIE (PYHKIIMOHATBHBIE BO3MOXK-
HOCTH, KOTOphIMHU JoibkHa obnagats KMC ympasienus
JIOTHCTHKON HE(PTEXUMHUIECCKOTO TPEITIPHITHUS:

1. Obecneuenne WHGOPMAIIMOHHOTO COMPOBOXKIEC-
HUS BCEX OIepalyii, MPOUCXOMAMNX Ha (HUIMUSCKOM
YPOBHE: BBIIPY3Ka U YUYET IOCTYIAIOLIETO ChIPbs, IIOAT0-
TOBKA K OTIPaBKE TOTOBOW MPOIYKIIHH, TPUHSATHE TIOCTY-
MAOIINX 3aKA30B, TPAHCIIOPTUPOBKA MPOAYKINH, YIIPAB-
JICHHE 3arlacaMH, Pa3JIMYHbIe OTIepallii Ha CKIIAJIE;

2. ABromaruzanus ydera M KOHTPOJIS OIepalnui
10 TBIDKCHHUIO (DMHAHCOBBIX PECypcoB mpeanpusTus. B
OTYy KaTeropuio BXOASAT BOIPOCHI TEKYHICTO COCTOSAHUSA
cueTa, KOHTPOJIUPOBAHNE BBHITIOHEHHS KPETUTHBIX 005~
3aTeNbCTB, Pa3INUHbIC OyXTalITepCKUE ONEPAIIH;

3. Ipoexrupyemas KMC momxHa mpemocTaBisiTh
CEpBE3HYI0 HHCTPYMEHTAJbHYIO 0asy MO aHalu3y |
MPOTHO3UPOBAHUIO JIOTUCTHIECKUX OW3HEC-TIPOIICCCOB
npeanpustua. KauecTBeHHO oprann3oBaHHas HH(pOpMa-
IIIOHHAS MTOIICPKKAa aHATNTHYCCKHUX 3a7ad ITO3BOJISICT
ONTUMU3UPOBATL MAPKETUHITOBYIO ACATCIBHOCTL NPEI-
NPUSATHS, YBEIIMINTH TPONAKU TPOAYKIHH, BEIPaOOTATh
NpUOBUTBHYIO CTPATErHIO 10 IIAHUPOBAHHUIO PECYPCOB,
paccTaBUTh TPaBIIBHBIC TPUOPUTETHI P BEIOOpE Ha-
IIPaBICHUN JAIbHEUIIETO Pa3BUTH IPOU3BOICTBA.

Takum oOpazom, KWC ynpapiieHus: joructude-
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CKMMHM IpOLECcCaMH SIBISETCS MOLIHBIM HHCTPYMEH-
TOM cOOpa TaHHBIX U aHAIN3a HHPOPMAIIUOHHBIX I10-
TOKOB MPEANPUATHS, HEMOCPEACTBEHHO BIUSIOIUM
Ha NPUHATHE ympaBieHdeckux pemeHuit. C yuetom
BBIIIECKA3aHHOTO MOCTPOMM (YHKIHOHAIBHYIO MO-

JieNb YIpaBICHUS JIOTHCTUYECKUMM IIpOIeccaMH Ha
npeanpuatTiy Hedrexumudeckoro npoduist. Ha puc. 1
IpuBeIcHA KOHTEKCTHAs AMarpaMma JaHHOU Mojenn
B Hotanuu IDEFO.

Permame oy yrommme
OOEVMEHTEL MPABOEEE
HOPMEL BHYTREHEHE H

MEE I HAR OIEED CTAHIARTEL

K ATHTAmn BI0H e HICL, FREIHTEL [

Hrubopmamnet o noTpeSHOCTH B
TROFEIMH, SAKATE

CRIpIBE, MATERIHATIED

H&IEE:\I& SEOHOMHUECER MPOTHOZ0E

YTIPABJATE JIOTHCTHY &CHHME
TPONECCAMH TP ENIPHATH
C MOV EHHEM MAaKCHMANEHOR
TIpPHEELH

Puc. 1. Konrexctras IDEFO-1narpamma yrpaBieHHS JTOTUCTHYECKAME TIPOIECCAMH
HE(PTEXUMHUYECKOTO MPEATIPUATHA.

Ha ocnoBe pa3paboTaHHOIl Monmenu M HPOBEICH-
HOTO aHajm3a (YHKIMOHATIHHBIX BO3MOXKHOCTEH, KO-
TOpBIE JIOJKHBI OOecrieunBarbcs HH(POPMAIMOHHBIMU
CpeICTBaMHU, MOKHO TIPOM3BECTH BBHIOOP MOIYINEH, He-
00XOAMMBIX JJISi TPaBMIIBHOM pabOThl MPOEKTUPYEMO
KHC. B xauectBe npumMepa OyneM UCTIOIb30BaTh (HyHK-
LIMOHAJIbHbIE KOMIIOHEHTHI poccuiickoii ERP-cuctemsl

«lanaktuka ERP» [6], mpuHuMMas BO BHHMaHUE TOT
(bakT, 4TO Kypc Ha MMIIOpTO3aMelieHue, B3sAThId [Ipa-
BUTENBCTBOM PD, Taxke oTpasmiics Ha OTE4ECTBEHHOM
peiake ERP-cuctem [7]. Ha puc. 2 n300pakeHa MOJTyb-
Has ctpykrypa KUC ynpaBneHust TOTUCTHUECKUMU MIPO-
eccaMn He(PTEXUMHUYECKOTO MPEANIPUATHS, IOCTPOCH-
Has u3 moayinel «l anakruka ERPy.

KNC ynpaeneHua NormeTMHECKMMW NPpoUeccamu
HepTeXUMNHECKOTD NpeanpuATAS

l—l

Puc. 2. Monynsnas ctpykrypa KHC ynpaBneHus JorucTU4eCKUMH MPOLECCaMu

Momynm Magynn Mogynm
MHIOPMALIMOHHOR WHOPMALMOHHOM WHOPMALMOHHOR
NOAASPHIHM ONEpaLi ¢ NOAOEPHKKA ONEPALIAIA © noaAepHKi
MaTEPHEANLHO- CPUHAHCOBbINM AHAMMTUUECKIX 38084 N
TEXHUHECKMMU PECYPCAMMA pecypcamm NNaHAPOBaHNA
Moay i - Mopyne «Mowckoso-
«¥NpageneH1e [Aaay R 2 Dol % Comerh AHANMWTHYECKARA
KOHTYP»
3aKasanmn cucTemMan
Mogynk Moaynk
creurukaLii mKoyﬂﬁm:Hr» «MnaHuwposaHue
NPOAYKTOB M NpOMIBOACTRAY
Mogyne «¥4eT 8 Moayns «KnnerTs Mogyne «®MHaHCOBLIR
NpoM3BoOCTEER aHanu»
Maoayne
Moayne «Crnapckoil «KopnopatweHoe
YHETH NPOM3BOACTEEHHOE
MNaHUpoBaHUE
Moayne ynpasneHus
COBLITOM 1 cHatkeHrem

HEe()TEXUMIYECKOTO MpeanpusTus Ha ocHoBe «['amakTuka ERPy.
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Bb10op apxutexktypbl KUC u nocTpoenne
KOHIENTYaIbHOH MOJEIH JaAHHBIX

Baxubiv stanom mnpoextupoBanusi KHUC sBnsiercs
BBIOOD €€ apXUTeKTypbl. bosbmHcTBO coBpemeHHbIX KMC
YIPaBJIEHNUs! JIOTUCTUYECKUMHU TIPOLIECCAMH TTIOCTPOEHBI Ha
APXHUTEKTypE «KITHEHT—CEPBEPY», TPEATIOararoneil co3mna-
HHE KOMITBIOTEPHOM CETH M PAaCIIPE/ICNIeHHOH 0a3bl TaHHbIX,
COCTOSIIIICH W3 KOPHOpAaTWBHON 0a3bl JAaHHBIX, KOTOPas
YCTaHABJIMBAETCA HA OJJHOM WJIM HECKOJIIBKHX KOMITbEOTE-
pax-cepBepax, ¥ MepPCOHANBHBIX 0a3 ITaHHBIX, YCTaHABIH-
BaEMbIX Ha KOMITbIOTEPAX-KIIMEHTaX KOPIOPATUBHON 0a3bl

Mpuem v obpaboTia
NOCTYNEIOLLNX

Byxrantepcue
onepaumm,

JAHHBIX (KOMIIBIOTEPAX COTPYIHUKOB PA3JIMYHBIX OTIE-
J0B mpennpustis). D PeKTUBHOCT (hyHKIIMOHUPOBAHUS
KHWC, moctpoeHHON Ha KIHEHT-CEPBEPHON apXUTEKTypE,
JIOCTUTaeTCd TPAaMOTHOM KOMOWHAIMEH KOJIEKTHBHOIO
JOCTyTa K OOIIMM JTaHHBIM KOPHOPATHBHON CEeTH W WHAHU-
BUTyaJIbHON pabOTOM ¢ epcoHaNbHBIMU JAaHHBIMU. Pe3yb-
TaTroM T0JI00HOM opraHu3armu b/l smisiercss ymeHbIeHne
cnoxknocTtu npoekrupoBanust KHC u, xak cnencrsue, mo-
BBIILIEHNE ee HaJexHOCTU. Ha puc. 3 nokaszaHa opraHusa-
ISl KOMIIBIOTEPHOI CeTH, MOCTPOCHHOM 10 ApXUTEKType
«xrmeHT—cepsepy, st KNC ynpaBneHnst JIOTHCTHYECKIMA
HpoIeccaMy He(hTeXUMHUYECKOTO MPEITPUSTHSL.

AHANWI ¥ NNaHUpoBaHWE,
NPOTHO3MPOBAHWE

3aKA308 YNPaBneHne CHETOM npoaax
KomnboTepki- KomnbioTeps- KomnboTepsl-
KNHEHTEI KNMEHTBI KIMEHTEI
& @} OTrpaska roToeoi
Mpuem coipes NPOAYKLMA
KomnbioTep-cepeep
Bastl gaHHLIx KMC
o YNpaENeHus ol
Kor:::ﬂi?u <::> NOTUCTHYECKAMY Kor::;ﬁ?u
npoUeccamMi
HEITEXMMHHECKOTD
npeanpUATAS
KomnetoTeps- KoMALHITEPLI-
KNMEHTLI KAMEHTE
Ynpasnex1e Kparexve
TPAHCNOPTUPOBKOA TIPOAYHLIAK
MpoAYKUMK

Puc. 3. Opranuzauus komnbsrorepHoi cetn KMUC ynpapneHus JIOrucTH4ecKUMU IpoLeccaMu
HE(PTEXUMHIECKOTO MTPEATIPUATHS.

Eme onHMM HeManoBaXKHBIM (PAKTOPOM SIBIISCT-
csl BBIOOP MOZENM MOCTpoeHUs AaHHbIX. Kak mpasuro,
npu mpoektupoBannn KHMC mepen paspaboTunkaMu
TpeJcTaeT 3aja4a BHIOOpAa MEXIy OObEKTHO-OPHUEHTH-
POBaHHOM W PEIAIMOHHON MOJIENBI0. B 00BeKTHO-0pH-
EHTUPOBAHHON MOJIENH JAHHBIE OOBEKTA XPAHATCS Kak
€IMHOE 1IeJ0¢ ¥ UMEIOT MOIYIIBHYIO CTPYKTYpY, 4TO HO-
3BOJISIET JIETKO BHOCUTh B HUX U3MeHeHHs. Kpome Toro,
00bEKTHAsE OpraHu3alys HaubojIee TOYHO OTPaXKaeT
CYILIHOCTH peanbHoro Mupa. OnHaKo mpouecc nocTpo-
eHHS 00BEKTHO-OPUEHTHPOBAHHON MOJICTIH COMPSDKEH C
TPYAHOCTSAMH HPU ONPEACICHUN TUIOB CBA3EH Mexay
obobektamu. [nsa xpymueix BJl, omepupyromumx 6o0ib-
HIUM KOJMYECTBOM OOBEKTOB PA3IMYHBIX THUIOB JaH-
HBIX, HanOoJee MPUEMIIEMBIM SIBIISICTCS. BEIOOP THOpHI-
HOU 0OBEKTHO-PEILSIIIMOHHON MoAe ! 0a3bl JaHHBIX [8].
B uactnoctn, npunoxenus ERP-cuctemsr «I'amakru-
Ka) JIErKO UHTETPUPYIOTCS C 00bEKTHO-PEISIIMOHHBIMU
CYB/] Oracle.

[Iporiecc cozmanus WHGOPMANMOHHON MOIEIH
0a3bl JaHHBIX COCTOMT U3 Tpex 3TanoB [9]. IlepBbiM
W3 HUX SIBJISCTCS CO3JIaHWE KOHIICNTYaThbHOH MOJICIH,
MPEICTABILIONICH OOBEKTHI CHCTEMBI M B3aUMOCBSI3U
MeXIy HUMH B 0000meHHoM Buze. Ha Bropom srame
BBINOJIHACTCS] TIepexof] OT KOHLENTYaJlbHOW MOIENU K
JIOTHYECKOU, KOTOpasi OTPakaeT JIOTHUECKUE CBI3H MEXK-
Iy JJIEMCHTaMH JaHHBIX. Ha 3akmounTensHOM dTare
cTpouTcs (huznyecKas MOJIeNb JaHHBIX, 0TOOpaXkaroIas
JOTHYECKYIO MOJIeNb B (hu3udeckoe mpencrasienue. Ha
puc. 4 moka3aHa HavalbHas KOHIENTyallbHAs MOJIENb
0a3bl JaHHBIX, UCTIOJIB3YEMOH ISl YIIPABICHUS MTOCTaB-
KaMU He(TeXMMHUYECKON MPOAYKIINH.

Br10op onTUMAILHOM MOJEJM OPraHUu3alUuH
Ou3Hec-npoueccoB

OyuxmmonanpHas monens KUC u momnas uabop-
MaIlOHHasi MOJIETb ee 0a3bl JIaHHBIX MOKAa3bIBAIOT Op-
raHU3alMIo0 MPOLECCOB CUCTEMBI, AEUCTBYIOLIYIO B Ha-
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Fomre cTeo I 0y EIRE Ha CHITATe

KOS CTE O T O ELHED

. )

(Kon npogynm (FK)

Tl ooTaETTRES | Mpogyrnps
K07 [I0CTAEIHES | EOA T O EITER Peecrp mpogyrips
A T10 CTABIIEER HAMMEHOE AFHE KOJ peecTRa
| EZEMITA MEMED SEIA Ko HarTageEod (FE)
| TEEYLIAT [IEHa Ko sakaza (FK)
Kof saKastEa (FE)
| Eof npogyrRe (FE)
| KOIIUECTED TP 0V EIFED
TocTapka IpOFYEIEE u
ARTIAZHAT
KO II0 CTABEH ey
KOJ Mo cTaEnEES (FED)
KOp 5 aKasteEa (FE)
KO IIp0,
7 npogyrpm (FE) Ko 7axaza (FK)
ZATa [0 CTAREH
KOIe cTED IpogyEno (FE)
ZaKastomE Zaxas

KOJ 3aKastHEa

KO 3aKaza

agpec
PEEBHIHTEL

KOf saKartpma (FE)

A4aTa 7aKaza

Puc. 4. KOHHeHTyaJ’ILHaH MOJICJIb JaHHBIX YIIPABJICHUS IMOCTaBKaM1 He(l)TeXHMI/I‘IeCKOﬁ MMpOAYKIHH.

CTOSIIIIUI MOMEHT («as-i$» — «Kak ecTb»). [1o okoH4aHun
(DYHKITHOHATIFHOTO ¥ WH(POPMAIIHOHHOTO MOJEIHpPOBa-
HUSI CHCTEMBl HACTYIAeT o4Yepe/b MMUTAIIMOHHOTO MO-
JIeJIMPOBAHMs, 3aKIIIOYAIOLIErocs B PACCMOTPEHUN BCEX
BO3MOXKHBIX BapHaHTOB MOBEACHUS cucTembl. Ha naH-
HOM 3Tale MPOBOJAUTCS aHaIU3 JIWHAMHYECKHUX Xapak-
TEPUCTHUK OM3HEC-TIPOIECCOB M AHAIU3 paclpeesICHUs
pecypcoB. IMUTalIMOHHOE MOAEIUPOBAHUE IIPOBOAUTCS
C HUCIIOJIb30BaHMEM aHaJIUTU4eCKUX Moayneil ERP-cu-
cteM. B pe3ynbrare cTpOUTCS HECKOIBKO MOTEHLIUAIBHO
Oonee mpUOBLIBHBIX MojeNel («to be» — «Kak MOKHO
OBITEY»), U3 KOTOPHIX HEOOXOMMUMO BEIOpaTh ONTHMAIIb-
HYI0 110 HEKOTOpOMY Kputepuio. B neilcTBuTenbHOCTH
TaKUX KPUTEPHEB MOXKET OBITh MHOTO, M OIIpEICcIICHHE
€aMoro 3HAYMMOTO U3 HUX BBI3BIBACT CEPhE3HBIC 3aTPY/I-
HeHusl. B momoOHBIX CHTYyaIusaX Ui OIICHKH () (HEKTHB-
HOCTH TIOCTPOCHHOW MOJENTH OOBIYHO MPUMEHSIOT CTO-
umoctHoi aHanmu3 ABC (Activity Based Costing) [10],
UACHTUUIMPYIOMUIT pabOThl MPEANPUATHI U OIpee-
JSTIONIMKA ce0eCTOMMOCTh Ka)I0 BBITOJHEHHON pabo-
1ol [ia KMC ynpasinenyst TOruCTUYECKUMU TIpoLiecca-
MH HEe(PTEXUMHICCKOTO HPEANPUSITHSI LEIecO00pa3Ho
npoBectd ABC-aHanu3 mo HOMEHKJIaType ¥ 00beMy
IIPOJAX BbIIyCKaeMON NpoAyKuuu. B xone ero BeImo-
HEHHsI BCE BHJIBI 3aI1aCOB MPEIIPHUATHS PACIIPEeIIsoT-
cs o rpynmam A, B u C. B rpyny A momazaet npomyk-
s, cocTaBisaonas okojo 50% obopora wim npuObLTH
NpEeanpuATHs U TpeOyrolas MOCTOSHHOIO OTCIIEKUBA-
HUS crpoca, 00bEMOB 3aKa3bIBAEMbIX MAPTHH, TIIATEIb-
HO IPOJYMaHHOTI'0 IUIAaHUPOBAHMS U IOCTOSIHHOTO Y4eTa.
B kareroputo B 3aH0oCHTCSl pOIyKIIKsI, COCTABIISIONIAs
oxoi10 30% o6opoTa uiaK NpUOBLIN NPEANIPUITUS U Tpe-

Oyrolliasi MEHBIINX 3aTpaT Ha MHBEHTAPHU3ALUIO U YUET.
IIponykuus rpynmel C MMeeT HAaHMMEHBIIYIO JONO B
000pOTe MM MPHOBLIM NPEANPHUITUS U MOMJICKUT Jie-
TaJbHOMY aHalnu3y. B 3Ty kareropuro MoOryT nomnacrtb
KaK HepeHTa0EeIbHbIe NMPOMYKTHI, OT MPOU3BOACTBA KO-
TOPBIX CIEAYET OTKA3aThCsl, TAK M HOBBIE, HEJABHO BBE-
JICHHBIC B IIPOM3BOJCTBO MPOAYKTHI, CIIC HE YCIEBIINE
BBIMTH Ha PBIHOK, HO UMEOLIHE XOPOIIUE MPEAITOCHUIKI
JUIs IpUOBUIbHON peanu3anuu. B xome (QyHKIMOHAND-
HO-CTOMMOCTHOTO aHaJn3a Takke HEOOXOIUMO y4H-
TBIBaTh COOTHOIICHUE BEIMYUHBI CIPOCA U HAIUYUS
3anacoB. [l ero u3MepeHusi MOKHO IIPUMEHUTh MaTe-
MaTHYCCKUE METOJIbI, B YACTHOCTH, IPOU3BECTH PACUET
Kod(uUIHeHTa KOPPETALUH, TOKA3bIBAIONIEr0 NIIyOHHY
B3aUMOJICHCTBUS MEXTy 00bEMOM MTPOU3BEACHHOM MPO-
JYKLUH U IPOaKaMu:

n

> =5, (- )
R, = ()

\/im —xcpfi(n —y,)

7€ X, Y — 3HAYCHHS H3y49aeMbIX IPU3HAKOB (HAINYHUS 3a-
macoB 1 00bema pojax) n 00bexToB (i=1, 2, ..., n); X,
¥,, — CpenHee apupMETHIECKOE KaXk/I0T0 Psija SHAYCHHI
xuy.

3HaueHue Kod(duIreHTa MoXKeT BapbUPOBATHCS B
npeaenax ot -1 no 1. Uem Bbllle JaHHBIN MOKa3aTels,
TEM CUJIbHEE CBS3b MEXIY Ipu3HakaMmu. IIpu ny =0
B3aMMOCBSI3b OTCYTCTBYET, a Ip R < 0 xapaxrep CBsizu
MEXAy MPU3HAKaMHU HOCUT 00OPaTHYIO 3aBUCHMOCTb.
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Ha ocHoBe naHHBIX pacyeToB MOXKHO BBISIBUTH
TpyMIly MPOAYKTOB, COCTAaBJIAIONIMX HEOONBIION Mpo-
IIEHT 000POTa, OJHAKO MOTB3YIOIINXCS OUYCHb ITHPOKUM
CIIPOCOM M TPEOYIOIIMX HapallUBaHUs POU3BOACTBEH-
HBIX MomHocTel. K manHo#i kareropun mpoayKTOB Ha
poccuiickoM He(pTeXMMHUYECKOM pPBIHKE OTHOCHTCS
TTOJTUBHHUIIXIJIOPHI, CHTYAIIHsI ¢ KOTOPBIM ObLiIa OMTHCaHa
B Hayajie JaHHOM CTaTbH.

Hapsiny ¢ ABC-ananu3oM 0OBIYHO TIPOBOIAT KJIAC-
CU(UKAIIUIO 3aracoB nocpeacTBoM XYZ-aHanu3a, pac-
MIPEAEIISIONIETO POAYKIMIO B 3aBUCUMOCTH OT TOUHOCTH
MIPOTHO3UPOBAHUSI U3MEHEHHS CIpoca Ha TPU TPYIIIBL:
X, Y u Z. K kareropun X OTHOCSTCSI TIPOXYKTHI ¢ HAHOO-
nee CTaOMIIHOM BETMYMHOM MOTPEeONeHUs, K KaTeropun
7 — TIPOIYKTHI HEPETYISIPHOTO MOTPEONICHHS C HU3KOH
TOYHOCTBIO IIPOTHO3UPOBaHUsA. Pacnpenenenne nmpoayk-
LMY 10 TPyIIIaM BBIIOJIHAETCS B IMOPAIKE BO3pACTAHUS
ko3 duimenTa Bapuauy v, ONpeAesIonero CTerneHb
OTKJIOHCHHS JaHHBIX X; OT CPEJHEr0 3HAYCHUS X !

)

Pesynsratom mnposenenus coBmectHoro ABC/
XYZ-ananuza SIBISIETCS COCTaBICHUE MAaTPHUIIBI, pac-
Mpeessoei TPOoIyKIHIO [0 Mepe peHTa0eNbHOCTH ee
MIPOU3BOJICTBA (pHC. 5), U BBISIBICHUE ITPUYUH, BIHUSIO-
LIMX HA MTPOJAKH.

[To uroram mpoOBEICHUS TAHHOTO aHAIN3a SKCICp-
TaMU NMPUHUMAETCS PEIlIeHUEe O BbIOOpE ONTHUMAIbLHON
MOJCTH YIPABICHUS OpraHU3alNCH JOTHCTHYCCKUX
IPOLIECCOB.
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www.rusenergy.com/ru/articles/articles.php?id=77086
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IRJ.2016.51.169
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YMEeHbLIEHWE KOHTPONA 33
noTpeGHOCTEIG

YMeHbLIEHWE TOHHOCTH NpOrHO3npoBaHnA

Puc. 5. Marpuna, morydeHHas B pe3yabTaTe MpOBEICHHS
coBmectHoro ABC/XYZ-ananmu3a.

BriBoabI

B pabore ObLTH paccMOTPEHBI OCHOBHBIE MPUHITH-
Bl TIOCTPOCHUS HMH(MOPMAIIOHHOM CHCTEMBI YIpPaB-
JeHUs JIOTUCTUYECKHMH TpolleccaMH Ha HepTeXuMHu-
yeckux mnpeanpuatusx PO. C yderom ocobeHHOCTEH
OpraHu3alud NPeAnpUsSTUA JaHHOW OTpacid U TeKy-
el 'KOHOMHUYECKON CHTYyaIlM B CTpPaHE BBIOOpP aBTO-
POB ObLI ClieNIaH B MOJIb3y NOCTPOCHUSI KOPIOPATUBHON
MH()OPMAIMOHHON CHCTeMBbI Ha OCHOBe Moxyneii ERP
«l"anaxktuka». Mcxoas U3 CIOXKHOCTU CTPYKTYphl Opra-
HHU3AIMU TIPOILECCOB Ha OONBIIMX HE(PTEXUMHICCKUX
OPEANpPUATHSX, Al YIPaBIEHHs JaHHBIMU Ipejiara-
eTcsl ucnoib30Barh peisinuonHyro CYB/] ¢ nmoanepx-
KOl TEXHOJIOTHH, peann3ylomux OObEeKTHO-OPUEHTH-
POBaHHBIM MOAXOA. ABTOPAaMH BBIJICICHBI OCHOBHBIC
(DyHKIMOHAJIBHBIE BO3MOMKHOCTH, KOTOPBIMH JIOJDKHA
o0nasaTh MpPOCKTHpyeMasi CHCTEMa, M OIHCaHa Mpolie-
Jypa MOCTpOeHHsT NH(OPMAIIMOHHOI MOJENH CUCTEMBI.
Jns oneHkn 3(p(QEeKTHBHOCTH TOCTPOCHHBIX MOAEIEH
HpeAIaraeTcsl UCHOoIb30BaTh PE3yNbTaThl CTOUMOCTHOTO
aHayim3a Ha ocHoBe mposeneHust ABC/XYZ-knaccudu-
Kall{ BBIITYCKAaEMOM NpeAnpUusTHEM POLYKIIHH.
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IOBUAEH

IIO3APABASIEM TaTbsarny MakcumMoBHY BycaaeBy

KosektuB MOCKOBCKOIO TEXHOJIOIMUYECKOIO YHUBEPCUTETA, PEAAKLIMS U PEIKOJIJIETUH KYPHAIOB « TOHKHE XUMU-
YecKHe TeXHOIOorum» u «Poccuiickuil TeXHOIOTHYECKUH KypHaI» MO3APABISIOT Ipodeccopa Kadeapbl XUMUU U TEX-
HOJIOTMM PEIIKUX U PACCESIHHBIX 3JIEMEHTOB, HAHOPa3MEPHBIX U KOMIIO3ULIMOHHBIX MaTepuasioB uM. K.A. Bosbiakosa
WHCcTUTyTa TOHKUX XMMUYECKUX TEXHOIOTUH, TOKTOpa XxuMuieckux Hayk TaTbany MakcHMOBHY BycaaeBy
¢ robmeem!

IIpodeccop T.M. bycnaeBa — npu3HaHHBIN CIICUAIUCT B 00JIACTH XUMHUHU M TEXHOJOTHH MIATHHOBBIX METAJIJIOB.
OHa BHOCUT 3HaYUTEJIbHBII BKJIa/ B Pa3BUTHE HAyYHOTO HarpasieHus « PU3NKO-XUMHUUe-
CKHE€ OCHOBBI XUMUH U TEXHOJIOTUH IJIATUHOBBIX METAIIOB M UX COCTUHEHUN, SBIACTCS
aBTopom Oosiee 300 HaydHbBIX paboT, B ToM uncie 28 matentoB. B 2009 rony marent PO
Ne 2354448 ¢ mpuoputetom ot 07.04.2008 «CopbeHT Ha 0OCHOBE MOIU(DHUIIMPOBAHHOTO
KpEeMHE3eMa M €ro MCIOIb30BAHNE TSI H3BJICUCHUST HOHOB MAIIIa sy BKIIOYCH B cOOp-
HUK «100 myumux m3obperenuit Poccuny. B Teuenne nocneqnux 10 ner T.M. Bycnaesa
— PYKOBOAUTENb XO3J0TOBOPHBIX PadOT, BEIMOMHAEMBIX IpH mogepskke OAO «['opHO-Me-
Tajmyprudeckas kommnanus «Hopuibckuii Hukens», OAO «Ypamnekrpomens», OAO
«Tpnoxckwii 3aBox 1BeTHBIX MeTauioBy, OO0 «mxunupunroBsiit Liearp MOTN».

TarpsiHa MakcMMOBHA — ITPENOaBaTeNb BhICIICH KBaTHU(PUKAILINY, TPHHUMAET CaMoe
JSSITENBHOE YIaCTHE B IIOTOTOBKE YHUKAJIBHBIX CIICIIHAINCTOB B 00JIACTH MaTepHaIOBe-
JIeHMs U TEXHOJIOIMH HOBBIX MAaTepUaIOB, B TOM YHUCJIE YEPE3 Marucrparypy U aclupaH-
Typy, OTBEUAOICH CTaHIapTaM U TPeOOBaHUSM COBPEMEHHOM BBICIICH IIKOJIBI. Kypch
nexnuit, untaemsle npodeccopom T.M. BycnaeBoii, oTnudaeT TyOrHA U3JI0KECHUS, METOUUECKas MPOPadOTKa Marte-
pualia, OHM OTPaXKatOT NEPCHEKTUBBI Pa3BUTUS IEPEIOBBIX HAIIPABICHUN HAYKU U TEXHOJIOTHH.

IIpodeccop T.M. bycnaeBa BeaeT OONbIIYI0O HAyYHO-OPTaHU3ALMOHHYIO paboTy, yUacTByeT B Hay4YHBIX KOH(e-
PEHLHMAX U CUMIIO3UYyMaX, SIBJIIETCS WIEHOM dKcnepTHoro cosera BAK, nuccepranuonnsix coBetoB B MHCTUTYTE TOH-
kux xumudeckux Texnonoruit u MOHX um. H.C. Kypnakosa PAH, unenom YueHoro coBera MOCKOBCKOTO TE€XHOIO-
I'MYECKOI'0 YHUBEPCUTETA.

Ee n106pocoBecTHBII TPyl OTMEUEH MOYETHBIM 3BaHUEM «3aciTyKeHHBIH XUMUK POy, Menanbio «850 1eT MoCKBb,
HarpyaHbIM 3HaKOM «[lo4eTHBII pabOTHHK BBICIIETO MpodeccHoHaIbHOTO 00pazoBanus Poccuiickoii demeparumy.

AxTuBHOE ydyactue TarbsiHa MakcUMOBHA MPUHUMAET B HAYYHO-U3/1aTEIbCKOM JESITEIbHOCTH HAILIETO YHHUBEP-
curera. OHa sBIAETCS] OECCMEHHBIM HayYHBIM PEIaKTOPOM M IIOCTOSHHBIM aBTOPOM HAayYHO-TEXHHUECKOTO JKypHaja
«Tonkue xummnueckue Texuonoruny («Becthuk MUTXT»), uieHOM peAKOUIETHH U pelakiuuu Poccuiickoro TexHo-
norudeckoro xypHana. K 170-metnio oTKpeITHS pyTeHUs B Poccnu €10 ObIT MOATOTOBICH COOPHHK C YHUKATLHBIMHU
apXuBHbIMU Marepuanamu u pucyHkamu Kapina Knayca.

Kenaem TarbsiHe MakcUMOBHE 310POBbsl, HEUCCSKAEMOI'0 ONTUMM3MA U JaJIbHEHIINX TBOPUECKUX YCIIEXOB B €€
IUIOJOTBOPHOM AEATEILHOCTH Ha OJaro HaIIero yHuBepcurera!
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IIpaBHAAQ OAsE aBTOpPOB — 2017

Hayuno-texnuueckuit xkypHan « ToHKHe XUMUYeCKHE TEXHOJIOTHI» BBIXOIUT 6 pa3 B IOl U My-
ONMMKyeT OpUTHHAJIbHBIE SKCIEPUMEHTAJIbHbIE U TEOpeTHYeCKre paboThl B BUAE IMOJIHBIX CTaTew,
KpaTKuX COOOIICHHMI, a TAKKe aBTOPCKHE 0030phl U MPOTHO3HO-aHAIUTUYECKUE CTAThH 110 aKTyallb-
HBIM BOIIPOCAM XMMHYECKOH TEXHOJIOTHH U CMEXHBIX HAayK, B TOM YHCIIE TIO CIEeIYIONINM pa3ieiam:

* Teopernueckue 0OCHOBBI XUMHUUECKON TEXHOIOTHH

e XuUMHS U TEXHOJIOTHUS HEOPTraHMUYECKNX MaTepuaioB

*  XuMHS U TEXHOJIOTHUS OpTraHMYECKUX BEUIECTB

*  XuMHS U TEXHOJIOTHSA JIEKapPCTBEHHBIX MIPENapaToB U OMOIOTUYECKH aKTUBHBIX COCTUHEHHM

* CunTe3 u nepepaboTKa MOJIMMEPOB U KOMIIO3UTOB Ha UX OCHOBE

* Maremaruyecknue MeToAbl 1 HHPOPMAIIMOHHBIE CUCTEMBI B XMMUYECKOM TEXHOJIOTUU

XKypnan BXOIUT B epeueHb PEeLEeH3UPYEMbIX HAyYHbBIX U3JIaHUH, B KOTOPBHIX JOJKHBI ObITh OMY-
OMKOBaHbI OCHOBHBIE HAayYHbBIE PE3YJIBTAThI AUCCEPTAIM Ha COMCKAHUE YUEHOM CTEeTeH! KaHua-
Ta HayK, Ha COMCKaHUe YYEHOH CTETEeHU JOKTOpa HayK.

Kpowme toro, xxypHan « Tonkue xumuueckue mexHono2uu» BKIOYEH B 0a3y TaHHBIX POCCUHCKUX
Hay4yHbIX XypHaioB Russian Science Citation Index (RSCI), pasmemennyto Ha mardopme Web of
Science, pedepupyercs B MexxryHapoaHou 6a3e nanubix Chemical Abstracts, Bxonut B cuctemy Poc-
cuickoro nHaekca HaydHoro rutupoBanus (PUHIL), BkitoueH B MeXyHapOIHBIN KaTaJIoT IEPUOIH-
yeckux ni3gaaui Ulrich.

Marepuanbl MOTYT MPEACTABIATHCS HA PyCCKOM HIIM aHTIMMCKOM SI3bIKaX W M3JAI0TCS Ha S3bIKE
opuruHaina. Bce pykonucu npuHUMalOTCS K TIeYaTd Ha OCHOBAHHUU PE3YJIBTATOB MX PELEeH3UPOBAHHUS.
CraTby, HEe COOTBETCTBYIOIIHME MPO(UITIO KypHAIa WIH HE COOTBETCTBYIOIINE €0 TPeOOBaHUSIM, OT-
KIJIOHSIFOTCS peAKoIIeruel 6e3 pereH3upoBaHHUs.

Pykonuce ciemyeT mpuciaTh B peAaKIUIO B AJIEKTPOHHOM BHUe: TekeT B ¢popmare Word 2003
for Windows BMecTe ¢ pucyHKaMu W TaOJUIIAMHU, a TaKXKe PUCYHKU 6 hopmame tiff omoenvHblMU
Gainamu ¢ papemenueM He MeHee 300 dpi. [Toanmucn kK pucyHKaM pa3MeInarTcsl B PYKOITUCH IO
PUCYHKaMHU U He TyOnupyroTcs B (paiinie pucyHka.

Ecnu cmamus npeocmasnsemcs Ha pycckom sizbike, mo K Hell cliedyem NPUiodCums OmoeibHble
Gailnvl ¢ pucynkamu 6 aHenoa3blYHOM eapuanme (hopmam tiff), a makaice aiin ¢ nNOOPUCYHOUHBIMU
NOONUCAMU U MAOIUYAMU (eCU UMEIOMCS) HA AH2TULICKOM sA3blKe — OJIsL pa3mMeujeHuss 8 nepesooHOll
on-line sepcuu scypnana Fine Chemical Technologies.

Pexomenayemblit 00beM 3KcniepuMeHTaIbHOM ctatbu — 10-15 cTpanun dopmara A4, o630pa —
30-35 crpanun ¢popmara A4, HarredaTanHbIX mpudpToM 12 Times New Roman yepes 1.5 unrepnana
(BMecTe ¢ TabauIamMu M CHUCKOM juteparypbl). Ctarbu OoJbIIET0 00beMa NMPUHUMAIOTCS TOIBKO
MIOCJIE MIPEIBAPUTEIBLHOTO COTNIACOBAHMSI C PEIaKIIUEH.

B penakuuio He0OX0IMMO TaKXKe MPEICTABUTh!

* PYKOIIUCh CTAaThH, HAllCYaTaHHYIO Ha OyMa)KHOM HOCHTEJE, B 2-X IK3eMIUIIpax, OJUH U3 KO-
TOPBIX JOJIKEH OBbITh MOJNNCAH BCEMU aBTOPAMHU CTaTbhH;

* 3KCIIEPTHOE 3aKJIIOYECHHUE;

*  COIPOBOJIUTENBHOE MUCHMO OT OpraHU3aluH, B KOTOPOM BBINOJIHEHA Pa0doTa;

* aBTOpbI MyOaMKauil U3 MOCKOBCKOTO TEXHOJIOITMUYECKOTO YHUBEPCUTETA JIOJIKHBI IPECTa-
BUTb BBIIHICKY U3 IIPOTOKOJIA 3aceaHusl KaQeIphl ¢ peKOMEHIaluell K OMyOIMKOBaHUIO;

*  3aI0JHEHHBIN JOTOBOP O NEpeaye MpaBa Ha UCII0JIb30BaHUE TPOU3BEICHNUS (J1Ba OPUTHHAIb-
HBIX SK3EMILISIpa).

TekcT HEoOXoAMMO TevaTarh Ha Oymare gopmara A4 ¢ OJHON CTOPOHBI, C TIOMYTOPHBIM MEX-
CTpOYHBIM HHTEepBaNOM. J[i1st ocHoBHOTO TekcTa mpudt 12 Times New Roman, mosst o 2 cm co Bcex
cTOpoH. JIOKyMeHT J0JKeH OBITh MOATOTOBRIIEH B mporpamme Microsoft Word (ae Beitie Word 2003)
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u coxpaneH B ¢popmate doc unu rtf. Hymepauus cTpanuil v NpuioKeHUH TEKCTa CKBO3HAsL.

[lepBast cTpaHuIa CTaTbU JOJDKHA COJEpPKaTh (BhIpaBHUBAHUE IO JIEBOMY Kparo, mpudt Times
New Roman)

*  VIK (mpudr 11);

* Ha3BaHue cTaThbM (pudT 14, NOTYKUPHBII, TPONUCHBIMUA OyKBaMH);

*  HMHUOMAJIBI, pamMuaun aBTopoB (LpudT 14, MoIyKUPHBIN); ¢ yKa3aHHEM JOJDKHOCTU KaX-
noro apropa (mpudt 12, momyKUpHsIi);

* MOJIHOe HAMMEHOBAHHE OPraHM3aluM, rjae padoraroT aBTopsl (mpudt 11, Kypcus), c
yKa3zaHHeM ropojia, MOYTOBOro MHAEKca U cTpaHbl. Ecnu opranuzamnuii 18e u 6onee, He0OXOAMMO
U(POBBIMU HAJICTPOYHBIMH MH/IEKCAMH CBSA3aTh HA3BaHUE YUPEkKACHUS U (aMHUIIUH aBTOPOB, B HEM
paboTaronux;

* e-mail aBTopa, Benymero mepenucky (mpudr 10, xypcus) (@ABTOp Uil NMEPENUCKH,
e-mail);

* aHHOTauuio (pudt 9, KypcuB) — KPaTKUil BapUaHT, KOTOPBIN TOJDKEH aJJeKBaTHO MPEICTaB-
JSTH COJlepyKaHUe U pe3yNbTaThl CTaThbH, U paclIupeHHbIN BapuaHT (06bemoM oT 100 1o 250 cioB),
MPECTABISIOMINI TOUHBIN EPEBO AHIIIOSI3BIYHON aHHOTAIUH;

* KJII0YeBbIe ¢JI0BA (OT 5 10 8 CIOB WIIM COUETaHMI), KOTOPHIE XapaKTEPU3YIOT COJAEpKaHHUE
CTaThH; KIFOUEBBIE CJI0BA IPUBOATCS B MMEHUTEIILHOM IaJIeXKe U IIeYaTatoTCsl CTPOUYHBIMU OyKBaMH,
yepes 3anaTbie (pUPT 9, KypcuB).

3areM HEOOXOIMMO MOMECTHTh HA AHIVIMICKOM si3bIKe OTHUM OJIoKoM ((hopmMaTtupoBaHHE TO
e, 4TO U B pyCCKOM BapHaHTe):

* Ha3BaHUE CTaTbH;

*  WHUIMAIBI U paMUIUU aBTOPOB;

* Ha3BaHUE OPraHM3alllU C YKa3aHHEM ropoja, MOYTOBOIO MHIEKCA U CTPaHbI;

» e-mail aBropa qsa nepenucku (@Corresponding author e-mail).

* pacmimpeHHYI0 aHHOTaUUIO (00beMoM oT 100 10 250 caoB) (mpudr 9, Arial, Kypcus), Ko-
TOpast 10JKHA BBIMOIHATH (DYHKIIMIO HE 3aBUCAIIETO OT OCHOBHOTO TEKCTa IMyOIMKALMU UCTOYHHUKA
MHGOPMALIMU U TOITOMY JIOJKHA HUCUEPIIBIBAIOIIE OTPAXKaTh COiep)KaHue padoThI,

» ximoueBble cioBa (Keywords).

Jlanee cienyror pa3aeist:

BBenenue (3arooBok He o0s3aTelieH);

IKCNepUMEHTAIbHAS YaCTh;

Pe3yabTarsl 1 HX 00cy:KIeHHe (ITPU HEOOXOAUMOCTH DKCIIEPUMEHTANIbHAS YaCTh MOXET ObITh
pa3mMelieHa nocie paszaena Pe3yasraTsl 1 ux o0cyxaeHue);

3akuoueHue i BeIBoABI (B KOHIIE 3TOTO pa3zesia yKa3bIBalOTCs HCTOUHUKHN (PUHAHCUPOBAHMS
JTAaHHOM paloThI, B CKOOKAaxX — HOMepa IPaHTOB).

Cnucok JuTepaTypsbl IOMEIIASTCS B KOHIIE CTaThH (C HOBOM cTpaHMIbI) U opopMIIsieTcs B Co-
OTBETCTBHHU C HIDKEIPUBEIEHHBIMU TpeOoBaHUIMU. LluTnpyemas aureparypa HyMepyeTcs B Opsi/-
K€ YIIOMUHAHMS B TEKCTE, OPSIIKOBBII HOMEP CCBUIKM 3aKJIIOYAeTCs B KBapaTHbIe CKOOKH. CIMCOK
JUTEPATYPHI TOJKEH ObITH C(HOPMUPOBAH BPYUHYIO, O€3 HCIONb30BaHUs QYHKIUU « CITIUCOKY.

B ccpuikax Ha HIUTUPYEMYIO JTUTEPATypy clelyeT YKa3bIBaTh Ul )KypHaia: (JaMUINU U MHULUA-
JIbI BCEX aBTOPOB, 3ar0JI0BOK CTaThH, Ha3BaHHE XKypHaja, o, TOM, HOMep, CTPaHULIbI OT U J10; JUIS
KHUTH: (paMHIIUHM aBTOPOB, MHULIMAIIBI, HA3BaHUE, MECTO U3aHMs (FOpoj), Ha3BaHUE U3aTelbCTBA,
roji, o01Iee YUCI0 CTPAHUL] TUO0 IUTUPYEMbIE CTPAHUIIBI OT U JI0; HE PEKOMEHIYETCs CChIIAaThCs Ha
aBTOpedepaTsl U JUCCEepTALIUU.

IIpumep ogpopmnenus ccoinox:
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6888—6891.
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Ilo so3modcHocmu, ciedyem ceecmu K MUHUMYMY YUMUPOBAHUE UCOYHUKOS, HEOOCMYNHbIX
AHNOA3LIYHOMY YUMAMENIO, A MAKICe He 310YNOMPeOisimb CAMOYUMUPOSAnHuem, KOmopoe He 00NHC-
Ho npesviuiams 30%. Bce ccobliku 00H#CHbL ObIMb MUWAMenIbHO 8blBEPEHbI.

Ha otienpsHOI cTpaHuile HEOOXOAMMO YKa3aTh (haMUIIHIO, UM, OTIECTBO, KOHTAKTHBIN TeIeOoH
aBTOPA, C KOTOPBIM CJIETyeT BECTU NIEPETOBOPHI TI0 BOTIPOCY MyOIUKAIIHH.

JlomyckaeTcst apXuBUPOBATh TEKCTOBBIE TOKYMEHTHI M PUCYHKH (Tar, Zip).
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IIpu opopMiIeHUN PYKONIMCH PEKOMEH/IyeTcsl CO0II0IATh CileyIolIie TPeOOBAHUS:

- aBTOMaTUYECKOI pacCTaHOBKOM MEPEHOCOB HE MOJIb30BaThCS,

- B KQYECTBE KaBbIUEK HCIOIB30BATh CIEAYIOUIHNE «...»;

- 3HaK «—» (THpe) oTOMBaeTCsA MpoOEeNIaMu, 3HAKH «MUHYC», «MHTEPBAI» WIH «XUMHUYECKas
CBSI3b» IIpoOeaMu He OTOMBAIOTCS,

- B KQUECTBE 3HAKA YMHOXKEHUS MCTIOIH30BATh TOIBKO «X»;

- B IECATUYHBIX APOOSX MO TEKCTY, B PUCYHKAX UCIIOJIb30BaTh TOUKY JJISl OT/ICICHUS 1IeJI0i YacTu
ot apo6noii (0.25 Bmecto 0,25);

- B opMyIiax MCIOIb30BaTh OYKBbI TATUHCKOTO U TPEYECKOTo an(haBUTOB;

- COKpAIIIEHUS SAMHHI] U3MEPEHUS TTUIIIYTCS TOIBKO pyCCKUMU OykBamu (MKM, HO He UM; HM,
HO HE nm);

- Ipu BBIOOpE €AMHUII U3MEPEHHS PEKOMEHYeTCsl IPHUIEPKUBATHCS MEKTyHapOIHON CUCTEMBI
equnaun CU;

- UCTIOJIb3yEeMBIE B CTaThe COKPAIICHUS CIeAyeT paciupoBbIBaTh P NEPBOM YIIOMUHAHUH B
TEKCTE (32 UCKIIIOYCHHEM OOIEPUHSATHIX COKPAIEHUH);

- HE JIOMyCKaeTcs NyOnupoBaHe JaHHBIX B TEKCTE, TAOIHIIaX M PUCYHKAX.

HNamoctpaunu (pucyHku, rpaduku) pa3MemiaTcs B TEKCTE PYKOIHCH, a TaKKe MPUBOIATCS
otnenbHbIMU (haitnamu B popmare tiff, ¢ pazpemennem ne meree 300 dpi, mpu HEOOXOIUMOCTH — B
3aapxuBHpPOBaHHOM Buje. Mms (aiina gomkHO comepxarh paMIINIO TIEPBOTO aBTOpa JIATUHHUIICH U
HOMEp PUCYHKA, KOTOPBINA JOJDKEH COBIAJAaTh C HOMEPOM PUCYHKa IO TEKCTy (Hampumep, Author
Ris_2.tif). Kaxaplit aiin qomkeH cogepxarb OIMH PUCYHOK.

JomyckaroTcesi iBeTHbIE H300pakeHNsi, KOTOpPbIe OYAYT JOCTYIHBI sl IPOCMOTPA B JJI€K-
TPOHHBIX BEPCUSIX CTAaTell, pa3MeliaeMbIX Ha caiiTax :kypHaJia u e-library.ru. [Ipu HeoOxonumo-
CTH UCIOJIb30BaHMs BEKTOPHBIX PUCYHKOB, OHU JIOJIKHBI MIPEIOCTABIATHCS B (pOopMaTe MporpaMMel,
B KoTopoii caenanbl: CorelDraw, Adobe Illustrator wim B popmare EPS. [lomyckaeTcst Takke co3na-
HUE U TpejacTaBieHre rpaduKoB IpU MOMOIIU TaOMUYHBIX IporeccopoB «Excel». HacrostensHo
HE PEKOMEHTyeTCs TI0JIb30BaThes mporpamMmmamu Microsoft Graph, Microsoft Draw (mocrasisieTcs ¢
Microsoft Word), PaintBrush uz Windows wimm Paint u3 Windows 95.

Pucynku u pororpadum 107KHBI UMETh KOHTPACTHOE H300paxenue. Pasmep pucyHka no mu-
pHUHE J0KeH ObITh He Oosiee 75 MM (IIpH pa3MeIlleHUU B OJHOM KOJOHKE), 1100 He Oonee 150 Mmm
(Ipu pa3MeIIeHNH 10 IHUPHUHE CTPAHUIIBI); OH JIOJDKECH OBITH MPEICTABICH B BHJIE, IPUTOTHOM LIS
HETIOCPEICTBEHHOTO BOCTIPOM3BEICHUS. PHCYHKM MOTYT BKITIOUaTh KpaTkue H(pPOBBIE HITH OyKBEH-
Hble 0003HaueHUs! (HyMepyloTCs ClIeBa HAIpaBO WJIM IO YacOBOW CTpesKe), HAOpaHHbIE COOTBET-
CTBYIOIIUM OCTAJILHOMY TEKCTY mpudTom (pasmep He meHee 9 u He 6omee 11). [Ipu HeoOxoqgumocTu
pacmu(poBKy JeTajell Ha cCaMOM PUCYHKE JAeTCs UX HyMepamus, BCE TOSICHEHHUs, OTHOCSIITHECS
K JISTaJISIM, TTOMEMIAI0TCS MTOJ] PUCYHKOM, B TIOAPHCYHOYHOM TMOANUCH. Bce puCyHKH TOKHBI OBITH
IPOHYMEPOBAHBI, B TEKCTE 00SI3aTEIBHO TOJDKHA OBITH CCHUIKA HA PUCYHOK.

DopMyJibl HAOUPAIOTCS B CTAHIAPTHOM penakrope s Word, B pexakrope dhopmyn Microsoft
Equation 3.0. Vcnonp3oBanue Qpyrux mporpamMmm J0KHO OBITh MPENBAPUTENBHO COTIIACOBAHO C pe-
nakuuei. PazMepsl B MaTeMaTHU€CKOM pefakTope: oObIuHbIM cuMBOI 10 NT, KPYIHBIM UHAEKC § IT,
MeNKui UHJeKe 6 0T, KpynHbId cuMBoa 12 0T, Menkuid 8 nT. [Ipy 3TOM HYKHO yYHTHIBAaTh, YTOOBI
muprHa GOpPMYIBl He TpeBblmana 7 cM. Ecu B TeKcTe HCIONb3yeTcsl HECKOIBKO (popMyst, TO OHH
JIOJDKHBI OBITH MOCIIE0BATEIBHO IPOHYMEPOBAHHI.

CTpyKTypHBbIe XUMHYecKHe (POPMYJIbI H CXeMbl PeaKIMii TOKHBI ObITh PACIIONIOKEHBI B TEK-
CTe cTarbu U BhINOIHEHHI B porpamme ChemWindow. PexkoMenayercsi co0uonars ciieayomme
napamerpsbl: 1jauHa cBsasu 14.4 nr (0.508 cm), Tonmuna aunnii 0.6 nr (0.021 cm), B popmyrax
ucnoab3oBath WPU@T Arial wim Helvetica, 9 nt. Xumuueckue coeJuHEHUS B CXeMaX HYMEPYIOTCS
MONY>KUPHBIMU apadckumu 1udpamu 6e3 ckobok (Arial Bold 9 nt); B TeKCTe npu MOTHOM Ha3BaHUHU
COEJIMHEHUS eT0 HOMEP JaeTcsl B CKOOKax, B OCTAJIBHBIX CIIydasix — 0€3 HUX, HO ¢ 00s13aTeIbHBIM CO-
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MIPOBOXKJICHUEM TMOSICHSFOIIUM CIIOBOM (HAIMPUMEp, «BBIISISUIA KUCIOTY 5SB»). Pazmepsl cxeMbl win
(hopMysIBI TIO IIMPUHE JOJDKHBI OBITH HE Oonee 75 MM (IIpu pa3MelIeHud B OJHOW KOJOHKE), THO0
He Oonee 150 MM (TIpu pa3MeIIeHUH MO MIHUPUHE CTPAHUIIB); (DOPMYIIBI M CXEMBI PEAKIIHIA JTOJKHBI
OBITH TIPEJICTABIICHBI B BUJIE, IPUTOAHOM JIJIsl HEMOCPEACTBEHHOTO BOCIIpou3BeneHus. Homep cxembl
U, eciu TpeOyeTcs, MOSCHSIOIIYIO HAMUCh CIEeAYeT pacroiararh Moj cXeMoii (He Ha moJyie cxembl!)
0 LIEHTPY U OTAENSATH OT MOCIEAYIONIET0 TeKCTa OJJHOU MyCTOM CTPOKOIA.

Tabauubl JOKHBI UIMETh 3aTOJIOBKU U MTOPSIKOBBIE HOMEPA, Ha KOTOPBIE JAFOTCS CCHUIKH B TEK-
cTe. B TabnmuIel BKIIIOYAIOTCS TONBKO HE0OXoAMMbIe IU(POBbIe qaHHBIE. He mormyckaeTcss Uemob-
30BaHue B TaOIMIIAX HE OOCYkIaeMbIX B TeKCTe JaHHbIX. [lluprHa Tabnuiel 1omkHa OBITH HE Oosee
75 MM (TIpu pa3MeleHnH B OJJHOW KOJIOHKe), 1100 He 6onee 160 MM (Tipu pa3sMenieH!: M0 ITHPUHE
cTpanulibl). HeoOXoauMo CTporo cieanuTh 3a BEIpaBHUBAHUEM TOPU30HTATBHBIX CTPOK U BEPTHKAIIb-
HBIX CTOJIOIIOB B TaOIHIIE.

Pyxonucu, ne ohopmnennvie 00axicHbIM 00pazom (6 mom uucie, umeroujue HedoCmMamouHblil
obvem anHomayuu Ha anenutickom szvixe, Cnucok aumepamypuil/References, ogopmiennvie ne no
npasuam, Heyo08IemeoOPUMeNIbHOe Kauecmeo PUCYHKO8 Wil HAOPAHHBIX (hOpMYTL), Cpazy 6036pawyd-
IOMcst agmopam Ha 0opabomky 6e3 paccmMompetus.

Bce crarbu, oCTynuBIIHE B PENAKIUIO, IPOXOIAT IKCIIEPTU3Y YWICHOB PEIKOJIJICTHH M HAIIPaB-
JISIIOTCSI Ha pelieH3NpoBaHne. BrIOOp perieH3eHTa SBISIeTCS MPEeporaTuBor penakiuu (hamMunnn pe-
IIEH3EHTOB aBTOpaM He cooOratores). CTaTby, TPUHATHIC K ITyOIUKAIIUH, TIIATEITFHO PEAAKTUPYIOT-
csi. HeOomnpime ucTpaBieHUs] CTHIMCTUYSCKOTO, HOMEHKIIATYpHOTO WM (DOpMaIbHOTO XapakTrepa
BHOCSITCS B CTaThiO 0€3 COTIacOBaHUs ¢ aBTopamu. Eciii B pe3ynbraTe perieH3upOBaHus WIIN Peaak-
TUPOBAHUSI HEOOXOAUMEI 00JIee Cephe3HbIC HCIIPABICHHUS, CTAThsS OTCHUIAETCS aBTOPaM Ha JOPa0OTKY.
ABTOpaM clie/lyeT BHECTH B TEKCT BCE HEOOXOAMMBIE C UX TOYKH 3PEHUS HCIIPABJICHHUS, a TAKXKe TPO-
KOMMEHTHPOBATh BCE 3aMEUaHMsI B OTBETHOM IMHChME B peiakinio. JlopaboTanHast pyKOIHCh T0JKHA
OBITH BO3BpAILICHA B PEAAKIIMIO B MAKCUMAJILHO KOPOTKHH Cpok (He 6omnee 10 pabounx nHel) BMecTe
C MPEIBITYINM BapHAHTOM CTaThH U 3JICKTPOHHOM BepcHell OKOHYATEIEHOTO BapUaHTA.

[IpencrapieHne cTaThy IS MyOJIUKAIIAN TTOIPa3yMEBAET COINIACHE aBTOPOB C HACTOSIIIUMH ITpa-
BUJIAMH.

Anpec penakuuu: 119571, Mocksa, np. Bepuaackoro, 1. 86, og. JI-119

Teun.: +7(495)246-05-55 (#2-88)

E-mail: vestnik@mitht.ru

3aB. penakuueii: Cepenquna I'anuna IMmurpueBna

Caiit xxypHana: http:/finechemtech.mirea.ru

Kypnan B po3HUUHYIO NTpojaxKy He noctymnaetr. OH pacnpocTpassieTcs Ha Tepputopuu Poccuiickoit
Oenepanuu u ctpad CHI' mo O6benunennomy karasnory "lIpecca Poccun", unaexc 36924. Iloanu-
CKa Ha JKypHaJ PUHUMAETCS B JIFOOOM ITIOYTOBOM OT/EJICHUH.
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