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Basic knowledge of mankind so far relates to the description of electrons and atoms in the material
in a state of equilibrium, where the behavior changes slowly over time. The electron diffraction
with a high temporal and space resolution has opened the possibility of direct observation of the
processes occurring in the transient state of the substance (molecular movie). Here it is necessary
to provide a temporary resolution of the order of 100 fs, which corresponds to the transition of the
system through the energy barrier of the potential surface, which describes the chemical reaction
— the process of the breaking and the formation of new bonds between the interacting agents.
Thus, the possibility of the investigation of the coherent nuclear dynamics of molecular systems
and the condensed matter can be opened. In the past two decades, it has been possible to observe
the nuclear motion in the temporal interval corresponding to the period of the nuclear oscillation.
The observed coherent changes in the nuclear system at such temporal intervals determine the
fundamental shift from the standard kinetics of chemical reactions to the dynamics of the phase
trajectory of a single molecule, the molecular quantum state tomography.

Keywords: transient structures, chemical reaction dynamics, conical intersections, coherent nuclear
dynamics, adiabatic potential energy surface, time-resolved electron diffraction, time-resolved X-ray
liquidography, ultrafast spectroscopy, pump-probe experiments.
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IMocesswaemcest namssmu Jrucona Aseuda FO6snka (23.12.1947-13.10.2002)
Baszosble 3HaHUS uenogeuecmaa 00 CUX Nop OMHOCSMCSL K ONUCAHUIO 9/1eKMPOHO8 U AMOMO8 & 8e-
uiecmee, Haxo0aUleMest 8 COCMOSTHUU PA8HO8ECUsL, ULU BIU3KOM K PABHOBECUIO U MEOJIeHHO U3Me-
Hstouwemycst 80 8pemeHu. B mo xe epemst UsgecmmHo, Umo xumuueckue peaKyui Hocsim ouHamuue-
cKuil xapaxmep, a 31eMeHMAapHbLIL AKmM XUMUUECKOU pearKyui npoucxooum 8 pemmoceKyHoOHOM
8pemeHHoM uHmepesane. JupparKyust 2.1eKmpoHO8 C 8blCOKUM SPEMEHHBIM U NPOCMPAHCMEEH-
HbIM paspeuleHuem OmKpbLIad 803MOIKHOCMb NPSIMO20 HAOIOOEHUSL NPOUECCo8, NPOUCXOOSULUX
8 NepexoOHOM COCMOSIHUU 8euiecmea (MONeKYNAspHbli pusibem). 30ece Heobxooumo obecheuumo
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epemerHoe paspeuieHue nopsioka 100 ¢gpc, umo coomeememeayem nepexody cucmembl uepes sHep-
eemuueckull bapbep NogepxXHOCMU NOMEHUUATLHOU IHEp2UU, KOMOPbLL ONUCLIBAEM XUMUUECKYHO
PeaKuuio - NPouecc paspyuleHust U 06paso8aHuUst HO8bLX c8si3ell 83aUMO0elicm8YOULUX peazeHmos.
Taxum obpaszom, morxkem b6blmb PACKPbIMA BO3MOIKHOCML UCCAEO08AHUSL KO2EPEeHMHOU s10epHOl
OUHAMUKU MONEKYNAPHBIX CUCMEM U KOHOEHCUPOBAHHO20 COCMOSIHUSL 8eU4eCMaa, 8III0UdsL €20
sKcmpemasibHble cocmosiHus.. 3a nocnedHue dsa decsimunemust 6bLIO0 803MOXKHO Hab/OOAMb
dswikeHue s0ep 8 MONEKYNAX 80 BPEMEHHOM UHMeEp8ane, coomeemcmayrouem nepuody ux Ko-
snebaHull. Habnodaemble KozepeHmHble UsMeHeHUsl 8 SI0epHOlL cucmeme 8 maKue 8pemeHHble UH-
mepeasibl onpedensitom PYHOAMEHMANbHBLUL nepexo0 om cmaHOAPMHOU KUHEMUKU XUMUUECKUX
peaxuull Kk duHamure ¢pasoeoli mpaeKkmopuu omoeabHOU MONEKYSbl, MOMOPAPUU MONEKYNP-
HO020 KEAHMOB020 COCMOSTHUSL.

Knroueesle cnoea: nepexootsle CmpyKmypbl, OUHAMUKA XUMUUECKOU pearyuu, KOHU4YecKue nepece-
UYEHUSsI, KOEPEHMHASL I0EPHASL OUHAMUKA, NOBEPXHOCMb NOMEHUUALHOU SHEpeUlU, OUPPAKYUUSL /e~
MPOHO8 C BPEMEHHBIM PA3PEUUECHUCM, BPEMEHHASL PENaKCayust, ceepxbblempast OUppaKyust peHmee-
HOBCK020 U3YUEHUSL, C8epxbblempast CNeKMpPOCKONUSL.
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Introduction

The direct observation of chemical transformations,
i.e. the motions of atoms and functional groups within
molecules just while they undergo chemical reactions, has
been a long-standing goal. Time-resolved spectroscopy
has made considerable advances, especially in the
context of small molecules with few atoms. But for
larger molecules the density of vibrational states in the
vicinity of transition states is often so large that spectra
cannot be resolved or interpreted. It is the hope that a
structural method, i.e. a diffraction method, provides a
fundamentally more promising path, because the number
of atomic coordinates is much smaller than the number
of vibrational states potentially involved in the chemical
transformation. Further, unlike a spectroscopy, there is no
uncertainty limitation that would limit the simultaneous
measurement of atomic positions and the time resolution
of the observation.

To study time-evolving molecular structures, both
electron diffraction and X-ray diffraction could be
attractive. The cross sections for scattering electrons
are much larger than those of X-rays. Consequently,
experiments on low-density vapors, where chemical
dynamics of isolated molecules unaffected by their
surroundings can be observed, are preferentially
done using electrons. The feasibility of gas electron
diffraction to probe molecular structures has been
demonstrated already in 1926 by the experiments of [1,
2]. By the 1980's, gas electron diffraction as a tool to
study molecular structures had become a mature and
well established field [3, 4].

To expand diffraction to the time domain, a pump-
probe scheme is implemented where the chemical
dynamics is initiated by a laser pulse and the structural
evolution of the photo-excited molecules is probed by
an electron pulse. The technique is varyingly called time
resolved electron diffraction, TRED [5-12], or Ultrafast
Electron Diffraction, UED [13-17].

The development of electron diffraction
techniques using picosecond [9, 10, 12, 13, 16, 18]
and femtosecond [19, 20] electron pulses contributed
to the development of ultrafast X-ray diffraction
(UXD) [21-28], ultrafast electron microscopy (UEM)
[9, 17,29-34], and the dynamic transmission electron
microscope (DTEM) [9, 31].

The introduction of time resolved diffraction
techniques [5, 6, 11, 35, 36] and the development of the
principles of investigation of coherent nuclear motions
of isolated molecules also aided the observations of
molecular dynamics in condensed phases (please, see,
e.g. reviews [37, 38]). On the whole, this led to the
development of a new way to study matter — coherent
structural dynamics [17, 31, 32, 36, 39, 40] or coherent
chemistry [41]. They represent a set of spectroscopic and
diffraction techniques that are complementary to each
other even though they are based on different physical
phenomena.
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Studying the coherent dynamics of the nuclear
subsystem of a molecule, i.e. the time-evolution of a
vibrational wave-packet (see, e.g.,[17, 36] and references
therein) as a chemical reaction unfolds, requires electron
pulses with a duration in the sub-picosecond range.
This requirement is given by the typical lifetimes of
the electronic states involved and the characteristic
timescales of dephasing processes. Performing ultrafast
studies with picosecond or better time resolution raises
numerous questions related to the concept of the dynamic
parameters of the molecular system as determined from
the analysis of the time-dependent intensity of scattering
electrons [42, 43].

On the technical side, pump-probe electron
diffraction experiments pose high demands on the
signal-to-noise ratio. While this could be achieved by
increasing the number of electrons per pulse, ultrashort
electron pulses are affected by the Coulomb repulsions
between the electrons within each pulse. These space-
charge interactions can lead to a distortion of diffraction
patterns and/or to an increase in the electron pulse
duration. Alternative approaches take advantage of high
repetition rate electron sources producing electron pulses
containing only a few electrons per pulse [17, 30, 31],
electron gun and interaction geometries that minimize
path lengths [37], or electrons with relativistic velocities
where space-charge effects are diminished [44].

1. DYNAMICS OF SPECTRALLY INVISIBLE
STRUCTURES

Radiationless transitions take place in chemical,
physical and biological systems, leading to such
diverse phenomena as the conversion of radiation into
heat and photoaging, and photocarcinogenesis of DNA
[45-47]. Following absorption of light, the molecules
can undergo two main types of non-radiative processes:
(1) photochemical, including breaking bonds or
isomerization, (2) photophysical, including transitions
between electronic states with spin conservation (internal
conversion) or with spin change (intersystem crossing).
For more than eight decades ([48] and references therein),
our understanding of these non-radiative processes stems
from indirect observations based on measuring the rates
with which the populations of electronic states change.
In turn, theoretical studies have introduced the concept of
"thermostat" in the molecule and the conical intersection
in the energy landscape [49-51], Fig. 1.

Experimentally, the presence of non-radiative
electronic relaxation processes was first determined
from the steady reduction of quantum yield of molecules
at low pressures [52]. With the development of pulsed
laser systems it became possible to study nonradiative
processes directly. Even so, the structural dynamics of the
molecular system, which accompanies these processes,
remained inaccessible. These “dark” structures cannot be

Excited State
Structure

! v Structural
Intermediate
BJ

Ground Stat
Structure

Fig. 1. The landscape of the potential surface of the
ground and excited states in complex molecular systems.
The equilibrium structure of the ground state determines
the initial wave packet produced by a femtosecond pulsed
excitation. The excited state evolves either along a radiative
or a nonradiative channel. Radiationless transitions may
result in the bifurcation of a chemical reaction or physical
process (internal/intersystem crossing) [17].

detected via light absorption or emission, even though
they can be probed by ionization spectroscopy. Using
electron diffraction or X-ray diffraction, structures
of molecules in optically "dark" states can be probed
(please, see review article [17]).

Ihee [et al.] [53] and Srinivasan [et al.] [17] studied
the molecular structures involved in radiationless
transitions that are accelerated by vibrational excitation
of the molecules in the so-called "channel-three region"
[54] and/or the proximity of electronic states [55]. They
investigated fourprototypical heteroaromatic compounds:
pyridine, 2-methylpyridine, 2,6-dimethylpyridine and
benzaldehyde. The cleavage and formation of new bonds
in the transition states of the molecules of pyridine and
2-methylpyridine, the formation of highly vibrationally
excited structures of 2,6—dimethylpyridine and of the
triplet state of quinoid form benzaldehyde allowed
them to clarify the effect of the original structure on the
dynamic evolution of the molecules, Fig. 2.

Pyridine, 2-methylpyridineand?2,6-dimethylpyridine.
Photoexcited molecules can react in several ways: the
valence isomerization, fragmentation, ring opening,
as shown in scheme at the top of Fig. 2 for pyridine
molecule. Using TRED the dominant isomerization
pathway and the structure of the intermediates were
determined [17].

For registration of structural changes as a chemical
reaction unfolds there were acquired diffraction patterns
for several time delays from —90 ps to 185 ps for pyridine
and from —90 ps to 215 ps for the 2,6-dimethylpyridine.

Tonkue xummudeckue TexHororuu / Fine Chemical Technologies 2017 Tom 12 Neo 4 7



Structural dynamics of free molecules and condensed matter. Part II. Transient structures in chemical reactions

Ring opening I

!

Valence isomerization

Hll(:k{}l“@ @ @
e Y
Dewar m m
<

Prefulvene
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Difraction imaging of reactions in real time

4)

1

Fig. 2. Possible pathways of photochemical transformations of pyridine (top panel). TRED diffraction patterns
of pyridine (lower panel). The left side — the diffraction pattern of the ground electronic state, the right one — 2D
difference diffraction patterns obtained for different time delays between pump and probe (in ps) [17].

2D difference diffraction patterns (image at a negative
delay, —90 ps is chosen as the reference) clearly
demonstrate the change in the diffraction pattern, which
is increasing with time. These rings in the difference
diffraction patterns directly reflect the changes in the
molecular structure. The corresponding difference radial

distribution curves — f (t; tref ; r) shown in Fig. 3 contain
peaks with positive and negative amplitude: negative
amplitude (highlighted in blue) is positioned near 1.3 A
and 2.5 A, which is attributed to breakage of bonds.
Peaks with positive amplitude (in red) correspond to the
formation of new bonds.

; Transient Structures ; Transient Structures
Ops Ops
N ]
5ps Sps
10 ps 10ps
5 |rses ' I 15p8
= ' \ 4
o NW-A—A“ i“"’h"'w
g 2p__aYA i X
g 608 45ps
185
Product Product
88 o 9 T OE g “ .“g‘, 1T 1
Sl I ¢ teg e o i ol TS R T
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Internuclear Distance r (A)

Internuclear Distance r (A)

Fig. 3. Structural dynamics of pyridine and 2,6-dimethylpyridine. The radial distribution of the ground state (upper
panel) and difference curves Af{f;¢,.7; r) (lower panel). Vertical lines on the scale of interatomic distances r indicate the
relative contribution of the different pairs of nuclei (ij), which amplitude is normalized to produce the nuclear charges (Z)
devoted by the value of internuclear distance Z.Z /r,, multiplied by the multiplicity of the corresponding term. Peaks with
positive and negative amplitudes: negative amplitude (highlighted in blue) represents the breakage of the bonds. Peaks with
positive amplitudes (in red) correspond to the formation of new bonds [56].
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For pyridine a more pronounced dynamics of the
reduction of the contributions of the covalently-bonded
atoms is observed, whereas for 2,6-dimethylpyridine
the contribution of the unbound atoms decreases. In
addition, for pyridine an increase in the contribution of
unbound atoms at the distances of more than 3.5 A it is
registered, which are absent for the pyridine molecule
in the ground state. Please note that at these large
distances, at # = 0 only slight noises can be seen, and

.

Azaprefulvena
sy B
"‘\cvﬂvp —" Hockel
o '°Y°‘

34N
3w e
Opened Ring

CH, + HCN

Fig. 4. Possible pyridine phototransformation
pathways (please, see Fig. 1) [17].
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Fig. 5. Determination of the reaction pathway.
Comparison of experimental (blue) and calculated (red)
normalized radial distribution curves  for the isolated
transition structures. There is a strong mismatch for all
proposed reaction channels except for the ring opening
reaction with little contribution of isomeric structures of
pyridine (please, see text). From ref. [17].

they transform into a sharp signal at longer time. For
2,6-dimethylpyridine the positive and the negative
peaks occur as a result of the dispersion contribution
from hot molecule of the relatively cold structure of
the original ground state [56]. In order to distinguish
between the possible reactions channels, UED data
were processed for a number of structural models.
Fig. 4 shows some of the structures proposed in the
literature for these aromatic molecules [56].

Fig. 5 shows the experimental radial distribution curves
f(r) for the isolated transition structures corresponding
to four time slices (from 60 to 185 ps for pyridine and
theoretical curves for different models (with account of
an excess internal energy). Curves were calculated for the
vibrationally excited molecules — Kekulé, Dewar, Hiickel
isomer formation and fragmentation to (C,H, + HCN) are
in poor agreement with experiment. It was therefore
concluded that, in the time scale of the UED experiment,
those reaction channels cannot be dominant. A mixture
of Dewar and Hiickel isomers and vibrationally "cold"
(403 K) structures with an open ring shows good
agreement with the experimental data. Therefore, the
ring opening reaction it the main channel. Isomerization
of the intermediate into the Dewar structure is not a
major channel; Hiickel isomer contribution is negligible.

The best agreement was reached for the ring-opening
reaction of pyridine and 2-methylpyridine. The average
values for amplitudes of vibrations of transition structures
are 70-100% higher compared with the calculated values
for the "cold" molecules (403 K). Perhaps this is due to
non-thermal (non-Boltzmann) distribution of vibrational
energy in the molecule. Contribution of Kekulé and Dewar
structures is extremely small. Thus, the ring opening
reaction leading to formation of vibrationally excited acyclic
transition structures [17] is the primary reaction pathway.

Fig. 6 illustrates the results of a least-squares
refinement of internuclear distances and mean vibrational
amplitudes for the molecular component of the scattering
intensity sM(s) and the radial distribution function f(r)
for the acyclic structure of the transition state of laser-
induced pyridine ring-opening reaction. The obtained
structural parameters match the observed structural
dynamics of the reaction. For example, the appearance
of large internuclear distances » [C(1) - N] = 5.23 A and
r[C(1) - C(5)]=4.33 A.

The satisfactory agreement between all structural
parameters and calculated quantum-chemical values was
obtained except for the nuclear separation r [C(1) — C(2)]
=1.366 (11) A (the corresponding value from the quantum-
chemical DFT calculations is 1.318 A), as well as one of
skeletal torsion angles. The experimental data correspond to
the value of the torsion angle $[NC(5)-C(4)C(3)] = 123°,
while the quantum-chemical calculation gives a value of
180°. This discrepancy may be due to the fact that quantum-
chemical calculation gives the equilibrium geometric
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Refinement of ring-opened pyridine structure
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Fig. 6. Structure of acyclic transition state, which is formed by photoexcitation of pyridine molecules with 266 nm
photons in the gas phase in collisionless environment. The experimental (blue) and theoretical (red) molecular scattering
intensity curves sM(s) and the radial distribution f{r) for the isolated transition state are shown. The values of interatomic
distances (in A) and angles (in degrees) obtained using Ultrafast Electron Diffraction and quantum-chemical calculations
using DFT [17] are given. Possible causes of mismatch are discussed in the text.

parameters of the molecule, while the data of the ultrafast
electron diffraction demonstrate the vibrational effects, the
nonequilibrium distribution of vibrational energy among
the various vibrational modes of the transient state, which
is essentially manifested in the diffraction data. Neglecting
this factor can lead to the significant distortions of the
parameters of the studied transient structure. Similar
results, showing a ring opening and the formation of
acyclic transient state, were obtained for the molecules of
2-methylpyridine. For a molecule of 2,6-dimethylpyridine
it was shown with time resolution of ~ 1 ps that the
ring opening didn’t occur in the temporal interval of up
to 215 ps. The transient state corresponds to the highly
vibrationally-excited cyclic structure [17].

Further, the data on the structural evolution of
the isolated transient state was obtained as shown in
the time-dependent radial distribution curves in Fig.
7. Except for their relative intensities, the forms of the
radial distribution f(r) are almost unchanged over time.

It means that the structure of the transient state remains
essentially constant on the timescale of the experiment.
Only the value of the population of this state changes.
When elaborating the value of the population by the
least squares method, the time constant of 17(1) ps was
determined (Fig. 7). These results combined with the
analysis of the difference intensity curves, show that the
ring-opening leads to the disruption of its aromaticity,
and the subsequent increase in the population of the
acyclic transient state occurs with the time constant of
17(1) ps. In this condition, the internuclear distance C—C
of the aromatic ring of pyridine should transform into the
distance of C=C characteristic for aliphatic compounds.

The corresponding time constants were determined
for 2-methylpyridine and 2,6-dimethylpyridine as
28(7) ps and 16(2) ps, respectively [56]. Thus, for the
molecules of pyridine and 2-methylpyridine there is a
formation of so-called "three-channel" [55] due to the
ring opening and the formation of acyclic biradical
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Fig. 7. The structure of pyridine and the population of
acyclic transition state as a function of time. Radial distribution
curve f{t, r) shows the formation of an acyclic transition state.
The inset shows the time dependence of the population of the
transition state that corresponds to the time of 17 (1) ps. 2D
images indicate the range of interatomic distances (06 A),
and their changes over time (see text). From ref. [17].

structure, while for 2,6-dimethylpyridine a highly
excited cyclic transition state is observed. This explains
the significant differences observed in the study of this
group of molecules by transition-state spectroscopy with
femtosecond time resolution [57].

2. THE JAHN-TELLER EFFECT
IN THE PHOTODISSOCIATION
AND ULTRAFAST RELAXATION OF Fe(CO),

Ithaslong been known that metal carbonyl compounds
eliminate a CO group upon photolysis in the UV [58, 59].
It was not known however, whether this reaction proceeds
as a simple bond breaking on a directly repulsive potential
energy surface, such as is the case in some organic iodides,
for instance. Some of the unsaturated reaction products are
formed as triplets, raising the question where intersystem
crossing occurs [60]. The dissociation was believed to
occur via a directly repulsive potential energy curve [58,
59] to produce the ground state of an unsaturated carbonyl
(sometimes a triplet). It has also been claimed that several
CO groups can be more or less synchronously eliminated
[61]. Modern femtosecond spectroscopy [60] and UED
can investigate the dynamics during the photodissociation
and provide information about the potential energy
surfaces [62].

Among the transition metal carbonyls, Fe(CO); is
one of the most extensively studied molecular systems
(please, see refs. [63, 64] and references therein).
Fe(CO), can dissociate into five different products
Fe(CO), x =4, 3, 2, 1, 0, depending on the excitation
wavelength [60, 65, 66]. In these reactions, Fe(CO),
is the primary intermediate and serves as a doorway
molecule for various subsequent reactions, such as
decomposition, recombination with the carbonyl ligand,
and coordination with solvent molecules [67].

The first GED study of Fe(CO), was performed by
Ewens and Lister in 1939 [68], but numerous further
studies followed [69—73]. In the GED study of Beagley
and Schmidling [72] at 303 K the average distances
for the trigonal bypiramidal (TBP, D, ) structure of
the Fe(CO), were determined to be: r, (Fe-C) werage
182.1(3) pm; r, (C-0) werge — 113.3(3) pm. It was also
shown that equatorial distances r, (Fe-C)_ are longer
than axial ones, r, (Fe-C),, with the difference being
A(FeCeq —FeC_)=2.0(6) pm.

In 2001 Fe(CO), was reinvestigated in K. Hedberg’s
laboratory with a focus on the question: “Are the
axial or the equatorial Iron-Carbon Bonds Longer in
the Gaseous Molecule?” [73]. The structure of iron
pentacarbonyl, Fe(CO),, was studied at 295-298 K
using an experimental rotational constant available from
the literature as a constraint on the structural parameters.
The study utilized a B3LYP/6-311+G(d) ab initio
quadratic force field, scaled to fit the observed infrared
wavenumbers, from which corrections were calculated
for the effects of vibrational averaging. The Hedberg
results confirmed that the equatorial Fe-C bonds are
longer than the axial ones, an important difference to the
structure in crystalline phases where the equatorial Fe—C
bonds are shorter. Some distance (rg/pm) and vibrational
amplitude (lo/pm) parameter values (with estimated 2o
uncertainties) based on the assumption of D, symmetry
are: [r(Fe-C)] = 182.9(2), [r(FefC)eq - r(Fe-C)_]
=3.2(2.0), [(C-O)] e 114.6(2), (C-O) , — H(C-0),,
= 6(27), r(Fe-C),, = 181.0(1.6), r(Fe-C), = 184.2(1.1),
n(C-0), = 114.2(2.3), (C-0), = 114.9(1.6), [(Fe-C)
= l(Fe-C),, =4.7(5), and /(C-0), = (C-O), =3.6(3).

Pseudorotation in Fe(CO), was not studied by
GED. In 1998 Jang [et al.] [74] calculated the barrier to
pseudoratation suggesting a Berry mechanism (i.e.,a C,
transient state). The results give the energy difference
between D, and C, configurations of the Fe(CO), equal
to: 2.25 (DZ B3LYP), 2.28 (DZP BP86), 2.33(DZP
B3LYP) kcal/mol.

The electronic structure of Fe(CO), was studied
with quantum-chemical calculations at different levels
by a number of groups (please, see [75] and references
therein). They found that Fe(CO), is a D, symmetry
with a closed-shell 'A’ ground state corresponding to a
formal Fe *d, occupation.
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In 1998 Hoffmann and co-workers calculated
decomposition energies, fragment orbital overlaps, and
fragment orbital populations for Fe(CO),AB (AB = N,,
CO, BF, Si0), at the NL-SCF/TZ(2P) computational level
[76]. Arguably, the main reason for the special character
of CO (especially important to the experimentalist) is
the excellent balance within this diatomic between its
internal stability and its excellent binding. CO has an
intermediate HOMO-LUMO gap, which makes it stable
(one can handle the stable gas easily in a laboratory) yet
moderately reactive [76]. The HOMO of CO, 50, is an
orbital relatively high in energy that is most suitable for
M-CO bonding. But, as shown in the case of Fe(CO),,
back-bonding into 2z(CO) orbitals is in many cases
even more important than o-donation. It is this balance

between donating and accepting capabilities that makes
CO a special ligand for transition metal chemistry. CO is
in many cases strongly bound and inert, a good spectator
ligand, but not so inert as to never react. The 2z acceptor
orbital is low enough in energy to enable reactions at
the CO ligand, depending on the metal and the ligand
environment involved [76].

Two types of covalent interactions between Fe 3d and
CO are important for the bonding in this organometallic
complex: a ¢ donation from the CO o into the formally
empty Fe 3d , orbital of @' symmetry, and a concomitant
rback-donation from the four doubly occupied Fe 3d
orbitals of symmetry e' and e" into the CO z* orbitals [75]
(Pierloot, 2003). A qualitative MO scheme representing
both bonding types is shown in Fig. 8.

Fig. 8. Qualitative MO energy-level scheme for Fe(CO),, showing the ten orbitals involved
in covalent o-donation from CO o to Fe 3d and z-back-donation from Fe 3d to CO z* [75].

Excitations from the bonding orbitals e’ and e into
the antibonding a,” orbital give rise to four LF excited
states °E', *E", 'E' and 'E", with CASPT2 excitation
energies ranging between 28,000 and 42,000 cm'. The
qualitative MO energy-level scheme for Fe(CO), shows
the ten orbitals involved in covalent o-donation from CO
o to Fe 3d and m-back-donation from Fe 3d to CO #[75].

In a UED study of the photodecomposition of
Fe(CO), published in 2001 [77] the determination of the
molecular structure of transient Fe(CO), was reported,
and the primary photodecomposition reaction pathway
was identified. The major issue resolved in the UED study
of the photodissociation of Fe(CO), [77] was indeed the
dissociation pathway problem. Based on the evidence of
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UED experimental data, Thee [et al.] concluded that the
gas-phase structure of the transient Fe(CO), was in good
agreement with that predicted for Fe(CO), ('A,, C,).
Moreover, Thee [et al.] stated that “the [Fe(CO),] structure
in the 'A state is very similar to that of Fe(CO), with one
equatorial carbonyl group removed, while the structure
of Fe(CO), in the *B, state is significantly distorted” [77].
This also supports the equatorial CO elimination. The
diffraction-difference curves AsM(+200 ps; —180 ps; s)
and Af(+200 ps; —180 ps; 1), Fig. 9, and GED patterns
of isolated Fe(CO), (A, D,,), Fe(CO), ('A,, C,), and
Fe(CO), (°B,, C,), Fig. 9, were simulated at T = 341 K
using different codes for the diffraction fitting [77]. The
fraction of Fe(CO), (1A, D,,) was set equal to 1.0 and
0.86 at—180 and +200 ps, respectively [77], which scales
the amplitude of the difference signal. In agreement with
what was stated in ref. [77], the diffraction-difference
curves characterizing Fe(CO), (‘A , C,) and Fe(CO),
(°B,, C,,) turned out to be very different (Figs. 9¢ and 9f).

Though the singlet—triplet diffraction difference obtained
using the UED approach decreased significantly upon
the inclusion of more realistic vibrational amplitudes
(Figs. 9¢c and 9d), there was hardly any change in the
inner r- and s-regions of the diffraction-difference
curves where it could be detected experimentally with
a sufficient degree of reliability. In the UED study, the
exact temperature of reactants and products can only be
roughly estimated. Though the temperature change of
~200 K appears to have a certain impact on the molecular
intensity and radial distribution curves, the overall shape
of the diffraction pattern does not seem to be significantly
affected within the framework of the model (Fig. 9).

On the basis of an extensive testing and analyses of
both UED models and software, it was concluded [77]
that the challenging task of distinguishing between the
singlet and the triplet states of transient Fe(CO), in an
electron diffraction experiment has been successfully
resolved.
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Fig. 9. a) Schematically represented scattering terms of the gas-phase structures (b) of Fe(CO), (‘A,, D,,), Fe(CO), ('A,, C, ),and
Fe(CO), (B, C, ); bond distances in Angstroms, valence angles in degrees. ¢)-f) Diffraction-difference curves AsM(+200
ps; =180 ps; s), (right) and Af(+200 ps; —180 ps; r) (left) for 'A | and °B, states of Fe(CO), using Zij obtained from ASYM99 (c, d),

and estimated empirically (e, f). Please, see text from ref. [66].
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Photochemical reactions may involve many
electronic states, each of different character, and
they may be coupled strongly at certain geometrical
arrangements of the nuclei. In these regions, the vibronic
coupling allows vibrational motion of nuclei to change
the nature of the electronic wavefunctions. Such
regions therefore involve a breakdown of the Born—
Oppenheimer approximation, a cornerstone of modern
computational chemistry [78]. Experimental advances
using femtosecond laser pulses have seen detailed
studies of fundamental molecular processes occurring on
an ultrafast (sub-picosecond) timescale [60, 62, 65, 77,
79-82]. Concomitant with experimental spectroscopic
advances have been the development of computational
methods to explore the nature of the electronic states
involved [83, 84], and the subsequent dynamical motion
of nuclei across multiple potential energy surfaces [85].

The development of experimental techniques
such as time-resolved femtosecond spectroscopy
allows [82, 83] to follow photochemical reactions
in “real time”, resulting in greater insight into the
mechanisms of light-induced chemistry. However,
the chemistry investigated can be very complex, and
the analysis of data sets can be very challenging [83].
After photodissociation of a single carbonyl ligand,
the resulting unsaturated complex may be capable of
achieving geometry of nonabelian symmetry (and
degenerate irreducible representations of the point
group) [86]. Such degenerate states are Jahn—Teller
active, the geometry being on a conical intersection
seam as discussed above. Two aspects need to be
considered: (i) Are there Jahn—Teller geometries that
connect the excited and ground electronic states? (ii)
If there are, are they accessible on the excited reaction
path following the photodissociation? [87].

Multiconfigurational methods are required to
describe different geometries with partial orbital
occupancies and possible degenerate states. CASSCF
is the method of choice to model reactive potential
energy surfaces as degeneracies and quasi-degeneracies
are automatically accounted for, and by virtue of the
orbital optimization, the mixing of metal and ligand
orbitals as the geometry changes is also included [86].
In considering what orbitals are needed in the CASSCF
active space, the metal 3d orbitals are perhaps the
most obvious choice, as the different arrangements
of electrons in these orbitals gives rise to the textbook
examples of Jahn—Teller instabilities [87]. This gives an
active space (8,5) for the Fe(CO), unsaturated complex.
However, such active space does not converge well,
and the wavefunctions obtained are prone to spurious
symmetry breaking, which can cause inaccurate
energetics and geometries. It is important to realize
that metal carbonyls are paradigm systems for dative
bonding involving electron pair donation from the ligand

[87]. Thus, if an active space only includes a single
set of orbitals, the electrons are unable to dynamically
correlate their respective motions and are on average
too close together. A successful technique to handle
this is to augment the active space with a set of empty
orbitals with an extra node in the internuclear M—L
region. These orbitals are notionally the 4d counterparts
of the occupied 3d orbitals. For example, for Cr(CO),,
the active space would increase from (6,5) to (6,10).
Such active spaces now give accurate barrier heights
relative to correlated single-configuration methods [78],
but crucially are also capable of treating excited states
and degeneracies as well in a balanced manner. A related
active-space augmentation has been successfully used
in CASPT2 calculations of metal carbonyl bonding in
the ground state [88] and for the electronic spectroscopy
of metal carbonyls [89]. From the optimized CASSCF
wavefunctions it is found that the occupancy of the 4d
orbitals (as obtained from the diagonal elements of the
one electron-density matrix) is non-negligible: about 0.1
in the ground electronic state relative to their occupied
counterparts (~1.9). For Cr(CO),, a smaller active space is
actually possible by dropping both a 3d orbital and its 4d
counterpart. This is because there is one unoccupied 3d
orbital at all geometries for Cr(CO), in the ground and
lowest electronic excited states [90, 91]. For further
discussion please, see ref. [78]. The work of Fuss and
co-workers [60] has shown that Cr(CO),, Mn(CO),,
and Fe(CO), return to the lowest electronic states
of the initially excited multiplicity within several
hundred femtoseconds of the photodissociation of
the parent carbonyl. This timescale precludes a spin—
orbit induced change from the low-spin manifold and
anticipates the accessibility of a conical intersection
seam to facilitate radiationless population transfer to
the ground state [86].

Trushin [et al.] studied the femtosecond dynamics
of Fe(CO), photodissociation at 267 nm by transient
ionization [65]. The photodissociation of the trigonal
bipyramidal Fe(CO),, whose photochemistry is one
of the most investigated of the binary transition metal
carbonyls [92], forms Fe(CO),. This photoproduct has
been found to be generated on an ultrafast timescale
(Fig. 10) with a Jahn—Teller conical intersection
inferred to be at a tetrahedral geometry [65].

Five consecutive processes with time constants
21, 15, 30, 47, and 3300 fs were found in the
photodissociation of Fe(CO), after excitation at 267
nm in the gas phase [65]. The first four represent a
continuous pathway of the molecule from the Franck-
Condon region down to the lowest singlet state (S )
of Fe(CO), through a chain of Jahn-Teller-induced
conical intersections. The motion before dissociation
initially involves more than one of the equatorial
ligands, but it eliminates only one CO. The product
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Fe(CO), is initially generated in its first excited
singlet state S, but subsequently relaxes to S in
47 fs via a triply degenerate conical intersection at
tetrahedral geometry. The pathway for this process

involves pseudorotation of the ligands. The fifth step
is assigned to the thermal elimination of a second CO.
Intersystem crossing to the triplet ground states of
Fe(CO), and Fe(CO), takes more than 500 ps (Fig. 11).
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Fig. 10. Transient time-of-flight spectra obtained after irradiation of Fe(CO), with 267 nm pump pulses and 800 nm probe
pulses delayed by 80, 600, and 20,000 fs. The background, which is due to ionization by the probe pulses alone, is subtracted [65].
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Fig. 11. The potential energy surfaces and pathways (times indicated near the arrows in femtoseconds) of the UV
photodecomposition of Fe(CO),. Excited levels of the parent molecule, which are probably not involved in the process, are only
indicated by short lines. The inset shows details of the processes in the parent molecule. The symmetry species 'E' in the inset
designates the states before Jahn-Teller splitting, i.e., on the axis g). The broken line in the inset indicates an A" — E' pathway
displaced along an ¢" direction outside the drawing plane. The drawing is not to scale. The following energies (in electronvolts) of the
product levels relative to the ground state of Fe(CO), are derived from experimental dissociation energies and, for the excited states,
from calculations: (Fe(CO),) °B,, 1.8; 'A , 2.56; 'B,, 3.08; (Fe(CO),) *A,, 2.3; S, 3.5. MLCT: metal to ligand charge transfer; LF:
ligand field. From ref. [65].
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The dissociation of the first CO of Fe(CO), with its
individual steps is remarkably fast. The sum of the first
three time constants (21 + 15 + 30 fs) is below 100 fs.
As argued in [65] this implies that the acceleration
already begins in the Franck-Condon region, a statement
that is not self-evident. If the excited state were
nondegenerate, the potential energy curve along Fe-CO
dissociation coordinate would begin with zero slope,
since there are symmetry-equivalent ligands. Jahn-
Teller splitting of a degenerate state, however, gives
rise to a nonvanishing slope. It thus explains the initial
fast acceleration and predicts that it involves more than
one CO ligand. (Superposition with a totally symmetric
stretch coordinate, which involves several ligands, is not
excluded.) Such a degenerate (2E'") state is available in
the right wavelength region; due to its metal-to-ligand
charge transfer character the corresponding absorption is
intense and, due to its short lifetime (steep slope), also
broad so that it can overlap with the pump wavelength
[65] On the other hand, a nondegenerate 'A," MLCT state
has also been predicted in this region [93]. To explain
the lack of anisotropy, Trushin [et al.] also assumed an
intermediate population of the 'A " state (via the 2E'/'A"
conical intersection), which then rapidly returns to the
main relaxation path [65].

In previous experiments with high-intensity
nanosecond UV laser pulses, it has been suggested
that resonant two-photon excitation could populate
states with energies above the ionization limit and that
the neutral molecule subsequently loses all its ligands
explosively [94]. However, the ultrafast dissociation
found in [65] hardly leaves time for absorption of a
second photon with the pulses employed. Possibly
further excitation took place after the dissociation. The
observed fast rates imply not only real crossings, but
also that they are accessible without barriers. In view of
the closely spaced upper states, an absence of barriers is
natural. As for the dissociation product, it was concluded
[65] from the easy accessibility, that the singlet T, state
of tetrahedral Fe(CO), lies energetically between the
S, and S, states of the molecule in the equilibrium C,
geometry. The fast rate through this conical intersection
is also remarkable for another reason. As in all cases
with a triply degenerate state, the intersection space
is only (f — 5)-dimensional [95], where f = 23 is the
number of internal coordinates. The branching space is
then 5-dimensional and is spanned by two e and three
t, coordinates. The common case is a 2-fold degeneracy
with an (f— 2)-dimensional intersection space. Although
it has been shown that a conical intersection presents no
bottleneck for the molecular trajectories [96], it is often
asked whether the molecule can find such a small “point”
((f — 2)-dimensional space) as the tip of the cone. The
results show that even an (f— 5)-dimensional space presents
no problem. The reason is, of course, that the wave packet

has a nonzero extension in f dimensions and can already
cross over in the surrounding of the “point” [65].

The work of Fuss and co-workers [60] has shown
that Cr(CO),, Mn(CO),, and Fe(CO), return to the lowest
electronic states of the initially excited multiplicity within
several hundred femtoseconds of the photodissociation
of the parent carbonyl. This timescale precludes a spin
— orbit induced change from the low-spin manifold and
anticipates the accessibility of a conical intersection
seam to facilitate radiationless population transfer to the
ground state.

A very useful tool to predict suitable stable
geometries around the point of a Jahn—Teller conical
intersection is the epikernel principle of Ceulemans
and Vanquickenbourne [97]. This states that the
highest-ranking epikernels are the point groups of
minima, and that lower-ranking epikernels, and
kernels will be point groups for saddle points for
any Jahn—Teller distortion. Kernels are the groups of
symmetry elements that are preserved when distorting
along a vector spanning an irreducible representation
of a given point group. Epikernels are groups of
higher symmetry that are selectively preserved in part
of the distortion space [78, 97, 98].

The Fe(CO), molecule presents further challenges:
either an axial or an equatorial ligand may be initially
ejected. Although the axial path is likely to be favored,
both need to be considered and modeled. The tetrahedral
geometry hastriply degenerate irreducible representations
leading to possible three-state Jahn—Teller conical
intersections and associated five-dimensional branching
spaces [99]. Roos [84] has studied the Fe(CO), Jahn—
Teller surface using CASSCF with an (8,10) active
space. Fe(CO), at tetrahedral geometries is d*(e’t,*),
which leads to the following electronic states: t, ®t, =
'A,®@'E®@'T,®°T,. The °T, state can be discarded due
to the timescales involved in the radiationless relaxation
[65]. The only way to determine the energetic ordering of
the singlet states is via a high-level computation. In their
spectroscopic analysis, Fuss [et al.] [60, 65] proposed
a pathway through a Jahn—Teller conical intersection
imposed by the 'T, state. Furthermore, this intersection
explains the nature of the photoproduct, which was
previously determined using ultrafast electron diffraction
by Zewail [et al.] [77, 100] C, Fe(CO), in a singlet
electronic state. Geometrically, they find that one of the
pair of (CFeC) angles is 169° = 2°, and the other 125° + 3°
(see Fig. 9 and Fig. 12). CASSCF calculations have found
Jahn—Teller geometries present in the photodissociation
pathways for these systems, with tetrahedral symmetry
for singlet Fe(CO),, and a D,, trigonal bipyramid for
singlet Cr(CO), and doublet Mn(CO),. The topology on
the lower surface around the point of intersection has
a number of symmetry-equivalent minima separated
by equivalent transition states (see Fig. 12). In the
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case of Cr(CO), and Mn(CO), the surfaces are very
similar, involving three C, square pyramidal minima
separated by three C, transition states. For Fe(CO),
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this has six equivalent C, symmetry minima separated
by 12 equivalent C_ symmetry transition states (shown
schematically in Fig. 12).

Fig. 12. Surface topology around triply degenerate Jahn-Teller conical intersections for Fe(CO),. Colours indicate
pathways connecting minima and transition states. The Fe(CO), cross section is for the Jahn—Teller surface around a tetrahedral
geometry (T,), which has a triply degenerate singlet electronic state. The surface is a two-dimensional cross section through
the three-dimensional Jahn-Teller surface. There are four equivalent C, minima connected via four equivalent C_ transition
structures. The CASSCF (CFeC) angles are given to the left. Further C, minima and C transition structures exist in the

remaining orthogonal coordinate [78].

The C,, square pyramidal minima are separated
by three C, transition states. For Fe(CO), this has
six equivalent C, symmetry minima separated by
12 equivalent C_ symmetry transition states (shown
schematically in Fig. 12). The barrier height for Fe(CO),
is less than 2 kcal'mol”, indicating effectively free
pseudorotation in the vibrational hot photoproducts.
For Cr(CO), there is a more substantial barrier
~12 kcal'mol!, and dynamics simulations indicate
that the pseudorotation may become trapped around a
single minimum. This is consistent with experimental
observation of coherent oscillations with a frequency
of a magnitude that matches an OC-M—CO bending
vibration (which is a linear combination of the branching
modes).

Further information on each surface and how they
were calculated can be found elsewhere [78, 86]. An
important point to note is that this type of behaviour
appears common to binary carbonyls and it is suggested
that such a photodissociation scheme should be applicable
to most binary carbonyls (with an unfilled d-shell, thus
excluding Ni(CO),).

The simplest Jahn—Teller intersection is of T®t, type
(i.e., a triply degenerate electronic state whose components
are coupled via a triply-degenerate vibration). Optimization
of a triply degenerate conical intersection is not routinely
possible at present. The vibrational modes of T, Fe(CO),
span Q, €2A ®2E®T ®4T,, so, there are clearly
several candidate vibrations. This T®t type of intersection
has received much attention in the triplet manifold (T@t, in
this case) [63, 101, 102], as this corresponds to the global
minimum of Fe(CO),.

Bending of the CO ligands in a pairwise fashion
leads from T, to C, , and both the triplet and singlet Jahn—
Teller surfaces are similar. The epikernel principle [97]
predicts that the number of equivalent C, minima will
be given by the quotient of the size of the T, group and
the C, group (nT /nC, =24/4=6). Fig. 12 shows a two-
dimensional cross section of the full three-dimensional
surface, using a pair of orthogonal bending coordinates,
each obtained as a linear combination of the three triply
degenerate (CFeC) bending modes. Note that the full
triply degenerate Jahn-Teller problem is T® (t,®e),
where the branching space is five dimensional in keeping
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with the von Neumann—Wigner theorem [103]. Only
the T®t, interaction has been considered in any detail
for Fe(CO), in either the singlet or triplet manifolds. In
the 2D cross section shown in Fig. 12 there are four C,
minima (two per bending coordinate), connected by four
C, transition structures. The total number of C, minima
is given by the quotient of the size of the T, group and
the C_ group (nT /nC_ = 24/2 = 12). An attractive visual
representation of this is given by the octahedral model of
Poliakoff [et al.] [103], in which each minimum is placed
at the vertex of an octahedron. As depicted in Fig. 12, the
barrier to pseudo-rotation between C, minima is quite
small (about 4 kcal-mol™).

Although the CASSCEF Jahn—Teller surface in the singlet
manifold helps to explain the experimental data relating to
the ultrafast relaxation of Fe(CO),, there is a remaining issue
that reminds us of the complexity of this system. CASSCF
and MRCI predict that the 1T2 state is, in fact, not the lowest
singlet electronic state at T, geometries. For example,
CASSCEF predicts that the 'E state is 5 kcal-mol! below
the 'T, state. However, an E ® e Jahn—Teller intersection
does not correctly give the observed photoproduct. A
complete Jahn—Teller model will involve both Jahn—Teller
and pseudo-Jahn-Teller coupling: (T®E)®(t,®¢) — a
five-state, five-mode model [63, 101, 102]. This is due to
the proximity of the 'E and 'T, states; the components of
these states can strongly pseudo-Jahn—Teller couple via
the same vibrations that are separately Jahn—Teller active
within each degenerate manifold.

Having established that conical intersections are
accessible to connect excited state with ground-state
potential energy surfaces, the next stage in modeling
the reactive photochemistry is to simulate the dynamical
motion of the nuclei on those coupled potential energy
surfaces. Guillaumont [et al.] [104] performed a
large number of dynamics simulations in inorganic
photochemistry using quantum wave packet approaches
[104-106]. The majority of these studies used one- or two-
dimensional simulations that are appropriate for studying
phenomena such as direct photodissociation [78].

Fuss [et al.] [60] investigated M(CO), (M = Cr,
Mo, W), Fe(CO),, Ni(CO), and M,(CO),, (M = Mn,
Re) by femtosecond spectroscopy. The molecules were
pumped by one photon at 267 nm and then probed by
multiphoton ionization at 800 nm and mass selective
detection of the resulting parent and fragment ions.
Whereas it was previously believed that such metal
carbonyls are excited to a repulsive potential, leading to
elimination of one or several CO, it was concluded [60]
that only one CO is photochemically split off at times
below 100 fs and that this is already a multistep process
involving relaxation between excited-state surfaces. The
elimination of the second CO takes place in the ground
state of the unsaturated carbonyl and requires a much
longer time (>1 ps with a pump wavelength of 267 nm).

The unsaturated carbonyl is initially generated in its first
excited singlet state S . If this molecule has four-fold
coordination, it can relax from this S, state to S| within
about 50 fs, the pathway leading through a symmetry-
induced conical intersection involving pseudorotation of
the ligands. Coherent oscillations along such coordinates
were observed in several molecules. In the case of three-
fold coordination (Ni(CO),), however, there is no such
relaxation pathway. Therefore, this photofragment shows
a beautiful luminescence with >10 ps lifetime. All the
described processes only involve the singlet manifold.

Fuss [etal.] also observed oscillations with periods of
400 to 700 fs, which is in the range of bending vibrations
[60]. The authors assign them to pseudorotation, since
along this coordinate the S, — S, transition is tuned
from conical intersection via a resonance with the probe
laser (800 nm, 1.55 eV) to a larger energy distance (e.g.
2 eV in Cr(CO),). Using a 400 nm (3.1 eV) probe, the
oscillations remain invisible. And in Fe(CO),, where the
S, — S, transition energy is about 0.5 €V, no oscillations
are detected either [60]. Excitation of the vibrations is
plausible since it proceeds along the coordinate that
leads with steepest descent from S, to S.

It has repeatedly been assumed that dissociation
takes place via a triplet state formed via intersystem
crossing (ISC). In particular, this was suggested for the
case of Fe(CO),, where the ground state of the Fe(CO),
product is a triplet, and for the splitting of the Mn—Mn
bond in Mn,(CO),,, where only the triplet excited state
°B, correlates with the ground state of the products
Mn(CO),). In the Fe(CO); system, singlet Fe(CO), and
Fe(CO), were observed by IR absorption even after
nanoseconds [107, 108]. This suggests that ISC cannot
take place in a time much shorter than 1 ns. Additionally,
the times until dissociation (typically <100 fs for each
step) are too short for ISC. Furthermore, dissociation was
found to be slower for the carbonyls of heavier metals
in a group than of lighter ones. The opposite would be
expected if ISC played a role. After the dissociation, in
the group-6 pentacarbonyls, pseudorotation would have
no counterpart in the triplet manifold. With ISC thus
excluded, the only remaining process for the elimination
of a second CO in the sequential dissociation of metal
carbonyls involves the thermal reaction of the hot
molecules on the ground state surface S. If this were
the process, the rate should depend on the excess energy
and thus on the pump-laser wavelength. Experiments to
explore this option remain to be done.

The range of photochemical dynamics phenomena
in simple metal carbonyls is surprisingly rich. Although
some of the possible steps are not yet definitely identified,
it is anticipated that future studies may contribute to a better
understanding of the photochemistry of the metal carbonyls
and their derivatives, including the stereochemistry (cis- and
trans-effect of substituents) or photocatalysis.
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One interesting effect observed at resonance of
sufficiently intense IR radiation with the vibrations of
polyatomic molecules is their multiphoton excitation
until the molecule falls apart, above the dissociation
threshold.. Research in IR multiphoton excitation
showed that with durations of the IR pulses in the range
of 10-100 ns, the randomization of vibrational energy
leads to excitement of all vibrations. The subsequent
monomolecular reactions (dissociation, isomerization)
are statistical in nature. The fast redistribution of
energy from the pumped mode to other vibrations of
the molecule (intramolecular vibrational redistribution,
IVR (see review articles: [109-112]) also limits
the possibility of selective vibrational multiphoton
excitation of the selected modes of polyatomic
molecules above the randomization threshold. Research
on intramolecular relaxation, i.e. the measurement of
the characteristic time scales, is the subject of a large
number of studies. This interest is motivated, in part,
by the idea of implementing non-statistical reactions by
the use of laser pulses with a duration shorter than the
characteristic times of the intramolecular relaxation. A
recently released review discusses the research methods
used and the results obtained in those studies [112].

Photoprocesses induced by resonant vibrational
excitation were studied in free Fe(CO), and its
molecular clusters [113, 114]. Intense femtosecond
pulsed radiation in the region of 5 pm was used to excite
the intense vibrational bands (the v, and v, modes) of
the CO-bonds of Fe(CO),. Analysis of the results led
to the conclusion that the IR pulse selectively excites
the CO vibrational modes. This excitation decreases
the multiphoton ionization cross section for the probe
pulse, which leads to a reduction of the signal from
the molecular ion Fe(CO),". A relaxation of the signal
was found that is described by two characteristic
times, a fast component T, = 10 £ 2 ps and a slow
component T, = 670 + 40 ps. The slow relaxation with
T, is ascribed to intramolecular energy relaxation that
transfers the excitation of the CO vibrational energy
into other vibrations of the molecule. The time 1, it is
probably associated with a Berry-type intramolecular
pseudorotation.

In experiments on [Fe(CO),] clusters, relaxation
of vibrational energy stored by individual cluster
molecules leads to an increase in the temperature of
the clusters and subsequent evaporation of molecules.
Free Fe(CO), molecules formed as a result of the
cluster dissociation were ionized by femtosecond laser
radiation at A = 400 nm and detected with a time-of-
flight mass-spectrometer. The yield of free molecules
from clusters is determined by the magnitude of
the energy absorbed by the cluster, and its temporal
dependence is described by a sequential evaporation of
molecules (Fig. 13) [113].
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Fig. 13. Schematic diagram of the energy flow during
cluster dissociation. Two relaxation schemes are shown: single-
bathmode scheme (k,") and sequential two-bath-mode scheme
(k, and k). From ref. [113].

3. STRUCTURE AND NUCLEAR DYNAMICS
IN FREE RADICALS: THE JAHN-TELLER
EFFECT AND PSEUDOROTATION
IN CYCLOPENTADIENYL RADICALS

Manyradicalsaresufficiently stabletoisolate, handle,
and store without any special precautions. The diversity
in molecular architectures of these stable radicals is
sufficiently large that common factors governing radical
stability/persistence, geometric and electronic structure,
association/dimerization preferences, and reactivity have
generally not been well articulated or appreciated [115].
Techniques such as spin labeling, spin trapping and
EPR imaging can provide a wealth of information about
systems into which stable radicals have been introduced.
There have been widespread efforts aimed at developing
new materials with technologically relevant properties
(magnetism, conductivity) for which stable radicals are
excellent building blocks simply by virtue of having
unpaired electrons [115].

Pioneering studies of persistent, long-lived
radicals [116] by GED were performed in 1968 by L.
Schéfer [117] (please, see also [118]. In these studies,
a high temperature nozzle tip was used to decompose
diindenylcobalt, Co(C/H.), to produce indenyl radicals,
C,H,. An analysis of the experimental data showed the
presence of indenyl free radical in the gaseous phase in
a purity of at least 80%. This made possible a structural
investigation of indenyl which produced the following
results: (C1-H1) = 107.2(2.0) pm and (C1-C2) =
141.5(1.0) pm. The C—C bond-length average is found
in good agreement with quantum chemical calculations.
Experimental evidence was found that the molecule
possesses different C—C bonds, some of which seem
to deviate more from the average than is predicted by
calculations. Schafer’s experiment represents the first
example of an investigation of an unstable compound
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by GED. It proves that the method may be expected to
be a powerful tool in the study of similar cases. Other
achievements in the study of persistent [116] radical
structures by GED are described in a review article [35].

The first study of the short-lived CF, radical by
TRED was published in 1983 by A. Ischenko [et al.]
The gaseous target of CF,I molecules was excited by
a TEA CO, laser. The multiphoton infrared excitation
dissociates the CF,I molecules,

CF,I +nhv — CF, +1,

and diffraction patterns of CF, free radicals were
recorded. For the experimental integrity of the studies [5,
6] it was important that almost all of the CF,I molecules
dissociated under the effect of a single 107 s IR laser
pulse [119]. This means that the scattering pattern
was recorded from the bulk (inside the IR laser beam)
containing no molecular components besides CF,, so
that the resulting diffraction pattern was unambiguously
associated with CF, radicals. To record the diffraction
pattern with the use of a secondary electron multiplier,
the pulse-resonance method was employed [8, 29].

The cyclopentadienyl radical (Cp) plays an
important role in different areas of chemistry, and
was intensively studied by theoretical [120-128] and
experimental methods [129-132].

In 2002 TRED was applied to study the photo-
dissociation reaction of cylcopentadienyl cobalt
dicarbonyl, CpCo(CO),, which proceeds to give product
structures (Ihee [et al.], 2002) that were probed by
picosecond electron pulses. Three conceivable reaction
channels for the dissociation reaction of CpCo(CO), are
illustrated in Fig. 14 [133]. Femtosecond and nanosecond
multi-photon excitation was found to result in a total
detachment of all ligands from the cobalt center thereby
leaving a bare Cp ring.

The experimental TRED results were compared with
theory to explore the dynamics of the structural changes
[133], Figs. 15 and 16. The dynamic nature of the radical
was best represented by a pentagonal molecular structure
having D, symmetry with elevated mean amplitudes of
vibration. Comparisons between theory and experiment
[133] suggested that the structure of the transition state
between the compressed (dienylic) and the elongated
(allylic) conformations reflect the dynamics of the
pseudorotary surface [133].

To analyze the data, a DFT electronic structure
of D, Cp was used as the starting condition for
the refinement. The best fit of the data [133] was
obtained when the C—-C bond of the D, ring was r_ =
146(3) pm. DFT gave r, = 142 pm, which is consistent
with the results from rotationally resolved laser-induced
fluorescence spectroscopy [131]. The DFT calculations
refer to the bond distance of 142 pm of the D, transition

CpCo(CO) CpCo Cp

+ + +
o0 200 200+ 0
(co) (2C0) (2CO + Co)

Fig. 14. Three possible fragmentation pathways
of CpCo(CO),. From ref. [133].

UED DFT
CoCuy 2004:.085A 2128A
CoComtonyt 1686+ 017A 1753 A
C,...-C,_. 1437+ 088 A 1.425 A

Coatonyr® 1211+ 015A 1.14TA
0-Co-0 208+£10" 936"

Fig. 15. The refined structure (top) of the parent molecule
CpCo(CO), along with the modified molecular scattering
intensity (bottom) and the radial distribution function (center)
obtained with the pump laser off. Black lines are experimental
curves, and green lines are the least-squares fits. Shown also at
the top are our average refined parameters compared with the
average parameters from DFT. From ref. [133].
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Fig. 16. Refined best fits obtained for the difference curves for the indicated reaction at the top. The bottom-right panel
shows the diffraction—difference modified molecular scattering curve, and the bottom-left panel shows the diffraction—difference
radial distribution curve. Black lines are experimental curves, and green lines are the least-squares fits. The top panel shows the

molecular structures involved in the reaction. From ref. [133].

state (Fig. 17), so that the observed 4 pm extension
of the equilibrium bond length was attributed to the
pseudorotary dynamics about the Cp ring [133].

f(r)pe

ndirect C—C

(A}

Fig. 17. Top: A representation of pseudorotation in the
Cp radical. In the center is the D, transition state 3.5 kcal/mol
(ref. [122]) above the circular pseudorotary surface connecting
the elongated and compressed Jahn—Teller isomers of Cp. The
transition states along the circular path are estimated to be
elevated by energies ranging from zero to ~2 kcal/mol [130].
The dotted circles indicate two of the many other possible
paths. Bottom: The refined best fits obtained for the product-
only modified molecular scattering curve (sM(s)pO) and radial
distribution curve (f(r)po) of the D,, molecular structure of Cp at
2600 K. The dynamic nature of the radical was best represented
by a stretched structure having D, symmetry with elevated
mean amplitudes of vibration. From ref. [133].

The Cpradical has a degenerate electronic °E, ground
state, if it is planar, of D,, symmetry. The degeneracy is
lifted by Jahn—Teller distortion, and the bonds become
unequal in length. Due to the near energetic degeneracy
of the two Jahn—Teller isomers and the low barrier to
pseudorotation on the surface connecting them, the two
structures among the many in Fig. 17 are not static.
Estimates of the pseudorotary barrier around the circular
landscape (not across the center) in Cp range between
zero and ~2 kcal/mol [130]. If no energy is channeled
into the translational energies of the fragments, a
maximum of ~104 kcal/mol in internal energy for the
products is available. If this energy is then completely
thermalized between and among all modes of Cp, the
vibrational ensemble temperature would be ~2900 K. In
reality, however, a significant fraction of the available
energy would go into translational kinetic energy of the
fragments and the equilibrium temperature of Cp would
be lower than this value [133]. A refinement of the
molecular temperature, based on the mean-amplitudes of
vibration (/) of the bonds, was also performed and the
best-fit temperature of the D, product was 2600(150)
K [133], Fig. 17. This apparent high temperature is
a consequence of the highly entropic phase space,
which results from the many vibrations involved in the
transformations of the structures shown (and not shown)
in Fig. 17; note that the arrowed circle represents just
one path in the basin of the energy landscape, and a few
of the many others are represented by dotted circles.
The long bonds of the structure and the high vibrational
temperature are in agreement with the dynamic nature
of pseudorotation. An active pseudorotary state involves
many bonds, changing lengths as the molecule constantly
converts between elongated and compressed isomers.
The rapid movement of Cp through these pathways at
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high internal energy is represented by a hot and enlarged
D, structure as obtained by TRED, from bond lengths
and mean amplitudes of vibration [133].

It is tempting to ascribe some of the stability of
Cp radicals to delocalization of the spin around the
five positions of the ring (as represented canonically
by the structure in Fig. 18, left). However, the fully

_.

:}'_'u

delocalized, symmetric (D,;) structure of the parent
cyclopentadienyl radical is known to be unstable with
respect to a first order Jahn-Teller distortion. Two
possible distorted states both have C, symmetry (Fig.
18); one of these (*B,) is essentially a localized radical,
while the other (*A)) state can be described as an allyl-
type radical.

O ©

.l"H ,__\:

Fig. 18. Electronic states of the cyclopentadienyl radical before (left) and after (right) Jahn—Teller distortion.

The cyclopentadienyl radical consists of essentially
(within experimental crystallographic error) symmetric
(D,,) Cp rings. However, this structure may represent a
dynamic average, because the barrier to interconversion
between distorted structures is low, and the magnitude
of the distortion may just be within the crystallographic
error limits. Interestingly, the X-ray structure shows
a distinctly localized Cp ring: the two “double bonds”
depicted in Fig. 18, average 138.5 pm, the two “single
bonds” flanking the radical site are nearly identical
at 145 pm, and the remaining single bond is 148 pm.
Computational studies accurately reproduce the X-ray
structure and suggest that the radical is in a distorted
’B, state with the allyl moiety centered at the #-butyl
substituent position, creating an essentially localized
cyclopentadienyl radical [115, 127].

The D,, Jahn-Teller crossing and associated C,
minima and saddle points in cyclopentadienyl have been
optimized at the CASSCF: cc—pVDZ level of theory. The
C,, structures were characterized by computing analytic
force constants. Zero point energies calculated for all
C,H,D and C,HD, isomers of the C,, minima suggest an
alternative interpretation of the experimentally observed
degeneracy resolution [131].

The cyclopentadienyl radical provides an example
of a conical intersection enforced by symmetry: a Jahn-
Teller crossing [134-136]. The degenerate °E, ground
state at D,, geometries was predicted to distort along an
e’2 coordinate, leading to the alternating C, minima M
(°B, electronically) and saddle points TS (*A)) illustrated
in Fig. 19 [137].

However, early ESR spectra at 120 K suggested that
the spin distribution around the ring was uniform [138],
implying that the barrier height for pseudorotation [139]
between the five equivalent minima was of the order of
cm’, leading to a time-averaged D,, structure.

Carrington [et al.] [140] predicted that static
distorted geometries might be observed as a result
of deuterium substitution (e.g. C;H,D or CHD,): if
previously equivalent minima now differed in zero point
energy, the time-averaged structure would be biased

Fig. 19. Cyclopentadienyl D0:D1 surface topology. At
the D,, Jahn-Teller crossing X, there are two vectors — the
derivative coupling (top) and gradient difference (left) — which
lift the degeneracy. One each of the surrounding five minima M
and transition structures TS are shown, linked by the transition
vector (right). From ref. [124].

towards those that are most stable. Degenerate vibronic
levels would then be split and might be resolved at
sufficiently low temperatures. Such an effect has been
observed for cyclopentadienyl radicals in matrices [141,
142] and for the isolated radical in a supersonic jet [130,
131, 143, 144]. The observed splitting is ca. 89 cm’!,
smaller than the barrier to pseudorotation predicted by
previous ab initio studies [120, 145].

From rotational constants derived from spectra
recorded at 3 and 10 K [131] deduced that the most stable
isomer of C.HD, has a dienylic geometry like that of M
in Fig. 19. By contrast, the most stable isomer of C,H,D
was found to have the allylic ring structure of TS), Fig. 20.
Used to thinking in terms of APESs — which are unchanged
by the H:D substitution — this interpretation did not appear
to be consistent with the suggestion of Carrington [et al.]
[140]. Furthermore, the size of the D, — C, distortion
calculated from the rotational constants was less than that
suggested by ab initio calculations [120, 145].
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Fig. 20. For CH,D, the two equivalent isotopically-
substituted minima with the lowest zero point energy lead to
a time-averaged C,, structure that resembles the transition
structure TS in the moat around the Jahn—Teller intersection
(Fig. 19). The unique lowest energy structure C,,, for C;HD, is
also shown. From ref. [124].

Optimized CASSCF/cc-pVDZ structures are shown
in Fig. 21. The energy difference between the minima M
and the transition structure TS is found to be 3.6 cm’,
much smaller than the 2100 cm™! stabilization energy due
to the static Jahn—Teller distortion from the D,, geometry
X, and an order of magnitude smaller than the lowest
previous ab initio value of 44 cm™ [120]. Bearpark [et
al.] [124] found a dienylic geometry with electronic
symmetry B, to be the D) minimum M in agreement with
[120, 145]. As a test of the method for calculating energy
differences, [124] have also optimized the D,, minimum
structure (labeled M(D,)) on D, (*A’, ). The value for the
0-0 electronic transition was calculated as 86.6 kcal mol ™, in
good agreement with the experimental value of 84.6 kcal mol!
(29,573 em") [146, 147].

1.443
M
1.370

1.486 (+0.066)
TS
X

1.420 (0)
M (D2)

1.457

Fig. 21. Cyclopentadienyl structures optimized at
the CASSCF: cc-pVDZ level of theory: the diene-like C,
minimum M (DO0); allylic C, transition structure TS (D);
D, Jahn-Teller crossing X (D,:D,); and D minimum on D,
M(D,). Corresponding energies are given in Table 1 of ref.
[124]. All bond lengths are in A. Relative lengths of the basal
bond (A) are also indicated. From ref. [124].

The interrelationships between M, TS and X are
emphasized in Fig. 19. The transition vector determined
by the frequency calculation at TS is shown at the right,
and in this direction clearly points towards one of the
five equivalent M [134], (pp. 48 and 443). One of the
five possible pairs of directions that lift the degeneracy
at X are also shown, one leading towards M, the other
to TS. For the D Jahn-Teller crossing X, the value for
the C—C bond length of 1.420 A [124] is almost identical
to that of 1.421 A given by [131]. The corresponding
value of 1.457 A for the D, minimum on D, is within
910 mA of the experimental value of 1.449 A, [131].
These results (together with the 92 kcal mol™! difference
between calculated and experimental O—O transition
energies) suggest that the CASSCF:cc-pVDZ method
used is a reliable one for the °E’, and *A’, states of
cyclopentadienyl at these geometries. However, the
values for the change of the C—C bond length at the base
of the pentagon (~66, ~61 mA, Fig. 21) are significantly
larger than the 937 mA determined experimentally [131].

The D, Jahn-Teller intersection is ‘peaked’: the
lowest point on the potential energy surface of the upper
state, but one at which the energy gradient does not go to
zero overall. At this point there are two directions (Fig.
22) that lift the degeneracy (nonzero gradient), and 3N-8
that preserve it (zero gradient). Since the gradient at the
Dy, geometry is not zero in the full 3N-6 coordinates,
a conventional frequency calculation is meaningless.
However, for those 3N-8 coordinates that preserve
the degeneracy (and along which the gradient is zero)
frequencies and normal modes could be calculated in
principle by a projection similar to that used for modes
orthogonal to a reaction path [124].

Recently, the ionization energy (IE), electron affinity
(EA), and heats of formation for cyclopentadienyl
radical, cation, and anion, C;H,/C,H,"/C,H,", have been
calculated by wave function-based ab initio CCSDT/CBS
approach, which involves approximation to a complete
basis set (CBS) limit at the coupled-cluster level with up
to full triple excitations (CCSDT) [128]. The zero-point
vibrational energy correction, core-valence electronic
correction, scalar relativistic effect, and higher-order
corrections beyond the CCSD(T) wave function are
included in these calculations. The allylic [C,H,(A,)]
and dienylic [C,H,(°B))] forms of cyclopentadienyl
radical were considered: the ground state structure
exists in the dienyl form, and it is about 30 meV more
stable than the allylic structure. Both structures are lying
closely and are interconvertible along the normal mode
of b, in-plane vibration.

The CH,CE,”, D,) normally undergoes Jahn-
Teller distortion along the degenerate e,’-type vibration,
and its electronic configuration [...(a,")(e,")(e,")'] is
split into two nearly degenerate electronic states: °B, [...
(b,)*(a,)’(b,)'] (dienylic form) and *A, [...(b,)*(b,)*(a,)']
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Excited Reaction Path

Reactanis ["l.l

Producis

.= {w,(R) | (JH, / OR) | w,(R) )

Multiple New
Chemical Species

Fig. 22. Comparison of reaction paths through a transition state vs. a conical intersection. E, and E, are
the two electronic eigenvalues, H_ is defined as electronic Hamiltonian, R is a vector of nuclear Cartesian
displacements, and v, and v, are solutions of the electronic Schrédinger equation in a configuration
interaction problem, i.e., any standard representation of electronic states expanded in a basis of electron

configurations. From ref. [148].

(allylic form), where the doubly degenerate €,” orbitals
(in D, symmetry) correspond to a, and b, orbitals (C,,
symmetry). The highest (doubly) occupied molecular
orbital (HOMO) in the dienylic form [CH/(’B,)]
possesses a, symmetry, and the singly occupied molecular
orbital (SOMO) is in b, symmetry. The order of HOMO
and SOMO are swapped in the allylic form [C.H (*A,)].
The SOMOs in CH,(°A)) and C.H,(°B,) have identical
orbital energies of —0.199 au, which lie above the HOMOs
by ~0.035 au ( please, see ref. [128]), Fig. 23.

The ground state of cyclopentadienyl radical is
found by Lo and Lau [128] to be the C,H,(*B,) form,
and it is about 30 meV more stable than the C.H,(*A,)
structure. Both structures lie very closely on the APES,
and they are interconvertible via the normal mode of b,
in plane vibration.
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peer PAvaet T Arams
VY 1 I 0.012 eV
8.634 ¢\ B.615¢V
8.443 ¢V
@ { l 0.031 eV
:E]n - _-_ ::{--
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Fig. 23. Schematic illustration of the relative energy levels
of C.H, °B, and *A,), CH," (A, and *A '), and C.H, ('A)) at
the CCSDT/CBS level. All optimized bond lengths (A) are at
the CCSD(T)/aug-cc-pVTZ level. From ref. [128].

4. UNIMOLECULAR PHOTODISSOCIATION
OF 1,2-DIIODTETRAFLUORO-ETHANE

Photofragmentation of haloalkanes are of particular
interest, because the final position of the functional
groups in the products of reaction are stereochemically
controlled to with respect to the formed double bond C=C
[149]. Halogen radicals, such as CH,ICH,. and CF,ICF ,
are intermediates in elimination reactions of halogens.
There are often made some assumptions about their
structures to explain the observed stereoselectivity. In the
symmetric bridge structure halogen is connected by the
equivalent halogen bonds to two carbon atoms, whereas
in the classical structure represented by a mixture of anti
and gauche conformers halogen is located predominantly
near one carbon atom [150]. Bridge structures of
intermediate prevents rotation around the C=C bond,
and therefore supports the position of functional
groups in the final product providing stereochemical
control. However, despite numerous experimental and
theoretical studies of these reactions, the structure of the
intermediates remained to be unknown.

4.1. Structural dynamics of the elimination
reaction of iodine atoms from the free C,F I,
molecules under collisionless conditions

Ihee [et al.] has investigated the reaction of
elimination of two iodine atoms from C F,I, using UED
(Fig. 24y [151, 152]. Structures of all the intermediates
are unknown, and the problem is to determine the
structural dynamics of the reaction as a whole.

The molecular structure of the intermediate CF,I
was determined from the difference curves AsM(s,t). The
theoretical curves AsM(s,t) and Af(r,t) for classical structures
are in agreement with the experimental data, while the line,
provide a theoretical bridge structure (the iodine atom is
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Fig. 24. Structural dynamics of C,F [, dissociation reaction: the structure of the reactant, the intermediate and the products
of reaction were determined in collisionless environment (upper panel). The values of average interatomic distances (A) and
bond angles (degrees) are given. UED data for a mixture of anti-gauche conformations of the molecule in their ground states.
Internuclear distance for the anti (black) and gauche (green) isomers are shown by vertical lines. The analysis of the diffraction
data revealed that the structure of the transition state is not a bridge structure (lower right panel) and corresponds to the classical
concepts of structural theory (lower center panel). The mismatch between theoretical and experimental radial distribution
curves of internuclear distances, f{7) and given by difference curves, (Af(r) in yellow). From ref. [153]; please, see also ref.

[152].

symmetrically connected to two carbon atoms) is not in
agreement with experimental data (Fig. 25). Therefore,
the structure of the C F I intermediate is classical.

In the intermediate the interatomic distance C—I
is longer, and C—C distance is shorter than those in
the reagent, while the internuclear distance C—F' in the
radical (—CF",) is shorter than that in CF,I. These results

explain the increased bond multiplicity of C—C and
reduced bond multiplicity of C-I as a result of formation
of a transitional structure CF,I. Moreover, the angles
CCF’ and F’CF’ are larger than the corresponding
angles in the reagent (by ~ 9° and ~ 12°, respectively).
This suggests that the radical center (-CF')) of CF,I
intermediate relaxes with subsequent loss of the first atom

Diffraction Frames
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e 45 ps e ——— 10 ps
e T Ops
. e = 20ps
-‘n-@?———v— Sps
. = T 10ps m“q—_,\—j-—-——-—- 30 ps
20ps
T
. e & .
< = L TS SN\
d\c—v—v- 40ps \\/.-— 80 ps
q&vV— 80 ps
—-—W—c’-1m”
B A0 4 130ps
Cd CH H C4 CH H peak (absent)
F-l F4 FH M
0 1 2 3 4 5 6 rA 0 1 2 3 4 5 6 LA

Fig. 25. Time dependence of difference radial distribution curves, Af(r,t) for two different starting points:

before the arrival of the exciting laser radiation (t

ref

—95 ps, left) and after the arrival of the laser pulse

(t.. = *5 ps, right). Peak corresponding to unbound atoms of iodine, I ... I does not exist, as is seen from the
right side of the figure. From ref. [153]; please, see also ref. [152].
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I. Structure and dynamics studied by TRED are required
for understanding the conservation of the stereochemistry
of this class of reactions [151, 152, 154], and this is the
first example of the determination of these structures.

4.2. Structural dynamics of iodine cleavage
reaction in C,H I, and C,F I, molecules in solution

As discussed above, cleavage of iodine atoms
from the free molecules of 1,2-diiodo-tetrafluoroethane
in collisionless environment takes place via two steps
and results in formation of tetrafluoroethylene (Fig.
24). Cleavage of the first atom of iodine occurs in ~
200 fs with formation of an intermediate product — the
radical monoiodinetetrafluoroethane which has classical
structure. The second stage — the splitting of the second
atom of iodine goes up to 25 (7) ps and ends at 26 (7) ps
with formation tetrafluoroethylene [151, 152].

It would be interesting to study the elimination reaction
in solution and compare the results to those obtained for free
molecules. This will provide information on the effect of the
solvent. Some information may be provided by XANES and
EXAFS. However, compared with the data provided by time
resolved X-ray diffraction these methods yield much less
precise information about the structure of molecules.
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Recently, elimination reactions of halogen molecules
from haloalkanes were studied using TRXL (Time-
Resolved X-ray Liquidography) — X-ray diffraction with
a time resolution of ~ 100 ps in solution (see reviews [24,
26]). It was found that as in the gas phase in collision-
free conditions, the elimination reaction of iodine
atoms in the solution passes through the intermediate
[-CF,CF, which has a classical structure. However,
the next stage — the splitting of the second atom of
iodine — is about six times slower than that observed
for free molecules in collisionless conditions. The
authors attribute this result to the influence of a
polar solvent — methanol. The presence of solvent
molecules environment may lead to increased rate of
redistribution of energy, change in the barrier height
of'the reaction, and/or isolation of the fragments in the
solvation shell. Kim [et al.] proposed a mechanism for
the elimination iodine atoms in C,H,L,, similar to that

for isolated C F I, molecules [24, 26]: the cleavage of
the first atom of iodine leads to the bridge structure
of the radical CH,ICH,. Then atom I joins to CH,ICH,
resulting in C,H I-1, an isomer of C,H I,. The next step
is the dissociation of C,H I-I molecules and formation of

C,H, and iodine molecules (Fig. 26).

b

N

t R

@aAS{g.0
Vel
0 2 4 & @ W
d) g/A"—-
20 — GFd
l CF,
28] '
T —
sol 18] -
m 10 f f
0s | 7
no 2 /
W

Mg —

Fig. 26. Structural dynamics of iodine elimination reaction from C H,I, and C_F,I, molecules probed using TRXD in

277472 27472

methanol solution. The time-dependent diffraction patterns of (a) C,H,I and (b) and C,F I radicals. gAS(q, t) were obtained
by subtracting the diffraction patterns of C H,I, and C F L in electronic state, diffraction patterns of solvent, and accounting

277472 27472

for effects caused by heating of solvent by laser radiation. This data representation allowed comparing structural dynamics
in solution and in the gas phase for the two configurations of the intermediate C,H,I and CF,I — classical and bridged.

From ref. [26].

26 Toukue xumndeckue TexHororuu / Fine Chemical Technologies 2017 Tom 12 No 4



A.A. Ischenko, Yu.l. Tarasov, L. Schifer

The experimental data on Fig. 26 (black) and
theoretical (red) show time-dependent differences of the
radial distribution curves, RDF (c, d), for two reaction
channels and the molecular structures of (I: purple, C:
black, H: white, F: green). The upper and lower curves
correspond to the bridging and classical structures,
respectively. The kinetics of the reactions and the
changes in the populations of intermediate particles
and the reaction products of the photoelimination of
the molecules C H,I, (¢) and CF I, (d) depend on the
temporal delay between the excitation pulses and the
probe. Figure (c) with the black curve corresponds to the
bridged structure C,H, [, red — to the isomeric form, and
blue — to the final reaction product, C,H,. The figure (d)
with green curve corresponds to the atom I, black — to
the classic structure C,F I, red — to C,F,, and blue — to
the molecule I,. €) The model of the reaction of C,H L.
After the photoexcitation, one atom splits off from
iodine molecules, and the radical C,H,I has a bridging
configuration. C,H,I then recombines with the atom I
separated from the molecule and forms the isomeric of
the ground state: I ... [-C H,. Furthermore, the isomer
decays into the molecule C,H, and L. f) The model of the
reaction of CF,I,. After the photoexcitation one iodine
atom is cleaved from the molecule, and the intermediate
radical CF,I has a classical structure. A part of the
radicals CF,I decay into the molecules CF,, and the
atoms of I. Finally, the nongeminal I atoms recombine to
form the molecules of I, [26].

For interpretation of the experimental data lhee
[et al.] [24, 26] reviewed all the previously proposed
structures. It was found that the reaction of elimination of
iodine molecules from C H,I, and CF I, have different
mechanisms (Fig. 26). Elimination of iodine from
C,H,I, results in formation of CH,I'and I and C,H,I...I
(as measured at a time delay of 100 ps) and formation
of the final products — C,H, and I, — is not observed.
C,H,I does not dissociate into C,H, and atom I, but
rather reacts with iodine atoms to form C,H,I...I. The
rate constants of bimolecular reaction leading to formation
of isomer was estimated as £ = 7.9 (3.5)-10" m’'c’!, which
appeared to be two orders of magnitude higher than the
rate of recombination of molecular iodine in a solution
of CCl,. This implied that the isomer C,H I...I is mainly
formed in the "cage" formed by the solvent shell. This
isomer dissociates into C,H,+I, on a microsecond time
scale with a rate constant of £ = 2.0 (1.4)-10° m''¢’’. On
the contrary, C,F I and I are the primary particles that are
detected after the first 100 ps and apparently formed on
a few picosecond time scale, 20(1)% of radicals C,F I
dissociate into C,F, and I with a time constant of 306 (48)
ps. These values can be compared with the data [151,
152] for the gas phase: 55(5)% and 26 (7) ps. This clearly
illustrates the effect of the solvent molecules, which
significantly reduce the rate and the yield of the second

stage of the elimination reaction. This is not surprising,
since the residual internal energy in the radical C F I after
the first stage of molecular decay of CF I, in solution is
much lower than that in the gas phase as a result of the
transfer of the excess energy to the solvent. Molecular
iodine, I, is formed via recombination of two iodine
atoms in ~ 100 ns with a rate constant of 4.4(1.2)-10'"
m'c’!, which is comparable with the rate constant for
recombination of molecular iodine in the solution. Of
particular interest in the study of the structural dynamics
is the structure of the transient species. As already noted,
the method TRXL can answer the question whether the
structure of the radical is bridged or classical? [t is possible
to make a calculation of the diffraction intensities for the
proposed intermediates and compare with experimental
data, making correction for the scattering of the solvent.
The results of calculation are presented in Figs. 26(a) and
26(b). The intensities of scattering of the intermediate
species are determined after subtracting the contribution
from the solvent, "cage" of the shell, and other structures
and comparing the calculated data of alleged molecules.
This "fingerprint method" is similar to the approach
used in TRED. Comparison of the data for 100 ps and
the alleged intermediates demonstrate that radical
C,H,I has bridged structure, while C,F I is represented
by a mixture of classical and anti-gauche conformers.
This conclusion is supported by the results of quantum
chemical calculations, which show a significant effect of
the fluorine atoms. A large number of photodissociation
reactions of free molecules were studied (see review
articles [17, 32, 36, 38, 155]. However, it should be
noted that the solution of the inverse scattering problem
in the determination of intermediate products of both the
photo-excitation and the photo-dissociation in the most
of the studies carried out to date was conducted using
the theoretical counterpart of the scattering intensity
of the electrons in the assumption of an equilibrium
distribution of the vibrational and rotational degrees of
freedom of the molecules. As was shown in the case of
the study of the photo-dissociation reaction of CS, even
with nanosecond time resolution this assumption may be
inaccurate [35, 36, 38, 156, 157].

Concluding remarks

In 1927, Davisson and Germer [158] and
independently Thomson and Reid [159] discovered the
phenomenon of diffraction of electrons on crystals. This
finding relates to the "static" diffraction. After the first
experiments performed by Mark and Wierl in 1930 [1, 2]
the method of electron diffraction remained conceptually
unchanged until the early 80's of the last century. Only
50 years later it became possible to introduce fourth
dimension in the technique — time, introducing the
concept of structural dynamics and research in 4D
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space — time continuum. Development of the electron
diffraction with a time resolution is presented in Fig.
27 (taken from review article [160]), a more detailed
description of the history of development is given in the
review articles [31, 36] and monograph [161].
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Fig. 27. The development of time resolved electron
diffraction. Studies in which structural changes were not
observed are not included. The first experimental result
and the description of the electron diffraction method
with a time resolution (stroboscopic electron diffraction),
which recorded the change in the diffraction pattern during
the laser dissociation of CF,I molecules in the gas phase
under the influence of radiation CO, — laser [5]. The first
experiment with subnanosecond temporal resolution: the
melting of a thin aluminum film in the laser field [12].
The photo-dissociation of CF.I [13]. The process of the
photodissociation of C,F,I, [151]. The disclosure of the cycle
in the molecular cyclohexadiene [162]. The investigation of
the melting process of Al exposed to a laser radiation [163].
A more detailed historical overview is presented in the paper
[31]. From ref. [160].

The nuclear motion as a chemical reaction unfolds
can be probed using TRED (UED). Breaking of chemical
bonds, their formation and change in the geometry of the
molecule occurs at a rate of ~1000 m/s (please, see, e.g.,
[164, 165]). Consequently, for the registration of nuclear
dynamics the time resolution of <100 fs is required.
Regardless of whether the molecule is isolated or not the
ultrafast changes involve coordinated rearrangement of
the electron and nuclear subsystems of reacting molecules.

According to the transition state theory [166—169],
for the unimolecular reaction we have a frequency
factor equal to k7/h — namely with this frequency the
transition to the final products occurs through the energy
barrier of the chemical reaction [41, 170-173]. At room
temperature, its value is ~ 6x10'? s™!, which corresponds
to the time of ~ 150 fs. Typical intramolecular vibrations
occur in the time interval of the order of hundreds of
femtoseconds. That is why to some extent the term
"ultrafast electron diffraction” is justified. In this case,
it is clear that the diffraction process of electrons is

determined by the accelerating voltage, and single
scattering event for 100-keV-electron occurs in a few
attoseconds.

The electron diffraction with a high time resolution has
opened the possibility of direct observation of the processes
occurring in the transient state of the substance. Here it is
necessary to provide a temporary resolution of the order of
100 fs, which corresponds to the transition of the system
through the energy barrier of the potential surface, which
describes the chemical reaction — the process of the breaking
and the formation of new bonds between the interacting
agents. Thus, the possibility of the investigation of the
dynamics of coherent nuclear molecular systems and the
condensed matter can be opened [10, 12, 35-38, 161, 174,
175]. In the past two decades it has been possible to observe
the nuclear motion in the temporal interval corresponding to
the period of the nuclear oscillation. The observed coherent
changes in the nuclear system at such temporal intervals
determine the fundamental shift from the standard kinetics
to the dynamics of the phase trajectory of a single molecule,
the molecular quantum state tomography [36, 38, 157, 161,
175, 176].

At present, the method of ultrafast diffraction is
intensively developing. The great opportunities for
the study of the structural dynamics are opened by
4D methods of ultrafast electron crystallography and
electron microscopy with high temporal resolution from
micro- to femtoseconds (please, see review articles
[31, 37, 160, 177, 178] and the monograph [34]). The
recent advances in the formation of ultrashort electron
pulses allow us to go to the area of attosecond temporal
resolution and to observe the coherent dynamics of the
electrons in the molecule [22, 179, 180].

It is rather impressive that laser alignment of
the molecules in the gas phase helps to restore the
molecular structure by observing the multiple patterns
of the ultrashort electron beam diffraction [181]. In
these conditions, in principle, no additional parameters
are necessary for the elucidation of complex molecular
structures and intermediate states in molecular dynamics.
It should be noted that in [181] the first UED experiment
with subpicosecond temporal resolution was done in the
gas phase. In this experiment the molecules of CF,I were
aligned impulsively with a femtosecond laser pulse and
probed with a 500-fs electron pulse two picoseconds
later, when the degree of the molecular alignment reaches
a maximum.
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MEXAHU3M OBPA3OBAHUSA IUPOYIJVIEPOJAA B TIPOLUECCE ITUPOJIM3A
YIVIEBOAOPOJIHOTI'O CbhIPbHA

B.B. [lemrueB, A.C. ®uaumoHoB, C.B. Bayaun®, O.C. Caea3s, H.IO. AcuaoBa

Mocrosckuii mexHonozuueckuii yHueepcumem (HMHcmumym moHKUX XUMUUECKUX MeXHO02Ul
um. M.B. Aomorocoea), Mockea 119571, Poccusi
@Aemop ons nepenucku, e-mail: baulinsv@yandex.ru

IIpedcmagneHsl sKCnepumMeHmabHbLe pe3yibmamel, NOOMeepsKOArOUUES MEXAHUIM 00PA308AHUSL NU-
poyanepooa uepes cmaduu 803HUKHOBEHUSL 8 2308011 (hase 8blCOKOMONEKYNSPHBLIX NPOOYKMO8 NUpo-
JU3A, UX A0COpOUUL HO AKMUBHBLIX USHMPAX NOOOIKKU, JIOKAAUSYIOULUXCSL HA 2PAHULUAX KOHMAKMO8
ee Kpucmaaniumos, u nocredyroweli kapborusayuu. IlokasaHo, umo coxkpawieHue nNpomsisKeHHOCm
2PaHUY, KOHMAKMO8 KPUCMALIUMOS NOOJIOIKKU NPUBOOUM K YBEIUUEHUIO COOEPIKAHUSL 8 203 8bLCOKO-
MONEKYNSPHBIX COEOUHEHUIL U CHUIKEHUIO KOHUeHmpauuu eodopooa. Baaumoceszsb merkdy cocmasom
oMx0051U4LE20 2A30 U NOBEPXHOCMBIO YNIIOMHSIEMO20 MAMEPUANA CO30aem NPeonocbUIKU O/t Yynpasie-
HUSL NPOUECccoM NUPOYNJIOMHEHUSL N0 cOcmagy omxodsuiezo 2asa. HMoenmuguyuposar cocmas eblco-
KOMONEKYSSIPHBIX FKUOKUX NPOOYKMO8 NUPOAU3A. YCMAHOBNEHO PA3IUUUE 8 COCMABAX 8bICOKOMO.e-
KYJSIPHBIX NPOOYKMO8 NUPOU3A NPONAaH-OYmaHoeoli hparuuu u 2asa sneKkmpokpexurza. ITokasaHo
BIUSIHUE CblPbsl U YCNO08ULE NUPOUA HA 2PYNNo8oTi cocmas 00pasyroULUXCSL 8bICOKOMONEKYSIPHBLX
NpooyKmoes nupou3a.

Knroueesle cnoea: nupoyznepod, NUPOAU3, CMOJTbL NUPOAU3A, BblCOKOMONECKYNAPHBbLE COeOUHEHUS.,
2emepozeHHbLL harKmop, aKmusHble UeHMpbL.

THE PYROCARBON FORMATION MECHANISM DURING THE HYDROCARBON
PYROLYSIS PROCESS

B.V. Peshnev, A.S. Filimonov, S.V. Baulin®, O.S. Sledz, N.Yu. Asilova

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

Experimental results confirming the mechanism of pyrocarbon formation through the steps of
high-molecular pyrolysis products forming in the gas phase are presented. Adsorption of high-
molecular pyrolysis products on the active centers of the substrate localized at the boundaries of
the contacts of its crystallites and their subsequent carbonization is confirmed. The decreasing in
the length of the substrate crystallites contact boundaries leads to the increase in the content of
high-molecular compounds in the gas and to the decrease in the hydrogen concentration is shown.
The relation between the composition of the exhaust gas and the surface of the sealing material
creates the prerequisites for controlling the pyro-consolidation process according the composition
of the off-gas. The composition of high-molecular liquid pyrolysis products was identified. The
difference in the composition of high-molecular pyrolysis products of the propane-butane fraction
and the electric cracking gas was established. The influence of raw materials and pyrolysis
conditions on the group composition of high-molecular pyrolysis products formed is shown.

Keywords: pyrocarbon, pyrolysis, pyrolysis resins, high-molecular compounds, heterogenetic factor,
active centers.
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BBenenue

W3ydyeHnio 3akoHOMEpPHOCTEH (hOpMHUpPOBaHUS OT-
JIOKCHUH THPOYyTIepoaa yaeaseTcs O0IbIIoe BHIMAHHE.
3710 00YCIOBICHO TEM, YTO TOJIBKO OCAXKICHUEM ITHPO-
yIepona B Iopax MaTPHITBl MOYKHO 00ECHECUNTh MaKCH-
MaJIbHOE YIUIOTHEHHE YIIICPOI-YIIICPOTHBIX MAaTCPHAIIOB.
DopMupoBaHIe MHPOYTICPOIHOTO CIIO0S TAKKE SIBISIETCS
HEOOXOAUMOHN CcTaguell B MPOU3BOACTBE BHICOKOA((DEK-
TUBHBIX YIJIEPOIHBIX MaTEPUAIOB cEMecTBA CHOYHUTA,
HaIIeINX MPUMEHCHHE B KAuCCTBE COPOCHTOB M HO-
CHUTENEH KaTaln3aTopoB, HAKOIUTEICH AIICKTPUICCKOH
sHepruu [1-3]. Cpenu paboT, MOCBSIICHHBIX BBISBIC-
HUIO MEXaHI3Ma 00pa30BaHuUs MHPOYTIEPOIa, IPEICTaB-
JSIETCSI LIeIecO00Pa3HBIM BBIACTUTH MyOnukauu [4—7].

ABTOpBI [4—0] paccMaTpuBarOT 00pa3oBaHUE THPO-
yIIepoaa Kak psii HOCIEA0BaTCIbHBIX PEBPAIICHHH:

* BO3HMKHOBCHIC B Ta30BOH (paze BEICOKOMOICKYILSIP-
HBIX COCAMHEHUH (TIPOAYKTOB MUPOJIH3A YIIICBOIOPOIOB);

* aIcopOIsl ATUX COCNUHCHUH Ha TOBEPXHOCTU
(moIoKKe);

* TIOCIICAYIOIINE TOTUMEPH3aIHs U JICTUIPOTCHU3A-
IS aICOPONPOBAHHBIX IPOTYKTOB.

B T0 xe Bpewmst B pabote [7] BBIABUHYTO MPEAIIONO-
JKEHHE, 9TO (POPMHUPOBAHUE MUPOYIIICPOAHBIX OTIOKECHHUN
MIPOUCXOINT HE 10 BCEH MOBEPXHOCTH TOUTIOKKH OTHO-
BPEMCHHO, a HAYMHACTCS ¢ BO3HUKHOBCHUS 3apOIbIIICH,
JIOKATM3YIOMINXCS Ha aKTUBHBIX IeHTpax. [lo mepe pocra
3apOJBIIHN OOBCIUHSIOTCS U (OPMHUPYIOT CIUIOIIHON
CIION MUPOYTIIEPOAa.

O0001eHne MpeacTaBIeHHOH HH(pOpMaIUK 110-
3BOJISICT MPEANOIOKUTD, UYTO aJCOPOIMS BBICOKOMOJIE-
KymspHbIX coennaennii (BMC) mponcxomuT He 1o Bcer
MOBEPXHOCTH MOIokKH. Hamm wuccnenosanus (8, 9]
TIOATBEPIMIIN CIIPABEIIMBOCTh MOJEIH 00pa30BaHMUS
nupoyriaepona I1.A. Tecnepa [7] u mokaszanu, 4To ak-
THUBHBIMH IICHTPaMHU 00pa30BaHUs MHPOYIIIEPOa SIBIIS-
I0TCS Ie(eKThI KPUCTAIITHUECKOM PEIIeTKH MOATIOXKKH,
JIOKAIN30BaHHBIC HA TPaHHUIAX KOHTAKTOB €€ KPHCTal-
autoB. IlodydeHHblE CBEICHUS MO3BOJSIOT CUMUTATh,
YTO KOJMYECTBO AKTUBHBIX HEHTPOB, Ha KOTOPBIX IPO-
ucxonut aacopouust BMC, He MOCTOSIHHO BO BPEMEHH,
YTO coriacyercs ¢ pesyipraramu padbotsl [11]. B Takom
Cllyuyae JIOTHYHO MPEANOI0KUTh, YTO IPU 00pa30BAHUU
nupoyniepoaa konmeHnTpanus BMC B razosoii (aze Oy-
JIeT U3MEHSITHCSI BO BPEMEHH, U, (PUKCHPYS €€, MOXKHO
KOHTPOJIMPOBATH XOJI POIIECCca MUPOYTUIOTHEHHSI.

Ilenpio paboThI SIBUIOCH TOATBEPKJICHUE MPE/IIO-
JoKeHus 00 n3MeHeHnu cojrepkanust BMC B razoo0pas-
HBIX NMPOJYKTax MUPOJIU3a BO BPEMEHH, B3aUMOCBSI3U
koHneHTpanun BMC co CKOpOCTBIO OTIIOKEHHS MTUPOY-
miepona u uneHtugukanus BMC.

3KCHepI/IMeHTa.TlI)Haﬂ JacTb

DKCIIEPUMEHTHI TPOBOJIUIIN B KBApPIIEBOM PEAKTOPE
nuamerpoMm 10—12 mm u mmmHOM ~250 MM B AmManasoHe
temrieparyp 650-900 °C.

[IpuHIMIIHATEHAS cXeMa JJA00PATOPHON YCTAaHOBKH
IIpUBEJIEHa Ha puc. 1.

7

Puc. 1. [IpuHimnuaisHas cxema J1ad0opaToOpHON YCTAHOBKH: | — ra3oMeTp; 2 — BEHTHIIb PETYIMPOBKU PACcXofia rasa;
3 — peomertp; 4 — peakTop; 5 — TeCTUpPyeMBbIit 00paselr; 6 — AeKTporieyb; 7 — QUIBTP;
8 —ra3oBblit Oapabannsiii caerank I'CB-400.

I'a3 w3 razomerpa (1) momaBanu B KBapIeBBIH pe-
aktop (4), oborpeBaemslii »nexTponedsto (6). Pacxon
ra3a KOHTPOJIMPOBAIH peoMeTpoM (3) B peryaupoBasind
BeHTUIeM (2). Temmeparypy B medum perucTpUpOBaIu
XPOMEITb-AIFOMENIEBOM TepMonapoil B komruiekre ¢ TPM
«OBeH» 1 BapbUPOBAIHU MTyTEM U3MEHEHHsI HANPsHKEHUS,
[IOIaBaEMOTO Ha KJIEMMBI Nleud. B LeHTpanbHON yacTu
peaxTopa pacroiaraics TecTUpyeMblil oOpaser (5), 1o
U3MCHEHHIO MacChl KOTOPOTO CYIMIN O KOIUIECTBE OT-

JOKUBIIETOCs THpoyTiepona. Ha Beixone w3 peakrtopa
ycraHoBneH ¢uisTp (7) st ynasnuBanust BMC, BbIxo-
ISIIIUX U3 peakropa. KommaecTBo oTxomsimero raza gpuk-
cupoBasu ra3oBeiM cuetarkoM I'CB-400 (8).
[Tomnoxxkoi, Ha KOTOPYHO OCaXAAJIH IHPOYyIJIEe-
pon, cayxun TexHuueckuid yrmepon (TY) mapku N234
(MCXOMHBIA) ¥ IOIBEPTHYTHIA TPEIBAPUTEIHLHONU Tpa-
¢uranun (N234rp). I'padpuranuio TY nposogunu ero
TEPMOOOPaOOTKON B TeueHHWe 4 4 TPHU TEeMIlepaTypax
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MexaHH3M O0Opa3oBaHHS MHPOYTrAePOZa B IMPOIECCE THPOAH3A YTA€BOAOPOALHOTO ChIPhS

23002400 °C B HEOKHCIHMTENHHOW Cpele B TMPHUCYT-
CTBUM TaJIOTeHOB. B pesynbrate rpaduTanuu yBeauydu-
BaJIMCh pa3Mepbl KPUCTAJUIUTOB YIVIEpoJa, pa3Mephl ca-
JKEBBIX YaCTHUI] IPU 3TOM MPAKTHUYECKU HE U3MEHSIINC,
gTo cornacyetcs ¢ ganabivu [ 10]. Cpexnwmii pa3mep ca-
JKEBBIX YaCTHUII, PACCYMTAHHBIN MO ONMUCcaHHOM B [11-13]
MeToJIKe, cocTaBisil ~32 HM. [TapameTp kprucTammroB
yrepona L, kotopbiit paccunThiBanu 1o (opmyie [lep-
pepa, ucxosisd U3 AAHHBIX PEHTI€HOBCKOM MOPOIIKOBOMN
qudpakuun obpasios [14], coctasnsan 3.1 HM 11 00-
pasma N234 u 7.5 am st N234rp. 3ametuM, 94TO U3Me-
HEHHE Pa3MepOB KPHUCTAJIIUTOB YIJIEpOoa NPU YCIOBUHU
ITOCTOSIHCTBA BHEITHEN MTOBEPXHOCTH CaKEBON YaCTHIIBI
MO3BOJISIO  BapbUPOBAaTh MPOTSHKEHHOCTh TPAHHIL HUX
KOHTAaKTOB M KOJMYECTBO aKTHBHBIX LIEHTPOB, Ha KO-
TOPBIX MOTYT ajcopbupoarecsi BMC, obpasyromuecs
TIPY TUPOJIH3E. YIenbHasi HOBEPXHOCTH 00pas3IioB, orpe-
JIeJIeHHasi TI0 HU3KOTEMIIepaTypHOU ajcopOuuu azora,
cocrassiia ~ 130 M*/r; HaBecku o6pasios ~0.05 u 0.10
r. Takoit mog60p 00pa3OB U UX 3aTPY30K B PeaKlUOH-
HYI0 30HY HO3BOJISUI YCTAHOBUTH B3aUMOCBSA3b MEXIY
TeTepOTeHHBIM (PaKTOPOM, TOBEPXHOCTHIO, Ha KOTOPOI
OCaXKIAeTCsl MUPOYIIEepPOon (KOIUICCTBOM AKTHBHBIX
LEHTPOB, Ha KOTOPBIX (DOPMUPYIOTCS 3apOJIBIIIN TH-
poyriepona) u coiepxxanneM BMC B razoBoii (da3se.
PesynbraThl 9KCIEPUMEHTOB COMOCTABIISUIN C PE3yib-
TaTaMH, MOJIy4Y€HHBIMU Ha «IIyCTOM) PEaKTOpe, HE CO-
JIep>KaBIIEeM MOJIOKKH.

I'eTeporeHHbIi (aKTOP HAXOAWMIN KaK OTHOIICHHE
MTOBEPXHOCTH PEaKIMOHHOW 30HBI K ee oOwbemy. s

«IycToro» peakropa o 0but paser 300400 M. B mpu-
cyrcereun TY Briajn creHok peakropa (0.008-0.009 m?)
B TIOBEPXHOCTh PCAKIIMOHHOW 30HBI OBUT HUYTOXKEH, a
00beM pPeaklMOHHOM 30HBI MPH ATOM NPAKTHYECKH HE
mersuicst (00bem HaBecku coctasmsun 0.03-0.05 cm?).
IIpu 3arpyske B peakrop ~0.05 r TY rereporeHHsiit
(axrop cocrasisur 250000-300000 M, a mpu 3arpyske
~0.10 r TY —460000-650000 M.

O conepxarnt BMC B ra3oBoii (ase Cyim 1o u3-
MEHEHHUIO Macchl (PUITBTpa, YCTAHOBICHHOTO Ha BBIXOJIE M3
peaxropa. [To oxonvanmn sxcniepumventa BMC ynamsim ¢
(dbunpTpa pacTBOpHUTENIEM, a MX COCTaB ONpenessi-
csa Ha xpomartorpade Kpucramr 5000.1 UniChrom c
MJIaMEeHHO-HOHU3AIIMOHHBIM JIeTeKTOpOM. JlenuTenpHast
kononka Rtx-1 PONA 100 m % 0.25 mm x 0.5 mxMm. Tem-
riepaTypa TepMocTaTa KOJIOHOK: HadasnbHast 40 °C, KoHeuHast
— 220 °C, ckopocTb moanéMa Temrieparypsr 1.8 °C/muH.

BMC wu nupoymiepo Noixydand MUPOIU30M Mpo-
naH-0yranoBoi (pakiuu (I1bD) wnm anernieHconepxa-
IIEro rasa 31eKTPOKPEKUHTa, COCTaB KOTOPOTo MPUBEACH
B Tabm. 1. Pacxomel Ta30B mojOupain TakuM 00pa3om,
4TOOBI CyMMapHOE COAEp)KaHHEe yIIepoaa B YIVIEBOJIO-
pomax cheIpbst OBUTIO comocTaBUMO. COCTaBBI MICXOIHOTO
M KOHEYHOTO Ta30B OINpeaessuid Ha xpomarorpade 3700.
JetexTop — karapomeTp, Tok MocTa 90 MA. Xpomarorpa-
(uueckas paza — y-AlO,, npomoruposannbii NaOH.
Jnmaa xonoHku 7 M, amametp 3 MM. Temmeparypa Tep-
MocTaTa KoJoHOK: HadanbHas 60 °C, xoneuynas 100 °C,
CKOPOCTh Mojrbema Temrieparypsl 5 °C/mMuH. [a3-HocH-

TeNb — a30T, pacxon 4 J1/4.

Taomuua 1. Vi3MeHeHe cocTaBa OTXO/SILET0 ra3a B IPOLEecce MUPOYIUIOTHEHHSI.
Temneparypa upoyruioraerust 700 °C, rereporeHHbIi (akTop B Hadaiie mporuecca ~ 260000 v

CojieprkaHiie KOMIIOHCHTA B rase, % 00.
Bpewmst ot Havana ripouiecca, MUH

H, CH, | CH, | CH, | CH, | CH, | CH, | CH, | CH,
0 (McxomHbIi Ta3) 32.1 5.9 1.5 10.2 1.4 1.1 24.8 9.9 13.1
3 450 | 129 | 26 12.1 2.7 42 12.4 4.7 34
40 438 | 127 | 24 134 2.0 3.9 133 49 3.6
80 422 | 115 24 13.6 1.8 4.0 14.6 4.8 5.1
120 391 | 113 2.1 13.5 1.9 3.6 17.6 5.7 52
160 374 | 104 1.9 12.8 1.5 3.9 19.2 6.1 6.8
¢ 5 mo 90 (9KcepUMEHT IPOBOAMIIH B «ITyCTOM PEAKTOPE») 36.8 | 10.0 1.7 12.5 1.6 3.8 20.3 6.2 7.1

Pe3y.]'[I>TaT])I U UX 06cy>1q1e}me

Ha puc. 2 nmoka3aHo HM3MEHEHHE MacChl CMOII,
YJIOBJICHHBIX, YCTAHOBJICHHBIM Ha BbIXOJC U3 pCAKTOpa
(buIbTpOM.

Ou4eBUHO, YTO MOBBILLIEHUE TEMIIEPATYPBI IUPOJIH-
3a MPUBOAMT K Bo3pacTaHuio cogepxanus BMC B razo-
BOi1 (haze. Cnemyer OTMETUTh, 4To cozepkanne BMC B
ra30BOM IOTOKE 3aBUCUT HE TOJBKO OT TEMIIEPATyphl M1~
ponmn3a, HO M OT TETEPOTCHHOTO (haKTopa. YBEIHUCHHE
TeTePOreHHOro (hakropa (MOSBICHUEC B PEAKIUOHHOMN

30HE JOTOJHHUTENIBHON OCAIUTENEHON ITOBEPXHOCTH)
MPUBOIUT K Bo3pacTanuio noiu BMC, ocaxparommxcs
B PEAKIIMOHHOW 30HE, U CHIDKSHHUIO X KOHIICHTPAINH B
ra30BOM IIOTOKE, BBIXOASAIIEM U3 PEaKTopa.
OO0pa3zoBaBIIuecs: IPU MUAPOJIA3E MPOAYKTHI YILIOT-
HEHUs aJcOpOMpPYIOTCS B IMOpax MOUIOKKHA (HaBECKH
TY) u kapOoHU3yrTCs, 00pa3yst CIOH MUpoyiepoa.
B pesynbrare agcopOUMOHHas MOBEPXHOCTh MOIJIOKKI
W TeTePOreHHBINA (PAKTOP CHUKAKOTCA, YTO, B CBOIO Oue-
penb, BiiedeT ypenndeHue cojepxkanus BMC B razoBoi

(haze (puc. 3).
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Puc. 2. VI3meHenne Macchl CMOJI, YIOBJIECHHBIX (pUIBTpOM
B npouecce nuponusa [1bD:

1 — remneparypa nuponuza 900 °C, «iycToii» peakTop;
2 — remneparypa nuponusa 735 °C, «ycToil» peakrtop;
3 — remneparypa nuponusa 735 °C,

Macca mojutoxkku (N234) 0.0464 r.

HeoGxomiMo 00partuTh BHUMAaHHE HA PE3YJIBTATHI,
MONTyYCHHBIE TTPU MTHPOYIUIOTHEHUH TPapUTAPOBAHHOTO U
HerpadutuposanHoro oopasuos TVY (3aBucumoctu | 12 Ha
puc. 3). Ilpu onmmHaKoBO# Macce 3arpy3ku oopasiia B peak-
IOHHY10 30HY (~0.05 T) 1 conocTaBUMO¥ aJICOPOIMOHHOM
MOBEPXHOCTH (~6.5 M?) IMHAMHKA M3MEHEHHS TeTePOreH-
HOTO (pakTOpa B IMPOIECCE MX MUPOYIUIOTHEHUS U COAEp-
»kanre BMC B ra3oBoii (hasze CyIeCTBEHHO Pa3IMyaroTCs.
[Tpu mupoymoTHeHNH 00pa3ia TEXHUIECKOTO yrieposa
Mapku N234 (BHE 3aBHCHMOCTH OT MacChl UCXOTHOM Ha-
BECKH) Ha IMEPBBIX dTaNax Mpolecca OTMe4aeTcs HEKo-
TOpOE YBEIMYEHHE TEeTSPOreHHOro (hakTopa, W TOJIBKO
3aTeM OH HAYMHAET CHUXKAThCS. B ciydae mupoyruioTHe-
Hust o0pasna N234rp reTeporeHHbIN (GaKTop CHIKACTCS
cpasy mocje Hadana MUpOJIN3a, OAHAKO B 3TOM CIIydac
Ha TOCJEIHUX CTaIHAX MpoIecca ero 3Ha4eHUs ObLTH
HanbonpmmMu. [logoOHOE M3MEHEHHE TEeTepOreHHOTO
(bakTopa B mpolecce MUPOYILIOTHEHUST 0Opa3ioB N234
U N234rp coOTBETCTBYET U3MEHEHUIO UX YIEJIbHON I10-
BEPXHOCTU U MOMKET OBITb OOBSACHEHO C TOYKU 3PEHUs
JIBYXCTaAMIHOM MOJICTI MEXaHU3Ma 00pa30BaHUs ITUPO-
yrepona [7-9].

Bénpiiero BHUMaHUS 3aciIyXKuBaeT (akT, 4To CO-
nepxkanvue BMC B ra3oBoM HOTOKE HMHUPOJIM3a, MPOXO-
JsmieM Haja oOpasiioMm N234rp, Bbllie, 4eM CoJepKaHnue
BMC B notoke, nmpoxozsiieM Hajg o0pa3iiom N234 (Tem-
nepaTypbl MUPOIU3a, PACXOJbl Ta30B M TETEPOTreHHbBIE
(haKTOPBI COITOCTABUMBI). DTO OATBEPIKIACT MIPEAIIOIO-
skerne 00 agcopoumu BMC Ha akTUBHBIX IIEHTpax, J0-
KaJM3YIOLIMXCSl HAa TPAaHULAX KOHTAKTOB KPUCTAJUIMUTOB
MIOJVIOXKKU. YBEITMYECHUE Pa3MEPOB KPHUCTAITUTOB MO~
noxku L, ot 3.1 um (o6paszen N234) 1o 7.5 um (0Opasen
N234rp) conpoBOXIaeTCS COKPALICHUEM MPOTSKESHHO-
CTH TPaHMI] UX KOHTAKTOB [9] (CHM)KEHUEM KOJIMYECTBA
Je(heKTOB, KaK IEHTPOB aJICOPOIMH) U IPUBOJUT K yBe-
mnueHuto coxepkanusi BMC B razoBom mortoxe.

0.05 ¢ 600000
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400000
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0.02 ¢
200000

Macca ynosnerHsbix BMC, r
TeteporexHoii daktop, m™

0.01
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Puc. 3. V3ameHeHne reTeporeHHoro (pakropa u Macchbl
ynoBnenHsix BMC B nporiecce muponusa [Tb®.
Temmneparypa 735 °C; nomoxkka: 1 — odpazery N234rp,
macca ~0.05 1; 2 — obpazerr N234, macca ~0.05 r;

3 — obpaszer; N234, macca ~0.10 1.

B kadyecTBe MOATBEpKICHUS TPEANONOKECHUS 00
agcopbmm BMC Ha akTHUBHBIX IIEHTpaxX M UX IOCIe-
Jyroleil kapOOHHU3alMK ¢ 00pa30BaHUEM MUPOYIIIEPO-
Jla CIY)KAT B3aUMOCBSI3b AMHAMHKHA U3MCHEHUS] MacCChI
OTJIOKUBLIETOCs NUpoyIiepofa U yioieHHeIx BMC
(puc. 4). CHIKEHUE CKOPOCTHU OTIIOXKESHHUS MTUPOYTIIEPO-
Jla COMPOBOKIAETCS MOBBIILIeHHEM conepkanust BMC B
ra3oBoi dase.

0.40
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0.04
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0.00
0 20 40 60 80 100
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Puc. 4. [lnnamrka M3MEHEHHS MacChI YI0BIeHHBIX BMC
(1, 2) m oTnoxkuBIIETOCSA TTHIpOyTIepoaa (3, 4) B mporecce
mpoyTUIoTHEHHS 00pa3tioB N234rp (1, 3) m N234 (2, 4).
HUcxonmsiii ra3 — [16®, Temmeparypa 735 °C, HaganpHbIC
3HaYCHHS TETEPOreHHOTO (hakTopa ~ 260000 v,

B cBs13u ¢ Tem, 4To (hopMHpOBaHKE TTHPOYIIIEpOIa Ha
TIO/IIOXKKE MPOUCXOAUT B Pe3yJbTaTe KapOOHU3ALNHU aaCcop-
oupoBanHbIX BMC, cocTaB OTXOJISIIIETO Ta3a JIOJDKEH 3aBHU-
ceTh OT rereporeHHoro (axropa. MseectHo [15, 16], uto Ha
3aKJTIOYUTEIBHBIX CTA/INSIX KOKCOBAHHSI TBEP/IBIX TOPIOUNX
HCKOTIAEMBIX U HE(PTSIHBIX OCTATKOB OCHOBHBIMH KOMIIO-
HEHTaMH OTXOJSIIETO Ta3a SIBISOTCS BOAOPOI W METaH.
[To3TOMY JOTMYHO JOMYCTHTBH, YTO COCTAB OTXOAALIETO
rasa, TMOJIy4eHHOTO Ha «ITyCTOM» peakTope, OylIeT OTiIH-
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YaThCsl OT COCTaBa rasa, 00pasyroIerocsi B MPUCYTCTBUH
TIOJTIOXKKH, OOJIBIINM COJIEPYKaHHEM STUX KOMIIOHEHTOB. B
Tab1. 1 mpeacTaBieHbl JaHHBIe O COCTABE I'a3a AEKTPOKpPe-
KHHTa, COCTaBe Ta3a, MOJyYeHHOTO Ha «ITyCTOMY PeaKTope,
W MHAMHKE W3MEHEHHsI COCTaBa ras3a, 00pasyromerocs B
npoliecce MUPOYIIOTHeHuUst oOpasua N234.

Ha HauasbHBIX JTarax MIPOYILIOTHEHHSL, [IPH OOJBILIHX
3HaueHWsIX rereporeHHoro Qakropa BMC, obpa3oBaBim-
ecsl IPU [IUPOJTU3e, MPEHMYIIECTBEHHO aICOPOUPYIOTCS Ha
TIO/IOXKKE ¥ TIOJIBEPTraIOTCS «BTOPHYHOMY» PaslIOKEHHIO
(kapOoHm3aiwm). B pesynsrare oTxomsmmii a3 odoraraer-
Cs JIOTIOJTHUTENIFHBIMU KOJIMYECTBAMH BOZIOPOZIA U METaHa,
a COICPIKaHUEe B HEM JIPYTUX KOMITOHEHTOB MEHBIIIE, YeM B
CcocTaBe rasa, IOJIy4eHHOT0 Ha «ITycToM» peaktope. [1o mepe
3QIOJTHEHHS TIOP TIOJVIOKKH [TUPOYIIIEPOIOM U OJIOKHPOBKH
UM aKTHBHBIX IIHTPOB ajicopOimst BMC cHikaercs, coot-
BETCTBEHHO, CHIDKACTCSI M AMUCCHSI BOJIOPO/Ia, METaHa, STeHa
B Ta30BYyI0 (pasy, M COCTAB Taza IOCTENEeHHO PHOIIFKASTCS K
COCTaBY Ta3a, MOIyYEHHOMY Ha «ITyCTOM» PEaKkTope.

Hexortopreie pesynbrarel anammza BMC, o0pasy-
romuxcs B npouecce nuponusa I1Ib® u rasa smexrpo-
KPEKHHIa, MOJY4YEHHbIE METOJOM XpOMaTO-Macc-CIIeK-
TPOMETpUH, TpuBeAeHB B Tabn. 2. Crout oOpaTuTh
BHUMaHME Ha CYIIECTBEHHOE BJIMSHHUE COCTaBa ChIPbs
Ha IpynnoBoi cocras obpasyromuxcst BMC. IIpogykTsl
VILIOTHEHUsI, 00pa30BaBIIHECs IIPH ITHPOIIN3E ra3a IeK-
TPOKPEKUHTA, COJAECPIKAT 3HAUUTEIBHO OOJIbIIEC apeHOB
Y THOPUIHBIX YTJICBOJOPOIOB, UM BBHICOKOMOIICKYIISIP-
HbIe NPOAYKTHI nuposnusza [1BD. Ipu stom 2/3 u3 3THx
YIJIEBOIOPOIOB COAEPIKAT B MOJIEKYJIE 1Ba M O0JIee KOJIeTl.
Bonee BbICOKas CTENEHb apOMATU3AIMH BBICOKOMOIIE-
KYJIAPHBIX IPOJYKTOB IIUPOJIN3a ra3a 3JIeKTPOKPEKHHIa
[0 CPABHEHHUIO C BEICOKOMOJIEKYIISIPHBIMU NPOAYKTAMHU
rmuponu3a [IB® oOwscHsAET OOIBIIYI0O CKOPOCTH 00pa-
30BaHuA nupoyriaepoaa (Ha ~30%) B ToM cirydae, Korna
€ro IOJy4aloT pPa3JIoKEHUEM aleTHICHCOJEPKallero
raza IO CPaBHEHUIO C PE3yJIbTaTaMH, JOCTUTHYTBIMU
npu nupoinuse [1bO.

Ta6auua 2. BnustHre ChIphs B YCIOBHI IHPOJH3a Ha TPYIIIOBOH cocTaB oOpasyrormxcs BMC

["a3, mojaBaeMplii Ha MUPOITU3

I'pymmogoii cocra BMC [ponan-OyranoBas (paxmyst I'a3 anexTpokpexrHra
Temneparypa nuponusa, °C

735 900 720

AJlkaHbl 334 36.3 6.6
AJIKEHBI ¥ TUEHBI 16.6 18.2 13.4
YIeBonopob! UKINYECKOTO CTPOCHHS: 50.0 455 80.0

13 HUX

bensona 1 ero romosnoros 66.6 60.0 333
Hadranuna u ero romonoros 16.7 20.0 16.7
AHTpatieHa, ()eHaHTPEHa ¥ NX TOMOJIOTOB - - 16.7
TeTpalKIMIeCKHX apEHOBBIX YITIEBOIOPO/IOB - - 83
ToMIMKINYeCKUX YIIIeBOIOPOIOB THOPHUIHOTO CTPOCHHUS 16.7 20.0 25.0

3akjoueHue

[pencraBieHHble JaHHBIE OATBEP UM ITPEATIONO-
JKEHHE 0 MEeXaHHU3Me 00pa30BaHMs MHUPOYIIIEpoIa Yepes
CTaJIM¥ BOSHUKHOBEHUS B ra30BOi (ha3e BEICOKOMOJIEKY-
JSIPHBIX MTPOJYKTOB MUPOJIN3A, X aJCOPOIMN Ha aKTHB-
HBIX IIEHTpax, JOKAJIM3YIOUIMXCS Ha TPAaHHUIAX KOHTAK-
TOB (ha3 KPUCTAJUIUTOB, U MOCIICAYIONIEH KapOOHU3AIIHY.

Ocob0 crneayeT OTMETHTb YCTAHOBJICHHYIO B3au-
MOCBSI3b MEXK/Yy [OBEPXHOCTBIO IMHUPOYILIOTHAEMOTO
MaTtepHaia ¥ COCTaBOM OTXOAAIIEro ra3a. B Hacrosiee
BpeMsI [TPU CO3aHUH YIIEPO/-yIIICPOHBIX MAaTEPHAIIOB
nojiady YIJeBOIOpo/ia B PEaKIMOHHBIA 00bEM BEIyT B
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06 aemopax:

ITewnee Bopuc Bnadoumupoeuu, JOKTOp TEXHUYECKUX HayK, TPOopeccop Kadeaphl TEXHOIOIMH HE(PTEXUMUYECKOTO CHHTE3A
1 HCKYCCTBEHHOTO KUAKOTO TOIUIMBa MIHCTHTYTa TOHKUX XuMudeckux TexHosnoruid um. M.B. Jlomonocosa @I'BOY BO «MockoBckuit
TexHosnornyeckuit yuusepeurem (119571, Poceus, Mocksa, nip-t Bepnazckoro, 1. 86).

dunumornoe Anekceii Cepzeeeuu, accucteHT KadeIphl TEXHONOTMH HEPTEXMMHYECKOTO CHHTE3a M HCKYCCTBEHHOTO
YKHUJIKOTO ToTIiBa MIHCTHTYTa TOHKMX XMMUUYECKUX TexHooruit uM. M.B. JlomonocoBa ®I'EOY BO «MoCKOBCKHi TEXHOIOTHYECKUI
yauepcute (119571, Poceust, Mocksa, rip-t Beprackoro, 1. 86).

Baynun Cepzeii Bauecnaeoeuu, acinpant Kadeapbl TEXHONOTUH HEPTEXMMIYECKOTO CHHTE3a M MCKYCCTBEHHOTO JKUIIKOTO
ToruiBa MHCTUTYTA TOHKMX XUMUUYeckux TexHonoruit M. M.B. Jlomonocosa ®I'BOY BO «MocKkoBCKHif TEXHONOTUUECKUM YHUBEPCHTETY
(119571, Poccust, Mocksa, ip-t Beprackoro, 1. 86).

Cneod3v Onvza Cepzee8Ha, CTyleHTKa Kaeapbl TEXHOIOTHH HEGTEXMMUUECKOTO CHHTE3a U MCKYCCTBEHHOTO YKUJIKOTO
toruuBa MHCTUTYTA TOHKMX XuMHYeckuxX TexHonoruii um. M.B. Jlomonocoa ®I'BOY BO «MoCKOBCKMIT TEXHOIOTHIECKAN
yauepcute (119571, Poccust, Mocksa, ip-T Beprazckoro, 1. 86).

Acunoea Huna FOpwveeHa, /101cHT Kadeapbl OpraHuveckoil XuMuu MHCTUTYTa TOHKUX XUMHUYCCKHX TEXHOJIOTHI
uM. M.B. Jlomonocosa ®I'BOY BO «MockoBckuii TexHonorudeckuit yausepeutem (119571, Poceus, Mockaa, ip-t Beprasckoro, 1. 86).
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TEOPETUYECKOE OBOCHOBAHUME BbIEOPA OIITUMAJILHON CXEMBI
PA3JAEJEHUSA TPEXKOMIOHEHTHOM CMECH

M.K. Baxapos®, I0.A. [IncapeHKO

Mocrkosckuii mexHonozuueckuii ynugepcumem (HHcmumym moHKUX XUMUUECKUX MeXHO102Ull
um. M.B. Nomorocosa), Mockea 119571, Poccust
@Aemop ons nepenucku, e-mail: mkzakharov@gmail.com

Teopemuuecku 060CHOBAHO, UMO 051 CXeMblL pa3oeseHUsT MPEexXKoOMNOHEeHMHbIX cmecell ¢ 8bloe-
JleHUeM 8blCOKOKUNSAUWe20 KOMNOHEHMA 8 nepeoll KOJOHHe cyuecmayem obaacms UCXOOHbLX
cocmaeos, 0151 KOmopoill mensogele 3ampamsbl 0Ka3blearomest HaumeHvwumu. IIpusedeHo 8bl-
parkeHue, onucslearouiee epaHuyy obracmeii oNMUMANLHOCMU PASAUUHBIX CXeM PA30eseHUsL.
BobinosHeHH Ll ¢ uchosb308aHUeM npozpammHozo nakema Aspen Plus pacuem sampam menJo-
mbl 0151 06eux cxem peKmupuKkayuu mpexKoMnoHeHMHbLX cmecell noomeepousl meopemuueckoe
obocHosaHue Hauuusl obnacmetli onmumansbHocmu 051 Karkootl us Hux. C nomMousbro NoOHAMust
8HYMpeHHez20 sHepzocbeperkerHust 00 bICHeHO NPeuMyuiecmao moil Unu UHOU cxemsl pazoesieHust
MPEexKoOMNOHEeHMHOU cMeCu.

Knroueeble cnoea: pekxmugurkayus, mpoliHble cmecu, pieemo8oe UUCA0, MUHUMANbHBLU
napoeoil Nomok, eHympeHHee sHepzocbeperxeHue npu peKkmupuKayuu.

THEORETICAL RATIONALE FOR THE SELECTION OF THE OPTIMAL SCHEME
OF SEPARATION OF THE THREE-COMPONENT MIXTURE

M.K. Zakharov®, Yu.A. Pisarenko

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

It is theoretically justified that for the scheme of separation of three-component mixtures with the
release of the high-boiling component in the first column there is a region of initial compositions
for which the heat costs are the least. An expression describing the boundary of the optimality
regions of different separation schemes is given. The calculation of the heat costs for both
rectification schemes of the three-component mixtures performed using the Aspen Plus software
package confirmed the theoretical justification for the existence of optimality regions for each of
them. With the help of the concept of internal energy saving, the advantage of one or another
scheme of separation of a three-component mixture is explained.

Keywords: rectification, three-component mixtures, reflux ratio, minimum vapor flow, internal
energy saving.

3arparsl TEIJIOTHI IIPU pa3AeIeHUN KUIKUX CMecel
METO/IOM PEKTU(UKAIIMK CBSI3aHbl, €CTECTBEHHO, C He-
00XOMMOCTBIO HCIAPSITh KHUJIKOCTH Ui 00pa30BaHUs
[IapOBOI0 MOTOKA MO KOJIOHHE M OTPa)XaroT TPYIHOCTh
pa3aesieHus cMecel pa3nYHoro cocrasa. [Ipu onenke
TPYAHOCTH Pa3[eNIeHuUs )KUKONH CMECH YacTO IIPUHUMA-
eTCcsl BO BHUMaHHe, MPEKE BCETO, CIIOCOOHOCTh (JIer-
KOCTb) pa3JieJICHUs] HCXOAHOH cMecH. B monHO# pek-
TU(PHUKAHOHHON KOJIOHHE, KaK W3BECTHO, HCHapseTcs

Ky0oBasi JKH/IKOCTb, & HE HCXOIHAs CMeCh. [loaTomy
AKTyaJIbHBIM SIBJISIETCSI BOIIPOC O B3aUMOCBSI3U TPYIHO-
CTH Pa3JeJICHUS] CMECH METOJIOM PEKTH(UKAITIH U HEOO-
XOJMMBIX JUTS 3TOTO 3aTparax TeIIOTHl B KUITATIILHUKE
PEKTUPUKAIIMOHHOH KOJIOHHBL.

AHanu3y 3aTpar TeIIOThI P PEKTH(GUKAIIIH JKUJI-
KHX cMecel B pa3paboTKe CriocoO0B IHEProcOepeKeHUs
U ONTUMAIIBHBIX CXeM PEKTU(UKAINN OMHAPHBIX U MHO-
TOKOMIIOHEHTHbBIX CMECEH YIIeJIeHO OOJbIIOe BHUMaHHE
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Kak B 3apy0ekHOi1 [ 1-7], Tak ¥ B OTeUeCTBEHHON HAyYHOI
muteparype [8—14]. BeiOop onTuManbHON TEXHOJIOTHYE-
CKO# CXeMBI peKTH()UKAIINA MHOTOKOMITOHEHTHBIX CMe-
ceit 00bIyHO 0a3upoBascs Ha IBPUCTHUECKUX TPaBUIIAX
[9-11]. Kak otmeueHo B pabore [10], «<HUA OTHO U3 HUX HE
MOXeT OBITh PEKOMEHIOBAHO JIsl BRIOOpa ONTUMAIbHON
cxeMsblI pazzaeneHus. OCOOCHHO TTOXHE PE3YIBTAThI A0
MIPAaBUJIO TUXOTOMUHU U MH(OPMAIIMOHHO-OHTPOMUIHBIN
noaxoa». B pabdore [9] mpeioxkeH MeTos BeIOOpa OIl-
THMAJIbHOTO BaApUAHTA TEXHOJIOTUYECKON CXEMBbl PEKTH-
(UKaIuN TPEXKOMIIOHCHTHBIX 3€0TPOITHBIX CMEceH ITo
KPUTEPHIO, MPOMOPIUOHATBHOMY CyMMAapHBIM DHEpTe-
THYECKUM 3aTparaM TeIUIOTH B 00CHX KOJOHHAX, HO HE
YVUUTBHIBAIOLIEMY DPAa3IM4YMe TEIUIOT MapooOpa3oBaHus
KOMITOHEHTOB. TeM He MeHee, aBTopy [9] ynanock paszpa-
0oTarTh anrOpUTMBI U KOMIUIEKC MAIIMHHBIX MPOrpaMm
JUISL CUHTE3a Y QHAJIN3a TEXHOJIOTHYECKUX CXEM, C IIOMO-
IIbIO KOTOPBIX JJOCTaTOUYHO TOYHO ONPENEICHBI TPAaHHIIbI
o0nacTei NCXOMHBIX COCTaBOB, B KOTOPHIX DHEPreTHYIC-
CKHU BBITOJIHA CXeMa «a» WIu «0» (pucyHok). [To cxeme
«a» (mepBoe 3aJjaHHOE pa3/ieJieHHe) B IEPBOil KOJIOHHE B
BUJIC IUCTUIUISITA BBIACTISICTCSI HAN0OJIee HU3KOKUTISIIIA I
rxomroneHT (HKK), a nBa npyrux — Bo Bropoii. ITo cxeme
«O» (BTOpOE 3aJ]aHHOE pa3ZelicHHEe) B TIEPBOM KOJOHHE
B KayecTBe KyOOBOIo HpOIyKTa BbIJENseTCS Haubosee
BeIcokokursuid komrnoHeHT (BKK), a aBa npyrux — Bo
BTOpOH. B TpeyronbHOW nuarpaMMe cOCTaBOB 00JIaCTh
ONTUMAIIBHOCTH CXEMBI «0» pacroyioxKeHa BOIM3H camo-
r'0 BBICOKOKHMITSAIIETO0 KOMIIOHEHTa U cocTasiser oT 12.1

Bo3MmorkHBIE CXeMBI pa3eIeH s TPEXKOMIIOHEHTHON
cMecu Ha ipumepe Oenzoi (b) — Tomyou (T) — o-xennon (K):
a — IIepBOE 3a/lJaHHOE PA3/IEIICHNUE;

0 — BTOpo€ 3a/laHHOE Pa3eNeHHUE.

110 25% oT 00IIIel MIIoaIn JUTS pa3HbIX CMECei: OeH301
(b) — Tonyon (T) — uzonpornunéenszon (UI1b) — 12.1%;
b — T — stunbenson (3b) — 18.0%; b — Ob — UIIb —
21.8%; T — Ob — UIIb — 25%.

Lenbro TaHHOH pabOoTHI SIBISETCS HAYYHOE 000CHO-
BaHHE CYIECTBOBAHUS OONACTEH ONTHMAIBHOCTH CXEM
«a» W «O» TPHU pa3eNieHHH TPEXKOMIIOHEHTHBIX CMe-
ceil Ha OCHOBE aHalN3a TPYAHOCTHU Pa3/ICICHUs] CMECH U
BHYTPEHHETO YHEPTrOCcOCPEIKEHNUS B PeKTH(OUKAITMOHHBIX
KoJIoHHaX. [loJ BHYTPEHHUM DHEProcOepeKeHUEM Io-
HUMAaEeTCsI MHOTOKpaTHas «paboTay MmapoBOro MOTOKa Ha
TapeNkax PeKTH(PHUKAIMOHHBIX KOJIOHH, 2 UMEHHO, €ro
KOHJICHCAIMS C BBIACIICHUEM TEIDIOTHI JUIS MCHapeHHUs
BCTPEYHOTO KUAKOCTHOTO MoToka [12—14].

3aBHCUMOCTD 3aTpaT TEIUIOTHI OT YHCTOTHI TIPOAYK-
TOB pa3leliCHHs IPU PEKTUPHUKAIUH YIOOHO MPpOaHam-
3WpOBaTh CHaUaa sl OMHAPHBIX CMeceil ¢ JOIyIIeHHEeM
0 PaBCHCTBE TEIUIOTHI MAPOOOPA30BaHMsI KOMIIOHCHTOB
cMmecH (v, =7, = 1) ¥ PaBEHCTBE DHTAJbBIHNH IOTOKOB
C UCXOJIHOM CMECBIO L ¢/, Ha BXOJIE B KOJIOHHY U C TIPO-
myxramu pasnenenns (Dc,t, + L c ) — na Boixone. C Ta-
KHAMH JOMYIICHUSIMHU 3aTPaThl TEIIOTHI B KUIISITHIBHUKE
PEKTH(HUKAITMOHHON KOJIOHHBI paBHBI OTBOIY TETUIOTHI B
KOHJICHCATOPE M COCTABIISIOT

O =D(R+1D)r, (H

rae D — MOTOK IUCTHILIATA, R — (piermMoBoe yucio.
MuHuMaabHBIE 3aTPaThl TETUIOTHl UMEIOT MECTO B

pexkruMe paboThl KOJIOHHBI C MUHUMAIIBHBIM (pJIETMOBBIM

9quCIOM R

H

Q,Muﬂ — D(R

K

MUH + 1)’" (2)
MuHuManabLHEIC YACIBHBIC 3aTpaThbl TCHJIOTHI (Ha
paszaeneHue 1 KMOJIb/C MCXOAHOM CMECH) paBHbI:

MUH D
q I,(uun — k —_ = ( R

+1)r. 3
Ll Ll MUH )r ( )

B ommumume ot mpemnmoxenHoro B [9] kpurepus
731ech cornacHo (popmysie (3) MUHMMaIbHBIE YIETbHbIE
3aTpaThl TEIUIOTHI YYUTHIBAIOT TEIUIOTY MapooOpa3oBa-
HUsI JUCTHJUIATA, KOTOpas MpPU IOMCKE ONTUMAIBHOMN
CXEMBI Pa3ZeJICHUs] MHOTOKOMITOHEHTHOW CMECH MOYKET
CYIIECTBCHHO MOBJIUATH HA PE3YJbTAT pacueTa.

Jorns momrygaeMoro BepXHeTo MPOAYKTa 3aBUCHT OT
cocraBa OMHAPHOM MCXOHON CMECH X, M YMCTOTHI IPO-
JKTOB: X, — BEDXHETO U X, — HUKHETO. M3 MaTepuanbHo-
ro 6anaHca KOJOHHBI cieayerT [8]:

D _x-x
PR “

Xy =X
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W3 Gopmynsl (3) BUAHO, 9TO MUHUMAIILHBIC YIEITh-
HBIC 3aTPaThl TEIUIOTHI 3aBHUCAT TOJIBKO OT (PIETMOBOTO
qrcia ¥ JOTU OTOMPAaeMOro BEPXHETro MPOIyKTa. 3ame-
TUM, 4TO (hopMmyia (3) mpuMeHHMa U K TIpolieccy paszie-
JICHHUS CMeCel ¢ OOJBIION OTHOCHTEIBHOM JIETy4eCThIO
KOMITOHEHTOB, Kor/ia ()JIESrMOBOE YUCIIO OJIHM3KO K HYIIIO.
JlaHHOE YCIIOBHE COOTBETCTBYET MPOIIECCY BBHITApUBa-
HUS PACTBOPOB COJICH, TJie 3aTpaThl TEIIOTHI OMpees-
IOTCSI JIUIIH AOJICH BEITapEHHOTO PACTBOPUTEIIS.

VhenpHBIC 3aTparhl TEIUIOTHI MPU PEKTUDUKAIUU
¢ pabounM (GIErMOBBIM YHUCIOM R MPOMOPITUOHATBHBI
(R+1). YBenuueHuUe 3aTpaT TEMIOTHI IPU PEKTU(DUKALIUT
B (R+1) pa3 (110 CpaBHEHHIO C BBITTAPUBAHUEM ) CBSA3AHO C
CO3/JaHUEM IIOTOKA (pJIETMBI 110 KOJIOHHE, HEOOXOAUMOTro
IUTsL 00eCIIeUeHNsT TIPOTHBOTOYHOTO TEIIIOMAacCOOOMeHa
MEXIy napoBoi u xuakoi dazamu. CnexyeTr ocobo ot-
METHTB, 4TO TIpH R = 0 (reperonka 6e3 (ierMbl) 3aTparbl
TEIUIOTHI, MPOMOPIIMOHANBHBIE 1, OJTHOPA30BhIe, TO €CTh
0e3 kakoro-Jimbo sHeprocoepeskeHus. Jlons aTux 3arpar
(6e3 MHOTOKpATHOH «pabOTh» Tapa Ha TapelKax PeKTH-
(bUKaIIMOHHOW KOJIOHHBI) TIpH (Di1erMoBBIX yuciax R < 1
npesbIimaeT 50%. A npu ¢rermoBsIx uuciaax R > 10 gons
«0OeCToe3HBIX) 3aTpar TeIUIOTH cTaHOBUTCS MeHee 10%.
OTO elie 0HO JOKA3aTeNbCTBO TOTO, YTO C YBEIMUYCHU-
eM (NIErMOBOTO YHclia TPOIecCe PeKTH(GHUKAIMU CTaHO-
BUTCS Ooniee sHeprocoeperaromuM. Jpyrumu cioBamu,
YBEIMYMBACTCS BHYTpeHHee JHeprocoepe:kenue [12]
pU peKTH(UKAIINH.

Takum 00pa3oM, TPYAHOCTh pa3leiCHHS KHIKON
cMecHu Ha TpeOyeMble MPOAYKTHI, a CIEJOBATENbHO, U
3aTpaThl TEIUIOTHI B KUIIATHIBHAKE 3aBUCAT OT ABYX Ia-
pameTpoB: IO BepxHero npoaykra D/L u ¢ierMoBoro
gucna R.

3arparhl TEIJIOTHI B KHUISITHIBHUKAX OOCHX PEKTHU-
(PMKaIMOHHBIX KONOHH TPH pPa3leiCHHH TPeXKOMIIO-
HEHTHBIX CMECeil 3aBUCST, TaKXKe KaK U B ClIydyae paszie-
JIeHUs] OMHAPHBIX CMECeil, OT 0N OTONPAEMBIX BEPXHUX
MPOIYKTOB U (PIIETMOBBIX YHCEN B KaXI0W KOJIOHHE.

B 06oux BaprnanTax pa3neneHuUs TPEXKOMIIOHEHTHBIX
cMeceld BTopasi KOJIOHHA IpeiHa3HavYeHa Ui peKTH(UKa-
i OnHapHOM cMecH. CyIeCTBeHHBIC OTIIHINS IMEIOTCS
B paboTe MepBhIX KOJOHH. Tak, B CIy4ae IKBUMOJISIPHOTO
COCTaBa MCXOTHOM CMECH IS BBIACIECHHS OeH301a (cXeMa
«a») TpelyeTcsi 3HaUUTEIbHO OOJbIlIee MUHUMAIIbHOE (1
pabouee) ¢GrierMoBoe YUCIIO, YeM TIPU TOTYICHUH B JIUC-
THILIsITE OEH30J1a U TOIyoJIa TIo cxeme «0» [8].

[Ipu paznenenun 1 KMOJIB/C IKBUMOJISIPHOTO COCTa-
Ba ucxongnoi cmecu b+T+K c BblaeneHueM Bcex Tpex
KOMITOHEHTOB OMHAKOBOH YUCTOTHI BEIMINHBI TIPOTYK-
TOBBIX MMOTOKOB TaKke OyayT paBHbIMU. HecmotTpsi Ha
IIyOOKHI TEOPETUYCCKHI aHalu3 peKMMa MHHHUMAJIb-
HOU (hyierMbl Mpy peKTH(GUKAIIMA MHOTOKOMITOHEHTHBIX
cMmeceit [15], OTCYyTCTBYIOT Ha/Ie)KHBIE METO/IBI pacueTa
MHUHHAMAIBHBIX (DIETMOBBIX YHCEN B MEPBBIX KOJOHHAX
cxeM «a» u «o». [loaToMy cHaganma mpuUMeHEeH TpHOIH-

JKCHHBIM MeToJ] pacdeTta [8], OCHOBaHHBIA Ha BhIOOpE
KIII04eBOM mapbl. TpyAHOCTb pasfelneHus HCXOAHON
cmecu b+T+K, a, cnemoBarTensHO, W 3aTpaThl TETUIOTHI
B MIEPBOI KOJIOHHE MOKHO OIIEHHUTDH C MOMOIIBIO BBIpa-
skerust (3). Tak, mpu pa3AeNeHUH 1O CXEME «ay JIOJIS OT-
O6upaemoro Oenzona (uucrora 8%) pasHa 0.333, u npu
roHneHTpanuu HKK (6eH3oma) B OWHApHOI cMECH, Tak-
ke paBHol 0.333 kmonb b/KMoOJIb cMecH MUHUMaJIbHOE
(hirerMoBO€ YMCIIO TIPH pa3AeIICHHH CMeCH OCH30JI—TOITy-
oxt coctanisieT 2.01. TpyHOCTh pa3ieneHus Takoi cMe-
CH COIVIACHO BBIPAKCHHIO (3) OICHUBACTCS BEIIMYMHOMN
MUHUMAJILHOTO YAEJIBHOTO MapoBOTO IMOTOKA, PaBHON
0.333(2.01+1) = 1.002.

[Ipu pasneneHuM TON ke HCXOAHOW TPEXKOMIIO-
HEHTHOH CMECH B TICPBO KOJIOHHE CXEMBI «0» JIOJIS OT-
OupaemMoro BEpXHEro Mmpoaykra coctaBuT 0.667 KMOJIb
(b+T)/kMonb cMecH, a MHHAMaJIbHOE (NIETMOBOE YHC-
10 pasHo 0.867 mpu paszneneHuun kitodeBoit napel T-K.
TpyaHOCTH pa3neneHuss CMECH Ha 3aJaHHBIC COCTABEI
MIPOAYKTOBBIX MTOTOKOB OILIEHUBAETCS B ATOM CIydae MHU-
HUMAaJBHBIM YICTHHBIM ITapOBBIM ITOTOKOM B KOJOHHE,
paBHbeiM 0.667(0.867+1) = 1.245. A, cnegoBaremnbHO,
W 3aTpaThl TEIUIOTHI II0 ATOW CXEME pa3fieieHus OyayT
Oonbie. DTOT TPUBHAJIBHBIA BBIBOA OOIIEH3BECTEH.
Baxno npyroe: npu pazneneHuu o CXeMe «a» napoBOu
MOTOK B MIE€PBOI KOJIOHHE MEHBIIIE, YeM B IIEPBOI KOJIOH-
HE cxeMbl «O». [Ipu 3TOM Oosbiee (IIerMOBOE YHCIIO
(cxema «a») obecrieunBaeT OoJiblllee BHyTpEHHEE YHEp-
rocOepekeHUE Ha Tapesikax PeKTU(PUKAIIMOHHON KOJIOH-
HBI (KO3((UIIMEHT UCTIONB30BaHUs Mapa, XapaKTepu3y-
FOIIUI JOJIF0 €r0 KOHACHCALMN HAa KO CTYIIEHH JJIs
HCHapeHusi BCTpeyHoro notoka ¢iermsl) [12]. Umenno
9TO U 00ecIeUnBaeT MEHBIINE CyMMapHBIE (B IBYX KO-
JIOHHAX) 3aTpaThl TEIJIOTHI TI0 CXeMe «a» (B CPaBHEHUHU
CO CXEMOH «0») TIpH MOIYICHUH OTMHAKOBOW UHCTOTEHI
BCEX TPEX MPOAYKTOBBIX MOTOKOB 10 00EUM CXEMaM.

BayTpenHee sHeprocOepexeHne OH B PEKTH(U-
KallMOHHOM KOJIOHHE IPH IMojaye UCXOAHON CMecH MpHu
TeMIIepaType KUIICHUS MOYKHO PacCUUTaTh MO (GopmyIe
[12], yuuTsIBarome (paerMoBoe YUCIO R ¥ YUCIO TEO-
PETHYECKUX TAPEJIOK B YKPEIUISIOIEH n, u OTTOHHOM 71
CEKLUSX:

R n
Du = z + "o (5)
R+1n,+n, n, +n,

Cpennee BHYTpeHHee dHeprocOepexxeHne JH pek-
TUPUKAITIOHHOW YCTaHOBKH, COCTOSIIICH M3 JBYX KO-
JIOHH, MOXXHO pPacCUUTaThb MO 3HAYCHUAM BHYTPCHHCTO
sHeprocoepexenus On, (B KooHHE 1) u Ou, (B KOJOHHE
2) o gopmyrie, yUUTHIBAIOLICH TOJIIO TAPOBBIX TOTOKOB
V' B Ka)KJ10i KOJIOHHE OT CyMMapHOTO B CHCTEME U3 JBYX
KOJIOHH:!
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V.

On = O, 4 H2V+2V
1 2

+
h+v,

(6)

Hamuuane o0nmacTé MCXOMHBIX COCTABOB TPEXKOM-
MOHEHTHBIX CMECCH, JJIsI KOTOPBIX MPU Pa3IeiICHUH I10
cxeme «O» TpeOyrTCs MEHBIIWE 3aTpaThl TEIUIOTH B
KUISITHIIBHUKE, YeM TI0 cxeme «a» [9, 16], oObscHseT-
Cs1 TOCTATOYHO MIPOCTO C TIOMOIIBIO MTOHATHH TPYIHOCTH
pasneneHus (WM MUHEMAIBHOTO YIEIBFHOTO TapoBOTO
MOTOKA) W BHYTPEHHETO JHEProcOepeKeHUs] MpU PeK-

tuukanuu. OOBIYHO 3TO 00JACTh C MAllLIMH KOHIICH-
tpauusamMu HKK, kornma muist ero BbineneHus (B Hamiem
TprMepe 3TO OSH30JT HITH CyMMa KOHIIEHTPAIHi OeH30I1a
U TONyosa) TpebyroTes Oonbiie (pierMoBbie Yucia npu
paboTe mepBhIX KOJIOHH B 00EUX CXeMax.

W3 npexacraBieHHbIX B Ta0I. 1 pe3ynbTaroB pacyera
MUHUMAJIBHBIX YAEIbHBIX [1APOBBIX IIOTOKOB 110 KOJIOHHE
npu pasnuunblx koHueHtpauusax b, T u K B ucxonnon
CMECH BHIHO, YTO IPH MAJBIX KOHIIEHTpamusx OCH30-
Jla ¥ TOJTyOJa PeKTU(UKALINI0 HEOOXOIUMO IPOBOAMTH C
OONBIINMHE (DIIETMOBBEIMH YHCIIAMH.

Tadauna 1. MunumasbHble (QJIerMOBBIC YHCIIA U YJISIbHBIE IOTOKH apa
B KOJIOHHAX CXEM «a» U «O» IpU pa3HbIX COCTaBaX MCXOAHOW CMecH

CopnepxaHue KOMIIOHEHTOB B HCXOJTHOW cMecH, % MOI.

MuHuManbHOE (IErMOBOE YHCIIO

MuHUMaNbHBINA yIEIbHBIN
1apoBOi MOTOK

b T K Cxema «a» Cxema «0» Cxema «a» Cxema «0»
333 333 33.4 2.01 0.867 1.002 1.245
15.0 15.0 70.0 4.67 2.21 0.850 0.963
5.0 5.0 90.0 14.1 6.84 0.754 0.784

W3 tabmn. 1 Taxxe BUIHO, UYTO C YMEHBIIICHUEM KOH-
uentpaiuit seryunx (HKK) koMIoHEeHTOB B MCXOAHOM
CMECH NPEUMYIIECTBO CXEMBI «a» MO BETMYWHE MHHH-
MaJIbHOTO YJEJIbHOTO MapoBOr0 MOTOKAa B NEPBBIX KO-
JIOHHAX MpPaKTHUCCKH ucye3aeT. Tak, B cioydae MajbIX
KOHIICHTparwii 6ex3ona (5% moi.) u Tomayona (5% Mot.)
MUHUMAJIbHBIN yAEIbHBIN IaPOBON IOTOK B IIEPBOM KO-
noHHe cxeMbl «0» (0.784) Bcero nuipb Ha 3.9% npeBbI-
mraeT TakoBoi (0.754) B cxeme «ay. Eciu ydecTs, 9To B
9TOM Clly4yae 3aTparhbl TEIJIOTHl BO BTOPOIl KOJIOHHE CXe-
MBI «0» CYIIECTBEHHO MEHBIIIE, YeM BO BTOPOH KOJIOHHE
CXEMBI «a», U3-3a MEHBIIEr0 NOTOKa MUTAHUs, TIOCTYyIIa-
JOIIETO BO BTOPYIO KOJIOHHY, TO CYMMapHBIC 3aTpaThI Te-
TUTOTHI TIO CXeMe «0» OYIyT MEHBIIE, YeM TI0 CXEME «ay.
B npencrarienHol HUXKE TaOl. 2 BHIHO, YTO TEILIOBBIC
3aTpaThl BO BTOPOM KOJIOHHE cXeMbl «0» Bcero 43.8 kBT
1o cpaBHeHHIO ¢ 246.3 kBT — B cxeme «a».

TeopeTnyeckoe 00OOCHOBAaHUE CYLIECTBOBAaHHUA 00-
JacTell ONTHMAIBHOCTH CXEM «a» M «0» pasnescHus
TPEXKOMIIOHEHTHBIX CMeCel BO3MOKHO IyTEM CpaBHE-
HUSI CyMMapHbIX (B IByX KOJIOHHAX) YJICJIbHBIX 3aTpar Te-
IUIOTHI, ONIPEJEIiEMBbIX B COOTBETCTBUU C (hopmyioii (3).

[Ipu pazaencHUN MO CXeMe «a» CyMMapHBIC YIeb-
HBIE 3aTPaThl TEIJIOTHI B IByX KOJIOHHAX COCTABIISAIOT

a2 =22 1+ 2l

1

[Ipu momymieHuu, 4To 10 0TOOpa ITUCTHIUIATA B
Ka)KI01 KOJIOHHE paBHA COACPKAHUIO KOMITOHEHTA B HC-

q¢ =0,333(2.01+1)30700 + 0.333(1.35 + 1)33400 = 56900
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XOJTHOM CMECH, TO €CTh Dl_/L1 = xli, rae uHaexkc i = b

(6enzomn), T (tomyon) uiu K (o-kcuion), noaydyaem:

qs = x]E (Rl" + l)rE + xlT (R; + 1)}’T @)

AHAJIOTMYHO MOXKHO TOJNYYUTh BBIPOKEHHE IS
CYMMAapHBIX YICJIBHBIX 3aTpar TEIUIOTHl B KHUITATHILHU-
Kax 00eHX KOJIOHH I10 cXeMe «O»:

% = (xf +xT R +1)ryy +xP (RE +1), (8)

I'panuna pasgena obnmacTeld ONTUMAJIBHOCTH IS
CXEM «a» U «0» COOTBETCTBYET PABEHCTBY BBIpaKEHUI
(7) u (8). AHANIUTHYECKOE PEIICHUE ATOTO YpaBHEHHS
BPSIJI JIM BOBMOYKHO M3-3a CJIOKHBIX 3aBUCUMOCTEH (iier-
MOBBIX YHCEI (JJa’Ke MUHUMAIBHBIX) OT COCTaBOB pa3ie-
JSIEMBIX CMEcel BO BCEX KOJIOHHAX.

IIpennaraemslili HHM)KE pacdeT CyMMApHBIX MHUHH-
ManbHbIX (IIpU R ) yHenbHBIX (Ha 1 KMOJIb MCXOMHOM
CMECH) 3aTpaT TEeIUIOThl 1o (opmyiaMm (7) s CXEMbI
«a» 1 (8) — 1 cxeMbl «0» MOATBEPKIAET HATTMUUE 00-
JacTe ONTUMATBHOCTH CXEM «a» H «O».

IIpu paznenenuu 3xBuMosIApHOii cmecu b — T — K npu
HaW/ICHHBIX BbILIE MUHUMAIBHBIX YIEIbHBIX MAPOBBIX I10-
TOKaX B MEPBBIX KONOHHAX, 3HAYeHHsX R* = R° = 1.35 npu
Ppa3IeeHIN SKBUMOJLIPHBIX OMHAPHBIX CMECEH BO BTOPBIX
KOJIOHHAaX 00CHX CXEM U MOJIBHBIX TEILIOTax MapoodpasoBa-
nus 7, = 30700 kJLx/kmoib, 7. = 33400 kJ[K/KMONB, 7 =
31000 k/Ix/kMOI1b, IOTYYaeM:

x/{orc

KMOJlb
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K/l

Ke

unu gy = 618

x/{orc

q% =(0.333+0.333)(0.867 +1)31000 + 0.333(1.35 +1)30700 = 38500 + 24000 = 62500 ———

K/

Ke

um gy =679

Cxema «a» MeHee 3arparHas (618 < 679).

KMOJIb

Ipu pasnenennu cmecu b — T — K nexoanoro cocrasa x,* = 0.05 mom. 1., x," = 0.05 mon. 1. u x, X = 0.90 mMon. j1. cymmap-
HBIE MUHAMAJIbHBIE Y/IENBHBIE 3aTPAThI TETUIOTHI IO CXEME «a» PABHEI

q¢ =0.05(14.1+1)30700 + 0.05(10 +1)33400 = 23200 + 18400 = 41600

K/l

Ke

mwm g5 =400

H I10 cXeMe «O»

x/lorc

KMOJlb

x/lorc

g% =(0.05+0.05)6.84 +1)31000 + 0.05(1.35 + 1)30700 = 24300 + 3600 = 27900 ———

x/{orc

Ke

Wi qzﬁ =286

Cxema «0» IpH TAKOM COCTaBE UCXOJHON CMECH Cy-
IIECTBCHHO MECHEE 3aTpaTHasl.

BelmienpuBeieHHBIE TEOPETUYCCKHE TTOJIOKCHHS H
pe3yabTaThl MPEABAPUTEIBHBIX PACUCTOB ITONTBEPIKIC-
HBI pacyeTaMy 3aTpaT TEIJOThl MU BHYTPEHHErO JHep-
rocOepexeHusi (B 00eMX KOJIOHHAX O0EUX CXeM) MpH
pasmeneHun | Kr/c TPEXKOMIIOHEHTHOW cMecH OeH30J1—
TOJIYOJI—0-KCHIION Pa3IMYHOTO COCTABA, BHIIOIHEHHBIMU
¢ nomoipro Moayasi DSTWU nporpammer Aspen Plus.
s pacuera ObLIH BHIOPAHBI HCXOMHBIC COCTABBI: JKBH-
mostsipHbIi (0.333 — mon. . 6ensona, 0.333 — Mot . Tomy-
ona u 0.334 — MoJI. /1. 0-KCHIIONA) U C MAJIBIM COJICPKAHU-
eM OeH30I1a M TOJTyoJia B CMECH C 0-KCHIIONIOM, & HIMEHHO:
0.05, 0.05 u 0.90 Mo1. 11., COOTBETCTBEHHO.

PesynbraThl KOMITBIOTEPHOTO pacueTa 3aTpaT Te-
TUTOTHI U BHYTPEHHETO DHEProcOEPEKESHHUS B OTACITBHBIX
KOJIOHHAaX W CUCTEMaXx M3 JIByX KOJIOHH MPE/ICTABJICHBI B
Taom. 2.

W3 pesynsraroB, MpUBEICHHBIX B Ta0M. 2, CICIyeT,
YTO TP pa3eieHIN SKBUMOIISIPHON HCXOIHOW CMECH C
MOJTyYEeHUEM TMPOIYKTOBBIX MOTOKOB 98% MoJj. umcTO-
TBI CyMMapHBIC 3aTpaThl TEIUIOTHI ISl Pa3AeieHHs, OCy-
HIECTBISIEMOTO 1o cxeme «a» (605.6 kBT) MeHbIle, yem
UL pasperieHnst o cxeme «o» (770.7 kBt). O0bsicHsieT-
sl 9TO, KaK OBLJIO OTMEYECHO paHee, OOIbIINM BHYTPEH-
HHUM DHEProcOepeKeHUEM B CHCTEME KOJIOHH CXEMBI «a
(0.820), yem B KonmoHHaxX 10 cxeme «0» (0.746). [Tomuep-
KHEM, YTO yAeIbHbIC (Ha | KT HCXOTHOM CMECH) CyMMap-
HBIC 3aTPAaThl TEIUIOTHI B KHUITATHJIBHUKAX JIByX KOJIOHH
mumb B 1.5-2 pasa MpeBBIMIAOT TEIUIOTY HCHAapeHHUs

KMOJlb

WCXOIHOM cMech. A Kakue ObLTM ObI 3aTpaThl TETUIOTHI
IpY ONWHAKOBOM Ka4decTBE pa3leliCHHs, HO METoia-
MU JUCTHILISAIMKU? Benb TaM OTCYTCTBYeT BHYTpPEHHEe
SHEProcOepeKeHNE, PHUCYIIEe TOIBKO PEKTH()UKAIHN.
Takoe cpaBHeHMe 3aTpar npuBeaeHo B [17].

Eme pa3 orMerrM, 4TO BHYTpeHHEE dHEpProcoOepeske-
HHE B KOJIOHHE YIyHIIIAeTCS C YBEJIHMYCHHEM (DIIETMOBOTO
qrcia comtacHo (opmyne (5). DTo B MOIHON Mepe IMmoA-
TBEPXKIIAIOT PE3yNbTaThl pacyera 3aTpar TEIUIOTHl U BHY-
TPEHHETO HEProCcOCPEKEHNUS MIPH Pa3NEeIICHUN UCXOTHON
CMecH ¢ HeOOJIBIIUM CONlepKaHHueM OCH30J1a U TOJTyoJia B
cMecu ¢ o-keugmonom: 0.05, 0.05 u 0.90 mon. 1. o-KcHIIo-
na (CM. HIKHIOIO TIOJIOBUHY Tabd1. 2). 31ech GruerMoBbie
YHCciIa 3HAYUTEIHHO OOJBINE (32 MCKIIOUCHHEM KOJIOH-
HBI 2 CXEMBI «0»), UeM MpH pa3AeiIeHIH SKBUMOISIPHOII
cMmecn. OTcroza U 3aTparhl TEIIOTH BO BCEX KUITATHIIb-
HUKaX CYIIECTBEHHO MEHBIIE (32 CYeT MOBBIIIEHHOI0
BHYTPEHHEr0 JHeprocoepe:keHusi B KOJIOHHAX) W,
KOHEYHO, MEHBIIIe CyMMapHbIC 3aTparhl Ha BBIJCICHUE
OT/ICTBHBIX KOMITOHEHTOB (B 1.5 pa3a B cxeme «a» u B 3
pa3a — B cxeMe «0») Jaske MpH MOTy4YCHHH MPOTYKTOB
pasnenenus Oojee BHICOKOM YUCTOTHI (Ha ypoBHE 0.998
Moda. foau BMecTo 0.980 mpu pasnesieHuu 3KBUMOJISp-
HOU UCXOJHOW cMecH). BbIneneHHble TOMYKUPHBIM
mpudTom B TabNI. 2 BHYTPEHHHE SHEProcOEpeKeHUs B
MEPBBIX KOJIOHHAX cxeM «ay» (0.927) u «6» (0.934) 00b-
SCHSIIOT MPUYUHY MEHBIIMX 3aTPaT TEIIOTHI B CXeMe
«6». W, koHEUHO, /Uil pa3ieneHust HeOOIbIIOro MOToKa
cmecu b u T BO BTOpOii KOJIOHHE CXeMBI «0» HEOOXO0u-
MBI MaJIbIe 3aTpaThl TEIUIOTHI (Bcero 43.8 kBT).
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Tadauna 2. Pe3ynbrarel KOMITBIOTEPHOTO pacyeTa yAeIbHBIX 3aTpaT TeIIOThI
npu pexrudukanuu cmecu oenson (b) — tomyon (T) — o-kennon (K)

Xapaxreprcrii Cxema «a» Cxema «o»
Kosnonna 1 | Kosnonna 2 Komnonna 1 | Komnonna 2
Hcxonnas cmech: x,° = 0.333, x 7= 0.333, x © = 0.334
b T K b T K b T K b T K
Coneprxanue neneoro komrnonenra | 0.981 | 0.000 | 0.000 | 0.000 | 0.978 | 0.980 | 0.000 | 0.000 | 0.980 | 0.980 | 0.981 | 0.000
®drermoBoe yucio, R 1.64 1.35 0.56 1.35
Uwmcno Tapenok 30 30 30 30
Tapenka nutanus 13-as 14-as 13-as 15-as
DHeprocoepexeHune, In 0.837 0.803 0.725 0.787
Cpennee On B IBYX KOJIOHHAX 0.820 0.746
3arparhl TEIIOTHI, KBT 313.0 | 292.6 505.1 | 265.6
CymmapHsble 3aTpatsl, KBT 605.6 770.7
Hcxonmas cmeck: x,° = 0.05, x,7 = 0.05, x = 0.90
Copneprxanue neseBoro komrnonenra | 0.999 | | | 0.998 | 0.998 | | 0.998 | 0.998 | 0.997 |
®drermoBoe uncio, R 5.86 13.95 5.0 1.8
Uwmcno Tapenok 30 30 30 28
Tapenka nutanus 15-as 15-as 12-as 14-as
DHeprocbepexenue, JH 0.927 0.966 0.934 0.822
Cpennee On B IBYX KOJIOHHAX 0.952 0.915
3arparbl TEIIOTHI, KBT 121.3 246.3 208.5 43.8
CymMapHsbIe 3aTpatel, KBt 367.6 252.3

B 3akmouenue HCO6XOZ[I/IMO OTMCTUTDB, YTO aHAJIM3
3arpar TCIJIOThI B KUIIATUIBHUKAX peKTI/I(bI/IKaHI/IOHHBIX
KOJIOHH CXEM «a» U «0» MOATBCPIKIACT CZ[CJ'IaHHLIfI pa-
HEC B TCOPCTUYECCKOM aHAJIM3€ W BBIIIOJHCHHOM IIpU-
OJIMKEHHOM pacyeTe BIBOA O TOM, YTO IIpHU pa3aCJICHUN
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aiemeHmoopaaHuueckux coeouHeruil, Mockea 111123, Poccust

?Mockoeckuii mexHonozuueckuii yHugepcumem (MHcmumym moHKUX XUMUUECKUX MEeXHO02UTL
um. M.B.Aomorocosa), Mockea 119571, Poccus

@Aemop onsi nepenucku, e-mail: kirilinada@rambler.ru

Pearxyuetll keamepHU3aUUU NOSUXTOPMEMUN)OPLAHOCUNOKCAHO8 C 1-MemuauMuoas3onom cuHmesu-
po8aHbBL XNOPUOLL NOTUOP2AHOCUNIOKCAHO8 C 1-Memunoua3onuimemuneHosomu epynnamu. Onpede-
JIeHO cmeneHb 3a8epuleHHocmu OaHHOU pearyuil U NPOOYKmMbl OXAPAKMEpPU308aHbL OAHHLIMU 371e-
MeHmHoeo aHaausa, SAMP-cnekmpockonuu (‘H u 2°Si), TTA u ATA. ITokazaHa NPUHYUNUAALHAS
B803MOIKHOCMb NONYUEHUSL CMAMUCTUUECKUX NOJAUOP2AHOCUNOKCAH08 ¢ [1-(memun)-umuoaso-
AUNJ-MEMUNBHBIM 3aMecmumenem 8 0OpamaeHUU CUNOKCAHOB0U MAKPOMONEKYSbl pearkyueli
K8AMEPHU3AUUU COOMBEMCMBYOULUX XTIOPMEMUNZAMEULEHHBIX KPeMHULOP2AHUUECKUX NOUME-
pog 1-memunumuoaszonom. Memooom TI'A u [ATA obHapyrKkeHO, umo 0ecmpyKyust NOAYUEHHbLX UOH-
HblX JKudKocmetll Hacmynaem npu HazpesaHuu Ha 8030yxe sbiuie 265 °C. YcmaHoeneHa 803MOXK-
HOCmMb huKkcuposame 06pa308aHUE CONU UMUOA30USL NO NOSIBAEHUIO xumcosuza 8 obracmu
~10 m.0. 8 'H-5IMP-cnexmpe.

Knroueevle cnoea: uoHHbLE XKUOKOCMU, COMU UMUOAZONUSL, OUA30/bL, KpeMmHUllopeaHuuecKkue
coeOUHEeHUsl, NOJIUCUJIOKCAHDL.

CHLORIDES OF POLYORGANOSILOXANES WITH 1-METHYLDIAZOLYL-
METHYLENIC GROUPS. SYNTHESIS AND PROPERTIES

A.G. Ivanov!, V.D. Sheludyakov', A.M. Abramkin’!, E.A. Novokovskaya?,
A.D. Kirilin>@, P.A. Storozhenko!

IState Scientific Research Institute of Chemistry and Technology of Organoelement Compounds,
Moscow 111123, Russia

?Moscow Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow 119571, Russia

@Corresponding author e-mail: kirilinada@rambler.ru

Chlorides of polyorganosiloxanes with 1-methyldiazolylmethylene groups were synthesized using
the reaction of quaternization of poly(chloromethyl)organosiloxanes with 1-methylimidazole. The
degree of completeness of this reaction was determined, and the products were characterized
by the data of elemental analysis, NMR spectroscopy ('H and #°Si), TGA and DTA. The possibility
in principle of obtaining statistical polyorganosiloxanes with the [l1-(methyl)imidazolylmethyl
substituent in the frame of the siloxane macromolecule by quaternization of the corresponding
chloromethyl-substituted organosilicon polymers with 1-methylimidazole is shown. By the method
of TGA and DTA, it was found that the destruction of the obtained ionic liquids occurs when heating
them in air above 265 °C. The possibility of fixing the formation of an imidazolium salt by the
appearance of a chemical shift in the region ~10 ppm in the ' H-NMR spectrum has been established.

Keywords: ionic liquids, imidazolium salts, diazoles, organosilicon compounds, polysiloxanes.
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W3BeCTHO, YTO NPUMEHEHWE HMOHHBIX JKHMJIKOCTEH
MO3BOJISIET PELIaTh MHOTHE BOMIPOCHI, CBSI3aHHBIE CO CHU-
JKEHIEM SHEPreTHUECKUX 3aTpaT U 3arps3HEHIN OKpyKa-
tfoiet cpensl [1-11]. B oprannyeckoM cuHTE3€ MOHHBIE
JKUJIKOCTH CTaOMITN3UPYIOT OpTaHIIEeCKHE KaTHOHBL, MPO-
SBJISIFOT KaTaIUTHYECKYIO0 aKTMBHOCTD M MCIIONB3YIOTCS B
KadecTBe cpenpl [12, 13]. Obnamast HU3KOH JIeTy4ecThIo,
MOHHBIE JKUJIKOCTH HE HAHOCST BpeZa OKpYXKarollei cpe-
i€ ¥ 3J0POBEIO YETOBEKA — NMEHHO TIOATOMY OHH ITHPOKO
UCTIONIB3YIOTCS B «3€JICHON Xumum» [ 14].

B xonne XX Beka ObUTH MTOJTyYeHBI HOBBIE HOHHBIC
JKUJIKOCTH: MMMJIA30JMeBble, TUPUAMHUEBBIC, MOIUAII-
KIJTaMMOHHEBEIC, TYaHHAWHUCBEIC, MUIICPHINHUCBEIC,
nunepasuHueBsie u ap. [2, 15, 16].

ClepXUBAOIIAMHU (PaKTOpaMu B KpyITHOMAcITa0-
HOM TIPUMEHEHUH MOHHBIX KHUJIKOCTEH M, B 4YaCTHOCTH,
UMHA30JIMEBBIX COJEH, SIBISIFOTCS TOPOTOBU3HA, HEIO-
CTaTo4YHasi THUIPOJIUTHYECKAs CTa0MIBHOCTh M OTPaHU-
YEHHBII BBIOOP HEOOXOIUMBIX peareHToB. B 3Tol cBsI3n
BEJETCS aKTUBHBINA MOMCK COJIeH MMUIA30JIHsI, JTUIICH-
HBIX YKa3aHHBIX HEJOCTaTKOB.

B dvacTHOCTH, IPOBOAMTCS MOMCK MyTEH MOIU(H-
KaIliM KaTHOHA B COJISIX MMHIA30JIHSI 32 CUET BBEICHUS
B JIMa30JI61 OObEMHBIX, Pa3BETBICHHBIX, (DYHKIIMOHAIb-
HBIX, CTIOCOOHBIX K TOJTMMEPHU3AIINH 1 T.IT. 3AMECTHTEICH.
IIpencraBnsercss palMoOHaIbHBIM UCIOJNB30BaTh TEXHU-
YEeCKH JIETKO PEaTN3yeMyI0 PEaKIWIo KBaTEepHU3AINU
JINA30JI0B C MCIOJIb30BAaHHMEM MOHOMEPHBIX, OJUTOMEP-
HBIX U TIOJTAIMEPHBIX OPTaHIMYECKIX U KPEeMHHUICOIeprKa-
mux copeareHToB ¢ aktuBHou =Si-CH,Cl-rpynmupos-
Koi. UTO KacaeTcss aHMOHHOM YacTH MOJIEKYJ «MOHHBIX
JKUIIKOCTEW», TO JOCTUTHYTBIH YPOBCHb THIPOIUTHYC-
CKO#l cTaOMIEHOCTH, TAE UX POJb BBEINIAUT OTPEeNs-
IOLIEH, TOCTaTOUYHO BBICOK 3 CUET MCIIOIB30BaHUS aHU-
onos tuna BF ", PF .

Lenbto 1aHHO# pabOTHI ABJISETCA CUHTE3 CTATUCTH-
YECKUX IOIUCHIOKCAHOB, COACPIKAIINX COUIICHEHHBIH C
CUJIOKCAHOBOM 1IETIbI0 MocpeAcTBOM cBsizu Si—C ¢par-
MEHT HOHHOH KHUIKOCTH — XJIOPUL | -METHINMHIA30IIH.

3KCHepI/IM6HTaﬂBHaH qacThb

B pabote Obu1H HCTIONB30BAHBL: | -METHIUMHUIA-
3011 GUPMBI ACros, JIesHast yKCyCHasi KHCIIOTa M TOITYOI
npou3BoacTBa (pupmbl «KommoHneHT-PeaktuB», Mapku
«X.40.

SIMP-cniekTpsl perucTpupoBald Ha pajHOCIIEK-
TpomeTpe AM-360 dupmbr Bruker ¢ paboueit wactoToi
360.13 MI'n 8 CDCI,.

TT'A n JITA npoonniu Ha ipubope Mettler Toledo
TGA/SDTA 851.

Cunme3s nonuopzanocunokcanos VI-X

Monumep VI. B uerhipexropiyo Koudy, cHab-
YKEHHYIO MEIIAJIKOH, 0OpPaTHBIM XOJOAMIEHUKOM U Tep-
MomeTpoMm, 3arpyxamu 23.4 T (0.11 mons) xopmMeTH-

TpudTOoKcucwiana, 60.2 T (0.33 mosb) merwi(heHun)
mumerokcucrinana, 30 r (0.5 Monb) JensHONW yKCYCHOM
kucaoThl, 0.26 M 36%-HOH COJNAHOM KHUCIOTHI U Iepe-
menmBanu npu 90 °C B Teyenue 3 4 10 JOCTHXKEHUS
IIOJJHOW KOHBEPCHM HCXOAHBIX PEareHTOB, KOTOPYIO
onpeaemsin MetonoM [DKX. OT peakiimoHHOH Macchl
MMOCTENEHHO OTTOHSUIA JIeTy4ue KoMmoHeHTHI 10 140 °C
u nonyyaiu 55.4 r (98.7%) nonumepa VI B Buge cModbl,
OKpaIIeHHON B CBETIO-KeAThIH mBeT. Haiineno, %: C,
51.82; H, 5.80; Si, 20.19; Cl. 6.37. Beruucneno, %: C,
51.79; H, 5.14; Si, 22.02; Cl, 6.95.

Houumep IX cunresnpoBaiu ananoruuxo u3 21.25
r (0.1 Monp) XTIOpMeTHATpHATOKCHCHIaHa, 13.8 1 (0.133
MOJIb) TpuMeTHIMeToKcucuiana, 22.7 r (0.167 moinb)
METHIITpUMETOKCcHcHIIaHa, 26.4 1t (0.133 moinb) dhenunn-
TpuMmeTokcucmiana, 40.1 v (0.668 Moib) JieasHON yK-
cycHoi kucnotsl, 0.3 M 36%-HO# CONSIHON KHCIIOTHI.
Homyunu 51.7 r (99.4%) nomumepa IX B Buae >kenToit
cmoel. Hatineno, %: C, 35.96; H, 5.17; Si, 29.92; Cl, 7.08.
Beraucneno, %: C, 35.72; H, 5.25; Si, 30.37; Cl, 7.19.

Mommmep X cUHTE3UPOBAIN aHAJIOTMYHO U3 23.2 T
(0.15 momp) xmopMeTniI(METHI ) IMMETOKCUCHIIaHa, 27.4
r (0.15 monw) metun(denmn)aumerokcucunana, 10.2 r
(0.075 monw) meruntpumetokcucuiana, 24.8 r (0.125
MoJb) (peHmnTpUMeTOKCHCcHIaHa, 36 T (0.6 Moib) Je-
JnsHOU ykeycHOH kuciotbl, 0.31 mi 36%-Ho# coisHOi
kucnotsl. [Tomyudanu 60.6 T (99.1%) nonumepa X B B
cBeTIIO-KopuuHeBol cmodbl. Haiineno, %: C, 44.77; H,
5.22; Si, 23.16; Cl, 8.77. Beruucneno, %: C, 45.12; H,
4.87; Si, 24.25; Cl, 9.18.

Hoaumep VII cunrtezuposanu u3 30.9 r (0.2 monb)
XJIOPMETHII(METHIT ) AMMETOKCHCHITaHa, 36.5 T (0.2 Moiib)
MeTtui(penun)iumeTokcucunana, 6.9 r (0.05 monb) me-
TWITPUMETOKcHCHITaHa, 16.6 T (0.084 mMoib) dheHunTpu-
MeTtokcucuinana, 10.8 r (0.6 MoJib) TUCTUIIIMPOBAHHON
Bonpl. I[lomyuanu 64.9 r (99.8%) nonumepa VII B Buge
CMOJIbI, OKPAILLIEHHOW B CBETJIIO-KOPUYHEBBIN 11BET. Haii-
neHo, %: C, 44.61; H, 5.19; Si, 23.32; Cl, 11.04. Berumc-
neno, %: C, 44.74; H, 5.06; Si, 23.74; Cl, 11.24.

Ioaumep VIII cunresuposamu u3 20.8 T (0.15 moib)
xyopMeTri(iumeTrin)Mmerokeucmwiana, 13.6 v (0.113
MOJIb) JUMETHIAMMeTOKcucunana, 27.4 v (0.15 moib)
MeTwi(hermn)aumerokencmwiada, 10.2 t (0.075 moib)
MeTHATpUMEeTOKcucHana, 29.7 1 (0.15 mons) dhenuntpu-
Metokcucwiana, 11.3 1 (0.628 Momb) AUCTHIIMPOBAHHON
Bozbl. [Tomyuamu 67.3 1 (98.8 %) monmumepa VIII B Buge
CMOJTBI, OKpAIIeHHOW B JkenThid 1BeT. Hatineno, %: C,
45.85; H, 5.89; Si, 25.02; Cl, 7.42. Beruucneno, %: C,
45.97; H, 5.79; Si, 25.39; Cl, 7.54.

Cunmes Xx10puoog nOIUOP2AHOCUTIOKCAHOG
¢ I-memunouasonuimemuneHo8bIMU Zpynnamu

Moaumep 1. B gersipexropiyio xomby, cHaOXeH-
HYIO MEIIAaJIKOH, 00paTHBIM XOJIOJHIBHUKOM U TEPMOMeE-
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TpoM, 3arpyxkanu 8.5 (0.1 Monb) 1-MeTHIMMUIA30I1a,
54.5 v nomu(xnopmetun)opranocunokcana VI u 34 r
ToJIyoJa. PeakiMoHHyI0 Maccy Npy NepeMeliBaH|M Ha-
rpeanu A0 70 °C u BIAECPKUBAIN IIPU 3TOH Temmepa-
type | 4. [loxyuanmm 94.8 r TOMyOIHHOTO pacTBOpa Mpo-
nykra I kpacHo-xenroro 1gera. Ilocie oTroHkH Tomyona
U JIETy4YuX KOMIIOHEHTOB Ha POTOPHOM HCIapUTese Npu
180 °C u Bakyyme 1-2 MM PT. CT. B OCTaTke MOJIydyasiu
58.21(92.4%) npoxyxkTa I B BHIIE TYCTOH HENEPETOHSIO-
IIeHCst AKUIKOCTH KPACHOTO LIBETA.

ITomumep II cuHTE3UpOBANIM aHAJIOTMYHO U3
16.5 r (0.2 monb) 1-meTunumuaazona, 64.3 T noiau(xJop-
metun)opranocuiiokcana VII B cpene 43.5 r Tonyona.
[onyyanu 121.8 r TomyonbHOro pactBopa npoxykra IT
KpacHo-xenToro 1Bera. [locie otronkn Toiyona momy-
yanu 75.5 1 (93.5%) nponykra Il B Buge rycToit Henepe-
TOHSIFOIIEHCS KUIKOCTH KPAaCHOTO I[BETA.

MMoaumep III cunrresnpoBamm anamoruyHo u3 11.3 r
(0.137 monb) 1-metunumunazona, 60.9 v momu(xiaop-
metmin)opranocuinokcana VIII B cpene 39 r Tomyona.
ITonyuanu 108.0 T TonyonsHOro pactsopa npoaykra IIT
KpacHo-KenToro IBera. [locie oTroHKH ToTyoINa Momy-
yanu 68.4 r (94.7%) npoaykra III B Buae macna kpac-
HOTO IIBETA.

Hponykr IV cuHTE3UpOBaIM aHATOTWYHO W3 7.3 T
(0.089 morp) 1-MeTHIIMMAIA3001a, 45 T TOIU(XJIOPMETHIT)Op-
ranocunokcana IX B cpeae 28.2 r tomyona. Ilomyuanu
78.7 T TomyonpHOTO pacTBopa npoaykra I'V xpacHo-xen-

VI=X

toro 1Beta. [locie orronku tomyorna momydanu 50.1 T
(95.7%) mponyxta IV B BuJE I'yCTOTO Macia KpacHOTo
IBETA.

Mpoaykr V cuntesupoBasm ananoruyuo u3 10.4 r
(0.126 momnp) 1-mMetmmmuaasona, 50.3 r momu(xiaopme-
TUn)opranocuiiokcana X B cpezae 33 r tonyona. [lomy-
yasii 92.1 r ToNyOoNBHOIO pacTBopa mnpoaykra V kpac-
HO-XenToro 1sera. Ilocne OTroHKH Toyolia MOIy4ain
56.7 1 (93.4%) npomykTa V KpacHOTO IIBETA.

PesyabTarsl U HX 00Cy:KIeHHE

[onm(XTOpMeTIIT)OpraHOCIIIOKCAHB! [T TIOCIISIYTO-
Imel KBATCPHU3AIMH TIONYJaIl yIPaBIIeMOH aIIoruapo-
JIMTHYECKOU coronuKoHeHcarmei [18-21] cmecn xiopme-
THITPUITOKCUCHIIAHA W MeTHI((peHMIT) IMMETOKCHCHITaHa
— momumep VI; cMecH XIOpPMETHITPHITOKCHCUIIAHA,
TPUMETHUIMETOKCUCHUIIAHA, METHITPHUMETOKCHCHIIA-
Ha, (eHmnTpuMeTokcucmiana — momuMep IX); cmecn
XJIOPMETHI(METHIT ) IMMETOKCHCHITaHA, MeTuI((heHm)
JMMETOKCHCHIIAHA, ~ METIITPHIMETOKCHCIUIaHa,  (peHIMII-
TPUMETOKCUCHIIaHA — ToyinMep X M THIPOJIUTHUECKON
COTIOJIMKOH/ICHCAIMEH CMECH XJIOPMETHIT(METHIT) IHMETOK-
cucuiiaHa, MeTHII((peHHUIT ) TMMETOKCHCHIIaHa, METUIITPH-
METOKCHCHIIaHa, (PEHUITPUMETOKCUCHIIAHA — ITOIUMEP
VII; cMecu XJIOpMETWI(AUMETHI)METOKCUCHIIAHA U
JUMETHIINMETOKCUCHIIaHa, METHI((DSHMUIT ) JUMETOKCH-
CUIIaHa, METWJITPUMETOKCHUCHIIaHa, (EHUITPUMETOKCH-
cwnana — nonmmep VI (cxema).

N
b[) + ClCHz(Me)asiO@_a)/z Me3Si00A5 MeZSiO Me(Ph)SiO MeSi01A5 Phsi015 —>
N
| b ¢ d q h k

CIC—N CH,Si(Me),O-ay2| |MesSiOps| |MerSiO|  [Me(Ph)SiO| |MeSiO, s |PhSiO; s
b c d q h k

Me
Me

e
a=0; b=8; q=24; c=d=h=k=0 (I, VI);
a=1; b=12; c=d=0; q=12; h=3; k=5 (11, VII);
a=2; b=4; ¢=0; d=3; q=4; h=2; k=4 (111, VIII);
a=0; b=3; c=4; d=q=0; h=5; k=4 (IV, IX);
a=1; b=6; c=d=0; q=6; h=3; k=5 (V, X).

Peaxius kBaTepHU3alUK TOTU(XIOPMETHI)OPTaHOCHUIIOKCAHOB.

Ipu MOJTHOM 3aBEPIIEHHOCTH TPOLIECCOB COIOIMKOH-
JICHCAIINH, TO €CTh MPH YYaCTHH BCEX (DYHKIMOHATBHBIX
IPYIIl MOHOMEPOB B IIPOIECCE T'MIPOJIN3a—KOHIEH-
caliy, CIICJ0BAJIO OXKUAAaTh 00pa30BaHUE MMOIUIUC-
MEPCHOM CMECH TOJIH(XJIOPMETHII)OPraHOCHIOKCAHOB
— nonumepoB VI-X co cTemneHpro koHIeHcanuu (o),

paBuoii 100%. Onnako uccienoBanue noaumepos VI,
VII, VIII metomom *°Si-SIMP-criektpockonuu (Tadi.
1) mokaszano HamuuMe B HUX (PArMeHTOB, COJCpIKa-

mux HO-, MeO- u EtO-rpynmer: O Si(EtO),CH,CI
[M(E10)2CH2C l] , 0045 Sl(EtO) (HO)CHZCI [ME{O(HO)CHZCI] s
0,,Si(HO),CH,Cl [M®ozcme] = OSi(EtO)CH,CI
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[DEOCEA]OSIHO)CH,CI [DHOA], O, (MeO)Si(Me)Ph
[MMePIMOT - O (HO)Si(Me)Ph [MM"™MHOT B momm-
mepe VI, O, (MeO)Si(Me)CH,Cl [MMeMeOCHA],
OoAs (HO)Si(Me) CH2C1 [MMeHOICHCT] - [\[Me(PMeO]
[MMPHOT O (Me)SiOMe [DMM0)]  O(Me)SiOH [DMeHO)],
O(Ph)SiOMe [D"™<0)] i1 O(Ph)SiOH [DP'HO)] — B monmmepe
VIL, [MMe(Ph)MeO]’ [MMe(Ph)HO], [DMe(MeO)], [DMe(HO)]’ [DPh(MeO)]
u [DPHO)] — g mormmepe VIIT, 4T0 yKa3bIBaeT Ha HEMOIHYTO
3aBEPITICHHOCTD PEAKITHH COTIOITMKOH/ICHCATTHH.

B #’Si-SIMP-criekTpax Taxke 00Hapy»KEHO HAJIOXKe-
HHME XMMHYECKUX CABHIOB IS CICAYIONIMX Tap CTPYK-
TYPHBIX (pparMeHTOB: ¥MMeMcOCHCI %)\ [Me(Ph)MeO,
FADMe(CHICD gy **DMeP) - TTockoNBKY CTPYKTYPHBIC
(bparMeHTHl B YKa3aHHBIX Mapax MpPOSIBISIOT OJWHA-
KOBYI0 (DYHKIHOHATBHOCTh, TO BO3MOYKHO HCIOJb-
30BaHWE OOIMNX 3HAYCHHH HWHTETPANBHBIX HWHTEH-
CHUBHOCTEH Tap Ui pacueTa CTENEeHH KOHICHCAIMH
noumepoB (tabm. 1, 2).

Ta6muna 1. Xumudeckue casuru B Si-SIMP-criektpax nonmuxiaopMerunopranocunokcanoB VI-VIIT

o [Tonumep VI ITonmumep VII [Homumep VIIT
arMeHT

P o ¥Si, m.a.

MMC2(CH2C1) 1'576

MMeMeO)CH2C

MMe(HO)CH2CI -26+-20%*

M(EtO)ZCHZC]

ME[O(HO)CHZCI _73__665

M(HO)ZCHZC]

MMePhMeO

MMehHO -25.5+-22 -26+-20% -24.5+-23

D 21.5+15

DMe{CHZCI) _34__27**

DM -34.5+-29 3407 -34.5+-30

DMe(MeO)

DMe(HO) -57+-55 -58+-55

D(ElO)CHZCl

pHocH2CI -76+-73.5

DPhMe0)

DPh(HO) -72+-67.5 -74+-68

TMe -67+-60 -68+-61.5

T 81+-75.5 82+-75.5

Tera -80.5+-76

*  HaJo)xeHHe XUM. CABUTOB JUlsl rap GpparMeHToB M.
** HanoxeHnue XUM. CABUIOB JUIA ap gpparmentoB D.

Brluncnensble o TaHHBIM UHTETPATbHBIX HHTEHCHB-
HocTell CTpYKTYypHBIX (parmeHtoB »Si-SIMP-criektpoB

creneHn koHneHcanu (o, %) nomamepos VI, VII u VIII,
B3STHIX HA KBATePHH3AIIMIO, IPEACTABICHBI B TA0. 2.

Taonauna 2. CreneHb KOHJSHCAUH NOIUXIopMeTHiopranocunaokcados VI-VIII,

BBIYMCJICHHAA 110 UX Q)paFMCHTHI)IM coCraBaM

. . Crenenb
®DparMeHTHBII COCTaB IOJIMMEPOB, BHIUUCIICHHBIH 10 3HAYCHUSM
Ilonmumep VR KOHJICHCALIUH,
UX UHTErpallbHbIX UHTEHCUBHOCTEH B *’Si-SIMP-cniekTpax o %
0
t
Me(Ph)MeON fMe(Ph)HO (EtO)2CH2CIN\ fEtO(HO)CH2CI\ f(HO)2CH2CI Me(Ph (EtO)CH2CITY)(HO)CH2CI 'CH2CI
VI [M M ]0.059[M M M ]0.062D ]0.694[D D ]0.U4T 0.145 9009
Me(MeO)CH2CI\ fMe(HO)CH2CIN fMe(Ph)MeON fMe(Ph)HO Me(CH2C1)DMe(Ph) Me(MeO)TyMe(HO) Ph(MeO)T)Ph(HO)
VII [I\l:[I Ph M M M ]0.037[D ]0.706[D D ]0.013[D D ]0.036 96 18
. .
T O.OBIT 0.127
Me2(CH2Cl) Me(Ph)MeON fMe(Ph)HO Me Me(Ph) Me(MeO)DMe(HO) Ph(MeO)T)Ph(HO) Me TPh
VIII M O.ZZ[M M ]O.OID 20.18D 0.22 [D ]O.OI[D D ]0.04T O.IT 0.21 9717

Tonkue xummudeckue TexHororuu / Fine Chemical Technologies 2017 Tom 12 Neo 4 53



XAOpPHABI MOAHOPTaHOCHAOKCAHOB C 1-MeTHAZHA30AHA-METHAECHOBBIMH rpynnamu. CHHTe3 H CBOHCTBa

[omyuenue noaMopraHoCUIOKCAHOB ¢ 1-MeTianaso-
JMJIMETUIICHOBBIMHU TPYTIIAMU TIPU aroMax KPeMHHsI OCy-
IIECTRILSUIN JICHCTBUEM |-MEeTUITMMHUIAa3071a Ha TIONU(XII0p-
Metun)opranocuniokcanbl VI-X. Biio ycraHoBiieHo, 9To
peaknusi KBaTepHU3ANWU TOJIU(XIOPMETHII)OPTraHOCH-
JIOKCAHOB C |-MeTwinMuIa30IoM rnporekaer npu ~ 70
°C B cpelie TONyONa W TPUBOJUT K 00pa30BaHUIO XJIO-
puaoB  1-MeTui-3-[(IOIHOPraHO CHIOKCH ) CHITHIIMETII |
umuazonms I-V (cxema), XopoIo pacTBOPUMBIX B OCH-
3051€, TOJIyOJIe, TUOKCaHe, ApUpe, alleTOHE U HE PACTBO-
PUMBIX B BOJE.

ITo cymectyromeii knaccudukanuu [17] st co-
€MHEHUs] OTHOCATCS K KJIacCy TaK Ha3blBa€MbIX «HOH-
HBIX JKHJIKOCTEH» THMa30IMeBOro psaa (Colu UMUAA301a
wi upasona). OHH He Ty , CYIIECTBYIOT B BUJIE I'y-
CTBIX, HEKPUCTAJUTU3YIOIIUXCS CMOJI, KOTOPbIE IIPH MH-
HYCOBBIX TEMIIEpaTypax IMEPeXOisiT B CTEKIO0Opa3sHoe
cocTosiHAe. VX oTiaMyaeT xopolas pacTBOPHUMOCTh Kak
B IOJISIPHBIX, TaK U B HEIIOJIIPHBIX PACTBOPUTEIIX.

®akT oOpazoBaHua XJOpuUA0B 1-mermi-3[(monu-
OpPTaHOCHIIOKCH ) CHITAIIMETHIT [UMUIA30ITHS TO/ITBEP-

JKTAIOT HAJMYUC XapaKTEPHCTHUECKOTO CHUTHANIa B WX
'H-SIMP-cniektpax B obmactu ot 10 go 11 m.a.: 10.54
(I), 10.40 (III), 10.30 (IV), 10.42 (V) 1 OTCYTCTBHE CO-
otBercTByfoliero curnana mnporona *(C)-H wucxomHoro
uMuas3oa B 00macTy ~ 7.5 M.

CreneHb 3aBEpIICHHOCTH PEaKIUK KBATCPHU3ALIUH,
paccuuTaHHas 10 COAEp KaHUIo a30Ta B nomMepax I-V,
U UX JIEMEHTHBIM COCTaB IPUBEAEHBI B Ta0M. 3.

Oxaszanoch, 9TO HanOOINBINAST CTEICHH 3aBEpIICH-
HOCTH peaKIMy KBaTepHU3aIuu cocraniseT 93.5% (mo-
mumep V), a HanMensmast — 30.3% (mommmep III).

CnemyeT OTMETUTD, UTO JIErye MOJTAI0TCS KBATCPHU-
3anuu Te monu(xiopmeTrn)opranocmiokcansl (VII n X),
B koTOpbiX CICH,-rpynnuposka BXOAMT B COCTaB JMOP-
ranocuiokcanosoro 3eena — CICH Si(Me)O (cm. cxemy).

Metonom TI'A u JITA Oblna uccnenoBaHa TepMu-
yecKasi yCTOMYHMBOCTh IMPOAYKTOB KBarepHu3auuu -V
Ha Bo3nyxe. Jlanusle TTA n [ITA npuseneHsl Ha puc.
1-6. BugHO, 9TO aKTUBHOE TEPMHUYECKOE PA3IIOKEHUE

nonuMepoB I-V HaunmHaeTcs TONBKO MPHU TeMIleparype
265 °C.

Ta0nuna 3. JlanHble 2IEeMEHTHOTO aHanu3a NpoaykToB I-V peakunu kBarepHU3aluu

" €C CTCIICHb 3aBCPIHICHHOCTHU

Haiineno/serumcieno, %
[Hommmep - Cremnens 3aBepIICHHOCTH, %
C H Si N Cl
I 52.95 5.82 20.36 1.74 4.57 433
52.75 5.41 18.93 4.73 6.00 '
I 47.22 5.97 19.64 4.28 6.73 20.6
47.50 5.72 18.76 7.04 8.92 '
46.29 6.08 24.62 1.26 5.32
m 47.87 5.98 21.58 5.08 6.44 303
39.96 6.09 28.23 2.19 4.73
v 40.30 5.10 26.87 5.04 6.39 8.7
v 46.78 6.07 20.69 3.32 4.50 935
47.59 5.07 20.01 6.00 7.61 '
100 5 100
= o
IR 2 hE80
H g
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Puc. 1. Pesynsrarer TT'A u JITA mist monmumepa 1.
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Puc. 2. Pesynsrarel TTA u AITA nns nonumepa I1.
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BriBoabI

1. TlokazaHa NpUHUMNUAIBHAS BO3MOKHOCTH IIO-
JyY4eHUs] CTATUCTUYECKUX IIOJMOPraHOCHJIOKCAaHOB €
[1-(MeTrn)MMuIa30II [METHIIBHBIM 3aMECTUTENIEM B 00-
pamMIIEHHH CUJIOKCAHOBOM MaKpOMOJIEKYJbl peakuen KBa-
TEpHU3AUNU COOTBECTCTBYIOIINX XJIOPMETHUI3aMCIICHHBIX
KPEMHUIOPraHNueCcKUX MOJIMMEPOB | -METHIMMUAA30JIOM.
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2. YcranoBieHa BO3MOXHOCTh ¢dbuxcupo-
BaTh O00pa3oBaHUE CONM HMMHAA30TUS IO IOSIB-
JeHnro xuMmcasura B obmactu ~10.3-10.5 m.a. B
'H-SIMP-cnekrpe.

3. Meronom TI'A u ATA oGHapyxeHO, 4TO je-
CTPYKIIHS IMOYYCHHBIX HOHHBIX JKHIKOCTEH HacTyma-
€T [IpU HarpeBaHuM Ha Bo3nyxe Bbiule 265 °C.
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Heanoe Anamonuii I'puzopveeuu, Kanu1ar XAMUYECKUX HAayK, CTapLIMi Hay4IHbIH coTpynHuk AO «locyaapcTBeH-
HBII HAayYHO-MCCIICIOBATEILCKUIA HHCTUTYT XHMMHUK U TEXHOJIOTHH AIIEMEHTOOpraHnYeckux coeaunenuin» (111123, Poccust, Mockaa,

rocce DHTY3HAcToB, 1. 38).

Illenyosiicoe Bukmop Amumpueeuu, I0KTOp XUMUYECKHX HayK, Tpodeccop, HauanbHuK cektopa AO «locynapcTBeH-
HBI HAyYHO-MCCIIEI0BATEeIbCKII HHCTUTYT XUMHUH M TEXHOJIOTHHU dIeMeHToOpranndeckux coenuuennin» (111123, Poccusi, Mocksa,

Iocce DHTY3UAacTOB, 1. 38).

Abpamrun Anexcandp Muxaiinnoeuu, Kanauaar XAMAYECKIX HayK, MJIAIIIMI HaydHbIA corpyaHuk AO «locynapcTBeH-
HBII HAyYHO-UCCIIEZIOBATENIBCKIIA MHCTUTYT XMMHHU U TEXHOJIOTHH 3JIEMEHTOOpraHndeckux coequaeHuin» (111123, Poccus, Mocksa, moc-

ce DHTy3HacToB, 1. 38).

Hoeorxoeckass Examepuna AnexcanoOpoeHa, CTyeHTKa KaeIpbl XUMUU U TEXHOJIOTUH JJIEMEHTOOPTaHHIE-
CKHX coelMHeHHNH MHCTUTYyTa TOHKUX XUMUYecKuX TexHonoruit um. M.B. Jlomonocosa ®I'6OY BO «MockoBckuil TEXHOIOTH-
yeckuil yausepcurer» (119571, Poccust, MockBa, np-t BepHasckoro, . 86).

Kupunun Anexceii Jmumpueeuu, 10KTop XMMHIECKHUX HayK, podeccop, 3aBeyrolyii kadepoii XUMHUK U TEXHOJIO-
TUH JIEMEHTOOPTaHMYEeCKX coennHeHnid HCTHTyTa TOHKHX XuMmmdecknx Texaonoruit mv. M.B. JlomonocoBa ®I'BOY BO «Mockos-
ckuii TexHonoruueckuit yausepcurem» (119571, Poceus, Mocksa, np-t Bepnazackoro, x. 86).

Cmoposkenrxo Ilasen Aprxadveeuu, uncH-koppecnonnenT PAH, ToKTop XMMUYECKUX HayK, mpodeccop, Bpe-
MEHHBIN reHepanbHbIi upektop AO «I0CyIapCTBEHHBINH HAyYHO-HCCIISI0BATEIbCKII HHCTUTYT XUMHHU U TEXHOJIOTHH JIEMEHTOOpTa-
Huuecknx coeauaennin» (111123, Poccus, Mocksa, mocce DHTy31acToB, A. 38).
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XHMHUS 1 TEXHOAOI'HSI AEKAPCTBEHHBIX ITPEITAPATOB
H BHOAOT'HYECKH AKTHBHBIX COENJHUHEHHH

YK 542.06 547.963.32

METO/ ITPEITAPATUBHOI'O CUHTE3A 8-OKCO-2’-AE3OKCUI'YAHO3UHA
IS JABOPATOPHOTI'O IIPUMEHEHUA

H.B. Mapmun®, [1.C. Ecumnos

Buonoeuueckuii paxyemem, Mockosckuil 2ocyoapcmeeHHbLi yHusepcumem um. M.B. Aomorocosa,
Mockea 117449, Poccust
@Aemop oas nepenucku, e-mail: marmiynv@gmail.com

IIpednoreH npenapamuegHblii memoo cuHmesa 8-okco-2’-0e3orcueyaHo3uHa (8-oxo-dG), darowuti
eblcokuli, 00 80%, 6b1x00 U N0OX00UUL 0151 TA6OPAMOPHO20 NPUMEHEHUSL. AKMYAIbHOCMb Pas3-
pabomrKu 3mozo mMemooa C8s13aHA C 803HUKWLEl HeobX00UuMocmoulo NOAYUeHUsT OOAbUUX KOSU-
uecme 8-o0xo0-dG 0as uccnedogaHust buosozuueckoil u papmayesmuueckoti akmusHocmu. Ceu-
demenbcmea 0 HOJAUUUU MakKosoll OblLiu nosiyueHbl 8 nocniedHue decsimunemus,, Ko2oa ObLiu
OMKpbUMbL MEeXaHU3MbL conpsiokeHust penapayuu [JHK ¢ sHympurkaemouHol cuzHaausayuell ue-
pes 8-oxo-dG u 06Hapys;eHO e20 npomueogochaiumenbHoe U npomekmopHoe oeticmaue. IIpeo-
JIO2KeHHbLI HaAMU Memo0 OCHO8bLBAEMCSL HA CXeme, UCNOb3yemoll Ot hoayueHus 8-oxo-dG-co-
0eprKauux ONUOHYKIeomuoos, HO umeem psi0 8AXKHbLX Mmooudpurayuli. Hcnonvzosarue
N, N-Oumemungpopmamuoa 8 Kauecmae pacmeopumesisi N0380asem Ygeiuuums 8blxo0 peaKyuu
HYKIeOPUNBHO20 3ameueHus u obolimuct 6e3 npumeHeHUsT 00PO20CMOSULE20 U OCTIOIKHSIIOULE20
danvHeliyro ouucmkKy ayemama cepebpa. Konmpoas KuHemuku peakyuu nosgossiem 0obumeo-
€Sl MAKCUMAIBHBLX 8blx00a U uucmomsl npooykma. Lllenouroti eudponus, 8 omauuue om ammo-
Hoawu3a, obecheuugaem nosHoe u bbicmpoe yoaneHue AyulbHbLX epynn, a obpauieHHo-gas3oeas
xpomamoepagusi HA CUNAHUSUPOBAHHOM CUNUKAZENE siesiemest 9¢hheKmusHbiM U HEOOPO2UM
Mmemodom ouucmru. TarKas cxema ouucmKu ceo0UM K MUHUMYMY 3azpsi3HeHuUe npodyKkma ocma-
MOUHBLMU OP2AHUUECKUMU PACMEOPUMENIMU, UMO HEMATIO8AIKHO 0151 OUO02UUECKUX IKCnepu-
MmeHmos. C 9IKOHOMUUECKOU MOUKU 3peHUSsl, OHA 8bl200OHA U3-3a OMCcYymcmaeust 00pPOo20CMOsIULUX
pacmeopumesieli U 803MOIKHOCMU MHO20KPAMHO20 UCNOAL308AHUSL Hocumensi. Memoo nosgosi-
em noayuams uucmolii 8-oxo-dG 8 npenapamugHblX KOAUUecmaax u npesbliiaem no umozo8omy
8blx00Y KaK ceoll npomomun, maxk U UHble cyuiecmsyrouwue memoouxu. OnucaHsbl HeKomopule
NpoMeIKYymouHble cOeOUHeHUSL U 3HaUUMble memoouueckue 0Co0beHHOCMU NPoeedeHUs. peaKyuu.

Knrouesente cnoea: 8-okco-2’-0e3okcuzyaHosuH, 8-oxo-dG, cunmes, MoougpuuuposaHHbsle HYKAeo3UOobL.

METHOD OF PREPARATIVE SYNTHESIS OF 8-O0XO-2'-DEOXYGUANOSINE
FOR LABORATORY USING

N.V. Marmiy?, D.S. Esipov

Faculty of Biology, M.V. Lomonosov Moscow State University, Moscow 117449, Russia
@Corresponding author e-mail: marmiynv@gmail.com

58

A preparative method for the synthesis of 8-oxo-2'-deoxyguanosine (8-oxo-dG) giving a high
yield up to 80% and suitable for laboratory use is suggested. The urgency of the development of
this method is associated with the need to obtain large quantities of 8-oxo-dG for the study of
biological and pharmaceutical activity. Evidence of this need was obtained in the last decades,
when the mechanisms of the interface of DNA repair with intracellular signaling through 8-oxo-dG
were discovered and its anti-inflammatory and protective effects were revealed. The suggested
method is based on the scheme used to prepare 8-oxo-dG-containing oligonucleotides, but has
a number of important modifications. The use of N,N-dimethylformamide as a solvent makes it
possible to increase the yield of the nucleophilic substitution reaction and avoid expensive and
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complicated further purification of silver acetate. Control of the reaction kinetics allows achieving
the maximum yield and purity of the product. Alkaline hydrolysis, in contrast to ammonolysis,
provides complete and rapid removal of acyl groups, and reversed-phase chromatography on
silanized silica gel is an effective and inexpensive method of purification. Such a purification
scheme minimizes contamination of the product with residual organic solvents, which is important
for biological experiments. From the economic point of view, it is advantageous because of the
absence of expensive solvents and the possibility of reusing the carrier. The method makes it
possible to obtain pure 8-oxo-dG in preparative amounts and exceeds both its prototype and
other existing techniques in the final output. Some intermediate compounds and significant
methodological features of the reaction are described.

Keywords: 8-oxo-2"-deoxyguanosine, 8-oxo-dG, synthesis, modified nucleosides.

BBenenune

8-Okco-2'-ne3okcuryano3u (8-oxo-dG) — okwuc-
JICHHOE MPOW3BOJHOE T'yaHO3MHA, KOTOPOE B TECUYCHUE
JUIUTEJIBHOTO BPEMEHHU HCIIOJIBb3YeTCsl B KauecTBe OMO-
Mapkepa okuciaurenbHoro crpecca [1]. Ero conmepixa-
Hue B kiaetouynod JIHK m OMOIOrMYecKux >KHIKOCTSIX
BO3pacTaeT Ha (OHE BOCIATUTEIbHBIX, aJNIEPTHICCKHX,
OHKOJIOTHYECKHX, HEUPOAETeHEPATUBHBIX U HEKOTOPBIX
JpyTux 3a0oneBaHuid [2].

Usmepenune coxepsxkanus 8-0xo-dG B Onomarepu-
ajie MalMeHTOB B TaKWUX CIy4asiX MOJE3HO JUIsS OICHKH
nporpeccupoBanus 3a0oneBanus 1 3GpPeKTUBHOCTH Jie-
4yeHns. B psge cTtpan mogoOHbIM aHATN3 yXKe BHEIPEH B
KIIMHUYECKYIO MPAKTUKY. DTO BbI3BAIO HEOOXOAMMOCTH
CUHTE3a BBICOKOUHUCTOTO §-0X0-dG B KauecTBe cTaHzap-
Ta Juid Xpomarorpaduu ¥ UMMYHOXMMUYECKHUX METO-
JoB. OfHaKO KamMOpPOBKA BBICOKOTOYHOTO aHAIMTHYEC-
CKOro 00OpyaoBaHUS TpeOyeT OYeHb MaJIbIX KOJIUYECTB
8-0x0-dG, 1 MOTyYeHNsT KOTOPBIX MPUTOIHBI METO/IBI
CHHTE3a JJake C HeBBICOKUM BbIXooM. Hanpumep, B He-
KOTOpBIX padotax [3, 4] 8-0x0-dG B KayecTBe aHAIHUTH-
YECKOTr0 CTaHJapTa Mojyd4aroT myTeMm okucienus dG B
peakunu OeHTOHA, AAIOMIETO BBIXOJ OKOJIO 5%.

B nocnennee necatuierve MosBUIMCH UCCIIEAOBA-
HUSI, COOONIAIONINE O BEPOSITHOW 3HAYMMOM OHMOJIorHuye-
ckoii ponu 8-0x0-dG [5] 1 OTKpBIBAOIINE TTEPCIIEKTUBBI
MIPUMEHEHHS €T0 B KaYeCTBE JICKAPCTBEHHOTO Tpernapara.
B uvactHOCTH, OBUIM MOKa3aHbI BbIPAaXKEHHBIE MPOTUBO-
BOCTIINTENBHBIN [6] 1 nMMyHOperyaupytomuii [7] a¢-
(heKThI 3TOr0 COeTMHEHHUS, @ TAK)KE BBIIBUHYTA FMIIOTE3a
0 ero BaxHOW posu B peryiasiuu penapauuu JJHK u ee
COMPSDKEHUM ¢ BHYTPUKJIETOYHON cUrHanu3anuei [8].

B cBoMxX OHMOJIOTMYECKUX IKCIIEPUMEHTAX IO H3Y-
YEHMIO BIMSHUSA 3TOTO COEAMHEHUS Ha KYJBTYpPhl KJIETOK
[9] MBI cTONKHYIHCH ¢ HEOOXOTUMOCTBIO OBICTPOTO I10-
naydenust 8-0x0-dG B npemapaTHBHBIX (TPaMMOBBIX) KO-
muuectBax. Tak, 3 deKTUBHBIE JOSUPOBKH I MBIIICH
COCTaBIAOT npuMepHO 30 MI/KT Macchl Teja, a B JKC-
MEPUMEHTAX C KJIIETOYHBIMH KYJIbTypaMH HCIOJIb3YETCs
1 MxM pactBOop. B Ommwkaiiieil nepcnexTuBe, Tak Kak
8-0x0-dG obOnamaeT BBIpAXKEHHBIMH OHMOJIOTHYECKUMH
s pekTamu, MOXKET MOTPeOOBAThCS U MACIITAOHBIA €ro

CHHTE3 JIJIs UCIIBITAHUH B KAYECTBE IMOTCHIINAILHOTO Jie-
KapCTBEHHOTO Ipernapara.

CymecTByronmume MeToibl  cuHTe3a  8-0x0-dG
OKa3aluch Il ATOTO HeynoOHbI. CaMmblil TEepBBIA W3
MPENTIOKESHHBIX ISl TAHHOTO COEJIMHEHUS METOJ| T10-
nyuyenus [10, 11] ocHoBan Ha npeBpauenun 8-Br-dG B
8-0en3mnokcu-dG ¢ mociey UM THIPUPOBAHUEM Ha
MaagueBoOM KaTaau3arope. ITOT METOJ HE JIaeT BbI-
COKOTO BBIXOJ/Ia, KPOME TOTO, UCTIOIB3YIOTCS METaJLITH-
4YECKUU HaTPUU 1 Ta3000pa3HBIA BOJOPOJT, TPUMEHEHUE
M XpaHEHHUE KOTOPBIX COIPSHKEHO C BBICOKUMH TIPOU3-
BOJICTBEHHBIMU pPUCKaMHU. MeETObl, OCHOBaHHbIC Ha
OKHCIICHUH TPOM3BOJHBIX TyaHO3UHA [3, 4] B BOAHBIX
cpenax, MalT KpailHe HU3KUE BBIXOJBI U3-3a OBICTPOH
nanpHewmen nerpaganuu 8-oxo-dG. 3To coenuHeHUE
HMeeT cle Oojiee HU3KUM MOTCHIMAl OKHCJICHUS,
Hexxenu dG (0.7 B mporuB 1.3), mosTOMy Hepelko
OKa3bIBACTCSl HECTAOUIIBHBIM B PEAKI[MOHHOW CMe-
cu. [Ipu 3TOM THIAHTOWHBI, TPOAYKTHI JalbHEHIIETo
OKHCJICHHS C PACKPBITHEM IHKJIA, TIJI0XO TOJJIAI0TCS
JETEKIIUU DIICKTPOXUMHUYECCKHUMH M CIEKTpodoToMe-
TPUYECKUMH METOJaMHU. DTO OCIOXHSIET KOHTPOJb
CTEICHH MPOTEKAHUS MOJOOHBIX PEAKIIUNA U YUCTOTHI
MOJyYEHHOTO TIpoaykTa. B nemnom, peakiuio DeHTO-
Ha [3, 4] 1 UcnoNIB3yeMyt0 IS ToJydeHus 8-0xo-dA
peaxkuuio ¢ MepKanTodTaHojaoM [12] cioxHO Ha3BaTh
MEePCIEKTUBHBIMY IYTSAMH IMPEMapaTHBHOTO CUHTE3a
8-0x0-dG.

[IpencrapnstonM HHTEPEC HAM MOKA3aJICsS METOJ
aIUIMPOBAHUS, KOTOPBIM paHee Mpeiaraics Jis mory-
yerus 8-0x0-dG-coneprKamx OJMUroHyKIeoTHI0B [13].
OH ocHoBaH Ha anunupoBanuu 8-Br-dG cMmechio ykcyc-
HOTO aHTHJIPHUJIA U alleTaTa HaTpusi B OC3BOJHOM ITUPHU-
JIUHE, TIPU KUTISTYEHUH, B TIPUCYTCTBUU N-METUIUMU/IA-
30J1a 1 arerara cepedpa. Crieyronield crajueii siBIseTcs
aMMOHOJIM3 aI[WIIBHBIX TPYMI. ABTOPHI IPUMEHSUITH Me-
TOJIMIKY JUIS TTOJTydeHus] N-aiuiaupoBaHHOro 8-0xo-dG ¢
MOCJETYIONIUM BKJIIFOUEHUEM €r0 B OJIMTOHYKJICOTHUJIBI.
Lenu momyduTh MpernapaTuBHBIC KOIUYECTBA COCIMHE-
HUS TIepe]] HUMH He cTosuto. [Ipu mombITKax peanu3o-
BaTh METOJl B TPAMMOBBIX MaclITa0ax Mbl CTOJIKHYIIUCH
CO CIIO)KHOCTBEO BBIJICIICHHSI I OYUCTKH TIPOTYKTOB Ha BCEX
CTaIUSIX, & TAKKe C HU3KMMH CyMMapHBIMH BBIXOJIaMH.
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Kpome Toro, ucronp30Banne amerara cepedpa B mpera-
paTUBHBIX MacIITa0aX CHIBHO YIOPOXKAEeT CHHTE3.

Ienpro Hameit paboThl OBLIO CO3/IaHUE J1TA0OPATOP-
HOTO METOJa MPEMapaTHBHOTO M IOJYNPErnapaTuBHOTO
cuHTe3a 8-0x0-dG, KOoTOpHIH JaBail Obl MaKCHMaJIbHBIC
BBIXOJ[ U YACTOTY MPOAYKTA MPH MUHUMAJIBHBIX PUCKAX
W 3aTparax.

Pesyabrarsl u uX 00Cy:KIeHHe

s monyuyenust 8-0xo-dG MBI UCTIONB30BAIH pe-
aKIHUIO alWIMpOBaHus 8-OpomMo-2’-1e30KCUTyaHO3WHA
CMECBIO areTara HaTpus W YKCYCHOTO aHTHApHIA (CM.
puc. 1). ABTopsl npeamiecTByomeil meroquku [13] pe-
KOMCHIYIOT BHECCHHE B PEaKIIMOHHYIO CMECh JKBHBa-

H

Q
/N NH o o
Br—< | )\ DMFA/Pyridine, 135°C )\
lo) o NT SN SNH, oo o

NaOAc, Ac,0, DMAP

OH 0
>:o

H;C

HayC Hsc%

JICHTa MOHOB OJIHOBAJICHTHOTO cepeldpa sl TOBBIIIIe-
Husl Bbixona. CBsI3bIBast U BBHIBOMS M3 PEAKIIUU OPOMHUI,
MTOCJICIHAE JIOJKHBI CIIBUHYTh KOHCTAHTY PaBHOBECHS
B CTOPOHY HPOAYKTOB peakimu. OIHAKO B Mpemnapa-
THUBHBIX MacmTabaxX HMCIOJIb30BaHUE CONel cepedpa He
OKYIIaeTCsI KaK M3-3a €ro JOPOTrOBU3HBI, TaK U M3-32 MPO-
OneM ¢ JajbHEUIIeH OYMCTKOW M JICTEKIIMEH MPOIyKTa.
Cepebpo UMIIPETHUPYET HOCHTENM Ha XpomaTtorpadu-
YECKUX KOJIOHKAX U 3aTPY/IHSCT KaueCTBEHHOE pasJielie-
HUE MPOAYKTOB. B eme omHo# nmoxoxkeit Metoauke [14]
ABTOPBI MIPEJIATal0T CIIBUTATh PABHOBECHE C IMIOMOIIIBIO
J00aBJICHUS YKCYCHOM KUCIIOTHI CITYCTs 3 9 MOCIe Hava-
na peakipn. OJTHAKO 3TO PUBOJUT K 00pa30BaHHIO 3HA-
YUTENBHBIX KOJHUYECTB ITOOOYHBIX MPOIYKTOB U HU3KOMY
(12%) BBIXO/Y IIETICBOTO COCTMHEHHUSI.
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Puc. 1. Cxema nomydeHus 8-0Kkco-2’-1€30KCUTyaHO3HHA.

OTKa3aBIIHCH OT UCIIONB30BAHUS cepedpa 1 YKCYCHOH
KHUCIIOTBI, MBI ITOLIUTH I10 ITyTH YBEJINYEHUS BHIX0/1a TIPOITYK-
Ta 32 CYET MOBBIIICHHS TEMITEPATYPhI PEAKIIMOHHOH CMECHL.

g 3TOro B3aMeH MUpPHIUHA B KAaueCTBE PacTBO-
putenst Obu1 B3AT N,N-mumetrundopmamua. OH wMe-
et Oosee BBICOKYIO Temmeparypy kumenus (153 °C mo
cpaBHenuto co 114 °C must mupunnHa) M, SBISACH T0-
JISIPHBIM aIPOTOHHBIM PACTBOPHUTENEM, CaM I10 cebe 00e-
crieyuBaeT 0oJiee BBICOKHE CKOPOCTH HYKICO(DHIHLHOTO
3amMelnieHus rajoreHa. OHAKO y MUPUINHA €CTh OJHO
Ba)XKHOE MPEUMYIIECTBO — OH TIPOSBIISET BHIPAKEHHYIO
OCHOBHOCTb U CIIOCOOEH CBSI3bIBATH YKCYCHYIO KHCIO-
Ty, KOTOpasi o0pasyercs Mpu pPaszIOKeHWH aHTHIPUAA.
[IpucyrcTBUE B PEaKIMOHHON CMECH KHUCIOTHI JIETKO
MIPUBOAMT K OTIICIUICHHUIO OCTAaTKa yIICBOIA OT allWId-
POBAaHHOTO JIE30KCUTYaHO3WHA, B PE3YJIbTaTe 4ero mpo-
JIYKTOM PEaKIy CTAHOBUTCS OKHUCICHHOE OCHOBAHUE, a
HE HYKJICO3UJ. DKCIIEPUMEHTAIBHO MbI BBISICHUIIN, YTO
JUTSL TIPOTCKAHUS PeaKIUul TPEOYIOTCS W alleTaHTHIAPHUI,
W aleTar HaTpus, B OTCYTCTBHE JIFOOOTO M3 ATHX KOM-
MIOHEHTOB IEJICBOTO MPOAYKTa He oOpasyercs. [loaTomy,
HeOOJIbIIIOE KOJIMYECTBO NHUPUAMHA (2 JKB. MO OTHO-
IICHUIO K aHTHIPUAY) MBI TOOABILUTH B PEAKIIHOHHYIO
cMech. BTN MpoTeCTUPOBAHBI M BAPUAHTHI CMECEei -
pumuH — JIM®A B mporoprmsax 1:1 wmm 1:2. Peaknus
B HMX IlIa MeasieHHee, yeM B JIM®DA ¢ MUHMMaJIbHBIM
MIPUCYTCTBHEM MTUPUANHA.

OnTUManbHBIM TEMIIEPATYPHBIM HAMAa30HOM T10
pe3yapTaraM SKCTIEpUMEHTOB OKa3ajicsi WHTepBan 25—

135 °C. I1pu Oosee BRICOKHX TEMIIEpaTypax BO3PACTAIIO
KOJINYECTBO MOOOYHBIX TPOIYKTOB, NMPH O0Jiee HU3KHX
— CHIDKAJIACh CKOPOCTH PEAKIINH U BBIXOJ.

IMonHOTY MpoTEeKaHHs peaKkuK OLEHUBAJIN C TIOMO-
b0 TOHKOCJIOHHOW XpoMarorpaduu U oopamnieHHO-(pa-
30Boii BOXXX co criekrpodhoToMeTpruecKoi qeTeKIHeH.
ITo manupiM TCX anuiaupoBaHHBINA IO BOCBMOMY TOJIO-
JKCHHIO IPOJYKT MMEET OONbLICE 3HAYCHHE R, HOKEITH
OpoMupoBaHHbBIH, 10 AaHHEIM O®-BDXKX — menbee
BpeMs yaepxkuBaHus (cM. Tabn. 1, puc. 2). Crenyer ot-
METUTh, uTO JaHHbIe BOXKX moka3pIBalOT HECKOJIBKO
IHUKOB Kak anuiaupoBaHHOro 8-Br-dG (momympomyKTbl
1-5 u3 Tabn. 1), Tak u npeamecTBeHHUKa 8-0X0-dG
(monmynpoxnyxtel 6-7 u3 Tadn. 1). Kaxmas rpynma mo-
JTYIPOIYKTOB XapaKTepU3yeTcs MpPaKTHUCCKH HICH-
THUYHBIMH CHEKTPaMH TOIJIOIIEHHS, HO pa3JINYHBIMU
BpeMeHaMH BbIxofa. [locie ynaneHus arIbHbIX TPy
BemecTna 1-5 natot §-Br-dG, a npeamectBeHHUKH 6 1 7
— 8-0x0-dG. MOXHO TIPEAIOIIOKUTh, YTO PATNIAFOTCS
OHY TOJIBKO KOJIMYECTBOM aIlHJIBHBIX OCTATKOB.

[NosicHenus k 0003HAYCHUSAM U CIIEKTPATbHBIE Xa-
PAaKTEPUCTUKU COEIUHEHUH cM. Tab. 1.

Junamuky amumpoBanust 8-Br-dG HecnokHO Tmpo-
crnequth ¢ nomoinsio BOXKX. Ha xon peakiwu Gombiioe
BIIISTHAC OKa3bIBAacT TeMIleparypa. 3a(pUKCHpOBaTh I10-
TynponykTbl 1-3 (BEposTHO, MOHO-, /I- U TpUALMIbHbIC
npoun3BoIHbIe) pu Temreparype 50 °C MOKHO B TEUEHHE
20-30 MuH ¢ MOMeHTa Hauasna peakuuu, k 40-oif MUHyTe
B PEAKIMOHHOM CMECH, KaK IPaBUIIO, MPUCYTCTBYIOT
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Puc. 2. [Ipumep BOXKX-xpomarorpaMmsl IpOLYKTOB U MOJYNPOIYKTOB CTAAUH aLUIUPOBAHMUSL.
Omoent A — 0.05 M opropocpopnas kuciora, B — aneronnrpuin. I'pagnent: 5-40% CH,N
3a 35 muH. Komonka: Phenomenex Luna C18 (2), ckopocTs moToka — 1 M1 /MHH.

«6» — npenmecTBeHHNK 8-0X0-dG, «2», «3», «4», «5» — npoxykThl aruupoBanus 8-Br-dG.

Tadauna 1. Xpomarorpaduyeckne U ClieKTpalbHbIe XapaKTePUCTUKH

MIPOIYKTOB, MOJIYIIPOLYKTOB U PEareHTOB

. Bpewms
O603HadeHIe Monvir Ha kaxoii ctagun cMHTE3a CPKHBANIS Y®-cnektp,
pory HaOmromaeTcs yaep ’ A, HM
MI/IH max
8-Br-dG 8-Br-dG VcxonHoe coefuHeHNE 8.75 262
dG dG HcxoaHoe coeIMHeHUE 48 A = 256
’ Aoy («t1IETOR) = 280
8-ox0-dG 8-Ox0-dG Koneunslii npogykr A =247
57 max|1
Moo = 294
1 Anmmposansslit 8-Br-dG * AnunupoBaHue, HauaJIbHBIH dTan 10.5 Moo = 262
2 AnnupoBaHHblid 8-Br-dG * AnnpoBaHie, HaYaJIbHBIN dTar 12.2 262
3 AmnmupoBaHHsIid 8-Br-dG * AumnupoBaHue, HauyaJbHbBIN 3Tan 14.8 262
4 ArnmupoBanHslii 8-Br-dG * Auunnuposanue, 125 °C 20.5 262
AnnpoBaHHblid 8-Br-dG * Anwmnuposanue, 125 °C A =262
5 22.5 max
A, =288
6 [penmectBennnk 8-0x0-dG Auunnuposanue, 125 °C 175 Ao = 258,
(BeposiTHO, 8-arpn)** ' Ao («TLIETOR) = 283
7 [Mpenmecteennuk 8-0x0-dG Aumnuposanue, 125 °C 185 Mo = 256
(BeposiTHO, 8-armm)** ' A («TLTTEUOR) = 283
AnnpoBaHHbIiA 8-0x0-dG AMMOHOJIH3/IIIEIOYHON THAPOIN3 A = 256
8 - 10.0 maxl
(HE 10 KOHIIA y/AaJIeHBI 3AIIUTHI) Ao = 295
9 AmmupoBaHHsIii 8-0x0-dG AMMOHOJU3/TIETOYHON THIIPOITU3 66 kmaxl =247
(He 10 KOHIIa yJjaJIeHBl 3alnThI) ** ’ Moo = 299

* CTpyKTypa BEIIeCTB He ONpe/eNeHa, HO TP aMMOHOJTM3e/IIEIIOYHOM THIpOon3e OHM JatoT 8-Br-dG.
** CTpyKTypa BEIIECTB HE ONpeJieNieHa, HO IIPH aMMOHOJIN3e/IETI0YHOM THAPOIIH3e OHH Aat0T 8-0X0-dG.

TonbKo coenunenus 3 u 4. [Ipu Gonee BBICOKHMX TemIiepa-
Typax pEeaKIMOHHOM CMECH K MOMEHTY IPOBEICHHS aHa-
nm3a (TIepBbIe MUHYTBI C TOTO BPEMEHH, KaK YCTAaHOBUTCS
HEoOXOMMasi TeMIIeparypa) JCTEKTHPYETCST Y)KEe TOJBKO
HNOJIYNpoRyKT 4. JIONOJIHUTENBHOE alUIMpOBaHUE TpHa-
wi-8-Br-dG (oOpasoBaHue coemrHEHHs 5), Tak ke Kak U
3amernieHre OpoMuaa Ha ai (¢ o0pa3oBaHHUEM Tpe/Iiiie-
CTBCHHHUKOB 6 U 7), IIPOUCXOIAT TOJBKO MIPH TEMITEpaTypax
cebite 100 °C. TTonuanmimpoBaHHbIA TPOAYKT (COeaMHE-
HEE 5), mo-BUAMMOMY, 00JIee CKIOHEH K amypHHH3UIIAHT
071 ICMCTBUEM KHUCJION Cpe/ibl U BBICOKON TEMIEpaTyphl.

ITpu 135 °C B peak1oHHO CMECH €T0 B CPEITHEM B TPH pasa
MEHbIIIe, YeM TpuaimpoBadHoro 8-Br-dG, u oH Takke
ToJIBepraeTcs 3aMeleHrIo OpoMa Ha arui (¢ oOpa3oBaHHEM
npeiecTBeHHrKa 7). Ho mpu toBeieHry pacTBOPHUTENS 10
KUIIEHUS OH CTAHOBUTCS MPEOONaIaroNM U PACTIaAeTCs C
00pa30BaHHEM MHOTOYHCIICHHBIX TOOOYHBIX MPOIYKTOB.
ITocne toro, kak BOXKX u TCX moka3bIiBam ucues-
HOBEHHUE UCXOTHOTO COSAMHEHMSI, PEAKIIHIO 3aBEPIIAIIH.
Wanuiky aHruapuaa HelTpanu30Bain BOJHBIM PacTBO-
POM TPHATHIAMMOHHUI OukapOOHaTa, MOCIE Yero pac-
TBOPHUTEIb OTTOHSITH HA POTOPHOM HCTIapUTElIe.
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[Tocme 3TOTO peakIMOHHYI0 CMECh TIOIBEPTaIH IIie-
JIOYHOMY TH/pONH3y. McXomHas MeToarka mpejosara-
Jla aMMOHOJIM3, OJJHAKO Ja)ke mpu Temreparype 60 °C
OH He obOecrneurnBaeT 3(PpHEKTHBHOTO CHATHS AlMIBHOTO
OCTaTKa ¢ aMUHOTPYTITBI BO BTOPOM TOJIOKEHUH (00pa-
3yFOTCS IPOAYKTHI 8 U 9 U3 Tabi. 1, coxpaHUBIIIE OJHY
WIIM HECKONBKO allWIBHBIX Tpymm). B ciyuae mpumene-
HUSI IIEJIOYHOTO THAPONK3a B TeueHue 1-2 4 obecrneun-
BACTCs TIOJTHOE JICAIMIINPOBAHHE TIPOAYKTA.

J7isl OYMCTKU LIEJIEBOTO MPOAYKTA HAMH YCICIIHO
PUMEHEH METO XpoMarorpaduy Ha CHIaHW3UPOBAaH-
HOM CHITHKaresie. MeTo/ MO3BOJISICT BBIACIHUTH IEICBOMN
IPOAyYKT ¢ uncToToi 94-96%. [Ipn HeoOxoamMocTu 6o-
Jiee KaueCTBEHHON OYMCTKM MOXKHO MPUMEHUTH 00pa-
nieHHo-(azoByro BOXKX.

BbIx0j1 11€/1€BOT0 MPOYKTa [0 MAcCe OTHOCHTEIb-
HO 8-Br-dG cocrasisier B cpennem 80%.

IpenmyiiecTBa ¥ HEJOCTATKH METO/A IO CPaBHE-
HUIO C aJIbTCPHATUBHBIMHU TPEICTABICHBI B Ta0M. 2.

BriBoabI

Hamu Obin onTMMHM3UpOBaH M MOAM(UIMPOBAH IS
TMIpETapaTUBHbBIX eJICH METON CHHTE3a M OYHUCTKH 8-0X0-dG.
LleneBoii MpOIyKT MOIY4EH ¢ UTOTOBBIM BbIXooM 80% u
grcToTor cBbiie 94% mno ganasiM BOXX. B cpaBHeHnn
C TIpeALIeCcTBYIOMIEH MeTOUKOH [12] HaMU JOCTUTHYTHI
YEeTBIPEXKPATHOC YBEIMUYCHUE BBIXO/IA M COKpAIICHHE
OYMCTKH Ha HECKOJIbKO cTyneHel. [TomydeHHbIH MeTos
YIA00CH ISt JTaOOpaToOpHOTO MPUMECHEHHUSI.

Tabauna 2. CpaBHEHHE CYIIECTBYIONINX METOJ0B CHHTE3a §-0X0-dG

Merox CyTb MeToz1a

Lin T., Cheng J. et al.,
1985 [9]

Ha nepBoii craguu nosy4aror 8-0eH3MIOKCH-
ryaHo3uH IiyTeM o0pabotku 8-Br-dG merai-
JMYECKUM HaTpUEeM M OCH3WIIOBOM CHHPTOM.
Jlanee mpoxyKT O4MIIAETCSl U IOABEPraerTcs
KaTQINTHYECKOMY THIPUPOBAHUIO Ha IIaj-
JaJuy, B pe3yjbTare KOTOPOro U IMOIydaroT
8-0x0-dG

Cheng K.C., Cahill D.S,
1992 [3]

Oxucnenne dGTP B BogHoit cpene, B ycio-
BUusAX peakuun PeHTOHa (B3aUMoOIeicTBHE
ackopOuHOBOH KHCIOTH ¢ FeSO,)

Mapwmuii H.B.,
Hespenumona T.C.,
Ecumos /1.C., 2015 [4]

Oxucnenne dG B BOTHOI cpefie, B YCIOBHAX
peakin DeHTOHA (B3aUMOJIEHCTBHE ACKOP-
OunoBo# kucnotsl ¢ FeSO,)

Geiger A., Selige H.
etal., 1993 [12]

B Ge3BotHOM nUpUANHE TPU KUAISTYSHUH T1PO-
BoauTcs peakiust 8-Br-dG co cmechlo aneran-
TUIpH/a, alerarta HaTpys U anerara cepedpa
B IpuCyTCcTBUM N-MetunuMunasona. IIponyk-
TBI OKCTPATUPYIOTCSI XJIOPUCTBIM METHIICHOM,
pa3nersioTcs KOJOHOYHOW Xpomarorpadueii,
Jajee MoaABepraloTcs aMMOHOIIH3Y.

Roelen H.C.P.F., Saris
C.Petal, 1991 [13]

B 0e3BOAHOM NMPUIMHE NPH KHISTYCHUH
npoBoxuTcs peakuuss 8-Br-dG co cmechbio
alleTAaHIWApUIA, aleTaTa HaTpHs, YKCYCHOMH
KHUCJIOTBI U 3TaHona. IIpomyKThl SKCTparupy-
I0TCS XJIOPHCTBIM METHJICHOM, Pa3/eisioTcst
KOJIOHOYHO# XpoMarorpadueil.

[Ipennaraemslit MeTo

B cmecu 6e3BonHOTO IHpHHa U [IM®A ipu
KHISTYeHUH npoBofuTest peaknust 8-Br-dG co
CMECBIO alleTaHTHAPH/IA U alleTata HaTpHs B
MIPUCYTCTBHU N-MeTHinMuaa3zona. [IpogykTer
TIO/IBEPTaloTCsl MIETIOYHOMY THIIPOIIH3Y.

Beixon (1o
Iponyxr Mmacce OuncTka npoayKTa
k 8-Br-dG)
8-0x0-dG 49% [lepexpucrannuzanus
Copbuus Ha yrie,
8-0x0-dGTP 5.8% xpomarorpadus Ha
cedanekce
Cop0rust Ha yriie
- - 0, s
8-0x0-dG 7.2% OD-BIKX
DKCTpaKL¥s, XpOMaTo-
e || T
8-0x0-dG ° POMEY
CTaJIuu, NePEeKPUCTAI-
TH3aIMs
2-N,3-0,5-0- Xpomarorpadus Ha
TpHaLeTuI- 8- 12% P P
CHUJIMKarene
oxo-dG
Xpomarorpadus Ha
8-ox0-dG 80% CUJIAHM3HPOBAaHHOM
CHJIMKarene

3KCHepl/lMeHTaﬂLHaﬂ 4acTb

PactBopuTenu n xxuakue peareHTsl (N,N-TuMeTHI-
dbopmamMu, TUPUINH, N-METHIMMHUIA30J, YKCYCHBIH
AQHTUAPUJ, TPUITHIAMHH) ObUTH TIEPETHAHBI JI OUUCT-
KA U 00€3BOXKUBAHUS COINIACHO CTAaHAAPTHBIM METOAHU-
kam. Cyxue BelecTBa ObLIM MHOTOKPATHO COYMAPEHBI C

MTUPUAMHOM H BBICYIIICHBI TI0]T BAKYyMOM, aIleTar HaTpus
— MPeBAPUTENBHO POKAJICH IS Pa3pyIICHHs THAPATOB.

BOXX ¢ V®-gerexkumeir u CHSTHEM CIIEKTPOB
MIOTJIOLICHUS BBITIOJHSIIUCh Ha Xpomarorpaduyeckoit
cucreme Shimadzu, ocHamiennoii Hacocom LC-20AD,
netekropom SPD-M20A, 6mokom aerazamuu DGU-20A,
aBrocamruiepom SIL-20A, Tepmocratom CTO-10AS.
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H.B. Mapmuii, [1.C. Ecunos

Hcnonp3oBanu koinoHky Phenomenex Luna C18 (2) u
nporpammHslii makeT LCSolution Bepcust 1.25 amst o6pa-
6otku xpomarorpamm. PactBopurenu: A — 0.05 M opto-
(hocdopnas kucnora, B — aneronutpui. Mcnomnb3oBancs
rpaguent 5-20% ameronuTpuia 3a 15 MuH A Heary-
JMPOBAHHBIX HYKI€0TH0B U 5—40% aneroHuTtpuia 3a 35
MUH JUTS allMTAPOBAHHBIX, CKOPOCTH TIOTOKA 1 MII/MHH.

[IpenapaTuBHyl0 XpOMaTorpa(uio BBHITOIHSIN C
nomoIpko cuctemsl Isolera Four, A, = 254 um, A, = 300
HM. Mcnonb3oBanach CTEKIIHHAsI KOJIOHKA C a1alTOPOM,
HocHTenb — cuimkareiab 60 silanased (0.063-0.2 mm),
npoussoxutens Merck.

ToHKOCITOMHYIO XpoMaTorpa(uio BBITIONHSIN Ha TUTa-
crunkax TLC Silica gel 60 F 254 (Merck KGaA), B cucre-
Max CH2C12 — CH3OH, 9:1 nns HEAMITMPOBAHHBIX HYKJIEO-
3u710B 1 92:8 — 11 alUIIMPOBAHHBIX.

H!-SIMP-criektpbl peructpuposaiu Ha IMP-crek-
tpomerpe Brucker-400 ¢ paboueii gactoroit 400 MI'n;
B KaueCTBE PACTBOPUTENICH HCIOJIB30BAIH JEUTEPUPO-
Bannbie xjopopopm (CDCL)) u mumernicynbdokenn
(DMSO-d,), BHYTpeHHUI CTaHAAPT — CHTHAIIBI OCTATOY-
HBIX XJIOpoOpMa U AUMETUICYNb(OKCUAA.

s onpeneneHns MONIEKYIISIPHONM MAacChl UCTIONB30Ba-
m LC/MS-xpomarorpad 1100 LC (Agilent Technologies)
¢ YO®- (254 M) u macc-gerektopom — 1100 LCMSD
(Agilent Technologies), APCI (¢ mojouTenbHOR HO-
nuzanueir). HPLC: komonka Onyx C18 (50x4.6 mm),
pacteoputens A — 0.1% TFA B aneronntpuie/H,0
(2.5:97.5), pactBoputens b — 0.1% TFA B auetonutpu-
Jie, AMIoUpoBaHue — rpajgueHt “B” 2.4 Mun-> “A” (ynep-
skanue 0.2 mun) -> 0.2 MuH -> “B”, CKOpPOCTH TOTOKA
3.75 mn/muH;

8-bpomo-2’-ne3okcuryanosu (8-Br-dG) 0w mo-
Jy4eH 1o onucaHHoil panee [10] peakuun 2’°-1e30KcH-
ryaHo3WHa ¢ OpoMHOU Booit. Berxon: 96%. YD-crektp
(pH 3): & = 261 um. H'-SIMP-cnexrp (DMSO-d,, 3§,

max

M.IL): 3.46-3.75 (2 H, 5'-H), 3.75-4.01 (1 H, 4-H), 4.01-

Cnucok JuTeparypbl:

1. Lee S.F., Pervaiz S. Assessment of oxidative stress-
induced DNA damage by immunoflourescent analysis of
8-0x0-dG // Methods Cell Biol. 2011. V. 103. P. 99-113.

2. Hespemumosa T.C., Mapmuii H.B., Ecunos
J.C. EcunoBa O.B., llIsent B.U. 8-Okco-2’-ne30kcury-
aHO3WH — OMOMapKep OKUCIUTEIBHOTO cTpecca // Bect-
Huk MUTXT. 2014. T. 9. Ne 5. C. 3-10.

3. Cheng K.C., Cahill D.S. 8-Hydroxyguanine, an
abundant form of oxidative DNA damage, cause G-T
and A-C substitutions // J. Biol.Chem. 1992. V. 267.
Ne 1. P. 166-172.

4. Mapwmuii H.B., Hespequmosa T.C., Ecunos J1.C.
Bnusinue menatonnHa Ha 0Opa3oBaHUe 8-OKCO-2'-1€30K-
CUTyaHO3WHA B yCloBUsiX peakiun dentoHa / ToHkue
xumuyeckue texuonoruu. 2015. T. 10. Ne 1. C. 50-55.

431 (1 H, 3'-H), 4.82-5.38 (4 H, 2'-H; 2'-, 3'-, 5'-OH),
5.75 (1 H,I'-H), 6.48 (2 H, 2-NH2), 10.81 (I-NH). R,
0.2. BOXX, Bpems ymepxuBanusi 12 MuH (TpagueHT
5-20% aueronuTpuia 3a 15 muH).

8-Oxco-2’-ne3okcuryanosut (8-oxo-dG)

B 25 wmn 6e3BomHoro N,N-gumetwmidopmaMusa
cycnienaupoBasin 800 mr (2.5 mmoins) cyxoro 8-0po-
MO-2’-71e30KCUTyaHO3MHa U 2 T (25 MMoIb) 6e3BOJHOTO
arerara Harpus. [lo6asmsmm 0.5 M1 6e3BOIHOTO MUPH-
JIWHa, 2 MJI yKcycHoro anruzpuga u 20 mxia N-me-
THIMMuAa300a. [lpu mepeMenmBaHuU peaKkIMOHHYIO
CMeCh HarpeBalin Ha THIepuHOBoM Oane n0 135 °C u
TOJICP KUBAJIH JJAHHYIO TEMIIEPATYPY.

Xop peakiuy KOHTPOIUPOBAIM C TIoMOIbl0 BOXKX
n TCX. Peaknuro Belu 70 MCUYE3HOBEHHS TPUAITUI-8-0po-
MO-2’-JIe30KCUT'yaHO31Ha, B TeueHue 28 u.

[ocne sTOro HENTPaIU30BaIM OCTATKU YKCYCHOIO aH-
ruapuaa, 1ooasisis 20 Mt 5% TpUATHAMMOHHKE OHKapOo-
Hara, ¥ OTTOHSUTH PAaCTBOPHUTEIh HA POTOPHOM HCIIApHTETIC.

Ocamok 3ammBam 0.1 M NaOH, nepememmBaniy,
ocTap/si Ha 1-2 4. Xox ruiponusa KOHTPOIUPOBAIU Me-
tonamu BOXKX n TCX. Korja anmnmpoBaHHbBIE TTPOU3BO-
JIHBIC TIEPEeCTaBAIN JCTCKTUPOBATHCS, IIENIOYh HEUTpalH-
30Bayu 0.1 M ykcycHO# kucnoTtoi 10 HelTpanbHoro pH,
pacTBOPHTEND YA HA POTOPHOM HCIIapUTEIIE.

Cyxoif 0OCTaTOK HECKOJbKO pa3 MepeymnapuBalud ¢
BOJION JIJIsl yJaJIeHUsT OCTaTOYHOTO PACTBOPHUTEINS, pac-
TBOPSUIM B MUHHMAJIBbHOM OOBEME AMCTHIUIMPOBAHHON
BOJIBl M HAHOCWIIM HAa KOJIOHKY C CHJIaHU3MPOBAaHHBIM
cunukareneM. PacTBoputesnn — BoAa U 9TaHOM, IPAJUEHT
0-5% oTanona 3a 10 oObemMoB KonmoHKH. Bbrxom: 80%.
V®-cniexrp (pH 3): A, =247 um, A, =294 um. M 283.
H'-AAMP-cniektp (DMSO-d,, 3, m.11.): 3.41-3.66 (2 H, 5°-H),
3.67-3.98 (1 H,4’-H), 3.98-4.21 (1 H, 3°-H), 4.71-5.22 (4 H,
2’-H; 2%-,3°,5’-0OH), 5.58 (1 H, 1’-H), 6.46 (2 H, 2-NH,).
Rf 0.43. BOXX, Bpems ynepxusanust 6.2 mun (5-20%
arleToOHUTpuIa 3a 15 MuH).
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XHUMHUS5sI H TEXHOAOI'HSA AEKAPCTBEHHBIX ITPEITIAPATOB
H BHOAOT'HYECKH AKTHBHBIX COENHHEHHH

YIAK 577.114.3

CHUHTE3 U CBOMCTBA HEOITIMKOJHUIUI0OB HA OCHOBE
2-AMUHO-2-TUAPOKCUMETHUJIITPOITAH-1,3-AUOJIA

E.O. lllyuna®, U.C. Illleauxk, I0.A. Cebaxun

Mockoeckuili mexHonozuueckuii yHusepcumem (HHcmumym MOHKUX XUMUUECKUX MEeXHON02UlL
um. M.B. AomoHocosa), Mockea 119571, Poccusi
@Aemop ons nepenucku, e-mail: c-221(@yandex.ru

HcnonwsosaHue 8 kauecmase si0ep pazeemeansiiouux ppazmerHmos npouseoorvix TRIS sensemes
cogpemeHHbIM MemoOOM NONYUCHUSL Y2l1e800C00epIKaulUX 0eHOPUMEPON000bHbIX aMpUpULO8.
PaspabomaHa cxema cuHmesa NOAYUEHUSL NPOU3BOOHBLX MPEXBANeHMHBLX HEeO02AUKOAUNUOO08 C
mepMUHANTbHBbIMU ocmamKamu D-MaHHO3bL U pa3eemesastouieti KOMNOHeHmol Ha ocHoge 2-amu-
Ho-2-2udpokcumemunnponan-1,3-ouona (TRIS), paszruuaroujuecss cmeneHvro HACLLIUEHHOCMU
Yyane8o0opooHblx yeneti. IlonyueHue 2ud0popuUIbHOT UACMU UeslesblX MOSeKYsl Npo8oouUruU No
pearxyuu 1,3-0unossipHoz2o yursionpucoeduHeHusl, ¢ oastbHeliuell KoHbrozayueli ¢ 2udpogpobHoll
KOMNoHeHmMol KapboouumuoHbim cnocobom ¢ dobaskoii HOBt 8 kauecmee kamasuzamopa. B
pabome uccnedo8arbl N0OX00bL K POPMUPOBAHUIO UeNe8blX KOHCMPYKYUUN — TUNOCOM HA OCHO8E
pocdhamudunxonuHa U CUHME3UPOBAHHBbLX HEO02AUKOJAUNUO08 U UX PUIUKO-XUMUUECKUEe C80l-
cmea, makue Kak pasmep uacmuy u cmabunvHocme. H3yueHa axkmueHocms NOAYUEHHBLIX CO-
eOduHeHUull 8 cocmase JUNOCOM, 302PYIKEHHBbIX AHMUOUOMUKOM MEePONneHemMoM, 8 OMHOUEHUU
wmamma 6axmepuii Escherichia coli. BblsigneHa 803MOIHOCMb USMEHIMb NPOULb Oelicmaust
06pa3Ua UNOCOM, COOEPIHAULUX HEO2NIUKONUNUObL, 8blO0OPOM PA3NUUHBIX MEemOo008 €20 NpPuzo-
moeJsieHusl, Umo nNepcneKmueHo 0isi 0albHelulux UcC1e008aHULE 8 SMOM HANPABAEHUU.

Knroueesle cnoea: mpexsanieHmHblil Heo2iukokoHbrozam, D-manHoza, TRIS, azpezamol, aHmu-
baxmepuasbHoe Oelicmaue.

SYNTHESIS AND PROPERTIES OF NEOGLYCOLIPIDS BASED
ON 2-AMINO-2-HYDROXYMETHYLPROPANE-1,3-DIOL

E.D. Shuina®, I.S. Shchelik, Yu.L. Sebyakin

Moscow Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow 119571, Russia
@Corresponding author c-221@yandex.ru

The use of TRIS derivatives as the kernels of branching fragments is a modern method of
preparing carbohydrate-containing dendrimer-like amphiphiles. A scheme of the synthesis of
derivatives of trivalent neoglycolipids with terminal residues of D-mannose and a branching
component based on 2-amino-2-hydroxymethylpropene-1,3-diol (TRIS) differing in the degree of
saturation of the hydrocarbon chains is developed. The preparation of the hydrophilic part of
the target molecules was carried out with the use of the reaction of 1,3-dipolar cycloaddition
followed by conjugation with the hydrophobic component according to the carbodiimide method
with the addition of HOBt as a catalyst. Approaches to the formation of target designs — liposomes
based on phosphatidylcholine and synthesized neoglycolipids — and their physical and chemical
properties, such as the size of particles and stability are investigated. The activity of the obtained
compounds in the composition of liposomes loaded with the antibiotic meropenem with respect
to Escherichia coli strain is carried out. An opportunity of changing the profile of the action of a
liposome sample containing neoglycolipids by choosing various methods of its preparation that is
promising for further research in this direction is revealed.

Keywords: trivalent neoglycoconjugate, D-mannose, TRIS, aggregates, antibacterial action.
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CHHTe3 H CBOHCTBa HEOTAHKOAHIIHAOB Ha OCHOBE 2-aMHHO-2-THAPOKCHMETHANponaH-1,3-auoAa

BBenenune

VYriieBoabl — caMble PacHpOCTpaHEHHbIC OMoMore-
KyJIBl B TIPUPOIE, KOTOPhIe IPUHUMAIOT yJacTUE B IIH-
POKOM CIICKTPE MPOIECCOB KUBBIX CHCTEM, B TOM YHCIIE
Y B KJIETOYHOM y3HaBaHUH [1].

Anre3usl MAaTOTCHHBIX MHKPOOPTaHM3MOB Ha IO-
BEPXHOCTH KJIICTKH XO3SIMHA SBISICTCS MIEPBOHAYAIEHBIM
IIarOM B KOJIOHU3AaIlMM U BO3HUKHOBEHHM HH(EKIHU.
bakrepuanbHbIe MOJNEKYIIBI, YIaCTBYIOIINE B aIT€3UU —
OCIIKOBBIC JICKTHHBI, — PACIIO3HAIOT KOMIUICMECHTapHBIC
OJITOCAXapUAbl Ha IOBEPXHOCTH KIIETKH Xo3stmHa. O0-
Imas Ceru(UIHOCTh OaKTEPUH [Tl KOHKPETHOM KIETKH
OyZeT 3aBUCETh OT HANUYUS KOHIIEBBIX OJHTOCAXapHIl-
HBIX penientopoB [2]. Haubosee xopomio oxapakTepu-
30BaHHBIMH CIICIU(PHICCKIMH JICKTHHAMH SIBIISIOTCS
¢umOpun I Tuma, KOTopele CHOCOOHBI CBS3BIBATHCS CO
3BEHBSIMH 0-D-MaHHO3EI B CTPYKTYpE TIUKOIUTIHIOB Ha
MOBEPXHOCTH 9YKaPUOTHUECKUX KICTOK Pa3HOOOPA3HBIX
tunoB. [lomoOHBIC B3aMMOAEHCTBHS, OMOCPEIOBAHHBIC
¢umOpusmu | TuIa, TPUBOASAT K 00pa30BaHUIO OAKTEPH-
aNMbHOU TUICHKH. )11 MHTHOMPOBAaHUS Pa3IHMYHBIX IIPO-
IIECCOB, TPOTEKAIOIINX C yIaCTHEM JICKTUHOB, IPUMCHS-
0T TIIMKOKOHBIorathl [3]. B Hamieit paboTe B kKauecTBe
BEKTOPHOTO 3JIeMEHTa Obula BbIOpaHa D-maHHO3a, Tak
KakK ICHIPUMEPONIOT0OHBIC MOJICKYIBI C TCPMHHAIEHBI-
MU OocTaTkaMi D-MaHHO3BI MOTYT OBITh HCIOb30BAHbI B
KauyeCTBE aHTHOAKTEPHAIILHBIX areHTOB [4].
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CylIIecTBYeT HECKOJIBKO MEXaHW3MOB, IOCPEICTBOM
KOTOPBIX JIMTaH/ MOKET B3aUMOJEWCTBOBATh C PEIENTO-
POM: PELeTITOP-CBSI3BIBAIOIIMM CIIOCOOOM, HEIOCTYITHBIM
OJIHOBAJICHTHBIM MOJIEKYJIaM, U C MOMOIBIO MYJIBTHILIET-
HOTro B3auMOoeHCTBHA. [I0CKOIIBKY CPOICTBO OHOBAJIEHT-
HBIX YIVIEBOIHBIX JIMTAHAOB K JISKTUHAM OOBIYHO OYEHb
crmaboe, OHO MOKET OBITh YCHJICHO MYIIETHBAJICHTHBIMHU
BanMozieicTBrsIMU [4]. [ToHnMaHue CTPYKTYpBI U criocoda
CBSI3BIBAHHS ITO3BOJISICT CO3/IATh CHHTETHICCKHIE MYJIETHBA-
JICHTHBIE JINTAH]IbI C HEOOXOIMMBIMU CBOMCTBaMH [5].

Lenb paboThI 3aKiTFOYANIACh B CHHTE3€ MaHHO30CO/IEP-
JKAIIUX HEOITIMKOIMITUIIOB HA OCHOBE 2-aMHHO-2-THUIPOK-
CHUMETHINpPONaH-1,3-a1ona, pa3inJaronyuxcsi CTENeHbIO
HACBIIIEHHOCTH YIIIEBOJIOPOIHBIX IIENEH, C MOCIENYIONIIM
HX BKJIFOYCHUEM B JIMTIOCOMAITbHBIC KOHCTPYKITHH M U3yde-
HHUEM CBOMCTB.

Pe3y.1'leaTLl H UX 06cym11e}me

CrpyKTypa MpenyokeHHbIX HEONTMKOIUMNUI0B 21,
22 BKITIOYAET THIPOPOOHYIO COCTABISIONIYO — COOTBET-
CTBEHHO JMUTETPAACUMIOBBIA M JIMOKTAACICH-9-0BbII
a¢up L-acmaparnHOBOI KUCIOTHI Ui BCTPAHBAaHUS B
TUMHIHBIA OUCION M TUAPODUIBHYIO COCTaBIISIOILYIO
— KOHBIOTaT Ha OCHOBE 2-aMHUHO-2-THIPOKCUMETHIIIPO-
nas-1,3-guona (TRIS) ¢ TpeMs TepMHUHANBEHBIME OCTAT-
kamu D-mMaHHO3BI 151 9p(hEeKTHBHOTO CBS3BIBAHHS C pe-
LENTOpaMH Ha MOBEPXHOCTHU KJIETOK-MUILIEHEH.

HoC—COOC j4Has

(CHy)— (H:i HN— CH-COOC 4Hy9

21

H,C—COOC gH 5

'ﬁ* (CH 2)2—ﬁ— N—CH—COOC gH;35
H
0 0

22

fapodobHbIN

610K
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CuHTe3 TpexBaJeHTHOr0 Heormkoaumuaa 21
OCYILECTBIISUTH TOCIIEA0BATEILHBIME PEAKIIUIMHE, BKITIO-
YaIOIIMMH TTOJTy4eHHE THAPO(PHILHOTO OJIOKA C pa3BeT-
BJISIFOLIMM SIIPOM U BEKTOPHO# KOMITOHEHTOI Ha OCHOBE
D-MaHHO3BI, THAPOPOOHOTO OI0KA C YIIIEBOIOPOIHBIMHU
LETSIMU PA3JIUYHON CTEIIEHHN HACBHIIICHHOCTH U UX KOHB-
IOTaITHIO.

Coenunenne 3, SIBISFOIIEECS PA3BETBISTIONIAM SITTPOM,
TMOJTy4aJl B COOTBETCTBUM co cxeMoii 1. ITpoBoauim 3amm-
Ty amuHOTrpymmibl Ha TRIS (1) mo cranmaprHO# MeTomvKe
[6], a 3aTem peakuuto 2 ¢ nponaprunopomugoM B JJMCO
B NPUCYTCTBUM THIpPUIA KU B KaUECTBE KaTaju3aropa.
Berinenenue nponykra 3 oCyIeCTBIBUIN C IOMOILBIO KOJIO-
HOYHOH XpoMaTorpaduu ¢ BEIXogoM 32%.

: Boc,O HO CH=CCH2Br —l:
2 NH—Boc — > NH—Boc
H H KOH,DMSO = _
H H =
1 2 3
Cxema 1

CrenymoommmM 3TarioM CHHTE3a ObUIO MOJNyYCHHE
THAPOPIITEHON KOMIOHCHTHI.

Jua nonyuenus 1-O-(2-a3upodtun)-o-D-maHHOIH-
panosuja (7) B Ka4ecTBE JIEMEHTA CBSI3bIBAHUS C (PHUM-

OpusiIMH Ha TOBEPXHOCTH OAaKTepuil, MOIHBIA arerar
MaHHO3bI 5 00pabaThiBajl OPOMAITAHOJIOM B TPHUCYT-
cTBUHU 3dupara TpUPTOPUCTOro OOpa, a 3aTeM a3UIOM
Hatpus. Beixon npoaykra cocraBui 70%.
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Cxema 2

[onyuerne ruapodIIIBHON YacTH EIEBBIX MO-
JIEKYJl MPOBOJAWUIN MO peakuuu 1,3-IUKI0aUNIoNsip-
HOTO MpUcOeIuHEeHHs (cxema 3) B 0€3BOJTHOM XJIOPO-
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¢dopme B npucyrcreun Cul u DIPEA [7]. IIponykr 8
BBIJICJISUTN MPU TOMOIIY KOJIOHOYHOU XpomaTorpaduu
¢ BeIxogoM 70%.
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Boc-3anutHy0 rpyninupoBKy COeIHHEHHS 8 yiass-
T IeACTBUEM TPU(TOPYKCYCHOU KUCIOTHI, alleTUIIbHbIC
3aIuThl — 00padoTkoii 0.1 M pacTBOpoM MeThIIata HaTpust

AcO
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c0 AcQ o
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p) N NH—Boc >
AcO’
CHJCI

AcOpcO 8

AcO,

,N\\N
N\_:JJ MeOH
AcO o/\ o0
AcO,
9

AcOpco

B METaHOJIC TIPM KOMHATHOW Temrieparype (cxema 4). B
Macc-crekTpe THapoguiIbHOi KoMItoHeHThl 10 Halmo-
JIAJICST CUTHAIT MOJISKYJIIpHOTO MoHa m/z: 1009.694 (M™).

AcO

A0 o
ACO
Ac O

AcO AcO o

NN
N

0—/\2& NH,

MeONa

Cxema 4

I'mapodoOHBIE KOMITOHEHTHI TOJYYald CIEYIo-
muM obpaszom. st cuHTesa coenuHeHus 14 mpoBouiu
PEaKIIo JUTETPaIeIHIOBOTO ddupa L-acnaparuHoBon

KACIOTH 13 ¢ SHTapHBIM aHTHUIPHUIOM B MPUCYTCTBUU
TPUATUIIAMUHA TIPH KOMHATHOMW Temrieparype (cxema 5)
[7]. Beixon npoxykra peakiuuu coctaBui 98%.

HOOC—CH2 n-TsOH C14H29000_CH2 NaH003 C14HZQOOC—CH2
- s i
HOOC—CH—NH,  CyHxOH C1Hz00C— CH—NH3"0Ts" C1Hz00C—CH—NH
11 12 13 o
oi]
7
(0]
C14H00C—CH, 0

| I
Cr#H00C-CH—N— C— CH,CH,COOH

14

Cxema 5

s momyyenns HenmpeaenbHol THAPO(HOOHOH KOM-
noHeHTh! 20 (cxema 6) MeTUIIOBBIN 3dup yuc-9-oxrane-
[IeHOBOM KHCIO0TH (16) BOCCTaHABIMBAIIN C TIOMOIIBIO
LiAIH, B abcomotnom >upe (Boixon 85%) [8]. [danee
M30BITOK OJICMHOBOTO CIMPTAa CILIABIISLIN ¢ L-acmaparu-
HOBOW KHCIIOTOH B MPHCYTCTBHU /-TOXYOJICYIb(HOKHC-
JIOTBI ¢ TOCHeayomeil oopadorkoii comn 18 rumpokap-
OoHaTOM HaTpHs ¢ 00pa30BaHKUEM JTMOKTAIEIIeH-9-0BOr0O
adpupa L-acmaparunoBoit kuciotel (19) [7]. LleneBoit
npoaykr 20 monyvanu u3 coenuHeHus 19 aHajoruvyHO
coeuHEeHUI0 14 10 peakuy ¢ SHTapHbIM aHTHIPUIIOM,
ONMCAaHHOM BBILLIE.

Konstoramuto runpodunbroit (10) u runpodoOHoiA
(14) cocTaBnAOUIMX OCYIIECTBIISUTN KapOOAMUMUIHBIM
meToznoM B npucyrcrBun HOBt B kauecTBe kartanuzaro-
pa (cxema 7).

Peaxmro npoogm B cpene JAM®DA, npoaykT oun-
IIAJTH C TIOMOIIIBIO MPETIapaTUBHOMN XpoMaTtorpaduu (BBIX0O
31%). B macc-cniexkrpe coeHeHust 21 npucyTcTBOBa MUK
MOJIEKYISIPHOTO HoHa m/z: 1639.392 (M* + 2Na").

AHAJIOTMYHBIM 00pa30M TOJTYYalIH [EIeBOI KOHBIOTAT
22 ¢ ucnonb3oBaHueM ruipodobHoi komnoHeHTbI 20 (cxema
8). B Macc-criekTpe KOHEYHOTO COSAMHEHHMS MIPHICYTCTBOBA
TIHK MOJICKYJLIPHOTO HoHa m1/z: 2121.685 (M + 12K").
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Cxema 8

CTaéunbHOCTh M pa3Mep yactuu. VzydeHsr du-
3UKO-XUMHYECKHE CBOMCTBA JHUIIOCOM, C(HOPMUPOBAH-
HBIX Ha ocHOBe (ocharuammxonrna (OX) ¢ nodasneHu-
eMm 10% mac. coenuaenuii 21, 22. MccneaoBanbl Takue
mapaMeTphl, Kak CTaOMIbHOCTS JIUMUAAHBIX TUCTICPCHA U
pa3mep o0pa3yroIIUXCs YacTHUll.

Jlis ornipeniesieHust CTabMIIbHOCTHA (PUKCHPOBAITU H3-
MEHEHHUE ONTHYCCKOW IUIOTHOCTH MPUTOTOBICHHBIX 00-

pa3loB MPHU MPOXOKACHUH Yepe3 HUX CBETOBOM BOIHBI
quinHoi 400 HM. YCTaHOBJIEHO, YTO YINIEBOJCOAEPKa-
IIME JIMITOCOMBI CTAOMIIBLHBI B TEYCHUE CYTOK.

ITocne onpenenenuss OTHOCUTEIBHOTO paclpeene-
HUS 9aCTHUII IO Pa3MepaM yCTaHOBJICHO, YTO YaCTHIIBI Ha
ocHoBe @X u coeaunenus 21 uMenu cpeaHui JuaMeTp
178 HM, a coenuHeHus 22 — COOTBETCTBEHHO 169 HM

(puc. 1).

Toukme xumudeckue TexHororun / Fine Chemical Technologies 2017 Tom 12 No 4 69



CHHTe3 H CBOHCTBa HEOTAHKOAHIIHAOB Ha OCHOBE 2-aMHHO-2-THAPOKCHMETHANponaH-1,3-auoAa

e wa e bams
Darmeter {nm)

a

o L ] 1] L]

Cefierany sl Number (%)
L]

Puc. 1. PacnipeeneHne yacTuil o pasMepam s TurmocoM Ha ocHoBe OX u coequuenuii 21 (a) u 22 (6).

Bausinme arperatoB Ha KHHETHKY pocCTa
Escherichia coli. ViccnenoBana akTUBHOCTH TOJTy4YEH-
HBIX coeauHeHuit 21, 22 B cocTaBe JTUIMOCOM Ha OCHO-
Be Qocoarnmmixonmura (PX) B OTHOIICHWH IITaMMa
Oaxtepuit Escherichia coli. DKCiepUMEHT MPOBOIMICS
IUTSL K&KIOTO COCITUHEHIS: MCIOJB30BAIH JITIOCOMEI CO-
ctaBa HeomwmKomumua—pocharuammxomma  (0.5:2.1, wmr/
MT), 3arpy>keHHbIe MeporieneMoM (u3 pacdera MIIK 0.25
Mmr/mi) [9], oMy4YeHHBbIe IBYMS CIOCOOAMHU: METOIOM
THIpaTaluy TOHKOHM JIMIHTHOHN TUICHKH U 3aMOpasKUBa-
HUSI-OTTanBaHMA. DPPEKTUBHOCTh AHTUOAKTEPUAIEHO-

§ 0,600
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TO JEHCTBUS ONpEAEIsiN MO0 M3MEHEHUIO ONTHYECKON
IUTOTHOCTHU CPEABI KYIBTYPBI KIETOK E. coli.

W3 rpadukoB (puc. 2) BUAHO, YTO arperatel Ha
ocHoe ®X U coenuHeHUs 22, 3arpy’KeHHbIE MEpO-
MICHEMOM, TIOJIyYCHHBIE METOOM THIPATallud TOHKOM
JUMUJHON TUICHKH, HPOSBISAIOT OONBIIYI0 aKTUBHOCTH
B OTHOIICHUM IITAMMOB OakTepuii, B OTIUYUE OT aHa-
JOTMYHO IOJyYEHHBIX JIUIIOCOM, MMEIOIIUX B CBOEM
cocrase coequHeHue 21. Taxoii ke cpaBHUTENBHBIH (-
(hexT HaOMIOANN M B OTHOIICHWH YaCTHII, TOTYIEeHHBIX
METOZIOM 3aMOPaKMBAHUA—OTTAUBAHUS.

1] 500 1000 1500
Bpema, Mud

Puc. 2. CpaBHeHme pocTa KyJabTYpbl KIETOK E. coli Tpy eHCTBUH Ha Hee YITIEBOACOCPIKAIINX JIMTIOCOM Ha OCHOBE
®X u coequnennii 21, 22, 3arpyxeHHbIX MeponeHeMoM. [1C — TUnocoMsl, TOTy4YeHHbIE METOOM THApaTalliid TOHKON
munuaHoH mueHky; 30 — IUIMO0COMBI, TOITy4YE€HHbIE METOAOM 3aMOPaKMBAHUSA—OTTauBaHHUS;

W — uHTaKTHBINA MEpONEeHeM.

Takum 00pa3om, yCTaHOBIICHO, YTO arperarsl Ha 0c-
HoBe ®X U coenuHeHuUs 22, 3arpyKEHHBIC MEPIICHEMOM,
MOJyYCHHBIC METOIOM 3aMOPaKHMBAHUS—OTTAWBAHUS,
UMEIOT MPOoQUIIb NEHCTBUS, aHAJOTHYHbIH UHTAKTHOMY
MEpOIICHEMY B OTHOIICHHUHU KIETOK E. coli, ¢ Goipieit
3 PEKTUBHOCTHIO 1O CPABHEHHUIO C MOJOOHBIMHU JIUIIO-
COMaMH, TOJYYEHHbIMH METOJOM THAPATALMHA TOHKON
JIUTIUAHON TUTEHKH (puc. 3).

IKCIepUMEHTANbHAN YaCTh

Crektper 'H-SIMP perucrpupoBaiu B OeHTEpH-
poBaHHOM XJIOpo(opMe MU ITUMETHICYIb(OKCHIE Ha
umnyinbcHoM SIMP-cniekrpomerpe  «BrukerWM-400»
(I'epmanwmst) ¢ paboueit wactoroit 400 MI'i. Bayrpen-
HUW CTaHgapT — rekcamerwiancuiokcad. MK-cnexTpsl
peructpupoBaiu Ha MK-®ypre-criekTpomerpe, MoJelb
EQUINOX 55, pupma «Bruker», 'epmanust. Macc-criek-
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Puc. 3. CpaBHeHue pocTa KyJIbTYpbI KIETOK E.coli
IpU ACHCTBUM Ha Hee YITIEBOJICOACPIKAIIUX JTUIIOCOM
Ha ocHoBe DX U coeanHeHUs 22, 3arpyKEHHBIX
MEpPIEHEMOM, MOTY4YEHHBIX METOAOM I'HIpaTalluu
ToHKo# yumuHOH ruteHkH (I1C)

1 METOJIOM 3aMopakuBaHus—oTTanBanus (30);

W — MHTaKTHBINA MEpOTIEHEM.

70 Toukue xumndeckue TexHororuu / Fine Chemical Technologies 2017 Tom 12 No 4



E.[. Ulyuna, U.C. Illeauxk, F0.A. CeGsaxun

TPHI TOJTYYEHB HAa BPEMSIIPOICTHOM MacC-CIEKTPOME-
tpe VISION 2000 metonom MALDI ¢ ucnonszoBanueM
B KaueCTBE MaTpPHUIIbI Auruapokcnoensona (DHB).
ToHkocnoOMHYI0 Xpomarorpaduio TPOBOAWIN Ha
wractuHkax Silufol (Yexwust), Copodun (KpacHomap,
P®). IlpenaparuBHy10 TOHKOCIOWHYIO XpoMaTorpapuio
npoBoMIK Ha cuinkaresie Sigma-Aldrich TLS standard
grade (I'epmaHus), KOJIOHOUYHYIO XpomaTtorpaduio ocy-
mecTBIsH Ha cuukareire Acros 0.060-0.200 v, 60 A
(benbrusi). OTHOCUTENBHOE pacHpeAeNeHre YacTHUIl 110
pa3MepaM OIpeAessUTH Ha aHAIN3aTOpe pa3Mepa YacTHIl
cepuu LSTM 13320 (Beckman Coulter, CILIA).
OOHapyxenue misiTeH BemectB Ha TCX ocymect-
BJSUTM B Mapax HojJa WIIM HarpeBaHUEM HaJl MaMeHEM
CIIUPTOBKU. BemiecTBa, copepskamue TpOWHBIE YyIvie-
POA-yIIepOAHbIE CBA3M, OOHAPYKHUBAJIK PACTBOPOM IEp-
MaHTaHara Kanus. BemectBa, comepikamie cBOOOTHBIC
AMUHOTPYIIIBI, OOHApyXUBalu 5%-HbIM PAacTBOPOM
HUHTHJIPUHA C TTOCIeyomuM HarpeBanuem 1o 50-80 °C.
N-(mpem-ByTniaokcukap0oHuiI)-2-aMuHo-2(ru-
apoxcuMeTu)nponan-1,3-muoin (2). K pacrteopy 11 (8.25
MMOJIb) 2-aMHUHO-2-THIPOKCUMETUII-TIpoNaH-1,3-11ona
(TRIS) (1) B 25 M Ge3BOTHOTO METaHOJA MPHOABIISITN
pactBop 1.87 r (8.58 Mmonb) au-mpem-0OyTunaukapoo-
HaTa B 6 M1 MeTaHoa B TedeHue 15 mun. Peaknnonnyro
Maccy MepeMenInBaiil Npyd KOMHAaTHOM TeMmIeparype B
teyeHue 12 4. Ilocne oxkoH4YaHMs peakUUM PacTBOPU-
TeNb ynajsiii B Bakyyme. Beixon coenunenus 2: 1.20 r
(63%) B Bume amop¢Horo Bemectsa. 'H-SIMP-ciiexktp
(AMCO-d,, 6, m.1.): 1.36 (s, 9H, 3xCH,), 3.28 (s, 1H,
NH), 3.50 (d, 6H, CH,0); "C-AAMP-cnextp (IAMCO, 9,
m.1.): 27.9 (CH,), 59.3 (CH,), 60.4 (CCH,), 62.6 (CCH,),
153.3 (COO).
N-(mpem-bByTuiokcukapooHu)Tpuc|(mpomap-
ruiokcn)Mernii|amuuomerad (3). K pactsopy 0.83 r
(3.76 MmMomp) coenunenus 2 B 6e3BoaroM JIMCO npu-
Oapmsi npomapruopomua (2.01 mm, 22.50 mMmonb).
3arem B Teuenue 10 muH moprusimu gpodasmsum 1.26 T
(22.50 mmob) TUApPOKCHIA Kamusl. PeakImoHHY0 Maccy
MepeMEIINBAIIY TIPH KOMHATHOW TeMIIepaType B TCUCHUE
24 4. Jlanee NpoAyKT peaklUUn 3KCTPArupoBajd TOIYO-
soM. Oprannyeckuit ¢ioi cymmnu 06e3BoanbM Na, SO,
OcTarok pacTBOPUTEIIS YIAISUTH B BaKyyme. Boijenenue
MPOIYKTa IIPOBOAMIIN IIPH OMOIIN KOJIOHOYHOU XpoMa-
torpadun B cucteme Tonlyon—a3Thianerar, 9:1. Brixon
coemuuenus 3: 0.40 v (32%) B BHUIE CBETIIO-KEITOTO
macna. 'H-SIMP-cnexrp (CDCl,, 6, m.1.): 1.43 (c, 9H,
CH,), 2.22,2.44,2.47 (1, 3H, C=CH), 3.61 (c, 1H, NH),
3.75 (z, 6H, NHCH,), 4.18 (ar, 6H, CH,C=CH).
2,3,4,6-Terpa-O-anerunii-1-O-(2-6pomaTiin)-a-D-man-
Honupano3ux (6). K pactsopy 3 r (7.69 mmonb)
1,2,3,4,6-nenra-0O-anermi-a-D-manHonupanosuaa (5) B
22 M7 Ge3BOAHOTO XJIOPUCTOTO METWJICHA MPHOABIAIN
1.46 it (12.0 mmoub) 3pupaTHOro KOMILIEKCa TpeXPTo-
puctoro 6opa, a emie uepe3 15 mun 0.82 M (12.0 MMob)

2-6pomataHona v BeiepxkuBaiu 12 1 ipu 20 °C. [anee
PEAKIMOHHYI0 Maccy MepeMEelINBaIl NPH HarpeBaHUU
Jo0 40 °C. 3arem HeWTpain3oBbIBaiIu 25%-bIM pacTBO-
pom ammuaka 1o pH 7. Pacteop npomsiBanu 3%100 M
BOJ[bl, OPTaHUYECKUI CIOW CYLINIIU, PACTBOPUTEND yAa-
7sud B BakyyMme. [IpofyKT ounIinany nepexkpucrapimza-
LMEN U3 U30IPONMIOBOTO CMpTa. BeIXoa coequHeHns
6: 2.08 r (59%). UK-cnekrp (v, cm'): 2836 (C-H),
1755 (C=0), 1460, 1380 (C—H), 1218(C-0), 1158-1035
(C-0, 4 monocer, yreBoausiii ckener). 'H-SIMP-criektp
(CDCl,, 8, m.11.): 2.01, 2.06, 2.11, 2.18 (¢, 12H, COCH,),
3.53 (t, 2H, OCH,CH,), 3.84-4.09 (m, 2H, OCH,CH,),
4.11-4.18 (m, 2H, H-6), 4.25— 4.33 (nn, 1H, H-5), 4.88
(m, 1H, H-1, J12 1.6 T'm), 5.24-5.30 (M, 2H, H-2, H-4),
5.36-5.39 (an, 1H, H-3).

2,3,4,6-Terpa-O-anernin-1-O-(2-a3unodTiin)-g-D-man-
Horupano3ua (7). K pacteopy 951 mr (2.09 mMmornn)
2,3,4,6-teTpa-0-anetun-1-0-(2-0pomaTuin)-o-D-maH-
HomnpaHo3uaa (6) B OE3BOMHOM JMMETHI(GOPMaMHUIE JI0-
Oasns 41 mr (6.28 MMOIIb) a3u/a HATPUsl U IIepeMellInBa-
JI1 IIpY KOMHATHOM TeMneparype B Teuenue 20 u. B pacteop
J00aBIsM M30BITOK OE3BOAHOTO JAMATHIIOBOTO 3upa.
O06pa3oBaBIIMIACS 0CaTOK OTPHUIETPOBBIBAIIH, PACTBOPH-
Tenb yaausi B Bakyyme. [omyunnu 610 mr (70%) coenu-
Henus 7 B Bujie amopgnoro semecrsa. MK-cnexrp (v,
cm): 2833 (C—H), 2100 (N=N), 1746 (C=0), 1460, 1348
(C-H), 1250 (C—-N), 1212 (C-0), 998-1125 (C-0, 4 no-
nockl, yriaeBoansblii ckener); 'H-AAIMP-cnextp (CDCL,, 9,
m.): 1.99,2.05, 2.10, 2.16 (c, 12H, COCH,), 3.40-3.52
(M, 2H, OCH,CH,), 3.62-3.9 (m, 2H, OCH,CH,), 4.0~
4.15 (m, 2H, H-6), 4.24-4.32 (a0, 1H, H-5), 4.85-4.87
(m, 1H, H-1, J12 1.88 '), 5.26-5.30 (m, 2H, H-2, H-4),
5.34-5.38 (ax, 1H, H-3).

3ammmennsiii kousiorar (8). K pactsopy 0.060 r
(0.18 mmodb) coenuuenust 3 B 2 Mi1 O€3BOHOTO XJIOPO-
¢dopma nmodasisu 0.30 r (0.72 MMoIIb) coeuHeHUS 7,
nJo0asisui Karanutraeckoe konuuectBo Cul, DIPEA u
NepeMenInBail Ipu KOMHATHOW TeMIepaTrype B Teue-
Hue cyToK. PacTBoputeins ynansuiu B Bakyyme. O4uCTKY
MIPOBOAMIIN TIPH TTIOMOIIY KOJIOHOYHOW XpoMaTtorpaduu
B cucTeMe xjopopopM—mMeranoi, 50:1. Beixon coenune-
Hus 8: 0.20 1 (70%).

TpexBajeHTHBIH KOHBIOTAT KAK PA3BeTBJISIONIAS
kommnoneHTa (10). Coenunenwne 8 (0.190 1, 0.12 MMoIh)
pactBopsud B 2 Mi1 TpuTOpyKCyCcHOM KUCIOTHI. [lepe-
MEIIUBAIH ITPH KOMHATHOH TeMIlepaType B TCUCHHUE 3 .
Jlanee peakIMOHHYIO CMECh HKCTPAarupoBaj KOHIIEH-
TPHUPOBAaHHBIM BOIHBIM PAacTBOPOM COIBI. BwIxom coe-
qunenus 9: 0.11 1 (62%) B Bune amopdHOro BemiecTsa,
KOTOpOoe 0e3 JIOTIOJHUTEIbHOW 00paboTKK HCIOJIh30Ba-
oM Ha cnenyromeid craauu. Jlanee x pactsopy 0.067 r
coenrHeHUs 9 B 3 Mu1 6€3BOIHOTO METaHOJIa MPH Tiepe-
MEIIUBAHUY [IPYU KOMHATHON TEMIIepaType MpHOaBIIsLIIN
0.1 ma cBexenpurorosnenHoro 0.1 M pactBopa meru-
Jata HaTpus B MeTaHole 10 gocTmxenus pH 8 u Harpe-
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BaJIM CMECh Ha BOJSHON OanHe. O0eccoIMBalid pacTBOP
noHoodmenHoi cmonoit KY-2 (H*-¢popma), orpunsrpo-
BBIBAJIM W YIAJUTH PAacTBOPUTEIs B BaKyyme. Brixon
coenmunenus 10: 0.031 r (70%) B BuJie XeATOrO Maca.
UK-cnexrp: (v, cm™): 3372 (O-H; N-H), 2924 (C-H),
1392 (N=N), 1228 (C-N), 1134-978 (C-O, 4 nomnocsl,
YIJIEBOJHBIN ckenet). Macc-criektp, m/z: 1009.694 (M”).

n-TonyoncyabpoHaTHAsA COJIb JAUTETPAJACIHIIO-
Boro 3¢gupa L-acnaparunoBoii kucaorsl (12) nonyue-
Ha 10 METOJ/IMKE, OnrcanHoi B [7]. Beixon coemuneHus
12: 84%. UK-cnextp (B miienke, v, cM'): 3450 (NH),
2954, 2917 (CH), 1737 (C=0), 1542 (C—C apom.), 1450
(C-0),1375 (CH), 1218 (cumm. S(=0)2), 972, 812, 720
(C—H apom.), 655 (C—C apom.).

JurerpagennnoBbiii 3¢gup L-acnaparuHosoii
KucJa0Thl (13) momydanu 1o MeToauKe, MPEefCTaBIICH-
Hoit B [7]. Beixon coenuuenus 13: 85%; 0e3 moroiHu-
TEIBHON 00pabOTKH MUCTIONB30BAIM Ha CIICIYOMIEH cTa-
nun. UK-cnextp (B mienke, v, cm™): 3370 (NH), 2953,
2916, 2848 (CH), 1738 (C=0), 1470 (CH,, CH,), 1275
(CH), 1193 (C-0), 718 (CH,).

CykuuHaT aurerpajenuioBoro 3¢gupa L-acnapa-
TUHOBOI KHCI0ThI (14) monmyyanu 1o MeToguke, mpen-
crapierHoi B [7]. Beixon coemuuenns 14: 98%. UK-
crekTp (B wienke, v, cm'): 3312 (COOH), 2953-2913
(CH,), 2847 (CH2), 1721 (C=0 »s¢up), 1670 (C=0,
«amugHas monoca I»), 1595 (NH, «amupHas monoca
II»), 1466 (CH,), 1408 (CH,), 1184 (N-C), 722 (CH).
'H-AAMP-cnexrp (CDCI,, 8, m.1.): 0.80 (1, 6H, CH,),
1.26 (c, 36H, CH,), 1.62 (1, 4H, CH,), 2.02, 2.21, 2.39 (T,
4H, BCH,), 2.56 (m, 2H, BCH,CH,0CO), 2.70 (m, 2H,
aCH,CH,0CO), 3.00, 3.73 (c, 2H, NHCHCH,), 4.06,
4.14 (1,4H, oCH,), 4.60 (uz, 1H, CH), 6.54 (1, 1H, NH).

MeTtnioBblii 3(pUp 0J1eHHOBON KHCI0THI (16) 110-
Jydany 1o METOAWKe, onmucaHHoi B [8]. Beixoa coenn-
Henust 16: 84% B Bune macna. UK-cnextp (B ruieHke,
v . eM'): 2928 (CH,), 1740 (C=0 >¢up), 2858 (CH,),
1653 (CH=CH, yuc-xoupurypamus), 1456 (CH,), 1396
(CH,). 'H-AIMP-cnextp (CDCI,, 6, m.1.): 1.00 (1, 3H,
CH,), 1.41 (m, 20H, CH,), 1.76 (m, 2H, CH,CH,0CO),
2.15 (an, 4H, CH,CH=CH), 2.43 (ta, 2H, CH,0CO),
3.78 (¢, 3H, OCH,), 5.46 (M, 2H, CH=CH).

OuaeunoBbiii ciupt (17) nomyyanu 1mo METOIMKE,
onucanHoi B [8]. Beixon coenunenus 17: 85% B Bume
macna. MK-cnektp (B muenke, v, cm'): 3341 (OH),
3006 (CH,), 2924-2853 (CH,), 1653 (CH=CH, yuc-kon-
¢urypauus), 1462 (CH,).

n-TosyoscyabgoHaTHasi colb JTHOKTa/ieleH-9-0Boro
a¢upa L-acmaparmnoBoii kuciorel (18) momydena mo
METOJIMKe, MpencTaBieHHon B [7]. Beixox coenunenus
18: 93%, koTopoe 6e3 JONOTHUTETHHON OYHCTKH HCITONb-
30BajiM Ha ciemyromei craauu. MK-cnektp (v, em™):
3320 (OH, NH), 2904, 2835, 720 (CH), 1742 (C=0,

s¢up), 1650 (CH=CH), 1460 (CH,), 1356 (CH,), 1240
(C-0, spup), 1177 (cumm. S(=0),), 1040 (C-O, s¢dup),
972, 812, 720 (C—H apom.), 655 (C-C apom.).

JuoxTanenen-9-osplii 3¢up L-acnaparunosoii
KHEJI0ThI (19) mosmydanu 1Mo METOJuKe, MpeAcTaBlICH-
Holi B [7]. Beixon coenuaenus 19: 91% B Buie aMmopdHO-
ro Bemectsa. UK-cnexrp (v, em™): 3368 (NH,), 2921
(CH,), 2856 (CH,), 2322 (=CH, o6epton), 1738 (C=0O
5¢up), 1624 (HC=CH), 1469 (CH,), 1386 (CH,), 765
(C-H). 'H-AIMP-cnextp (CDCIl,, 8, m.x1.): 0.80 (M, 6H,
CH,), 1.41-1.20 (m, 44H, CH,), 1.63 (m, 4H, BCH,C-
H,0CO), 2.00 (ar, 8H, CH,CH=), 2.85-2.63 (M, 2H,
CH,), 3.81 (anm, 1H, CH), 4.11 (m, 4H, aCH,0CO), 5.34
(M, 4H, HC=CH).

Cykununar auokrajaeneH-9-oporo >¢upa L-acma-
paruHoBoii KHCJI0THI (20) romydaiy 1o METOUKE, MPe-
craBieHHoil B [7]. Bexon coemunenus 20: 99% B Bune
xenroro macna. MK-cnekrp (B muienke, v, , cM™): 3261
(COOH), 2924 (CH,), 2855 (CH,), 1735 (C=0 a¢up), 1662
(C=0, «amuanas nonoca I»), 1535 (NH, «amuanaas nosno-
ca II»), 1458 (CH,), 1401 (CH,), 1208 (N-C), 721 (CH).
'H-AAMP-cniextp (CDCL, 8, m.11.): 0.87 (1, 6H, CH,), 1.27 (m,
44H, CH,), 1.62 (1, 4H, BCH,CH,0CO), 1.8-2,1 (M, 8H,
CH,CH=CH), 2.57, 2.70 (m, 4H,0COCH,CH,0CO),
2.86, 2.99 (1, 2H, CH2), 4.00-4.2 (a1, 4H, aCH,0CO),
4.82 (n, 1H, CH), 5.35 (m, 4H, =CH), 6.72 (1, 1H, NH).

TpexBajieHTHbIH Heornukoaunua (21) c¢ Hacbl-
IeHHBIMH yIiieBomopoxabivu mensimu. K pacteopy 0.02
r (0.03 MMOIIB) CYKIIMHATa JIUTETPAJICIUIOBOTO dpupa
L-acnaparunoBoii xuciotsl (14) B 6e3B. JJM®DA nobas-
nstma 8.57 mr DCC u 5.60 mr HOBt B kauecTBe katanu-
3aropa. Cmech oxnaxaanu 0 0 °C B OaHe CO JbJIOM B
tedenue 15 mun. Jlo6asmsmm 0.03 r (0.03 mMmMoib) co-
enunenus 10 B 6e3s. IM®A. Peakuuio npoBOAUIN B
TeueHne 3-x cyT. [IpoayKT ouniamy mpu MOMOIIH Tpe-
MapaTuBHON Xpomarorpauu B CHCTEME XJIOpohopM—
metanod, 1:1. Beixon mpoxykra 21: 0.02 r (31%). UK-
crextp (v, em'): 3320 (NH), 2818 (CH,), 2848 (CH,),
1738 (C=0), 1623 (C=0 «amugHas nonoca I»), 1564
(NH «amunnas nonoca II»), 1434 (CH,), 1296-1186
(4 monocer yrieBogHoro ckenera, C—0). Macc-criektp,
m/z: 1639.392 (M" + 2Na").

TpexBajieHTHBIH HeorJuKoIUNUA (22) ¢ HeHa-
CHIINIEHHBIMU YIJI€BOIOPOAHBIMU WensiMu. lleneBoit
KOHBIOTaT 22 OBbLI MOJy4eH aHaJOTHYHO COEIMHEHHIO
21. Bexon nponykra 22: 0.02 r (31%). UK-cnexrp (v, ,
cm): 3325 (OH), 2926 (CH2), 2853 (CH,), 1737 (C=0),
1650 (C=0 «amumHas nionoca I»), 1625 (NH «amugHas
nonoca Il»), 1457 (C-0), 1434 (CH,), 1393 (N=N),
1162-1087 (4 mornockl yrieBomHoro ckenera, C-O).
Macc-cniextp, m/z: 2121.685 (M* +12K").

Mosyyenue Jmnocom Ha ocHoBe (ochaTuanixo-
JuHAa U coeamHeHuii 21, 22. J{ns moiy4eHus JUIOCO-
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MAaJIbHBIX AUCTIePCHit OBIIIO pearm30BaHO /1Ba ITOIXO/A.
Cnocoo A (euopamayus moHKoUu TUNUOHOU NIEHKU):
pactBop 0.5 mr coemuuenust 21 u 2.1 mr gpocharumani-
XOJMHa B 3 MJI XJopodopMa MEIJIeHHO yHapHBaJld Ha
POTOPHOM HCIIApUTENE B KPYTIIOMOHHOH KoJbe. OcTaTok
BBICYIIMBAIU B BakyyMe B TeueHue 1 4 npu 20 °C. 3arem
pUOaBISIIN 3 MIT JUCTIJUTMPOBAHHON BOJIBI, HATPEBATH
10 60 °C 1 o6pabarsiBanu B TeueHue 20 MUH Ha yIbTpa3By-
KOBOH OaHe MpH JJaHHOW TemIieparype. AHAIOTHYHO TI0-
Jy4aJiM IUCIIEPCHH C UCTIONB30BaHUEM COCANHEHNS 22.

Cnocoo b (3amopadicusanue—ommauearue): pacTBOP
0.5 mr coequuenus 21 u 2.1 mr ¢pocharumuixonuna B 3
MJI TUCTHJLTUPOBAHHOHM BOJBI TIOTIEPEMEHHO 3aMOPaKH-
Basw/oTTanBamy. LIMKI moBTOpSUTH 5 pa3. AHAIOTHYHO
TIOJTyYaJIn TUCTIEPCHUH C UCTIOIH30BAHNEM COEIMHEHUS 22.

CTabWiIbHOCTh JTUTIOCOMAITBHBIX JIUCTIEPCHIA IO
TBEPIK/IATN OIIpeNieNICHUeM TMOKa3aTeNsi ONTHYECKOH TIOT-
HocTH Tipy JurHe BotHb 400 HM. B KauecTBe KOHTPOIBHO-
r0 00pasiia UCTIONB30BAJIN TUCTHILIUPOBAHHYIO BOY.

OTHOCHTE/JbHOE pacnipelesieHHe YacTHIl 110 pa3-
MepaM OIpeAessUTd Ha aHAu3aTope pa3Mepa YacTHUll
cepun LSTM 13320 (Beckman Coulter, CIIIA).

BcerpanBanue mMeponeHema. 3arpy3ky MepolieHe-
Ma OCYIIECTBIISUIM HA 3Tare CO3JaHMs TOHKOH IUICHKH
0 METOAy A M Ha dTare CMELIeHHs KOMIIOHEHTOB IO
Metony b: B pacTBop 100aBIsUIM HaBECKy MepoIleHeMa
u3 pacuera MIIK 0.25 mr Ha 1 mu cpensl kierok. He
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BKITIOUYCHHBII B JIMIIOCOMAJBHBIC BE3UKYIBI MEpOIe-
HEM yJaJsUIN MAJIN30M, 33 XOJO0M JIHan3a HaOIro1ann
0 TIPEKPAIICHUIO M3MEHEHHUS TIOKA3aTeNsl ONMTHICCKON
TUIOTHOCTH BHEIIHEH CpeJibl.

Bausinme JumocoM Ha KHHETHKY POCTa
Escherichia coli.' JluriocoMbl TOOABISUTH K 5 MJT Cpe/ibl
KIETOK Escherichia coli M 3anMChIBAIN KHHETHKY POCTa
yuciia GaKTepuid, H3Mepsisi ONTHYECKYIO IUIOTHOCTh pac-
TBOpOB Tipn 600 HM Yepe3 ornpeeseHHbIC TPOMEXKYTKH
BpPEMEHHU.

3akaouenue

B pesynbrare npojenaHHold padoThl PEIIOKEH K-
3aifH U OCYIIECTBIICH CUHTE3 IBYX HOBBIX HEOTJIMKOIHUIIH-
JoB 21, 22 ¢ TepMUHANBHBIMU OCTaTKaMu D-MaHHO3BI.
HUccnenoBanbl moaxo/s! K HOPMUPOBAHUIO JIUIIOCOMAIIb-
HBIX KOHCTPYKIIUH C Yy4aCTHEM 3THUX COCIUHEHHH, OTpe-
JIeJIeHbI CTA0OMIIBHOCTD M pa3Mep 00pa3yroLInXcs 4acTUI]
U TPOBEICHHI TPEIBAPUTEIBHBIC OMOJIOTHUCCKUE FHC-
MBITAHUS, MOKA3bIBAIOIIME BO3MOXKHOCTH HCIOJIb30Ba-
HUSl arperatoB Ha OCHOBE MAHHBIX HEOTIIMKOJIHITHIOB
JUId aHTUOAKTEpUaJIbHOTO JEHCTBUS B PEryIupOBaHUU
WHQEKIINOHHBIX TIPOLECCOB, YTO CBHUIETEIHCTBYET O
MEePCIEKTUBHOCTH JANIbHEHIINX UCCIETOBAaHUHI B ATOM
HaTPaBJICHNH.

Paboma sevinoanena npu ¢hunancosoi nodoepoicke
Poccuiickoeo onoa gynoamenmanbHuiX ucciedo8anull
epanma POOU (Ne 17-04-01141-a).
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B odaHHoll pabome npedcmagsieHsbl pe3yibmambsl NO U3YUeHUO 3ampag8ouHOll CONOAUMEPU3a-
UUU 2TUYUOUNMEMAKPUNAMA C IMUNEH2AUKONbOUMEMAKPUNAMOM HA 3AMPABOUHBLX NOSUL-
AUYUOUNMEMAKPUNAMHBIX UACMUUAX C UENbI0 NOAYUEHUSL UACMUUHO CULUMBLX NOJUMEPHBLX
MmurKpocgep ¢ ouamempom nopsioka 3.5 Mrm 0L UX UCNONB30BAHUSL 8 UMMYHOXUMUUECKUX
peakyusix 8 kauecmae Hocumesell buonuzaroos. Pusuko-xumuueckue ceolicmea NOAUMEPHbLX
MUKpOCchep, NONYUEHHBLX 8 PA3HBIX YCA08USX, OblaU UYUEHbL CLe0Y U UMU Memooamu: Oua-
MempblL uacmuy, — mMemooamu 31eKMpOoHHOTU CKaHUpyouell U ceemogoli MUKPOCKONUU, Kpaesoli
Y201 CMAUUBAHUSL — MEMOOOM wiesauell Kanauwr, CKopocms ce0uUMeHMAayUU — MAKPOMEmooom
8 Kanuasipe no 08UIKEHUI 2paHUUbL pa3dena a3 noaumepHas cycneHsus/sooa (6ygepHulii
pacmeop), 03ema-nomeHyuarl — memooom OUuHAMUUECK020 cgemopaccesiHus. H3yuue cu3su-
KO-Xxumuueckue ceolicmaa 8cex NOAUMEpPHbLX cycneHsull, bbit coenar 8bl800, Umo onNMuUMAlb-
HbMU yacmuyamu 0188 CO30aHUSL HA UX OCHO8e OUAZHOCMUUECKOl mecm-cucmembl ¢ 8blCOKOU
yyscmeumenbHoCcmosio, pabomaroweli o NPUHYUNY PeaKyuil JameKCcHOU aze/lIoMmuUHAyuUUL, 8-
JSOMESL NOAULAUYUOUNMEMAKPUNAMHBbLE UACMUYULL C PASHBbIM NPOUEHMHBIM COOEPIKAHUEM
2MUYUOUAMEMAKPUNLAMA U IMUNEH2AUKOALOUMEMAKPUNAMA, AMUHUPOBAHHblE 2eKcamemul-
JNIeHOUAMUHOM 8 cpede H-NPonaHoad, maK KakK oHu obradarom 0ocmamouHbiM KOAUULEeCMEoM
amuHoezpynn, He mepsitom ceOUMeHMAUUOHHbLX c80licme nocie cex cmaoull cuHmesa.
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This paper presents the results of studies of seed copolymerization of glycidyl methacrylate with
ethylene glycol poly(glycidyl methacrylate) on seed particles in order to obtain partially cross-
linked polymer microspheres with a diameter of about 3.5 microns for use in immunochemical
reactions, as carriers of bioligands. The physico-chemical properties of polymeric microspheres
obtained under different conditions were studied by the following methods: the diameters of the
particles — by electron scanning and light microscopy; the wetting angle — by the method of "lying
droplets"; the sedimentation velocity — by the macromethod in a capillary tube by the movement of
the (polymer slurry)/ water phase boundary (buffer solution); the zeta-potential — by dynamic light
scattering. Having studied the physical-chemical properties of all polymer slurries we concluded
that the optimal particles to create on the basis of their diagnostic test systems with high sensitivity
working on the principle of latex agglutination reaction are poly(glycidyl methacrylate) particles
with equal percentage of glycidyl methacrylate and ethylene glycol dimethacrylate aminated with
hexamethylendiamine in the environment of n-propanol, because they have a sufficient number of
amino groups and do not lose their sedimentation properties after all stages of the synthesis.

Keywords: diagnostic test systems, seed copolymerization, latex agglutination, poly(glycidyl

methacrylate), physico-chemical properties.
Beenenne

3arpaBodHasi TIOJMMMEpH3AIHS SBISETCS HanOoiee
0o0muM U ymoOHBIM METOIOM IONYyYSHHs KOMITO3HUIIH-
OHHBIX TOJMMEPHBIX YACTHIl C CaMOH Pa3HOOOPa3HOM
Mopdororueil. B ocHOBE 3TOro MeTo/Ia JISKUT pasziere-
HHUE Tpolecca CUHTE3a KOMIIO3UIIMOHHBIX MOIUMEPHBIX
YacTUI Ha KUHETUYECKU He3aBUCUMble cTanuu. Ha nep-
BOH cTajuu JHOOBIM METOJIOM TeTepoda3HON TonuMe-
puzanuu (3MYJIbCUOHHOM, CYCHEH3MOHHOH, JUCIepCH-
OHHOM, MOJIMMEpHU3alluell B OTCYTCTBUE dMYJbraropa u
T.Jl.) CHHTE3UPYIOT UCXOJHYIO IOJIMMEPHYIO CYCIIEH3UIO
(3aTpaBKy), YaCTHUIIBI KOTOPOI OOBIYHO COCTOST U3 MOJIU-
Mepa OJHOI0 BUAA. DTH YaCTHUIBI SBJIAIOTCA LEHTPAMHU
MOJTMMEPHU3AIMK Ha BTOPOM CTaJMU CHHTE3a KOMIIO3H-
LIMOHHBIX TOJIMMEPHBIX YaCTHUI] IIyTEM 3aTPaBOYHOM MO-
numepu3zanuu. Ha aToii ctaguu K CHHTE3UPOBAaHHBIM 3a-
TPaBOYHBIM YacTHULAM 100aBJISIIOT MOHOMED (UM CMECh
MOHOMEPOB), BBIICPKUBAIOT CHCTEMY JI0 PABHOBECHOTO
HaOyXaHMs YaCTUL MOHOMEPOM, a 3aTeM J100aBIIsIIOT cTa-
OMIIM3aTOP, HHUIIUATOP, APYTHE TeJIEBbIe KOMITOHEHTHI U
MIPOBOJAT nojaumepu3anuto. [Ipu 3Tom ycnoBus noaume-
pU3aIru TOIOUPAIOT TAKMM 00pa3oM, YTOOBI HCKITFOUHUTh
00pa3oBaHME HOBBIX YaCTHII, T.€. YTOOBI OIUMEPU3ALINS
MPOTEKaJIa HCKIFOYMTENILHO B YACTHUIIAX 3aTPaBKH.

Jns yaydmieHus: CBOWCTB MONMMEPHBIX YacTHIL, 00-
pasyronmxcs TpH JUCICPCHOHHON MONMMMEPU3aLUH, TPU
3aTPaBOYHOM MOJMMEPU3ALMKA HMCHOMB3YIOT MX CIIUBKY
Pa3IMYHBIME CIIMBAIONIMMH areHTamu. OJJHUM M3 TaKuX
CILMBAIOILMX ar€HTOB, UCIIOIb3YEMBIX ITPHU ITOJIMMEPU3ALIT
nnmaunmerakpuwiara (IMA), sBisieTcst STHIICHIITUKOb-
nmumverakpuiar (A1 IMA), KOTopblii Ipy MOJIUMEpU3aLuK B
TIOJISIPHOM CpeJie BHICTYIIAST B POJIM COMOHOMEPA U CIIMBA-
rortero arenra [1]. Cumrator [2], 4TO YeM Bbllle KOHLIEH-
tparms DI JIMA, Tem GoJblie YacTUIl UIMEFOT MPABHIIBHYIO
cepuueckyro GopMy U3-3a YBEIHUYCHUS HX YKECTKOCTH.
OtmMmeuarot, 4to HaunHas ¢ koHneHTpaunu SIJIMA, pas-
Hol 10%, 00pa3yroTcs MOTUMEPHBIE CYCIICH3UH C Y3KUM
pacrpenerIcHueM o pa3Mepam.

B nannHOl paboTe M3ydyeHa 3aTpaBOYHAS] COTIONH-
Mepu3alusl TIMHUIAIMETaKpUIara ¢ OTHICHIIMKOIbIN-
METaKpUJIaTOM Ha 3aTPaBOYHBIX IOIUTIHAIMIMIMETAKPH-
natHbiX (IITMA) yacTuIax ¢ IEeNbI0 MOTYyYeHUsI YACTUYHO
CIIMTHIX TOJMMEPHBIX MHUKpoc(hep ¢ ANaMETPOM TIOPSIKa
3.5-5 MKM 11 MX WCIMOJNIb30BaHUSI B UMMYHOXUMHUECKUX
peaKkIMsIX B KaYECTBE HOCHTENCH OHOINTaH/IOB.

Bri0op auaMeTpa MOTMMEPHBIX MHUKpochep OblT
C/IeNaH Ha OCHOBAaHHWHU JAHHBIX MOAPOOHOTO H3YUICHUS
KAHCTUKUA M TOMOXMMHUH PEaKIMU IMTAaCCHBHOW remar-
IIFOTHHAITUH, BBITOJTHEHHBIX B paborax [3—5]. CormtacHo
9TUM UCCIIEIOBAaHHSM, KPUTEPHUEM BBIOOPA TIPUPOJIBI TIO-
JEMepa U pazMepa IOTUMEPHBIX MHKpocdep SBISETCS
CKOPOCTh HMX ceauMeHTanuu. OnpeneneHue CKOPOCTH
CEMMMEHTAIINH MOIUMEPHBIX MUKPOChEp MPOBOAMIIH 10
METOJMKE, MPUHATOW i1 OLIEHKH CKOPOCTH CEAMMEH-
TaIlMX SPUTPOIUTOB. BBIIO MOKa3aHO, UTO IS 3aMEHBI
SPUTPOLIUTOB TIOJIMMEPHBIMH MHUKpoc(epamMu HUX CKO-
POCTh CEMMMEHTAIINH JIOJDKHA HAXOAUTHCS B ANAIIa30HE
3-8 MM/4; OblIa IOJTy4YeHa 3aBUCUMOCTh CKOPOCTH CeJlU-
MEHTAIMX YaCTHUI] OT UX IUAMETPOB M TUIOTHOCTH IO~
Mepa [6]. [ nonmumimanIMeTaKpriIaTHBIX MUKpochep
(mmoraocTs 1.150-1.170 r/cM?) ripu 3aMeHe SpUTPOITOB UX
JIMaMEeTp JIOJDKEH HaXOJUThCS B TMana3oHe oT 3.5 10 5 MKM.

[IpexBapuTenpHBIC pacdeTsl OKa3alH, 9TO IS 0~
JTy4eHUs! TOJIMMEPHBIX MUKpOCc(ep ¢ 1uamMeTpoM ot 3.5
IO 5 MKM HEOOXOIMMO MMETh 3aTPAaBOYHBIC MTOJIIMEp-
HBI€ YacTULBI ¢ JUaMeTpoM oT 1.8 10 2.5 MKM COOTBeT-
CTBEHHO U MTPABHIILHO BEIOpAaHHOE 00BEMHOE COOTHOIIIE-
HUE MOHOMEP/3aTPaBOYHBIC YACTHUIIHI.

3KCHepI/lMeHTa.ﬂbHaﬂ 4acTb

Hcxonnble BemecTBa
I'munuaunmeTakpuiaT — OUUILEHHBIA TEXHUYECKUI
nponykt, d,”° = 1.076 r/em’, n ° = 1.4505;
Oranon Gupmer «CimptMeny», 96%;
Huoxtnicynsdocykiunar Harpus (AOT) ¢pupmbl
Sigma Aldrich, CAS 577-11-7, 99%;
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omueunmmmuppomuaon (IIBIT) ¢upmer  Sigma
Aldrich, K30, M = 40000, CAS 25249-54-1, 99%;

JOuuauTtpun aszomsomacisiHod kucinotel (JJAK),
M = 164.21 r/Monb, NpeBAPUTENLHO OYMILAIA HEPE-
KpHUCTaJUIM3aluend 13 MeTaHoia. MaccoBast 1oyisl Belle-
cTBa He MeHee 98%;

OrwnenrukonpauMetakpuiar (OIJIMA)  upmbl
Bisomer, n* = 1.4553-1.4563, d,*° = 1.051 r/cm’, CAS
Ne 97-90-5, 98.4%;

Iepexucs 6enzonna pupmsl Jlronepoke A75, 76.5%;

[omaeuamnoseiit crmpt (IIBC) — nmeer dopmyiy
[-CH,-CH(OH)-] , Mowiol 40-88, M, ~ 205000 r/mons. B
paboTe ucnoIbp30Baiy MPOAYKT Gupmbl Sigma Aldrich;

Ortunenauamut ¢pupmsl Acros Organics, 99%, CAS
107-15-3;

I'ekcamerunenauamun  ¢upmsl  Acros Organics,
99.5%, CAS 124-09-4;

®docdarHo-coneBoil OydepHblii pacTBOp — TIO-
nydasim u3 PBS Tablets, Phosphate Buffered Saline,
Biotechnology Grade — «Helicon» (Poccus);

Teun 20 — Tween 20, Polyoxyethilene-20-sorbitan
monolaurate, Reagent Grade — «Helicon» (Poccus);

JuctrimpoBaHHast Boa — HCIOIB30BAIH BOAY, MO~
Jy4EHHYIO ¢ MOMOIIBIO akBaaucTwsaTopa [13-25 dup-
MbI OO0 «3aBon «AnekrpomenodopynoBanue» (Poccus);

Tonyon mis crekrpockonuu GupMbl «Peaxumy
(Poccus);

Kap6ommnmun ((CH,),N—(CH,),-N=C=N-C,H,-HCI)
N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride, purum, > 98.0% (AT) ¢upmer «Sigma-
Aldrichy (I'epmanus);

JudrepuiiHplii aHATOKCUH — OYUILECHHBIH KOHIICH-
TpUpPOBaHHBINA AudTepuitHbiid aHaTrokcnH — OAO «buo-
Mea» uM. .M. MeunukoBa (Poccus);

KontponpHas mpornBoaudTepuiiHas ChIBOPOTKA —
CBIBOPOTKA MPOTUBOAU(TEpUiiHAS JTOMIaIUHAS OUMIIICH-
Hasi KOHIICHTPUPOBAHHAS JKWIKAs C aKTUBHOCTHIO 10
ME/mn — HITO «Mukporen» (Poccus).

MeTOZ[bl HccjaeaA0BaHus

[Mucnepcuonnasn nonumepuzauus I'MA

B kpyronoHHOM peakTope B CIIMPTOBOM Cpefie pH
40 °C oHOBPEMEHHO PACTBOPSUTH TOTMBUHUIITHPPOITH-
noH (IIBIT) n nuokruncynsdocykuunar Hatpust (AOT)
10 00pa3oBaHUs TOMOTEHHOTO pacTBopa. [locie momHo-
IO PACTBOPEHHUS] KOMIIOHEHTOB CHCTEMBI TEMIIEpaTypy
nogauMany 10 50 °C, BBOIMIM MOHOMEp C pacTBOPEH-
HBIM B HeM mHHnmaropoM (AK). 3arem temmneparypy
MOAHUMAJIH COTIACHO TEMIIEPaTypHOMY MHPO(IIIO €O
ckopocteio 0.5 °C/MUH U yAEpKUBaId IIPU 3TOM 3Ha-
yenuu 1 4. Ilpm Hywiieanuu mnpo3padyHas rOMOI€HHas
pEaKIMOHHasl CMECh HauMHaja OIaJeCIHpOBaTh M CO
BpPEMEHEM CTAaHOBWJIACH MOJIOYHO-OENol BCIIEICTBUE
00pa3oBaHuUs MOTUMEPHOU (assl.

[Ipu npoBeneHUH MOIMMEPU3ALUH KOHLIEHTPALINIO
cTupona u3MeHsu B auanazone 20—40% 00., KOHIIEeH-

Tpamus TIUIHIWIMeTaKpuiara coctabisuia 20% 00. B
KadyecTBe MHULIMAaTopa ucnonb3oBanu JAK npu koHIeH-
Tpamun 3% Mac. B pacueTe Ha MOHOMEp, CTaOMIN3aTo-
poB — AOT — 2.6% mac. B pacueTe Ha AUCIIEPCUOHHYIO
cpeny, IIBII — 3% mac. B pacuere Ha IUCHEPCHOHHYIO
cpefy. B kauecTBe pacTBOpUTENeH HCIIOIB30BAIU CIHP-
THI C PA3JIUYHON JJIMHOMN YINIEBOAOPOIHOIO paauKaa.

3ampaeolmaﬂ noiumepusauus

3arpaBounas nonumepusanus Ha [II'MA-mukpocdepax
M3HAYAIBHO 33 {yMBIBAJIACh KaK CII0CO0 TOMYJIEHHS CIITH-
TOTO COTOJIMMepa MHLUAWIMETaKpuiaTa. MoHoOMepHas
(haza cocrosna u3 rmunuauMerakpuiara (CMA) u atu-
neHrmukonbauMerakpuiata (O JIMA), B3AThIX B 00beM-
HOM COOTHOIIIEHNH 1:1, a Takyke MHUIIMATOPA - TIEPEKNUCH
6enzomna (I1B), B3sToro B konuyectBe 1% k MOHOMEp-
HOU (haze. Takum 0Opa3oM ObLIM TOMYYEHBI TOJIMMEPHBIE
YaCTHUIIBI CO CPEHUM JHuameTpoM 3.6 MkM coctaBa 50%
I'MA-50% DTJIMA.

Mertoauka MpoBeIeHNs 3aTPABOYHOM MOIUMEpU3aLIIN
ObuTa crleyromeld. B KpymOmOHHBIA peakTop IMoMeria-
JIM 3aTPaBOYHBIC YaCTHIIBI, AUCTIEPTUPOBaHHBIE B 1%-0M
pactBope monmBuHMIOBOTO crimpra ([IBC). Jlamee mpu
nepeMelBaHny J00aBJIsIIM MOHOMEPHYIO (asy ¢ IpenBa-
PHTENBHO PACTBOPEHHBIM B HEHl MHUIIMATOPOM, 3aTEM TEM-
neparypy B peakrope nogaumaiu 10 50 °C. 3arpaBodHbie
YaCTHIIBI TTOJHOCTBIO TIOMIOMAIM MOHOMEpHyIO (azy B
teuenue 30 MuH. Jlajiee K peakIMOHHOM cMecH JO0aBIIsIN
eme 1 mi pactBopa [IBC, temmieparypy B peakrope moj-
HuMai 10 82 °C u nomepkuBaiu B Tedenue 3 . [omy-
YEHHYIO CyCITeH3HUIO ITPOMBIBAJIM BOZIOH 5 pa3 ISt ynaneHus
crabumsaropa Ha ¢uibrpe Llorra. M3ydyeHne KUHETUKH
HaOyXaHHs TIPOBOJIUITH ITPH TIOPIIMOHHOM JIOOABIICHUH MO-
HOMEpHO#H (ha3bl K CycrieH3uH MUKpocdep.

Onpeodenenue pazmepos yacmuy

Mukpodotorpadhun TOIMMEPHBIX YacTUI] ObLIH TI0-
Jy4eHbl Ha OHJIEKTPOHHOM CKAaHUPYIOIIEM MHKPOCKOIE
«S-570» dupmer «Hitachi» (SmoHus), mpu yckopsromiem
HarpsbkeHun 15 kB. TToaroroBky oOpasLoB NpOM3BOAMIN
ITyTEM HaHECEHMs BOAHOM CyCIIEH3MM YaCTUL] C KOHLIEHTpa-
et 0.1% mac. Ha MeTaJUTMYECKUH CTOJHK, CYIIIKU 00pa3-
LIOB B TEYEHHUE CYTOK M HAHECEHUs ILIaTHHO-IIAJIaAUeBOro
ciiost Tomuuoi 100 A na nputope «Eiko IB-3» (SInommust).

Pa3mepsl yacTul olleHUBAIM M METOIOM JMHAMMU-
yeckoro cseropaccessuusa. s sroro rotoBwiu 0.1%
BOJIHYIO CYCIIEH3MIO ITOJIMMEPHBIX YaCTHULl, KOTOPYIO UC-
cleoBaIM Ha aHanmu3arope vactuil Zetasizer Nano ZS
¢dbupmbr «Malverny (BennkoOputanus).

[Ipu onpeneneHun pazmepa 4acTUI] MOJTMMEPHBIX
CYCTICH3UIl METOZOM CBETOBOW MHKPOCKOIHUHU HCIOIb-
30BaK (ororpaduu MOJIUMEPHON CyCIIEH3UH, MOJy-
YeHHBIC Ha CBETOBOM MHUKpockore Motic B Series, oc-
HaIlleHHOM IIBeTHOH Bujieokamepoit KY-F32. Jlns saToro
Ha IpeAMETHOE CTeKJI0 Mukpockona HaHocuwid 0.1%
CYCIIEH3HUIO YacTHll. AHalU3 MOIXY4YeHHBIX QoTorpaduit
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MIPOBOJIMIIA C TOMOINIBIO mporpaMmbl «ImagePro-Plus
6.0». Craructudeckyro oOpabOTKy JaHHBIX MPOBOIUIH
B miporpamme «Microsoft Excel».

Onpeodenenue ckopocmu ceoumenmauuu
ROIUMEPHBIX MUKPOCHEP MAKPOMEMOOOM
6 Kanuanapax
[TpuroroBuim 2 MI1 CyCIIEH3UH IOJMCTHPOIBHBIX H
MO MIMETAKPUIIATHBIX YacTUL] B JUCTUIUIMPOBaH-
HOMW BOjIe ¢ KOHEe4YHOM KoHueHTpauuen yactun 0.2% mac.
CKOpOCTh CEJMMEHTALMU ONPEASIIIIA MaKpOMETOZAOM B
karmmusipe. GotorpadupoBany Kamawisap Kaxsie 30 MUH.
CKOpOCTb CEAMMEHTAIMU ONPEEISUIN MO JBIKEHUIO Tpa-
HHUITBI paszena (a3 noIuMepHast CyCIIeH3Hs/BoIa.

Onpeoenenue Kpaeeozo yena CMauuGanus Memooom
«excaujeil Kanau

[TonmumepHble YacTULB! BBICYLIMBAIN, PACTBOPSIIN
B Tousryosie. [lonmyyeHHbI pacTBOp HaHOCHIIM Ha Ipel-
METHOE CTEKJIO, paclpeaessisi pacTBOP B BHJEC TOHKOM
IUIEHKU ¢ pazMepamu 2X2 cM. Jlanee npeiMeTHOe CTeK-
JI0 BBICYIIMBAJIN /IO TOJHOTO HCHMapeHus Toiayona. do-
torpadupoBany npopwis kamwim. [lomydenHoe u300pa-
KeHue npoQuist Karmi 00padaTsIBasid Ha KOMITBIOTEPE.

Memoouxa cozoanus ouazHocmu4ecKo
mecm-cucnemyl Ha 0CHOGe NOUTULUOUIT-
MemaKpuIamHusIx Mukpocghep

Bonusie cycriensuu (4%-bie) MOMUITULUIMIMETaKPH-
JIATHBIX YACTHI] CO CPEAHUM JTUAMETPOM 3.5 MKM, TPHK-
JIbI OTMBITBIC TUCTHUIHPOBAHHOMN BOIOW ITyTEM 3aMEHBI
CyIepHaTaHTa Mocje NEHTPUPYTUPOBAHUS, CMEIINBAIN
C BOIHBIM PacTBOPOM KapOOIMHUMUJIA C KOHIICHTpAIHEH
10 Mr/mn B cootHomennn o0beMoB 10:1 u MHKYyOUpO-
BaIU B TeucHUE 24 U MpH KOMHATHOW TeMIeparype U
MIOCTOSIHHOM TiepeMernuBaHuy Ha meikepe. [locie nx
TPHKIBI OTMBIBAIN TUCTWIIMPOBAHHOW BOJOH M Tie-
peBoauiu B (ocdarno-coneroii Oydpep (PBS). Ilocne
3TOT0 MX WHKYyOHUpPOBAIU C PAaCcTBOPOM IUPTEPUIHOTO
aHaTokcuHa B (ocdatHo-comeBoM Oydepe B TeueHHUE
24 9 Ipu KOMHATHOW TeMIIEpaType U IMOCTOSHHOM Iie-
pememBannd. [1o OKOHYaHNN peakIMH MOTUMEpPHBIC
CYCIICH3UU TPIDKIBI OTMBIBAIHA (POC(aTHO-COIECBHIM
oydepom (PBS) u ncnonp3oBanu B nanpHEHIIeM B Ka-
94EeCTBE TECTA.

Ilocmanoeka u yuem pe3ynomamoe peakyuu
JIAMeKCHOI azeniomuHayuu

Peakuuto narexcnoii arnmortuHaimu (PJIA) nposonu-
7M1 B TOJMCTUPONIBHOM IUTaHmeTe Ha 96 U-00pasHbIX JTy-
HOK. JlarekcHplil auarHoctukyM pasBonuiu 10 0.4%-Hoit
KoHIeHTparmu  (pocdarHo-coneBbIM  Oy(hepHBIM PacTBO-
pom, conepxanium 0.2% Tsuna 20. B kax1yro JyHKY BHO-
cru 1o 0.050 Mt pocarao-comneBoro Oydeproro pacTso-
pa, conepxarero 0.2% Tsun 20. B nepByto JiyHKY BHOCHIN
0.050 M uCTIBITYEMO# CHIBOPOTKH, pa30aBiIeHHOH B TpeOy-
eMoe KOJTMYECTBO Pa3, U MPOBOAMIIM PACTUTPOBKY BILIOThH
Jo 6-0i1 mynku, orkyna 0.050 mn ynansumi. Baocunm B ka-
snyto yHKyY 110 0.050 Mt pa30aBIieHHOTO TMarHOCTUKYMA.
7-ag 1 8-ast JTyHKU CIIYXKIIM KOHTPOJIEM JUAarHOCTUKYMOB
Ha OTCYTCTBHE CIIOHTAHHOH armIIOTHHALIUH.

MmMyHOnornyeckuil IaHIIeT OCTaB/sUIM HAa POBHOM
TIOBEPXHOCTH TIPY KOMHATHOM TeMIIepaType, UCKIIIo4ast ero
niepemerntienre. Yuer pesynsratoB PJIA mpoBommmm uepes
34 4 noce NOCTAaHOBKU PEAKIMH (JIOMyCKaJcsl yUeT peak-
mn gepe3 1822 ). 3a TUTp UCTIBITYEMOl CBIBOPOTKH TIPH-
HHUMAaI HocneHee pa30aBlicHUe, JArolee ariIFOTHHALUIO
TIOJTMMEPHBIX YaCTHUI] «HA TPU KpecTay («+++»). Peaknust B
KOHTPOJIbHBIX JIYHKaX Ha OTCYTCTBHE CIOHTAHHOM arrIiOTH-
HAIMH JIMarHOCTHKYMa JIOJDKHA Obl1a ObITh OTPUIIATETHHOM.

Pe3ym)TaT1>1 H UX oﬁcyme}me

J1s1 oy deHyst 3aTpaBOYHBIX TTONMUTITHIHIFIMETaKPH-
JIATHBIX YaCTHUII OCYIIECTBIUTN TUCIICPCHOHHYIO TTONHMMEPH-
samto ['MA. Hano otMeTHTh, 9TO0 ¢ MOMEHTa HyKJIeaIin
TEUCHHUE TOJIMMEPU3ALIMH 3aBICHT OT TEMIICPATyPHOTO IIPO-
(rIs1 pOBEICHIS Tporiecca. Bapeupys konmaecTBo cTarm-
OHAPHBIX TEMIIEPATYPHBIX TOYCK, MOKHO B 3HAYUTEIIHLHOMN
CTETICHH BITMATH Ha JIUCTICPCHBIA COCTaB KOHEYHOM JwC-
nepcun [7-10]. ducnepcuonnyto nomumepuzanmio [MA
TIPOBOJIVITH TIPY TTABHOM PETYIMPOBAHIH TEMITEPATyphl Ha
HAYaJbHOW CTAJUM MPOIecca B MPHCYTCTBUU IWHUTPUIIA
asomomacistHoi kucnoTsl (JIAK) (3% mac.), THOKTHICYTb-
(ocykimnara Hatpus (AOT) (2.6% mac.), MOTMBUHUIIIIUP-
pommnona (I1BIT) (3% mac.) B aTaHOINE TIPH TEMIIEpaType
72 °C. Konuenrpamust [TMA cocrapmsuia 20% 00., komm-
gecTBO BOmbI 0—-5% 00. DnexrpoHHas MUKpodoTorpadms
MOJTYYCHHOW MMOJMMEPHON JIUCTICPCHU M THCTOrpamMMa pac-
nipeiesieHnst yactuil 1o pasmepam (PUP) mpuBenensr Ha
puc. 1. BumHo, 4To monmuMepHast CyCIIeH3HsT XapaKTepusy-

b

Results
Size(dn..  %Number Width (dn...
Z-Average (d.nm): 1806 Peak1: 1865 1000 2010
Pal: 0,112 Poakz: 0,000 0o 0000
Intercept: 0,843 Peaks: 0,000 oo 0,000
Result quality Good

Statistis Graph (1 measurements)

Number (%)

i 0 1
sizs (@nm)

B Visan i /-1 Standard Deviation srorbaf

Puc. 1. Dnexrponnas Mukpodotorpadus (A) u rucrorpamma pacrpezeneHus o pazmepam (b) wactui, momydeHHbIX
TIPY TUCTICPCHOHHON NOJIMMEPH3aLNH DIMIHAMIMETaKpUIIaTa, pyu KOHIEHTpauu MoHomepa 20% 00. B aTaHoIC.
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eTCsI y3KUM pacrpeielIeHHeM YacTHII IT0 pa3MepaM M Cpeji-
HEYHCJIOBBIM THaMETPOM YaCTHLI, PaBHBIM 1.8 MKM.
[NomydeHHple 3aTpaBOYHbIC TOIUTIAIIIMETAKPH-
JIaTHBIE YaCTHIbI HaOyXaau cMechio MoHoMepoB IMA u
OIJIMA, B3STBIX TIPH JBYX OOBEMHBIX COOTHOIICHUSIX,
paBHbIX 1:1 1 9:1. MaccoBoe COOTHOIIIEHHE 3aTPaBOYHbIE
YaCTHIIB/MOHOMEPHI I3MEHSUTH B IIPOKOM HHTEPBAJIC 3Ha-
yenuid: ot 1:1 mo 1:20. IIpenensHoe paBHOBecHOE HalOyxa-

I/ICXOI[,HLIC 3aTPaBOYHBIC NMOJIUTIITUIUANIIMETAKPHUIATHBIC YaCTHULIbI

HIE 3aTPABOYHBIX JACTHI] MOHOMEPAMH IIPH UX 00HEMHOM
COOTHOIIEHUH, paBHOM 1:1, HaOMIONAIOCH TIPH MACCOBOM
COOTHOIIIEHHUH 3aTPAaBOYHBIC YaCTHILI/MOHOMEPBI, PAaBHOM
1:8, a mpu oObemHoM cootHomeHnn [ MA:DIJIMA, pas-
HOM 9:1 — cootBercTBeHHO 1:15.

[pu noBbIIICHNN CONEPYKAHIST MOHOMEPOB HAOTIONAIOCH
00pa3oBaHKe B UCTIGPCHOHHOM Ccpefie HOBBIX YaCTHIT H pactipe-
JIENIeHHe YaCTHII TIO pasMepam CTaHOBUIIOCH IITUPOKKUM (PHC. 2).

Habyxanwue 1:2 (10 mun)

Habyxanwue 1:6 (30 mun)

Habyxanwue 1:15 (100 mun)

Puc. 2. Kunerrka HaOyXaHus 3aTpaBOYHBIX MOMMIIMIMANIMETaKPIIIATHBIX YaCTHI] cMechio MoHOMepoB [ MA n DI'JIMA
Ha npuMepe cmecu ¢ koHnenTpaueit OIJIMA, pasroit 10% mac.
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3arpaBounyto comomumMepuzarmio [TMA u DIJIMA
MPOBOAMIIA B TMpUCYTCTBUU miepekucu Oenzomna (I16) B
KadecTBe MHUIMaTopa, noymBuHIIoBoro crmpra (I[IBC) B
Ka4ecTBE CTaOMIIM3aTopa.

Boutn cuHTE3MpOBaHBI 3aTPaBOYHBIC COMOIAMEP-
Hele cycnensun [ MA/OIJIMA npu pa3HOM MaccOBOM
coxepxaanu DI JIMA (5, 25, 50 u 75%). AnameTpsl Bcex
CHUHTE3UPOBAHHBIX TOJIUMEPHBIX MUKpochep U uX pac-

MIpeAeIeHUe TI0 pa3MepaM OTIHYAINCh HE3HAYUTEIHHO.
Ha puc. 3 B kauecTBe npuMepa MOKA3aHbI NEKTPOHHAS
MUKpodoTOorpadusi 4acTuIl, MOJYyYSHHBIX 3aTPaBOYHON
cononumepuzanueit IMA u OI'JIMA npu koHuEHTpa-
uuu DI JIMA, paBHoii 50% wmac., u rucrorpamma PYP.

CononumepHsle MUKpochepsl MOAU(GUINPOBAIU
MEPBUYHBIMH AHMAMHUHAMH — TEKCAMETHIICHINAMUHOM
(C'MIA) u stunenaunamuaom (OA) (puc. 4).

Results
B Size (dn..  %lntensity Width (d.n...
2-Average (d.nm): 4050 Peak1: 3622 1000 4481
Pdi: 0,190 Peak2: 0000 00 0,000
Intercept: 0,708 Peak3: 0000 00 0,000
Result quality Good

Size Distrbution by Intensity

Intensiy (%)

Puc. 3. Dnexrponnas mukpodotorpadus (A) u rucrorpamma pacrpezesenus o pazmepam (b) vacrui,
TOJTYYEHHBIX 3aTpaBoYHOM cononumepusaiueit [MA u OTJIMA, npu kornentparuu DI JIMA, pasuoii 50% mac.

I
"’W"HEC—C”‘S’ NH,(CH,),NH,
lp ——
90 °C
N
0
CHz—CH\
/0
CH;

CH,

vy H,C—Cnve

8]
%

N
1
CH,—CH——NH(CH;),NH;

CH,—OH

Puc. 4. Cxema AMHWHHUPOBAHUSA STTOKCU-TPYIII MOJTUITTMIUAATIMETAKPHUIIATHBIX MI/IKPOC(i)ep STUJIICHIUaMHUHOM.

B mepBom ciywae (npm ammumpoBanmn ['MJIA)
noauMepHble MUKpocdepsl U pactBop IM/IA B m-mipo-
MIIJIOBOM CIHPTE 3arpy’Kajd B PEakTop U CMECh BhIJIEP-
JKUBAJIM 2 4 MpH NiepeMelinBanuy, temneparype 90 °C,
3aTeM OXJIaXJIanu, mpoMbiBaian Ha ¢uasTpe lloTTa BO-
Joi. CocTaB UCXOAHON PEAKIIMOHHON CMECH MPE/ICTaB-
JieH B Ta0n. 1.

Tabuauua 1. Peuentypa aMUHUpOBaHUS
TTOJIMMEPHBIX MUKpOchep

Kommnonenr Hagecka, r
Tonmmepabie MEKpOChepbI 10
T'excameTunenamamua 30
n-IIponanon 30

I[Ipy aMUHHpPOBAHHWM TOJMMEPHBIX MHKpPOCheEp
OJIA B peaxTop 3arpyxaiu MoJIUMEpPHbIE YaCTHUIIBI, J0-
OaBnsin 4-x-KpaTHblid U30BITOK D/IA W BbIIEpKHUBAIU
nipu Temreparype 90 °C B Teuenue 2 4.

Juia onpeeneHust KONUYECTBA aMUHOTPYII B I10-
JMMEPHBIX MHUKpOc(epax HCIIOIB30BAIN DIEMEHTHBIN
aQHAJIM3 U AJIEKTPOHHYIO CIEKTPOCKOMHIO JIsi XUMHUYe-

ckoro aHanmza (DOCXA). Pe3ynbrarbl 3I€MEHTHOTO aHa-
1M3a NpUBEJCHBl B TaO1. 2. BugHo, 4To aMUHUpOBaHUE
[NII'MA-MuKpochep MpPOTeKaeT AOCTATOUHO (P PEKTHB-
HO, MpHUYeM ¢ yBesnndeHueM comepxanus DI JIMA co-
JepyKaHue a30Ta B COMOINMEPE HECKOJIBKO CHUYKACTCH.
DU3MKO-XUMHUYECKHE CBOUCTBA  COMOIUMEPHBIX
MOAN(UIMPOBAHHBIX MUKPOC(Ep MPUBEICHBI B Ta0M. 3.

Taonuna 2. JlaHHbIE 3JICMEHTHOI'O aHAIU3a
I[I'MA-mukpochep, MoaupunmrpoBanubix A

Oof1uee conepxanme
Tun yacTuig N, % AMMHOI'DYIIIT
B conosiumepe, %

[MIMA-5%

SIIIMA-NH, (9]1A) 15.75+0.05 81
[MI'MA-25%

+

SIJIMA-NH, (371A) 10.82+0.05 60
III'MA-50%

SIIMA-NH, (J1A) 5.7240.05 40
IMII'MA-75%

STJIMA-NH, (1A) 3.05+0.05 20
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Ta6smua 3. KomonaHo-xumudeckue cBoiictsa [1I'MA-cycnien3uit, MomuduimpoBaHabix DA

IlnoTHOCTH OCaaKa
Juamerp &norenumas, | Yroa cmauuBanusi, | CKOpOCTb ceTMMEHTAIMH,
Tun yacTun 4acTHIL MOCJIe
YacTHIL, MKM mB rpa. MM/4
ceqMMeHTAlUN
TII'MA-5% .
+ + + +
STJIMA-NH, (J1A) 4.54+0.1 20.1+0.1 0 6.4+0.3 PBIXJIBIIH OCaI0K
TII'MA-25%
4.1+0.1 +19.3+0.1 0 52404 BIXJIBIA 0CAI0K
STTIMA-NH, (971A) p
III'MA- 50% .
+ + + +
SIIM A-NHZ (ITTA) 4.1+0.1 17.1+£0.1 0 4.8+0.4 PBIXJIBIIT OCamoOK
TII'MA-75% .
=+ + + ==
STJIMA-NH, (J1A) 4.1+0.1 16.7+0.1 0 4.6+0.5 PBIXJIBIIA OCaI0K

Bunno, 4T0 BCe aMHMHMPOBAHHBIC STHICHIMAMUHOM
HOJIMMEpHBIE MUKPOC(HEPBI XapaKTepH3YIOTCs THAPODHITb-
HOM MOBEPXHOCTHIO (YToJ cMaurBaHus Omu30k K 0°) u Ormms-
KUMU 3HAYEHUsIMHM CKOPOCTU celuMeHTaruu. [Ipu nossl-
menun copepxkanusi SI'JIMA B comonuMepe BeIMYnHA
&-TIOTEeHIMANa YacTHI] MPAKTUYECKH He M3MEHseTcs, a
cofepKaHNe aMUHOTPYII YMEHBIIACTCS, BUANMO, H3-3a
YBEIMUECHUSI CTENEHH CLIMBAHUS NOIUMEPHBIX LEHEH.
[TonmnmepHble YacTuIilsl, MoanunupoBanusie J/1A, Bo
BCEX CITydasX CeIUMEHTHPYIOT ¢ 00pPa30BaHUEM PBIXJIO-
ro OCajKa, YTO, BHIUMO, CBS3aHO C (POPMHPOBAHHEM
Ha IOBEPXHOCTU YaCTULl TUAPOreNs M3-3a TUApaTaluu
MOBEPXHOCTHBIX TPYIMI U TPYII, HAXOAAIIUXCSA B MPHU-
MOBEPXHOCTHOM ClIO€. B pesynbrare KOHTAaKTa 4acTHL,
MOKPBITBIX THAPOTEIEM, B IPOLECCe UX CeTUMEHTAUU
(dopMupyeTcsi 0CaloK, XapaKTepHU3yIOMHUiics HEBBICO-
KAMH 3HAQUCHUSIMH DHEPIHM B3aUMOJCHCTBHS MEXKIY
yacTullaMu. B pesynbrare NpoMCXOAUT YaCTHYHAs MENTH-

3aIust 0Ca/IKa, OH CTAHOBHUTCS JICTKOTIOABIKHBIM, H MOKHO
BI3YaJIbHO (PMKCHPOBATH JIETKOCT €10 B3MYUYHBAHUS. DIle-
MEHTHBIH aHAIN3 TOKA3aJl, YTO B STHX MOIMMEPHBIX YaCTH-
I[ax CoepkKaHWe aMHHOTPYII OOJIBIIOE, TIOBEPXHOCTD Ya-
cTun JrodmibHa (yroia cMadnBanus paseH (0°).

IIpn 3ameHe THIIEHIMAMIHA Ha T'eKCAMETHIICH M-
aMMH YBEJIMYCHHE JJIMHBI yIIICBOJOPOIHOTO paauKaia
B MOJIEKyJe AWaMHHA OOECIIeUMBAET pacIpeaeIeHne
AMHUHOTPYIII MEXIY NPHUIIOBEPXHOCTHBIM CIIOEM IIO-
JUMEPHON YacTUIBI W ONM3NIeXaIM 00beMOM. JTO
03HAUYaeT, YTO COACPKAaHHE IMOJISIPHBIX TPYMI B MPHUIIO-
BEPXHOCTHOM CJIO€ ITOJMMEPHBIX MUKpocdep CHImKaeT-
Cs1, YTO TMPUBOIUT K YMEHBIICHHUIO CTCTICHH THIPATALIUH
MTOBEPXHOCTHOTO CJIOS, YBEITMUESHHUIO YIIIa CMAuMBaHUS U
00pa30BaHUIO IUIOTHOTO 0CAJAKA TP UX CEIUMCHTAIINH.

BrmsiHue cpenbl, B KOTOPOI IpOTeKaeT aMHHHPOBa-
HHE, Ha CBOHCTBA MOJIMMEPHBIX MUKpochep, MoanpUIm-
poBanubix [ MJIA, moka3ano B Tab:m. 4.

Ta6muna 4. KomonaHo-xumudeckue coiictsa [IIMMA-cycniensuid, mopudunpoansbix ' MJIA

B BOJHOM U CIIMPTOBOM cpenax

ILnoTHOCTB OCaKa
Tun yacTuig Juamerp &norennuan, | Yroa cmaunBanusi, | CKOpPOCTb ceIUMEHTALMM, YACTHII THOGIE
[cpena] YaCTHIl, MKM MB rpaj. MM/4 !
ceTMMEeHTAHU
III'MA-5% OIJIMA-NH, .
3.5+0.1 +1.6+0.1 3.0+1 6.1+0.3 BIXJIBII 0CAJIOK
(TMJIA) [Bozn.] p
TITMA-25° TIMA-
(M I[A)z[?ag;g.l; NH, 3.0+0.1 +2.9+0.1 20.0+1 6.7+0.3 IJIOTHBINA 0CaI0K
_509 _
{1[_,%1:)5[?3 g;;il;)lMA NH2 3.54+0.1 +1.7+0.1 25.1+1 6.0+:0.4 IUIOTHBIA OCAOK
III'MA-75% OI'MA-NH, .
3.5+0.1 +1.0£0.1 22.0+1 5.9+0.5 IUIOTHBINA 0CAI0K
(I'MJA)-[BonH.]
IMI'MA-5% STJIMA-NH, .
+ +2.0+ +
(CMJTA) [empr] 3.5+0.1 2.0+0.1 0 6.0+0.3 PBIXJIBIH OCaI0K
TII'MA-25% SI"MA-NH2 MEHe€e ITIOTHBIN
+ + + + +
(CMJIA) [emmpr] 3.5+0.1 22.540.1 31.2+1 6.5+0.4 0caoK
IM'MA-50% SI'MA-NH, .
(TMJTA) [crmpr.] 3.540.1 +15.6+0.1 47.2+1 6.24+0.5 IUIOTHBIN 0Ca0K
I[MI'MA-75% SIT'MA-NH, .
+ +2.9+ + +
(CMJTA) [cmpr] 3.540.1 2.9+0.1 30.4+1 6.3+0.5 IUIOTHBIN 0Ca0K
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Pesymbratel, mpencTaBneHasle B Ta0I. 4, TOKa3bI-
BAIOT, YTO TUAPO(PUIBLHOCTS TOBEPXHOCTH MOTUMEPHBIX
MUKpochep 3aBHCUT 0T conepxkanust IIJIMA B como-
muMepe. JTO CBSI3aHO ¢ YMEHBIIEHHEM YHCIa 3MOKCH-
TPYIIM, CIIOCOOHBIX K PEAKINU TIPHCOCTMHEHHS THAMH-
HOB. IIpu conepxxanuu 5% mac. OI'/IMA B cononumepe
IIPU CHHTE3€ YaCTHUIl B BOAHOW M CIUPTOBOU CPEIE yTOJI
cMaunBaHusg paBeH 3° u (0° COOTBETCTBEHHO, MOBEPX-
HOCTB ITOJMMEPHBIX MUKpocdep TuapodiIbHa U IPH X
CeIMMEHTAIUU 00pa3yeTcs PhIXJIBIH 0Cal0K.

JlaHHble 2JIEMEHTHOIO aHaju3a aMHHUPOBAHHBIX
I'MIA [OmUIIIMIUAWIMETaKPUIATHBIX — MUKpochep
TIPUBENCHBI B Ta0J. 5 M MMOKA3BIBAIOT, UTO COMCPIKAHUE
amuHorpyni B [II'MA- Mukpocgepax, aMUHUPOBaHHBIX
I'MJIA B cimpte, BBIIIIE, YeM B MTOJIMMEPHBIX MUKpOC(e-
pax aHaJIOTMYHOI'O MOHOMEPHOIO COCTaBa, aMUHHPO-
BauHbIX [ MJIA B BogHOI cperie.

Taonauna 5. JlaHHbIC 5JIEMEHTHOI'O aHAINU3a
[MI'MA-mukpochep, moaudunnpoBantbix ['MIA
B BOJHOM M CIMPTOBOM cpenax

T s N |
B conmostumepe, %o
g&\dﬂéj["foi ?MA'NHz 4.86:0.05 24
mzé? HI?EMA'NHz 3.1240.05 21
(FIF%/’;S&‘?HEEMA'NW 1.65+0.05 10
gﬁ\dﬂxzx H3]F MANH, 1 7640.05 5
{IFFMN;:S["?Q; ﬁWA'NHz 9.30+0.05 48
%%2[56‘;/;1;3\4&1“1{2 4.00£0.05 30
gﬁ\dﬂ%ﬁ?ﬂi{ i\/lA'NHz 3.61+0.05 24
mﬁ? Hiﬂ\/[A'NHz 1.49:0.05 10

Ionmumepubie Mukpocdepsl ObUTH anpoOMpOBaHbI B
peakiu narekcHor arrmrotuHarmu (PJIA). B kadectse
OuoMraHa UCIoIb30BAIN AUPTEPUIHBIA aHATOKCHH. Pe-
AKLMIO aKTUBALMK [TPOBOAWIM IIpH Temreparype 4-6 °C u
pH 6-7 B Teuenue 2—4 4 B IPUCYTCTBUU BOJIOPACTBOPHU-
MOTO KapOOJMHMHU/IA.

OOHapyXeHO, YTO TOBEJCHHUE IOJIMMEPHBIX MH-
kpocdep B PJIA 3aBUCHT OT yCIOBUH WX MOAU(DUKAITIN

Crnucok JuTepaTypbl:

1. Cao K., Yu J, Li B.-G., Li B.-F,, Pan Z.-R.
Micron-size uniform poly(methyl methacrylate) particles
by dispersion polymerization in polar media: 1. Particle
size and particle size distribution //Chem. Eng. J. 2000.
V. 78. Iss. 2-3. P. 211-215.

nuaMuHaMu. [lomumepHbie MUKpochephbl, aMHHHPOBaH-
Hbele OJIA, ObUIM HEyCTOMUMBHI B (hocaTHO-coneBOM
Oydepe, U co31aTh JUATHOCTHYECCKYIO TECT-CHCTEMY Ha
UX OCHOBE He ynajnock. [lonumepHbsie MUKpocdepsl, MO-
mudurmpoannasie [MJIA, conepxalli MeHbIIEe KOJIH-
YeCTBO AMUHOTPYII B MOBEPXHOCTHOM CJIO€ YacCTHII, U
WX arperaTuBHAs yCTOWINBOCTD 3aBHCENA OT OOBEMHOTO
COOTHOIICHUSI MOHOMEPOB.

Tak, comonuMepHble CYCIEH3UH, COAepIKallue
75% mac. OTTIMA u 25% mac. TMA, Oblii arperaTuBHO
YCTOMUUBBL, HO COAEPIKAHNE AMUHOTPYIII HA TIOBEPXHO-
CTH YacCTHII ObLIO HEBBICOKHUM, & COTIOJIMMEPHBIE CyCIICH-
3uH, coneprkamue 25% mac. T /IMA u 75% mac. IMA,
OBUIM arperaTMBHO HEYCTOWYHBBI, M TOJIBKO ITPH PABHOM
MIPOLIEHTHOM COZEPKaHUU COMOHOMEPOB B COIOJIUMEP-
HOM LIEMU arperaruBHas yCTOMYMBOCTH COTIOJIUMEPHOM
CyCIIeH3UH ObLTa BBICOKOW. B 3TOM ciydae coyepkaHue
a30Ta B COMOJIMMEPE MO JAHHBIM DIIEMEHTHOTO aHaJH3a
1 DCXA mpakTUYECKH COBIMAJIAIOT M COCTABISIOT COOT-
BETCTBEHHO 3.6 1 3.8%.

[Tpu npoBenennu PJIA ¢ ncronbp3oBaHreM BMECTO
SPUTPOLIUTOB TOIMMEPHBIX MHUKpochep, comeprKalux
B comoyimMepe pasHoe koimuectBo DIJIMA, Obuto mo-
Ka3aHO, YTO BBICOKYIO UYBCTBUTEIBHOCTh MMEIOT JHa-
THOCTUYECKHE TECTbI, MOJIYYEHHBIE C MCIIOIb30BAHUEM
COTIOJIMMEPHBIX MHUKpOc]ep, UMEIOIIUX pPaBHOE Mpo-
nentHoe copepxanue [ MA u DI'/IMA.

3akJjoueHue

Taxkum 00pazoM, B X0/Ie UCCIEAOBAHUI YIAIOCh T10-
Ka3aTh, YTO AMHUHOCOJIEPIKAIIIe TOJTUMMEPHBIE MUKpoche-
PBI MOTYT OBITH HCIIOIBb30BaHbI B KAUECTBE OMOIUTAHI0B
IIPU COJIEP)KAaHUM AMUHOTPYIII Ha MOBEPXHOCTH YaCTHUI]
B npenenax ot 15 1o 50% wmon. [Ipu 6onbmMx KOHIIEH-
TPALUSIX aMUHOTPYIIT MPOUCXOANUT U30BITOUHAS THIPO-
(bmnmzanys MOBEPXHOCTH YaCTHII, KOTOPasi HE MO3BOJIs-
eT TIPOBECTH MMMOOIITN3ANNIO aHTHTeHa. [Ipr MeHbIIeM
COJIEP)KaHNUH NIEPBUYHBIX aMUHOTPYIII IIOJUMEPHEIE CY-
CIIEH3UU HEyCTOMUMBEL. Takoe coaep:kaHue aMHHOTPYIII
obecrieynBaeT BEIUUYMHY KPaeBOro yIiia CMauyuBaHUs OT
10° 1 BBINIE U CEMMEHTAIMIO YACTHIl C 00pa3oBaHUEM
TUIOTHOTO OCaJIKa.

[TokazaHo, 4YTO NOMUIIMLMIWIMETaKpUJIaTHbIE
MUKpOc(hepsl CO CpeAHUM AUaMETpoM 3.5 MKM, cofep-
xkaiue 50% mac. TMA u 50% wmac. OT'JIMA, moaudu-
HUPOBAHHBIC TCKCAMCTUJICHAUAMUHOM, COOTBETCTBYIOT
TpeOOBaHMSIM, KOTOPEIC MO3BOJISTIOT UX HCIIONB30BATh B
KauecTBE HOCUTeNeH OMOIUTaH/10B.
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CHHTES H IEPEPABOTKA IIOAHNMEPOB
H KOMIIO3HTOB HA HX OCHOBE

Y/IK 532.696:678.07.074

BJIUAHHUE CITIOCOBA BBIAEJEHUSA KAYYYKA U3 JIATEKCA
HA CBOMCTBA DJIACTOMEPHBIX MATEPHUAJIOB HA OCHOBE
BYTAIUEH-HUTPUJIBHBIX KAYYYKOB

O.A. OyauHna, A.[l. Tapaceunko®, A.M. BykaHoB, A.A. HAbuH

Mockosckuili mexHono2uueckuil yHusepcumem (MHcmumym moHKUX XUMUUECKUX MEeXHON02UT
um. M.B. Aomorocoea), Mockea 119571, Poccus
@Aemop ons nepenucku, e-mail: tarasenko_a@mirea.ru

B pabome usyuanucs ceoticmea 6ymadueH-HUmpulbHbLX KAYuyKoe8, NOAYUEHHBLX PA3TUULHBLMU
cnocobamu cuHmesa U 8bloesleHuUs U3 iamekca, U pe3uHr Ha ux ocHoge. C nomowwvo memo-
o0a OysHca-Benoma-Pabens-Kaenbne bvina onpedeneHa c8ob600HASL NOBEPXHOCMHASL IHEP2USL
obpasuos. BblLio NoKA3aHo, Umo HA NOBEPXHOCMHYI0 IHEpP2Uld 3JIACTMOMEPHBLX MAMEPUATLO8
okasvlearom e/uUsiHUe HeKayuykosble KOMNOHEHMbL, COOepiKaHuUue U Npupooa KoOmopsblx onpe-
Oensiemcst cnocoboMm NOAYUeHUst U 8bl0esleHUsT Kayuyka U3 samekca, a makxKe UUCAO0 HU-
MPUNLHBLX 2PYNN 8 MAKPOMONERKYNE KAYUYKA. Bouia usyueHa KUHemMuKa 8YJKAHU3AUUU
Dpe3uHo8blLX cmecell Ha OCHoge uccaedyemblx kayuykos. IlokazaHo, umo pesuHosvle cmecu Ha
OCHO8E KAyuUyKo8, COOepIKAULUX OCMAMOUHBLY dIMYAb2amop, 8yaKaHusyomes. donve. Hayue-
HblL Ynpyzo0-npouHOCMHblE ce0UCMEea U COeNaH 8bl800 0 MOM, UMO pe3uHbl. Ha OCHo8e byma-
OUEH-HUMPUIbHBIX KAYUYKO8, CUHME3UPOBAHHBIX PA3NAUUHbLMU CNOCOOAMU NPU 0OUHAKOBOM
CO0epPIKAHUU CBS3AHHOU HUMPUNAKPUNOBOT KUCOMBL, 001a0Arm pasHbMU PUUKO-MEeXaHU-
yeckumu ceolicmeamu U He mozym 6bimb 83auUMO3aMEHIEMbIMU 6e3 UMeHeHUsl peuenmypbl U
MexXHOI02UUEeCKUX Napamempos ux nepepabomxu.

Knroueevle cnoea: 6ymadueH-HUMPUNbHBLI KAYUYK, C80600HASL NOBEPXHOCMHASL dHEepausl,
Mmemoo OBPK, nogepxHocmHble c80licmaa, (pusuKo-mexaHuueckue ceolicmaa noaumepos.

THE INFLUENCE OF THE METHOD OF RUBBER ISOLATION
FROM LATEX ON THE PROPERTIES OF ELASTOMERIC MATERIALS
BASED ON BUTADIENE-NITRILE RUBBERS

O.A. Dulina, A.D. Tarasenko®, A.M. Bukanov, A.A. Ilyin

Moscow Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow 119571, Russia
@Corresponding author e-mail: tarasenko_a@mirea.ru

The properties of butadiene-nitrile rubbers obtained by various methods of synthesis and isolation
from latex and rubbers based on them were studied in the article. The surface free energy of
samples was determined using the Owens, Wendt, Rabel and Kaelble method. It was shown that
the surface energy of elastomeric materials is affected 1) by non-rubber components, the content
and nature of which are determined by the method of obtaining and isolating rubber from latex
and 2) by the number of nitrile groups in the rubber macromolecule. The kinetics of vulcanization
of rubber compounds based on the investigated rubbers has been studied. It was shown that
rubber compounds based on rubbers containing a residual emulsifier are vulcanized longer.
Elastic-strength properties were studied, and it was concluded that rubbers based on butadiene-
nitrile rubbers synthesized by various methods with the same content of bound nitrilacrylic
acid have different physico-mechanical properties and cannot be used interchangeably without
changing the formulation and technological parameters of their processing.

Keywords: butadiene-nitrile rubber, surface free energy, Owens, Wendt, Rabel and Kaelble
method, surface properties, physico-mechanical properties of polymers.
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Bausinue cocoba BBIEACHHSA Kay4YyKa H3 AaTE€KCa Ha CBOHCTBa 9AaACTOMEPHBIX MAaTEpPHAAOB...

B nacrosmiee Bpemst OyTanueH-HATPHUIBHBIC Kaydy-
KM HIMPOKO MPUMEHSIOTCS JIJIsl U3TOTOBJICHUS Maciio- U
OCH30CTOMKHX pe3nHOTeXHW4Yeckux wusnenuit (PTH),
WCTIOJIB3YIOUINXCS IPAKTHYECKH BO BCEX OTPACISIX MPO-
MBILIUIEHHOCTH B arpeCCUBHBIX Cpelax TOIUIMB, Macel,
cma3ok. COBpEMEHHBI acCOpPTUMEHT OyTalueH-HU-
TPUIBHBIX KaydyKOB IPEACTaBICH OOJBIINM HAOOpOM
OTEYECTBEHHBIX M UMITOPTHBIX KaydyKOB C Pa3iIUYHBIMU
TEXHUYECKUMU XapaKTePUCTUKAMHU M MHIUBUAYaJIbHBI-
MU 0cOOeHHOCTAMU monydeHus [1-3].

ITockoNbKy pe3HWHBI MPEICTABISAIOT COO0I KOMITO-
3UIIMOHHBIE MaTepuajbl, UX TOBEPXHOCTHBIE U (U3H-
KO-MEXaHUUYECKHUE CBOMCTBA OINPENENAIOTCA HE TOJIBKO
MIPUPOAOH MONMMEPa, HO U IPUCYTCTBYIOLIMMHU B CHCTe-
M€ HU3KOMOJIEKYIISIPHBIMU HHTpeineHTaMu [4—6].

Henp maHHON paboOTHl 3aKitoyanach B U3yYCHHH
BIIMSTHUSI CTIOCOOOB CHHTE3a ¥ BEINENEHHS W3 JIaTeKca
Ha TOBEPXHOCTHYIO SHEPIHI0 U YNPYTrO-MPOYHOCTHHIE
CBOICTBa OyTaJNCH-HUTPUIBHBIX KayIyKOB M Pe3WH Ha
UX OCHOBE.

IKCNMepUMEeHTANbHAN YaCTh

B xauecTBe 0OBEKTOB HCCIIEOBAaHUS OBLIH BHIOpA-
HBl 00pa3ubl OyTaJIueH-HUTPHIBHBIX KaydyKOB, IOJY-
YEHHBIX TPEMs Pa3lIUYHBIMU CIOCOOAMH BBIICICHUS U3
JlaTeKca, OTIUYAIOUINecs MPH 3TOM COAEpIKaHUEM HH-
TPUJIBHBIX 3BEHBEB [ 7], M pe3UHBI HA MX OCHOBE.

Kayuyku CKH-18 CM u CKH-40 CM mnony4eHsl
C TPUMEHECHHEM aNKWICYTb(OHATHOTO SMYIBraTopa,
MIPAKTUYECKU TIOJHOCTBIO OTMBIBAIOLIETOCA B IPOLEC-
ce Boienenust u3 narekca. Kayayku BHKC-18 AMH u
BHKC-40 AMH mnoiyueHsl ¢ UCIOJIb30BaHUEM B Kaue-
CTBE AMYJBraTropa CONeH KUPHBIX KHCIOT M BBIICICHEI
U3 JIaTeKca PacTBOPOM XJIOpHUA KaJIbLUs, B PE3yJbTaTe
9ero B MOJIMMEPE OCTAINCH MPOIYKTHI B3aUMOICHCTBUS
IMYJIbraropa u Koaryasropa — MaJlopacTBOPUMBIC Kallb-
nmeBble conu KUpHBIX kucnoT. Kayayku CKH-33650 u
CKH-40559 BbLaensitoTcst U3 jarekca 0eccoyieBbIM Me-
TOZOM M COICP)KaT B CBOEM COCTaBE KOMILICKCHOE CO-
eJMHeHNe, KOTopoe o0pa3yeTcsi NMpHU B3aUMOAEWCTBUU
IMyJBraTopa — CoJei KUPHBIX KUCIIOT U KOaryiaTopa —
YETBEPTUYHBIX AaMMOHUEBBIX OCHOBaHUM [§].

OO0pa3siiel pe3uH Ha ocHoBe kKayuykoB CKH-40 CM,
BHKC-40 AMH, CKH-40555 ObutH MOJy4eHBI C HC-
MOJTF30BAaHNEM CIEAYIOMIEH pelenTyphl: B pacueTe Ha
100 macc.4. kayyyka OKcHia IMHKA — 5 Macc.4., cepbl —
2 macc.4., Texauaeckoro yriepona [1-514 — 50 macc.q.,
cynbpenamuna 1l — 1.2 macc.u. Bpems BynkaHuzanuu
COOTBETCTBOBAJIO ONITUMYMY BYJIKaHH3AIIUU U COCTABIIS-
110 20 MHH.

OmnpezeneHre CBOOOAHON SHEPTHHM TOBEPXHOCTH
(CIID) wuccnenyeMbix 00pasioB MPOBOIWIA METOIOM
Oysnca—Bennra—Pabens—Kaenone (OBPK).

KpaeBoii yron cMaumBaHHs ONPEAEISUIA METOIOM
Jiekadyell Karumm ¢ ucrnoib3oBaHueM ronuomerpa JIK-1.

[Ipubop mo3BONSET MONyYaTh M300pa)KCHUE JICKAIIeH
Ha TIO/UIOKKE KallIM C MOMOIIBI0 I(poBOil BUIEOKa-
MEpBI, IKCIIOPTHPOBATh M300paKCHUE B KOMIIBIOTEP U
OIIpe/IelIsiTh KPaeBoil yroJl CMadyMBaHMs METOJOM Kaca-
TeNpHOHN. Karumo HaHOCHITH ¢ TTOMOIITBI0 MUKPOIIIIPHIIA
Ha TPEJBAPUTEIBHO OYHUIIEHHYIO 3TAaHOJIOM IOBEPX-
HOCTH 00pa3sia.

J1s1 oIty e HUsI TOBEPXHOCTH HOJTMMEPHOT0 MaTepH-
aya, CBOOOJIHOM OT 3arpsi3HEHUH, TPOBOAMIIA 00pabOTKy
00pa3IoB OYHINAOIINM PACTBOPHUTEIEM — ATAHOJIOM. M3~
MEpEeHHUS KPAaeBBIX YIJIOB CMaYMBAHUSI TIPOBOIMIIH TIOCIIE
4acOBOMW BBIJIEPKKH 00pasIloB 110 paHee pa3paboTaHHOMH
MeToauKe [4], COTTacHO KOTOPOI OTHOTO Yaca BhIIEPKKA
nocrarouno Juisi ouenku CI1D oOpasnos. OOpasipsl Kay-
gykoB Juis ornpenenenust CIID momyyanu mytem mpecco-
BaHUS MEK/TY TUICHKAMK (PTOPOILIACTA.

HccnenoBanne KWHETHKH BYJIKaHU3ALUH PE3HHO-
BBIX cMecelt Ha ocHoBe KayuykoB CKH-40 CM, BHKC-40
AMH, CKH-40553 npoBoauiochk Ha 6€3pOTOPHOM peo-
metpe RPA-2000 BubparonHoro Tumna npu t = 150 °C.

Jns mccneayeMbIX pe3nH 1O CIEMUalbHBIM Me-
TOJMKAM B COOTBETCTBHM C JEHCTBYIOLIIMMH TOCYIap-
CTBEHHBIMH CTaHIAPTAMHU OBLIH OTIPECIICHEI OCHOBHBIC
(u3HKO-MeXaHNYEeCKHe CBOWCTBA, TBepAoCTh 1o Lllopy,
ANIACTUYIHOCTH TI0 OTCKOKY.

Pe3yabTaThl M UX 00CyxKAeHHE

[Ipexxae Bcero, ObLIO M3y4eHO BIMSHUE criocoda
BBIJICTICHNS KaydyKa U3 JIaTEKCa U COACPKAHMS HUTPUIIb-
HBIX TPYII Ha IOBEPXHOCTHYIO SHEPTUI0 00Pa3LIoB.

Juist ompenerneHnss CBOOOAHON SHEPTHH ITOBEPX-
Hoctu (CIID) obpasnoB Obl1 BeIOpan meron OysHca—
Bennra—Pat6ens—Kaenone (OBPK) — kocBeHHBIH Me-
top omnpenenenust CI13, ocHOBaHHBIM Ha OomNpeneIeHnn
CMaunBacMOCTH MOBEPXHOCTH MaTepuaa >KUIKOCTIMHU
C pa3HbIM NOBEPXHOCTHBIM HarskeHueMm [9—11]. s
MPOBEICHUS PACUCTOB IO 3TOMY METOXY HEOOXOIIMO
3HATh HE TOJHKO 3HAYCHUS KPACBBIX yIVIOB CMAYMBAHUSI
(0, rpan.) oOpa3ioB HAOOPOM KHUIKOCTEH, HO M TUCTIEP-
CHOHHYIO M TMOJSPHYIO COCTAaBJIAIOLIME TOBEPXHOCT-
HOTO HaTsDKeHUs skunkocteit [12, 13]. Jucnepcuonnas
COCTABILAIONIAsT BKJIIOYAeT cwiibl Ban-nmep-Baanbca u
JIpyTHE HecHenu(pHIeCKUe B3aNMOIACHCTBHS, TOISIPHAS
COCTABJISIONIAs — CUIIbHBIE B3aUMOJEHCTBUS U BOIOPOI-
Hble CBs3U. COOTHOIIEHHE MEXIy HHUMH BBIPAKAETCS
(hopmymnoit Oysnca-Benara [14, 15]:

c =0 t0,  — 2(0‘1 * O-;’W(?)o,s _ 2(0.,:/5 * O.:w)o.s (1)

oncle

e o,,,. — CBO60,I[Ha${ ITOBCPXHOCTHAs DOHEPIUs TBEPIO-

ro tena (M/Ix/M?); o, ., — TOBEPXHOCTHOE HATSKEHHE

2y. P
xuakoctu (MDk/M?); o .0 — NONApHAsA M JTUCTIEp-

cruonHas cocrasistomue CITD TBEPAOIro T€jia COOTBLT-
d

2. 14
ctBeHHO (MJ[x/M?); o O

— IOJIsIpHasl U JuUcHep-
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CHOHHAsl COCTABJIIONIUE IMMOBEPXHOCTHOTO HATSIKECHUS
JKUJIKOCTH COOTBETCTBEHHO (MJ[K/M?).

[Ipu moxcraHoBke BhIpakeHHs (1) B ypaBHEHHE
Mronpe-FOHra nosyvaercs BeIpakeHHUe:

0, *(e0s0+1)=2(0,, * 0, )" + (o, * o) ], ()
KOTOPOE TPE0OPasyIoT K BUIY:
O sz *(COS 6+1) — v o-rlr/l)/e * Vv O-olfc/e + O-,Z/g (3)

ES d d
2 '\/ O sz \/ O selz

Oy * (cosf + 1) 4

2% aR

U CTPOSIT TpadUIECcKy 0 3aBUCHMOCTD

* P
Toce *(COSOHD) _ S T e ) (puc. 1). [Tonyuennas
2*'\/0-346/2 sd/c/z

3aBUCUMOCTDb BBIPaXXacTCs prIMOﬁ, TAHI€HCOM YyIUla

HaKJIOHA KOTOPOU SIBIISIETCS 1/5 7, a OTPE30K, OTCeKae-

MBIl IPSIMO# Ha OCH OpJIUHAT, paBeH YO, e [10].
[Mockonbky B naHHOW paboTe cBOOOTHAS MOBEPX-
HOCTHAsI SHEPTUsl paccMaTpUBalach Kak CpaBHUTEIHHAS
XapaKTepUCTHKA JUIsl UCCIIeAyeMOoil cepuu 00pasiLoB, TO
K PSAY CMaYMBAIOIINX KHIKOCTESH MPEIbsBILIINCH CTaH-
JAapTHBIC TpC6OBaHI/IﬂZ HCJICTY4YCCTb, pa3HbIC U U3BECT-

0.0 0.2 0.4

0.6

0.8 1.0 12 1.4

NN

Puc. 1. Onpenenenue nosepxHocTHOH sHepruu o meroxy OBPK.

HbIC 3HAUEHUs MOBEPXHOCTHOIO HATSHKEHUS M €ro JIMC-
TIEPCUOHHOM M MOJIIPHOM COCTaBIsIONMX. B pesynsrare
ObUIM BBIOpaHBI BOJA U HENETY4YHe CIUPTHI: IPOMUIICH-
TJIMKOJb, STHUIICHIIINKOIb, TITUIICPHH.

3nadenus CIID s uccnenoBaHHbIX 00pasLoB Kay-
YyKOB TIPEICTABIICHBI B Ta0M. 1.

Ta6amua 1. CBoGogHas TOBEPXHOCTHAS SHEPIUA
00pa3ioB OyTaueH-HUTPUITBHBIX KayqyKoB, M/K/M>

Kayuyx O GT/rd Cuip
CKH-18 CM 25.1 17.7 7.4
CKH-40 CM 293 234 59
BHKC-18 AMH 15.9 10.2 5.7
BHKC-40 AMH 20.6 14.2 6.5
CKH-33650 204 13.2 7.7
CKH-40552 204 15.6 4.8

Ha ocHOBaHMM NOJyYEHHBIX AAHHBIX MOXHO CHe-
JIaTh BBIBOJ O TOM, YTO COAEPKaHUE HUTPUIIbHBIX 3BEHBEB
U 0COOEHHOCTH NONY4YEHHsl KaydyKOB OKAa3bIBAIOT CyIIE-
CTBEHHOE BJIMSIHUE HA UX [IOBEPXHOCTHBIE CBOMCTBA.

Hawnbonee momsipHOi ITOBEPXHOCTBIO 00JIaJaeT Kay-
gyk CKH-40 CM. CBoboaHas MOBEpXHOCTHASI SHEPTHS
BO3pPAcTaeT C YBEJIMYEHHEM KOJIUUYECTBA HUTPUIBHBIX

Toukme xumudeckue TexHororun / Fine Chemical Technologies 2017 Tom 12 No 4

TpyYI, a 3HAYUT, IOBEPXHOCTHBIE CBOMCTBA Oonee «4Iu-
CTBIX» KaydyKOB OIpPENeNAIoTCsS COAEepKAHUEM MOJIsp-
HBIX 3BEHBEB B MAKPOMOJIEKYJIE.

Bosiee HHM3KOH CBOOOIHONM MOBEPXHOCTHOW 3HEP-
rueit obnanaroT obpasis!l kayuykoB BHKC-18 AMH u
BHKC-40 AMH. DT0 MOXHO OOBSICHUTB ITPUCYTCTBUEM
B IIOJINMEPHOIT MaTpuIe HEKayUyKOBBIX IpUMECeH — Ma-
JIOPaCTBOPUMBIX KaJbIIMEBBIX COJIEH JKUPHBIX KHCIIOT,
CIOCOOHBIX MUTPHPOBATh HA MOBEPXHOCTb M CHUXKAThH
MTOBEPXHOCTHOE HATsDKeHUE 00pasiios. [Ipn yBemmaennn
COZIep>KaHUSI HUTPWIBHBIX TPYIII B MAKPOMOJIEKYIIE Kay-
YyKa IIOBEPXHOCTHAs dHEPrUsl BO3pPAcTaeT, 3TO TOBOPUT
0 TOM, YTO Ha OBEPXHOCTHBIE CBOMCTBA 3TUX KayuyKOB
TaK)Ke OKa3bIBA€T BIMSHUE NIPUPOJA MTOJIUMEDPA.

B cnyuae xayuykoB CKH-33653 u CKH-40559
HM3MEHEHMsI MTOBEPXHOCTHON SHEPruM HpHU U3MEHEHUU
COZIEpKaHUSI HUTPWIBHBIX TPYII MPAKTUYECKU HE MPO-
HCXONUT, YTO MOXET CBUAETECIHCTBOBATH 00 aKTHBHOM
BIMSHUY Ha ()OPMUPOBAHUE MOBEPXHOCTU COJEpIKALIE-
rocsi B KaydyKax B JOCTAaTOYHO OOJBIIOM KOJIHYECCTBE
kxomruiekca [TAB. Takum oOpazom, BIUsIHHE HA TOBEPX-
HOCTHYIO YHEPTHIO CIIO0c00a BBIACICHUS Kaydyka U3 Ja-
TEKCa OKa3bIBAETCSI HE MEHEE CYIIECTBEHHBIM, YEM IO-
JSIPHOCTB €r0 MaKpOMOJIEKYII.
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C menbio W3ydYeHHs BIMSHUS CIIOCO0a BEBINEICHHUS
KaydyKa U3 JlaTeKca Ha CBOWCTBA pe3uH ObLIa Ompesiere-
Ha UX CBOOOMHAS TOBEPXHOCTHAS SHEPTHS.

Ha ocHOBaHHMU TONYYCHHBIX JAHHBIX, MPEICTAB-
JICHHBIX B TaOMI. 2, MOKHO CHEaTh BBIBOJ, UYTO TCHIICH-
IUsI BIIMSIHUST CITOCO0A BBIJCNICHUST KaydyKa U3 JIaTeKca
COXpaHseTCs ¥ JJIsl 00pa3IoB Pe3wH, HO CBOOOHAS TI0-
BEPXHOCTHASI DHEPTHs MPU 3TOM JIJIsl HUX BBIIIC, YeM
JUTSL KaydyKOB, TIIABHBIM 00pa3oM, 3a CUCT YBEIMUCHHUS
TIOJISIPHOM KOMITOHEHTHI G, P. DTO, TI0-BUIMMOMY, MOXKHO
OOBSICHUTE TEM, UTO B MPOIIECCE BYIKAHM3AINH TIPOHC-
XOJIUT CBSI3BIBAHUC HHU3KOMOJCKYISIPHBIX KOMIIOHCHTOB
PE3MHOBOH CMeCH, CIIOCOOHBIX CHIDKATh MOBEPXHOCT-
Hyto 3Hepruto. Kpome TOro, neiicTBUE BBICOKOM TEM-
MepaTypbl Ha 00pasell CrocoOCTBYET JIyUIIeMy pacTBO-
PCHUIO B TMOJUMEPHON MATPHIIE HU3KOMOJICKYJISPHBIX
TUQHUIHHBIX KOMIOHEHTOB.

100

CTeneHb By/NKaHM3aumu, %
ul
o

0 5 10

Bpemsa, muH.

Ta6mmma 2. CBoOomHAasT MOBEPXHOCTHAS SHEPTHUsI 00PA3IOB
pEe3WH Ha OCHOBE OyTaMeH-HUTPHIIBHBIX KayTyKoB, MJ[K/M?

OcHoBa Kay4dyKa G, G, S
BHKC-40 AMH 29.9 54 24.5
CKH-40 MH 36.5 6.9 29.6
CKH-40553 235 9.7 13.8

B mpencrapieHHBIX BBINIE PE3yJbTaTaX KCCIICIOBA-
HYS OBLJIO IMOKA3aHO, YTO PE3UHBI HA OCHOBE OyTa [MeH-HHU-
TPWIBHBIX Kay4yKOB, OTIMYAIOIINXCS CIOCOOaMHU BBIZIEIIC-
Husl, 00NaIat0T PasHBIMH MOBEPXHOCTHBIMH CBOWCTBAMH.
[NoaToMy OBLTO H3YYEHO BIMSHUE OCTATOYHOTO IMYIIBIaTo-
pa Ha mpoliece BYJIKaHH3ALMK PE3HHOBBIX cMecel U Gpu3u-
KO-MEXaHUYECKHE CBOWCTBA UCCIICTYEMbIX PE3UH.

Pesynbrarhl HCCIEA0BaHHS KHUHETHKH BYJIKaHU3a-
LU PE3MHOBBIX CMECel MpeCTaBICHEBI Ha puC. 2.

= CKH-40 CM
e BHKC-40 AMH
CKH-40553

20 25

Puc. 2. 3aBUCUMOCTD CTETIEHU BYJIKAaHU3AIIMU OT BPEMEHH Il PE3MHOBBIX CMeCed Ha OCHOBE
CKH-40 CM, BHKC-40 AMH, CKH-40559.

W3 npencraBieHHBIX 3aBUCUMOCTEH BUIHO, 4YTO
3aTpaThl BPEMEHHM Ha JOCTH)KEHHE OINTUMyMa BYJKa-
HHU3aIM MUHAMAJIBHEI B Cllydac pe3MHOBON CMECH Ha
ocHoBe «uuctoro» kayuyka CKH-40 CM. PesnHoBbIe
CMECH Ha OCHOBE KaydyKOB, COICPIKAIINX OCTATOUHBIN
OMYIIBIaTop, BYJIKAaHU3YIOTCS MeIEHHEe, YTO, TO-BUIU-

MOMY, CBSI3aHO CO CIIOCOOHOCTBIO COIEPIKAIIUXCS B HUX
npuMecel B3auMO/IeliCTBOBATh C KOMITOHEHTAMH BYJIKa-
HU3YIOIIEH CUCTEMBL.

BbIn poBeieHb! cepun UCTIBITaHUI Pe3UH Ha OC-
Hose CKH-40 CM, BHKC-40 AMH, CKH-40553. Pe-
3yJbTaThl IPEJICTABICHBI B Ta0M. 3.

Tatmuna 3. Pu3NKo-MeXaHHIECKHE CBOWCTBA PE3HH Ha OCHOBE OyTaMeH-HUTPUIIBHBIX KayqyKOB

Ne n/mt CaoiicTBa CKH-40 CM | BHKC-40 AMH | CKH-40555

1 ‘Yenoeroe Hanpsbkenne npu yamHeHnn 100%, MITa 6.0 7.6 6.7

2 ‘YenosHoe HanpstxeHue npu yumsaennu 200%, MITa 13.3 17.4 139
3 YenoBHast IpOUHOCTS Ipy pacTsbkennu, MIla 229 22.5 21.8
4 OtHOCHTENBHOE YUTHHEHNE, %o 400 300 350
5 CornporuieHue pa3aupy, KH/m 34.1 25.0 23.1
6 Teepnocrts, yci. ex. (pu 25 °C) 60 68 60

7 DIacTHYIHOCTB 0 OTCKOKY, %o (Tipr 25 °C) 13.0 12.0 10.0

Kak cnenyer U3 npecTaBIEHHBIX JaHHBIX, JIyUIIUM
KOMIIJICKCOM YIPYTO-IIPOYHOCTHBIX CBOMCTB oOmamaer
pe3rHa Ha OCHOBE Hambonee «IUCTOro» Kaydyka. I1pu-

CYTCTBHE B CHCTEME OCTATOYHOTO IMYJIbraropa crocoo-
CTBYET YMEHBIIICHUIO OTHOCUTEIBHOTO YIJIMHEHUS U CO-
MIPOTUBJICHUS Pa3AUpYy.
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Ha c80600H020 npobeza hOHOHO8 O2PaHUUEHA U He 3a8UCUM Om memnepamypbl, mak umo memnepa-
mypHoe nosedeHue KoagppuyueHma menionposooHOCMU ONPedessiemecst moslbKO Meni0emKocmasto.
B amux ycnogusix mMemooom paszoeneHust NepemeHHbIX peuleHa 3a0aua HeCmayUuoHAPHOU menso-
NnposooHOCMU UenHblx cmpykmyp npu Huskux memnepamypax (T << 6, 6 — memnepamypa /lebas).
PacemompeHnsl pewueHus, omHocsuuecs Kak K obaacmsam ¢ 08UIKYULUMUCS, MAK U C (PUKCUPOBAH-
Hbwmu epaHuyamu. CheyuanbHblll 8blO0p 3aKOHA 08UIKEHUSL 2PAHULbL NO38OSIUNL CEECMIL UCXOOHYHO
3adauy K 3a0aue ¢ PuKCUPOBAHHBLIMU 2PAHULUAMU, HO C NPeobPa308aAHHbIM YPABHEHUCM MENIoNpPo-
g8o0Hocmu. ITonyueHHble pe3yibmambl moeym Oblmb NPUMEHeHbL 0151 USYUEeHUSL Menionpo8oOHOCMIL
KPUCMAAUYECKO20 Y21epoida, CYulecmayouiezo 8 popme KapbuHa (cuHmemuueckolli noaumMepHoll
uenoueuHol cmpyxkmypewl). HailideHHble peueHust YypasHeHUsT HECMAUUOHAPHOU Menionpo8ooHOCMU
CUTbHO AHU30MPONHBLLX KPUCMANI08 Mo2ym bbimb UCNOI6308GHbL MAKIKE NPU USYUEHUU MeNnionpo-
B80OHOCMU 8 B0JIOKHAX U3 NJIABNEHO20 KEAPUA U 8 8bICOKOOPUSHMUPOBAHHBLX 80SIOKHAX NOJUIMUNE-
Ha. BosokHa naiaeneHo2o Keapya umerom HeynopsiooueHHY0 AmoMHY CmpyKkmypy, HO Henpepsblaa-
FOWYHOCSL cemb KPeMHUTI-KUCTIOPOOHbLX cesizell. DghchekmugHble pazmepbl KPpUCMAaiiumos 8 maKom
gelwecmae mozo ske NopsioKka, Umo U omoesbHble mempasopsbl 08YoKUCU KpemHuUst. MosKHO nonazams,
umo e samom cayuae OAuUHa c80bo0H020 npobeza ¢hoHOHO8 bYydem NOCMOSIHHOU, 02PAHUUEHHOU JUULb
pazmepamu KpUuCmaaiumos, U ymeHbleHue KoaghguyueHma menionpogooHOCmu npu NOHUNEHUU
memnepamypel 06YCro81eHO MONbKO YMeHblleHuem mennoemkocmu. Cmpykmypa noausmusie-
Ha, obadarouiezo 8blCOKOl CmeneHbl0 KPUCMAIUUHOCMU, UMeem noumu udeatbHyo cmpykmypy
NAMENNSPHO20 muna. I paHuusbl nameneil pacceusarom ¢hoHOHbL, NPUUEM 8EPOSIMHOCTIL PACCEsTHUSL
npaxmuuecku He 3a8ucum om O/IUHbL 80/IHbL (POHOHA, M.e., 8 OAHHOM Cayuae OUHA c80600H020 NPo-
beza ¢poHoHa O6YyOem NOCMOSIHHOU U Onpedensiemcst pasmepamu aamenell, maK umo menionpoeo-
OHocmb 6yO0em NPonoOpPYUUOHAILHA MeNnI0emKocmu.

Knroueevle cnoea: HusKue memnepamypbvl, YpaeHeHUEe HeCMAayUoOHAPHOU MenionposooHO-
cmu, yenHsle cmpyKkmypoL.

NON-STATIONARY THERMAL CONDUCTIVITY OF CHAIN STRUCTURES
AT LOW TEMPERATURES
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The matter of thermal conductivity is considered in an approximation, in which the free length
of phonons is limited and doesn't depend on temperature, so that the temperature behavior of
thermal conductivity coefficient is only determined by thermal capacity. In these conditions the
problem of non-stationary thermal conductivity of chain structures at low temperatures (T<<0,
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0 for Debye temperature) is solved with the use of the variables separation method. Solutions
relating to the areas with both moving and fixed borders are considered. Special choice of border
motion law allowed us to bring the initial problem to the problem with fixed borders, but with
reformed equation of thermal conductivity. The results obtained can be applied for studying
the thermal conductivity of crystal carbon existing in the form of carbine (synthetic polymeric
chained structure). The found solutions of the equation of non-stationary thermal conductivity of
highly anisotropic crystals can also be used while studying thermal conductivity in melted quartz
fibres and highly oriented fibres of polyethylene. Melted quartz fibres have a disordered atomic
structure, but with an uninterrupted net of silica-oxygen links. The effective sizes of crystallites
in such substance are of the same order as those of separate tetrahedrons of silica dioxide. One
may assume that in this case the free length of phonons remains constant, limited only by the
size of the crystallites, and the decrease of thermal conductivity coefficient while lowering the
temperature is caused only by the decrease of heat capacity. Polyethylene of a higher crystallinity
degree has almost the ideal structure of lamellar type. The borders of lamellas scatter phonons,
so that the probability of scattering practically doesn't depend on the length of phonon's wave.
Thus, in this case the free length of phonons won't remain constant and is determined by the size
of lamellas, so that thermal conductivity will be proportional to heat capacity.apacity.

Keywords: low temperatures, equation of non-stationary thermal conductivity, chain structures.

BBenenue

11 OHOPOAHBIX TBEPABIX TEJI YpaBHEHUE HECTa-
LIMOHAPHOI TENJIONPOBOJHOCTH B OJHOMEPHOM Cllyyae
HMMEET CIIEAYIOMNN BUI:

C(T)p(T)i—f - %(z‘g—fj (1)

rae C(T) — termoeMKkocTb, p(7) — MIOTHOCTS, ) — KO-
¢dunueHT TernonpoBoaHocTH [1]. Jlanee 3aBUCHMOCTBIO
p(T) ot Temnepatypsbl (II0 CPAaBHEHUIO C COOTBETCTBYIO-
et 3aucumoctsio C(7) u y(7)) Oyaem npeHeOperars.

VYpaBuenue (1) sBIsCTCS HENUHEHHBIM, ¥ B 00IIEM
Clydae ero peIIeHHe CBS3aHO C OONBIIMMH TPYAHOCTS-
Mu. OJTHaKO B Psijie YaCTHBIX CIIy4yaeB, HCIONb3Yys pa3-
JUYHBIC TPUOIMKEHHBIE METOIbl, MOXXHO TIONYYHTh
AQHAJIMTUYECKOE pelIeHUE 3ajiad, ONMUCHIBAEMbIX 3THUM
ypaBHeHueMm [2,3].

IIpencraBnsier Hay4yHbIN U MPAKTHYECKUN MHTEpEC
pemienne ypaBHeHue (1) s cBOeoOpasHBIX CTPYKTYP
(TOHKME TUIEHKU, TOHKHAE CTEPKHH) MPH HU3KUX TeMIIe-
parypax. DTo CB3aHO C TE€M, YTO H3-3a JTUCKPETHOCTH
YpOBHEH 3HEepruu kojaeOaHUM NpU TaKUX TeMIeparypax
B TETUIOBBIX CBOMCTBaxX TaKMX TEJ MIPAIOT CYIIECTBEH-
HYIO POJIb pa3Mepsl 1 popma Tena [4].

['panunieii, oTaeNsIONIEH BHICOKME TEMIIEPATYPHI OT
HU3KHX, sABJsieTcsa Temneparypa [ebas 0, onpenensemas
ycnosueM hw, =k6, rne h — nocrosunas Ilnanka, w
— MaKCHMAJIbHAsI 4YaCTOTa KoJicOaHHI aTOMOB, k — TIOCTO-
ssuHast boabiimana.

B TBepubIx Tenax nepeHoCYMKaMH TeIula SBISIOTCS
YACTHIIBI U «KBa3HYACTHIIBI»: AJIEKTPOHBI, OHOHBI, IKCH-
TOHBI, MAarHOHBI U 1p. Jlanee OymeM paccMarpuBarh JH-
ANIEKTPHUKH, B KOTOPBIX MEPEHOC TEIUIA OCYIIECTBISIETCS
TOJIBKO (DOHOHAMH-KBAHTAMH TOJSI KOJIeOaHUH aTOMOB.

B sToM citydae BeIpaskeHHE T KOAPPUITMEHTA TETUIo-
MPOBOIHOCTH, UCXOSI M3 KMHETUYCCKOU TEOPUH Ta30B,
MOJKHO MTPE/ICTABUTD B CIIEIYIOIIEM BUJIE:

2(T) :§C(T)v1(T), @)

rne C(7T) — teruioeMKocTh (DOHOHHOTO rasa, v — cpel-
HSSL CKOPOCTh pacnpocTpaHeHuss (POHOHOB (CKOPOCTb
3ByKa), /(T)— cpemusisi anmuHa cBOOOMHOTO Mpodera ¢o-
HOHa, KOTOpasi OINpeJeieTCss B OCHOBHOM IpOLecCaMi
paccesiaus poHOHA Ha (OHOHAX, paccestHus (OHOHA Ha
npuMecsx, IedeKkraX KPHCTAUTMISCKOU PEIIeTKH, IO-
BEPXHOCTHIO 0Opa3na [5].

[Ipu HEKOTOPBIX YCIOBHUAX BEJUYMHA / HE 3aBUCHUT
ot temneparypbl. K npumepy, B MoJMKpUCTaUIe TPaHu-
Bl 3¢pEH PacCEHBAIOT (YOHOHBI, MPHYEM BEPOSTHOCTD
paccesHUsI CIOKHBIM 00pa3oM 3aBHCUT OT T'€OMETPHH,
HO OoJsiee WM MEHee He 3aBUCUT OT JJIMHBI BOJHBI (o-
HOHA [6], B TAaKMX TBEPIBIX TeNaX B IIMPOKOM MHTEpPBAJIC
TeMIieparyp / moCTosHHAs U, CJIEI0BaTeIbHO, KOIPPUIMEHT
TETUIONPOBOAHOCTH TPOTIOPIMOHAICH TEIIOEMKOCTH. JTO
00CTOSATENBCTBO 3HAUYUTENILHO yIpoInaeT ypaBHenue (1)
IPHU BBICOKHX Temrieparypax (7'>> 0), ToCKOIbKY B 3TOM
cinyyae C = constu

oT  o°T
—a—,
ot ox?

e a — Kod(PHUIUCHT TeMIlepaTyporpoBogHocTH [1].
(3ameTum, 4TO 1T MOHOKPHUCTAILIOB X ~ T [6]).

B obmactu 7' << 6 mpu NOHIKCHUU TEMIIEPaTyphl
JUTMHA CBOOOMHOTO TpoOera ¢oHOHA, CBs3aHHAs ¢ ¢o-
HOH-()OHOHHBIM B3aUMOJICHICTBHEM, BCKOPE CTAHOBUTCS
CPaBHHUMOM CO CpeaHel JJIMHON CBOOOJHOrO mpoode-
ra mpu paccenBaHuM (POHOHOB Ha JedeKTax pemeTKu
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W TpUMECSX WM ¢ JUIMHOW cBOOOIHOTO Tpoldera, Xa-
pakTepusyoIiel paccesHre (OHOHOB MOBEPXHOCTHIO
KOoHeyHOTOo oOpasma. Korma 3To MpoWCXOAWT, IIMHA
cBoOoHOTO TIpobera B ¢dopmyne (2) mepecraeT ObITh
BEJIMYUHOM, ONpeeNsieMOrd TONBKO (OHOH-(DOHOHHBIM
B3aUMOJICHICTBUEM, M €€ CICIyeT 3aMCHHUTh TeMIIepa-
TYpHO-HE3aBUCUMOHN JITMHON mpodera, omnpeaeiseMon
MPOCTPAHCTBEHHBIM pacIipeeieHueM 1e(hEKTOB WK JKe
pasMepamu obpasia.

B nacrosieit pabote, monarasi He3aBUCHMOCTD / OT
TEMIIepaTyphl, PacCMaTpPUBACTCS BOIPOC O HECTAIHO-
HApPHOH TEIIONPOBOAHOCTH IIEMHBIX CTPYKTYP TPH HU3-
kux temieparypax (7' << 6). Ilox memHoW CTPyKTYypoit
MOHUMAEM CTPYKTYPY KPUCTaILIA, KOTOPBIH MOXKET OBITh
MPEJCTABIICH KaK COCTOSANIMA W3 c1abo B3amMoJeH-
CTBYIOIUX IMapaJUIC/IbHBIX JIMHEHHBIX Iienouek. Ecmu
B3aMMOJCICTBHE MEXIYy aTOMAMH BJIOJb OTAEIBHOU
[ETIOYKU 3HAYUTEIIFHO MPEBOCXOJHUT B3aUMOJICHCTBUE
MEKIy HUMH B COCEIHHX IIETIOYKAX, TO TMHAMIKA Ta-
KOTO KPHCTaJUIa UMEET OCOOCHHOCTH [0 CPABHEHUIO C
KpHCTAIDIaMH 0€3 CHJIBHOM aHW30TPOIHH BO B3aWMO-
neiictBiur atoMoB. CHIIbHAsE aHU30TPOINUST KPUCTAJIA
IIENTHON CTPYKTYPBI, 00YCIIOBJIMBAIOIIast HCOOBIYHBIC 3a-
KOHBI JHUCIEPCHU KOJICOAHUI aTOMOB IICTICH, PUBOIUT
K BBIJCIICHUAIO HECKOJIBKUX HHTECPBAJIOB TEMIIEPATyp CO
CHCUU(PUUSCKUMH TEMIIEPATYPHBIMU  3aBUCHMOCTSIMU
TETTIOEMKOCTH.

Comnacio  [7], B
1

0 (%jg << T << @ yd4er BOIH U3ruba NPUBOIUT B IPUOIH-

TeMIepaTypHOil  obiactu

JKEHUH HEB3aWMOJCHCTBYIOIIHX Lierel K 3akony C ~ 777,
[pu Goltee HU3KKMX TEMITEPATypax, KOTjia CYIECTBEHEH yUeT
B3aUMOJICHCTBUSL MEXIY LesMH, TerioeMkocts C ~ 7772

1
pu 6(%) << T << 9(%]2 npu (u << f)u C~ T° npu
T << (i (a, B, u - MOIYTH YIIPYTOCTH).

Jarnee paccMOTpUM JBa CiTy4as — HECTAllMOHAPHYIO
TEIUIONPOBOAHOCTb LEMHBIX CTPYKTYp B YCJIOBHSAX C
(hMKCUPOBAHHBIMH U TIOABM)KHBIMU T'PAHULIAMH.

Pe3y.m,TaT1)1 U UX oﬁcymneﬂue

1. ®uxcupoBaHHbIE IPAHHUILI

3amMeTuM, 4TO BO BCEX TEMIEpaTypHbIX HHTEpBa-
7ax, 0OyCIIOBICHHBIX Pa3IMYHBIM XapaKTepOM JHUCTICp-
CHM U3THOHBIX KOJI€OaHH, 3aBUCUMOCTb TEIUIOEMKOCTH
HOCHUT CTENEHHOHN xapakrep. IloaToMy MOXKHO pemmTh
TIOCTaBIIEHHYIO 3a1ady B oOmeM Buze. [Tycts C ~ 7" 1, co-

15

OTBETCTBEHHO, )~ 1" (A5 HAILETo cityyast & = 533 ).

VYpaBHEHUE TEIUIONPOBOAHOCTU OyJET HMETh Clle-
JIYIOIIANA BUJ:

AT a_Ti[Ta a_T) : 3)
ot Ox Ox

e A — nocrostaaast. [TycTh rpaHiUHbBIE YCIOBUS UMEIOT
CJIETyOIIMM BT

T(0,1)=0, T(a,,t)=0, 20, 0<x<a, (4)

B nayanbubIii MOMEHT ¢ = () maHO pacrpeneneHue
TEMIIEPATYPbl B 001aCTH 0 < x < g, , ONIUCHIBAEMOE (PyHK-
uuei f,(x) , a IMEHHO,

T(x,0)= f,(x). (6))

B cBsI3M ¢ rpaHUYHBIMH YCIOBUSMH HEOOXOIUMO
MIPEATIONIOKNATD BBITIOTHEHHE ycioBus f, (0) = £, (a,) =0.

YacrHsle pemeHns ypaBHeHws (3) OyzieM UCKaTh B BUIIE
npousBeicHusT JBYX (QyHKiwmid: 7'(x,¢) = F(x) G(¢). Torma
BeIpakeHue (3) mpeobpasyeTcsi K ClenyrIeMy BbIpa-
KEHHUIO:

ﬁa_G_L(a_Fj2+iazF (©6)
G o F*\ox F ox®

ITpu 5TOM rpaHHYHBIE YCIOBUS PHHAMAIOT BH/I
F(x=0),F(x=a,)=0. (7)

Ecim nocrosiHHOE 3Ha4YeHWEe OTHOIICHUH B (6) 110-
JIOKHUThH PaBHBIM — ), TO ypaBHeHUe (6) pa3oObeTcs Ha
JIBa CJICYIONINX YPAaBHCHNUS:

446G __
Ga
Al
(ero pemenueM sBisieTcs QYHKIMS G(¢)=Be 4 (8)), u
ypaBHEHHUE

d’F ary
F—+a|—| +y*F*=0. 9
A [dx] 4 2

1
[Tonaras B 3ToM BeIpakeHuH F(x)=u“*"(x), momy-
yaeM JIMHEWHOE ypaBHEHUE BUAA:

d*u

2
X

+7*(@+D)u=0.

Pemenmnem »Toro ypaBHEHHS ABISCTCA QyHKINS
u(x)=Ccosva+lyx+Dsinva+1yx.

VuureiBast rpanuunbie ycious u(0) =u(a,) =0,
oJry4aeM

C=0,{a+1lya,=nn,n=12,...,

TaK 4TO MmapaMeTp y MOXKET IMIPUHUMATD JIMIIb 3HAYCHUA
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1 7#nn

Vo=

a+l a,

1
Ilonaras BD“*' =a, npu y =y, , IpUXOIUM K Ta-
KOH MOCIe10BaTeIbHOCTY YACTHBIX PELICHUI:

[sin

OO1ee pereHre OyJieM UCKaTh B BUJIE psjia

1
_tat e
, n

T,(x,t)=a,e 4

L2,....
a,

1 1

a+l © 49
(sin s XJ z b, (n) sin 20 bm (n)= J.[Sin o
a,

4y %

a4y
B

—Lmnm

nx

fo(x)= ZC sin

VYpaBuenue (11) ¢ yuetom BoIpaxkenuii (12) npeo0-
pasyeTcs K cIeayIomeMy BUIY:

34,3 b, (n)sin == C, sin = (13)
n=1 m=1 ao n=l1 ao
. mhx
Ymuoxas cieBa u cripasa (13) Ha sin (k=12,..)

a
¥ IHTETpUpys 110 X 0T 0 JI0 @, oTyyaeM cucTeMy anredpa-
MYECKUX ypaBHEHHH ATl HAXOXKICHUS KO3(D(UIIMEHTOB
a:

n

S a,b, ()= C, (14)

2. IBHEKyIIMECS] TPAHUIBI

CylIecTBYIOT pa3iUuHbIe METOIbI PEIICHHS Kpae-
BBIX 337129 TETUIONPOBOIHOCTH B 00JIACTH € MIPOHM3BOIIB-
HO ABWXKy1Ieicsa rpanutei [8—10]. Ans pemenus Hamei
3aJla4i UCTOJb3yeM (DyHKIIMOHAIbHOE TTpeoOpa3oBaHue
CIEHAFHOTO BUJIa, OCHOBAHHOE HA BBEICHHUH ITO/IBUK-
HOM CHCTEMBI KOOPJMHAT, B KOTOPOW IMOABWXHAs rpa-
HUIIA CTAaHOBUTCS HEmoABIKHOHN. Ilpu 3TOM McxomHOE
YpaBHECHHE TEIUIOTIPOBOAHOCTH TPUBOAUTCS K BHIY, J10-
MYCKAIOIEMy MPUMCHEHHE KJIACCHYECKOrO METOa pas-
JIeJIeHusI IepeMeHHbIX [1].

Kak u B mepBoMm city4ae, rmojlaraeM TeMIIepaTypHYIO
3aBUCHMOCTh  TemioemMkoctn C ~T%, a—mapamerp,
UMCIONINH Pa3INIHOE 3HAYCHNE B PA3HBIX YACTIX TEM-
neparypHoro untepsana 0<7 <@ [7]. Takxe monaraem,
YTO TEMIIepaTypHOE MOBEICHUE KOAPPHUIIMESHTA TEIIOo-
MPOBOIHOCTH OIPEICISIETCS TOJBKO TEIUIOEMKOCTBIO,

X ~T%. B 5Tux ycnoBusix ypaBHeHHE TEILIONPOBOIHO-
CTH HUMEET CIACLYIOLUN BULL:

2
Aa_ng a_T +
ot T\ ox

94

0T

e (15)

wa

1
nx al

9
a
KO:)(i)(bHIIHeHT])I KOTOpOTO an HaXxXoaATCa U3 HaA4YaJIbHOT'O
YCIIOBHS, T.€.

. . 7n
z a,| sin
n=l1 a()

Paznoxum GyHKIMY, BXOJSIIUE B 9TO ypaBHEHUE, B
psan @ypee no cunycam. Mmeem:

o vt
T@O:z%eA&m (10)

n=1

1

a+l
j =fo(x), 0<x<a,.

X

an

X
dx>

.
Sm

(12)

a 'PaHUYHBIC YCJIOBUS TAKOBBI:

7(0,6)=0,T(a,t)=T,

IJie 10 yCHOBUIO a =a(t) =a, f (), f(¢)—3ananHast QyHK-
U] BpEMEHH.
HauanbHoe ycioBue BbIOEpEM B BUIE

T(x0)= £, (x).

BBezst HOBYIO IIEpEMEHHYIO ¥ = -, npeobpasyem
(15) k BuY S

Yl 20T yd 0T | _afdl +62T (16)
o 2dt’ | o) o

Oynkuus T'(y,t) yrLoBIETBOPSIET IPAHUYHBIM yCIIO-
BUSIM Ha HENOABMIKHBIX IPaHULAX:

7(0,6)=0,T(a,,t)=T,,T(y,0)= fo(»).

[anee, BBO/ISI HOBYIO MIEPEMEHHYIO T = I

f? (t)
C — nocTosiHHAs, a Takxke nojuaras f(¢) = ¢(r), UMeeM
2
or 9, afoT)  o°T
A — === + .
[82’ or ey J T[ayj oy’ (17

Tounoe pemenue ypaBHeHus (17) uist mpou3BOIE-
HOTO BUAa f(¢) HeBO3MOXHO. [IpubnmxeHHoe pereHue
MOKET OBITH HalIEHO, B YACTHOCTH, II0 TEOPHU BO3MY-
IICHUH B ciyyae, ecinu f(¢) ciabo 3aBUCUT OT BPEMEHHU.

W3 BeIpaxenwnii (16) u (17) cnexyer, uTo npu crienu-
aJILHOM BBIOOpE f'(f), @ IMEHHO, €CIU /2 TMHEHHO 3aBH-
CUT OT BPEMEHH, IEPEMEHHBIE y U f pa3aesaroTcs. Takon
(byHKIMEH, B YACTHOCTH, SIBIISICTCS (DYHKIMS BHJIA
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f(t)=1/1+%, (18)

[ £, — NPOM3BOJIbHAS NOCTOsSHHAS. DYHKIHS f(t) ymos-

JIETBOPSAET HadalbHOMy ycnosruio f(0)=1, T.e. a(0)=a, .
[Moncrasnsis (18) B (16) 1 u3MeHsist HAYaIO OTCYETA

BPEMEHH TP ITOMOIIH 3aMEHEI ¢ +¢, =7, TIOIyJaeM:

2 2
ylzor_yor|_afor +6_Z. (19)
t, 0t 2t, 0p | T\ oy oy

[IpencraBum dynkumto T'(y,7) B BUIE MPOU3BEIE-
HUS IBYX (DYHKITUH, OJIHA M3 KOTOPBIX 3aBUCHT TOJIBKO OT
BpPEMEHHU, a Ipyrasi — OT KOOPIUHATHI:

I(y,7)=G(@)F(y). (20)

B ypaBuernun (19) ¢ ¢ynkmueir T(y,7) Buma (20)
IEpPEeMEHHBIC PA3AEILIIOTCA, U Mbl HOJIy4aeM J[Ba ypaB-
HCHUS I HAaXOXKACHUS F(y) U G(r)

r1dG_
A— VARE)
wGdr @b
2
& L, +i L yF. (22)
dy v

Pemennem BpeMeHHOro ypaBHeHus (21) sBisiercs
(hyHKIHS

2
Yulo

G(r)=C,(z) 4 . (23)

VYpaBHaeHue (22) nocse BBEACHHsS HOBOW IepeMeH-
]
HOW F = u%"“) CTAHOBHUTCS JINHCHHBIM:
d*u A

du
dy2 +27yd—+(a+l)}/ u—0 (24)

41t %
Brenenne nepemMeHHbIX u = @ exp(—t), y = y

NPUBOANUT ypaBHeHHE (24) K CTaHAApTHOMY BHIY BBHI-
PO’K/IEHHOTO THIIEPTeOMETPHUYECKOTO YPABHEHUS:

d’p (1 Ndp |1
P (LR A 1 =0.
I +(2 )dt [2 @ }” (25)

CornacHo [11], ero pemenuem siBasieTcst PyHKIUS

1 ! 13
@(t):C2¢(a1aE;t)+C3tA ¢(a1 +E:EQIJ,

rne C,,C, — moCTOsIHHBIC, ¢(a, b, ¢) BBIpOXKICHHAS

THUIIEpTeOMETpHUYECKast (PYHKITHS,

1
al :E_

t, N
—la+l)y-.
)y
A
Jns ynkiun u(y) nomydaem (k :4_];
tO

u(y)=e™ {c ¢[a1,1, j+c\/‘¢[ %%kyﬂ

Ucnonb3yst rpannynoe ycnoue F(x=0)=0, tax
yro u(y=0)=0, nomydyaem C, =0, U 3TO BBIpaKCHHE
TIPUHUMAET CIIEAYIONMUN BU/:

14=C84%fe*f¢(“f+%’%;bﬂj'

Koaddpumuent C, Haxoqurest u3 BTOPOro rpaHuuHO-
ro ycnosus (u(a,)="T,):

- k :
c,” :ﬁe%” ¢(a] +%,%;ka02j.

T,

IMockomnbky dhyukiwst T'(x,t), SBIAIOMIAsICs pelIeHU-
eM ypaBHeHUs (15), momkHa OBITH OTPAHUYCHHON (YHK-
nuen s ro0bIx 3HadeHuid koopauHatr x (0 < x < af(?)),
TO U QyHKIUSA u(y) AOJDKHA OBITH OTpAaHUYEHHON NpHU
BceX 3HaueHMsIX koopauHar y (0 <y <a,). [lns atoro He-
00X0IMMO, YTOOB! BBIPO’KACHHAS THIICPTeOMETPHUCCKAsT
dynkims ¢(a,b,c) GpITa MOMMHOMOM cTemenH |a|. DTo
OyZeT BBIIOTHATHCSI, €CIIM 3HAYCHUS IEPBOTO apryMEHTa
a GyHKUUM ¢(a,b,c) OTpUNATENBHbIEC YUCTA (MM HYIB).
Taknm 006pa3oM, TOIKHO BBITOTHATHCS CIEAYIOIIEE yC-
JIOBUE:!

1
a, +E:—n (n=0,1,2,...).

YunTeIBas SBHBIA BU]T a, ToJIy4aem

An+1)
Y=Vu =i 7>
t,(a+1)
H, CJICJ0BATCIIbHO,
2 3
u,(v) = CofTye ™ ¢(—n,5;ky2j. (26)

Beipaxenue (26) y1o0HO TpeicTaBUTh yepes Ooee
HPOCTYIO (DYHKIIHIO — MOMHHOM Dpmura [12]:

Hypo(2)= (1) (2”“)2 ¢(—n§ j
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HecTaunHoHapHasaA TENAOIPOBOAHOCTD LIENMHBIX CTPYKTYD IPH HH3KHX TeMIIlepaTypax

J1s KOOpIMHATHON (PYHKIIUH TOJydaeM

et LD
F, (y)_c{—z(w)!} H,, Vky). 27)

st mosuoi dyukimu T(y,7), sBIsIomencs cymep-
MO3UIMeN YacTHBIX pemeHwii (23) u (27), HaX0auM, 9TO

2
Yulo

T =3C@ * [, Win)e . (28)
n=l
1
1\ ! (a+1)
e C.=C, [(D_C} .
2(2n+1)!

Kosppumuentsr C HAXOAATCA M3 HAYaIBHOIO YC-
nosust (T(y,7=0) = f,(y)):

icntoi% [eikyz H,,., (\/;y)]%am = fo(»)- (29)

n=1

Paznoxxum ¢yHKIMHM, BXOAsIIME B ypaBHeHue (29),
B psig Dypoe no curycam. Mmeewm:

e, W@ =3 b, (nysin 222
m=1

ay

4y

[le . W [ sin ™2 gy
0

a,

b () ==
0

a,
V4

n 2 . Tn
L C == [ fo)sin
a, a4y %

fo(»)=Y.C,sin dy.
n=1

a,
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3akjoueHue

[Mony4yeHHbIe pe3yIbTaThl MOT'YT OBITH UCIIONB30-
BaHBI TaKXe MMPU U3yUYCHUH HECTAIHOHAPHOU TEIUIO-
NPOBOJHOCTH B BOJIOKHaX M3 IUIABJIEHOTO KBapla U
B BBICOKOOPHEHTHPOBAHHBIX BOJIOKHAX IMOJHITUJICHA.
BosokHa miaBiIeHOro KBapiia UMEIOT HeyHnops0ueH-
HYI0 aTOMHYIO CTPYKTYpY, HO HEIPEpPHIBAIONIYIOCS
CeTh KPEMHHUI-KHUCIOPOAHBIX CBsi3el. DddexTus-
HBIE pa3Mephl KPHUCTAIJIOB B TaKOM BEHIECTBE TOTO
e MOpsAJIKA, YTO M OTJENbHBIE TETPad/Aphl ABYOKHCH
KpeMHHs. MOXKHO IoJlaraThb, 9TO B 9TOM CIIydae JJIU-
Ha cBOOoIHOTO ITpobera GOHOHOB OyIeT MOCTOSTHHOM,
OTPAaHUYCHHOU JHUIIb pa3MepaMH KPHUCTAJIUTOB, H
yMEHBIICHHE KO3(PPUIMEHTAa TEMIONPOBOIHOCTH
IIPU TMOHIKEHUU TEMIIEPaTyphl 00yCIIOBICHO TOJBKO
YMEHBILICHHEM TemjaoeMKocTH. CTpyKTypa MOJIUITH-
JeHa, 00Jaaromero BBICOKOH CTENEeHBI0 KpHCTall-
JUYHOCTH, UMEET IOYTH HJCalbHYIO CTPYKTYpy Ja-
MEJULSIpHOTO Tuma. [paHuIBl JamMeneil paccewBaioT
(OHOHBI, NMPUYEM BEPOSITHOCTh PACCESHHS NPAKTH-
YeCKHM HE 3aBHCHT OT JJIUHBEI (pOHOHA, T.€. B JAHHOM
ciydae JJuHa cBOOOAHOro mpobera (GoHOHA OymeT
MMOCTOSTHHON ¥ OIpenelsieTcs pa3MepaMH JiaMeleH.
CrnenoBareiabHO, TEIIONPOBOIHOCTE OyleT MpoImop-
OHOHAIbHA TETUIOEMKOCTH.

References:

1. Kartashov E.M. Analiticheskie metodi v teorii
teploprovodnosti tvyordikh tel [Analytical methods in
theory of thermal conductivity of solids]. M.: Visshaya
shkola Publ., 2001. 550 p. (in Russ.).

2. Rudobashta S.P., Kartashov E.M Diffuziya v
khimiko-tekhnologicheskikh protsessakh [Diffusion in
chemical-technological processes]. M.: Khimiya Publ.,
1993. 208 p. (in Russ.).

3. Kudinov V.A., Kartashov E.M. [et al]
Teplomassoperenos i termouprugost' v mnogosloynikh
protsessakh [Heatmasstransfer and thermal elasticity in
multilayer constructions]. M.: Energoatomoizdat Publ.,
1997. 426 p. (in Russ.).

4. Maradudin A., Montroll E., Veiss Dzh.
Dinamicheskaya teoriya kristallicheskoy reshotki v
garmonicheskom priblizhenii [ Dynamical theory of
crystal structure in harmonical approach]. M.: Mir Publ.,
1965. 384 p. (in Russ.).

5. Ashkroft N., Mermin N. Fizika tvyordogo tela
[Physics of solids]. M.: Mir Publ., 1979. V. 2. 486 p. (in
Russ.).

96 Toukue xumndeckue TexHororuu / Fine Chemical Technologies 2017 Tom 12 No 4



B.B. 'oaonnasa, E.C. CaBuH

co BpeMeHeM obOnacteid // [lpuknagHas mMaremaruka M
mexanuka. 1971. T. 35. Ne 3. C. 759-760.

9. Kapramos D.M. AHanuTHYeCKHE METOJBI pe-
IICHHs] KPAeBBbIX 3aJ[ad HeCTalMOHAPHOW TEIUIONpPOBO-
JTHOCTH B OOJNIACTSIX C JABMIKYIIUMHUCS TpaHumamu // M3-
Bectus PAH. Dnepreruka. 1999. Ne 5. C. 3-34.

10. Kapramos 2.M. AHanuTu4deckue METOIBI pe-
HIEHUs KPaeBBIX 3a/lad HECTAlMOHAPHOM TerIonpo-
BOJIHOCTH B OOJIACTSAX C JBMXKYIIUMUCS TpaHHUIAMHA //
WnxenepHo-¢puszuueckuit xypran. 2001. T. 74. Ne 2.
C. 171-195.

Kartashov E.M. Analytical methods of solution
of boundary-value problems of nonstationary heat
conduction in regions with moving boundaries //
Engineering Physics and Thermophysics. 2001. V. 74.
Ne 2. P. 498-536.

11. 3aitne B.®., Ilonsaun A.J]. OObIKHOBEHHBIE
muddepennuansapie  ypaBHeHus. M.: OU3MATIINT,
2001. 576 c.

12. Jlebenes H.H. CnenumanpHble (QYHKIUM U UX
npmitokenus. M.: ®USMATIINUT, 1963. 359 c.

06 aemopax:

6. Zaiman Dzh. Elektroni i fononi [Electrons
and phonons]. M.: Innostrannaya literatura, 1962.
488 p. (in Russ.).

7. Lifshits .M. About of thermal property chain and
layer structures at low temperatures // ZhETF [Journal of
Experimental and Theoretical Physics]. 1952. V. 22.
Ne 4. P. 475-486. (in Russ.).

8. Grinberg G.A. Koss V.A. About of some exact
solutions equation Fourier for change with time regions
/I Prikladnaya matematika 1 mekhanika [Journal of
Applied Mathematics and Mechanics]. 1971. V. 35. Ne 3.
P. 759-760. (in Russ.).

9. Kartashov E.M. Analytical methods of solution
of boundary-value problems of nonstationary heat
conduction in regions with moving boundaries //
Izvestiya RAN. Energetika [«Proceedings of the Russian
Academy of Sciences. Power Engineering» Journal].
1999. Ne 5. P. 3-34. (in Russ.).

10. Kartashov E.M. Analytical methods of solution
of boundary-value problems of nonstationary heat
conduction in regions with moving boundaries // Journal
of Engineering Physics and Thermophysics. 2001. V. 74.
Ne 2. P. 498-536.

11. Zaytsev V.F., Polyanin A.D. Obiknovennie
differentsial'nie uravneniya [Ordinary Differential
Equations]. M.: FIZMATLIT, 2001. 576 p. (in Russ.).

12. Lebedev N.N. Spetsial'nie funktsii i ikh
prilozheniya [Special functions and their applications].
M.: FIZMATLIT, 1963. 359 p. (in Russ.).

I'onoonass Banepusi BanepwveeHa, cryieHT VHCTUTYTa TOHKAX XUMHYECKUX TeXHONOruii uM. M.B. JlomoHOCOBa
OI'BOY BO «MockoBckuii TexHonornuecknit yausepcutet» (119571, Pocenst, Mocksa, ip-T Bepranckoro, 1. 86) .

Caeun Eezenuii Cmenanoeuu, xannagar GH3HKO-MaTeMaTHYECKAX HAyK, 3aBEAYIOINUH JabopaTopueil Kadempbl
BbICHICH U NpuUKIaJHON MaTeMaTuku VIHCTUTyTa TOHKUX XMMHYECKHUX TexHoioruih uMm. M.B. Jlomonocoa ®I'BOY BO
«MockoBckuii TexHonmoruueckuii yausepcuret» (119571, Poccus, Mocksa, ip-T Beprasackoro, 1. 86).

Toukme xumudeckue TexHororun / Fine Chemical Technologies 2017 Tom 12 No 4 97



MATEMATHYECKHE METOAbI H HH®OPMAIIHMOHHBIE
CHCTEMBI B XHMHYECKOH TEXHOAOT'HHA

YK 004.94

O®YHKIMOHAJBHOE MOJIEJIUPOBAHUE NPOLIECCA BBIBOPA
HAWJIYUIIENA JTOCTYIIHOM TEXHOJIOTUN

K.H. EpymieBa, K.IO. Koasi6anos®, H.P. TumaeBa

Mockosckuili mexHonozuueckuil ynugepcumem (MHcmumym moHKUX XUMUUECKUX MEexXHOI02UTL
um. M.B. Aomorocosa), Mockea 119571, Poccus
@Aemop ons nepenucku, e-mail: cyrk@mail.ru

B c8s13u ¢ axmyanibHOCmsbio npobiemsbl HeOpeHUst HAUYUUUX docmynHblx mexHonoeuil (H/T) e poc-
CUTICKOTL XUMUUECKOU NPOMBLUIEHHOCMU Heobxooumo paspabomams HAYUHO-000CHO8AHHBLIL Npo-
uecc nepexooa xumuueckux npeonpusmuili Ha HAT. /Ins amoeo 6bLna ucnosnsb308aHA MemMOoO002USL
PYHKYUOHATbHO20 MOO0enuposaHust 8 epagpuueckoii Homayuu IDEFO, cmarnoapmusuposarHast 8 Poc-
cutickoti Pedepayuu. ITpouzsoocmeeHHbLL npouecc nepexooa xumuueckozo npeonpusmust Ha H/AT
6bL1 oNUCaH KAK UepapxuuecKkas cCmpykmypa, u3obparkeHHast 8 sude ouazpammel, cocmosiuieti us
PYHKYUOHATbHBLX 6710K08 U 0y, Komopble ux coedursiiom. CHauana obvekm modenuposarust 6oL
npeocmagsieH 8 sude eOUHCMBEHHO020 O10KA C 2PAHUUHBLMU CMPEeKaMU, KOmopble NoKassbleaom,
KaK C8s13aH MOo0estupyemblil npoyecc ¢ okpyrkarouieti cpedoti. 3amem oH bblLn nociedosamesioHo pas-
JIO2KeH HA ouazpammbl bosiee HU3K020 YposHsl, m.e. ObLia 8blNOHeHA NOULaR08As. UepapXuuecKas
0erKoMNo3UYUSL KOHMEKCMHOU OUARPAMMbL 8EPXHE20 YPOBHS, UbUM Pe3ylbmamom CMAlad COBOKYN-
HOCMb 83AUMOCBA3AHHBLIX OUAZPAMM, KOMOPbLE ONUCLIBAIOM NPOUECChL U C8SI3U MEXO0Y HUMU U OKPY-
aKarowetl cpedoti. 3mo nosgosisiem uemrKo YycmaHosumes nopsiOoK deticmeauli, Komopble 8bINOJIHIIOM-
Csl Ha KaxxO0om amane nepegooa xumuueckozo npouszgoocmsa Ha H/IT.

Knroueesle cnoea: Haunyuuiue 0ocmynHble mexHoio2ul, PYHKUUOHANTbHOE MOOeNUPOBAHUE,
UHPOPMAYUOHHASL NOOOEPIKKA NPUHSIMUSL peULeHUT.

FUNCTIONAL MODELING OF THE PROCESS OF CHOOSING
THE BEST AVAILABLE TECHNIQUE

K.I. Erusheva, K.Yu. Kolybanov®, I.R. Tishaeva

Moscow Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow 119571, Russia
@ Corresponding author e-mail: cyrk@mail.ru

Due to the relevance of the problem of implementation of the Best Available Techniques (BAT) in the
chemical industry of the Russian Federation it is necessary to develop a scientifically defensible
transition process to BAT for chemical manufactures. For this purpose, the functional modeling
methodology was used in the graphical notation IDEFO standardized in the Russian Federation.
The production process for the transition of a chemical manufacture to BAT was described as
a hierarchical structure represented as a diagram consisting of functional blocks and arcs that
connect them. First, the simulation object was represented as a single block with boundary
arrows, which show how the simulated process is related to the environment. Then it was
sequentially decomposed into diagrams of a lower level, i.e., stepwise hierarchical decomposition
of the top-level context diagram was performed, which resulted in a set of interrelated diagrams
that describe the processes and relationships between them and the environment. This allows
us to clearly establish the order of actions that are performed at each stage of the transfer of
chemical manufacture to BAT.

Keywords: best available techniques, functional modeling, information support of decision-
making.
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K.H. EpymieBa, K.}O. Koari6anos, U.P. Tumaegsa

BBenenue

®Denepanbublil 3ak0H Poccuiickoil @enepanuu or
21.07.2014 Ne 219-@3 onpeiensieT TepMUH «HAITYYIIast
noctynHas rexHonorus» (HJT) kak TEXHONIOTHIO TPOU3-
BOJICTBA TIPOAYKITHH (TOBApPOB), BBIIOIHEHHS paboT, OKa-
3aHUS YCIIYT, OIPENENieMYI0 Ha OCHOBE COBPEMEHHBIX
JIOCTHKEHUN HayKH M TEXHUKHM U HAWIy4lIero codyera-
HUSI KPUTEPHUEB OCTHIKCHUS IeJIeH OXpaHbl OKpYIKaro-
el cpeasl Npu YCIOBUM HalUYMs TEXHUYECKOW BO3-
MOXKHOCTHU e¢ mpuMeHeHus'. Poccuiickue XMMHYECKue
MIPOM3BONICTBA BHOCST CYIICCTBEHHBIH BKJIA] B oOIIee
KOJIMUECTBO IMPOMBIIIIEHHBIX OTXOIO0B, M 3TO OIlpele-
JISeT aKTyaJIbHOCTh BHEAPEHUS HAWTYyULINX JOCTYIHBIX
TEXHOJIOTUH Ha XUMUYECKHUX MPEIIPUATHSIX. DTO BICYET
3a co00i HEOOXOMUMOCTh Pa3pabOTKU HaydyHO-000CHO-
BAaHHOTO METOJMYECKOTO 00eCIeueHHs Mepexosa mpes-
NPUATHA POCCUUCKON XHMHYECKOW MPOMBIIIIEHHOCTH
Ha HaWIy4dlIMe JOCTyIHbIe TexHonoruu. B Poccuu ctpa-
teruueckasi nenb nepexoga k HIT ompenenena Kon-
Lennueld NOArOCPOYHOI0 COLUATbHO-DKOHOMUYECKOIO
pasButns Ha iepuof 10 2020 roma’. IlepBbIM I1arom Ie-
pexona Ha H/IT siBnsieTcss MaCHTH(UKAIMS TEXHOIOTHN
KaK HaWIy4IIeH TOCTYITHOH, IPH 3TOM OT BBIOPaHHBIX
apamMeTpoB pecypcod(GEeKTUBHOCTH U SKOJIOTHUCCKOI
pE3yNbTaTUBHOCTH OyIyT 3aBUCETh I'paHUYHBIE YCIIO-
BUS JUIA Pa3pa0OTKH HOBBIX XMMHKO-TEXHOJOTHUECKUX
MIPOLIECCOB U MOAEPHU3ALMK XUMUYECKOI MPOMBILIUIECH-
Hoctu Poccuu [1], yTo siBisieTcst HAIMOHAIILHOM LENbIO
Hamiedl crpadbr. Kpome TOro, He0OXOAMMO yYHTHIBAThH
pean3yeMOCTb TEXHOJIOTUH C TEXHOJIOIMYECKON TOYKU
3peHust, 0€30IaCHOCTh — C IKOJIOTHYECKOH M 1IeN1eco0-
OpasHOCTh — ¢ 3KOHOMHUECKOH. [lockombKy pemieHne
9TOH 3a/1a4u ABJISAETCS HETPUBUAIBHBIM U MHOTOACIIEKT-
HBIM, HEOOXOJMMO MCIONb30BAHUE CUCTEMHOTO MOJXO0-
Ja.

Mertonb! 1 e/ GyHKIIHOHAJIBLHOIO MOASIMPOBAHUS

UToOb! yCIENIHO PeUINTh 3a/a4y IepeBoja XUMH-
gyeckoro npousBozctea Ha H/T, nenecoo6pa3Ho cTpyk-
TypupoBath U popmanuzoBath npouecc Bueapenus HAT
Ha TMPEANPHUATUSIX XUMHUIECKOH TPOMBIIIIIEHHOCTH. {71t
3TOTO yNOOHO MCIIONB30BATh METONONOTHIO (PYHKIIHOHAIb-
HOTO MOJCIHPOBAHMUS, KOTOpPAsi MO3BOJISICT ITOCTPOUTH

lfbe/:[epaanLIﬁ 3akoH 0T 21.07. 2014 Ne 219-D3 «O BHECEHHH U3Me-
nennii B ®enepabHblii 3akoH «O0 oXpaHe OKpYKaIOIIeH cpeash 1
OT/Ie/IbHBIC 3aKOHOJATeIIbHBbIE aKThl Poccuiickoit Deneparymy.
*KOHIEMHIHs J0ITOCPOYHOTO COLHAILHO-OKOHOMUYECKOTO Pa3BH-
tust Poccuiickoit @enepauuu Ha nepuon a0 2020 roga, yTBepx-
nennast pacriopsbkenueM [Ipasutenscrsa PO or 17 HosOpst 2008 T
Ne 1662-p.

SPacniopsbkenne IIpaButensctBa Poccuiickoit denepauun ot 19
Mmapta 2014 . Ne 398-p «O xoMmIuiekce Mep, HallpaBJIEHHbIX Ha OT-
Ka3 OT HCIIOJIb30BAHUs yCTapeBIINX U HeA(D(HEKTUBHBIX TEXHOJIO-
Ui, Iepexo]] Ha IMPUHIUIBI HAMITYYIINX JOCTYIIHBIX TEXHOIOTHH
U BHEJPCHUE COBPEMEHHBIX TEXHOJIOIHID).

(DYHKIIMOHAITLHO-TEXHOJIOTHYECKYO0 MOJIeITh, 0TOOpaka-
OIIYIO CTPYKTYPY CUCTEMBI, IOTOKK HH(DOPMAIUH U pe-
cypcoB. Yame Bcero Uit MOCTPOCHUS (PYHKIIHOHATHHO
TEXHOJIOTHYECKHUX MOJIeTIel uCIob3yeTcs rpaduyeckas
votarus IDEFO [2], cranmaptusupoBannas B Poccwmii-
ckoii dexeparmu’. B 9TOM Ccitydae pOU3BOACTBEHHBIN
MIPOLIECC ONMCHIBAETCSA KaK MepapXuueckasl CTPYKTypa,
n300pakeHHasi B BUAE AMArpaMMBbl, KOTOpas COCTOUT
13 (YHKIIMOHATIGHBIX OJIOKOB M AYT, UX COCAWHSIONIHX.
I'padpuueckas woramus IDEF0 mo3Boisier mpoBOAWTH
MOILIATOBYI0 JETAIM3ALUI0 JUarpaMM, U ¢ €€ TIOMOLIbIO
MOJKHO TIOATAITHO CBEPXY BHU3 OIUCATh HEPAPXUUECKYIO
JCKOMITO3HITHIO, TIPH 3TOM KaXKIBIH U3 (YHKIIMOHAIb-
HBIX OJIOKOB MOXKET OBITh Pa3iiOKEH Ha JJouepHue OJIOKU
Ha Ipyroil auarpaMme. Pe3ynsratoM MOAeIMpOBaHUS SIB-
JSieTCsl COBOKYITHOCTh B3aUMOCBSI3aHHBIX TpadUuecKux
JarpaMM, OIUCHIBAIOIIUX UCCIIEI0BAaHHbBIE IPOLIECCH U
CBSI3M MEXJy HUMH, B TOM YHCIie 0OpaTHbIe cBs3H [3].
Hcnonp3oBanne  (HYHKIIMOHATBHOTO  MOJACIHPO-
BaHMA i1 0ToOpaxeHus mpornecca Beioopa HAT mms
XMMHMYECKOTO IIPOU3BOJCTBA C IOCIEIOBATEILHOM Jie-
KOMITO3UIIMEH TO3BOJSIET YETKO YCTAaHOBUTH MOPSIOK
JIEWCTBUH, KOTOPHIE BBITTOIHIIOTCS HAa KaXJO0M dTarle.

PeSy.T[I)TaTbI (l)yHKIII/IOHaJILHOFO MOJ€C/JIMPOBAHUSL

[MocTtpoeHne (GyHKIMOHATBPHON MOMCTH CIeTyeT
HauaThb C MOCTPOCHUS KOHTEKCTHOW AUarpaMMbl BepXHe-
ro ypoBHs. Ha 3Toit quarpaMme 0ObeKT MOJICITUPOBAHUS
MPEJCTaBIIEH B BUJIE €MHCTBEHHOT0 0JI0KA C TpaHUYHbBI-
MH CTPEJIKaMH, KOTOPBIC TOKA3BIBAIOT, KaK CBSI3aH MOJIC-
JUPYEMBIN TTPOIIeCC ¢ OKpYKarolien cpenoit (puc. 1).

B kauecTBe Bxoma mporecca MOKa3aHbl CYIIECTBY-
IOlMe Ha JaHHBIM MOMEHT U PEeaM30BAHHBIE Ha Mpel-
HPUSATHAX TEXHOJOTHH ITPOM3BOACTBA XUMHUUCCKOI Mpo-
IOyKIUH, HAaydHBIE pa3paboTku, a Takke CrpaBoYHBIC
noxymentsl o HAT EC [4]. Kpome Toro, pecypebl ais
MIPOM3BOJICTBA MPOAYKLIHUN XMMUYECKOTO MPOU3BOACTBA
TOXXE OYAYT SBIATHCS BXOAOM B (DYHKITHOHAIBHBIH OIOK.
Uro kacaeTcs BBIXOJOB IpoIlecca, TO UMHU OYJIET SABIATh-
cst mpoxykuwst, npousBeaennas no HJT, a aTo — kak xu-
MUYecKast IpOAYyKIHs KaK TakoBas, Tak U HHPOpMaLUs O
TEXHOJIOTHYECKUX Tpoleccax. B kauecTBe ynpaBieHUs
3[1€Ch MPEICTaBICHbl Pa3JIUYHbIE PErIaMEHTUPYIOIINE
JIOKyMEHTBI, a UMEHHO: 3akoHbl Poccuiickoit denepa-
LIMU, KOTOpBIE YCTAHABIMBAIOT JONYCTHUMBIH YpPOBEHb
BO3JCHCTBUSI XMMHUCCKOTO TPEINPHUSATHS Ha OKpYyKa-
oyt cpeny, [OCTsl Ha npolecchl NpOU3BOACTBA U
XMMUYECKYI0 MPOIYKIHIO, TEXHHYECKNE PETIIaMEHTHI U
MeToanyeckue ykazanus. [lockonbky omnpeeneHue Tex-
HOJIOTHH KaK HaWIydIIel JOCTYIHOH — COBMECTHOE pe-
IIICHHUE TIpeNICTaBUTeNel OM3Heca U 00IIEeCTBa, TO MEXaHM3-

* PekoMeHIanuu 110 cTaHAaprusanui. MHQOpManoHHbIE TEXHO-
JIOTUH TTOJJIEP>KKH ’KU3HEHHOTO LIUKJIa TTPOIYKIK. MeTononorus
¢yHKIoHansHOro Monenuposanus. M.: Toccrangapr Poccun,
2001. 19 c.
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MOM HCHOJIHEHUs] NEPEBOJA XUMUUYECKOIO MPOU3BOACTBA
Ha H/IT nomxHbl OBITH MPERNPUSTHS, TOCYapPCTBEHHBIC
KOHTPOJIMPYIOIIUE OPraHbl M SKOJIOMHYECKUE OPraHU3aLUH.

Janee Ha mepBoM J3Tane IEKOMIIO3UIUU BbLlE-
JA10TCS 4 OCHOBHBIX MpoIlecca: BBIOOp HamIydmIen

JOCTYITHOM U3 MPEACTABICHHBIX TEXHOJIOTHUH, €€ BHE-
JIpeHHEe Ha TpeANpUsITUH, TPOU3BOACTBO MPOAYKIUU
110 BEIOPAHHOM TEXHOJIOTUH M €€ MOCTOSHHOE COBEp-
[IEHCTBOBAaHUE, YTO 0TOOpa)kaeTcsi B 00paTHOU CBA3H
o Bxoxay (puc. 2).

PernameHTupylowme
AOKYMEHTH

BREF

HayuHse
paspaGoTiun

FeanusosaHHue
TEXHONOTHKW

Pecypcu

Texxonor

MepesecT ximamseckoe npouzEoacTss Ha HOT Omxogs

SKOMCTH SHROHOMUCTH

Mpoaykuua

Wrdropmayun o
TEXHOMOTIECKI
npoyeccax

NODE: TITLE: MepesecTy xummdeckoe nponaeoacTeo Ha HOT NUMBER:
A0 1
Puc. 1. KonrekcTHas auarpaMma BEpXHErO YPOBHSL.
PernameHTHpyoWUe
LOKYMEHTHI
BREF
L KHE
HayuHble J\ﬂ
OKA3ETENN
paspaboTki Bufpate HOT
PeannsosaHible
JUEXENMIOGI TexHonornugckue
HAT noKasaTenn -5
3Konaruyeckue
TEXHONOTHYECKHE |roxasaTeny
I PErMAMEHTS
Pecypcal — BregpuTe HOT
Mpogykums
Mp T =
npogykui ne U'rxup,ni
HOT il
-
Wudiopmauyns o
TEXHONOTUYECKHX
npoueccax
CUEEDLI.IENCTEUEETE
TEXHONorHK
IKOHOMMUCTbI 3Konoru TexHonoru
NODE: e MepesecTi XMMUYECKoe NpoussoacTso Ha HOT NUMBER
A0 |

Puc. 2. luarpamma ypoBas AQ.

Paccmorpum npornecc Beibopa HAT Gonee neranb-
HO. Ero MOXHO Pa3jiokKuTh Ha ISITh 3TAIIOB:

° OIIPCACIICHUC AJIbTECPHATUBHBIX TeXHOHOFHﬁ;

*  OLICHKA TEXHOJOTHYECKHUX MTOKA3aTeICH;

*  OLICHKA YKOJIOTMYECKHUX MTOKa3aTelei;

*  OIIEHKAa SKOHOMHMYECKHX IOKa3aTenei;

*  BBIOOP TEXHOJIOTHH ISl KOHKPETHOTO TIPOF3BOZICTBA.

Ha nuarpamme, koTopast 0ToOpaXaeT 3TOT 3Tall JICKOM-
nio3utwn (YpoBeHb A1), KaXI0My U3 BBIIIIEyKa3aHHBIX TIPO-
[IECCOB COOTBETCTBYET (DYHKIIMOHAIBHBIN ONOK (pHc. 3).
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PernameHtupytowme
-BOKYMEHTEI
MeToHuECkHE PEROMEHTALMM FOCT Ha npoaykuio 3akoHul PO MeTopuueckne
BREF 8 ofnactu 00OC YKa3aHHA
W" Onpenenits I'Iepeueuh‘
== e Teonorectne
TexHonorMk TEXHONGTHYECKUM
OLleHMTh nokazartenam o
TEXHONOrM4yecke
foKasarent Jkonoruyeckue
HEpEHEHh nokasarenn
EﬂhTEpHETlelHHX OuEHMTh -
TEXHONOTHK 3KONorMyeckne
nokazartenu
JKoHOMUYECKINE
nokazartenn
MejeueHs T4xHoNOMMIA, Ougtirs -
PaHHPOBaHHBIIl Mo koHoMHuECkuE
SKOOTHUECHUM NOKA3aTENAM-| LEEEEEL)
lepeueHL TEXHPNOMHIA,
AHKMPOBAHHEI] N0 —~ Buibpars
IKOHOMHYECKAN NOKaIaTEnaM: T
ana pe 0
nponasoacTea
TexHonoru Sxonorn 3KOHOMMUCTEI
NODE; TITLE: BblﬁpaTb Hﬂ'T NUMBER:
Al —
Puc. 3. luarpamma ypoBHs Al.

Pe3yHLTaTOM TMEPBOTO Iponecca sABJIACTCA CIIMCOK KOB HaWJIy4dHIUX IOOCTYIHBIX TeXHOﬂOFI/Iﬁ, pa3pa6aTLI—
AJIBTCPHATUBHBIX TCXHOHOFI/Iﬁ, Kaxxzaasd U3 KOTOPBIX I10- BAaCcMbIX U IIOATOTABJIMBACMBIX B Poccuu B HaCTOAIICC
TCHIHAJIBHO MOXCET OBITH BHEIpCHA HAa XUMHUYCCKOM Bper{S’6, KOTOpPbIC 0T06pa>KeHI>I KaK BXOJbI AJ11 JaHHOT'O
MIPOU3BOJICTBE. DTOT CIHCOK (DopMHUpyeTcs W3 COBpe- (byHKIIMOHAIILHOTO OJIOKA.

MCHHBIX PCAJIM30BAHHBIX TeXHOHOFI/II‘/'I, HOBEHIITNX Hay4- HpOHeCC onpeaeieHus NCpeyHs aJIbTCPHATUBHBIX TEX-
HBIX pa3paboTok u crnpaBodHbIX JokymeHTtoB HIAT EC, HOJIOTHI, B CBOIO OYepE/Ib, MOJKET OBITH JIEKOMITO3MPOBAH
a TaKxXKe I/IH(I)OpMaHI/IOHHO-TCXHquCKI/IX CIIpaBOYHU- Ha IIAATh 3TAIloB, YTO IMOKA3aHO Ha JUuarpaMmme All (pI/IC. 4)

MeToauka T TexHU4ECKHE BOIMOKHOCTI

NpeAnpuATHA

BREF
—
Hayuhele

pazpabiotkn » Mogobpate cxemel
M MEXaHN3MBI

PeannaosanHsie !
TexHonorim peakiu

Wcenegosars
TepMoaMHamMnIeckue

W KHHETHUBCKIE

33KOHOMEDHOCTH

npouecca Kpurepun

seibopa
AexHonorni

MHCOK BOIMOKHBIX

peakumit Cdpopmuposars

KpUTEpIN
AnA othopa
TeXHONOTHiI

Peaynbrarsl
CpaBHEHUA
TEXHONOMNA

i CpaaHeHne
OCYLLECTBHMEIX TeXHOMOrWi

peakyn N0 KpUTEpPHAM
PuTER! MepeueHs

MNETEPHATHBHEIX
eXHONOrHIl

Mpunate pewenne
0 BKAKUEHIAIA
TeXHOnorMM
B CTIMCOK

Texuonoru

NODE: TITLE: NUMBER:

Onpe,qenmb albTEPHATUBHBIE TEXHOMOTUIN

A1 I
Puc. 4. lnarpamma ypoBHs All.

SPacniopsbkenue IIpaButenscra Poccuiickoit @enepaunn ot 31 oxrsiopst 2014 . Ne 2178—p «O noaranHom rpaduxe cosnanus B 2015—
2017 romax cpaBOYHMKOB HAMIYYIIHX JOCTYIHBIX TEXHOIOIHI.

’CrpaBounnk EC 1o HamiIydIiuM JOCTYIHBIM TexHOJOTusiM «EBporeiickas komuccnsi. KOMIUIEKCHOE TPEAOTBPAICHHE U KOHTPOIIb 3a-
TPSI3HEHHS OKpYKaromel cpexsl CripaBOUHBIA JOKYMEHT 110 HAWITYYIIAM JOCTYIHBIM TEXHOIOTHSIM. DKOHOMHYECKUE aCHEKTHI U BOIPOCHI
BO3/ICHCTBUSI HA pa3INUHbIe KOMIIOHEHTHI OKpy»Karommeil cpensl Mioms 2006 r» («European Commission Integrated Pollution Prevention
and Control Reference Document on Economics and Cross-Media Effects July 2006»).
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I[Tpu nccnenoBaHNy KOHKPETHBIX TEXHOIOTHIECKUX
MPOIIECCOB MOTYT OBITh A(P(PEKTUBHO HCIOIH30BAHEI
(YHKIIMOHATIBHBIE MOJENIN TEXHOIOTHYECKUX IIPOIEC-
coB, Hampumep [5, 6], KOTOpble MPEACTaBISAIOT cOO0I
HepapXUICCKH YIOpsIoYeHHOe (popMaTn30BaHHOE MO-
CTaIUIHOE ONMCAHNE TEXHOIOTUICCKUX MPOIIECCOB.

[Tocie Toro, kak OBUTH MCCICIOBAHBI CXEMbI U Me-
XaHU3MBI PEaKIid, TEPMOAMHAMHICCKHE U KHHETHYC-
CKHE TIOKa3aTesId IPOILECCOB, HeobXommmo chopmu-
pOBaTh KPUTEPUHU ISl OTOOpA TEXHOJOTHH, Y KOTOPBIX
npanee OyayT HCCIEIOBAaThCS TEXHOJOTMYECKHE, 3KO-
JOTMYECKHEe W DKOHOMHYECKHE TIOKa3aresiu. Takumu
KPUTEPHUSMH MOTYT BBICTYNATh JOCTYITHOCTH ChIPbS,
peareHTOB, PECypcoB, OTCYTCTBHE 3aBEOMO BPEIHBIX
pearcHTOB U YCIOBHH TPyAa U JIp., TO €CTh YIIPABICHHEM
JUISL 3TOTO (DYHKIMOHAJIBHOTO OJ0Ka SBISFOTCS TEXHH-
YECKHE BO3MOXXHOCTH IPEANPUATHS. 3aTeM TEXHOJIOTHH
CPaBHUBAIOTCS IO BHIOPAHHBIM KPUTEPHSM, U Ha OCHO-
BE CpaBHEHUS (POPMUPYETCS TIEPEUCHb ATBTCPHATHBHBIX
TEXHOJIOTUH, 13 KOTOPBIX B NANbHEHIIIeM OyJeT BEIOpaHa
HaWIydIIast J0CTyIHAs.

JlaHHBI TepeYeHb SBISIETCS BXOAOM JUIS TPEX
(YHKITMOHATBHBIX OJOKOB: OLIEHKH TEXHOJOTMYECKHX,
IKOJIOTHYECKUX W DKOHOMUYECKHX IIOKa3areneil. DTu
Tpu OJIOKa CBS3aHBI MApajUIeIbHO, BBIXOAAMHU UIST HUX
SIBJSIFOTCSL TIEPEYHU TEXHOJIOTHH, PaH)KUPOBAHHBIX IO
COOTBETCTBYIOIINM ITOKa3aTeIIsIM.

B kadecTBe TEXHONOTHYECKUX IMOKa3zaTeiaeld MOTyT
BBICTYIIaTh: KOHBEPCHS, CEIIEKTHBHOCTD, BHIXO/ IPOIYK-
Ta, CJIOKHOCTB aIlmaparypHoro o(GopMIICHHS, CIUHAY-

Hasi MOIITHOCTH YCTaHOBKH U JIp. YIPaBJICHHUE AJIS 3TOTO
0110Ka — JOKYMEHTBI, PEIIaMEHTUPYIOLIIE HEOOX0TUMOE
kagectBo mpoxykuuu ('OCTsI Ha MPOAYKIHMIO U TIPO-
LECChI TPOU3BOAICTBA).

[ToMuMo nepeuHs TEXHONOIMH, paHKUPOBAHHBIX
M0 TEXHOJOTMYECKUM MOKA3aTeIIsIM, BBIXOJOM ISl 3TOTO
mporecca OICHKH TEXHOJOTHH OymyT HEIoCpEeICTBEH-
HO CaMM TEXHOJIOTHYECKHE IT0Ka3aTelu, KOTOpble OyayT
BIIMATH Ha MPOIECC COBEPIICHCTBOBAHMSI TEXHOJIOTHI Ha
nuarpamme AQ.

Tpernii aTan mponecca Beidopa HJT — onenka sxo-
JIOTHUECKUX IOKa3zaTeNneil — SBIeTcs BaKHBIM LIarom
B TIPOIIECCE ONPEACICHNS TEXHOJOTHN KaK HawTydIeit
JoctynHoil. ITocKonIbKy OCYLIECTBIEGHUE JIHOOOrO XH-
MHUYECKOTO TPOU3BOJCTBEHHOTO TIPOIECCa CEPHE3HBIM
0o0pa3oM BIUSIET Ha OKPYXKAIOIIYHO Cpeay, HeoOxoau-
MO BBIOpAaTh TaKylO TEXHOJOTHIO, PEaH3aIlisl KOTOPOI
COIMpPOBOXKaNach Obl HAWMEHBIIUM OTPULATEIbHBIM
BO3/IeicTBUEM. PermaMeHTHpYIOT 3TOT Ipoliecc 3ako-
Hbl Poccuiickoit denepannn, KOTOpbIE YCTaHABIUBAIOT
JOMYCTHMBIH YPOBEHb BO3JCHCTBHS XUMHUECKOTO TIPO-
U3BOJICTBA HA OKPYXKAIOLIYIO Cpely. DKOIOrn4eckoe pe-
TYITUPOBAaHHUE ONUPACTCS HAa CHCTEMY OTPaHUYNTEIIBHBIX
JIOKYMEHTOB, B YHCIIO KOTOPBIX BXOISAT HOPMAaTHBBI Ha
JIOIYCTHMBIE BEIOPOCH U COPOCHI, KaK Pa3oBBIC, TaK U
uHTerpajgbuble (rogosbie). CoOmtoneHne orpaHuuYeHUi
Ha BBIOPOCHI M COPOCHI TOAICPKUBACTCS IKOHOMHUYE-
CKHMH CTUMYJIaMU (pErIaMEHTHBIMHU TUIaTeKaMHu U ITPO-
rpeccuBHbIMU mTpadamu) [7]. Jexommnosumus 3TOro
npolecca npejacTabieHa Ha auarpamme Al3 (puc. 5).

3akoHe PO
8 obnactn OOC

MepeueHs aNETEPHATUBHBIX

TeXHOMOrMA

OnpegenuTe BugLI
u uctounnkn 3B

Mpoanannanposare
so3geiictene 3B
Ha OKpY*alLLyo

cpey

3konarnveckne
nokazarenu

LaHHble
Hanuaa
oTgensHeix 3B

CpagHiTe BO3geCTBNE
TexHonoruit Ha OC
- C CChINOYHBIMK

Peaynetatel

noKasaTenAMm

paBHEeHUA

MepeueHs
TEXHONOTWA,
PaHXHPOBaHHEIR MO
3KONOrMYecknm
noKa3aarensm

| PaHKHpORETE TexHONOrH
10 CTeneHM BINAHNA
Ha OC

Skonarn

MODE: TITLE:

A13

OqEHMTb 3KOMNOrMYECKE NOKasaTenu

NUMBER:

Puc. 5. luarpamma yposus A13.
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B nepBom ¢yHKIIMOHATEHOM OJ10KE trarpaMmsl Al3
MIPEACTaBIEH MPOLIECC UHBEHTApU3allMd BUIOB U MCTOU-
HUKOB 3arps3HAONMX BeniecTs (3B), koTopsie MOTyT CO-
JepKaThCs B BBIOpocax/cOpocax/otxonax. B pesynbrare
cocTaBIsieTcsl epedeHb 3B 1utst KaX10i TEXHOIOTHH.

AHanu3 Bo3neHcTBHs Kaxaoro u3 3B Ha okpyxa-
IOIIYIO CPEey TIPE/ICTABICH B BUJIE CICAYIONICTO QyHK-
MOHAIBHOTO OJnoka. VcrounnkoMm wHOpMaI 00
IKOJIOTUYECKUX TIOKA3aTeNsIX TEXHOJOTHYECKUX IMPO-
LIECCOB MOTYT BBICTYNaTh WH(MOPMALMOHHbBIE CHUCTEMBbI
MIPOU3BOJICTBEHHOTO  9KOJOTMYECKOr0 MOHHMTOPHHTA,
pean30BaHHbIE HA OCHOBE TEXHOJOTHM XpaHWIUIIL JaH-
HBIX [8]. BiMsAHUSA MIMPOKOrO CHEKTpa 3arps3HAIOIIUX
BEIIECTB MOT'YT KaK CPaBHMBAThCS IPYT C IPYrOM, TaK U
arperupoBaThbes € IENbI0 MOTYYSHUs COBOKYITHOTO d()-
¢exra. Pe3ynbrarhl aHaau3a BO3AEHCTBUS Ha OKpYKato-
LIYI0 Cpely OTAENbHBIX 3arpsI3HSIONINX BEIIECTB 3aTEM
CpPaBHUBAIOTCS € poccuiickumu (00LIeeBpOnelcKuMH,
MEXKIyHapOJIHBIMH, PETHOHATIBHBIMH) CCHUIOYHBIMHU T10-
kazarenssMu. [lo pesynmpratamM CpaBHEHHUS TEXHOJIOTHUHU
PAHXXUPYIOTCSI TIO CTETICHU BIIMSIHUSA Ha OKPYKAIOIIYIO
cpeny. DKOJIOrH4ecKHe T0Ka3aTelln, KOTOPbIE ABISIOTCS
BBIXOJIAMH W3 TEPBBIX TPeX (YHKIMOHAIBHBIX OJIOKOB,
TaK )K€ KaK ¥ TEXHOJIOTMYECKUE, BIUAIOT Ha albHe1Iee
coBepireHcTBOBaHUE BeiOpaHHOi H/IT.

Hapsiny co cpaBHEHHEM TEXHOJOTHMUECKHUX U IKO-
JIOTUYECKUX TTOKa3aTesen NIl Pa3HbIX TEXHOJOTMH He-
00XOAMMO ONpEAETUTh 1eNeco00pa3HOCTh JTUX TeX-
HOJIOTUHA C SKOHOMHYECKOW TOUKM 3peHus. s sToro
HEOOXOIMMO PAaHXKHUPOBATH TEXHOJOTHUH MO YKOHOMHYE-
CKHM TIOKa3areysiM. B kadecTBe OCHOBHBIX IOKazaTelnei
SKOHOMHUYECKOH 3(h(HEeKTUBHOCTH BBICTYNAIOT 3aTpaThl,
MTPOU3BOJICTBCHHBIC U TIPUPOIOOXPAHHBIC, & TAKIKE OXKH-

JTaeMbIH YUCTBIN TUCKOHTHPOBaHHBIN g0x0xa [9]. Heob-
XOIMMO, YTOOBI MH(OpPMALIUS O 3aTpaTax, MONydeHHAsS
W3 Pa3HBIX UCTOYHUKOB, OblTa coOpaHa W oOpaboTaHa
OJJMHAKOBO JJISl aJ€KBaTHOTO CPAaBHEHHUS TEXHOJIOTUH.
BaxupiMu KpuTepueM Al OLEHKU TEXHOJIOTHUH 10 KO-
HOMUYECKUM II0Ka3aTeNsiM TakKe SBIAETCS NPOTHO3
W3MEHEeHHs 3arpar. BeixomamMu W3 (QyHKIHOHAIBHOTO
0J10Ka, KOTOPBIM NpEeACTaBiseT MPOLECC aHalu3a TeX-
HOJIOTHIA TI0 SKOHOMHYECKHM ITOKa3aTeisiM, OymayT Kak
paHKUPOBaHHbBII NepeuyeHb TEXHOJOTHH, TaKk M Hemo-
CPEJICTBEHHO 3KOHOMMYECKHE II0Ka3aTelu, Hapsjay C
TEXHOJIOTUYECKUMHU U IKOJIOTMYECKUMHU, BIUSIONINE Ha
JlabHeIIee COBEpIICHCTBOBAHUE TEXHOIOTHH.

[lepeunn TeXHONOTHH, PAHKUPOBAHHBIX MO TEXHO-
JIOTMYECKHUM, SKOJIOTHYCCKAM M SKOHOMHUYECKUM ITOKa3a-
TEJISAM, SBIISIOTCA BXOAAMHU /17151 (PyHKIIMOHAJIBHOTO OJI0Ka,
ornuchIBarOIIEero MeTomuky Beibopa HAT cpenu anmbrep-
HATUBHBIX TEXHOJOTWH. BeIOOp Hamiydineld NOCTYIMHON
TEXHOJIOTUH TIO/IPa3yMeBaeT CPaBHEHUE TEXHOIOTHH I10
HEOJHOPOAHBIM KpUTepusiM. Takoe cpaBHEHUE HE MOXKET
OBITH BBIMOJHEHO 0€3 MCIOJNB30BAHUS MaTeMaTH4eCKOTO
anmapara. bsuio pa3paboraHo 0oJbLIOE KOTUYECTBO Me-
TOJI0B MHOTOKPUTEPHAIBHOTO aHAJIN3a U ONTHMHU3AIIH.
PaccMoTpuM METOJ TEOPUM HEUETKHX MHOXKECTB.

OynkunoHanbHbl 00k BbIOOpa HIAT ans koH-
KpPETHOTO MPOU3BOACTBA MOXKET OBbITh MOABEPTHYT Je-
KOMITO3UIIMK Ha TpH 3Tama (puc. 6). IlepBorii stam: u3
MepeyHel TEXHOIOTUH, paH)KUPOBAHHBIX IO TEXHOJIOTU-
YECKUM, JKOJOTHYECKUM M SKOHOMHUYECKUM ITOKa3are-
J5IM, OTOMPAIOTCS TEXHOJOTHH, BXOJAIINE B MHOXKECTBO
OmxBopta-Ilapero, T.e. Takue aabTepHATUBHBIE TEXHO-
JIOTHHM, KaX/asg U3 KOTOPBIX MPEBOCXOAUT JIOOYIO ApY-
T'YIO [10 KAKOMY-TO U3 [TOKa3aTeleH.

ONTAMAnkLHOCTH  NOKa3aTenn nokag

MepeueHk TexHonorni, Mapeto
PaHKUPOBEHHEII NO

IKOHOMUYECKHM NOKa3aTenam

MepeueHs Texxonormit, | Otobpats TexHonoram,

PaH#MpOBaHHEIR No o Exonsume B MHoxecTEO
3KONOTHYECKAM 3nxeopra-Napero
nokasatenam

MepeueHs TeXHONOTHIA,
PaHXMpOBAHHEII N
TEXHONOTMYECKAM

ih Kputepun Texxonornueckie Jronornyeckne OKonornyeckine

Metoauka pacueta
ERET nokazareni (| AE

nokasatensm Crncok

BO3MOKHEIX lMposect 3KkcnepTHee
HOT NAPHEIE CPABHEHMA

NpOeKToR

apHEIe CPaBHEHUA
npoekToB

Mposectn

MHOTD HAT

aHanua

TexHonorn

Skonoru SKOHOMUCTEI

NODE: TITLE:

A15

Bb\ﬁpaTb TEXHONOMMK ANA KOHKPETHOIO NPON3BOACTEa

NUMBER:

Puc. 6. [Ilnarpamma ypoBHst Al5.
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Jli1s 0TOOpaHHBIX TEXHOJIOTHH MPOBOMSATCS MApHBIC
JKCIIEPTHBIE CPAaBHEHMS II0 TEXHOJIOTMYECKHM, JKOJIO-
THYECKUM M SKOHOMHUYECKUX KPUTEPHUSIM, UTO MOKA3aHO
BO BTOPOM (PyHKIIMOHANBHOM OJIoKe auarpammsl AlS.
3areM clieyeT Tall MHOTOKPUTEPUANILHOTO aHAIH3a, B
XOJ€ KOTOPOIO BBIYMCISIOTCS CTEHNEHH IIPUHAUIEKHO-
CTH HEYETKOT'O PEILEHHUs U B PE3YNIbTaTe AETAETCS BBIBOJ

0 MPEUMYILECTBE TOW WU HHOU TEXHOJIOTHH Iepe.l Apy-
rumu [10].

Wepapxuyeckas CTpyKTypa, KOTOpas OIMCHIBAeT
BCE€ DTallbl JIEKOMIIO3UILIMU TIpoliecca BbIOOpa HaMIyd-
IIel JJOCTYITHOW TEXHOJOTHH, MPEJCTaBIsET co00it Je-
peBo. Ha puc. 7 npuBesieHbI IEpBbIE YETHIPE YPOBHS Jie-
KOMITIO3HULIHH.

MEPESECTA XMMHHECIDE NPpONsBOACTE Ha HOT

Ompepenams
ABTEPHATBHBIE
TEXHONN
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Epyweea KceHnust HeopeeHa, actipanT kadenpsl HHPOPMAIMOHHBIX CHCTEM B XUMUYECKON TeXHOJOrHU MHCTHTYTA
TOHKUX XUMHYeCKHX TexHojoruid uM. M.B. JlomonocoBa ®I'BOY BO «MockoBckuii TexHOIOrHYeCKuit yHuBepeure (119571,

Poccus, Mockga, p-T Beprasackoro, 1. 86).

Konwvibanoe Kupwun FOpveeuu, 10KTOp TEXHMYECKHX Hayk, MPoQeccop Kadenpbl MHPOPMALMOHHBIX CHCTEM B XUMHYE-
cKoi TexHonoruu MHCTUTyTa TOHKHMX XUMudeckux TexHojorui um. M.B.JlomonocoBa ®I'6OY BO «MockoBckuii TexHomornue-
ckuit yausepcute» (119571, Poccust, Mocksa, np-t Beprajckoro, 1. 86).

Tuwaeea Hpuna POMAHOBHA, KaHIUIAT TEXHUYECKUX HAYK, CTAPIIMI MperonaBaTeib kKadeapbl BBICIICH 1 TPHKIIaI-
HOM Maremaruku MHcTHTyTa TOHKMX XUMudeckux TexHojoruii um. M.B. JlomonocoBa ®I'6OY BO «MockoBckuii TeXHOIOTHYE-
ckuit yausepcure» (119571, Poccust, Mocksa, np-t Bepnajckoro, 1. 86).
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IIpaBHAAQ OAsE aBTOpPOB — 2017

Hayuno-Texunueckuii xxypHas « TOHKHE XUMUYECKHE TEXHOJIOTUI» BBIXOIUT 6 pa3 B TOJ U MyOiIH-
KyeT OpUTMHaIbHbIE SKCIIEPUMEHTAIbHBIE U TEOPETHUECKHE pa0OThI B BUJIE MOJHBIX CTaTel, KPAaTKUX
COO0O0IIIeHNH, a TaKKe aBTOPCKUE 0030phI U MPOTHO3HO-aHATUTUYECKHUE CTAThU MO aKTyalbHBIM BO-
MpocaM XUMHYECKON TEXHOJIOTHUHN U CMEXHBIX HAayK, B TOM YHUCJIE TIO CIEIYIONINM pa3zesiaM:

* TeopeTnueckre OCHOBBI XUMHUECKOM TEXHOIOTHH

* X¥MUS U TEXHOJIOTUSI HEOPTAHUYECKUX MaTepPHaliOB

* X¥MUS U TEXHOJIOTUSI OPTaHUYECKUX BEIIECTB

* X¥MUS U TEXHOJIOTHUS JIEKAPCTBEHHBIX MPENapaTroB U OMOJOTHYECKU aKTUBHBIX COCTUHEHHIMA

* CuHTe3 ¥ nepepadoTKa MOJIMMEPOB U KOMIIO3UTOB HA UX OCHOBE

» Matemarudeckue METOIbI U HH(POPMALIMOHHBIE CUCTEMBI B XUMUYECKON TEXHOIOTUU

JKypHan BXOaUT B IepeueHb peLieH3UPyEeMbIX HayYHBIX H3JaHU, B KOTOPBIX JOJDKHBI OBITH OITyOIUKO-
BaHbl OCHOBHBIE HAyYHbIE PE3YIbTAThl IUCCEPTALNN Ha COMCKAHNE YUSHOHN CTEeNEeH! KaHI11aTa HayK,
Ha COHMCKAaHHE YUYEHOU CTeNneH! T0KTopa HayK.

Kypnan «ToHkne XMMHYECKHE TEXHOJOTHI» BKJIIOUEH B 0a3y NaHHBIX POCCUMCKHX HAayYHBIX
x)ypHaioB Russian Science Citation Index (RSCI), pasmemennyto Ha mutarpopme Web of Science,
pedepupyercs B MexayHaponHoi 6aze nanubix Chemical Abstracts, Bxogut B cuctemy Poccuiickoro
uHaekca HayuHoro rutupoBanus (PMHLI), BkitoueH B MeXIyHApOIHBIM KaTalor MEepUOTUIECKUX
n3naaui 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.

Pykomnuce cnemyeT npuciarh B peIakIMio B 3JIEKTPOHHOM BUJe: TeKCT B hopmare MS-Word Bme-
CTe ¢ pUCYHKaMHU U TabnuiiaMu, a Takxke pUcyHkH B (popmare tiff oTnensHbIMU daiinamu ¢ paspe-
menneM He MeHee 300 dpi. [loanucu k pucyHkam pa3memiaroTcs B PYKOMHUCH MO PUCYHKaMU U HE
nyOnupyroTes B (aiiie pucyHkKa.

Ecnu ctarbs nipescTaBisieTcsl Ha PyCCKOM SI3bIKE, TO K HEH ClieAyeT MPUIOKUTh OTAeNbHbIe (aii-
JIBl C PUCYHKaMU B aHIIIOsI3bIYHOM BapuaHnTe (dopmar tiff), a Takxe daiin ¢ moapucyHOYHBIMU MO/~
CSIMU M TaOIMUIIaMU (€CIM UMEIOTCS) Ha aHITIMICKOM $I3bIKE — /IJISl pa3MelIeHHs B TepeBoAHOM on-line
Bepcuu xkypHana Fine Chemical Technologies.

PexomenayemMbiii 00beM dKCniepuMeHTaIbHOM ctatbu — 10-15 cTpanun ¢popmara A4, o630pa —
30-35 crpanun ¢popmarta A4, HanedatanHbIX mpudTom 12 Times New Roman uepes 1.5 untepBana
(BMecTe ¢ TabauamMu M CIUCcKoM juteparypbl). Ctarbu OoJblero oo0beMa MPUHUMAIOTCS TOIBKO
MOCJIE MPEIBAPUTEIHLHOTO COTJIACOBAHMS C PEIaKIIUEH.

B penakuuio He0OX0AUMO TaKXe MPEICTaBUTh:

* PYKOIIUCh CTaThU, HAMIEYaTaHHYIO HAa OyMa)kKHOM HOCHUTEJNE, B 2-X SK3eMILUIIpax, OJUH U3 KOTO-
PBIX JOJKEH OBITh MOJMUCAH BCEMU aBTOPAMHU CTaTbhH;

* SKCIIEPTHOE 3aKIIOUECHHUE;

* COMPOBOIUTENILHOE MUCHbMO OT OPraHHU3aINH, B KOTOPOIl BBINIOJIHEHA paboTa;

* aBTOPBI MyOIuKaIuii u3 MOCKOBCKOTO TEXHOJIOTHYECKOTO YHUBEPCUTETA TOJIKHBI MPEICTABUTD
BBINIMCKY U3 MPOTOKOJIA 3aceqaHus Kadeapsl ¢ peKOMEHJauel K OmyOIMKOBaHUIO;

* 3aMIOJTHEHHBIN TOTOBOP O Tepeaye MpaBa Ha UCTOIb30BaHUE MPOU3BEACHHUS (JIBa OPUTHHAb-
HBIX IK3EMIUISIPA).

Texct HeoOxoauMo medaraTh Ha Oymare ¢opmata A4 ¢ OAHON CTOPOHBI, C MOTYTOPHBIM MEX-
CTpOYHBIM HHTEpBajoM. /[t ocHoBHOTO TekcTa mpudT 12 Times New Roman, mosst mo 2 cm co Bcex
CTOPOH. JIoKyMeHT J1o/eH ObITh MOATOTOBIIEH B IporpamMMe Microsoft Word u coxpanen B popmare
doc, docx unu rtf. Hymepanus crpanuil CKkBo3Hasl.
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[lepBas cTpaHuIa CTAaTbU TOJDKHA COJEpKaTh (BbIpaBHUBAHUE I10 JeBOMY Kpato, mpudt Times
New Roman)

* VIK (upudr 11);

* Ha3BaHUe cTaThbM (pUdT 14, MONYKUPHBIA, TPOMUCHBIMU OyKBaMH);

* HHUIMAJbI, paMuaun aBTopoB (pudt 14, nomykupHbIi);

* NOJIHOE HAUMEHOBAHUEe OpP2aHu3ayuu, TIe padoTaroT aBTopsl (pUdT 11, KypcuB), ¢ ykazaHuem
ropojia, OYTOBOTrO MHJAEKca U cTpaHbl. Ecnu opranusanuit 1se u 0osee, HEOOXOAMMO LU(GPOBBIMU
HA/ICTPOYHBIMU MHJIEKCAMH CBA3aTh HAa3BaHME YUPEXJEHUS M (paMuiIuu aBTOPOB, B HEM paboTaro-
LLUX;

* e-mail agmopa, Benyuero nepernucky (mpudt 10, kypcus) (YABrop asst nepenucku, e-mail);

* annomayuro (pudt 9, KypcHuB), KOTOpasi JOJKHA a/eKBATHO MPEACTABIATH COAEpIKaHUE U
pe3ynbTarsl ctatbu (06bemom ot 150 1o 250 cioB);

* kouesvie c1o6a (0T 5 10 8 CIOB WK COYETaHUI ), KOTOPBIE XapaKTEpPHU3YIOT CO/lepyKaHUe CTa-
ThH; KJIFOYEBBHIE CJIOBA MPUBOIATCS B UMEHHUTEIBHOM MaJIeXkKe U MeYaTaloTcsl CTPOYHBIMHU OyKBaMH,
yepes 3ansaTeie (pUPT 9, KypcuB).

3areM HE0OXOJMMO TOMECTUTh HA AHIVIMHCKOM sI3bIKe OJHIM O110KOM ((popMaTupoBaHUE TO Ke,
YTO U B PyCCKOM BapuaHTe):

* Ha3BaHUE CTaTbU;

* MHUIMAJIBI U (PaMUIMK aBTOPOB;

* Ha3BaHHUE OPraHM3ALUH C yKa3aHHEM ropojia, OYTOBOTO MHJIEKCA U CTPaHBbI;

* e-mail aBropa ast nepenucku (“Corresponding author e-mail).

* agHOTaIMIo0 (00beMoM ot 150 1o 250 cnos), (pudt 9, Arial, kypcus);

* kirodeBsbie cinoa (Keywords).

Jlanee cienyror pa3aeist:

BBenenue (3arooBok He o0s3aTelieH);

IKCNepUMEHTAIbHAS YaCTh;

Pe3yabTaThl W X o0cy:kaeHHe (IpU HEOOXOTUMOCTH JKCNEPHMEHTAJbHASA 4acTh MOXET
OBITH pa3MellleHa rocie paszaena Pesynasrarsl 1 ux o0CyxIeHue);

3akuouenue niv BeIBobI (B KOHIIE 9TOTO pa3/ielia yKa3bIBalOTCs UCTOYHUKY (PMHAHCUPOBAHUS
JTAaHHOM paloThI, B CKOOKAaxX — HOMepa IPaHTOB).

Cnucok JuTepaTypsbl IOMEIIAETCS B KOHIE CTaThH (C HOBOW CTPaHUIIbI) U 0(OPMIIETCS B CO-
OTBETCTBHMHU C HWKETIPUBEACHHBIMH TpeboBaHUAMU. LluTnpyemast tuteparypa HymMepyeTcs B HOPsiIKe
YIIOMMHAHUS B TEKCTE, MOPSAKOBBIH HOMEP CCHUIKM 3aKJIIOYAeTCsl B KBaJpaTHble CKOOKH. CHHCOK
JUTEPATYPHI 1OJKEH ObITH C(HOPMHUPOBAH BPYUHYIO, O€3 HCIIOIb30BaHUs QYHKIUU « CIIUCOKY.

B ccpuikax Ha HUTHPYEMYIO JIUTEPATYpy CIEAYeT yKa3bIBaTh AJIS KypHaia: paMUIUU U WHULIH-
aJibl BCEX aBTOPOB, 3ar0JIOBOK CTaThH, HA3BaHUE KypHalla, Iofl, TOM, HOMEp, CTPAHULbI OT U J0; JJIs
KHUTH: ()aMHJIUM aBTOPOB, MHUIIMAJIbBI, HA3BaHHE, MECTO M3/1aHus (TOpOA), Ha3BaHUE M3ATEIILCTRA,
roJi, 001Iee YUCIIO CTPAHUIL JINOO IIUTHPYEMbIE CTPAHHUIIBI OT U J10; HE PEKOMEHIYeTCs CChLIAThCs Ha
aBTOpedepaTsl U JUCCepPTALIUU.
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6888—6891.
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3. Bonnet R. Chemical Aspects of Photodynamic Therapy. Amsterdam: Gordon and Breach
Science Publ., 2000. 305 p.

4. Escrurneena PII., XKentyxuna I"A., 3apyouna T.B., He6onscun B.E., Hocux JI.H., Hocux
H.H. [IpousBoanbie reMuHa U ux GpapMareBTHUECKH IPUEMIIEMbIE COJIH, CIIOCO0 MOMyUYeHUs, IpUMe-

Toukue xumudeckue TexHoaroruu / Fine Chemical Technologies 2017 Tom 12 Ne 4 107



HeHue U papmanieBTHyYecKkas komno3unus: nar. 2238950 Poc. denepanms. Ne 2002111028/04; 3asB.
25.04.2002; omy©6u. 27.10.2004, Bron. Ne 35. 23 c.

[Tomumo nH(OpPMAIMK O TUTEPATYPHBIX UCTOYHUKAX CTAThH MO Ha3BaHWEM «CIIMCOK JIUTepary-
pb», hopmupyetcs 6ok «References» (cM. mpumep). s pasnena «References» Heo6xonumo npo-
nyonupoBath «CIIUCOK JIUTEPATYphD» C TOM e HyMepaluei, a CChIIKM Ha PYCCKOSI3bIYHbBIE CTaTbU
MIPEJCTaBUTh B CIEAYIOUIEM BHUJE: (aMUIUM U UHUIMAIIBI aBTOPOB JIATUHCKUM LIPU(TOM (TpaHCIu-
Tepalys), Ha3BaHHe CTaThU HAa aHIIMHCKOM sI3bIKE, TPAHCIUTEpAIMs Ha3BaHUsI POCCUHCKOTO KypHa-
Ja ¥ ero nepeBojl Ha aHIMHUCKUHU s13bIK, Tof, ToM (V. — volume), HOMep, cTpanuls! (P. — pages) ot
u no. Jlanee B ckoOkax ykasath (in Russ.). JIis kHuru: GpaMuianmu 1 MHAIUANIBI aBTOPOB JIATUHCKUM
mpudTOM (TpaHCIUTEpalys), Ha3BaHHE Ha aHIIIMICKOM sI3bIKE, Jajiee TOpoJ MO-aHIIIMHCKH, TPaHC-
JIUTepaIys HaMMEHOBaHUS U3AaTenbCcTBa ¢ JoOaBnenueM Publ. (Publisher).
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Ha otnenbHoili cTpaHuiie He0OX0IUMO yKa3aTh (PaMUIIHIO, UMsI, OTYECTBO, KOHTAKTHBIN Teae(doH
aBTOpPA, C KOTOPBIM CJIEIyeT BECTH NEPETOBOPHI IO BOMPOCY MyOIUKAIIHH.

JlommyckaeTcst apXUBUPOBATh TEKCTOBBIC JJOKYMEHTBI U PUCYHKH (rar, Zip).

[Tpu opopmieHnn pyKOIHCH PEKOMEHTYETCsl COOIONATD CIEAYIONINE TPeOOBaHUS:

- ABTOMAaTHUY€CKON PaCCTaHOBKOW MEPEHOCOB HE MOJIb30BaThCS;

- B KQUE€CTBE KaBbIUEK HUCIOJIb30BaTh CIECAYIOLINE «...»;

- 3HaK «—» (THpe) oTOWBaeTcs mpobOernamu, 3HAKU «MHHYC», «HHTEPBA» WU «XUMHYECKAs
CBSI3b» TIpOOETIaMu He OTOMBAIOTCS;

- B KQUE€CTBE 3HAKa YMHOXEHHUS HUCIOJIb30BATh TOJIBKO «X);

- B IECATUYHBIX JPOOSX MO TEKCTY, B PUCYHKAaX MCIIOIB30BATh TOUKY IS OTACIICHUS 110N YaCTH
ot apo6Hoii (0.25 Bmecto 0,25);

- B (hopMyIiax MCHOIB30BaTh OYKBbI JATHHCKOTO U TPEYECKOTO aja(aBUTOB;

- COKpAIIIEHUS SIMHHI] U3MEPEHHSI TTUIIYTCS TOJILKO pycCKuMU OykBamu (MKM, HO He UM; HM,
HO HE nm);

- IpU BBIOOPE €AMHHMII U3MEPEHUST PEKOMEHIYEeTCsI PUACPKUBATHCS MexTyHAPOTHON CHCTEMBI
enqnnuni CU;

- UCTIOJIb3yeMbI€ B CTaThe COKPAIICHUS CIIEAYeT pacin(poBbIBaTh MPHU MEPBOM YIIOMUHAHUU B
TEKCTE (32 UCKITIOUEHUEM OOIIETIPHHATHIX COKPAILICHHH);

- He JI0IyCKaeTcs TyOnupoBaHue JaHHBIX B TEKCTE, TAOIHIIAX ¥ PUCYHKAX.
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NmocTpauun (pucyHKH, rpaduku) pa3MenialoTcs B TEKCTE PYKOIUCH, a TAKXKe MPUBOAATCS
otaenbHbIME (ainamu B popmare tiff, ¢ pazpemenuem ne menee 300 dpi, mpu HEOOXOTUMOCTH — B
3aapXUBUPOBAaHHOM BHe. M daiina qomKHO comepxarh (paMuinio mepBoro aBTopa JaTHHHUIEH U
HOMEp PHUCYHKA, KOTOPBIA JOJDKEH COBIAJaTh C HOMEPOM PHCYHKa Mo TekcTy (Hampumep, Author
Ris_2.tif). Kaxnprii aitn qomken coaepkarb OIUH PUCYHOK.

JlomyckaroTesi IIBETHBIE M300PaXKEHHUsI, KOTOPBIe OyIyT AOCTYIHBI JJIsi IPOCMOTPA B AIIEKTPOH-
HBIX BEPCHUSX CTAaTeH, pa3MeIIaeMbIX Ha caiTax KypHaua u e-library.ru. [Ipu He0OX0AMMOCTH HCTIONB-
30BaHMs BEKTOPHBIX PUCYHKOB, OHH JOJDKHBI MPEIOCTABIATHCA B (pOopMaTe MpOrpaMMBbl, B KOTOPOU
BoinosiHeHbl: Adobe Illustrator B ¢popmare eps mim ai. JlomyckaeTcsi TakKe CO3IaHHe U MPECTaBIe-
HUe rpaduKoB MpU MOMOIIN TabaMuHBIX mporeccopoB «Excel». HacrosrensHo He pekoMeHyeTcs
noJb30BaThest mporpammaMu Microsoft Graph, Microsoft Draw (moctaBnsiercst ¢ Microsoft Word),
PaintBrush n3 Windows i Paint uz Windows 95.

Pucynku u ¢pororpadpuu 10/mKHB UMETH KOHTPACTHOE M300pakeHne. Pazmep pucyHka mo mm-
pHUHE J0JKeH ObITh He Oosee 75 MM (TIpH pa3MEIIEHUU B OAHOH KOJOHKE), 00 He Oonee 150 mm
(Ipu pa3MeUIeHNH 10 MIMPUHE CTPAHMIIBI); OH JOJDKEH OBITh MPEACTABICH B BUJE, PUTOJHOM IS
HETOCPEICTBEHHOTO BOCTIPOU3BEICHHS. PUCYHKH MOTYT BKJIIOYATh KpaTKuE HU(POBbIC WM OyKBEH-
Hble 0003HaueHMs (HyMEpYIOTCsl CeBa HAllpaBO WJIM IO YacCOBOM CTpelke), HaOpaHHBIE COOTBET-
CTBYIOIIIUM OCTalIbHOMY TeKcTy mpudrom (pazmep He MeHee 9 u ve 6onee 11). [Ipu HeoOxoamMoOCTH
pacmugpoBKU AeTajeil Ha caMOM PHCYHKE JTaeTCs MX HyMepalus, BCe MOSICHEHUS, OTHOCSIIHECS
K JIETAJISIM, TIOMEUIAI0TCS 110l PUCYHKOM, B MOJAPUCYHOYHON moAmnucu. Bee puCyHKH JOKHBI OBITH
MIPOHYMEPOBAHBI, B TEKCTE 00s13aTEIHHO JTOJDKHA OBITh CCHUIKA HA PUCYHOK.

@opMyabl HAOUPAKOTCS B CTAHIAPTHOM penakrope st Word, B penakrope Gopmyn Microsoft
Equation 3.0. Mcnons30Banne Apyrux mporpaMm J0JKHO ObITh MPEIBAPUTEIHHO COITIACOBAHO C pe-
nakiuen. PazMepbl B MaTeMaTn4ecKoM peiakTope: oObIYHbIN cuMBoIT 10 NT, KpYIHBINA HHACKC § T,
MEJIKHI UHJEKC 6 NT, KpymHbIH cumBoia 12 nt, menkuit 8 nt. Ilpu 3TOM HY)XHO yYWUTBIBaTh, YTOOBI
mupuHa (GOpMyITbl He mpeBbimaia 7 cM. Eciin B TeKCTe UCoNb3yeTcss HECKOJIBKO (OpMyll, TO OHU
JIOJDKHBI OBITH MTOCIIEIOBATEIBHO IPOHYMEPOBAHHI.

CrpykTypHble XUMU4YecKkHe GOpMYJIbl H CXeMbl peaKMii JOIKHBI OBITH PAaCHOJIOKEHBI B
TEKCTE CTaThH M BBINOJIHEHHI B porpamme ChemWindow. Pexomenyercst coOmonaTh ciieayromnme
napameTpsl: anuHa cBsa3u 14.4 ot (0.508 cm), Tonmuna muauit 0.6 ot (0.021 cm), B hopmynax uc-
nonb3oBath mpudt Arial unu Helvetica, 9 nt. Xumuyeckue coelMHEHHS B CXeMaX HyMEpYIOTCsI 10-
JTyXUPHBIMH apabckumu nudpamu 6e3 ckobok (Arial Bold 9 nT); B TeKCTe Mpu MOJHOM Ha3BaHHUH
COEIMHEHUS €T0 HOMEP JAeTCs B CKOOKAaxX, B OCTANBHBIX CIIy4asx — 0€3 HUX, HO C 003aTeIbHBIM CO-
MIPOBOXK/ICHUEM TIOSICHSIIOILIUM CIIOBOM (HAIpUMep, «BBIICISUIN KUCIOTY SB»). Pazmepsl cxembl win
(hopMyJIBI TIO IIIMPUHE JOJDKHBI OBITH HE Ooyiee 75 MM (IIpH pa3MeNIeHud B OJHOW KOJOHKE), THO0
He 6onee 150 MM (IpH pa3MEIIEHUH O MIUPUHE CTPAHUIIB); (POPMYIIBI U CXEMbI PEaKLUi JOIDKHBI
OBITH MPECTABICHBI B BUJIE, IPUTOAHOM I HEMIOCPEICTBEHHOTO Bocipon3BeieHust. Homep cxembl
U, ecin TpeOyeTcs, MOSICHSAIOLIYI0 HAIMHUCh CIeIyeT pacrojararh 1moj cxeMou (He Ha moie cxembl!)
10 LUEHTPY U OTAEIIATH OT IMOCIIEIYIOIIET0 TEKCTA OAHOM IyCTOM CTPOKOM.

Tadauubl JODKHBI IMETh 3ar0JI0BKH M OPSAKOBBIE HOMEPa, Ha KOTOPHIE JAI0TCS CCHUIKH B TEK-
cte. B Tabnmuiipl BKIFOYAOTCS TOJIBKO HEoOXonumble dpoBbie qanHble. He qomyckaeTcst HCromib30-
BaHME B TAaOIMIAx, He 0OCY)XKJaeMbIX B TeKcTe NaHHbIX. [lluprHa Tabmumpsl qomkHa OBITH HE Oonee
75 MM (Tipu pa3MeIeHUH B OIHOM KOJIOHKE), 1100 He Oosiee 160 MM (ipu pa3MenieHUH Mo MIUPUHE
cTpanuibl). Heo6xoammo cTporo ciieinTh 3a BHIpaBHUBAaHHEM TOPU30HTAIBHBIX CTPOK M BEPTUKAIIb-
HBIX CTOJIOLIOB B TaOJHIIE.

Bce crarbu, OCTYNUBIINME B PENAKLIUIO, IPOXOIAT HKCIIEPTU3Y YICHOB PEIKOJIJIETHN M HAIIPAB-
JSIFOTCS Ha pelieH3upoBaHue. BrIOOp pelieH3eHTa sBIIsSeTCs IpeporaTuBoi penakiuu (pamunmuu pe-
LIEH3EHTOB aBTOpaM He coolratorest). CTaTby, IPUHATHIC K MyOIUKAIUH, TIIATEILHO PEAAKTUPYIOT-
csi. HeGomnpime ucnpaBieHus] CTHIMCTUYECKOTO, HOMEHKIIATYpHOTO WK (hOpMabHOTO Xapakrepa
BHOCSITCS B CTaThiO 0€3 cortacoBaHus ¢ aBTopamMu. Eciiu B pe3yabraTe perieH3upoBaHus WK pPeaak-
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TUPOBAaHUSI HEOOXOAUMBI O0JIee Cepbe3HbIe UCIIPABICHUS, CTAaThs OTCHUIAETCS aBTOPaM Ha JO0pPa0OTKY.
ABTOpaM clielyeT BHECTH B TEKCT BCE HEOOXOAMMBIE C UX TOYKH 3PEHUS UCIIPABJICHHUS, a TAKXKe Ipo-
KOMMEHTHPOBATh BCE 3aMEUaHMsI B OTBETHOM IMHUChME B peiakiiuio. JlopaboTanHast pyKOIHCh T0JIKHA
OBITH BO3BpAIllEHA B PEAAKIIMIO B MAKCUMaJIbHO KOPOTKHIA Cpok (He Oonee 10 pabounx qHeil) BMecTe
C MPEeABIAYLIUM BApUAHTOM CTaTbU U 3JIEKTPOHHOM BEpCUEN OKOHUATEIBHOIO BapHaHTa.

HpeIlCTaBJ'ICHI/IC CTaTbu AJA Hy6JII/IKaI_[I/II/I moApasyMeBaACT COTTIACHUEC aBTOPOB C HACTOALIUMU IIpa-
BHJIaMU.

Anpec penaknun: 119571, Mocksa, np. Bepnaackoro, a. 86, og. JI-119
Teua.: +7(495)246-05-55 (#2-88)

E-mail: vestnik@mitht.ru

3as. penakuueii: Cepenuna I'anuna JImurpueBHa

Caiir xxypHnaia: http://finechemtech.mirea.ru

Kypnais B po3HHYHYIO Npojaxy He nocrtynaeT. OH pacnpocTpaHsercs Ha Tepputopun Poccnii-
ckoit ®enepanuu u crpan CHI' mo O6wvenunennomy karasnory «lIpecca Poccum», unnexc 36924.
[Moanucka Ha KypHasl IPUHUMAETCS B JIFOOOM ITOYTOBOM OTAETICHHH.
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