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STRUCTURAL DYNAMICS OF FREE MOLECULES AND CONDENSED MATTER.
Part I. THEORY AND EXPERIMENTAL TECHNIQUE
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To understand the dynamic features of molecular systems with a complex landscape of potential
energy surfaces, it is necessary to study them in the associated 4D space-time continuum. The
introduction of time in the diffraction methods and the development of coherent principles of the
research process opened up new approaches for the study of the dynamics of wave packets,
intermediates and transient states of the chemical reactions, short-lived compounds in the gaseous
and condensed media. Time-resolved electron diffraction, the new method for the structural dynamic
studies of free molecules, clusters and condensed matter, differs from the traditional method of
electron diffraction both in the experimental part and in the theoretical approaches used in the
interpretation of diffraction data. Here there is particularly pronounced the need of a corresponding
theoretical basis for the processing of the electron diffraction data and the results of spectral
investigations of the coherent dynamics in the field of intense ultrashort laser radiation. Such
unified and integrated approach can be formulated using the adiabatic potential energy surfaces
of the ground and excited states of the systems under study. The combination of state-of-the-art
optical techniques and electron diffraction methods based on different physical phenomena, but
complementing each other, opens up new possibilities of the structural studies at time sequences
of ultrashort duration. It provides the required integration of the triad, "structure — dynamics —
functions" in chemistry, biology and materials science.

Keywords: structural dynamics, transient structures, transition state for chemical reaction, molecular
quantum state tomography, time-resolved electron diffraction, wave packets, coherent nuclear dynamics.
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Lns noHumaHust ocoberHHocmeil OUHAMUKU MONEKYJSIPHBLX CUCTEM CO CLOIKHBIM JAHOULAPMOM
nogepxHoCmu NOMeHUUANIbHOU SHepaul, Heobxo0umo ucciedosams Ux 8 uemulpexmepHom npo-
CMPAHCMBEHHO-8PEMEHHOM KOHMUHYYyme. BeedeHue spemeHu 8 OuppaKyuoHHble memoosl U pas-
sumuUe Ko2epeHmHbLX NPUHYUNO8 NPOUEecca UCCe008aHUSL OMKpbleaom Hogble nooxodbl K U3Y-
UYeHUIO OUHAMUKU BOJIHOBLLX NAKEMO8, NPOMEIKYMOUHBLX U NePexXOOHbLX COCTMOSTHULL XUMUUECKUX
peaxyuli, KOpoMmrKoIKUBYUUX COeOUHEHUIl 8 2a3080U U KOHOEHCUpPO8aHHOU cpedax. [ugparyus
971IeKMPOHO8 C BPEMEHHBIM Pa3peUleHUeM, HOBbLU MEmMO0 CMPYKMYPHBLLX OUHAMUUECKUX UCCNe00-
8aHUTL c80O00HBLX MONEKYJL, KACMEPO8 U KOHOEHCUPOBAHHbLLX Cped, Omauuaemcst om mpaouyuoH-
HO020 Memooa OUPPaKyUUL INeKMPOHO8 KAK N0 IKCNEepuUMeHmMa bHoMYy obopydosaHuio, maxk u me-
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opemuueckKumu no0xXo0amu, UCNOAbIYeMbIMU NPU UHMepnpemayuu OUPpPaKyUOHHbLX OaHHbLX. B
Memooax ¢ pemeHHbiM paspeuleHuem 0COOeHHO 8blparkeHa Heobxooumocms coomaememayrouieti
meopemuueckoil 0CHO8bL 015t 06pabomru OaHHbIX OUPPAKYUUU 27IeKMPOHO8 U pe3ylbmamoa cnek-
MPAbHBbIX UCCIE008AHUTL KO2EPeHMHOU OUHAMUKU C UCNOb308AHUEM UHMEHCUBHO20 Yabmpa-
KOPOMK020 N1a3epH0o20 uznyueHus. Tarxoll eOuHbLl U KOMNIEKCHBLIL NO0X00 MOIAHO CHOPMYAUPO-
8amb, UCNOBL3YSL NOHMUEe aduabamuueckoli N08epxXHOCMU NOMEHYUUATLHOU IHEepaUU OCHOBHO20 U
8036YrK0eHHbLX cocmosiHUllL uccnedyemuix cucmem. Couemanue camoblx COBPEeMEHHbBLX ONMUUECKUX
mexHo02ull U Memooo8 OUPPaAKUUUL INEKMPOHO8, OCHOBAHHBIX HA PA3UUHBIX PUSUUECKUX si8/le-
HUSLX, OONONHSIOWUX OpYye Opyaa, omikpbleaem HO8ble 803MOIHOCMU CMPYKMYPHBIX UCCIe008a-
HUTL ¢ UCNONIL308AHUEM UMNYJIbCHBLX nociedogameibHocmell YabmpaKopomroil OaumeibHoCmu.
Taroe couemarue obecheuugaem HeobXo0UMYIO UHMEZPAUUID MPUAdbL «cMPYKMYypa — OUHAMUKA
— ceolicmsor 8 xumuu, 6UoI02UU U MAMEPUATO8e0eHUU.

Knroueevle cnoea: cmpykmypHasi OUHAMUKA, NPOMENYMOUHblLe CMPYKMYpPbl, NepexooHoe CoOCMOosi-
HUe XUMUUECKUX PeaKryuli, momoepachust K8AHMO8020 COCMOSIHUSL MONEKY, INeKMPOHOZPAUsL C 8pe-

MEHHbIM paspeweHuem, 80/1HO8ble narxKemol, Ko2epeHImHast fldepHCUl OUHAMUKAL
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Introduction

In the beginning of 1980’s, the diffraction paradigm
was formulated: implementing electron diffraction
with time resolution adds a temporal coordinate to the
determination of molecular structures [1-4]. Time-
resolved electron diffraction (TRED) rested on the
concept of flash photolysis originally proposed by Norrish
and Porter in 1949 [5]. Advances in the generation of

X-ray pulses have made possible the closely related
time-resolved X-ray diffraction (TRXD) [6]. In both
methods, short laser pulses create the transient structures
and induce chemical dynamics that are subsequently
imaged by diffraction at specific time interval.

TRED and TRXD as methods for structural and
dynamic studies of fundamental properties differ from
traditional diffraction methods in both the experimental
implementation and in the theoretical approaches used
to interpret the diffraction data [7-9]. The transition to
the picosecond and femtosecond temporal scales raises
numerous important issues related to the physical essence
of the dynamic parameters of the systems studied by
analyzing time-dependent scattering intensities. There
is a particularly pronounced need of corresponding
theoretical basis for the processing of the diffraction data
and the results of spectral investigations of the coherent
dynamics of non-equilibrium molecular ensembles in the
field of intense ultrashort laser radiation. Such a unified
and integrated approach can be formulated using the
adiabatic potential energy surfaces (APES) of the ground
and excited states of the molecular systems under study
[10, 11].

To understand the dynamic features of molecular
systems within the complex landscapes of APES it is
necessary to explore them in the associated 4D space-
time continuum. The introduction of time in diffraction
methods and the development of foundational principles
of their analysis opens up new methodologies to study
transient structures of the reaction centers and short-
lived intermediate compounds in gaseous and condensed
media.

The use of pico- or femtosecond bunches of electrons
as probes synchronized with the pulses of the exciting
ultrashortlaserradiation led to the developmentofultrafast
electron crystallography and nanocrystallographic
techniques [12], of dynamic transmission electron
microscopy [13—17] and of molecular quantum state
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tomography [18]. One of the promising applications
developed by the electron diffraction methods is their
use for the characterization and the “visualization”
of processes occurring in the photo-excitation of free
molecules and biological objects for the analysis of
surfaces, thin films, and nanostructures (see the recent
review articles [19-29]. The combination of state-of-
the-art optical techniques and diffraction methods using
different physical phenomena but complementing each
other opens up new possibilities for structural research
at ultrashort time sequences. It provides the required
integration of the triad “Structure-Dynamics-Function”
in chemistry, biology, and materials science [15, 16, 23].

1. THEORY AND DATA ANALYSIS
IN TIME-RESOLVED ELECTRON
DIFFRACTION

1.1. Basic assumptions and approximations

A plane wave electron that is elastically scattered
by an atom emerges as a spherical wave [30] given by:

B(R9) = 2R) (o) (1)

where R is the distance between the scattering center and
the detector plane, and the absolute value of the wave

vector k is given by k = |k| = i—n with A the wavelength

of the electron. For an isolated atom, the atomic electron
scattering amplitude f{(9) determines the amplitude of
the electron beam scattered into the angle $ (Fig. 1).
As the electron traverses the atom, it experiences a
phase delay making the scattering factor complex [30].
While for scattering from a single atom this phase shift
is inconsequential, scattering from multiple atoms may
entail different phase shifts from each individual atom.

The amplitude of the wave scattered by atom i
within a molecule is written as [30]:

exp(iKk(R -1;))

\Pi(R"g) = |R—r-|
i

explik,z;)/;(9) )

where z, is the projection of the atomic position vector r,
onto the Z-axis (Fig. 1), and R is the scattering distance.
Since R is a macroscopic parameter (i.e., r; << R), eqn.
(2) can be expressed as:

¥,(R9) = %exrﬁ(ko —k )i )/3(9): 3)

Fig. 1. Definition of scattering coordinates used for the derivation of the intensity equations in electron diffraction.
0 is the scattering angle, and ¢, the azimuthal angle in the detector plane; k; and k_ are the wave vectors
of the incident and scattered electrons, respectively; s is the momentum transfer vector; r is the internuclear distance
vector between the nuclei of atoms 7 and j, which are positioned at r, and r, respectively; a and B give
the orientation of the molecular framework with respect to the XYZ laboratory frame.

where k and k_are the wave vectors of the incident and
scattered electrons, respectively, and |k0| = |ks| for elastic
scattering. Introducing the momentum transfer vector s with

a magnitude of Js| =k, —k|= %sin(S/ 2), and invoking

the superposition principle, one obtains the amplitude of
the electron wave scattered by the molecular system of
N atoms as:

N - N
Y= g‘l’i = %}‘R)g{fi(s)exp(isri). 4

The intensity of the scattered electrons can be expressed
in terms of the electron current density j [11]:

j(s)= (W vw —wv ) ®)
4imm

e
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where e and m_ are the electron charge and mass, V the
gradient operator, and W* the complex conjugate wave
function V¥, eqn. 4.

Using Eqns. (4) and (5) one obtains for the intensity:

I(S): Iu(jsa/j()): I, Re.LZN:Ti*V\Pi _\P,‘\I]i* =

o i=1

(s)expl-isr, )J = 6)
Celsly )

N

LR 3 Jealan)3

j=1

E[3100 e re 3500

i#j=1

In equation 6, /, is the intensity of the incident

electron beam, j, = ehk, and j are the current densities
e

for the incident and the scattered electrons, respectively.

Re denotes the real part of the function. Higher order

terms corresponding to multiple scattering are neglected

for the current purpose.

Equation (6) is often written as 1(s)= 7, (s)+ 7,0 (s)
where the first term is ascribed to the incoherent
“atomic scattering”, because it does not depend on the
internuclear distances. The second term, which does
depend on the internuclear distances, is ascribed to the
coherent “molecular scattering”. For each pair of atoms
(7, ) separated by the instantaneous internuclear distance,
r;=r;—r; eqn. (6) yields the molecular intensity
function:

Imol(s)—R” Re Z |fl |fj Xexp(lAnl]( ))exp(zsr )(7)

i#j=1

z,,,o,<s,t)=<<zmaz< Dis),, =

l;tjl

T27

l;tj—

In eqn. 8a,< > denotes the vibrational and spatial
(orientational) averaging over the scattering ensemble,
Vlb(r ,t) and P (r o, B t) are the vibrational and spatial
p.d.f, respectwely, and o and BU are the angles of the
spherical polar coordinate system (Fig. 1) that define the

Imol(sﬂt):

The time-dependent p.d.f., Psp(OLUBlJ t) and

P (r; ,t) in eqn. 8a, determine the molecular intensity
funct1on I_ (s,t) at each point in time, t. The former
describes the evolution of the spatial distribution in
the system under investigation. The vibrational p.d.f.

describes the evolution of structure in the ensemble of

where Anij(s) is the difference in the phase shifts
incurred by the electrons while scattering from atoms i
and j, respectively [31].

Inherent in eqn. 7 is an approximation known as the
Independent Atom Model (IAM), which assumes that
the electronic wave function of each atom in a molecule
is just that of the isolated atom [30]. This implies that
the effects of chemical bonding on the electron density
distribution of the atoms are ignored. Within the IAM
approximation, the molecular surrounding of an atom
does not affect its scattering, so that tabulated atomic
scattering factors can be used for each atom in a molecule.

Assuming single scattering processes for fast
electrons (> 10 keV) with short (attosecond) coherence
time, the electrons encounter molecules that are
essentially "frozen" in their rotational and vibrational
states. Thus, the latter can be accounted for by using
probability density functions (p.d.f.) that characterize the
ensemble under investigation.

1.2. Time-dependent molecular diffraction
intensity

If the molecular systems investigated are not at
equilibrium, as is the case in studies of laser-excited
molecules, a time-dependent p.d.f. must be used to
describe the structural evolution of the system. In
addition, rotational and vibrational motions can be
separated adiabatically, since the latter involves much
faster processes.

In TRED the time-dependent molecular intensities
can then be represented by averaging eqn. 7 with the p.d.f.
that represents the spatial and vibrational distributions of
the scattering ensemble [32, 33]:

Z /(s lf ; XRe(exp(lAny( ))<<exp(zsr )>Vib>spJ:
(8a)
)“fj lRe[eXP(’Any( ))l (rij,t)g g Py ( i Byjs )exP(zsr )sm( U)dBUda dr; ]

orientation of the internuclear distance vector r, in the
scattering coordinate frame.

For spatially isotropic, randomly oriented molecules,
Psp(aij,Bij) = 1/4m, and eqn. 8a simplifies to the following
expression for the time-dependent molecular intensity
function:

N
1—02. Z 1|ﬁ(s]‘fj(s100s(An,~j(s))j'Pv (ry,t s1n(sr ) ST ]d (8b)
i#j=

laser-excited species. In what follows, we concentrate
on internuclear dynamics that evolves on a time-scale
much shorter than the orientational effects, such
as the rotational recurrence [11]. Therefore, only
the time-independent spatial p.d.f, Psp(aij’Bij)’ will
be considered in the current analysis. For spatially
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anisotropic ensembles the theory will be presented
in Section 3. For the particular case of a molecular

N *

Imol(s)oc Rei;;_{i (s)fj (s)<sin(srl~j )/srij>vib_mt
where dFy (rl-j) is the probability distribution function at
the vibrational temperature 7, and dFy (”zj)= Pr (r,-j )dr,-j .

As in the time-independent case, the method of
averaging in eqns. 8a,b may be defined freely, so long
as certain conditions of convergence and normalization
are fulfilled. The modified molecular intensity function
sM(s,t) can be calculated as:

SM(SJ):Slmol(sat)/lat(s)’ (10)

where [ (s) is the atomic background [31] considered
here to be time-independent.

We now consider more generally the intensities
of electrons scattered by a molecular ensemble after
excitation by a short laser pulse. Let us assume that

ensemble at thermal equilibrium, eqn. 8b can be
written in the form first derived by Debye [34]:

- _ﬁ_lwsx\f,-(sxcos(nxs)—n,-<s>)J[sin(sr,j)/sr,y]dFT(@) ©)

the laser field produces a wave packet [35] of highly
vibrationally excited states that propagates on the
potential energy surface of the excited electronic state
of the molecule. The time-dependent function “¥(r?)
of the wave packet can be expanded in terms of the
orthonormal basis functions ¢ (r) in the following way
(see, for example, [36]):

¥(r,t)= fcn% exp(—2miE,t/h) (11)
n=0

where n is the quantum number identifying the state
with energy E , C is the amplitude, and the ¢ (r) are a
complete set of arbitrary analytic functions.

The modified molecular intensity for randomly
oriented species can then be represented by [37]:

M (5,6)= g(s)[ ¥ (¥ foin(sr) i = 25) 3 CuCorexpl—2miAE, /) oy (o ( fsin(sr ) (12)

n,m=0

where AE,,=E, —E,, and g(s) is the reduced atomic
scattering factors [31].

Therefore, the radial distribution function obtained
from a time resolved electron diffraction (TRED)
experiment, i.e., the Fourier transform F(rf) of the
modified molecular intensity sM(s,t), also depends
explicitly on both the internuclear distances and the
time. Thus, it contains direct information on the time-
evolution of the molecular structure through:

F(r,t) = \/%ISM(s,t)exp(isr)ds (13)

Applying the general form of the molecular
intensities, eqn. (8b), to the one-dimensional case, it is
possible to write:

sM (s,2) = g(s)[ P(r,t)[sin(sr)/r]dr (14)
where P(r,t)= ‘I‘*(r,t)‘{’(r,t) and, consequently:
F(r,t)oc P(r,t)/r (15)

Thus, eqns. 12—15 show that in TRED, the modified
molecular intensities of scattered electrons depend
explicitly on both the time-evolution of internuclear
distances and the energy distribution. Averaging the
molecular intensity function sM(s,f) over an electron
pulse profile function /(s; ¢) yields the TRED

diffraction intensities sM(s; ¢,) parametrically dependent
on the delay time z, between the pump laser pulse and the
electron probe pulse of duration t:

t+1

(sM(s;tq)), = [To(t'3t4 )sM (s, )dt’ (16)

t

In this way data refinement involves minimization
of the functional:

m

> [(SiM(Si;td ))t,exp — R(s;M (531 ))T,theo]z , (17)

i=1

where m is the number of data points, and R the index of
resolution.

The solution of the inverse diffraction problem
is a characteristically ill-posed problem [38], and it is
described for TRED data refinement in the monograph
[7] (Chapter 4, Section 3). For now we will illustrate
the effect of molecular excitation on electron diffraction
patterns using some specific examples.

2. ILLUSTRATION OF THE DIFFRACTION
SIGNATURES OF EXCITED MOLECULES

The separation of conventional, gas phase electron
diffraction signatures into an incoherent ‘atomic’
scattering term and a coherent ‘molecular’ scattering
term, [ (s) = [ . (s) + I (s), is a mathematical
construct that aids the extraction of the oscillations
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due to the molecular structure from the overall
electron diffraction signal that decays rapidly with
increasing momentum transfer. But it would, of
course, not be correct to understand the scattering
from a molecule as comprised of distinct and additive
atomic and molecular intensity terms. Rather, the
diffraction signal represents the Fourier transform of
the molecular structure, as defined by the complete
molecular probability density function including
its electronic, vibrational and rotational parts.
The small modulation depth of observed electron
diffraction signals of gas phase samples stems from
the orientational averaging over isotropic molecular
ensembles and from the Gaussian-like distributions
of internuclear separations in most thermal samples.

1% (qo)l? (A7)

45

30

Itis then interesting and instructive to consider the
diffraction patterns that would result from molecules
excited to specific, well-defined quantum states.
Such patterns, for CS, molecules elevated to certain
vibrational states, have been calculated by Ryu,
Weber and Stratt [39]. Fig. 2 shows the vibrational
probability density distribution in the laboratory
frame, when the molecule is excited to a state with
nine quanta of bending vibration. The motions of
the carbon atom and the sulfur atoms are manifested
in the oscillations of the wave function. Since the
mass of sulfur is much larger than that of carbon, the
displacement of the latter greatly exceeds those of the
former: the carbon atom essentially swings between
the almost-stationary sulfur atoms.

Fig. 2. The probability density distribution [¥(q,)|* of the vibrational motions when 9 quanta of vibrational
energy are in the bending mode (q,) of the CS, molecule (zero vibrational angular momentum).
For this illustration, the amplitudes of vibrations in the other three normal modes are not shown. From ref. [39].

Vibrational excitation of a molecule to a state such as
the one shown in Fig. 2 imparts additional modulations in the
diffraction pattern, which Ryu [et al.] [39] have calculated.

§
¢ - beam E
—_—

e - beam f
_— .

e” - beam

|
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For molecules that are clamped at specific orientations with
respect to the incoming electron beam and the outgoing
scattered beam, Fig. 3 shows the resulting diffraction patterns.
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Fig. 3. For CS, molecules clamped at specific orientations, different diffraction patterns result from different vibrational
excitations. Plotted at the right are the molecular components of the diffraction patterns, for the molecule in the vibrational
ground state, and for molecules excited by four quanta of symmetric stretch (s.s.), antisymmetric stretch (a.s.)
and the bending vibration. From ref. [39].
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Note in Fig. 3 that when the CS, molecules are
aligned perpendicular to the direction of observation,
X, and the electron beam, Z, the molecular part of the
diffraction signature is almost featureless: the wavelets
originating at each of the atoms are (almost) always in
phase (middle frame, black curve, which is underneath
the pink one). When the molecule is excited to either the
symmetric or the antisymmetric stretch vibration, there
is no change: all those traces are on top of each other.
However, when the bend vibration is excited (blue dotted
trace), the molecular probability density function picks
up an out-of-plane oscillatory structure that gives rise to
a slight modulation in the diffraction pattern.

For scattering of electrons into the X-direction
from X-aligned CS, molecules (top frame), the electron
diffraction signal is more sensitive to the molecular
structure, as seen by the rapidly oscillating (black) trace

L AAAARARAAL L

PPN NN Ty T ——
h T—

ALARARRAS &

Spro|

20 40 60
Seattering direction , «

NN

of the ground state molecule. Excitation of either the
symmetric stretch or the antisymmetric stretch vibrations
causes additional oscillations that are easily observed in
the diffraction trace. In this geometry, the excitation of
out-of-plane motions in the bend vibration does not, however,
lead to additional oscillations, so that the diffraction traces
of so excited molecules closely resemble that of the ground
state molecule. For molecules aligned with the incoming
electron beam (bottom), it is again the out-of-plane vibration
that is captured in the diffraction trace.

These concepts can be readily extended to the
diffraction signatures of larger vibrating polyatomic
molecules. In the papers [40—42] it have been calculated
the patterns expected when the cyclic, 6-atomic aromatic
ring molecule s-tetrazine (C,H,N,) is excited to specific
vibrations in its electronically excited state S,. Fig. 4
illustrates the richly structured nature of the diffraction

Fig. 4. Diffraction signal expected for s-tetrazine clamped in specific geometries with respect to the incoming
and the outgoing electron beams. The images show the diffraction signals for molecules in their ground vibrational
states, for molecules with the aromatic plane perpendicular to the electron beam (top) and with the electron beam

parallel to the aromatic plane (bottom). Plotted are the diffraction signals as a function of momentum transfer, S o

0j°

and the angle of rotation about the electron beam axis, a. From ref. [40].

signal that would be obtained when the molecules were
clamped at specific orientations with respect to the
incoming and the outgoing beams.

Even in the polyatomic s-tetrazine molecule,
vibrational excitation leads to additional structure in
the diffraction patterns, because the vibrational p.d.f
modulates the molecular structure. Importantly, this
modulation still manifests itself when isotropically
distributed molecules in the gas phase are investigated:
excitation with a linearly polarized laser beam induces
a sufficient anisotropy to make the observation of the
vibrational modes possible. Fig. 5 illustrates this on a
variety of vibrational motions in the excited S1 electronic
state of s-tetrazine. Noteworthy is that again, the out-of-

plane bending vibrations (mode 16a) have qualitatively
different diffraction signatures than the in-plane stretch
vibrations (modes 1 and 6a).

3. PHOTODISSOCIATION DYNAMICS
OF SPATIALLY ALIGNED MOLECULES
BY TIME-RESOLVED ELECTRON
DIFFRACTION

Because of the chaotic orientation of molecules in
the gas phase, unlike X-ray diffraction by a crystal, the
electron diffraction technique in the absence of additional
information (e.g., about equilibrium configuration
symmetry of the study system, equivalence of certain
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Fig. 5. Diffraction patterns (difference between excited state patterns and the ground state patterns) of s-tetrazine,
where a polarized laser excites the molecules of an isotropic sample to specific vibronic states. The abscissa gives
the rotation about the electron beam axis, with the laser polarization at o = 0°, and the ordinate is the projection
of the s-vector onto the detector. From ref. [42].

chemical bonds, character of vibrational energy
distribution) permits determining only a one-dimensional
molecular structure or a set of internuclear distances. It
restricts applications of the electron diffraction method
for studying the structure and dynamics of complex
polyatomic molecules. The solution of a structure-related
problem even in the case of relatively small molecules
implies the involvement of results obtained by other
experimental methods, such as vibrational spectroscopy
and/or quantum-chemical computation [43—48].

X-ray crystallography is believed to be the most
adequate tool for the elucidation of the structure of complex
polyatomic molecules. However, this method can be applied
only for the study of crystalline objects. Moreover, the local
environment of a molecule distorts its structure and makes it
difficult to study the nuclear dynamics.

Anew approach to structural research based on isolated
molecule irradiation by a large number of photons contained
in a single X-ray laser pulse was proposed in ref. [48]. The
use of ultrashort laser pulses enabled the researchers to obtain
diffraction patterns before the study system was destroyed.
Diffraction patterns for micro- and nanometer objects were
taken with femtosecond pulses of soft X-ray radiation [49—
52]. However, this method is currently employed only in
studies of fairly large objects, such as nano-sized particles.

The schematic experimental layout for TRED study of
aligned molecules is presented in Fig. 6. A linearly polarized
laser pulse (€) excites molecules in the gas phase, and the
sample is diagnosed by an electron pulse generated with a
given delay time. The laser and electron beams intersect at
90°. The electron pulse scattered from the sample is a bunch

12

of electrons; its longitudinal extent is vA¢, where v is the
electron velocity, and 4t is the pulse length.

Each point on the detector (Fig. 6) is characterized
by the scattering angle # and azimuth angle ¢, which
corresponds to the wave vector k£ and the vector of
momentum transfer s. Radial distance between the
registration point and the center of the unscattered
electron beam denoted as s’ is given as a function of
s, k, and L — the distance from the scattering point to
the center of the diffraction pattern on the detector.
Insert: the schematic representation of the time series
of the dipole transitions of molecules in the scattering
volume. At ¢ = 0 the laser pulse, which has a vertical
polarization, crosses the volume creating a certain
population of excited states consisting of molecules
having dipole transitions primarily oriented in the
vertical direction. Rotation with different angular
velocities, both excited and unexcited molecules,
leads to a loss of the original order. On a significantly
longer time intervals that order can be restored after the
rotational revival of the wave packet. From ref. [53]

The pulse (electron bunch) leaving the scattering
volume makes up the central core of unscattered
electrons surrounded by the expanding cloud of scattered
electrons of varying intensity shown in the figure in the
form of rings. The electron diffraction pattern is taken far
from the scattering center in a relatively small region of
scattering angles on a flat detector, the center of which
coincides with the incident beam axis. Each point on
the detector is characterized by scattering angle 0 and
azimuthal angle ¢ corresponding to the wave vector
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Fig. 6. Ultrafast electron diffraction experimental setup for studying anisotropic ensembles of laser-excited molecules.
The linearly polarized laser pulse (g) excites the molecules in the gas phase, and the sample is diagnosed using
an electron pulse with a certain time delay. Laser and electron beams intersect at an angle of 90°. Electron pulse scattered
by the sample has longitudinal dimensions equal to vAz, where v is the speed of the electrons, and A is the pulse duration.
The electron bunch leaving the scattering region is represented by a central core of the unscattered electrons surrounded
by an expanding cloud of scattered electrons. Electron diffraction pattern is recorded at a distance from the scattering center
in a relatively small range of scattering angles on the flat detector. From ref. [53].

k and the momentum variation vector s. The radial
distance between the registration point and the center of the
unscattered beam denoted by s’ is presented in the figure
as the expression through quantities s and k; the camera
distance between the scattering point and the center of the
diffraction pattern on the detector is denoted by L (Fig. 6).

An alternative approach takes advantage of the
TRED method as applied to anisotropic ensembles
(‘oriented' molecules whose dipole transitions are
oriented in the direction of polarization of the
laser radiation) in the gas phase. The anisotropic
environment of laser-excited molecules can be formed,
for example, under the effect of fs pulses of polarized
laser radiation. It was theoretically predicted in refs.
[11, 32, 39-41, 53, 54] that the electron diffraction
pattern from 'oriented' molecules in the gas phase
furnishes an opportunity of determining not only
internuclear distances, but also valence angles.

The theory was first confirmed experimentally in
refs. [55-57] for adiabatically oriented CS, molecules
using the TRED method with a resolution of 10 ns. To
elucidate the structure of organic molecules, such as
low-molecular weight proteins scarcely amenable to
crystallization, the authors of ref. [58] used a jet of liquid
gel droplets and a continuous electron beam producing
a diffraction pattern. Organic molecules, e.g., small
proteins, in a droplet or inside a glassy ice shell can be
spatially oriented under the effect of polarized radiation
of a powerful continuous wave laser. Iterative methods
for solving the phase problem have been proposed.

3.1. Coherent nuclear dynamics in aligned
molecules: theory elements

The interaction of ultrashort pulses of polarized
laser radiation with an isotropic medium of randomly
oriented molecules leads to photoexcitation of molecules
whose dipole moments are oriented in the direction of
polarization of the laser radiation.

Thus, the spatial anisotropy of coherently excited
molecules is created generating different types of spatial
order of the ensemble. The electron scattering theory
for spatially oriented ensembles of molecules require
substantial modification of the electron diffraction theory
for randomly oriented molecules in the gas phase [11,
32,39-41, 53, 54]. Assuming single scattering processes
for fast electrons (>10 keV) with short (attosecond)
coherence time, the electrons encounter molecules that
are essentially "frozen" in their rotational and vibrational
states. Thus, the latter can be accounted for by using
probability density functions (p.d.f.) that characterize
the ensemble under investigation. TRED experimental
geometry for laser-aligned molecules is shown on Fig. 7.

If the molecular systems investigated are not at
equilibrium, as is the case in studies of laser-excited
molecules, a time-dependent p.d.f. must be used to describe
the structural evolution of the system. In addition, rotational
and vibrational motions can be separated adiabatically, since
the latter involves much faster processes.

The equation for the time-dependent molecular
scattering intensity can be written as follows (please, see,
e.g. ref. [32]):
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Lol (s, z) = <<1m01 (S)>vib> = % _ ]ZV: 1|fz (Sl|fj (SHRe{eXp(iAnij (S)X<exp(isrij )>vib >Sp} =

p i#j=

Iy

i#j=1

gas jet

electron beam

(18)

0 n2n
re ]Zv: |f, (s)‘fj (s]cos(Anl-j(s))J'Pvib (rl-j,t{j [Py (ocl]-,Blj,t)exp(isrflj )sin((x,-j )dﬁl-jal-]}drlj
0 00

detector

Fig. 7. TRED experimental geometry for laser-aligned molecules: the electron beam, laser beam, and gas jet
are mutually orthogonal. The polarization of the laser beam is orthogonal to the direction of propagation
of the electron beam. 4 is the scattering angle, and ¢ is the azimuthal detector angle with respect to the laser
polarization. ¢ laser polarization (blue arrow), ICN molecule (schematic); a: angle between the C-I bond (dissociation
axis) and laser polarization. The constituent atoms are color-coded, with yellow for iodine, light-blue
for carbon, and red for nitrogen. From ref. [59] with minor revision.

In eqn. 18, <> correspond to vibrational and spatial
(orientational) averaging over the scattering ensemble.
Pvib(rl_j,t) and Psp(aij,Bij,t) — vibrational and orientational
probability density functions (p.d.f.), respectively; a,
and Bij are angles in the spherical polar coordinate system
(Fig. 1), which defines the orientation of the internuclear
distance vector r,.

Time-dependent functions P_(a,.,B.7) and P, (r.1)
in eqn. 18 determine the molecular scattering intensity
at time . The first function determines the evolution
of the spatial distribution. Vibrational probability
density function describes the structural dynamics in
the ensemble of laser-excited particles. Orientational
probability density function for an ensemble of laser-
excited molecules is described in several publications
[60-62]. A systematic study was carried out by Zare
[61]. In this study there were obtained equations in
classical and quantum mechanical approximations. For
spatial anisotropy produced via plane-polarized laser
beam, both approximations yield similar results.

While eqn. 18 is general enough for description
of polyatomic molecules, we first consider the case of
linear polyatomic molecules. For electron scattering on
oriented linear molecules we need to consider two main
cases: scattering from molecules oriented parallel to the
primary electron beam, which will be called the parallel
scattering, and scattering from molecules oriented

perpendicular to the incident electron beam, which we
call perpendicular scattering. In the first case, Psp(a,B;t)
depends only on angle a (Fig. 1), since the polarization
of the laser beam is collinear to axis Z. Laser radiation at
the initial time t = 0 separates the excited and unexcited
molecules ensembles. In this case, the p.d.f. can be
written as [60, 61]:

[P, () = (3/4m)cos’a (19)
||Psp““°"(a) = (3/8m)sin’a (20)

where ||Pspex and ||Pspunex refer to the excited and unexcited
ensembles, respectively.

For perpendicular scattering, the polarization vector
of the laser beam is perpendicular to the Z axis, and the
p.d.f. is dependent on the angle a and the angle f:

LP_X(a,B) = (3/4m) sinacos’p (21)
J-Psp"““"(oc,B) = (3/8n) [1 — sin®acos*f] (22)

The scalar product (srij) in eqn. 18 can be written
in terms of trigonometric functions of angles o and f,
which determine the orientation of the vector r. in
coordinates of scattering angles 6 and ¢, which describe
electron scattering:
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(srij) = [-cosdcos(0/2)sina cosP — singpcos(6/2)sina sinf} + sin(6/2)cosa]sr

(23)

ij

Using the eqn. 18 and p.d.f. (eqns. 19-22), after integration by o and 3 [63, 64] we obtain the intensities for parallel

molecular scattering of electrons:

Il (s,t) = (I/R)Z

mol

- [cos(srij)/s2rij2](l—3 512/41<02)}d1rij

1L, (s,t) = (I/RHZ

‘mol i#=1>

— [cos(sr,) — sin(sr,)/sr,](1/ szrijz)( 1-3s%/4k )} dr,

As can be seen from eqns. 24, 25, the dependence
on the wavelength of electrons (k, = 2n/A) is weak for
electrons with energies greater than 10 keV in the whole
range of typical values of s. Moreover, just as in the case
of isotropically oriented molecules, scattering intensity

N [EO)EE)] cos(An(s) [P,

(r,0{[sin(sr,)/sr,]- [(1/ szrijz)( 1-3s%/4k ?)+s%/4k *] —

24

N [f(s)] [£(s)] cos(An,(s)) IPvib(rij,t){[sin(srij)/srij]-(17s2/4k02) -

(25)

is axially symmetric and depends only on the scattering
angle 0.

Incontrastto thisresult, the intensity of perpendicular
molecular scattering is not axially symmetric and
explicitly depends on the azimuthal angle ¢:

J—Imof"(s,d),t) = (I/R)Z, #ZI,N I£(s)| |fj(s)| cos(Anij(s))-vaib(rij,t){[sin(srij)/(srij)—cos(srij)](1/srij)2 -
— (1-s%/4k P)[(3/s’r,’ — U/sr,)-sin(sr,)~(3/s’r,*)cos(sr,) Jcos’d 1 dr, (26)

LI (s.0.0 = (/R)Z,,

N I£(S)] [£(5)] cos(An () JP. (1, O[sin(sr, )/(sr)][1-(1- $24k Meos’d]+

+cos(sr)—sin(sr,)/(sr,)](1/ srij)z[ 1-(1-s%/4k ?)3cos’¢]} dr, 27)

For derivation of those equations, each p.d.f. (eqns.
19-22) was normalized. Therefore, I (s,t) represented
by eqns. 24-27 are also normalized [32]. In the
ensemble of excited and unexcited particles there must
be introduced corresponding relative weights of these
states. Equations (24-27) require explicit expressions for
Pvib(rij, t), which can be represented, for example, on the
basis of a stochastic approach to the analysis of electron
diffraction data [11].

For accounting for quantum effects in the diffraction
intensity it is required to define time-dependent p.d.f,,
P(r,t) =|¥(r,t)]* by solving corresponding time-dependent
Schrdodinger equation. Various approaches for solving
this problem were suggested [65—67]. In an article of [32]
it is suggested utilizing FGH (Fourier Grid Hamiltonian)
method [67-69].

3.2. The dynamics of the wave packets

The experimental exploration of isolated molecular
systems with high temporal resolution involves the
creation and detection of wave packets. A wave packet
can be described as a coherent superposition of certain
eigenstates (N|. By the definition, the exact (not in the
approximation of Born-Oppenheimer) eigenstates are the
solutions of the time-independent Schrédinger equation
and are stationary. Therefore, the dependence on time
appears only because of the superposition of the different

states and arises from the quantum-mechanical phases
exp(-2miE, t/h) that are associated with each eigenstate.
Conceptually, a "pump-probe" experiment has three
stages: (1) the preparation of the molecule in the excited
state (the pump); (2) the dynamical evolution of the wave
packet; (3) the probe of the transient superposition of
states. A typical femtosecond "pump-probe" experiment
is illustrated in Fig. 8 [70]. As a result of the two-photon
transition created by the pump and the probe pulses, the
final state |\Wf ) arises at the end of the sequence of two
laser pulses. Since the two-photon transition is coherent,
we should sum up the transition amplitudes and then
square the sum to get the final probability. As it will
be discussed later, the signal contains the interference
between all components of the degenerate two-photon
transitions.

If the temporal delay between the two laser pulses
is changed, the phase relations between the amplitudes
of the two-photon transitions also change, which in turn
leads to a change in the interference in the final state of
the wave packet.

During the interaction of the pump laser pulse, the
amplitudes and the initial phases of the set of eigenstates
corresponding to the first excited state are determined
by the amplitude and the phase of this laser pulse and
the amplitudes of the dipole moments of the transition
between the ground and the first excited state. At the end
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Fig. 8. Creation, evolution and detection of a wave packet.
The pump laser pulse E oo (black) creates a coherent
superposition of the molecular eigenstates from
the ground state |‘Pi> at time £ = 0.

The set of eigenstates |N> in this superposition
(a wave packet) has different phase factors, which results
in non-stationary behavior, i.e., the evolution
of the wave packet. At time ¢ = A¢, the wave package
is projected by the probe pulse E one (gray) to a set
of the final states \‘Iﬁ), which act as a "template"
for the dynamics. Here the time-dependent probability
to be in the given final state \‘I‘f> is modulated
by the interference between the amplitudes
of all degenerate coherent two-photon transitions, which
leads to the final state. From ref. [70] with minor revision.

of the pump pulse the wave packet V() undergoes a free
evolution in accordance with the equation:

[®(t)) =X, A, exp(-2niE t/h) [N) (28)

The complex coefficients 4, in eqn. 28 contain
both the amplitudes and the initial phases of the exact
eigenstates of the molecule |N>, each with energy £,
which are prepared by the action of the pump laser pulse.
The probe laser pulse interacts with the wave packet at
the end of the pump pulse projecting the wave packet on
the chosen final state |‘Pf> at some temporal delay ¢ = A¢.
This final state is the "template", onto which the wave
packet dynamics is projected. The temporal dependence
of the differential signal for the projection onto a single
final state can be written as

SO=| ( ‘PAEpmbe(w)dPP(t)) F=[Z B, exp(-2miE, t/h)?, (29)

where the complex coefficients B, contain both the
amplitudes of the wave packet 4, and the (complex)
elements of the matrix of the transition dipole moment
under the influence of the pump pulse and link each state
with the final state in the superposition | N) :

B,=A, (YE , (0)dN) (30)

probe

Thus, the eq. (29) can be rewritten as:

S{O=2%,2,,. BB, [Cos[2n(E, ~E, )+, ] S

where the phase factor @ contains the initial phase
differences of the eigenstates of the molecule and the
phase differences of the matrix elements of the dipole
moment transition to the excited state by the action of
the pump pulse, connecting the states |N> and |M> to
the final state. This differential signal of the final state,
S(1), contains the most detailed information: it arises
from the coherent sum over all amplitudes of two-photon
transitions within the bandwidth of the laser pump and
probe pulses and contains the interference components
between all degenerate two-photon transitions [70]. It
is clearly seen that the signal as a function of temporal
delay ¢ = At contains modulations at the frequencies
of 2n(E, — E,)/h corresponding to the set of energy
differences in the superposition. This equation gives the
relationship between the dynamics of the wave packet
and the observed pump-probe signal. It is the interference
between the individual two-photon transitions through
the different excited eigenstates, but terminating in the
same final state. Therefore, the Fourier transform of the
signal in this temporal interval contains the frequencies
that yield the energy level differences of the excited
state. A similar expression is observed in the intensity
of the electron scattering in the diffraction experiments.

3.3. Modeling the coherent photodissociation
dynamics of laser-aligned molecular ensembles

To illustrate the basic effects arising in the scattering
time-dependent intensities and their corresponding
Fourier transforms (the radial distribution functions of
the inter-atomic distances), we will focus on the linear
triatomic molecules (A-B-C), in which the action of a laser
pulse breaks the bond A-B. In many cases, the potential
function for such systems can be expressed as [71]:

V(R, r) =V exp[- (R -y r)p], (32)

where R is the distance between the nucleus A and the
center of mass of the fragment B-C in the molecule
A-B-C;r=r (BC)~r (BC);y=m/(m,+m.),r,(BC)and
r(BC) — internuclear distance in the ground vibrational
state and the equilibrium internuclear distance of the
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fragment B-C, respectively; p is a so-called range
parameter [71, 72]. The reactions and APES of this kind
are well known for a number of systems [71-73]. At the
first stage of the analysis, the manifestation of nuclear
dynamics in the scattering of ultrashort pulses of fast
electrons by systems dissociating in accordance with
adiabatic potential functions was demonstrated.

The ground state of the ICN molecule is
approximated by the Morse function with the parameters:
a,, = 190 pm™; R (the equilibrium distance from the iodine
atom to the center of mass of the molecule) = 261.7 pm,
D, = 26340 cm™. The dissociative state is selected from
several that are possible, and it obeys eqn. (12), with the
parameters V= 242720 cm’, R =262.2 pm and p = 80 pm,
as given in refs. [73, 74].

The photodissociation of ICN has been studied
extensively both by experimental and theoretical methods,
including femtosecond transient state spectroscopy
(please see ref. [75] and references therein).

The dissociation of ICN (210 <A< 350 nm) proceeds
via two channels [75,76]:

ICN — I(P, ) + CN(X?%)) (33)

ICN — ICP. ) + CN(X2Z)), (34)

1/2
producing the CN radicals predominantly in the ground
electronic state X°X', and the iodine atoms in the P,
and *P,, states. The vibrational distribution of the CN
fragment of the ICN molecule was measured [74] and at
266 nm it was found that vibrational population ratios,
n(v=1)n(v=0)=0.012; n(v=2)/n(v=0)=6x10"%
n(v=3)/n(v=0)=1x10%

In the 266 nm photolysis, the experiment [77]
determined rotational distribution of the radicals can
be presented as a sum of three B, main distributions
centered at the rotational temperatures T, = 37(3) K, T,

=489(12) K and T, = 6134(250) K, with approximately
equal in grated fractional populations.

Rotational excitation of the CN fragments requires
an additional term in the potential function, eqn. (32),
and can be approximated in diffraction intensities by
including the centrifugal distortion 6 of the 7(CN)
internuclear distance in a relatively long time range.
However, considering time scale of the dissociation, the
evolution of the angular momentum can be neglected.

In a series of studies (please see, e.g., ref. [75]
and references cited therein) it was shown that, at the
wavelength of 306 nm, the dissociation channel leading
to the iodine excited state I(*P, ) is effectively closed.
Thus, based on the experimental studies described in ref.
[75], in our model calculations the dissociation of the
ICN was assumed to proceed via a stretching reaction
coordinate, and the parameters of ref. [75] for the
dissociative potential leading to I(°*P, ) were used (eqn.
33). The molecular electron diffraction intensities, SM(s),
for the molecules in their ground state were calculated
with the parameters of refs. [32] and [74] using standard
computational procedures [78].

One approach that can be used to describe the dynamics
of the excited molecules is an approximation of the wave
packet [79-82]. The wave packet carries the information
on the relative positions and nuclear momenta, as well as
their components at different APES, corresponding to
different electron states [80, 81]. For the wave function with
minimal uncertainty Gaussian function can be used as the
basis for the creation of the wave functions of the system,
as it was proposed in refs. [81-83] (please, see also ref.
[80]). Considering the classical trajectory in the phase
space, where the Hamiltonian in the vicinity of the
moving point {p(¢); R(¢)} can be expressed in terms
of the degrees of (p -(p(#))) and (R — (R(?))) up to the
second order, the wave function is defined as follows
[81]:

P(r,)=exp {2ni/h)[a)(R-(R()))+(p(®) (R-(R(®)) ) +¥(D]}, (35)

where a(t) gives the spreading of the wave packet, y(¢)
is its complex phase, and () is the expected value.
Using the time-dependent Schrodinger equation we can
obtain the differential equations for the position and the
momentum:

O(R(1))/ot= (p(t))/m and &{p(t))/ot=-( OV(R)/OR), (36)

where V(R) is the potential in the Born-Oppenheimer
approximation. The eqns (36) describe the trajectory of
the wave packet. For large time delays after excitation
of the investigated molecules and the use of longer
probing electron pulses, it is necessary to take into
account the increase in the width (spread) of the wave

packet manifested in the diffraction pattern. In this case,
the probability density of interatomic distances in an
ensemble of dissociating molecules can be represented
as follows:

P(R, ) = [2n*(£)]?exp{-[R — R()]*/25*(1)}, 37)

where a(f = 0) is the dispersion of the wave packet at
the initial time of the laser excitation, and R(#) is the
classical trajectory of the center of gravity of the wave
packet. Consequently, the dispersion of the propagating
wave packet can be expressed as a linear function of time
during its free motion:

o(t) = a(0)[1 + K/ 16m>m**(0)]". (38)
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If the pulse laser pump has a form of 3-function at =0,
the temporal dependence of the molecular intensity will be:

sM(s, t) = g(s) J(sin (sR)/R)P(R, t)dR. 39)

When the form of the probing electron pulse is
approximated by the Gaussian function with the central
point ¢ = ¢, and corresponding duration of 7, the averaged
molecular intensities can be written as:

N

120 _ _ 2.5x
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2x1C
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110
40
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20
0 0
0 20 40 60 80 100 120

(sM(s,t))T = 2n2)" | exp[-(t-t,)*/27*] sM(s,t)dt  (40)

Usingthe above theory, time-dependent molecular
scattering intensities and the corresponding radial
distributions of internuclear distances in the ICN
photodissociation processes were calculated [84],
Fig. 9 (please, see Reference [83] for comparison of
results).

100

ED

40

o 20 40 &0 80 100 120

Fig. 9. Difference in molecular scattering intensities AsSM(s,$) of isotropic and anisotropic vibrationally excited
nonequilibrium molecular ensembles of ICN molecules for angles ¢ = 0 (upper part), and 90° (lower part).
Linear polarization of laser radiation is along the axis X (perpendicular scattering). From ref. [84].

Comparison of the diffraction intensities for parallel
and perpendicular scattering (eqns. (24) and (26)) shows
differences (Fig. 9) in the angular dependence of the
molecular intensities. The intensity pattern of the latter is
no longer axially symmetric, the essential features can still
be recorded with a linear detector system, such as a CCD
camera. This is because all angular effects at the detector can
be measured by rotating the plane of polarization of the laser
light. The vibrational p.d.f. is rather flexible for use in studies
of different types of vibrational distributions in laser-excited
molecules [11, 32]. It can be used in analyses of TRED

4
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Fig. 10. Diffraction intensity pattern for aligned laser
photodissociating ICN molecules. Probe time t =200 fs
and the probe pulse duration T = 25 fs. From ref. [84].

data by refining the parameters that define P (r, t), directly
from the experimental data. However, it cannot be applied
to dissociative processes, because the cumulant expansion
does not converge in such cases (please see monograph [7]
of Ischenko, Girichev and Tarasov, Part IV).

Correlations between wave packet dynamics and the
modes of laser excitation are important for spectroscopic
investigations, but not for electron scattering. Thus, they
were not taken into account in the current modeling
calculations. Some representative results for ICN
obtained in this way are given in Figs. 10 and 11.
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Fig. 11. Radial distribution functions for aligned laser
photodissociating ICN molecules. Probe time t =200 fs
and the probe pulse duration t = 25 fs. From ref. [84].
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The speed of propagation of the ICN wave packet
is faster in the current calculations than in those
reported previously [11]. This is because the speed of
propagation of the center of gravity of the wave packet
in the calculations of ref. [11] depends on the asymptotic
group velocity v = (2E/m)"2, which in turn depends on
the available energy E. The present calculations refer to
slightly higher available energy values.

The good agreement between the two sets of results
— those based on quantum dynamical calculations and
those based on the Gaussian wave packet approximation
[11, 32] — is an important finding, because the latter
represent a more straightforward and convenient method
for analysing TRED data in terms of a limited number of
adjustable parameters which can be refined more readily
from the experimental data.

4. MOLECULAR QUANTUM STATE
TOMOGRAPHY

4.1. Basic assumptions

In accordance with the basic principles of quantum
mechanics, the state of a single molecule cannot be
determined experimentally [85]. However, for an
ensemble of identical systems it is possible to determine
their density matrix. Knowing the status of the system
means that we have the most information about all
physically measurable quantities [86]. The density
matrix and the probability density function in the phase
space — the Wigner function [87-90] — have a one-to-one
correspondence [91], which describes the maximum of
the available statistical information. Therefore, when the
term molecular quantum state is used, the quantum state
of the ensemble of molecules is assumed.

In 1933, it was demonstrated [92] (see also [85]) that
a pure quantum state [V> can be recovered from the time-
dependent probability density function P(r,t) = [¥(r,t)]* and
its derivative OP(r,t)/0t. Pure quantum state can also be
recovered by measuring P(r, t) at time t and its time sequence
(evolution) through a fairly short interval At, that is, as shown
in P(r,t + NAt) = |¥(r, t + NAYP (N =0,1,2,...) [93].

Scattering intensities in TRED have a direct
correlation with the time-dependent probability density
function of internuclear distances P(r,t). In TRED pulsed
electron source is utilized for probing the ensemble
of ensembles of particles in a certain time sequence.
Synchronized electron and laser pulses provide a
stroboscopic picture of the evolving process. Thus, an
additional variable is introduced into the measurements,
which is time. It becomes possible to study the coherent
dynamics of the nuclei in the laser-excited systems,
the transition state of the chemical reaction and the
dynamics of molecular wave packets [11, 33, 83, 94-96].
TRED method can be utilized for probing dynamics of
wave packets — coherent superposition of quantum states

created by short optical pulses with controlled phase [97—
102]. Consequently, it becomes possible to directly observe
the coherent nuclear dynamics of excited molecules [11, 33,
37, 83] as a single act of the elastic electron scattering occurs
on the attosecond time scale [10, 11].

The time-dependent intensities of molecular
scattering of electrons M(s,t), obtained using TRED with
coherent excitation of the molecular system provide the
possibility of determining the fundamental elements of
the density matrix and the tomographic reconstruction of
molecular quantum state of the system.

4.2. Theoretical approach

In TRED (UED) a function of the intensity of the
molecular scattering of M(s,t) is determined:

M(s,t) = (I/R?) g(s) Re fP(r,t) exp(isr) dr 41)

In eqn. 41, I is the profile of the incident electron
pulse [10, 11], R is the distance from the scattering point
to the detector, g(s) is the scattering function [30], and
(sr) is the scalar product of the scattering vector s and the
vector of interatomic distances r. The integration in eqn.
41 and subsequent equations is carried out in an infinite
domain.

Inclassical mechanics, there isno equation describing
the evolution of the probability density function P(r,t)
and P(p,t); only the joint probability density function,
W_(p.r,t), can be expressed using Liouville equation
[88]. Therefore, there are no corresponding quantum
equations for P(r, t), as well as P(p, t). However, the
known Wigner-Liouville equation [89, 90] can be used
to describe the evolution of the Wigner function — W(,
p, t). For derivation of the equation describing the time-
dependent function of the molecular component of the
scattering intensity M(s, t) via Wigner function, consider
some boundary properties of W(r,p,t):

[W(p.r,) dp = P(r,t) (42)

[W(p.r,t) dr=P(p,t) 43)
The function M(s, t), eqn. 41, can be written as [103]:

M(s,t) = (I/R?) g(s) Re [dp/W(r.p,t) exp(isr) dr  (44)

Equation 44 is the most general representation of the
intensity of the molecular scattering in TRED, expressed
in terms of the Wigner function. In this representation of
M(s,t) can be interpreted as a filtered projection of the
Wigner function, where the scattering operator exp(isr)
is a filter, modified by scattering functions g(s). For
many problems Wigner function W(r,p,t) can be derived
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in analytical form (see, for example, a review articles
[89, 90]) or by solving Wigner-Liouville equations
numerically with the corresponding potential function of
the molecule.

In equations 41 and 42, P(r,t) = |Y(r,t)]’, and
in general, it is assumed that Y(r,t) can describe a
mixed quantum state. The wave function W(r,t) can
be represented as an expansion in orthonormal basis

functions y (r) as follows:
Y(rt) =% C vy (1) exp(-io,t) (45)

where n is the quantum number of states with energy
E, o is the frequency of oscillations, and C_ is the
probability amplitude. Then, the equation 44 can be
written as:

M(s,0) = (I/R?) g(5) Z,,, p,,, expli(w -0 )t] (v, (D)lexp(isr)| y,(1)) (46)

where p_are the elements of the density matrix.
Equation 46 shows that the intensity of the molecular
scattering explicitly depends on the quantum state of the

P(5,t) = (2/m)" (RYI)IM(st) [(s)]" exp(-isr)ds =

molecular system. Accordingly, the probability density
function P(r,t), which can be obtained using TRED data
as the Fourier transform of equation 41:

2m)'"2x  p,.expli(o, - o)] [ (\ym(r) | exp(isr)| \vn(r)>exp(-isr)ds, 47)

depends on the internuclear distance r and time t,
explicitly contains all the information about the quantum
state of the system, and represents a projection (or
"shadow": [104]) of the Wigner function.

The interference term in the intensity of molecular
scattering of electrons (equation 46 and its Fourier
image, equation 47) gives the principal possibility
for determining the density matrix p and performing
tomographic reconstruction of molecular quantum
state of the system [11, 105, 106]. Thus, using the
temporal sequence of the TRED measurements of the
scattering intensity M(s,t) and the Fourier transform
(equation 47), we obtain the required information
for the tomographic reconstruction of the Wigner
function W (r, p). For this purpose, we can use the
Radon transform [104, 107-109]:

W(r,p) =—P/2mh) [[P(x,0) (r cos® + p sin®-x)2dx dO (48)

where P is Cauchy principal value, and ® = ot is angle
of rotation in the phase space [107] corresponding to the
time of motion t on the potential energy surface of the
molecule.

In Equation (48), the integration must be
performed in the range 0 < ® < 2xn. This means that
in order to determine the total quantum state of the
system, measurements of the scattering intensity
M(s,t) must be performed by the TRED method for
a "tomographically complete" set [110], in which
the wave packet completed the total recovery period
corresponding to the T, time [11]. Consequently, the
measurements of M(s,t) must be performed on a time
interval 0 <t <T_ = 27/, which corresponds to the
complete rotation cycle of the Wigner function. When

using the full data set for tomographic reconstruction
of coherent state the wave packet at t = 0, the Wigner
function, W(r,p,0) can be recovered using the inverse
Radon transform using equation 48. Similarly, by
taking measurements of the scattering intensity in the
time interval of 0 + Nt, <t <T_+ Nt , where N is
integer, and 7, is delay of the laser and electron pulse,
the Wigner function can be restored for time, Nt .
Therefore, TRED provides the capability for recovery
of quantum state of the molecules in the ensemble.

Another method for recovery of molecular quantum
state is determining the elements of the density matrix,
p,,» Which have a one-to-one correspondence [91, 111]
with the Wigner function:

W(r,p) = (1/nh) [exp(2ipx / ) (r—x Ip| r+x> dx (49)

where p is the density matrix [86]:

pP=2 P v.0) (v, 0 (50)

In the case when the measurements are performed
for incomplete cycle determined by the time interval
0+ Nt,<t<T_ + Nrt, only by the diagonal elements
of the density matrix can be determined, p = p, .
Determination can be performed using a probability
density function (P(r,t))T averaged over the time interval
T >> sup(jo_-o ['), m # n, as was demonstrated in
[104,108,110,112—114]:

P = I{P@D)), {01v,(1) o (1))/ér}dr, 1)
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where  (r) is a regular normalizable solution of time-
independent Schrodinger equation, and ¢, (r) is the second
linearly independent innormalizable solution [115-119].

The results of such a procedure for tomographic
reconstruction of molecular quantum state of N, and CS
are described in [11, 120] and are presented in Fig. 12
and in Table.

CS,(X'E,) — CS,(B,'S,) — CS(X'E,)+S(P,)+S('D)

CS, molecule in the excited state is quasilinear, but
has the equilibrium internuclear distances different from
those in ground electronic state. Predissociation of CS,
takes place in ~ 1 ps.

CS, in a supersonic molecular beam with laser irradiation
at a wavelength of 193 nm demonstrates [121, 122] that the
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4.3. Dual-channel nonadiabatic
photodissociation of CS,

Photochemistry of CS, molecule was thoroughly
investigated in the 180-210 nm range [121,122]. Upon
photoexcitation with 193 nm photons photodissociation
takes place via dual-channel mechanism:

(52)

initial distribution of vibrational energy in the CS molecule,
the photodissociation product, is inverted for both dissociation
channels ('D,and°P,). The initial distribution of vibrational
energy in CS is described as a bimodal [121] or broad
[122] distribution with a low population level for n = 0
and n > 10, as shown in Table 1.
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Fig. 12. Wigner function for CS molecule. For the initial distribution (~ 1 ps) Wigner function is determined
using the full density matrix. Wigner functions for the delay t, 20, 40 and 120 ns were obtained

by tomographic reconstruction using the procedure described above. From ref. [18].

Table 1. The diagonal elements of the density matrix for N, and CS molecules [18].
Illustration of the accuracy reduction of the molecular quantum state by TRED

n/p. 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
N, (exp)* 0.9938 0.0011 0.0102 -0.000 0.001 0.005 -0.009 0.012 -0.011 0.009 -0.005 -- -- -- --
N, (theor)* | 0.9935 0.0064 0.0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CS (nasc)* 0.000 0.049  0.098 0.156 0.101 0.077 0.061 0.070 0.073 0.077 0.077 0.073 0.067 0.021 0.000
CS (nasc)* | 0.000 0.074  0.148 0.236 0.153 0.116 0.083 0.042 0.042 0.032 0.023 0.023 0.028 -- --
CS (20 ns) | 0.349 0.260 0.172  0.099 0.053 0.025 0.013 0.000 -0.001 -0.003 0.001 -- -- -- --
CS (40 ns)c | 0.204 0.190  0.160  0.129 0.097 0.075 0.058 0.033 0.005 -0.015 -0.015 -- -- -- --
CS (120 ns)* | 0.173 0.165 0.147 0.124 0.100 0.080 0.058 0.040 0.029 0.021 0.013 -- -- -- --
*The values were obtained by electron diffraction at T = 673 K. The accuracy of detection is 0.01.
Calculated values for the Boltzmann distribution at T = 673 K.
“The values obtained for the initial distribution (~ 1 ps) in the CS molecule [122].
4Values derived from the nascent ensemble of CS reported in [18].
°The data obtained from TRED measurements with time delay t, = 20, 40 and 120 ns after photodissociation of CS, molecule
followed by photoexcitation with 193 nm photons [18, 121].
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The experimental results show that in the first 20
ns the system rapidly evolves to equilibrium, which
corresponds to the collisionless intermolecular transfer
of vibrational energy (probably due to dipole-dipole
interactions). During this time, a bimodal distribution in
momentum space, and the space of interatomic distances,
becomes monomodal, more narrow distribution (Fig. 12).
In the interval from t, from 20 to 40 ns collisional energy
transfer begins to dominate the collisionless process.
Thus, changes between 20 and 40 ns demonstrate the
conversion of electronic energy into vibrational via
collisions with S('D ) atoms and molecules CS(X‘E;).
Between 40 and 120 ns, saturation of this process takes
place.

Asisseen from Table 1, there is a significant decrease
in the populations of the first three vibrational levels of
CS between 20 and 120 ns. The most likely explanation
of this effect is the transfer of vibrational energy into
rotational and translational degrees of freedom of the CS
molecule. This hypothesis is supported by an increase in
rotational temperature of CS in the process of collisions,
from T = 4200 + 300 K at 20 ns to 5000 + 600 K at 120
ns [18, 101, 121]. Bimodality of the probability density
functions in momentum space, P(p,t), and in the space of
interatomic distances, P(r, t) (please see Fig. 12) reflects
the fact that photo-dissociation of CS, at pump photon
wavelength of 193 nm occurs via two channels with
formation of atoms S(°P ) and S('D)).

To date, a significant progress in generation
of ultrashort electron pulses and measuring their
characteristics has been achieved (see, for example,

[14, 124-129] and references therein). A technique
which allows for generation of sub 100 fs laser pulses
was proposed [124, 130]. Approaches for generation
of electron pulse with duration of about 1 fs were also
suggested [131]. For femtosecond electron pulses, the
interval for time averaging t which is dependent on
the probability density function P(r,t) which satisfies: T
<sup(j® — ® [), m # n. For example, for I, molecule,
the potential energy surfaces of which are well studied
[132], with excitation using 520 nm femtosecond laser
pulse to the B(O,") state T is ~1 ps [103, 104]. Thus,
with femtosecond time resolution TRED opens the
possibility for studying the coherent nuclear dynamics
and tomographic recovery of wavepacket dynamics.

5. Experimental technique of the time-resolved
electron diffraction

Formulation of the main principles of the time-
resolved electron diffraction method and pioneering
experiments showing the possibility of introducing a
time coordinate in electron diffraction date back in the
USSR to the late 1970s and early 1980s [1, 2, 4, 133].
Flash photolysis method proposed by Norrish and Porter
[5] in 1949 was used as a prototype. By that time, it had
been understood that spectral methods provide only
indirect information on the structural dynamics of the
molecule's nuclear subsystem (see refs. [11, 37] for a
detailed discussion of this point).

The concept of the time-resolved electron diffraction
method is illustrated in Fig. 13.

1 —100 keV

Fig. 13. Schematic of the first TRED setup for the study of coherent nuclear dynamics of the free
molecules and condensed matter: 1 — Nd:YAG laser; 2 — single-pulse generator; 3 — amplifiers;
4 — second harmonic generator (SHG); 5 — first harmonic generator (FHG); 6 — quartz prism;

7 — filter; 8 — lens; 9 — photosensitive commutator, and 10 — registration plane. From ref. [10].

A primary unscattered electron beam is blocked by a
Faraday cylinder, as in the standard continuous electron
diffraction method. Required electron pulse lengths t,
and laser pulse length t_depend on the character of the

process being investigated. The duration of laser and
electron pulses in the studies of coherent processes of
nuclear dynamics must be part of the total time of the
process, i.e., a snapshot in which events are averaged
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over time t for obtaining ‘molecular movies’, with
the exciting and probing pulses being generated by the
same source. The controlled delay time between t_and t;
denoted in the figure by t, also depends on the character
of the process being investigated [1, 2, 4, 133].

5.1. First experiments

The first setup for studying structural dynamics and
intermediate states of a chemical reaction by stroboscopic
electron diffraction was designed in 1980 by a group of
researchers of the Lomonosov Moscow State University
and the Institute of Laser and Information Technologies,
Russian Academy of Sciences (designated at that time
as NITSTL AN SSSR). An electromagnetic lock was
exploited in obtaining 20-ns long electron pulses.

The gaseous target (CF,I molecules) was excited by
a TEA CO, laser. Diffraction patterns of CF, free radicals
(the products of multiphoton infrared (IR) dissociation
of CF,I molecules) were recorded for the first time:

CF;1+ nhv — CF; +1

It was crucial for experimental integrity in studies
[1,2] that almost 100% of the CF,I molecules dissociated
under the effect of a single 107 s IR laser pulse [134],
yielding CF, radicals. This means that the diffraction
pattern of scattering was recorded from the bulk (inside
the IR laser beam caustic) containing no molecular
components besides CF; 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 [135, 136].

In 1984, paper [137] reported the application of
stroboscopic electron diffraction for the study of CIO,
photolysis with a resolution of ~ 1 ms:

ClO, - ClO+0

To investigate coherent structural dynamics
processes, an experimental setup was designed, in which
a single pulse of an Nd:YAG laser with optical line-
controlled delay was utilized to generate picosecond
electron pulses and excite the target (Fig. 13).

The electron pulses were generated by the fourth
harmonic of laser radiation 40 ps in duration at a
wavelength of 266 nm. Electrons were ejected from the
tip of a V-shaped tantalum cathode with a high quantum
effectiveness ~ 10 of the single-photon effect for the
fourth harmonic and a slight excess of laser radiation
energy over the cathode electron work function. At the
same time, the initial alignment of the setup was also
possible in the continuous electron beam thermoemission
regime [4, 10, 133]. This apparatus was operated in
the regime of generation of individual electron pulses

allowing one to measure the pulse lengths (t, ~ 100 ps),
and as a rectilinear scanning chamber to determine the
mean number of electrons per single pulse ~ 1000 at
a radiation power density 10'° W/cm? of the Nd:YAG
laser. In addition, diffractograms of thin films made from
polycrystalline zinc oxide were obtained. A comparison
of electron diffraction patterns taken in pulsed and
continuous beam regimes showed excellent agreement
between them.

The present-day facilities used in the TRED method
combine a few constituents, first and foremost a device
generating femtosecond laser pulses and then ultrashort
electron pulses; an electron-optical system forming
electron bunches, synchronizing exciting laser pulses with
diagnostic electron pulses; a system recording electron
diffraction patterns with subsequent computer-assisted
data collection and primary processing. Moreover, they
contain systems for measuring pulse lengths and electron
flux density, maintaining high vacuum (usually ~ 10
Torr), and mass-spectral control of the study sample.
Construction of such facilities began in the 1990s and
thereafter depended on the degree of development of the
relevant base of elements [10, 125].

5.2. Development of the time-resolved electron
diffraction method

Further development of the TRED experiment is
described in ref. [125]. The following elements were
utilized: (1) a pulsed nozzle for injection of study matter,
which favored marked enhancement of gas density in
the scattering volume; (2) a system for amplification of
the optical signal detected by a charge coupling device
(CCD) camera that markedly increased the signal-to-
noise ratio for a measured electron scattering intensity;
(3) an internal standard (high-purity nitrogen molecules)
for calibration of the diffraction pattern [83]. In this setup
(Fig. 14), two synchronized pulses from a femtosecond
laser are used for photogeneration of electrons and
excitation of the object with the optical delay line
between exciting and probing pulses.

The maximum concentration of scattering particles
was reached by utilizing a pulsed nozzle for inputting gas
into the diffraction chamber. The use of pulsed sources
allowed the signal-to-noise ratio to be significantly
improved by virtue of increased maximum concentration
of particles in the scattering volume; simultaneously, the
vacuum conditions were also improved. The combination
of a pulsed source of gas supply and an ordinary effusion
nozzle proved especially efficacious. In this device,
the outlet opening of the pulsed nozzle was extended
as a thin (0.2 mm) cylindrical channel, which allowed
maintaining a high vacuum (10 Torr) and control
concentration of molecules in the scattering volume at
the nozzle edge, usually at a level of 10" — 10" mm.
The use of the carrier gas for the injection of the study
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Fig. 14. Schematic of an experimental TRED setup. A 500-fs optical pulse (496 nm) is generated
by a Lambda-Physics FAMP DFDL laser system, then the frequency is doubled by the second harmonic
generator (SHG), and the resulting pulse (248 nm) is amplified as it passes twice through the synchronized
krypton fluoride excimer laser, thus producing a subpicosecond pulse with an energy up to 10 mJ. Then,
the beam is split by passing through controllable time-delay circuits to obtain pulses for the photoelectron
sensor and optical pumping. From refs. [11,125] with minor revision.

substance through the pulsed nozzle permitted avoiding
undesirable adiabatic cooling of the gas.

The authors of refs. [138, 139] designed a setup for
generating ultrashort electron pulses with a high repetition
rate (5 or 50 kHz). The pulses were emitted from a copper
cathode. The second harmonic of a Ti:sapphire laser was
utilized. The electrons were accelerated to 20 keV and
intersected the effusion flux of the molecules of interest.
The diffraction pattern was recorded by a CCD camera

cooled by liquid nitrogen. The molecular targets were
excited by the 200-fs third-harmonic laser pulse at 265
nm (Fig. 15). The diffraction pattern was imposed on the
luminophor and optically projected onto the CCD sensor
[139]. The electron current intersecting the molecular
beam was 20 pA, and corresponded to ~ 2500 electrons
per pulse on the average, which reduced to a minimum
pulse lengthening due to Coulomb repulsion (please see
ref. [94]).
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Fig. 15. The experimental TRED setup for generating ultrashort electron pulses with a high repetition rate (5 or 50 kHz).
The pulses were emitted from a copper cathode. The second harmonic of a Ti:sapphire laser was utilized.
The electrons were accelerated to 20 keV and intersected the effusion flux of the molecules of interest.
The diffraction pattern was recorded by a CCD camera cooled by liquid nitrogen. From ref. [138].
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It should be noted that any instability of laser
radiation evolving during electron pulse generation
is transformed into pulse instability. To minimize this
effect, the laser radiation is focused on a diaphragm 200
mm in diameter. In this case, only the central part of the
laser radiation is transmitted, while most of the second-
harmonic power is lost. The diaphragm is mapped
on the photocathode surface; therefore, the above
instabilities of laser radiation are reduced to a minimum
in the photocathode region from which electrons were
generated. The quantum efficiency of photoemission is
rather high, which makes it possible to reach an electron
current of about 200 pA near the photocathode. To
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decrease the influence of electron Coulomb repulsion, the
current was lowered to 20 pA, when the beam traversed
the diaphragm with a diameter of 30 mm in front of the
target. The central beam of unscattered electrons was
removed by a Faraday cylinder 375 mm in diameter. This
apparatus was employed to study the structural dynamics
of chemical reactions, in particular, the electrocyclic
ring-opening reaction of 1,3-cyclohexadiene [138].

Fig. 16 displays a schematic of experimental
arrangement for the study of ultrafast electron diffraction
(UED). The diffraction chamber in this third-generation
unit (UED-3) is coupled with a time-of-flight mass
spectrometer (MS-TOF) [140].
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Fig. 16. Experimental Ultrafast Electron Diffraction (UED-3) setup coupled with a time-of-flight
mass-spectrometer (MS-TOF), allowing for in situ control of the gas phase composition. From ref. [140].

The arrangement consists of four separate vacuum
chambers, viz. an electron gun, scattering chamber,
detection chamber, and MS-TOF for in situ control of the
gas composition and detection of potentially corrosive
compounds [140]. A vacuum at the level of ~ 107 Torr
is produced in the scattering chamber in the absence of
a gas sample; the pressure builds up to 10 Torr when
the molecules studied are introduced into the chamber.
The pressure in the sensor chamber was maintained at
the level of 10 Torr to avoid condensate formation on
the thermoelectrically cooled surface. Special attention
was given to avoiding parasitic electric or magnetic
fields capable of distorting the trajectories of scattered
electrons.

The detection system is of primary importance in the
ultrafast electron diffraction method. The electron flux
should be maintained at a very low level to ensure ultrafast
temporal resolution of the system. The UED-3 apparatus
contains a system for two-dimensional detection of the
diffraction pattern based on a CCD matrix with a low
noise level. Because scattering intensity in the course of
electron diffraction rapidly decreases as the scattering

angle increases (by 6-8 orders of magnitude), a changeable
symmetric optical filter representing an analog of the
rotating sector in conventional gas electron diffraction
is applied in the radial direction on the back wall of
the scintillator [141]. Naturally, there are no moving
mechanical parts here. The filter permits simultaneously
measuring diffraction intensity over a dynamic range
spanning more than seven orders of magnitude, which
significantly increases the determination accuracy of
structural parameters of the study sample. A typical UED
experiment implies recording of 1000 frames per second
for an exposition time 240 s (at a pulse repetition rate
of 1 kHz). Averaging is performed over 100 diffraction
patterns. Modern mathematical methods are applied to
process signals as described in [142]. A series of studies
on the dynamics of free molecules and transition states
of chemical reactions were carried out at UED-3 facility
(see [140] for details).

Recently a new femtosecond electron diffraction
apparatus with time resolution of ~ 300 fs was developed
[143]. The scheme of the experimental setup used in our
experiments and implementing the TRED method is
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shown in Fig. 17. The main frequency of a femtosecond
Ti:sapphire laser (A, = 800 nm) was used as the pump
beam and the photoelectron beam formed under the
irradiation of the semitransparent photocathode with the
third harmonic of the Ti:sapphire laser (A, = 266 nm)
was used as the probe beam. In this manner, the optical
and photoelectron pulses were strictly synchronized.
The laser pulse duration was 50 fs. The pulse repetition
frequency was 1 kHz. The photocathode material was a
silver layer with a thickness of ~30 nm deposited on a thin
quartz plate. The studied sample was an antimony film with
a thickness of about 30 nm prepared by thermal deposition
in vacuum on a standard carbon substrate with a thickness of
20-30 nm used in transmission electron microscopes. The
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pump laser radiation was incident on the sample at an
angle of 45°. The energy density in the laser beam on the
sample surface was 1.5 mJ/cm? Such radiation energy
density made it possible to perform rather long-term
measurements without noticeable degradation of the
sample. The kinetic energy of probe photoelectrons was
20 keV. The diameter of the electron beam in the region
of the sample was ~0.1 mm. A lens based on a constant
magnet adapted for the given energy of the electron
beam served as a focusing system that made it possible
to minimize the time-of-flight interval of electrons. The
sample-diffracted electron beam amplified on the detector
using microchannel plates got to the luminophore and
was detected on a CCD camera (Fig. 17).

2

Fig. 17. Experimental scheme of the femtosecond TRED apparatus: (1) vacuum chamber,
(2) turbomolecular pump, (3) amplifier of the electron current on the basis of microchannel plates
and CCD chamber, (4) silver photocathode, (5) anode and target, (6) beam splitters, (7) mirrors,
(8) radiation attenuator, (9) converters into the second and third harmonics, (10) lenses, (11) diaphragm,
(12) polarization rotator, and (13) delay line. From ref. [143].

The main frequency of a femtosecond Ti:sapphire
laser (A, = 800 nm) was used as the pump beam and the
photoelectron beam formed under the irradiation of the
semitransparent photocathode with the third harmonic of
the Ti:sapphire laser (A, = 266 nm) was used as the probe
beam. In this manner, the optical and photoelectron pulses
were strictly synchronized. The laser pulse duration was
50 fs. The pulse repetition frequency was 1 kHz. The
photocathode material was a silver layer with a thickness
of ~30 nm deposited on a thin quartz plate. The studied
sample was an antimony film with a thickness of about
30 nm prepared by thermal deposition in vacuum on a
standard carbon substrate with a thickness of 20-30 nm
used in transmission electron microscopes. The pump
laser radiation was incident on the sample at an angle
of 45°. The energy density in the laser beam on the
sample surface was 1.5 mJ/cm?® Such radiation energy
density made it possible to perform rather long-term
measurements without noticeable degradation of the
sample. The kinetic energy of probe photoelectrons was
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20 keV. The diameter of the electron beam in the region
of the sample was ~0.1 mm. A lens based on a constant
magnet adapted for the given energy of the electron
beam served as a focusing system that made it possible
to minimize the time-of-flight interval of electrons. The
sample-diffracted electron beam amplified on the detector
using microchannel plates got to the luminophore and
was detected on a CCD camera. A general view of the
apparatus is shown in Fig. 18.

The generation of coherent optical phonons in an
antimony film has been directly observed by the femtosecond
electron diffraction method. The sample has been excited by
a femtosecond laser pulse (A = 800 nm) and probed with a
pulsed photoelectron beam. Oscillations of the intensity
corresponding to vibration frequencies of optical
phonons excited by the laser have been observed in the
obtained diffraction patterns: totally symmetric (A,,) and
twofold degenerate (E,) phonon modes of antimony and
their combinations [143]. The details of this study will be
described in the Part III of our article.
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Fig. 18. General view of the femtosecond electron diffraction setup developed by research groups
from the Institute of Spectroscopy, RAS and Moscow Technological University,
Institute of Fine Chemical Technologies. From ref. [143].

Concluding remarks: future outlook

The development of appropriate experimental
facilities for time-resolved electron diffraction and
electron microscopy [ 144] made it possible to combine
a spatial resolution on the order of ~ 102 — 10-* A with
pico- and even subpicosecond temporal resolution
into a single complex. Some authors have reported the
generation of ~ 200-fs electron pulses [145-151]. The
preparation of 10 fs long pulses containing 10* — 10°
electrons in future research would be of paramount
importance for the observation of fast processes
in matter and concomitant changes in its structure.
Also needed is an effective method for the reliable
measurement of such short temporal characteristics
of electron bunches [145].

The present review is concerned with processes
studied with the aid of modern sources of femtosecond
laser radiation on a time scale from nano- to femtoseconds
or shorter extending even to the subfemtosecond
(attosecond) region. The reader may ask: is it possible
to make use of ultrafast electron diffraction in studying
very short (say, shorter than 1 as) processes? In principle,
such studies can be conducted in the case of diffraction
of isolated relativistic electrons scattered with the
characteristic time © ~ D(nucleus)/c = 102 — 102 s.
Under favorable conditions, the results may open up
new possibilities for the investigation of the dynamics
of extreme states of matter [152]. Naturally, the
development of such a new promising line of research
will require great efforts by both experimentalists and
theorists, as well as considerable financial investments,
let alone the proper experimental base. It can be expected

that the success of these activities will depend on how
effectively the methods and approaches from different
fields of physics and technology are combined into a
single experimental layout [153, 154]. It cannot be ruled
out that a combination of two different type microscopes
[144], namely, an electron microscope and, for example,
a scanning probe microscope, in a single experimental
layout may turn out well justified to improve the
characteristics of a unique measuring device as a whole,
as described in [155]. It is worth mentioning an original
method of scanning vacuum probe microscopy with a
hollow tip, the development of which is underway at the
Institute of Spectroscopy, Russian Academy of Sciences
[156]. Such a tip, a dielectric or microcapillary coated
with a thin metallic layer, may have a 100-nm aperture
(commercial variant) or a 10-nm open hole (laboratory
design) [157]. This instrument is expected to enable
modification of surfaces with ion and electron
microbeams or soft X-ray radiation directed to the
sample through the capillary, and investigation of
surface molecular complexes by passing photoions or
photoelectrons through the scanning hollow tip. In the
photoionic mode, time-of-flight mass spectrometry will
make it possible to realize nanolocal photodesorption of
molecular ions when high spatial resolution is combined
with high chemical, elemental selectivity. This method
may add information about a sample to that obtained
with an electron microscope. We appear to be witnessing
not only the new birth of electron microscopy, but also its
principally new achievements to come as it approaches
the centenary of successful developments and wide
practical applications. Today, it provides the principal
possibility of studying the properties of matter in the
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space-time continuum exploiting short photoelectron
beams. Characteristically, there are 30 — 40 research
laboratories all over the world experimenting or
planning to experiment with ultrafast electron
diffraction [158] and one tenth that number of centers
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XHMHUS1I 1 TEXHOAOI'HSI HEOPTAHHYECKHX MATEPHAAOB

YK 546.9

NCCIEAOBAHUE TEPMUYECKOI'O PA3JIOXKEHUA KOMIIVIEKCHBIX
COEJVUHEHUM XJIOPUJIOB HUKEJISI U KOBAJIBTA C YPOTPOIIMHOM

O.B. 'oay0Oeg, E.B. CaBuakuHna®, A.C.X. Aap-Xaspazaxu, M.H. [laBeiaoBa

Mocrosckuil mex+onozuueckuil yrusepcumem (MHcmumym moHKUX XUMUMECKUX MEeXHOI0ZULL),
Mocrkea, 119571 Poccust
@Aemop onst nepenucku, e-mail: e.savinkina@mail.ru

Bzaumooeiicmeuem xnopudog Hurens(ll) u wobanema(ll) c¢ ypomponurom (HMTA) nonyue-
HbL KOMNJeKCHble coedurenust cocmasa NiCl,2HMTA-10H,0 (1), CoCl,,2HMTA-10H,0 (2),
CoCl,HMTA-4.5H,0 (3). Ilokasaro, umo coeduHerus 1 u 2 usocmpykmypHbL U OmMeeuaom pa-
Hee onucanHomy [Ni(H,0)JCl,-4H,0-2HMTA. Ha xpueoii TT'A coedurerus 1 nabuooaemes cmy-
neHuamoe ymeHbuleHUe MAcCcobl, C8si3aHHOoe ¢ 08YXcmaodullHOli nomepell 8cex MoeKys 800bL (00
170°C) u odHotli monexysel ypomponura (0o 270°C), danee npoucxodum pasnorKerHue gppasmeHma
NiCl,HMTA. Ha dugparxmozpamme meepooz0 0OCMamra, noJyueHHo20 nocie Hazpesarus obpasua
0o 800°C, He yoanocb 06HAPYIUMb OMPAIKEHUL, XapaKmepHblx OJisl MemMaiia u ezo npocmeii-
wux asom-, yanepoo- u xnopcoodeprkauiux coeduHeruil. Tepmuueckoe pasnorxerHue coeouHeHuil 2
u 3 npomexaem aHao02uuHO, HO 8o0a yoassilemest 8 00HYy cmaduro. B HK-cnekmpax, uamepeHHbLx
Npu nosblUEHHbIX memnepamypax, eniome 0o 220-230°C, umeem mecmo nocmeneHHoe YymeHo-
weHue UHMeHCUBHOCMU NOJIOC, OMBEUAIOULUX KONeOAHUAM MOleKY 800bl. Tloniocbl, omHeceHHble
K KOIebaHUSIM MEeMUNEeHO8bIX 2pYNn YpomponuHa, OCMaromest 8 YyKka3aHHOM uHmepsanie memne-
pamyp npaxmuuecku 6e3 uamereHuil. B mo oke gapemst yoke npu HazpesaHuu ebliie 130°C omme-
yaemest c08U2 NOJOC, 00YCN08eHHbBLX 8aleHMHbIMU Koiebarusmu cgszeiti C-N, om ~1050 u ~1008
em! e cnekmpax cgobooroz0 ypomponura u [M(H,O) J(HMTA),CL,-4H,0 x 1015-1019 u 984-995
em’l, coomeememaeHHO, umo ceudemenibcmayem o KOOPOUHAUUU AMOMAMU HUKeNsl U Kobartbma
MOSEKYJL YPOMPONUHA 8MECmO YOANEHHbIX MONeKYa 800bl. B oaurHosonHosbx HK-cnexmpax
ons NiCl,:6H,0 u coedurerus 1 npu KoMHAmHoU memnepamype Habuoo0aromes NOJ0CbL 8AeHM-
Howxx KonebaHuil Ni-O u decpopmayuorHbix konebaruii O-Ni-O. ITocne nHazpesarus 1 npu 115°C g
cnexmpe nosiensirtomest nosocel kKonebaruii Ni-N u Ni-Cl, umo caudemenbcmayem o KOOpOUHAUUU
AmMoOMOM HUKEJISL MOJIeKYSL YPOMPONUHA U XIOPUO-UOHO8 nocsie YoasleHus eHeuHechepHblx U
8HYMPUCEPHBIX MONEKYJL 800bL.

Knroueevle cnoea: KOMNIEKCHble COeOUHEeHUSl, YPOMPONUH, XI0puUd HUKeNs, Xaopud kobarbma,
mepmuueckoe paznoxerue, HK-cnekmpockonust.
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Complex compounds NiCl,2HMTA-10H,0 (1), CoCl,,2HMTA-10H,0 (2), CoCl,HMTA-4.5H,0
(3) were prepared by the reaction of nickel(Il) and cobalt(ll) chlorides with urotropine (HMTA).
Compounds 1 and 2 are isostructural, their structure corresponds to the earlier studied
crystal structure [Ni(H,0) JCl,4H,0-2HMTA. Thermal destruction of the complex compounds
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1-3 was studied by TGA and high-temperature IR-spectroscopy. The TGA curve for compound
1 shows stepwise mass loss caused by two-stage loss of all water molecules (up to 170°C)
and one urotropine molecule (up to 270°C) followed by decomposition of NiCl,HMTA. The
X-ray diffraction pattern of the resulting solid shows no reflections typical for the metal and
its simplest nitrogen-, carbon- and chlorine-containing compounds. Thermal decomposition of
compounds 2 and 3 proceed similarly, but water is removed in one stage. IR spectra, which
were recorded at high temperature (up to 220-230°C) show gradual decrease of intensity of the bands
assigned to vibrations of water molecules. The bands of the methylene groups of urotropine do not
change on heating. However, the bands of the C-N vibrations shift from ~1050 and ~1008 cm™ in the
spectra of urotropine and [M(H,0) J(HMTA),Cl,4H,0O to 1015-1019 and 984-995 cm™’, respectively,
indicating coordination of urotropine molecules instead of the removed water molecules. The
long-wave IR spectra for NiCl,-6H,0 and compound 1 at ambient temperature show bands of Ni-O
stretching vibrations and O-Ni-O bending vibrations. After heating 1 at 115° C, bands of Ni-N and
Ni—Cl appear, which indicates the coordination of urotropine molecules and chloride ions after the
removal of outer-sphere and inner-sphere water molecules.

Keywords: urotropine, complex compounds, nickel chloride, cobalt chloride, thermal destruction,

IR spectroscopy.

BBenenune

B mocrnennue rompl HAOMIOMACTCS TOBBIMICHHBIN
MHTEPEC K CHHTE3Y TOJUTETEPOIMKINISCKUX OpraHnye-
CKUX COEJIMHEHUH M M3yYEHHUIO UX CIIOCOOHOCTH K 00-
Pa30BaHMIO KOMIUIEKCOB C IEPEXOAHBIMU AJIEMECHTaMH.
[NonurerepounKIMYECKIE TUTAaHIbI 00IaJA0T pa3iiny-
HOW JICHTAaTHOCTBIO W 00pa3yroT OOJbIIOE KOIUYECTBO
METaJJIOKOMIUIEKCOB. K HUM, B 4aCTHOCTH, OTHOCATCS CO-
SIIMHCHMS, NMEIOIIHE CTPYKTYPY THIIA afaMaHTaHa (HalpH-
Mep, yPOTPOIHH, WiH rekcameTmienrerpamut, HMTA).

HexoTopsie KOMIUIEKCH METAIIOB C TeTEPOLIUKIN-
YECKUMU JIMTAHJAMHU MPOSBILSIFOT OMOJNIOTHYECKYIO aK-
TUBHOCTB. OOHapy)XeHO WHTHOMpOBaHHE pocTa Oak-
Tepuil ¥ TPUOKOB B MPHCYTCTBHU KOMILUICKCOB PTYTH,
KaJaMmust U cepedpa ¢ yporponuHom [1]. AHTHMHUKPOO-
HbIE CBOWCTBA HaWJeHBI sl KomIuiekca kobanera(ll) ¢
YPOTPOIIMHOM U SIHTApHOW KHUCIOTOW [2], a Takxke AJis
xomruiekcos [Cu(HMTA),(H,0),]SO, [3], [Co(H,0)]
(HMTA),(NO,),-4H,0, [Co(HMTA),(NO,),(H,0),] [4]
u [Ni(HMTA),(NCS),(H,0),]-H,0 [5].

Kommekcbl METamuioB ¢ ypOTPOIMHOM HEPEIKO
HCHOJNB3YIOT B KaueCTBE MPEKYPCOPOB JJIS MOyYeHUs
MEePCIIEKTUBHBIX MaTePHAIOB, B TOM YHCIIC HAHOPa3Mep-
HbIX. Tak, JJIg CHHTE3a oc-Ni(OH)2 HCIIOIB30BaJIN JEii-
CTBHE YJBTPA3BYKOM IPHU MOBBIIICHHBIX TEMIEpaTypax
HA Pa3JIMYHBIC COJM HUKENS B MPUCYTCTBUHU yPOTPOIIHU-
Ha [6]. Komriekchl MHKA U KOOaIbTa ¢ YPOTPOITHHOM
MOCITYKIJIN HCXOIHBIMU IS TOTYYCHUsI (DOTOAKTHBHBIX
HAHOJVICKOB OKCHJIA IIMHKA, JOTIHPOBAHHOTO KOOAIBTOM
[7]. TepmuuyeckuM pa3loKEHHEM KOMIUIEKCA COCTaBa
[{Cd(HMTA)(NO,),(H,0),} ] cunTe3npoBain HaHOYa-
CTHULBI okcuza kaamus [8]. M3 npexypcopos, mosydeH-
HBIX CMEIICHHEM HUTPATOB METAJUIOB C YPOTPOIHHOM,
nonyuunsin Hanopasmepusie ZnO u Co,0, [9, 10]. U3 pac-
TBOPOB, conepkaimux Hutpat uepusa(Ill) u yporponus,

Boienunu auokcun uepus [11]. Ipekypcop, comepxa-
it xsmopua kobdaneTa(ll), ypoTponvH 1 aleTHICHOBYIO
CaXy, MCIIOJIb30BAIU JJIsl TOJYYEHUS METaJUINYEeCKOTO
KaTaJnu3aTropa BOCCTAaHOBJIEHUS KUCJIOPOLA B TOIUIMB-
HBIX pnieMenTax [12]. Hanouactuiel koOaiabTa U HUKEIs
MOJIyYaJId TaKXKe TEPMUUECKUM PA3JIOKEHUEM KOMILIEK-
cos M(H,0),(HMTA),(NO,),"4H,0 (M = Co, Ni) [13,
14]. IIpu 3TOM B KauecTBE MPOMEKYTOTHBIX COSTUHEHUI
UAeHTU(HUIUPOBAIIN aMOp(HBIE KapOUIbl METAJIIOB.

VYpOoTponMH HMEET YeThIpe aroMa a30Ta, KOTOpBIE SIB-
JSIOTCS TIOTEHLIUAJIBHBIMUA JIOHOPaMH 3JIEKTPOHHBIX Tap.
KomIuzekebl ¢ ypoTpOIIMHOM MCCIEI0BaIM paHee Ipe-
MMYIIECTBEHHO CIIEKTpalbHBIMU MeTomamu [15, 16],
KOTOpBIE YKa3bIBAalOT Ha BO3MO)KHOCTb KOOPIMHALUU
HMTA uepe3 onvH MM HECKOIBKO aTOMOB a30Ta; IpHU
9TOM ypPOTPOIIMH MOXET (POPMUPOBATH KOOPAMHAIIHNOH-
Hele nonumepsl [17]. Kpome Toro, yporpornuH Moxer
YIAEPKUBATHCS B KPUCTAJUINUECKOM pelIeTKE KOMIUIEKC-
HOTO COCJMHEHHS 33 CUET MEKMOJIEKYJISPHBIX B3aUMO-
JIEVCTBHM.

B xovmiexcrbix coemumenusix [Ni(H,0), J(HMTA),CL,-4H,0
[18] m [Co(H,0),](HMTA),Br,-4H,0 [14] yporponun
HaXOJUTCS BO BHeWIHEeH cdepe, oOpa3ys BOIOPOIHBIE
CBSI3U C aKBAKaTHOHOM (pHC. 1). AHAJIOTHYHOE CTPOCHUE
umetror coemunenns [M(H,0)J(HMTA), X, -4H,0, rue
M = Mn, Co, Ni; X =NO, [19], M = Mn, Ni, Zn; X
= CIO, [20]. B xoMIuIeKcax peiko3eMeNbHBIX SIEMEHTOB
YPOTPOIIHH TaKXKe HaXOIHUTCS BO BHeMIHeH cdepe [21, 22].

B COCIMHEHUN [Co(NCS),(HMTA),(H,0),]
[Co(NCS),(H,0),]-(H,0) xaxnas MOneKyya ypoTpo1Ha KO-
OPAMHUPOBAHA Yepe3 OAMH aroM asora [23]. AHaJoruyHoe
crpoerne npemnonokero i [Co(HMTA)(NO,),(H,0),]
[3]. MoHoneHTaTHBIE MOJIEKYJBl YPOTPONHMHA O00-
Hapy)X€Hbl TalKk€ B KOMIUIEKCHBIX COEIMHEHMSX
[Co(HMTA),CL ] (puc. 2) [24], Ni(HMTA),SO,-4H,0
[25], (NH,)[ZnCL(CH ,N)]-1.5H,0 [26] u
[Ni(HMTA),(NCS),(H,0),]-H,0 (puc. 3) [5].
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B nommveprpx  [CAB(HMTA)SCNYH,0),CH,OH], u
[CAI(HMTA)(SCN)(H,0),-0.5(CH,OH)] ypoTpo-
IUH CBsA3aH C arOMOM KaJMHUS dYepe3 OJWH aroM
asora, a B [Cd,(HMTA),(SCN),(H,0)] 'nH,O wu

Puic. 3. Crpoenne [Ni(HMTA) (NCS) (H,0),]-H,0 [5].

[Cd,Br(HMTA),(H,0)(HMTA)(H,0),], ou koop-
JUHHUPYETCSl uepe3 JABa aToMa a30Ta U SIBISETCS MO-
CTHKOBBIM OHICHTAaTHBIM JuraHmoM [27]. bunesn-
TaTHble MoOCTHUKOBBIC Juranasl HMTA oOHapyskeHbI
Takke B Kommiekcax [M(HMTA)(iso-Bu,PS),]
(M = Co, Cd) [28], Co(HMTA),(NO,),(H,0), [29],
[Co(NCO),(H,0),(HMTA)] [30]. B coemunenun
2CdClL,"HMTA-5H,0 Tpu aroma asora MOJIEKYIIbI
YpOTpOIHHA 00Pa3yIOT CBSI3H C TPEMS aTOMaMH KaIMUs
[31]. B monusiiepHOM KOMIUIEKCHOM COETUHEHUH KOOaJIbTa
[Co,(N,),(HMTA)(H,O)], kax1as MoneKysia ypoTpon1Ha
CBSI3BIBACT TPU pa3HbIX aToMa KobanbTa [32]. Bunenrar-
HBIC U TETPaJICHTATHBIE MOCTHKOBEIE MOJICKYITBI YPOTPOIIH-
Ha obnapyxensl B [Co,(0O,CCH,CO,),(HMTA)]-2H,0 u
[Cu,(O,CCH,CO,),(HMTA)]-7H,0, cootseTcTBenHO [33].

W3BecTHO, 4TO MpU HATPEeBAHUU KOMILJIEKCOB KO-
0anbpTa M HUKENA, CONEPIKAIINX YPOTPOIIMH BO BHEIITHEH
cepe, OHU MEHSIOT OKPACKY 3a CUET yIaJeHHs BOJbI U3
BHYTpEHHEU cepbl W MPEeBpamICHUS OKTadIPUICCKOTO
OKpYXKEHHs LIEHTPAJIBHOTO aToMa B TETPAdAPHUCCKOE
[34, 35]. PaspymieHne mMmeronmxcss U (GopMUpOBaHHE
HOBBIX CBsizel oTpaxaercs B MIK-cnekTpax.

Lenp HacTOsMIEH pabOTHI 3aKIFOUanach B CHHTE3E
KOMIUIEKCOB XJIOPHJIOB KOOANbTa U HUKEJIS C yPOTPOITH-
HOM H UCCJICIOBAaHUU UX TEPMHUECKOTO PA3IOKCHNS.

IKCIepUMEHTAJIbHAS YaCTh

B kadecTBe HMCXOAHBIX COEIMHEHUH Il CHUHTE3a
KOMIUICKCOB CIY)KIJTH TEKCaruapaT XJIOpHIA HUKEIs
NiCl,-6H,0 (4, FTOCT 4038-79) u rekcaruapar xjiopuia
kobansTa CoCl,-6H,0O (una, TOCT 4525-77), a Taxxke
yporponuH (4na, [OCT 1381-73).

Cunres  [Ni(H,0),]CL-2HMTA4H,O (1) #u
[Co(H,0),]C1-2HMTA-4H,0 (2). T'mapar xiopuza
mukens NiCl6H,O (2.4 1, 0.01 monb) mimn kobGaib-
ta CoCL-6H,0 (2.4 1, 0.01 mMosb) pacTBOpsIM B BOZE
U 100aBs pacTtBop yporpomuHa (2.8 1, 0.02 Moib)
B BoJie (00muii 00beM okojio 50 MIT), IIOCTOSIHHO TIepe-
MEINIMBasi, U HArpeBalld JIO0 MOJIHOTO pacTBOpeHus. Ye-
pe3 HemeNo OT(IIBTPOBBIBAIN CBETIO-3CIICHBIC KPH-
cTasuibl 1 WM CBETNIO-pO30BBIE KpUCTAILIBI 2. B ciyuae
COCIMHEeHMsT KOOAIbTa OIHOBPEMEHHO O0pPa30BBIBAIICS
TaK)kKe TEMHO-PO30BBI IMOPOIIOK, KOTOPBIA TpH Xpa-
HEHHU HAa BO3AYXE CTAHOBWJICS CHHUM — COCIAMHCHHE
CoCl,-HMTA4.5H,0 (3). Kpucramisl coequHenuii 2 u
3 pazgensid Bpy4HYyIo.

[TonmyueHHBIE BeIIEeCTBa XOPOIIO PACTBOPUMBI B
BOJIC U CITUPTE.

Xumnuecknii anaau3. OnpeaercHue conepKanus
C, H, N npoBoaunu Ha anemenTHoM anaiu3arope CHNS
Flash EA1112 ¢upmbl Thermo Finnigan (Mtanus) (Tad.
1). OTHOCHUTEIbHAS OMUOKA ONPEIEIICHUS HE TIPEBhIIIa-
na 0.2-0.3%.
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Ta6auua 1. Pe3ynbrarsl 2J1eMEHTHOTO aHAIN3a CHHTE3UPOBAHHBIX COCTMHEHUHN

Coenunenue 1

Beruucneno, %, s C ;H, N.O, Cl Ni (590.26)

127 744" '8

Haiineno, %

C H N

C H N

24.42 7.45 18.98

24.6 7.68 18.6

Coenunenue 2

Borancneno, %, nia C, H, N,O, CL,Co (590.50)

Haiineno, %

C H N

C H N

24.41 7.45 18.98

243 7.57 18.6

Coenunenue 3

Brraucneno, %, nis C.H, N,O, C1 .Co (350.84)

Haiineno, %

C H N C H N
20.52 5.99 15.96 20.7 5.29 15.8
UK-cnexkTpsl MODIOLIEHHS  PErMCTPUPOBAIM  HA MEPUTENIbHYIO KaMepy U MPOBOIMIM U3MEPEHUs B aTMOC-

HK-®ypre-ciekrpomerpe  EQUINOX 55, «BRUKER»
(Tepmanus) B matepBasie 4004000 cm': B cpeanem
UK-nuanazone (4000-700 cm™') — B Buje mopouika
¢ OpOMHUJOM KaJHs C MOMONILK TPUCTABKU TU-
¢dy3noro orpaxenus EasiDiff™ Diffuse Reflectance
Accessory pupmbr PIKE Technologies, Inc.; B ganb-
Hem UK-nuanazone (700-50 cM™!) — B Buze cycrneH3nn
B BAa3ENIMHOBOM Macje Ha OKHaX U3 MOJMITHIICHA BBICOKOM
wiotHocTH. TemneparypHbiii  MIK-3kcniepriMeHT  BbINOIN-
HSUTM C TIOMOIIBEO TEMITepaTypHO IpucTaBku Variable
Temperature Cell Controller ¢pupmbr Specac B cpenHem u
nmanpHeM MK-muanazone. OOpabOTKy CIIEKTPOB TPOHM3BO-
i B iporpamme OPUS6.0.

[NopormkoBbie aupakTorpaMMBl KOMIUICKCOB CHAMA-
m Ha jgudppaxromerpe APOH-3 (rpadutoBblil miockuit
MoHoxpomarop, CuKo-ms3mydenne Ha IugparnpoBAHHOM
My4Ke B HEMIPEPBHIBHOM peknme) B o0actu 20 ot 5° 10 57°.

TepMorpaBUMeTpUYECKUH aHATH3 MPOBOIMIN Ha
npudope Q500 ¢upmsr Intertech CILIA. O6pasupl T0-
TOBHJIM TIO CTAHIAPTHOH METOMMKE, ITOMEINAIH HX B W3-

(epe aprona, ITMHEHHAs] CKOPOCTh HATPEBA U OXJIKICHUSI
COCTaBIIsIa 5 rpaj./MUH, H30TEPMHUUECKasi BBIICPIKKA B
3aJJaHHOM TeMIIEpaTypHOM UHTEpBaie cocraBisuia 1-1.5
muH. OOpaboTKy Moay4eHHbIX KpuBbIXx TIA BbINOINI-
HSUIA C UCIIOJB30BaHHEM IPOrPAMMHOIO OOCCICYCHUS
Software Universal Analysis. OmuOka onpeaencHus
0.5-1 rpan.

Pe3ynbrarbl 1 ux o0cyxaenmne

[lo maHHBIM AIEMEHTHOTO aHANW3a HAOIIOHACTCS
XOpOolllee COOTBETCTBUE COCTaBa KOMIUIEKcoB 1 u 2 pa-
Hee omybnukosanHbiM coctaBaM NiCl -2HMTA-10H,0
u CoCl:2HMTA10H,0, cooTBETCTBEHHO.

Judpaxrorpamma coenuHeHHss 1 paKTHYECKU
MOJTHOCTBIO COBIA/IACT C pacyeTHON AudpaKTorpaMMoi
coenunenns  [Ni(H,0)]CL,-2HMTA-4H,0, wuccneno-
BaHHOTO METOJIOM PEHTTCHOCTPYKTYPHOTO aHajH3a B
pabote [18] (tabn. 2). JudpakTorpaMmbl KOMILJICKCOB
XJIOPHUJIOB HUKEJSI U KOOAJIbTa C YPOTPOIIMHOM CXOTHBI
MEXIy cOOOH, UTO YKa3bIBaeT Ha OIM30CTh UX CTPYKTYP.

Tadamuua 2. Pe3ynasTaTel HHIUINPOBAHUS TUPPAKTOTpaMM coeTuHEHHH 1 1 2

[Ni(H,0),]C1,-2HMTA-4H,0 [18] Coemunenue 1 Coenunenue 2

20 h k 1 20 h 1 20 h k 1
9.875 1 0 0 9.881 1 0 0 9.881 1 0 0
12.911 1 -1 0 12918 1 -1 0 12918 1 -1 0
15.268 1 -1 15.277 -1 -1 1 15.277 -1 -1 1
16.227 1 0 1 16.236 1 0 1 16.236 1 0 1
18.916 0 1 -2 18.926 0 -1 2 18.926 0 -1 2
19.376 1 -1 -1 19.378 -1 1 1 19.378 -1 1 1
20.088 2 -1 0 20.108 2 -1 0 20.108 2 -1 0
20.686 1 -2 20.695 -1 -1 2 20.695 -1 -1 2
22.023 0 2 -2 22.033 0 2 2 22.033 0 2 2
23.552 1 -2 2 23.563 1 -2 2 23.563 1 -2 2
24.625 2 0 1 24.631 2 0 1 24.631 2 0 1
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B HMK-crekTpax KOMIUIEKCOB HAONFOIAFOTCS ITOJIO-
ChI TIODVIONICHUSI KOOPUHUPOBAHHBIX U HEKOOPAMHHUPO-
BaHHBIX MOJIEKYIT BOJIbI (Ta0u. 3). [Tomockl morornieHus,
00yCJIOBJICHHBIE KOJECOAHUSAMU MOJIEKYJ YpPOTPOIHHA,
MaJIo CMEINAIOTCS TIPH 00pa30BaHUU KOMIUTEKCOB 1 u 2.

B 10 5%e Bpemsl B crieKTpe 3 0TMedaeTcs CABHT MOJI0C, 00-
YCIIOBIIEHHBIX BaJCHTHBIMU KoseOanusamu cBsizeit C—N,
or 1048 u 1007 cm ! B criekTpe CBOOOAHOTO yPOTPOIIMHA
K 1002 1 926 cM™!, COOTBETCTBEHHO. DTO MOXKET CBUJIE-
TEIBCTBOBATH O KoopanHamu Monekyn HMTA.

Ta6auua 3. Hexoropsie nonockl nonomenus B UK-cnekrpax yporponuna (HMTA)
u coenuHennit 1-3 B o6nactu 4000—400 cm! 1 ux OTHECEHUE

HMTA Coenunenue 1 Coenunenue 2 Coenunenue 3 OtHeceHue
3445 3468 3447 v (OH)
3224, 3380 3226 v (OH)
2890, 3118 2969 2883, 2927, 2952 v(CH)
1625, 1671 1616 1545, 1648 S(HOH)
1238 1239, 1204 1179, 1197 1060, 1233 v(CN)
1007, 1048 1012, 1241 1045, 1007 926, 1002 v(CN)
672,812 509, 693, 805 689, 810 682,778, 814 d(NCN)

IIpu narpeBanmm coemuHeHuss 1 U 2 W3MEHSIOT
OKpacKy Ha CHPEHEBYI0 M CHHIOIO, COOTBETCTBEHHO,
YTO, OYEBU/IHO, CBSI3aHO C ITOTEPEH BOIbI U H3MEHEHUEM
CTPYKTYPBI COETUHEHHH. DTH MpOIEecCchl OBLIN HCCIIe-
noBanbl Metonamu TTA u BeicokoTemrieparypuoit K-
CHEKTPOCKONHH (pHC. 4).

Ha xpuBoit TT'A coemunenust 1 (puc. 4a) MOXHO
BUJICTh CTYIEHYATOC YMEHBIICHHE MACCHI, CBA3aHHOE C
JIBYXCTaIMHHOM moTepeit Bcex monekyln Bomsl (10 170°C)
U OTHOH MOJIEKyYIbI ypoTpomnuHa (10 270°C), uto B 1ienom
cootBercTByeT naHHbM [18]. [Ipenmonaraemsre mporeccs
MpHUBE/EHBI B Ta0N. 4. M3BeCTHO, UTO ypOTPOIHH TEPMHU-
YecKH JO0BONILHO ycroiumB. OH Bozronsiercst mpu 536 K
(263°C) (armocdepHOe AaBICHHE) C Pa3IOKEHHEM; pa3-

a

Welghlt hange (%)
Derk. W elghl (% 1°e )

JIOKEHHE TIpoTeKaeT B Ta3oBoi ¢aze [36]. Ha mudpakto-
rpamMme TBEpJIOro OCTaTKa, MOTy4EeHHOTO NMPH HarpeBaHUH
obpasna 1o 800°C, He yaarioch OOHAPYKUTh OTPAYKCHHH,
XapaKTePHBIX I METaJUIa U ero MPOCTEHIIINX a30T-, yIvle-
POII- ¥ XJIOpCOEPIKAIINX COSIMHEHMUH.

Tepmudeckoe pas3oKeHHE COENUHEHUS 2 MPOTEKaeT
AHAJIOTMYHO, HO BOJIA YNAJSIETCS B OITHY CTaJIUIO (puc. 40,
Tabm. 5). Pacuer mokasbIBaeT, YTO MPU HATPEBAHUU COCMIH-
HeHust 3 oT KoMHaTHOU Temrieparypsl 10 240°C (puc. 4B,
Taln. 6) MpoUCXomUT yaaneHue 4.5 MoJb BOAbI HA MOJb
KOMIIJIEKCA, YTO TIOTHOCTHIO COOTBETCTBYET JAHHBIM HJIc-
MeHTHOro aHanuza. [Ipu temmneparype Boie 240°C obpa-
syercst CoCL,-HMTA, koTopbIii najiee pasnaraercsi aHao-
TUYHO MPOJYKTY Pa3iIoKeHHs KOMILIeKca 2.

0

De v, Weghl Ge1°c )

Welghl Charge ()

Dedv. Weighl Change (847G )

Puc. 4. TT'A coenunennii 1 (a), 2 (6) u 3 (B).
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Ta6nmua 4. Tepmuueckoe pasnoxenue coenunenus [Ni(H,0),J(HMTA),CL,-4H,0 (1)

IIpenmnonaraemslii nporecc

Temneparypa, °C ITorepst maccsl, %
126 21
168 29
270 56
476 65

[Ni(H,0),J(HMTA),Cl,-4H,0 — NiCl,-2HMTA3H,0
NiCl,-2HMTA3H,0 — NiCl,2HMTA
NiCl,2HMTA — NiCl,-HMTA

NiCl,- HMTA — NiCl,-0.5SHMTA

Tabauua 5. Tepmuueckoe pasnoxenne coenunenus [Co(H,0),J(HMTA),CL-4H,0 (2)

IIpennonaraemslit mpomuecc

Temneparypa, °C ITotepst maccel, %
142 30
264 57
438 67

[Co(H,0),J(HMTA),CI,4H,0 — CoCl,-2HMTA
CoCl,-2HMTA — CoCl,-HMTA
CoCL-HMTA — CoCl,-0.5SHMTA

Ta6auna 6. Tepmuueckoe pasnoxenue coenunenns CoCl,-HMTA-4.5H,0 (3)

Temneparypa, °C Tlotepst maccsl, %

[Ipennonaraemsiit mpouece

118 17
191 34
238 27

CoCl,'HMTA-4.5H,0— CoCl,-HMTA3.5H,0
CoCl,'HMTA3.5H,0 — CoCl,"HMTA-1.5H,0
CoCl,-HMTA"1.5H,0 — CoCL,-HMTA

B VK-criekrpax, I3MepeHHBIX IPH MOBBIILIEHHBIX TEMITE-
parypax (Bmwiots J1o 220-230°C), HaOmronaeTcst IOCTeNIeHHOE
YMEHBILIEHHE HHTEHCUBHOCTH TIOJIOC, OTBEYAIOLIMX KOleOaH!-
SIM MOJICKYIT BozIBI. 1 10710CBI, OTHECEHHBIE K KOIICOAHMSIM METH-
JICHOBBIX TPYII MOJIEKYJ YPOTPOIIMHA, B YKa3aHHOM MHTEpBa-
JIe TEMITEPATyp OCTAFOTCSI TIPAKTHYECKH O3 M3MeHeHui. B To
ke Bpemst Iipy HarpeBaHuu cBbite 130°C ormedaercs: cur
I0JIOC, OTHECEHHBIX K BAJICHTHBIM KosieOanmsm csizeii C—N,
or ~1050 u ~1008 cM! B crieKTpax CBOOOIHOIO ypOTPOITHHA

1 [M(H,0),J(HMTA),CL-4H,0  1015-1019 n 984-995 cm ',
COOTBETCTBEHHO. JTO MOKET CBHJICTEIIHCTBOBATE O KOOPIIMHA-
LM aTOMaMH HUKEJT M K0OaJIsTa MOJIEKYIT YPOTPOITMHA BMECTO
YIAJICHHBIX MOJICKYIT BOJIBL.

JmnnoBonHoBble MK-criekTpbl Hanbonee nHgpopma-
THBHBI TS OTIPENICTICHUSI XapakTepa CBA3eH aroma MeTai-
na ¢ ouraigamMu. OTHECEHHe MOoJIoC B 3TOM obnactu Uit
NiCl,'6H,O u coenenus 1 mpu KOMHATHOM TeMIIeparype
u nocne HarpeBanus nipu 115°C npuBeneHs! B Ta0. 7.

Ta6auua 7. [Tonocer normouenus B UK-cnexkrpax NiCl,:6H,0 u coenunenns 1 npu KOMHATHON TeMIIEpaType
u niocite Harpesanus (115°C) B o6mactu 70050 cM™' 1 X OTHECEHHS

NiCl,-6H,0 1 10 HarpeBaHus 1 nocrne HarpeBaHus
v, cM! OrHecenne v, em! OrHecenue v, em! OrHecenue
67
124 Kp. pelr. 62 Kp. pell. 82 Kp. pelr.
98
163 Kp. pett. 146 3(ONiO) 118 8(ONiO) + Ni—Cl
181 S(ONiO)
232 é%ﬂ?gj 172 3(ONiO) 129
- i0) + i0) + Ni—
283 g?d%?gj 262 v.(NiO) 160 ggﬂg + ggﬁigi + 11:11178
369 v (NiO) 373 v, (NiO) + m(NCN) 185
447 v, (NiO) 420 p(aq) + T(NCN) 234 3(ONiO)
gz ; p(aq) 508 3(NCN) 284 8(ONiO) + Ni-Cl
656 p,(aq) 565 p,(aq) 337 v, (NiO)
379 n(NCN)
500 V(NiN) + p (aq) + S(NCN)
524 p,(aq)
648 S(NCN)
660
670 S(NCN) + Vv(NiN) + p(aq)
675
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HccaemoBaHHe TEPMHYECKOI'O Pa3A0KEHHSA KOMIIAEKCHBIX coeaHHEeHHuH XAOPHAOB HHKEAA H xobaanbTa...

3akjouenue

B pesyinbrare BBIOJIHEHUS HACTOSIICH PaOOThI MOKa-
3aHO, YTO TEPMUUECKOE pa3jIoKeHHe KomIuiekca 1 xmiopu-
Jla HUKES C yPOTPOIMHOM COMPOBOXKIACTCS yIajIeHUEeM
7 MOJIEKyJ BOZIbI Ha MEPBOM CTauH, YTO MPUBOAUT K BO3-
HUKHOBEHHUIO CBSI3¢H HHUKEIb—Aa30T M HHUKEIb—XJIOP M, KaK
CJI[ICTBHE, K KOOPIMHALIMK MOJIEKYJ YPOTPOIIMHA U XJIO-
PHUA-MOHOB aTOMOM HHUKes1. Bo3MokHO, cTpyKTypa 0bpaso-
BaBILETOCs KOMIUIEKCHOIO COeIMHEHUS OJIM3Ka K CTPYKType
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BHYTPEHHEE DOHEPI'OCBEPEXXEHUE B PEKTU®UKALIMOHHBIX KOJIOHHAX
C AUCKPETHBIM U HEITPEPBIBHBIM KOHTAKTOM ®A3

M.K. 3axapos, H.B. AobaHoB®

Kadgheopa npoueccos u annapamos xumuueckux mexHosoeuti um. H.H. I'enbnepuHa,
Mocrosckuil mexHonozuueckuil ynugepcumem (MHcmumym moHKUX XUMUUECKUX MeXHO102Ull),
Mockea, 119571 Poccusi

@ Aemop ona nepenucku, e-mail: Lnw94@yandex.ru

IIpoaranusuposaHvl nepcneKkmueHsle cnocobbl 9KOHOMUU 3ampam meniomsl npu pexmugu-
rayuu xuoxux cmeceti. ITo0OpobHO paccmompeHo sieneHue 8HYmpeHHez0 sHepaocbeperkeHus Ha
meopemuueckux mapesxax. [IoKa3aHo, Umo OHO 3a8UCUM OM UUC/IA MeopemuiecKux mapesiox
8 yKpennsrouiell U 0M20HHOTU UaCmsiX KOJIOHHbL, G MAaKsKe 0m azpezamHoz20 COCMOSIHUSL UCXOOHOU
cmecu. Hceenedosarsbl npoyeccel meniomaccoodmeHa Ha peanbHblX mapenkax ¢ pasaudHblMu
3HaueHusmu KII/[. BoloeneHbl 610KU peasibHblLX mapesoK, 9KeusaleHmHble 00HOU meopemuue-
CKOU cmyneHu, m.e. 8 KOMOPbLX Yxo0suwue nNomoKu sKuoKocmu u napa pasHosecHsol. Ilo anano-
2UU C 3MUM PACCMOMPEH MENTOMACCOOMEH 8 annapamax ¢ HenpepsvleHbiM KOHMAKMOoOM a3
¢ sblcomoli cnos,, obecneuusarouieli 00HY meopemuueckyro mapeaxy. okasaHo, umo 8 Haca-
OOUHBIX PEKMUPUKAYUOHHBLX KOJIOHHAX U 8 KOJIOHHAX C PeAbHbLMU MAPesKamu eHympeHHee
9HepzocheperkeHue maKIKe 3a8UCUM OM UUCAA Meopemuueckux mapesiox U azpezamHo20 cOCmo-
SIHUSL UCXOOHOU CMeCU.

Knroueenvle cnoea: pexmugurayus, sHepeocbepexerue, sHympeHHee sHepzocbeperceHrue,
meopemuuecKkas mapeaKa, peaibHast mapeka.

INTERNAL ENERGY SAVING IN DISTILLATION COLUMNS
WITH REAL PLATES AND IN FILLED DISTILLATION COLUMNS

M.K. Zakharov, N.V. Lobanov®

Moscow Technological University (Institute of Fine Chemical Technologies),
Moscow, 119571 Russia
@ Corresponding author e-mail: Lnw94@yandex.ru

42

Perspective ways of power saving in the distillation of liquid mixtures are considered. The
phenomenon of internal energy saving on theoretical plates is considered in detail. As shown
in this article, the phenomenon depends on the number of theoretical plates in the rectifying
and stripping sections of the column and also on the aggregative state of the feed mixture. The
processes of heat and mass transfer on real plates with various values of efficiency factor are
considered. Blocks of real plates equivalent to one theoretical stage, that is, blocks where the
leaving flows of the liquid and vapor are in equilibrium, are isolated. Analogically, heat and mass
transfer in apparatuses with a continuous phase contact having a layer height providing one
theoretical plate is considered. It is proved that internal energy saving in filled rectifying columns
with real plates also depends on the number of theoretical plates and the aggregative state of
the initial mixture.

Keywords: distillation, energy saving, internal energy saving, theoretical stage, real stage.

Toukue xumudeckue TexHosrorun / Fine Chemical Technologies 2017 Tom 12 No 2



M.K. 3axapos, H.B. AoGaHos

3arparbl TEIUIOTHI NPH PEKTH(GHUKAIIMN OMHAPHBIX H
MHOTOKOMIIOHEHTHBIX CMECEH 3auacTyl0 IMpEBBIMIAIOT Te-
IUIOTY WX WCTIAPEHMS, MHOTIA B HECKOIBKO Pa3. ITO UMEeT
MECTO MpU MaJION pa3iesieMOCTH CMeCH (MaJIoif OTHOCH-
TEIFHOM JIETy4eCTH KOMIIOHEHTOB Pa3/ielisieMON CMeCH) U
BBICOKOI CTEMEHN YUCTOTHI MONTYIaeMbIX MPOIYKTOB pas-
nenenust. [Ipobnema 3HeprocOepexeHust Tpu peKTU(GrKa-
I[IY TaKUX CMECel CTAaHOBUTCS OCOOEHHO aKTyasbHOM. [Iyist
YMEHBIICHNS 3aTpaT TEIUIOTHI TPU PA3NCICHUH SKUIKHAX
cMecell MEeToIoM pEeKTU(UKALMY TPUMEHSIOT Pa3INIHbIC
CrocoOBI BHEIITHETO dHeprocoepeskeHust [1-6].

IlepcnekTuBHBI  3HEprocOEperarone BapUaAHTHI
OpTaHM3alHH TPOLECCOB PEKTU(PHUKALINH, COYCTAIOIINE
MPUHIUTIBL 00paTUMOHN PeKTU(UKAIIUN U TEIJIOBOTO Ha-
coca [7-9]. Cxema opraHu3zaiuu padoThl TaKOH KOJIOH-
HBI IPUBEJICHA Ha puc. 1.

Ilo anasoruu ¢ MHOTOKOPITYCHOM BBITIAPHOM yCTaHOB-
kol mpemnoxens! [10—-12] paznuuHble BapUaHTHI MHOTO-
KOJIOHHOW (JIBYXKOJIOHHOM) PEeKTH(HKAIIMU TIpH 000TrpeBe
MOCJIEYIOIIEH KOJIOHHBI TapaMH, BBIBOIUMBIMH CBEPXY
TpEABITyIIei, BOSMOYKHOM IIPH paboTe KOJOHH C pa3HBIMU
JABICHUSAMHU. B 3THX e paboTax NMpUBENEHBI PE3yIbTaThl
pacyeToB CyMMapHBIX YHEPTeTHIECKUX 3aTpart, aHaIn3 KO-
TOPBIX MOKA3aJl, YTO SKOHOMUS 3aTpart P UCHOIb30BaHUN
JBYXKOJIOHHOM PEKTHU(PUKAIIMN COCTABISIET BCETO OKOJIO
20% B omMumMe OT 3KOHOMUH nopsaka 90% mpu ABYXKOp-
ITyCHOM BBITTAPUBAHHIL.

Takoit HEOXKUTAaHHBIA pe3ynbTaT MOOYIMI aBTOPOB
9TOHW CTaTbU K TOMCKY HPUYHUH TAaKOTO Pa3HTEIHFHOTO
omnuns. Kak BBIACHUIIOCH B XOJ€ JAJIbHEHIINX HCCIie-
JIOBaHUH, pe3yasTupyronmii 3G dexr sneprocoepexeHus
OTIPEJICIISIETCS. HE TOJIBKO Pa3sHOTO poja peKymnepanueit
TETUIOTHI, BKJIIOYasl BapWUAHT HCIONB30BAHUS TEIUIOTHI
MapOBOTO MOTOKA U3 OJHOI KOJOHHBI AJIst 000rpeBa Apy-
roi, HO 1 3(P(HEKTUBHOCTHIO MCIIOIB30BAHUS TTAPOBOTO
MOTOKA B PEKTU(PUKAUOHHON KOJMOHHE. DTO SIBICHUE
Ha3BaHO Ham¥ [ 13] BHYTpeHHUM IHeprocoepekeHuem.

A
B

Puc. 1. Bapuant opranusanuu nporecca peKTuuKann,
COYETAIOLIMI MPUHIHUITBI 00PAaTUMOIl peKTUQUKAIIN
U TEIJIOBOTO Hacoca.

BHyTpeHHee 3HeprocoepexeHue
B PeKTH(PHUKALUOHHOI KOJIOHHE

CyIIHOCTh BHYTPEHHETO 3HEProcOEpe:KeHUs 3a-
KJIIo4aeTcsl B cienyromeM. HachleHHslil nap, mocTy-
HAONM Ha Tapesky, UMeeT Oojee BBICOKYIO TeMIlepa-
TYpPY, YEM JKUJIKOCTb Ha Tapeske, M03TOMY MPOUCXOAUT
€ro mapIluaibHasi KOHACHCAIHS 10 TeMIIEpaTyphl KH/I-
KOCTH Ha Tapejke. DTa TeMIepaTypa yCTaHaBIMBAETCS
Ha TapeJIKe B COOTBETCTBHUHU C 0AJTaHCOBBIM CMEIICHHUEM
MapoOBOT0 MOTOKA C HIDKENIEkKAILEH TapeJIKU U KHUJIKOCT-
HOTO [10TOKA C BBIIIEPACIIOIOKEHHOM TapeIKu. 3aMeTUM
cpa3sy, 9TO U HEIPEePHIBHOW paboTe KOJOHHBI HAXO-
JAIIAsACSA Ha Tapellke KHUJIKOCTh He M3MCHSET CBOMX Xa-
pakTepucTHK (cocTaBa, TEMIIEpPaTyphl), a JIULIL o0ecre-
YUBAET HEOOXOJUMYIO TMOBEPXHOCTh KOHTAKTa MEWKIY
BCTPEYAIOILUMHUCS Ha TapesKe MapOBbIM U JKUIKOCTHBIM
MOTOKaMHU. Bplaensioniascs Npu KOHJEHCAIMU Iapa
TEIUIOTa PacXoayeTcs Ha MCHapeHHe MOCTyNaroleld Ha
TapeNKy >KUAKOCTH TpH (OIATH ke!) TeMIeparype sKua-
KOCTH Ha Tapenke. BHOBE oOpa3oBaBmmiics map, obora-
HICHHBI HU3KOKHUIISIIAM KOMIIOHEHTOM, TIOCTYIaeT Ha
CJIEAYIOUIYI0 TapelKy M CHOBa y4acTBYeT B TEIUIOO00-
MEHE. 3a cueT COBMEIICHHBIX MPOIIECCOB TEIII000OMEHA Ha
TapesKax KOJIOHHBI (KOHEHCALs [Tapa U UCTIApeHUe KU-
KOCTH) U COMYTCTBYIOIEro Maccoo0MeHa (M3MCHCHUE
COCTaBa Mapa M ero TeMIeparypbl) CO3Aa0Tcs YHUKAIb-
HBIC YCJIOBHUS JJISi MHOTOKPATHOH (IT0 YUCIy TapeyioK B
KOJIOHHE) «paboTh» Mapa, NOJHUMAIOLIErocs Mo KOJIOH-
He BBepx [13, 14]. D10, oueBuHO, 0OECIIeunBacT 3HAUH-
TENBFHO OoIbIlee dHeprocOepekeHHe, YeM, HarpuMmep,
MIPU BBITIAPUBAHMU B JIBYX- UJIM TPEXKOPIYCHOU BBITIAp-
HOW yCTaHOBKE.

AHanmu3 TemIoMaccooOMEHAa Ha TeopeTHYeCKHX
TapeNKax peKTH()UKAIIMOHHBIX KOJIOHH, BBIITOJTHCHHEIH B
[13] c momotipto fuarpamm £ — x, y U y — X, oKasall, 4To
BHYTpEHHee dHeprocOepekeHre Ha Tapenkax YKperisi-
IOIICH YacTH KOJIOHHBI 3aBUCUT OT TIOTOKa (DIerMbl WIIH,
IPYTHEMHU clloBaMu, oT (urermoBoro ymcia. C yBenmde-
HHEM (DIErMOBOTO YHCIa BHYTPEHHEE 3HEprocoepexe-
HUE Ha Tapeskax noselaercs. CiieayeT OTMETUTh, YTO
3aTpaThl TEIUIOTHI TP PEKTUPHUKAIIMHU C TIOJIHBIM OPOIIIe-
HUeM (R = c0) Ha eITUHUILY JUCTUIUIATA U, COOTBETCTBEH-
HO, Ha €IMHUIlY pa3feisieMOM MCXOJHOM cMecH, ecTe-
CTBEHHO, paBHBI OECKOHEYHOCTH. [103TOMY CriermaibHO
YBeJUYMBATH (JIerMOBO€e YMCJIO IO BCEH KOJIOHHE C
[EeNBI0 TPUONMKEHIST K MAaKCHMAJIBHOMY DHeprocoepe-
KCHUIO He pekoMeHayeTcsl. TeM He MeHee, ecl 3a CUeT
0TOOpa TETUIOTHI (C MOCIEAYIOMINM €€ UCTIONH30BAHIEM )
OT IUPKYIUPYIOIIETO MOTOKA KUAKOCTH (IIUPKYISIHOH-
HOE OpOLIEHHE) NPOUCXOIUT YBEIMUEHUE JKUKOCTHOTO
MOTOKA B YKPEIUISIONICH KOJIOHHE, TO ATO MPHUBOIUT K
YBEIHMUYCHUIO HEprocOeperaromero a¢gdekra u B camoit
kosioHHe [15, 16]. Takoit criocod sHEeprocoepekeHus J0-
CTaTOYHO IIMPOKO IIPHUMEHSCTCS IIPH pa3ieieHIH HeTH
METOZIOM pekTuduKanuu [17] u B Apyrux ciryvasx.
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B OTroHHON YacTW KOJIOHHBI MOTOK XHUJIKOCTH
L' = L + L, 6onbuie naposoro mnotoka V. Ha kaxnon
Tapeike KOHJEHCUpYEeTCsl Iap, HcHapss JHLIb YacTh
MOCTYMAIONMEH Ha Tapesky ®KUAKOCTH. C TOUKM 3pEHUS
SHEProcOEepeKCHNST BaKHO, YTO HA Tapeikax OTIOH-
HOH KOJIOHHBI IpH V' < L' mporece TenaomMaccooOMeHa
OIpENEIAeTCS BEIUNUMHON MapoBoro noroka. [lostomy B
OTTOHHOU KOJIOHHE 3HEprocOepexeHne MaKCUMallbHOE,
OHO IIPUHUMAETCS PaBHBIM 1.

IIpu nOCTOSHHBIX IO BLICOTE IIOTOKAX [1apa U XKHUKO-
CTH KOJIMYCCTBEHHO OICHHUTH BHYTPEHHEE YHEprocoepe-
JKECHHE B KOJIOHHE B CJIy4ae [10/1a4 B KOJIOHHY UCXOJHOU
CMECH TIpH TEMITepaType KUIIEHHS MOKHO 1O (hopMyIIe:

R n, +n0

On = ,
R+1n,+n, n, +n,

(M

riae R — uerMoBoe 4ucio, n U 1, — 4uCiIa TEOpeTHYe-
CKHX TapeloK B YKPCIULIIONICH M OTTOHHOW YacTsAX KO-
JIOHH COOTBETCTBEHHO.

EcrectBenHO, ueM 0oJbIlIe BHYTPEHHEE SHEProcoepe-
JKeHHe MPU peKTU(PUKALINN, TEM MEHBIIIE 3aTPaThl TeTIOTHI
B KUILITIWIBHUKE PEKTU(PUKAIMOHHON KOMOHHBL OTCyT-
CTBHE KaKOro-1mOo SHEProcOepekeHus: MpH pasieIcHUN
cMecell METOZIOM IMCTWULIIINN JEAeT ero 3HaYUTeIbHO
Ooree SHEProeMKHM, 4eM B ciiydae pextudukamm [18].

TeromaccooOMEH Ha TeOpeTHYecKo# Tapeske (¢
HOMEPOM 71) MOXKET OBITh PACCMOTPEH W B AHMarpamme
sHTanenus — coctaB (puc. 2). Ilo ocu abcmuce 31ech
MIPEJCTABIEHBI COCTABBI )KUJKOCTH X M Mapa y, a o 0CH
OpIMHAT — DHTAJBINH JKUAKOCTH i W Tapa /i, a Takke
paBHOpasMepHbie UM Benmuunsl Q /L, u Q /D, otpa-
JKaroIIFe 3aTpaThl TEIUIOTH B KyO€ M €€ OTBOI B KOH-
JileHcarope. 371ech Lo, D — MOTOKM HM)KHETO M BEPXHETO
MPOAYKTOB pa3/ieleHusl COOTBETCTBEHHO. Jly4m, mpoxo-
JIIUe depes3 TMONoc S° I YKPEIUISIOmEe KOJTOHHbI U
S"— 1J1 OTTOHHOM, COSJIMHSIOT pabouue (CONPsKEHHBIC)
COCTaBBI XHMJIKOCTH U Mapa, BCTPEUAIOIINECS B ITI000M
cedeHny ammapata. L TprXoBEIMH THHHUSMH TOKa3aHBI
HOJIbI (KOHOBI), COSTUHSIONINE PABHOBECHBIE COCTABHI
JKUIIKOCTH U TIapa.
ih s*

5

> Boe/

a1

¥ X X X g ) X

] ¥

L
Puc. 2. TermomaccooOMeH Ha TEOPETHYECKHUX TapesIKax
B DHTAJIBIIMIHON 1HUarpamMee.

Touxka C, xapakrepusyromas (UKTHBHYIO CMECh
BXOJIIIMX HA 71-yHO TapesKy XKUIKOCTH COCTaBa X, , U
Tapa cocTapa . , pacroioykeHa B 001acTH MapOkKUIKOCT-
HOM cMecHu 6J'[I/I)Ke K JIMHWW HACBIMICHHOIO Iapa, 4€M K
KUIALIEH KUAKOCTH. DTO 3HAYMT, YTO KUJKOCTH B ITOI
CMeCH MeHbIIIe, 4eM napa. [lomyyeHHslil B mporecce Te-
TUTIOMaccoOOMEeHa Ha TapelKe ITapoBON ITOTOK COCTaBa
y,, Oyner Takke Gosiblie, YeM YXONAUIMK C HEE MOTOK
KUIIKOCTH COCTaBa X . MeHupImuii JKUAKOCTHON TOTOK
JTUMHTHPYET Tpollecc TermioooMeHa (a BMecTe ¢ HUM U
MaccooOMeHa) Ha BCEX TapesikaX YKPEeIUISIOMIeH KOIoH-
Hbl. Ha Tapenkax OTTOHHOM KOJIOHHBI, HAITPOTUB, TOYKA
Co pacronoykeHa ONvKe K JTMHUH KUTISIIEH KUIKOCTH,
TO €CTb JIOJISl MAPOBOT0 MOTOKA (OT CyMMapHOTO MPUXO-
Jla ¥ yXoZla TIOTOKOB >KUJKOCTH U Iapa) Bcerja MeHblle
Jonu xkuakoctHoro. Ha teopernueckoil Tapelke MOTOK
NepesaBaeMoil OT napa TeIloThl K JKUIKOCTH, B COOTBET-
CTBUH C TEIUIOBBIM 0alaHCOM OTIEIBbHO B3STOW TapesKu,
ONpeNeNsAeTCsl HAMMEHBIINM NIOTOKOM. B ykpenuisironiei

KOJIOHHE — OTHOILIEHUEM TMOTOKOB XKMJIKOCTH L 1 napa V,

wmL_ R B CJIy4asX HEIOCTOSHHOTO OTHOLIECHHUS
Vo R+l

IIOTOKOB JKUJKOCTU L ¥ mapa V cpenHee IO KOJIOHHE

BHYTpeHHee sHeprocoepexenne (ko3(pguumeHt wuc-

N0JIb30BAHNUS NAapa) MOXHO PACCUMTaTh IO YTOUHEH-

HOU (hopmyre:

n,

Z % +n,

9H — i=2 n+l (2)

n,+n,

R
B dopmyite (2) npoussenenue 7ol Hane bopmy-

ne (1) 3aMeHeHO cyMMO# K03()(DHUIIMEHTOB HCIIOIh30BA-
HUS TIapa Ha Tapelikax YKPEeIUIIomEei KOJOHHbI, KOTOpast

paBHa fﬁ CyMMHpOBaHHE OTHOIICHUH ITOTOKOB JKUI-
n=2" p+l

KOCTH U I1apa HaYMHAETCsl O 2-0H Tapenku. J[eno B ToMm,
YTO MEPBOH TaPENKOU B CIICIM(DUKAIIMN KOMITBIOTEPHBIX
pacyeToB CUMTACTCS MOJIHBIA KOHAEHCATOp, B KOTOPOM
BCsI BBIJICIISIOIIASICS TIPH KOHICHCAIINY Tapa TEIIIoTa I1e-
peaaeTcsi OXJIKIAIOIIEMY areHTy U IIepecTaeT y4acTBO-
BaTh B pa3/ICIUTEIHLHOM Iporiecce. OTMETHM H TOT (DaKT,
YTO IPH IOJHON KOHJICHCAIIUH T1apa B KOH/IGHCATOPE 110~
Jy9aeTcst KUIKOCTh TOTO JK€ COCTaBa 0e3 KaKoro-imdo
paszienuTesabHoro s dexra.

[lpu pacdere BHYTpPEHHETO JHEProcOEPSIKEHUS HE
YUUTBIBACTCS U TTOCIICAHSIA (71-as1) TAPEIIKa, MOCKOIIBKY yXO-
JUIIIAHA 13 KATSITAIBHAKA TTap 00pasyeTcst 3a CYeT MOIBOojA
TEIUIOTHI B KUIATWIBHUKE. BHyTpeHHee sHeprocoepexe-
HIE HAYMHACTCS C «paboThl» mapa Ha (n—1)-oi Taperke.
Takum 00pa3oM, 4HCII0 «padoTaroimuxy» (Heprocoepe-
TafoIINX) TapeJoK Ha 2 MEHbIIE OOIIEro pacdyeTHOro
YHUClIa n, TO €CTh PaBHO n—2.

Ha tapenkax OTTOHHOW KOJIOHHBI IIOTOKH TETIOTHI
OT KOHJ/ICHCHPYIOILETOCsl Mapa K KHILIIIEH >KUIKOCTH
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OTIPEIICTISIIOTCSL  BEIMYMHOW TapOBOTO TIOTOKA. 31IECh
BO3MOYKHa MaKCHUMaJbHasi SHeprerudeckas dpQPeKTus-
HOCTB ITapOBOTO ITOTOKA, T.€. €T0 KOHICHCAIMS C OT/a-
Yell TeIUIOThI Ha UCTTAPEHUE JIOJIU JKUIKOCTHOTO MOTOKA.
3aMeTHM, UTO Ha BCEX TapeiKax PEKTU(PHKAIHOHHOMN
KOJIOHHBI JIOJIU TTIOTOKOB, YYACTBYIOIIUX B TEIJIOMACCO-
OOMEHHBIX TIPOIECCAX, OMPEAEISIOTCS TeMIIepaTypoi.
IMocnennsist, ecTecTBEHHO, CBA3aHa C COCTABOM OajaH-
COBOM MApPOKUIKOCTHON CMeCH (TOUKH Cy u C)), xoro-
pBIi, B CBOIO 0YEpE/Ib, 3aBHCUT OT COCTABOB U BEITMYHH
MIOTOKOB, ITOCTYTIAIOIINX Ha TapeliKy.

Lenb nanHON pabOTHI COCTOUT B TOM, YTOOBI MTOKA-
3aTh, YTO B PEKTH(PHUKAIIIOHHBIX KOJIOHHAX C peaJbHbI-
MH TapejKaMy U B amiaparax ¢ HelpepbIBHBIM KOHTaK-
TOM (a3 BHyTpEHHEE YIHEPTrOCOCPEIKCHUE TAKIKE 3aBHCHT
OT OTHOIICHUsI IIOTOKOB JKUJIKOCTH U T1apa U YKCIIa TeO-
peTHYeCKHX TapeJoK B KOJIOHHE.

AHanmu3 BHYTPEHHETO dHEProcOeperkeHus: ObLT BbI-
MOJTHEH TMOAPOOHO TSI PEKTU(HUKAINOHHBIX KOIOHH C
pealbHBIMU TapejIKaMUd U Ha OCHOBE MONYYCHHBIX pe-
3yJBTaTOB IO aHAJIOTHU — JJIS alllapaToB C HEIPEPHIB-
HBIM KOHTaKTOM (a3.

BHyTpeHnHee 3Heprocoepexenue
B PeKTH(UKANMOHHBIX KOJIOHHAX
¢ peaJIbHBIMU TapeJKaMHu

Koaddunment nonesnoro neiicreus (KI1/1) peans-
HBIX TapeyioK PeKTU(UKAIMOHHBIX KOJIOHH 3aBHCHUT KaK
OT CBOWCTB pazeisieMOl CMECH, TaK U OT KOHCTPYK-
nun Tapeiok. Ilocnennsst gomkHa 0oOeCHeyuTh Takoi
KOHTAKT MEXIy BCTPCYAIONIMMCS IApOBBIM ITOTOKOM
C HWKEJeXallel TapejaKd U KUIKOCTHBIM ITOTOKOM C
BBIIICTICKAIICH TapesKu, IPU KOTOPOM YXOISIIHE Tap
U JKUAKOCTb CMOIVIM OBl TOCTUYb COCTOSIHHS, MAaKCH-
MaJbHO ONM3KOTO K PAaBHOBECHIO. YUHTHIBAs BBICOKHE
K03(h(HUIIUEHTHI TEIIOOTAAaYU NPU KOHJAEHCAIMH Iapa
U KUICHUHM >KUIKOCTH, OIPEACIAIONICH CTaHOBHUTCS
Mex(]as3Has MOBEPXHOCTh KOHTakTa (pa3 Ha OTHEIbHOM
tapenke. [1o npuBenennsM B [19] nanHbIM, BBICOTA CTa-
TUYECKOTO CIIos JKkuakoctH, pasHas 40-50 mm, obecre-
yyBaeT KII/I xonmaukoBoii Tapenku Ha ypoBHe 90%. Ha
Bernuuny KIIJ] Tapenku Binusiet, 0e3yclOBHO, U CTPYK-
Typa TIOTOKOB Ha Tapelike, ¥ YHOC MapOBBIM IIOTOKOM Ka-
TeJTb KHUJIKOCTH.

W3menenue coCTaBoB Y, M KUIKOCTH X, IOCTyTa-
IOLINX Ha 7-HYI0 peajbHYIO Tapelky, MpeICTaBlIeHO Ha
puc. 3 cTpenKoi, He JOXOIAIIEH 0 TUHIUN PABHOBECHSI.
Vxopsiue ¢ 9TOH TapesKu MOTOKU napa (CocTasa y, ) U
JKUJKOCTH (COCTaBa X, ) He ocTUraroT pasHosecus. KI1/{
TapesoK MOXKHO OLIEHUTH Kak 110 koHueHTpanusm HKK B
mape:

Yt = Vn
p=tede G)
Yu = Vn

tak u 1o koHenTpanusiM HKK B xxuakoctn:

X xn* _xﬂ
n :1—_ (4)

P
xn—l - xn—]

Kak npaBuio, ux 4UCICHHbIE 3HAYEHHS HECKOIBKO
pa3iaMyaroTcs U3-3a HEJIMHEHHON paBHOBECHOM 3aBUCH-
MOCTH.

¥

B

Puc. 3. Jluaus 6ananca Ha peabHOH 1-0i Tapenke:
1 — nuHMS paBHOBECHS, 2 — pabodas TNHUS.

B obmewm ciayuae KII/] rapenku (cTyneHn) 3aBUCHT
OT TIPOITYCKHBIX CITOCOOHOCTEH OTIEIIBHBIX CTAINH MPO-
LIECCOB TEIUIO0OMEHa M MaccooOMeHa, KOTOpbIe Ompe-
JEISTIOTCS. KOA(PGUIIMEHTAMH TEIUIO- U MacCOOTIaud B
KaXa0i 13 (a3, a TakKe MOBEPXHOCThIO KOHTaKTa (a3
(3aBucsIIEH OT PU3UKO-XUMHUIECKHX CBOMCTB IIOTOKOB M
KOHCTPYKLHMHU KOHTAKTHBIX YCTPOICTB).

PaccmotpuM TermromaccooOMeH Ha JBYX pealbHBIX
tapenkax ¢ KIT[ n = 50% u comyTcTByiolee eMy BHY-
TpeHHee dHeprocOepekenue. Ha puc. 4a npeacraBieHo
HM3MEHEHHE COCTAaBOB KHUJIKOCTU M Napa Ha n U n+1 Ta-
penkax. M3-3a HEMOCTHIKEHHUS PABHOBECHS Ha KaKIOU
peanbHO# Tapeske JUMHUU 0allaHCOB He AOXOASAT 0 JIH-
HUW paBHOBeCHs |, a 3aKaHYMBAIOTCS paHee Ha TaK Ha-
3bIBAEMO KMHETHYeCKOM KpuBoil 3 (puc. 4a). Mertoabl
pacdera 4nciia peanbHBIX TapeIoK C IIOMOIIBI0 KHHETH-
YECKOM KPUBOW MOJyYMJIM LIUPOKOE PaclpoCTpaHEeHUE
BO BTOpoil monoBuHe XX Beka [20]. Ilpu omenke BHY-
TPEHHET0 HYHEProcOepekeHs] BaXKHO, YTO BXOIAIIME B
KOHTYp W3 ABYX Tapenok (Ha puc. 40 moKa3aH IITPUXO-
BOM JIMHUEN) JKUKOCTh COCTaBa X, M Tap cocTasa y
Ha BBIXOJIE M3 KOHTYpPa CTAHOBATCS PABHOBECHBIMU: V.
U X, — TOYKA Ha PABHOBECHOM JMHMH 1.

DTO HETPYIHO MOKa3aTh CICAYIOMINM: U3 MaTepu-
anbHoro Ganmanca no HKK s otnenbHO B3sTOH 7-0i
TapeIky MPU MOCTOSHCTBE MOTOKOB KHUIKOCTH L U mapa
V' 1o BbICOTE KOJIOHHBI (yClIOBHE MpsiMoi paboueil nu-
HUN):

Lx;kl + Vyn - L'xn - Vynfl = 0
[Tonyuaem
L
yn—l _yn :;(xn—l _xn)' (5)
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Puc. 4. Cocrass! mapoBoii u xuaKoii pa3 Ha peanpHbIx Tapenkax ¢ KIT, paBasiM 50%.

Amnanornyno juist (n+1)-0i Tapenku umeem:

£ (xn - xn+1 ) (6)

yn_yn+1:V

CkunazgpiBas popmyasl (5) u (6), momyyaem:

L
yn—l _yn+l =_(

V xn—l - xn+1 ) (7)

W3 (7) oueBuieH MaTepraibHbBIN OaaHC IS KOHTY-
pa, OXBaTHIBAKOIIETO 72-YIO U (1+1)-yI0 TapemnKu:

V(yn—l - yn+1 ) = L(‘xn—l - xn+1 )

N

an—l + Vyn+l - an+1 - Vyn—l = 0

CocraBel mapa y, , ¥ JKUIKOCTH X, , HA BBIXOJIE M3
KOHTYypa ¢ AByMs peanbnbiMu Tapenkamu ¢ KIIJ = 50%
OyIyT paBHOBECHBIMH IPU PaBHOM IBIKYIIEH cHie B
npenenax oJHOM Teopernueckoi crymenu. Hampumep,
no dase «y»:y, ,—y . =y ,—¥, (cM. puc. 4a).

Hoxaxem sto. Tak, npu KIIJ n-oi Tapenku 50%
uMeeM

ynfl _yn :OS(yn—Z_yn)

AmnanoruyHo ans (n+1)-oi Tapenxu ¢ KIT 50%:

yn - yn+l = O'S(yn—l - yn+l )

Tlocne cioxeHus 1eBbIX U MMpaBbIX yacrei PaBCHCTB
HUMCEM!

yn—l _yn+1 :O'S(yn—Z _yn +yn—1 _yn+1)

HUIn

yn—] - yn+1 = O‘S(yn—l - yn+l )+ O‘S(yn—Z - yn )’

OTKYyZIa CJIIEayET
yn—l _yn+1 :yn72 _yn'

Korma mbl HaOnromaeM yBeJNWYCHHE JBUXKYIIEH
CUJIBl B IMpejenax OJHOW TEOPEeTUYECKOH CTYNEeHH
(»v,,=y,>¥,,~,.,)» PABHOBECHBIE COCTaBbI IAPay , M
xuakoctu x ,, umeror mecto npu KITJ (n+1)-oi Tapen-
ku — 50% u KII n-oif tapenku — mense 50% (~44%)
(cm. puc. 5). Tlpu ymeHbIIArOIIEHCs IBIKYIICH CHIIE
KapTrHa OyJIeT MPOTHBOIIOJIOKHOM.

y?—("
J/:.'-I = p

W i
Yo /,//' =

/"}‘-f er A(ﬂ- i

Puc. 5. CocraBbl napoBoii 1 xuIKoi (a3
Ha PEAJIbHBIX TapeJIKax ¢ IEPEMEHHON IBUKYILEH
CUJIOH B IIpeJeJIax OAHOU TEOPETUYECKOU CTYIICHHU.

ITpu pabote peanbubix Tapenok ¢ KITJ n = 33.3%
Pe3yIABTUPYIOIIUN APPEKT OAHON TEOpPETHYESCKOM Ta-
PEJIKU TP OIMHAKOBOM JIBIDKYIIEH cHile B ee mpejenax
obecrieunBaeTcsl B KOHTypE U3 TPEX TapelioK, a KHHEeTH-
yeckast TUHUS 3 pacrojaraercst Ommke k padoueit nu-
HUM 2, HEXEJIN K paBHOBECHO# JiHuM 1 (puc. 6a). 31ech
yBenndenue konuenTpanuun HKK B mapoBom noroke Ha
OTHOW TE€OPETHUYECKON TapesKe PaBHO Pa3HOCTH COCTa-
BOB BbIXOJALICTIO U3 O1oKa napa ynd " BXOOAIIECTO B HETO

napay, ..
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Puc. 6. Cocrassl mapoBoii 1 xuKoH (a3 Ha peanbHbIX Tapenkax ¢ KIIJ Ha ypoBHe 33.3%.

BuyTpennee yHeprocoepe:keHne
B peKTHq)HKaHHOHHLIX KOJIOHHAX
¢ HEeNPEePbIBHLIM KOHTAKTOM (pa3

IIpu npoTUBOTOYHOM HEMPEPHIBHOM KOHTAKTE Iapa
Y KUJKOCTH B ammaparax IJIEHOYHOTo TUIa U Haca/104-
HBIX KOJIOHHAX COCTaBbl B3aUMOJECHCTBYIOIIUX IMOTOKOB
M3MEHSIOTCSI HETIPephIBHO. TermmoMaccooOMeH Ha diie-
MEHTapHOU MOBEPXHOCTH KOHTAKTa MOXKET OBITh TpeJl-
CTaBJICH B BUJIC OECKOHEYHO MaJIOW BETMYMHBI CTPEIKOM
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(Ha puc. 7 oHa YTPHPOBAaHHO yBEJIWYEHA). Pe3ynbTupy-
roruid 3hGeKT TeruoMaccooOMeHa OJHOM TeopeTuye-
ckoii Tapenku (yBenmuenue koHenTpauun HKK B mape
Ha BEIHYHHY Y, — y) O0CCIICYHBACTCS B IIPOTHBOTOYHBIX
PEKTU(PUKAINOHHBIX HACAAOYHBIX (M TJIEHOUHBIX TOXKE)
KOJIOHHAaX Ha YYacTKe BBICOTOMH, JKBHBAJIEHTHOIl Teo-
peruueckoii Tapeske (BOTT). Baytpennee sueprocoe-
PEeKEHHE W B ATOM CITydae 3aBUCHT OT OTHOIICHHUS KU
KOCTHOTO M TIapOBOTO TOTOKOB B YKPEIUIAIOMIEH CEKIUU
U YHClIa TeOPeTHYECKUX TapEIIOK B CEKITHAX KOJIOHHEI.
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Puc. 7. I3mMeHeHre cOCTaBOB XHUIKOCTH U Napa IPpU HENPEPHIBHOM ITPOTUBOTOKE (ha3:
1 — muHMs paBHOBeECHs, 2 — paboyast JIMHUSL.
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OTHOIICHUSI TTOTOKOB JKHIKOCTH M Tapa MO KOJIOHHE U
qHcIa TeOPEeTHYECKHX TAPEIOK B YKPEIUIIIOMmEH U 0T-
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KNHETHUKA ITPOLHECCA OKUC/IMTEJBHOI'O XJIOPUPOBAHUSA METAHA

H.C. Cuannal?>@, E.A. Kaumanl, I0.A. Tperep?, B.H. Po3aHoRB?,
A.[. AcxakoBa®, P.II. Epmakos?, B.B. Koaramer?, A.I'. Bpyk!

I Mockoeckuil mexHoso2uueckuil yHusepcumem (HMHcmumym moHKUX XUMUUECKUX MexXHO02Ull),
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@ Aemop ons nepenucku, e-mail: irina.s.silina@gmail.com

I'emepozeHHo-KaMarumuueckas peaKyus OKUCAUMENbHO20 XJI0PUPOBAHUSL MEMAHA, Uesleblm
NpooyKmom Komopoil S8As1emest XJA0pucmslii memun, usyueHa npu memnepamype 400°C u ea-
pvuposaHuu dasneHus 8 ouanasore 0.1-0.9 MIla. Memooamu ougpparxmomempuu U 31eKmpoH-
HOU MUKPOCKONUU NOKA3AHO, UMO aKmueHble Komnonenmol kamaausamopa (CuCl,, KCI, LaCl))
pacnpedensiiomes. HepasHoOMepHO Ha nosepxHocmu Hocumens (a-Al,0,-Si0,), obpasys aznomepa-
MbL C NOSbLUEHHbBIM COOePIKAHUEM CONel, 8 MOM UUC/e 080UHbLX X0pudos, marux kax KCuCl,
K,CuCl, unu K,CuCl,, 2uopama K,CuCl 2H,0 u audporcuxnopudoe cocmasa Cu,ClL(OH), u
Cu,CI(OH)..

KunemuuecKkue 3aKoOHOMeEpHOCMU U3YUEHbL 8 NPOMOUHOM b6e32padueHmHOM NO NAPUUATbHBbIM
odaenerHuam peaxmope npu 400°C memooom 00HOPAKMOPHO20 dKCNepuUMeHma Npu 8apbupo-
8AHUU NAPYUUATbHBIX 0asaeHUll peazeHmos. AHaiu3 npooyKmos Npos8oounsu mMemooom 2a3080tl
xpomamoepacpuu. Obpabomikoli KuHemuueckux OaHHbIX CMeNneHHbIMU YPABHEHUIMU NOKA3AHO,
umo adekeamHoe onucaHue CKopocmu oo6pas3oeaHust X1I0pucmoz0 memunia obecneuusaem ypas-
HeHUe, 8 KOmopoe 8x00sim NapyuaibHble 0a8NeHUsl MEMAHA, XIOPUCMO20 8000poda U 800bl 8
cmenensix 0.77, 0.01 u 0.64, coomeemcma8eHHO, NPU HYLe8blX NOPSLIOKAX NO KUCIOPOOY U X0PY.

Knroueewsle cnoea: okuciumenoHoe xsopuposaHue, memat, x,zlopucmbui Mmemust, xjiopmemaHbol,
cesleKmuseHoCmob, KuHemurKa, Kamaausamop, ZemepOZCHHbLa ramasaus, .Xl/lOpudbL Medu, mopud
JiaHmaHa, mopud rasnust.

KINETICS OF OXIDATIVE CHLORINATION OF METHANE

I.S. Silina'%@, E.A. Katsman', Yu.A. Treger?, V.N. Rozanov?,
L.D. Iskhakova3, R.P. Ermakov?, V.V. Koltashev3, L.G. Bruk!

IMoscow Technological University (Institute of Fine Chemical Technologies),

Moscow, 119571 Russia

?LLC Research and Development Engineering Centre “Syntez” (R&D Centre “Syntez”),
Moscow, 119571 Russia

SFiber Optics Research Center of RAS, Moscow, 119333 Russia

@ Corresponding author e-mail: irina.s.silina@gmail.com

Heterogeneous oxidative chlorination of methane was investigated. The target product is methyl
chloride. The investigated terms and conditions of oxychlorination of methane: process temperature
400°C, pressure 0.1-0.9 MPa, catalyst (% weight.): copper chloride (II) 1-8%; potassium chloride
2.5%; lanthanum chloride 1%; carrier — aluminosilicate.

Powder X-ray diffractometry and electron microscopy showed that the active catalyst components
(CuCl,, KCI, LaCl,) are unevenly distributed on the support surface (a-Al,0,SiO,) and form
agglomerates with a high salt content, including binary chlorides such as KCuCl,, K,CuCl, or K,CuCl,,
hydrates K,CuCl,-2H,0 and CuCl,2H,0O and hydroxychlorides Cu,Cl,(OH), and Cu,Cl(OH)..

The kinetics of methane oxychlorination was studied in a gradientless reactor at 400°C and
pressure 0.1 — 0.9 MPa by varying the partial pressures of the reactants. Analysis of the products
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was carried out by GC. An equation of the reaction rate including partial pressures of methane,
hydrogen chloride and water to the 0.77, 0.01 and 0.64 power, respectively, but of zero order
by oxygen and chlorine provides an adequate description of methyl chloride formation rate.
Significant influence of water partial pressure is proved for the reaction under consideration.

Keywords: oxidative chlorination, methane, methyl chloride, chloromethanes, selectivity, kinetics,
catalyst, heterogeneous catalysis, copper chloride, lanthanum chloride, potassium chloride

BBenenue

[Nomydenne HU3MMX ONe(HUHOB — ITHIIEHA H TIPO-
MUJICHA — SIBJISCTCSI TEPCICKTHBHBIM HATPABICHUEM
nepepaboTk mpupoaHoro rasza. [lmponms xmopucroro
METWIA, TOJYYCHHOTO OKCHUXJIOPUPOBAHUEM METaHa
(OXM), sBIIIeTCSl KOHKYPEHTOCTIOCOOHBIM METOIOM T10-
Jy4eHUs! STUIICHA U TponuieHa. Bo-nepBhIX, UCIONB3Y-
eTCs JCIIEBOC M TOCTYITHOE CHIPBE, BO-BTOPHIX, JTOCTHU-
raercsi BHICOKas CEJICKTUBHOCTD IO LIEIEBOMY MPOIYKTY
U, B-TPETHUX, IPOIECC SBIICTCS CcOaTaHCHPOBAHHBIM
0 XJIOPY: 00pa3yIONIMICs Ha CTaIUH MMUPOJIU3a XIOPHU-
croro mMetmia (XM) XJIOpHCTHII BOAOPO BO3BPAIIACTCS
HA CTa/IMI0 OKHUCIIUTEIHHOTO XJIOPUPOBaHUs MeTaHa [1].
I[Tpotecc B 11eI0OM MOKHO OMHCATh PEAKIIASIMHU:

1. OKCUXJIOpUPOBAHUE METAHA!

CH,+HCl1+0.50,— CH,CI+H,0 (1)
2. Nuponuz XM:

nCH,Cl - CH,+CH, +CH,+

+ npyrue yrreBogoponst + nHCI ()

Peakmmust (1) mporexkaeT mpu  Temmeparype
300+450°C B npucyTCTBUM KaTaau3aropa, [IpeacTaBii-
toriero co6oit xmopuel meau(1l), kanus u nanTana, Ha-
HECEHHbIC Ha aJFOMOCHJIMKATHBIA HOCHTENb, COICpIKa-
it ~70% macc. a-A1203, ~30% macc. SiO,, ¢ ynenbHoi
MOBEPXHOCTHIO 10-27 M/,

IIpoiecc OXM wu3BecTeH AOBOJBHO NaBHO [2] u
HCCIIEIOBAH B PEAKTOpaxX pa3IMYyHOTO THIA: C TICEBJIO-
OXKIDKCHHBIM CJIOEM KOHTAaKTa, B TpyO4YaToM U aanadaru-
YECKOM peakTopax [3] ¢ HEeMmoJABUKHBIM KaTallu3aTOPOM,
0TpaboTaH Ha OMBITHO-IPOMBITIINIEHHOW ycTaHOBKe [4],
UMEIOTCSI TMATeHThl Ha KaTaju3aTopbl OKCHXJIOPUPO-
BaHUs MeTaHa W peakuuu Jlukona [1, 5-9] — peaxuun
B3aMMOJICHCTBHS XJIOPHCTOTO BOAOPOJA C KHCIOPOIAOM
C TIONTyYCHUEM XJIOpa, U Ha MPOIIecC MOoIydeHus oiedu-
HOB 13 Metana yepe3 XM [10]. Tem He MeHee, KHHETHKA
JAHHOTO TIPOIIECCa OCTACTCs HEIOCTATOYHO U3yUCHHOM.
He sicHBIM 710 KOHIIa OCTaeTCsl MOBE/ICHUE KaTaluTHUe-
CKOI CHCTEMBI B XOIE PEaKIHid, paclpeesicHue Coiei
Ha IMOBEPXHOCTH CBEXKETO KaTaju3aropa U Mocje ero uc-
MIOJTB30BAHUS, MEXaHNU3M IIPOTEKAHUS LIEIEBON B T0O0U-
HBIX pEeaKIui.

B pabore [11] umccnemoBaHa KHHETHKA PEaKIUU
OXM B Ge3rpaIHeHTHOM PEaKTope ¢ BHOPOB3BEIICHHBIM

cioeM Karanuzaropa npu 603-693 K u armocdepHom
JaBJICHUH. BBLT HCIONB30BaH HAaHECEHHBII METATIOKOM-
IUIEKCHBIH KaTaIn3aTop Ha UHEPTHOM aJFOMO CHIIHKATHOM
Hocurese ¢ MonbHbIM cooTHOmenneM CuCl :KCl:LaCl,,
paBubiM 1:1:0.3. Hocurens mpencrasisl coOol CUIU-
karenb mMapku «KCK» c ynenbno# moBepxnoctsio 300
m?/r. CoziepkaHue Meu B TOTOBOM KaTanmu3arope — 8%
Macc. Becb oborpeBaeMblii 00beM peakTopa ObLIT 3aHST
KaTaJM3aToOpPoOM, TaK Kak, 10 MHCHHUIO aBTOPOB, HAJTHYHE
CcBOOOJTHOTO 0OBEMa HaJI CII0EM KaTajau3aropa MPUBOIUT
K JIOTIOJTHUTEIFHOMY MPEBPAIICHUIO METaHa 3a CYET ro-
MOTE€HHOTO XJIOpUPOBaHUA. [eTeporeHHO-TOMOTEHHBIN
MEXaHHU3M IPOIecca OKCUXIOPUPOBAHUS METaHa, MPE/-
JIOKEeHHBIN B padote [11], cnemyromuii:

4HCI + 0, — 2Cl, + 2H,0
Cl, + 2§ — 25CI

SCl— S+ CI'

CuCl,— CuCl + CI*

ClI + CH, — CH," + HCI
CH+ + Cl,— CH,CI + CI'
Cl' + 5 — SCI

rae S — MOBEPXHOCTh KaTalu3aropa, Ha KOTOPOi IpH aji-
COpOLIMK MOJIEKYIT XJIOpA ITPOMCXOUT UX paclleryieHue
Ha aTOMBI XJIOPA.

CkopocTh pacxoioBanusi MeTaHna B porecce OXM
OITHCHIBAIIU YPABHEHUEM:

0.75 0.45 —0.2
Wey, =0.9x Foy” x Fy” x B, monb/n Kr+g

Kunernka OXM noapoOHO u3yueHa ATITyJUHBIM B
qucceprauuu [12] Ha IPOTOYHOLUUPKYJISALUOHHON ycTa-
HOBKE, HEJOCTaTKOM KOTOPOH SIBISICTCS HalMUUE CBO-
6omHOTrO 00BEMA, T/IE TAKXKE MPOTEKACT XJIOPHUPOBAHHUE.

B nocnennue roasl B padorax Armynuna [13, 14]
yAEIEeHO OONBIIOEC BHIMAHHE MCCICAOBAHNIO KHHETHKH
niepBoii craguu OXM — peaknuu JlukoHa:

4HCl+ 0, — 2C1, + 2H,0.

3axonomepHocti okucienust HCl, momyuennsie B
9TUX KUHETUYECKUX MCCIIENOBAHUSX, OTIUYAKOTCA OT
paHee ycTaHOBIEHHBIX B paborax [15—17], B KOTOpBIX
OBbLIO OMPEAETIECHO, YTO TOPMOXKEHHUE PEaKIUU XJIOpOM
XapaKTEPU3YETCA OTPULATCIBbHBIM KHHETHYCCKUM I10-
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PSIIKOM, ONHM3KHM K —65, HE3aBHCHMO OT TeMIepaTyphl
v Benmuue P 1 P, B peakimonnoii cmecu. C yuetom
3TOTO MOPSIOK IO KHUCIOPOAY OKa3ajcs HE MEPBBbIM, a
paBHbIM 0.75, HE3aBUCUMO OT TEMIIEPATYphI U 1aBICHUS
P

HCI

_ 0.75 —0.65
r=kxF,"xF,

pu HaOII0aeMOl SHEPTUH aKTUBAIMU ~32 KKaJ/MOJIb.

B cBs31 ¢ BEIMICCKA3aHHBIM ENBIO HAIICH pabOTHI
SIBIISUIOCH MCCJIEOBAHUE COCTOSIHHMS aKTUBHBIX KOMIIO-
HEHTOB Ha TOBEpXHOCTH Karamm3atopa OXM, yrtou-
HEHHE KHHETHYECKHX 3aKOHOMEPHOCTEH mpouecca C
YYeTOM BIMSIHUS BOIBI, 0Opasylomielicss B mporecce, B
LIMPOKOM JHAINa30HEe U3MEHEHUS JaBICHHS.

3KCl'lepl/lMeHTa.]'IbHaﬂ 4acTb

Memoouxa npuzomoeienus Kamaiu3amopa

IlepBoHayanbHO BJIArOEMKOCTh HOCHUTENS KaTaju-
3aTopa OKCHXJIOPUPOBAHHSI METaHa OMPENENISTH 110 Me-
toauke [18]. 3areM METOIUKY YIPOCTHIIM, TaK KaK Bia-
TOEMKOCTh HHEPTHOTO HOCUTEJIS OblJIa HE3HAYUTEILHOM.
[nsa onpenenenus BiaroeMkoctu Hocutens cepun AITK
(cocras: ~70% macc. 0-AlO,, ~30% wmacc. SiO,, pas-
Mmep rpanyin -2 M, yaenbHas moBepxHocTh 1027 M%/T)
OTMEPSUTH OTIPENIEIICHHBIN 00BEM TpaHysl HOCUTEIS, 110~
Merany ero B Gap(opoByro YaIIKy ¥ 3aTHBAIN BOIOH.
Korma m3 HOcHTeNs mepecTaBaiy BBIJICIATHCS MTy3bIPH
BO3/1yXa, HOCUTEJIb IEPEMEIINBAJIH U CIIUBaIU BoAdy. Pa3-
HUIy HAYaJIbHOTO 00beMa BOJIBI M BOJIBI, CJIMTOM TOCIIE
MPOLIEAYPHI, TPUBOAWINA K €AUHUIE 00beMa HOCHTEIS.
PaccunTaHHOe KONMYECTBO KaTAIMTHUYECKH AKTUBHBIX
COJIE PacTBOPSIIM B ONPENEICHHOM KOJIMYECTBE BOJbI
¢ ~10% m30bITKOM, 4TOOBI TIOJTHOCTHIO CMOYHTH BCE Ipa-
HYJIBL. 3aTeM yOalsuid BOAY ITPH HATPEBaHUH, OCTABIISIS B
Mopax HOCHUTEJNS PACCYMTAHHOE KOJTMYECTBO COJICH.

Hanpumep, 100 cm® Hocurestst BiuThiBaio 60 M BOIbI,
TOTJIa HEOOXOAMMOE KOJTUYECTBO COJICH PacTBOPSUIHA B
~65 M1 BOIIBI U 3TUM pacTBopoM 3anuBaiu 100 cm® BeICy-
HICHHOTO HocHTeNs. M30BITOK BIaru ynaisiid HarpeBa-
HUEeM B (hap(opoBOii Yalke Ha ICKTPOILUTUTKE MPHU HO-
CTOSTHHOM TIepEMEITUBAHUN KaTalln3aTopa, a 3aBepiraiu
CYIIKY B cynmmiibHOM 1mkady mpu 110-130°C.

CocTaB CBEXEMPUTOTOBJICHHOTO Karanu3atopa, %
macc.: CuCl, —3.17, KCI - 2.52, LaCl, - 1.0, ocranbHOe
— HOCHUTEIIb.

Onpeoenenue cooepicanus meou

JIJI KOHTPOJIS COCTaBa MOJIYYEHHOTO KaTalu3aTopa
MPOBOJIMIIA €TO aHAJIM3 Ha COACpKaHWEe MeIu Holo-
METPHYECKHM TUTPOBAHUEM.

B xo/ie aHanM3a MPOTEKAIOT CIIEAYIONINE PEAKITHH:

2CuCl +4KI — T +2Cul + 4KCI;
2Na,S,0,+1, — Na,S,0, +2Nal.

Memoouxa nposedenus Ixcnepumenma [19]

OxcnepumenTsl o OXM mox aaBieHHEM Mpo-
BOJMJIM B NPOTOYHOM DPEAKTOpPE C BHYTPEHHUM [ua-
MeTpoM 20 MM, U3rOTOBJIEHHOM U3 XPOMOHHUKEJIEBOIO
cuiaBa. Karanusarop 3arpykajiy B PeakTop Ha CJOi
(hapdoposoii Hacaaku BeicoTor 10 MM. BeicoTa ciost ka-
Tanuzaropa ~ 2 MM. Ha katanuzatop 3arpyxain ciaoi
(hapdopoBoii Hacanku BeICOTOH A0 50 MM It TiepeMe-
LIMBAHUA U HArpeBa UCXOAHOM ra30BOi cMecH J10 TeMIie-
parypsl peakuuu. Harpes mpoBoauiiv npu mojiagye a3ora.
I'a3bl — a30T, XJIOPUCTBIA BOIOPOM, KHUCIOPOI U METaH
— MOJaBald B PEaKTOP C MOMOIUIBIO PETYISTOPOB pac-
xoma PPI. Beixomsmuii U3 peakropa peaklMOHHBINA a3
MIPOXOJIMI uepe3 CKIHKY [[pekcens, 3anonHennyo 5%-
HBIM pacTBopoM KI, myist moriomeHust o0pasyromierocs
XJIOpa U HEmpOopearupoBaBIIETO XJIOPUCTOTO BOJOPOAA,
KOTOpBIE€ aHAJIM3UPOBaIM TUTpoBaHueM. CocTaB peak-
IIUOHHBIX Ta30B MOCJIE MOTOLICHHS XJIOPa U XJIOPUCTO-
ro Bogopoza omnpenessiian Mmeroaom ['X.

Memoouka uccnedosanus Kamaiu3amopa Memooamu
ougppakmomempuu u 31eKMPOHHON MUKPOCKONUU

Mertonbl 1u(hpaKTOMETPHH U NEKTPOHHOW MUKPO-
CKOITMU OBLIM TPUBJICYCHBI K HCCICJOBAHHUIO KaTalld-
3aTopa IUIS BBIACHEHUS OCOOCHHOCTEW pacIlpeieiCHHUs
€ro XJIOPHIHBIX KOMIIOHEHTOB Ha aJIFOMOCHIIMKATHOMN
OCHOBE W HX IPEBPAIICHUH B IpoIiecce Karannusa. beuro
IPOBEJCHO CPAaBHHUTEIHFHOE HCCIICIOBAHUE OCHOBBI
«Ground» (aJTIOMOCHIIMKAT), CBEKENPUTOTOBICHHOTO
katanuzatopa (oopaszerr Ne 1-1) u oOpasmoB nocne 5 94
(Ne 1-2) 1 30 9 (Ne 2) ucrionb30BaHusl.

OCOOCHHOCTH MHKpPOCTPYKTYpHl 00pasloB HC-
CIICZIOBATIM C TOMOIIBI0 CKAaHHUPYIOIIETO AICKTPOHHO-
ro mukpockorna (JSM-5910LV, JEOL) B oTpaxeHHBIX
JNIEKTPOHAX B pexuMe Z-KOHTpacta. B maHHOM pexmme
SAPKOCTh y4JacTKa H300pakeHUsI Ha MHUKpogoTorpadun
3aBHCHUT OT BEJIMYHHBI aTOMHOTO HOMEpa Z 3IICMEHTOB:
4YeM BBIIIC BEIMYMHA Z, TEM sipue N300paKeHHE.

AHamu3 pacmpeieeHusl 3JIEMEHTOB IPOBOIIITH
METOJIOM PEHTTCHOCIEKTPAIbHOTO HHEPrOAUCIIEPCH-
OHHOTO aHaJHM3a C WCIOJIH30BAHHEM aHAJIHTHICCKON
cucrembl AZtecENERGY, Oxford Instruments, kak B
IpoIiecce aHaIN3a BEIOPAHHBIX YYaCTKOB, TaK M C IIOMO-
IIBI0 TIOCTPOCHUS KapT PaclpeAeiCHUs] MIEMEHTOB IO
MMOBEPXHOCTH Karanmu3aTopa. [10CKONbKY HCcIeqoBaiu
HETIONIMPOBAaHHbBIC 00PA3Ibl ¢ HEPOBHOH MOBEPXHOCTHIO,
MTOTYYEHHBIC PE3YNIBTaThl aHAIN3a HOCSAT Ka4eCTBCHHBIN
Xapakxrep.

Pentrenorpaguueckoe mccienoBanue 00pas3LoB
MPOBOJIMIIN C TIOMOIIBIO MTOPOIIKOBOTO PEHTI€HOBCKOTO
nudppaxromerpa Bruker D2 Phaser (CuK -uznyuenue).
YTo4YHEHHUE MapaMeTpoB AIIEMEHTAPHBIX TYEEK, MUKPO-
HaNpsDKEHUH B 00paslax M KOMUYECTBCHHBIN (Pa30BBIN
AHAJIM3 IPOBOIIIIICH C HCIIOJIB30BAHUEM ITPOTPAMMHOTO
xomiuiekca TOPAS 4.2.0.2.
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Ouyenka KuHemuueckKux napamempos HUM, KOTOPBIE MOXKHO OTHECTH JIMO0 K Kuanuty Al,SiO,,
(Koncmanm ckopocmeil, NOPAOK0O8 NO 8eULeCHEam) obpasyrolieMycss B pe3ylibTaTe B3aMMOJICUCTBHS OK-
0J151 CHeneHHbIX YPAGHEHUIL CUJIOB AIIIOMUHHS W KpeMHHUS, JIM00 K (a3e TUOKCH-
OneHuBaHUE MapaMETPOB CTENEHHBIX YpaBHEHHUN Jla KPeMHHs C LEONUTHON CTPYKTYpoi. OnHO3HAYHAs
TIPOBOJTUITN C UCTIOJIb30BaHUEM TakeTa porpamm «Kune- HICHTH(UKALHS IPUMECHBIX (a3 3aTpy/HeHA M3-3a X
TiKa» [20], IPeIHA3HAYCHHOTO [UIsl IIOCTPOCHHS 1 aHa- HeOobIIoro Konudectsa. B obpasnax «Ground» mpeod-
JIM3a MaTeMaTHYCCKUX MOJICNICH XUMUYECKON KHHETHKH. JAJAOIIME PasMEepbI KPUCTAILTUTOB (a3 KBapiia U KOPyH/Ia
coctapisitoT 50 u 70 HM cooTBeTCTBEHHO. st Tpex o0pas-
Pe3ybTaThl M MX 00CYKIeHHEe OB — CBEXKETPUTOTOBIICHHOTO Katay3aropa (oopaserr 1-1:
Cu?* - 1.5% macc., KCI - 2.5% macc., LaCl, — 1.0% macc.)
Pesynemamer usyuenus kamanusamopa 0o u nocne ¥ OTPabOTAHHOTO KaTajn3aropa TOro e cocTaa Mmocle 5 4
ucnonvsosanus ¢ npoyecce OXM pabotsl (oOpazer; 1-2) u mocne 30 u pabots (0Opazerr 2)
Hocwurens xarammzaropa AIIK (ma puc. 1 o6o3na- 9TH BelM4MHBI cocTaBisiroT 30 u 40 HM (qurst obpasma 1-1),
yenue «Ground»), Ha KOTOPBIA HAHOCWIIM KOMIIOHEHTHI 20 am (s obpasua 1-2), 100 1 200 uM (11 0Opasua 2)
KaTaJu3aTopa, MPEeICTaBsUT COOOH MEIKOTUCIICPCHBIN (puc. 2). Takum 00pazoM, TIpH UTUTESITHHOM HCIIONB30Ba-
MOPOIIOK M3 cMeCH IBYyX (a3 — KBapia ¥ KOpyHIa — C HUH KaTaln3aropa AUCIEPCHOCTh €r0 OCHOBBI YMCHBIIIA-
yAETbHOM TuIomanso mosepxuoctu 1027 m*/r. dud- eTcsl, 1 OCHOBA CTaHOBHUTCS Oosee «creuénnoii». Kara-
pPaKTOrpaMMBbI 3TOTO HOCHTENS COJCPIKAT HECKOJIBKO JIM3aTOPbI, KCIIOIb3YEeMbIC [Tl AHAJIOTUYHBIX TPOIIECCOB
C1a0bIX, HE MPUHAIICKAIINX K 3TUM JIBYM (azam Jiu- [21, 22], mmenu MeHBIHE pa3Mephbl KPUCTAIIUTOB.
Cs?}lﬂllﬁlt, a.u
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Puc. 2. Conocrapnenue peHTreHorpamMm o0pasioB 1-1 u 2 ¢ peHTreHorpaMMoii OCHOBBI KaTan3aTopa.
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Ilpu cpaBHEeHMM MUKpodoTorpaduii Bcex 00pasIoB
B Z-KOHTPACTE BUIHO, YTO XJIOPUJIBI PACHIPEACIISIOTCS He-
PaBHOMEPHO TI0 TIOBEPXHOCTH OCHOBBI KaTajln3aTopa, oopa-
3ysl aIOMEPAThI C MOBBIIICHHBIM COACPYKAHUEM XJIOPUIIOB
(puc. 3, cBemibie y4acTku). M3 cpaBHEHUS M300paKeHUI
00pa3ioB 1-2 U 2 MOXHO CIIEaTh BBIBOJI, YTO KOJIMYECTBO
arIoMepaToB BO3PACTACT C YBEINUCHIEM BPEMEHHU PabOTHI
Karajusaropa. B armomeparax aroMHas KOHICHTPAILUs

H
28 aaty e
de

Meau U Kajiust MoxkeT gocturatb 10-20%. DneMeHTHBIN
aHaJIM3 MOKA3bIBACT, YTO OCHOBHBIM KOMIIOHEHTOM 00JIb-
IIMHCTBA arJIOMEPATOB SBILIETCS XJIOPHUI MEAH. ATIIOMe-
parbl, oboramennbie LaCl,, BeTpeyaroTest peko. IToT
KOMITOHEHT OoJiee paBHOMEPHO pacIperesieH B KaTalu-
3aTope, YTO COMIacyeTcsi C BBIBOJOM padoTh [21] o ToM,
uro B Karammsarope CuCl-KCl —LaCl3 HauboJsee moxa-
BIKHBIM KOMITOHEHTOM SIBIISICTCS XJIOPU MEJIH.

Puc. 3. Mukpodororpadpun yaactkoB oopasiosl-1 (a) u 2 (6) B Z-koHTpacTe.

XnopuaHbIe KOMIIOHEHTH! PAaCIIpEAesICHEI 10 T0-
BEPXHOCTH KaTaJH3aTopa OYeHb TOHKUM CIIOEM, a HX
MHUKPOCTPYKTYpa MO3BOJISIET MPEANONI0XKHUTD, UTO Cpe-
1 00Pa3yOIUX UX YaCTHUI] IPUCYTCTBYIOT PEHTICHO-
amopdHbIe (a3bl.

Kaptsl pacnpeneneHust 2IEMEHTOB ISl BCEX TPeX
00pa3IoB MMEIOT CXOIHBIA XapakKTep, KOTOPBIA TOKa-
3aH Ha npuMmepe obpasua 1-2 (puc. 4). [Ipu cpaBHeHUN
Kapt pacupeneienus aemenToB K, Cu, La u Cl BujHO,
YTO KaJIMi KOHIIEHTPHPYETCS B TEX e MUKPOOOIACTIX,
Y9TO U ME€Jb. DTO MOXET OBITh CBSI3aHO ¢ 00pa30BaAHUEM
ABOMHBIX Xn0pu10B, Takux kKak KCuCl,, K,CuCl, umu
K,CuCl,. O BosmoxHOCTH 0OpasoBanus (a3 cocrasa
CuK Cl,, coobmianocs B padore [23].

Crnemyer OTMETHTD, YTO 3JIEMEHTHBIN aHaJIN3 MPOBO-
JUAJICS. HE Ha MOJMPOBAHHBIX 00pa3liax, 4To HeOOXOIUMO
JUISL TOYHOTO KOJIMYECTBCHHOTO ONpENCICHHs, a Ha II0-
POIIKaX ¢ HEPOBHO MOBEPXHOCTHIO. Kpome Toro, pa3mep
ISITHA, C KOTOPOTO TIPOHM3BOMWTCS AHAJM3, COCTAaBILIET
OKOJIO MHUKPOHA IMpH DIyOMHE MPOHUKHOBEHHS ITydKa B
HECKOJIEKO MUKPOHOB. M3-3a 3TOTO Ha HCCIEAYEMBIX 00-
pasiax ¢ MaJbiM pa3MepOM KPHUCTAJUTUTOB B aHAIU3UPYE-
MYIO 00JIaCTh MOTYT TIONaJIaTh HECKOJIBKO (a3.

BrI60poUHBIe pe3ybTaThl AIIEMEHTHOTO aHAI3a 00-

JacTeil ¢ MaKCMMAaJIbHON KOHIICHTpaluel XJIOpUIHbBIX (a3
MpesCTaBiIeHbl Ha puc. 5 1 B Tabn. 1. Kak BugHO U3 TabMI.
1, B coorBerctBUM ¢ cootHomeHwsmu [Cul/[K] B obOpa3s-
[ax MPUCYTCTBYIOT Kak aBoiHbie xnmopuasl (KCuCl,
K,CuCl, wm K,CuCl,), Tak 1 HIMBHIyaIbHbIE COEIH-
HeHus Meau. B coorBercTBuu ¢ cootHomeHueM [Cl]/[La]
BEpOATHON (HOPMOI HAXOXKIICHUS JTaHTaHa Ha ITOBEPXHO-
CTH SIBIISIETCS €r0 XJIOPHU/I U OKCOXJIOPHL.

[TockonbKy BBLAETHTH W3 O0pA3OB MEOb- M JaH-
TaHconepkamye (Ga3bl B MHAMBUAYAIBEHOM COCTOSHHU
HE YIajoch, JUIsl BRIBOJIOB 00 MX cOCTaBe ObLI TPUBIIC-
YeH PEeHTTeHO(A30BbBII aHATHU3.

Wnenrndukamms (a3 Ha TMOBEPXHOCTH KaTalM3aropa
meTonioM PDA mpesicTapisieT co00l TpyIHYO 33/1ady 13-3a
MX MaJioro CoAepyKaHusl, BO3MOKHOTO BBIZICIICHHS B BHIC
peHtreHoaMopGhHBIX (a3 WM HAHOYACTHIl C pa3Mepamu
TOpsiZiKa 2 HM, a TakKe M3-3a 00pa30BaHMs HA TIOBEPXHO-
CTHU HOBBIX (ha3, JJIsl KOTOPBIX OTCYTCTBYIOT PEHTTEHOBCKUE
JaHHBIC. PeHTreHOrpaMMBbI HCCIEIOBAaHHBIX 00pasioB B
CpaBHEHHHM C PEHTTCHOIPAMMON OCHOBBI KaTam3aropa
MOKa3aHbl Ha puc. 2. M3 conocTaBiieHns peHTIeHOTpaMM
BHJIHO, YTO B 00pa3liaXx OCHOBHBIMHU (pa3aMu SIBISIFOTCS
(a3el OCHOBBI — KOpyH[ M KBapil. CocTaB MPUMECHBIX
(a3, KOTOPBIMH SIBIITIOTCS XJIOPHIBI, Pa3IHUCH.
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Ineu Tpomece Robpanene 1

K K cepen

Lal copus

Puc. 4. Kapter pacripeneneHust S3IEMEHTOB Ha ydacTke obpasma 1-2.

IMockolnbKy cofepikaHne XJIOPUIOB B KaTaln3arope
Malo, OMHO3HAYHAS HICHTU(PHUKALUS KPHCTALTHICCKIX
(a3 He Bcerga Bo3MOXHa. B wacTHOCTH, M3-32 Majoro
COZIepKaHMsl XJIOPHUIA JaHTaHA HU B OJHOM M3 00pas-
OB He 3a(hUKCUPOBAHBI PeQIIEKCh, COOTBETCTBYIONINE
na"tancogepxamum ¢azam. Ilo nanusim [24], B kara-
mzarope CuCl,-KCl-LaCl, nomumo LaCl, obpasyrorcs
OKCUXJIOPUIBI JJAHTaHA.

B ucxomHom karanmmzarope (oOpaszer; 1-1) momumo
KBapla, KOPyHJIa ¥ HE3HAYUTEIFHOTO KOJMYECTBA KPHU-
CTJUIMYECKOTO XJIOPHUAA Kalusl TPHCYTCTBYeT (asa,
HanboJee CHIbHBIA pediIeKc KOTOPO MPOSIBISIETCS TIPU

d=5.45 A. B s10it 06nacTi HanGosee cuIbHBIH pedekc
Ha PEHTIeHOIpaMMe MPOSBIAETCS y ABYX COAEPKALIUX
menp Gas. Umu seisrores CuCl,-2H,0 n K, CuCl,-2H,0.
HauGonee BepOSTHBIM SIBISIETCS MPUCYTCTBHE 00EUX
9THX (as.

B nonb3y 3T0ro BbIBOZA CBUAETENLCTBYIOT KaK pe-
3yJBTaThl JIEMEHTHOTO aHailu3a o0pasia, Tak U CpaB-
HUTENIbHbIE pacueThl (pa3oBoro cocraBa odpasua B Ipo-
rpamme TOPAS.

B oOpasue 1-2 momMuMo KOpyHJa, KBaplia Hau-
Oonee BEPOATHBIMH HPUMECHBIMH (Da3aMH SBISIOTCS
K,CuCl,-2H,0 u naparakamut Cu,CI(OH),.

Toukme xumudeckue TexHororuu / Fine Chemical Technologies 2017 Tom 12 No 2 55



KuHeTHKa IIpoIlecca OKHCAHTEABHOT'O XAOPHPOBAaHHSA MeTaHa

SNEKTRONHOE MIOBpaRENAE

m
B

Puc. 5. Muxpodororpadun ygacTkoB oOpasma 1-2 ¢ o6o3HaueHreM obIacTel,
B KOTOPBIX IIPOM3BOJHIICS DJIEMEHTHBIN aHAIIM3 COCTAaBa.

Taoauuna 1. Pe3ynasrarsl 2IeMEHTHOTO aHalN3a y4acTKOB oopasna 1-2 (puc. Sa—B)

Ha3zBanue cnexTpa Ha puc. Sa-B

Conep:xanue 3JjieMeHTa, aT.%

0 Al si | a | K Cu | La
Coornomenne [Cul]/[K] 0.8-1.3
Crextp 1 24.28 52 1.67 38.69 14.7 15.32 0.14
Cnextp 8 4.01 - 0.93 57.09 19.84 18.13 -
Crexrtp 14 37.85 15.17 4.29 24.62 9.35 8.36 0.36
Crextp 50 6.35 0.77 0.23 56 19.28 17.33 0.05
Cnexrtp 51 24.29 3.78 0.9 40.95 12.99 16.97 0.12
Crektp 52 50.77 5.66 3.41 25.02 8.35 6.69 0.09
Cnexrp 53 7.99 0.96 0.33 54.88 18.84 16.95 0.06
Coornomenue [Cul/[K] 0.47-0.57
Cnekrp 3 5.05 0.31 - 54.21 26.7 13.72 -
CnexTtp 4 8.26 0.31 - 50.59 27.68 13.16 -
Crextp 5 16.08 1.36 0.11 45.75 24.01 12.56 0.12
CnekTp 6 6.48 0.22 0.14 52.98 25.45 14.64 0.09
Crextp 11 5.6 0.45 0.31 53.37 25.51 14.77 -
Cootnomenue [Cu]/[K] 1.5-2.9
Crnextp 2 7.17 1.23 0.34 52.04 15.05 24.17
Cnextp 7 6.01 0.8 0.23 54.3 15.51 23.17
CrnekTp 9 9.67 1.59 0.44 49.72 15.04 23.54
Crextp 10 8.27 1.95 0.56 43.18 11.87 34.18
Cnextp 12 9.7 5.4 3.33 38.94 11.65 30.8 0.19
Coornomenne [Cu]/[K] 13.5
Cnexrp 13 18.66 11.49 225 | 1342 | 374 50.45
Coornomenne [Cl]/[La] =2.4-2.8
Cnexrp 58 25.4 11.63 25 40.72 1.27 1.51 16.98
CrnekTp 59 35.02 7.62 1.9 39.69 0.88 0.53 14.35
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B o6pasrtie 2 Mmenbcoaepxanue Gpaspl IpeCcTaBISIFOT
coboit B ocHOBHOM ruapoxyopun cocrasa Cu,Cl,(OH),
(puc. 6). Bo3aMOXXHO Takke MPUCYTCTBHE MapaTakaMuTa
Cu,CI(OH),, oGpa3oBanue KOTOPOro B IPOLECCE KaTa-
nm3a oTMevalioch panee Poyko B [21], a Takxke 0e3BOJI-
Horo BoiHoro xnopuzaa K,CuCl,.

Conepikaiue JaHTaH a3kl METOIOM peHTreHoda-
30BOT0 aHaJK3a UACHTH(OUIIMPOBATH HE YIAIOCh.

Kunemuueckue 3AKOHOMEpHOCMU

DKCIIepUMEHTBI TMPOBEICHBI B YCIOBHSAX, MaKCH-
MaJIbHO TPUOIVKEHHBIX K YCIOBHSAM O€3rpaJueHTHOTO
peakTopa: KOHBEPCHH pPEAarceHTOB OCTABalUCh MHHH-
ManbHbIMU (MeHee 20%). DTo ObLIIO JOCTUTHYTO YMEHbB-
[IICHWEM BPEMEHH KOHTAKTa PEareHTOB C KaTaJIn3aTOpPOM
1o 0.03 ¢ Bo Bcex MpOBEACHHBIX OmbITaX. JlanbHeilee
YMEHBIIICHHE BpPEMEHH KOHTaKTa ObLIO Hererecoodpas-
HO BBHJIy BO3pacTaHusi OOBEMHOH CKOPOCTH pPEareHTOB,
YMEHBIIICHHUS CONIEPIKaHMSI TIPOIYKTOB B PEAKIIMOHHOM T'a3e
U, CIIeOBATENIbHO, YBEIMYEHUs MOIPEIIHOCTEH aHanmm3a
W pacyera pe3yJbTaToOB SKCIIEPHUMEHTA. YCIOBUS KUHETH-
YecKuX JSKcrepuMeHToB: Temneparypa 400°C, napieHue
0.1+0.9 MIla, o6bemHast ckopocTb Ta30B 16.1 j1/4, Hadab-
HOE COOTHOLIEHHE PEareHTOB BapbUpOBAJIOCH (TalII. 2).

Ha ocHoBe monydeHHBIX NaHHBIX (Tabn. 2) ObuH
OLICHEHBI 5 CTENEeHHBIX YpaBHEHUH CKOPOCTH 00pa3oBa-
Hust XM: 0e3 ydyera BIUSHHS BOIBI U XJIOpa, C yUETOM
BJIMSIHUS BOZBI, C YUETOM BIIMSHUS XJIOPA, C YYETOM BIIU-
SIHUSL ¥ BOJIBI, M XJIOpa MPpH aTMOC(EPHOM U TMOBBIIICH-
HOM JIaBJICHHU.

[TockonbKy a30T He TPUHUMAET YIaCTHsI B PEAKIHH,
a BBOJMJICS TOJIBKO JJIS MOJIepKaHUs 3aJaHHOTO 3Haue-
HUS1 00bEMHON CKOPOCTH P BapbHUPOBAHUH TAPIHAIb-
HBIX JIaBJIICHUI PEarcHToB, TO B KHHETHYCCKHUX ypaBHE-
HUSIX a30T HE MPUHUMAJIH B PACYET.

600

KoHcTraHTbl /U1 5 BapMaHTOB CTENEHHBIX ypaBHe-
HU# (Tabn. 3) ObLIM pacccUMTaHBl JUIsd Mojenu Oesrpa-
JIUEHTHOIO peakTopa. [[ns mydinero u3 ypaBHEHHI orie-
HEHBI TIOPSAKH 10 MapIHaIbHbIM JaBICHUSIM PEareHTOB
IIpY [TOBBIIIEHHOM JaBJIEHHU.

[lepBas Mozmenb y4WTHIBaET BIHMSHHE KOHIIEHTpa-
LM HUCXOJHBIX PEareHTOB: METaHa, KUCIOpoAa U XJIO-
pucroro Bopopona. CpenHecTaTUCTHYECKas OMIMOKa
aToro ypaBHeHms1 coctaBmna 13.0%. [Ipu moGasnennn
B YpaBHEHHE KOHIIEHTpAIMH XJopa (MOJENb 2) — KOM-
MIOHEHTA, SBJIAIOLIETOCs, KaK U3BECTHO M3 JIUTEPATYpPbl
[14], HEMOCPEACTBEHHBIM YYaCTHHKOM Ipolecca XJIO-
PUpOBaHUS METaHA, — OIIHMOKA YMECHBIIMIACH HE3HAUH-
TenbHO (10 12.35%). Ilpu ucnonb30BaHUN YPaBHEHHS,
YUUTBIBAIOLIET0 KOHLUEHTPALMM UCXOAHBIX PEAareHTOB U
BOJIBI (MOJIENTb 3) MOTPEIHOCTh YMEHBIIHIACh 110 7.6%.
[Mocienneld paccMOTpEHHOH MOJIENBIO OBLIO ypaBHE-
HUE, BKIIOYAIONIee KOHIIEHTPALMU BCEX KOMIIOHEHTOB
(Momenb 4). TlorpenrHOCTh JUI HEro okaszallach paBHa
MOTPELTHOCTH I MOJIENIU 3, YTO yKa3blBaeT Ha HyJe-
BOW NOPAZIOK IO XJIOPY U OTHOCUTENBHO BBICOKHM IO-
PSJIOK TIO BOJIE, KOTOPBIM CPaBHUM C TOPSIKOM IO Me-
Ta"y. [IOCKOJIBKY MOrpemHOCTh Uil JAHHOM MOJAEIH
HauMEHbIIAs CPEIH PACCMOTPEHHBIX, a KOA(PPUIMEHT
KOpPEISIMH HAaUOONBIIHNA, TO JaHHYIO MOJENb OBLIO
pEIIeHO UCIIOJIb30BaTh AJIsl IPOBEPKU KHHETUYECKUX 3a-
KOHOMepHocTel nporecca OXM B GoJiee MIMPOKOM JHa-
Ma30He U3MEHEHUs IaBieHus (Monenb 4P). YBennuenue
MOTPEITHOCTH TIPH JO00ABJICHUN B MOJENb OIBITOB IPH
MOBBIIIICHHOM JIaBIEHUH MOXXHO OOBSICHUTH HEJ0CTa-
TOYHOCTBIO CTETICHHOM (DYHKIIMH ISl OTIMCAHMUS ITPOIIeC-
ca OXM B GosblieM Juana3oHe U3MEHEHHs yCIOBHH.

Ha puc. 7 u 8 npeacrapieHbl TpadUKH, CBI3bIBAIO-
1€ SKCIIEPUMEHTAIIbHBIC U PACUETHBIC 3HAYCHHUS CKO-
poctu obpazoBanus XM mist mojenei 4 u 4P.
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Tabauua 2. DxcriepuMeHTalbHble KUHETUYeCKUe AaHHble nporecca OXM

MorsibHbIC KOHLICHTPALMH HCXOHBIX peareHToB, - 107 Moib/i

Ne CeJeKTUBHOCTD Cxopoctb 0OpazoBanus XM Ha

n/m A30T Meran XnopHeThIH Kucnopon obpazoBanus XM, % 1 mu1 karanu3aropa, r/(Mi-4)
BOZIOPOJL

1 4.53 12.22 0.91 0.45 98.70 0.50

2 091 15.85 0.91 0.45 98.22 0.70

3 10.41 6.34 0.91 0.45 98.27 0.24

4 14.03 2.72 091 0.45 98.13 0.14

5 10.41 6.34 0.91 0.45 99.00 0.23

6 7.70 9.05 0.91 0.45 98.47 0.31

7 4.98 12.22 0.45 0.45 98.29 0.43

8 3.62 12.22 1.81 0.45 97.54 0.60

9 2.72 12.22 2.72 0.45 97.41 0.47

10 1.81 12.22 3.62 0.45 97.00 0.44

11 091 12.22 4.53 0.45 97.57 0.34

12 0.91 12.22 4.53 0.45 98.97 0.48

13 4.71 12.22 0.91 0.27 99.00 0.32

14 4.98 12.22 0.45 0.45 99.18 0.30

15 4.07 12.22 0.91 0.91 98.93 0.45

16 3.17 12.22 0.91 1.81 98.49 0.57

17 3.17 12.22 0.91 1.81 98.18 0.65

18 4.98 12.22 0.91 0 99.62 0.08

19 227 12.22 0.91 2.72 98.63 0.41

20 4.53 12.22 0.91 0.45 98.96 0.27

21 4.98 12.22 0.91 0 99.82 0.08

22 4.53 12.22 0.91 0.45 97.25 0.60

23 4.53 12.22 0.91 0.45 97.03 0.62

24 27.16 73.34 5.43 2.72 95.07 5.05

25 40.75 110.01 8.15 4.07 95.55 7.33

26 13.58 36.67 2.72 1.36 96.64 1.73

27 13.58 36.67 2.72 1.36 96.97 2.35

28 27.16 73.34 5.43 2.72 95.77 5.02

Taoauna 3. Kunernueckue creneHabie Mosenu npoiecca OXM B Oe3rpaMeHTHOM PeaKkTope
rJI\Z'; CrerneHHOe KHHeTHYeCKoe ypapHenne — Habironaemast Tigiiiiii; O S —
Onucanue CKOPOCTH 00pa30BaHMUs XJIOPUCTOTO KOHCTaHTa HOrPemHOCT:,  KOppeIsIHH
MeThiIa CKOpPOCTH %
o™ | =R ETR  ae oss
2 || PSSR LS ns o
o R O it BN R
Bausnue metana, KHCIIOpoJa,
4 En:gdpc::ro BOJOPOJA, BI())}II)I r= k X PCOI'LZ9 X PHO'COZ4 X PH0'2608 04 (IS:IL/ISOZHLM) 7.64 0.960
Buusinue merana, kuciaopoaa, e

4p | X71opHCTOTO BOIOPOAA, BOJIBI = k % PC(')IJ40 % POO1 & P}g;g& .17 0.925

U XJIOpA TIPH TIOBBIIICHHOM
JaBlIeHUn*

Hi
c 1%15/(a- monp1%)

*}:[J'IS{ BCUICCTB, HE IPUBCACHHLIX B YPABHCHUU, CTCIICHDL paBHA HYJIIO.
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Mogpenb 4
- * 0.688% 0.004% 0.68

g r=55.52*P ., Pual P20
; 1.4€-04 /
5 /
é 1.2€-04 /
> ‘
5 1.0E-04 <,
g L 4
2 80E-05 @, *
g,
5
J 6.0E-05
s
I
8 4.0e-05
2
4
& 20E-05
o
§ 0.0E+00
) 0.00E+00 5,00E-05 1.00E-04 1.50E-04
o

C CH;Cl 3Kc MONb/Mn KT-pa

Puc. 7. KauectBo onucanus monensio 4
0.69 0.04 0.68
r=kxFo; X Py X Py, cxopocty obpasoanns
CH,Cl npn BappupOBaHNM MAPIUAIBHBIX TaBIEHHH
MeTaHa, KUCJIOPO/ia U XJIOPUCTOTO BOAOPOIA.

3akjoueHue

IIpu cpaBHEHUHU [ATH KUHETHYECKUX YpPaBHEHUH
BHJTHO, YTO BOJa JTOBOJILHO CYIIIECTBEHHO YCKOPSIET pe-
AKLHUIO0 OKUCIUTELHOTO XJIOPUPOBaHUs MeTaHa (mopsi-
JIOK TI0 KOHIICHTPAIIUW BOIBI M3MEHSIETCS B JHAIa30He
ot 0.44 10 0.68, B 3aBUCUMOCTHU OT THIIOTE3bI), YTO CPaB-
HUMO CO CTCIICHBIO BIMSIHMS METaHa (B JMana3oHe OT
0.69 no 1.07, B 3aBUCUMOCTH OT THIIOTE3bI), TOT/Ia KaK
KOHIICHTPAIIMU KUCJIOPOJa M XJOpa HE BIUSIOT HA CKO-
pocTh 00pazoBaHus XM HMpaKTHUECKH AT BCEX MPHUBE-
JICHHBIX CTETIEHHBIX YPaBHEHHH, a MOPSJIOK IO KOHIICH-
TpalMu XJIOPUCTOTO BOAOPOAA ONM30K K Hymr0. Takum
o0pa3omM, Heleaecoo0pa3HO MCKIIHUYATh BIUSHUE BOJIBI
M MEeTaHa U3 CTeneHHbIX mojenei [13, 14]. DT1o Takke
MTOJITBEPIK/IAETCS pe3yJIbTaTaMH PACYETOB C UCITOJIb30Ba-
HUEM MOZEIU 3, B KOTOPOI OTCYTCTBYET KOHLIEHTpALUs
BO/bl. HacKombKo HaAM M3BECTHO, paHee BIMSHHUE BOBI
B nipouiecce OXM wuccnenoBaioch Toiabko B pabore Po-
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Puc. 8. KauectBo onucanus moneinsto 4P
_ 0.70 0.01 0.4
r=kxFey X By X By cxopoctr o6pasosanms
CH,Cl npn BappHpOBaHNH MapIUATLHBIX TaBIEHHH
MeTaHa, KHCIIOPO/a U XJIOPUCTOTO BOAOPOIA
IIPH MIOBBILICHHOM JaBJICHUH.

3aHoBa ¥ ArmynmuHa [25]. Ho aBropamu ObLTH paccMmo-
TPEeHBl MOOOUYHBIC PEAKIMH BOABI C OOPA3YIOIIUMHUCS
XJIOpPMETaHAMH, TPUBOJISIINAE K 00pa30BAHUIO OKCHJIOB
yIJIepoJia, a He C peareHTamH.

Bimsiare moOOYHBIX MPOIYKTOB (METHIICHXIIOPHU/I,
XJIOPOPOPM, YETHIPEXXJIOPUCTHINA YIIEPO] U MPOLYKTHI
IIyOOKOTO OKHCIICHHSI METaHa) He MPUHUMAJIOCh HaMHU
B pacyeT, OCKOJIbKY B KHHETHUYECKUX YCIIOBUSIX CEJIEK-
THBHOCTB JJAHHOTO Tiporiecca mo XM Obuia cBeime 95%
(a B HekuHeTHueckux cBbimie 90%) u, Clea0BaTENbHO,
KOHIICHTPAIIMU TTOOOYHBIX MPOIYKTOB, 32 UCKIIFOUCHUEM
BOJIbI, 0Opasyroleiics B EpByIO odepeb B peakiuu Ju-
KOHAa, B CHCTEME OBIIIM HE3HAYUTEILHEI.

Jl7s1 BBISICHEHUS! MPUYUH OTHOCUTEJIBHO BBICOKOM
MOTPENTHOCTH PACUeTa, MOIYYSHHON JIJIsl pACIIUPEHHOTO
Ha0opa JaHHBIX, U JJIS BBIABICHHUS MEXaHU3Ma BIIUSHUS
Boubl Ha nporecc OXM 1utaHupyercs najabHenmas 00-
paboTKa NaHHBIX C YYETOM IIHUPOKOTO Kpyra CoAepika-
TEJILHBIX MOJECIICH.
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Cununa HpuHna CepzeeeHa, actinpaHT Kadeapsl 00meld XUMHYECKOH TEXHONOTHH MIHCTHTYTa TOHKHX XHMHUYECKUX TEXHOIIO-
ruit PI'BOY BO «MockoBckmii TexHOmorndeckuii yausepeutet» (119571, Poccus, Mocksa, ip-T BepHaackoro, a. 86); Mmaammii Hayd-

HbIi cotpyaank OO0 «HayuHo-uccrenoBarenbckuii nekeHepHsiii eHTp «Cuntesy (119571, Poccust, Mocksa, nip-T Bepuasckoro, 1. 86).

Kauman EezeHuii AnexcanHOposuy, TOKTOp XMMUUECKHX HayK, Mpodeccop Kadenps oOimel XuMudeckoi Texnomorni MuctnryTa

TOHKHX Xumuueckux Texnonoruit ®I'bOY BO «MockoBckuii TexHoornueckuii yuusepeuten (119571, Poceus, Mocksa, p-t Bepnaickoro, 1. 86).

Tpezep FOpuii AHucumoeuu, JOKTOp XUMHUYECKHX Hayk, TPOpeccop, COBETHUK renepanbHoro aupekropa OO0 «Hayu-

HO-HCCIIENI0BATEeNLCKUI HHKeHepHbIN 1IeHTp «Cuntesy» (119571, Poccust, Mocksa, nip-T Bepnajckoro, . 86).

Po3aHnoe Bsiuecnae Hukxonaeeuu, KaHauaaT XUMUYECKUX HayK, skcniepT OO0 «HaydHo-Hccaen0BaTenbCKiid HHKeHEPHBII

ueHtp «Cunres3» (119571, Poccus, Mocksa, nip-T Beprackoro, 1. 86).

Hcxarxoea Arodmuna mumpueeHa, KaHIU1aT XUMUYECKUX HAyK, 3aBeayroiuil Auanurtuueckum nearpom ®TBOH Ha-
Y4HOTO LeHTpa BojokoHHoH onTrku PAH (119333, Poccust, Mocksa, yi. BaBuiosa, 1. 38).

Epmarxoe PomaHn ITaenoeuu, xananaar Gu3nKo-MaTeMaTHIECKUX HAayK, HAy9HBIH cOTpyIHUK AHanuTHaeckoro nearpa ®I'bOH
Haydnoro nenrpa BonokonHoit ontuku PAH (119333, Poccust, Mocksa, yi. BaBunosa, 1. 38).

Konmawee Bacunuii Bacunveeuu, Kanauaar (pU3HKO-MaTeEMaTHIECKUX HAYK, CTAPIIMH HAYYHBIH COTPYAHMK AHAIUTHYIE-
ckoro nearpa ®I'BOH Haywnoro nienTpa BonokonHoit ontuku PAH ((Poccus, 119333, Mocksa, yn. Basuiosa, 1. 38)

Bpyx Aee I'puzopbesuy, TOKTOp XUMHIIECKUX HayK, ipodeccop, 3aBemyrommii kadeapoii odmieit xummudeckoit Texaonornu MHuctuTyTa
TOHKHMX XuMudeckux TexHomnoruii ®I'bOY BO «MockoBckuii TexHonorndeckuii yausepeuter (119571, Poceuns, Mocksa, mp-T Bepranckoro, 1. 86).
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MMPEOPITAHM3ALUA y-ITHK: CUHTE3 MOJAEJIBHOI'O IUMEPA U UCCIIEAOBAHUE
EI'O CTPYKTYPbl METOJIAMM JIBYMEPHOH AMP-CIIEKTPOCKOIINH

A.B. flexxenkoB!, [1.A. Yemxkos?, H.A. IIpoxopos!, A.H. AroTHK!,
10.I' . KupuaaoBal3@

1Kagheopa buomexHoozuu U NPOMbLUIEHHOU hapMayu,

Mockoeckuil mexHonozuueckuil yHugepcumem (MHcmumym moHKUX XUMUUECKUX MexXHO02Ull),
Mockea, 119571 Poccus

?TI'ocydapcmeertblil HayuHbLil ueHmp PP AO « ocydapcmeeHHnlii opoeHa Tpyoogoeo KpacHozo
BHameHU HayUHO-UCCIe008aMeTbCKUTE UHCMUMYM XUMUU U MEXHOJI02UU /IeMEeHMOOP2AHUMECKUX
coeouHeruir, Mockea, 105118 Poccus

SdedepanbHblil HAYUHO-KAUHUUECKUT YeHmp pusuKo-xumuueckoll meouyurol PMEBA Poccuu,
Mockea, 119435 Poccus
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ITpedcmaener cuHmes oumepa, COCMOSULE20 U3 2AMMA-MUMUHOB020 XUPATbHO20 MOHOMEPA HA
ocHoge L-Ala u mumuHogozo aeg-ITHK-moHomepa, 8 KOMOpPOM MemuUieHO8ble NPOMOHbL NCegoo-
nenmuoHo20 ocmamka 3ameuleHbl Ha amomel delimepust, CUHMe3UpPo8aHHo20 u3 delimepupo-
8aHHO020 2uyUHa. lelimepupo8aHHblil MOHOMEP 88OOUNU 8 PEAKUUI0 AUUAUPOBAHUSL NO MemOoOYy
CMEWAaHHbLX AH2UOPUO08 C MPUDMOPAULMAMOM XUPATLHO20 MOHOMepa amma-ITHK Ha ocHoge
L-Ala, nocnedHuil 6bLt NoaYyUeH U3 NOJAHOCMbH 3AULUULEHHO20 MUMUHCOO0EPIKAULe20 MOHOMEPA
deticmeuem mpugmopyrcycHoll kuciomsl. Cmpykmypy u uucmomy yenegozo oumepa u uHmep-
Mmeduamog noomeepokoanu daHHoimu SIMP-cnekmpocKkonuu, 3lemMeHmHblil COCmag oyeHusalu
no 0aHHbIM 3/1eMEHMHO020 AHANU3A.

/[lnst omHeceHUsl CUZHAI08 MemuUleHOo80l uacmu ocmamKa XUpaabHo20 pazmeHma 8 oume-
pe 6blLl ucnob308aH memod dsymepHoll pazouyscmeumenvHoli COSY-AMP-cnekmpockonuu ¢
osyxkeaHmosgbm punempom (DQF-COSY). IIpu ananuze cnekmpa 6biiu HallOeHbl Xumuueckue
cosu2U U 8blMUCTECHbL KOHCMAHMbL CMUH-CNUHO0B8020 83AUMO0elicmausl NPOmMoHO8 XUPAlbHOU Ua-
cmu dumepa. Yuumsleast 3agucumocmos Kapnayca, ces3ul8arouiyto 8eSUUUHY 08Y2PAHHO20 Yaaia
MeKO0Y BUUUHANTBHBIMU NPOMOHAMU C UX KOHCMAHMOI CNUH-CNUHOB8020 83aumooeticmaust, coe-
JIAH 8bl800, UMO XUPALbHbLU (hpazmeHm Haxo0umest 8 KOHQOPMAUUU Npago3aKpyueHHol cnupa-
JIU 80 8CEX pOMAMEPHBIX hopmax oumepa.

Knroueeste cnoea: nenmudHo-HYykeuHosble kucaomst, [THK, xupansHsie moHomepol [THK, ncegoo-
nenmuobsl, DQF-COSY-5IMP-cnexmpockonust, npeopearusayust ITHK.

v-PNA PREORGANIZATION: SYNTHESIS OF MODEL DIMER
AND ITS STRUCTURE STUDY BY 2D NMR SPECTROSCOPY
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The synthesis of a dimer consisting of y-thymine chiral monomer based on L-Ala and thymine
aeg-PNA monomer (synthesized from deuterated glycine), in which the methylene protons of the
pseudopeptide residue were exchanged with deuterium atoms, was described. The deuterated
monomer was introduced into acylation reaction by means of a mixed anhydride procedure with
y-PNA chiral monomer trifluoroacetate based on L-Ala. The latter was obtained from the fully
protected thymine monomer by the reaction with trifluoroacetic acid. The structure and purity of
the target monomer were confirmed by NMR-spectroscopy, and the elemental composition was
estimated by quantitative elemental analysis.

The double quantum filtered COSY-NMR-spectroscopy (DQF-COSY) method was used to determine
the methylene signals of the dimer chiral fragment. With the use of the spectrum analysis, the
chemical shifts and calculated spin-spin coupling constants of the protons from the dimer chiral
part were found. Given that Karplus equation associates the value of the dihedral angle between
the vicinal protons with their spin-spin coupling constant, it was concluded that the chiral fragment
is in the right-helix conformation for all the dimer rotamers.

Keywords: peptide nucleic acid, PNA, PNA chiral monomers, pseudopeptides, DQF-COSY-NMR

spectroscopy, PNA preorganization.

BBenenue

AKXTyalbHbIM HampaBleHUEM OMOOPraHHMYEeCKOH Xu-
MHH SBIISIETCS] HCCIEIOBAHNE B3aNMOICHCTBIN Pa3INIHbIX
CHUHTETHYECKHX MOJIEKYJ C HYKJIEHHOBBIMU KHCIOTAMHU
(HK, puc. 1A) mns ynpasineHus IpoLeccaMy TPAaHCKPHII-
i PHK  (anTuren-crparerusi) M 3Kcrmpeccud Oenka
(anTHCMBICTIOBast ctparerusi) [1]. TlonmmamumHbie MuMe-
TUKM HYKJIEHHOBBIX KHUCJOT, WJIM MENTUAHO-HYKIEHHO-

QF\> A B B
~\"0
YoHL o g ) Kfo 0
6 <4 N_2
oot}
o H(OH) H
AN
aeg-NMHK
OHK (PHK)

R
/v'\B/N

y-S-THK

Beie kucnothl (ITHK) [2] — uckyccTBeHHBIE CTaOWITbHBIE
OUOTIOIMMEPHI, TPOSBILIIONINE OYCHb XOPOIINE CBOMCTBA
MOJIEKYJISIPHOTO Y3HABaHHs1 KOMIUIEMEHTAPHBIX [OCIIeI0Ba-
TEIBHOCTEH HYKJICHHOBBIX KHCIIOT, KAaK B OTHOLICHHH ad-
(MHHOCTH, TaK U ceeKTHBHOCTH. CTPYKTypa 9TOr0O THIIA
MHUMETHKOB COYETACT MOJIMAMUIHBIA CKeJIeT (C 4yeperno-
BaHUEM aMHUJIHOH CBS3H U €€ BOCCTAHOBJICHHOM (HOPMBI)
Y HYKJICHHOBBIC OCHOBAHUS, IIPHCOCIUHEHHBIC K CKeJe-
Ty 4epe3 KapOOKCHMETHIIbHBIN JTnHKep (puc. 1b).

B
B R=-CHs [4]
-CH,OH [4]
-CH,NH, [5]

-CH,CH,CH,CH,NH, [6]
~CH,CH,CH,CHoNHC(NH)NH, [7]
-CH,0(CH3),0(CH3),0CH3;  [8]
-CH,CH,COOH [9]

-CH,COOH [10]

-CH,SH [11, 12]

e

Puc. 1. CrpykrypHble (hparMeHThI IPUPOAHBIX HYKJIEHHOBBIX KUCIOT (A), aMUHOATHIIIIMIMHOBEIX (aeg) (B)
n anukimaeckux y-(5)-S-xupansusix [THK (B).

Opnako Tak Ha3piBaeMble «kimaccuueckue» [THK Ha
OCHOBE N-2-aMHUHOATHIILHOTO TIHIMHA (aeg-) TIOKa3bIBa-
0T HU3KYIO PacTBOPUMOCTh M ClIa0yr0 OMOIOCTYIHOCTh B
AKCTIEpUMEHTaX in vivo. OUH W3 TOIXOIOB K TPEOIoe-
HHUIO OTHX HEJIOCTAaTKOB 3aKIIIOYaeTCs B TOJMYYSHHH pPa3-
mgHbIX Mofudukarmil [THK — kak ruxmmaeckux [3], Tak
n anukimieckux [4—12]. Panee ObU1o MOKa3aHO, 4TO BBE-
JICHUE PA3INYHBIX (DYHKIIMOHAIBHBIX TPYIII B COCTAB OOKO-
BBIX PaJIMKAJIOB AIIMKINYECKOTO CKeJIeTa MOXKET YIydlllaTh
OHOMOCTYITHOCTh TaKWX coennHeHuit. Hanmpumep, momoxmu-
tenbHO 3apsbkeHHble [THK Ha ocHoBe aprunmna [7, 13] mo-
TYT B3aMMOJCHCTBOBATh C MEMOPAHOW DYKapHOTUIECKUX
KJIETOK, TIOCPEICTBOM SHJIOLIMTO3a MTPOXOAUTH Yepe3 Hee U
JIOKAJTM30BATKCSI B SIZIPE, UTO AETAET BO3MOKHBIM HCIIONB30-
BaHue ryanuanHoBbIX [THK 1t anTuren-repanmu.

OpHako OKa3anoch, YTO HE MEHEE BAKHBIA BKIIAJ]
B CBSI3bIBAHUE C MUIICHSMHU HYKJIEHHOBBIX KHUCIOT BHO-
CUT TIPOCTpaHCTBeHHAs KoH(purypamms monekyn [THK.

Pamgom mcciemoBareniel OBUIO MOKA3aHO, YTO HAJTHYHE
XHPaTBHOTO IEHTpA, ero KoHpurypanus (R mwin S) u ero
MECTOMOJIOKEHUE B CTPYKType MoHOMepa (o(2)- uiu
v(5)-nonoxenwue) (puc. 1b, B) Bnusiror Ha ahduHHOCTD
omuromepos ITHK x HK gyepes npeopranuzanuio ux Bro-
puuHoii cTpykTypsI [4]. [Ipu ncrons3oBannn KJI-crek-
TPOCKOIMHU OBLIO TOKa3aHo, uTo axupaibHele aeg-I1THK
HMEIOT HEYIOPSAJAOYEHHYIO CTPYKTYpy U NPUHUMAIOT
CIHPATIBHYIO (POPMY TOJIBKO IIPH 00pa30BaHIH KOMILICK-
ca ¢ HK, BBeneHue xe XupanbHOTO LEHTPa B CTPYKTYPY
ITHK cnocobetByeT npeoprannzaruu monekynsl [THK.
BaxxHo OTMETUTH, YTO B CiIydae Y-IOJOKEHUSA U S-KOH-
¢urypannu xupanasaoro nenrpa [THK onuromep npunn-
MaeT (GopMy NpaBo3akpydeHHOH crmpanu [4—12], 9To
obecrniedynBaeT BHICOKYIO ah()UHHOCTD U CEIEKTUBHOCTD
v-S-1THK ny4mre, wem mist aeg-I1THK.

ITo3xe nma goOKaszaTenbCcTBA MPOCTPAHCTBEHHOM
npeopranm3anuu Moiekyn I[IHK Oputn mpuBnedeHb!
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IIpeoprann3anus y-ITHK: cHHTE3 MOZEABHOTO AHMEpPa H HCCA€ZLOBAHHE €ro CTPYKTYPBEI...

MeTonbl jByMepHoi (2D) SIMP-criekrpockormu. Jlns Hm3amu [4, 14], HO, B TO Xe BpeMsi, HAJIOKEHUE CHUT-
9TOM 1EeNIM UCTIOJIb30BaJIM MOAETbHBIN auMep aeg-Cyt- HAJIOB aMHUHOJTWIBHBIX TPOTOHOB IICEBJOMENTHIHBIX
v-S-Me-Thy (puc. 2A), comepkamniuii B CBOCH CTPYKTY- OCTOBOB TIPEIATCTBOBAJIO YETKOMY OIIPEACICHUIO0 KOH-
pe xupanbHblii MoHOMEp P-ITHK, nzyuenue cTpykTypsl CTaHT CHUH-CIIUHOBOTO B3aUMOJEHCTBUSA, KOTOPHIE B
KOTOpPOTo MeTonaMu JaByMepHoO AMP-cnekrpockonuu JTAHHOM CJTy4Yae SIBIISTIOTCS KITFOYEBBIMH (DaKTOpamMu st
MOATBEPIKIIATIO0 HAJMUMe MpaBO3aKpyueHHOH mpeopra- MIPOBE/ICHUS HCCIIeIOBAHUSI.
JL Jy
NN NH BocHN™ >~ H 2

1

Puc. 2. Crpykrypa mozpenbHoro qumMepa aeg-Cyt-y-S-Me-Thy [4] (A); cTpykTypa MozensHoro aumepa 1
¢ BiitoueHneM MoHomepa aeg-ITHK ¢ neiirepupoBanubiM niceBronentuanbiM GparmentoMm (B).

B a10if pabGoTe MBI IpEACTaBIsieM CHHTE3 JUMepa npousBoaHoe 5. Boccranosnennem nocneanero LiAID,
1 (puc. 2b), cocrosiero U3 THMHHOBOTO XHPAJIbHOTO B TT'® nomyuyanu neiitepupoBaHHblil Boc-3TaHOoNnaMuH
MOHOMepa Ha ocHoBe L-Ala u tumuHOBOTO aeg-ITHK (6). «KucnoTHass KOMITIOHEHTay 7 JJIsl KOHJICHCAIMH 110
MOHOMEpA, B KOTOPOM METHJIEHOBBIE NPOTOHBI MICEBO- MunynoOy [15] Obula monydeHa u3 amMuHa 4 B3aUMO-
MENTUIHOIO OCTAaTKa 3aMELIeHbl Ha aToOMbl JIedTepus, JICHCTBHEM C 2-HUTPOOEH30JICYNH(OHMIT XIOPHIOM B
YTO MMO3BOJIUT YIPOCTUTH OfiHOMepHbIH 'H-SIMP-criektp MIPUCYTCTBUU TpUITHIaMuHa. Peakius MuiyHoOy Mex-
numvepa 1 n ero maTepnperannto. CTpyKTypa MOIEITb- Jly CIUPTOBOM KOMIIOHEHTOH 6 W JIeHTeprpOBaHHBIM
HOTO uMepa Obljia UccleloBaHa METOJaMU JIByMEPHOM Ns-npou3BoaHBIM 7 TPUBOJMIIA K 00pa30BaHUIO TTOIHO-
SIMP-cnekTpoCKOnuM ¢ LeNbI0 YCTAaHOBIEHUS €ro Ipe- CTBIO 3aLIUILIEHHOr0 IceBIonenTuaa §, npu nociuenyo-
OpraHM3aluu. [IEM THOJM3€ KOTOPOTO MOJTy4ald BTOPUYHBIN aMuH 9.

AnmnupoBaHue aMHHA 9 OpOMAaIeTHIOPOMHIOM B TIPH-

Pe3yabrathl u ux o0cyxaenue
CYTCTBUHM TPHUITUIIAMHUHA IIPHUBOAUIIO K 6p0MaHeTaMI/II[—

Cunres aumepa 1 mpemonaran mojaydeHne MOHO- Homy nipousBogHomy 10. ITocnennee ncnonp3oBamy st
Mepa 2 aeg-ITHK Ha OCHOBE JIeHTEpPHPOBAHHOTO TITHIIU- ankunupoBaHust TuMuHa (11), ¢ moy4eHueM MoJIHOCTHIO
Ha W TIOCIICAYIONIYIO €T0 KOHJECHCAIUI0 C aMUHOKOMIIO- 3ALIMIIEHHOI0 THMUHCOAEpKAIero Monomepa 12. Via-
HEHTOM, IMOJIyYEHHBIM U3 3allUIIEHHOTO Y-METHUJIHHOIO JICHHE METHJIBHOM 3aIUTBI OCYIICCTBIIAIN JICHCTBHEM
MoOHOMepa Ha ocHoBe L-Ala. CuHTe3 MOHOMEpa 2 mpe/- 2 M NaOH, mory4ast Boc-3aIuineHHsIi aeiiTepupoBaH-
cTaBleH Ha cxeme 1. I'mapoxmopua MeTHioBoro 3¢u- HbIH aeg-moHOMep 2. [IpoTekarue peaKiuii KOHTPOTUPO-
pa IelTepupoBaHHOTO THIMHA (4) OBUI TONYyYeH W3 By Merontom TCX, CTpYKTypy IOTY4CHHBIX COCMHCHMUIA
DZ—FJ'II/IHI/IHa (3) neiicTBHEM THOHMIXJIOPHIA B METAHOJE JNokasbiBaIH ¢ iomorpio 'H- u PC-SIMP-criekrpockorim,
C TOCTEAYIONMM TpeBpaieHreM B Boc-3amumniennoe JAaHHBIMH 5JICMCHTHOI'O aHAJIA3a.

fe) MeOH,
HzN\*)ko SOCI2 HzN\)k Boczoo BocHN\)k ~ HAD: BocHN. A,
3) HC! @ o ) ®)
NsCl,

Ns O
TEA |
HN\*)ko/

)

DEAD Ns O PhSH, BrAcBr,
TPP K2CO3 N TEA
BocHN/\/N\)k - BocHN™ " \)k -
83% (8) 9
Br Thy (1), Thy Thy
- . o) K2COs o) — ‘\]//O 0
R i A,
BOCHN/\*/N\*)kO/ BOCHN/\*/N < O/ BOCHN/\*/ b4 OH
(10) (12) (2)

Cxema 1. Cunres aeg-monomepa [THK u3 neiiTepupoBaHHOrO NIMIUHA.

[omy4geHHBIII MOHOMED 2 BBOIMIIM B PEAKITHIO AIlWIIH- BUPYIOILIETO areHTa) ¢ Tpudroparerarom 14 XupaibHOTO
POBaHMA MO METOAY CMEILIAHHBIX aHTHIPUIOB (B MPHCYT- moHomepa y-ITHK Ha ocHoBe L-Ala, xotopsiii Obu1 momy-
ctBrn m300yTIxiopdopmuara (IBCF) B xauectBe akTh- YeH U3 MTOTHOCTHIO 3AIIUIIEHHOTO THMHUHCOIEPIKAIIIETO
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MoHoMmepa 13 y-ITHK Ha ocHoBe L-Ala [16] naeiicTBu-
€M TPUPTOPYKCYCHOH KUCIIOThI B IPUCYTCTBUHU M-KPe30J1a.
B pesynsrare Obi1 momydeH nesneBoi aumep 1 (cxema 2).

CtpykTypy 1 uncToTy coenunenunii 1, 13, 14 moarsep-
xnami gaHHbME 'H-, PC-SIMP-CIeKTPOCKOIHH, TeMEHT-
HBIIi COCTAB OLICHUBAJIN I10 ITAHHBIM YIEMEHTHOTO aHAIIM3a.

Thy
Thy Thy © (0]
TFA, s

Kf m- eraon Kf BocHN/\{N ¥ (2)OH
K WO P

BocHN IBCF, NMM, TEA, 29%
(13) CF3COO (14)

Tiyf Tiyf
BocHN/\/N\)k /'\/

H (1

Cxema 2. ITonyuenne aumepa 1 xupansusix [THK Ha ocHOBe L-Ala.

Hanee crpykrypa mumepa 1 Oblia wncciemoBaHa
merogamu  SIMP-cnekrpockonuu. il yCTaHOBJIEHUS
HAIPaBJICHUSI €ro TPEOpraHu3ald ObUIO HEOOXOIMMO
o6Hapyxuth B 'H-SIMP-criekTpe CUrHAIBI, COOTBETCTBY-
IOILKE€ METUIEHOBBIM NIPOTOHAM 4-H° u 4-H° (puc. 3).

OnHo3HaYHAS pacuugpoBka OJTHOMEPHOTO
'H-SIMP-cniekTpa MpeiCTaBiIseTCss BechbMa 3aTpyaHH-
TEJILHON U3-3a HaNIW4Ms POTaMEepHBIX GopMm aumepa 1,
910 OOYCIIOBJICHO 3aTPyIHCHHBIM BpAIIEHHEM BOKPYT
amMuaHbIX cBsazeit (puc. 4) [17]. Takum oOpaszom, Ka-
JKAas TpyIna NPOTOHOB MPOSBISETCS B CIIEKTPE B BUJIE
YeThIPEX CUTHAJIOB, U B CIydae OOJIBIIOrO KOJIMYECTBA
MYJIBTUINIETOB B OJHOMEPHOM IIPOTOHHOM CIIEKTpE
BO3MOXKHO MX CHIIbHOE IepekpbiBaHue. Iloaromy s
0oJjiee TOUHOIO OTHECEHHUs CHUTHAJIOB METUJIEHOBOI
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ng

N
BocHN/\/

Thy Thy

U 108

N
BocHN™ >

H
H\5 _H
5 HY |
e By
N 1 ¢
Ny /3 2
Hb

Puc. 3. CrpykTypa xupansHoi yacTu gumepa 1.

YaCTH OCTaTKa XUPAJIBHOTO (parMeHTa B aumepe 1 0611
HCTIONIE30BaH METOI IBYMEPHOH (pa30-4yBCTBHTEIEHON
'H-"H-COSY-SIMP-CIeKTpOCKOIIMU € JIBYXKBAHTOBBIM
¢unerpom (DQF-COSY). Peructparuio crieKTpoB mpo-
BouiM B nieitepoanerone nmpu 40°C, Tak kak nqumep 1
OrPaHUYEHHO PACTBOPUM B 3TOM PACTBOpPHUTEIIE.

Q( J‘y
BocHN
Thy Thy
Oﬁ) o o§) o
o A
BocHN™ >~ \)LH \)J\o/
v

Puc. 4. CTpyKTypbl poTaMepOB XHUpaJIbHOTO numepa 1.

B xome anammza DQF-COSY-cnektpa Mbl 00Ha-
PYXKHIIM YEThIpe KpOCC-IMKAa MEXIy MIpOTOHOM JS-H
U TIPOTOHOM aMMHOTrpymnsl 6-H (puc. 5A, 6A), a Tak-
K€ YeThIPEe KpOCC-NTUKa MEXAY MPOTOHAMU METHJILHON
rpynnel 5-CH, (puc. 3A) 1 IIPOTOHOM M3 METHJIEHO-
Bol wactu 5-H mnpu xupanbHoM neHtpe (puc. 5b). Ilo
BIMSHUIO MarHUTHO-aHU3OTPOMHBIX (3KPAHUPYIOIINX)
KapOOHMJIbHBIX OCTAaTKOB B alleTAMUHOM JIMHKEpPE Ham
ymanock otHecTH KoH(popmeps! I-1V (puc. 4) Ha ABY-
MepHOM criekTpe (puc. SA, b).

OnHako CHUrHajbl, COOTBETCTBYIOLIUE METHIIEHO-
BBIM NIPOTOHAM 4-H® u 4-H’, oTtoOpakaroTcsi OOJIBIINM

YHCIOM MYJIBTHIUIETOB M3-3a OOJBIIETO YHCHIA COCEA-
HUX NPOTOHOB M HAJHMYHS 3aTOPMOMKEHHBIX KOH(pOpMa-
i I-IV gumepa (puc. 4), u 3TOT pparMeHT crekTpa,
B 1I€JIOM, HE BBINIJUT CTONb PEHpPE3eHTaTUBHBIM (PHC.
6b). Tem He MeHee, HaMu OBIITH OOHAPYKECHBI OCHOBHBIC
KPOCC-IUKH MEXTy poToHaMu 4-H* u 5-H, 4-H® u 5-H
XUpaTbHON METHIICHOBOH yacTH (puc. 6b).

3TO0 N03BONMIO HANTH XMMHYECKUE CIBUTH, OTBEYALO-
pe mpotoHam 4-H* u 4-H° (cm. puc. 3) u npuOmmM3uTeNnhb-
HbIE KOHCTaHTBI CITUH-CIIMHOBOIO B3aUMOZIECHCTBUS MEXKTY
HMMH, a TAKKEe MEXy IIPOTOHaMu 4-H° 1 5-H 1 IpoToHamMu
4-HP u 5-H; naHHble npecTaBieHb! B TaOIIHIIE.
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14,55

a.0 7.8 7.6 T.4 pem 1.3 1.2 1.1 1.0 pps

Puc. 5. ®parmentsr DQF-COSY-criektpa aumepa 1: Kpocc-TIHKH MEXKITy TPOTOHOM S-H 1 IPOTOHOM
aMHUHOTPYTIIBI 6-H (A); KpOCC-TTMKH MEXy IPOTOHAMH METHUIBHOM Tpymmbl 5 -CH, n mpoTonom 5-H
npu xupansHoM 1eHTpe (B).

1 4.25

114,30

B B i LT

~4.45

Puc. 6. ®parmentsr DQF-COSY-cnekrpa auMepa 1: kpocc-IMKH MeX Ty IPOTOHOM -/ ¥ IPOTOHOM aMHHOTPYTIIIBI
6-H (A); Kpocc-TIMKH MEKTy TIPOTOHAMHU 4-H° u 4-H?, 5-H XupaibHON METHICHOBOH YacTH.

XUMHUYECKHE CIBUTH IPOTOHOB 4-H* 1 4-H® ¥ KOHCTAaHTBI CITHH-CITHHOBOTO B3aMMOJICHCTBHUS ITPOTOHOB
4-H"wu 4-H°, 4-H° u 5-H, a Taxxe 4-H’ u 5-H

I I I v
3.60 m.11. 3.72 M. 3.77 m.n1. 3.84 m.n.
4-H* (dd, J( 4_Hb):14.7 T, (dd,J (4_Hb):14.5 I, (dd,J (4,Hb):13.8 I, (dd, J( 4_Hb):14.6 T,
J(S_H):10.9 I'm) J (5,H>:8~5 I'm) J (S»H):Q'S I'm) J{S_H):9.2 T'm)
3.19 m.1. 3.30 M. 3.36 m.. 3.47 m.n.
4-H® (dd,J P 4_Ha):13.9 T, (dd,J } 4_Ha)=14.1 I, (dd,J ( 4_Ha)=14.8 I'u, (dd,J P 4_Ha):15 AT,
Jsn™4 T'm) Jsn=41 I'o) Jspn=4 T Js=42 T'm)
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B Hamem ciyyae KOHCTAHTBI CIIMH-CITMHOBOIO B3aUMO-
JIEVCTBUSA JUTS PA3IMUHBIX poTamMepHbIX cTpykTyp I-IV cocra-
B Iy ~144 T, Jttasan ~9.5Tun J s ~4.1 T'm.
3aMeTHM, UYTO HEKOTOpBIC BUIIMHAJIBHBIC KOHCTAHTHI
CIMH-CIIMHOBOIO B3aMMOJEHCTBHUA MEXIy MPOTOHAMHU
5-H wn 4-H?, paBubie 4.1 T'11, MOXXHO JIETKO OOHAPYXUTh
B ogHoMepHoM 'H-SIMP-cniekrpe (puc. 7).

YuutsiBasg 3aBUcUMOCTh Kapmiayca, cBs3bIBaro-
LIYI0 BEJIMYUHY ABYTPAHHOIO yIJla MEXIy BULIMHAIb-
HBIMM IIPOTOHAMHU C UX KOHCTAHTON CIIMH-CIIHHOBOTO
B3aUMOJICHCTBHS, MOKHO CIENaTh BBIBOM, YTO (par-
menT —‘NH—"CH(CH,)-*CH,~ (puc. 8A) naxoaurcs B
KOH(pOPMAINU TIPaBO3aKPYICHHOHN CIIFPAITH BO BCEX PO-
TaMepHbIX popmax I-IV.

| ~4ry

5-H \_
N-3 4-HP

~10ru N-6 CHs
4-He

~15ly

MpaBo3akpy4eHHas cnvpanb

1517y

42my

42ry

Puc. 7. ®parment 'H-SIMP-cniektpa mumepa 1.

JleBo3sakpy4eHHasi cnvparsib

Puc. 8. [Ipoekuun Hpromana i mpaBo- U JieBo3akpyueHHbIX XupayibHbix [THK.

3akjoueHue

Takum 00pa3oM, ObIT CHHTE3UPOBAH MOJCIBHBIM
numep 1, cocrosmuii U3 y-S-METHILHOTO TUMHUHOBOTO
MOHOMepa Ha ocHOBe L-Ala u TUMHHOBOTO aeg-MOHO-
Mepa ¢ JeHTepHpOBaHHBIM MCEBAONENTHIHBIM (par-
MeHTOM. AHanu3 CTpykrypsl numepa 1 SIMP-cnekrpo-
CKONMEH MOKa3aja, YTo JUMEP B PACTBOPE HAXOAMTCS
B 4YEThIpeX KOH(POPMEpHBIX (opMax, A KaxIOH H3
KOTOPBIX OBUTM OIpENeNIeHbl KOHCTAHTBI CITHH-CITHHO-
BOI'O B3aUMOJEHUCTBUSA MEXY IIPOTOHAMU B XUpaIbHOI
gactu aumepa ¢ ucnonszoBanueMm 'H-'H-DQF-COSY-
SIMP-cniekTpockonuu. 3HAYEHHsI KOHCTAHT YKa3bIBAIOT,
YTO HaJMYME METWIBHOW TIpyHmsl U S-KOH(QUTYparun
XUPaJIbHOIO LIEHTPA B Y-IIOJIOKEHUU XUPAJIbHOTO MOHO-
Mepa MPeopTraHnu3yeT CTPYKTypy Oiuromepa (Iumepa) B
IIPaBO3aKPYUYEHHYIO CIIUPAJIb.

OnHako B IPOBEJEHHOM  3KCHEPUMEHTE B
2D-SIMP-cnexrpe nns numepa 1 U3 BOCbMU CUTHAJIOB,
COOTBETCTBYIOIIUX TpoToHaM 4-H* u 4-H’ (puc. 6b),
ISITh BUJHBI KaK OTJCIBbHBIC CUTHAJBI, a TPH CUTHAIa
OCTaJMCh HE PA3PEUICHHBIMH U MPOSBISAIOTCA OAHUM
TPYAHO HMHTEPHPETUPYEMBIM Kpocc-ukoM. [lo Bceit
BUJUMOCTH, JEHTEPOALIETOH HE SIBIAETCS MOAXOAAIINUM
pacTBopuTeneM s nposeneHust AMP-skcniepumeHTOB
U3-3a OIPAaHMYEHHOM pPacTBOpUMOCTH aumepa 1 naxke
npu HaIMYuKu KOHUEBBIX N-Boc- u C-OMe-3amuTHBIX
IpyIN, MOATOMY A3KCHEPUMEHT HPOBOIWIM HpPU IO-

BhbIIeHHOW Temneparype (40°C), 4To cka3biBaeTcsi Ha
paspewieHuH curHanoB. IlosTomMy [UIsl TONMy4eHus: pe-
MIPE3CHTATUBHOM KapTHHBI ABYMEPHOTO CHEKTPa CTPYK-
Typa MOJEIBHOTO TUMepa HyKJIaeTCsl B KOPPEKTUPOBKE.
Hampumep, B xauectBe C-KOHIICBOW 3aIIUTHOW TPYTIIIHI
MOKHO MCTIOJIb30BaTh OCH3WIIbHYIO IPyIIIy, KoTopas Oy-
JeT CIOCOOCTBOBAaTh PACTBOPHMOCTH B OPTraHUICCKOM
pactBopurene. Kpome Toro, 3amMmeHa aToMOB BOJOPOAa
Ha JelTepuil Takke BOBMOJKHA B AMHUHOKHCIIOTHOM 4Ya-
CTH XMPaJIbHOTO MOHOMEpA.

3KCHepI/IMeHTaﬂbHaﬂ HacTb

B pabote wucmonb3oBanu CIEAYIOUINE PEaKTHBBI:
THOHWJIXJIOPHJ, N-METHIMOP(OIHH, H300yTHIIXJIOP-
¢dopmuar, NsCl, Ttuodenon, OpomaueTun OpoMuzg
(Aldrich, CIIA), tumun (Acros, CILLIA), DEAD (40%
pactBop B tonyone) (Fluka, HIBeitapus), ruapua Ha-
Tpus, au-mpem-Oytunnupokapoonar, LiAID,, PPh,
(Merck, I'epmanust), peakTUBBI MapKH X.4. U 4.J1.a. OTe-
YECTBEHHOIO TPOM3BO/ICTBA: TIMIHMH-D,, yKCyCHas Kuc-
nora, tpudTmwiamuH, TT'®, JIM®DA, meranon, 3TaHOI,
XJIOPUCTHIN METHIJICH, STHJIAIIETaT, TeKcaH, |,4-aroKcaH,
aleTOHUTPUI, JU3THIOBBIA 5¢up, P,O,, KOH, NaOH,
LiAlH,, runpokapGoHaT HaTpusl, XJIOPH HATPUs, CyJIb-
(bat HaTpUA, THUIPHU] KaJblMs, OKCHI Oapus, kKapOOHAT
KaJvs, TUMOHHAs Kucnora. Cleayiomue pacTBOPUTENN
ObUIM OYMILEHBI TEpe]] HCIOIb30BAHUEM: XJIOPUCTHIH
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metunen (neperonsim Han P,O,), IM®A (neperonsinu
Haja (TaNueBbIM aHTUAPUAOM B BaKyyMe), TETparuipo-
¢dypan (neperonsimn Hang KOH u HemocpencTBeHHO Iie-
pen peakuusamu Hajx LiAlH,), anetonuTpun (KUIsATHIA
HaJ P205 B TE€UEHHE 2 Y C MOCIEIYIONIEeH EPETOHKOMH ),
tpusTHiamul (neperonsin Hag KOH n CaH,), N-me-
TrMopQonuH (Kkumsitiit Hazx BaO n 3ateM neperonsim),
1,4-nuokcan (KUTSATHIA HaJl Na 1 3aTeM MePEroHsIIN).

'H-SIMP-CieKTpbl MMOJYYEHHBIX COCAWHCHUH pe-
ructpupoBany npu 25°C Ha UMIYIbCHBIX Dypbe-cIiek-
tpomeTpax Bruker DPX-300 (I'epmanusi) (¢ paboueit
gactoroit 300 MI' juis '"H u 75 MI'n s *C) u Bruker
AVANCE-600 (c paboueit wactoroit 600.13 MI'm ans
saaep 'H u 150.92 MTI'u ans sinep C). Xumudeckue
CIBUTH TPHUBEACHH B MHUIHOHHBIX JOJSIX OTHO-
CUTEJIBHO BHYTPEHHErO CTaHAapTa TETPaMETUJICHU-
nara (6 0.000 wm.n.). KoHCTaHTBHI CIHH-CIIHHOBOTO
B3aumopeiictus (J) npusenensl B I'it. Ilpu onucanuun
"H-SIMP-CIeKTpOB TPHHSATHI CACAYIOINE COKPAIICHHS:
s — cuHmier, d — xyoner, t — tpurwiet, dd — nBoiiHo# ayoner,
q — KBapTeT, m — MyNbTAIUIET. CIEKTPBI pEerucTpUpOBa-
i 8 CDCL, IMCO-d, unn anerone-d,.

Peructpammio criektpos auMepa 1 oCyIIecTBIsuT B
anerone-d, npu 40°C.

KomonouHyto xpomarorpauio MpoBONIIA Ha COp-
oente Silica gel 60 (0.040-0.063 mm) (Merck, I'epma-
uust). [Iporekanue peaknuii KOHTPOIUPOBAIU C ITOMO-
mpro TCX na mmactunkax Silica gel 60 F ., (Merck,
I'epmanus). Bemectsa Ha miiacTHHKaX OOHAPY)KHBAIHM B
Y®-cBete (254 uM) u onpbickuBanueM 0.5% pacTBopoM
HUHTHJPUHA B 3TaHOJe, 100 B KOMILJICKCE MOJIMOICHO-
BOH kucnoTel U cyibdara uepua(lV) ¢ nociaeayromum
HarpeBaHHEM.

I'mapoxnopux  merwioBoro 3¢pupa D,-mimmuna
(4). B kpymiofioHHy0 KonOy, CHaO)KEHHYH) MarHUTHOM
Merraiakoi, moMeriaad 100 M1 abCOMOTHOrO MeTaHOIa
1 oxyiaxmanu ero g0 -60°C, 3areM 110 KarumsiM J100aBiIsuIn
tuoHmwxopua (31 , 19 mn, 262.7 MMOiIb) ¥ MOPLUSMU
BHOCHIM D - (3) (10 1, 133.3 mMmons). Cycniensuro
nepemermBany 2 4 npu -5°C, 3areM 12 4 npu KOMHaTHOM
Temrieparype. [1o Mepe sTepudukanum 0caaok pacTBOPsII-
csi. PactBoputens yaansim, K ocrarky podasismi 100 mi
JTATUIIOBOTO 3(upa. CyCcrieH3uIo OXITaxIaid B TEUCHHE
12 4 npu 4°C. BrInasime KpucTajuibl cooupanu (GUisTpo-
BaHWEM, TIPOMBIBATH JAU3THIIOBBIM 3(DUPOM U CYIITHIIY B Ba-
kyyme (0.2 MM prt. cT.). Beixon 15.3 1, kpucTamisr 6emoro
1sera (94%). R 0.57 (n3onpormason — 25% BOHBIN pacTBOp
ammuaka, 4:1); 'H-IMP-cnexrp (IMCO-d,, 300 MI'n) &
8.66 (s, 3H, -NH,), 3.70 (s, 3H, -OCH,); "C-sIMP-cniextp
(IMCO-d,, 75 MI'n) 6 168.4, 52.9, 40.5.

MertuniaoBbiii  3¢pup N-(mpem-0yTHII0KCHKAD-
6onmin)-D,-rmuumna (5). K pactBopy ruapoxiopuaa
MeTuII0B0r0 ¢pupa D,-rmununa (4) (2 1, 15.9 mmoins) B
cMmecH Bonbl U 1,4-nmmokcana (50 /50 mut) moOaBisiin
NaHCO, (1.6 1, 19.1 mmonb) u au-mpem-OyTUIIAPO-

kapOonar (4.18 1, 4.4 mi, 19.1 mmoie). CMech mepeme-
MBI B T€UeHHE 12 4 mpu KOMHATHOW TeMIeparype.
[Tomy4yeHHBIN pacTBOpP IKCTPArupOBAINA ATUIALETATOM
(3-50 mun). Oprannyeckyro ¢pasy cymmmm Na SO,, pac-
TBOPHTEINb YA Ha POTAIIMOHHOM HCIIApUTEIIE, OCTa-
Tok cymmnu B Bakyyme (0.2 mm pT. cT.). Boixox 3.01 1,
OecrpeTHOe MaciIo (KonuYecTBeHHbIN). R 0.86 (rexcan/
srtuanerar, 1:1); 'H-IMP-cniexrp (CDCL,, 300 MI'm) 8
5.02 (s, br, 1H, -NH), 3.76 (s, 3H, -CH,), 1.46 (s, 9H,
Boc('‘Bu)-).

MetunoBbiii 3¢pup N-(opmo-HUTPOOEH30CY/Ib-
¢ounn)-D,-rimmuuna (7). K oxnaxnennomy no 0°C
pactBopy amuna 4 (2 1, 15.94 Mmmons) B DCM (50 M)
Jno0aBisIM  AuM3oNponuidTHIaMul (6.16 1, 8.3 mu,
47.81 MMOIb) W TOPHUSIMH O-HUTPOOEH30CYIb(O-
Huxjopua (4.24 r, 19.12 mmons). Yepes 15 MuH peax-
IIMOHHOW Macce TO3BOJISIIM HArPeThCs JI0 KOMHATHOM
TEeMIIepaTypbl U OCTaBISUIM MEPEMEIINBAThCA B Teue-
Hue 12 u. PacTBOopuTenb yAANAAM IPU NOHUKEHHOM
JaBJICHUM, K ocTaTrKy Ao0aBisuid 40 MJ BOIbI M TO-
JTYyYCeHHBIH PACTBOP 3KCTPArUpPOBAIU ATUIIALECTATOM
(3%x40 ma). Opranuueckue CiIOU OObEIUHSIN U MIPO-
meBa 1 M pactBopom HCI (2%20 mi), HackIIeH-
HbiM pacteopom NaHCO, (2%20 mi1), HACHILIEHHBIM
pactBopom NaCl (2x20 mmn). Opranudeckyw ¢pasy
cymnnu Na,SO,, pacTBOpUTENb YAl HA POTAllU-
OHHOM HCIIapuTese, MPOAYKT B BHIAE KPUCTAIIOB 3a-
THpaly U3 rekcaHa u cymid B Bakyyme (0.2 MM pT.
cT.). Beixon 2.52 1, kpuctamisl 6exoro msera (58%).
R, 0.23 (rekcan—artunanerar, 1:1); 'H-SIMP-cnektp
(IMCO-d,, 300 MI'n) 6 8.56 (s, 1H, -NH), 8.11-7.73
(m, 4H, -Ph(Ns)), 3.50 (s, 3H, -OCH,); “C-sMP-
cnextp (AIMCO-d,, 75 MI'n) 8 169.9, 147.7, 136.3,
134.5, 133.9, 130.1, 124.8, 52.3, 44.1.

N-(mpem-Byrunokcuxapoounn)-2D,-1-amuno-
stanoJ (6). K pacrteopy 3ammiiensoro mmmuaa 5 (2 1
5.29 mmonb) B abc. THF (50 mit) mpu oxnakaernu o 0°C
nopuusavu npudasnsmm LiAID, (556 mr, 6.61 mmois). Xon
peakuuu KoHTpoiupoBanu ¢ nomoipio TCX, npu aTom
pa30aBisiss KOHTPOIBHBIE aTHKBOTHI Boxoil. [locie mom-
HOI KOHBEPCHU HCXOJHOTO COCIMHEHMS CMECh pasJara-
1 5% pacteopom KHSO, o pH 4. PactBop skcTparupo-
BaJIN TUATUIIOBBIM 3¢upoM (2x30 mir). OpraHndeckyro
¢asy cymmn Na,SO,, pacTBOpHTENb yaasin, OCTaToK
XpoMmarorpa(upoBagl Ha KOJOHKE (IIIOCHT: TeKCaH—
srunanerar, l:1). @paxnuu, comepkaive IelIeBOn
CIIUPT,~"KOHIIEHTPUPOBAIH U OCTATOK CYLIWJINA B BAKyYy-
me (0.2 MM pT. cT.). Beixog 910 mr, 6ecriBeTHOE Macio
(53%). Rf 0.48 (rexcam—atumarerar, 1:1); 'H-AMP-
cnexrp (CDCIL,, 300 MI') 8 5.12 (s, br, 1H, -NH), 2.93
(s, 1H, -OH), 1.43 (s, 9H, Boc('Bu)-); *C-AIMP-criektp
(CDCl,, 75 MI'nm) 6 156.8, 79.6, 62.1, 43.0, 28.4.

MetunoBbiii  3¢up [N-(mpem-0yTHI0OKCUKAP-
Oonu)-2D,-aMmuH0ITHII]-N-(0-HUTPOOEH30CYIb(O-
Hu)-D -rmununa (8). K oxnmaxnennomy no 0°C pac-
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TBOpY crmpra 6 (830 mr, 5.06 MMonb), cynbhamuma 7
(1.33 1, 4.82 mmonb) u Tpudenmndocduna (1.53 1, 5.78
mmonb) B 70 M THF B armMocdepe aprona no0aBisui
no kxamwsiMm DEAD (40% pactBop B Tomyone) (2.8 mu,
5.78 mMmonb). PeaknimonHyro Maccy TepeMeNnBaiy Mpu
KOMHATHOM TeMneparype B TedeHue 12 4. PactBopurens
yaalsiM, MMOJIyYeHHOE Macio CYLIWIN B BaKyyMe Mac-
JISTHOTO HAacoca, pacTBOPsUIH B 50 MJI TU3THIIOBOTO 3(U-
pa u BeiaepxkuBanu 12 4 npu 4°C. Bemasmmii ocamok
OT(UIIBTPOBBIBAIIN, MTPOMBIBAIH JAUSTHIOBBIM 3(DUpOM,
pacTBopHTeNb (GUIBTpaTa YOAJSUTH MPH MOHIKCHHOM
JaBieHun. [IpoAyKT BBIIENAIN IPU TOMOIIU KOJIOHOY-
HOW XpoMatorpaduu (3HOEHT: XJIOPUCTHIH METHICH—
metanon, 50:1), cymmnu B Bakyyme (0.2 MM pT. CT.).
Beixon 1.68 1, kprcTamis! xenroro nseta (83%). R f.0.54
(rexcan—oTunanerar, 1:1); 'H-SIMP-cnexrp (IMCO-d,
300 MI'mm) 6 8.07-8.00 (m, 1H, -SPh), 7.75-7.56 (m, 3H,
-Ph(Ns)), 5.16 (2s, 1H, BocNH-), 3.50 (s, 3H, -OCH,),
1.42 (s, 9H, Boc('Bu)-); “C-AMP-cnextp (AMCO-d,,
75 MI') 6 169.5, 156.1, 147.9, 133.8, 132.9, 131.8,
131.0, 124.2,79.6, 52.4, 48.1,47.2,37.7, 28.3.

MetunioBbiii 3¢up [N-(mpem-6yTHiiokcuKapoo-
Hu)-2D,-amunodtii|-D,-imununa (9). K pacrsopy
3amuiieHHoro ncespponentuaa 8 (1.64 r, 3.89 mmons) B
50 MJ aeTOHUTPWIIA IPU UHTEHCUBHOM II€pEeMelInBa-
Huu 1 oxnaxaeHnu 10 0°C mobasisuim kapOOHAT KaTus
(1.07 1, 7.77 mmonb) u Tuodenon (1.3 1, 1.2 M, 11.66
MMOJIb). Uepes 15 MUH cMech HarpeBaju 10 KOMHATHOM
TeMIIepaTyphl U IepeMeluBaiu B TeueHue 12 4. Pactso-
pUTENb YAAISUIM P TOHMKEHHOM JIaBJICHUH, OCTaTOK pac-
TBOpsUIH B 40 MIT IMATHIIOBOTO 3dupa 1 mpombiBai 20%
PacTBOPOM JIMMOHHOM KHCIOTHI (5%20 mit). Bogusiii croit
MPOMBIBAIN JIUATUIIOBBIM dbupom (1x15 mir), moBoaumn
1o pH 6 nobGasieHuem kapOoHaTa Kajusi U SKCTparu-
poBanu XJIOpUCTBEIM MeTwieHoM (3%x30 mi). Opranu-
ueckyro (asy cymmnu Na,SO,, pacTBOpUTENDb YA
Ha POTAIMOHHOM Hcmapurese. [IpomyKT cymmim B BbI-
cokoM Bakyyme. Beixog 860 mr, Macio >KenToro Isera
(93%). R[, 0.13 (rexcam—otwmanerar, 1:1); 'H-SIMP-
cnexrp (CDCl,, 300 MI'n) 8 5.19 (s, br, 1H, BocNH-),
3.67 (s, 3H, -OCH,), 1.99 (s, br, 1H, -NH), 1.38 (s, 9H,
Boc(‘Bu)-); PC-AAMP-cnextp (CDCl,, 75 MI'n) § 172.8,
156.1,79.0, 51.7,49.7,47.7, 39.6, 28.3.

MetunioBbiii 3¢up N-[2-(mpem-6yTHiI0KCHKAP-
OoHn1)-2D,-amuno03TUA]-N"-0pomanernii-D,-rimmu-
Ha (10). K pacrBopy amuna 9 (400 mr, 1.68 MmoIb) B
DCM (50 mm) nobGasnsimm 6pomanerun opomun (0.46 T,
0.2 mu, 2.02 mMonp) nipu oxnaxzaenuu a0 0°C. Ilocne
storo gobasisi TEA (0.3 mi, 2.02 MMOJIb) MO Karjisim
U CMech IepemeluBaid B TeueHue 1 4. PacTBopurens
VIQISIIA TIPY TIOHMKEHHOM JIaBJICHUH, OCTATOK PacTBO-
psn B atwitanetare (50 mi1) ¥ MocaegoBaTeNbHO MPOo-
MBIBAJI BOJIOM (2X25 MII) U HACHIIICHHBIM PAaCTBOPOM
NaCl (2x25 mur). Opranuyeckyto ¢asy cymmnu Na,SO,,
pacTBOpUTENb YA, [IpOoayKT BBIACISUIN MIPH TIOMO-

M KOJIOHOYHOW XpomaTorpaduu (ITIOEHT: TeKCaH—
stunanerar, 2:3) u cymmiu B Bakyyme (0.2 MM pT. CT.).
Brixon 380 wmr, macio skenroro nseta (63%). Rf 0.28
(rexcan—ostunanerar, 1:1); 'H-AMP-cnexrp (CDCI,,
300 MI') 6 5.41 (s, br, 1H, BocNH-), 3.91 (s, 2H,
-CH,), 3.78 u 3.75 (2s, 3H, -OCH,), 1.43 u 1.41 (2s, 9H,
Boc(‘Bu)-); PC-AAMP-cnexrp (CDCl,, 75 MI'm) 6 170.2,
167.8, 156.0, 79.9, 52.8, 49.5, 48.7, 37.9, 28.3, 26.0.

MeTtunoBbliii 3¢pup N-[2-(mpem-0yTnjiokcukapoo-
Hu)-2D -amunosrui|-N'-[Tumun-1-aneruni]-D -rian-
muHa (12). K cycnensun tumuna (11) (232 mr, 1.84
MMOJTb) B 15 Mi cBexeneperaannoro JIM®A mipu niepe-
MEIITUBAHUM JTOOABJSUTH MPEABAPUTEIILHO BBICYIIICHHBIH
kapOoHar kanus (254 wmr, 1.84 mmone). Peakunonnyro
CMeCh IepeMelBald 15 MMH IIpU KOMHAaTHOM TeM-
neparype, Mocjie 4ero npuoOaBisuid pacTBOp Opommuia
10 (330 mr, 0.92 mmomb) B 15 M JIM®DA. Yepes 12 4
pacTBOpUTENb YNAISIA MPU MOHMKEHHOM JaBIICHHUH,
OCTaTOK pacTBOpsuTH B Bone (50 MIT) U SKCTparupoBaju
xsopoopmom (3%25 mi). Opranuyeckyro (asy cymu-
mm Na,SO,, pacTBOpUTENb YHAISIN, OCTATOK CYIIWIN
B BakyyMme (0.2 MM pT. cT.). BemiectBo ucnonb3oBaiu
jJanee 0e3 HOMOJIHUTEIBLHON OUMCTKU. BwIxom 262 wr,
Kkpuctaiibsl 6enoro usera (71%). R , 0.57 (aTunanerar);
'H-AAMP-cnexktp (JIMCO-d,, 300 MI'm) & 11.28 u
11.27 (2s, 1H, ThyNH-), 7.32-7.21 (m, 1H, C*HThy),
6.90 u 6.70 (25, BocNH-), 4.64 u 4.46 (2s, 2H, -CH,),
3.71 m 3.62 (2s, 3H, -OCH,), 1.74 u 1.71 (2s, 3H,
-CH,Thy), 1.37 u 1.36 (2s, 9H, Boc(‘Bu)-); “C-AMP-
cnexkrp (AMCO-d,, 75 MI'n) 6 170.3, 168.1, 164.8,
156.2, 151.4, 142.4, 108.6, 78.5, 52.7, 52.2, 49.1,
48.2,41.6, 28.6, 12.4.

N-[2-(mpem-Byruiokcukapoonun)-2D -amu-
HOOTUA|-N'-[Tumun-1-anerni|-D,-timuuun (2). K
cycnieH3un >¢upa 12 (229 mr, 0.57 MMoib) B cMecH
Tr'®—Boma (8:1; 22.5 M) nmobasmsmu 2.3 mur 2 M pac-
tBopa NaOH npu oxnaxaenun no 0°C. Yepes 15 mun
TeMIeparypy AOBOJWIN 10 KOMHAaTHOW M CMECh Iepe-
MemmBanu B teueHue 45 muH. [locne storo pH goBo-
i 10 6 mobasiennem 0.1 M pacteopa KHSO .- Bomy
ymapuBanu, K ocTarky npoOammsnu 50 M MeTaHOIna,
0caiok oTQuIbTpoBbIBaIn. Puisrpar cymmau Na,SO,,
pacTBOpUTENb YA Ha POTAIIMOHHOM HCIIapHUTEe.
[IpoayxT cymmnu B BaKkyyMe MaciisiHOro Hacoca. Brixon
221 Mr, KpucTaibl 0enoro 1BeTa (KOJIMYECTBEHHBIN).
R/. 0.30 (DCM—-metanon—ykcycHast kuciora, 9:1:0.1);
'H-AAIMP-cniextp (JIMCO-d,, 300 MI'n) 6 11.27 u 10.28
(2s, br, 1H, ThyNH-), 7.41-7.19 (m, 1H, C*HThy), 6.90
u 6.72 (2s, BocNH-), 4.70-4.40 (m, 2H, -CH,), 1.79-
1.67 (m, 3H, -CH, Thy), 1.37 n 1.10 (2s, 9H, Boc(‘Bu)-);
BC-AMP-cnextp (IMCO-d,, 75 MI'm) & 171.9, 168.9,
164.8, 156.2, 151.9, 142.6, 108.5, 78.5, 51.3, 49.0, 48.2,
41.8,28.6, 12.4. Beruucneno s C, H,_D N, O.Na, %: C
46.60, H 7.09, N 13.59, C/N 3.43, Haiineno; %: C 46.13,
H 7.88, N 13.26, C/N 3.48.
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MeTtnioBbiii 3¢pup (TpudTopamerar) aMHHO-
uzonponuia-N'-[tumun-1-anermia|-rununa (14). K
oxnaxxkaeHHoMy 1o 0°C pactBopy monomepa 13 [16]
(220 mr, 0.51 mmos1b) B 30 M1 DCM nipubaBiisiii M-Kpe3oi
(0.5 M) u TpudTOpyKCycHYI0 Kucioty (5 mi). Uepes 2 u
PacTBOPUTEIb YIIAJISITH, OCTATOK NIepeyapruBajIH C TONY-
osioM (3-20 mu1) 1 JuaTHIIOBEIM 3hupoM (3x20 mi). [Tomy-
YeHHOe Macyo cynmd B Bakyyme (0.2 MM pT. cT.). Beixon
226 Mmr, KpUcTaJuibl 0esoro 1BeTa (KOJIUYeCTBeHHBIH). R,
0.43 (rexcan—stunanerar, 1:1); 'H-AIMP-cnextp (CDCI,,
300 MI'mm) 6 11.35u 11.30 (2s, 1H, ThyNH-), 7.95u 7.77
(2s, br, 2H, -NH,) 7.37 u 7.28 (2s, 1H, C°HThy), 4.75-
4.05 (m, 4H, (-CH,N)-2), 3.73 u 3.65 (2s, 3H, -OCH,),
3.59-3.28 (m, 3H, NH,CHCH,-), 1.83-1.69 (m, 3H,
-CH,Thy), 1.28-1.06 (m, 3H, CH,-).

Merunaosbiii  3¢up  4-[N-(mpem-0yTniaokcu-
KapOoHUI)aMuHOU3oNponui|-5-/N'-(tTumun-1-ame-
THJI)-TAHHAHAI-6-N""-2D -amunostua-7-[N'"'-(tu-
MuH-1-ua-aneTn)]-D,-rmununa (1). K oxnaxaennomy
1o -20°C pactBopy MoHomepa 2 (50 mr, 0.13 MMonb) u
N-metnnmopdoimna (0.27 1, 0.03 M, 0.26 MMoJb) B 5
M cBexxenepernanHoro JIM®A B armocdepe aproHa
nobapisi u3o0yTuiximoppopmuar (0.021 r, 0.02 mur,
0.13 mmonb). Yepe3 3 MuH 100aBIISITH OXJTAXKACHHBIN 10
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Paccmompersl obracmu npumeHeHust conetl ummepbust U ummepouessblx KoMnieKcos ¢ nopgu-
puHamu 8 Kauecmee sieuebHulx U duazHocmuueckux cpeocms. Ilpusedern cunmes 2,4-oumemor-
cuzemamonopgupuHa IX, ucxoos us zemuHa kposu. Ilonyuena ouxanuesas cono Yb-komnnexca
9M020 NOPPUPUHA, UCCeO08AHHAS 8 Kauecmeae nepcneKmugHo20 HeghomomoKCcUUH020 MapKepa
0151 MIOMUHECYeHMHOU OuazHOCMuKU Ho8oobpasosaHull. H3yueHbl 0OCHO8Hble homoghusuueckue
xapaxmepucmurxu 0aHH020 Yb-Komniekca (31eKmpoHHbLe CNeKmpbl NO2JIOULEHUSL, BPEMSL HKUSHU
U UHMEeHCUBHOCMb JIIOMUHECUEHUUU, OMHOCUMENbHbLU K8AHMOBbLU 8bIX00 4f-toMUHecyeHuu).
Iorasaro enusiHue konebaruii OH-ocyunnsamopos Ha myuweHue AoMuHecyeHyuu uoHa Yb%* e
€20 KoMNieKcax ¢ NoppupuHaAmu, NPU 3IMomM MAKCUMANLHASL UHMEHCUBHOCMb JIIOMUHECYUeHUUU
Habnrodaemest 8 pacmeope 100%-20 [IMCO. C yensto npumeHeHust Yb-Komnnekcos onst ougge-
PperHyuanbHol OUAZHOCMUKU NAMOJI02UUECKUX UBMEHEeHUT KOJKU U CAU3UCMbLX 060/10Uuek cO30aHA
apmayesmuueckas KOMNO3UyUsl HA OCHO8e pasiuuHblLx 2eseli. Ha ocHoeaHuu amozo enocneo-
cmeuu 8blsi8IeHOo, UMmo nNpu JroMuHecyeHyuu 8 bauxrHem HMK-duanaszone (900-1100 Hm) docmu-
2aromesi 8blcoKue 3HaueHUs: OUAZHOCMUUEeCcKo20 KOHMpPACmHoz20 uHoekca usmeHeHHas/300posas
miaHe (3+15). Bpemsi HOKONEHUSL (hapMayesmuueckux KOMNO3UYUl 8 pasiuuHblx HO8006pa3o0-
eaHusx cocmaensem meree 1 uaca. IIpedrorxeHHble hapmayesmuueckue KOMNO3ULULU NO380-
JII0M 00HAPYIKUBAMb NOBPEIOEHHbLe YuacmKu mKaHell, He 8blsiesisiemble 8U3YalbHO, U Npo-
800UMb KOHMPOJb 30 JleueHuUeM 80CNANUMENbHBLX 30001e8AHUIL KOXKU U CAUSUCNBLX 00010UeK.

Knroueeste cnoea: ummepbuii, nopgpupursl, ummepbuesgble KOMNAEKCbl, pOMOCEeHCUOUNUIAMOPbL,
JHOMUHECUEHMHASL OUAZHOCIUKA, hapmayesmuueckue KOMNosUyU.
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Malignant tumors are the second most frequent cause of death after cardiovascular diseases.
The photodynamic therapy based on the interaction of laser light with different photosensitizers
was discovered in the 20" century as one of treatment methods. When using photosensitizers,
the process of singlet oxygen and other active forms generation is observed in both malignant and
healthy body tissues, which leads to a number of adverse reactions. More promising diagnostic
compounds that do not have these disadvantages are ytterbium porphyrin complexes. These
compounds slightly generate singlet oxygen under light irradiation, while maintaining a high
level of tumorotropic agents as for therapeutic photosensitizers.

This work continues a series of studies devoted to the analysis of physicochemical properties of
Yb-complex 2,4-dimetoxyhematoporphyrin IX as a promising marker for fluorescent diagnostics
of various tumors. Pharmaceutical compositions based on Yb®'-dimetoxyhematoporphyrin IX
dipotassium salt were created. These compositions are capable of accumulating in the sites of
inflammation and proliferationin diseases of mucosal membranes and cancer lesions. Toxicological
and pharmacokinetic studies were carried out with the use of laboratory animals and volunteers.
The analysis results showed that the pharmaceutical compositions are perspective for use in

clinical practice.

Keywords: ytterbium, porphyrins,
diagnostics, pharmaceutical compositions.

BBenenue

370Ka4eCTBEeHHBIE HOBOOOPA30BAHMS IO CMEPTHOCTH
3aHUMAIOT BTOPOE MECTO TOCTIE CEPACUHO-COCYAUCTBIX 3a-
OoneBannii. OMHUM W3 HAIPABICHUNA OOPHOBI C 3THMH Ts-
JKEJBIMU 3a00JICBAHMSIMU SIBILSIETCS] OTKPBITBI B XX Beke
Mmeron Gporomuaammuaeckor Teparman (OJIT), 1 koToporo
BHAYaJic UCIOJb30BAIU TEPANCBTHUCCKUE (OTOCCHCHU-
ounmuzatopsl (PC) mepBoro MOKOJICHUS TOPPUPHUHOBOTO
psana — porodpus I, oTedecTBeHHBIN GoTOreM U Ap., 3a-
TEM BTOPOTO ITOKOJICHHUS: Ha OCHOBE XJIOPUHOB — (pOCKaH,
(doToauTa3NH, paIaxJIOPHH U Jp., HA OCHOBE (ranorma-
HUHOB — (poToceHc [1]. B mociemHee Bpemsi MomydaroT
pacrpocTpaHeHe Ipernaparbl TPEThEero MOKOJICHUS Ha
OCHOBE ITPOU3BOIAHBIX 0AKTEPHOXIOPUHOB, OJHAKO 3TH
npenaparsl MeHee d()(EKTHBHBI KaK JIUArHOCTHYCCKUE
CpE/ICTBa BCIEACTBHE TOTO, YTO WX JIFOMHHECICHIIUS
OTHOCHUTEJbHO HHU3Ka. [Ipu 3ToM Bcerma HaOmromaeTcs
MPOIIECC TEHEPAIH CHHITIETHOTO KHCIOPOAa M IPYTHX
AKTHBHBIX (DOPM KakK B 3JI0KAYECTBEHHBIX, TaK U B 3710~
POBBIX TKaHIX OPraHU3Ma, YTO MPUBOIHT K Py M000T-
HBIX peaknuil. bonee mepCcrneKTUBHBIMU COCTUHEHHUSIMU,
y KOTOPBIX OTCYTCTBYIOT yKa3aHHBIC HEOCTATKH, SIBIIS-
I0TCSI UTTEPOMEBbIC KOMILICKCHI TOP(QUPHHOB, BIEPBHIC
NPETIOKCHHBIE Ul TUarHOCTHKH HOBOOOPA30BaHU B
Haieil crpane [2]. JlaHHbIe COeMHEHUs IPU OOIy4YeHUN
CBETOM CJ1a00 TeHEpHpPYIOT CHHITICTHBIN KHUCIOPO, COXpa-
HSISL TIPU 3TOM BBICOKHI YPOBEHb TyMOPOTPOITHOCTH Tepa-
nepriuecknx OC.

Eme no npennoxenus: Yb-koMIuiekcoB mopdupu-
HOB B Ka4eCTBE IHArHOCTHYECCKHUX CPEICTB COJH JaH-
TAQHHUJOB IMPUMCHSIN [UIs JICYCHHs PAa3UYHBIX 3200-
neBanuii. Kwuralickue aBTOpBI M3ydasd IOTIIOMNICHHE,
pacrpeiesieHue ¥ MeTaboJIu3M UX COJICH B OpraHu3Me
[3]. Tak, mocne BHyTpHBeHHOH WHBeKHHH '“Yb Hau-
OoJiee BBICOKOE COIEpKAHUE HAOIIOMACTCsl B DHIOIIA3-
MaTHYECKON CEeTH W MHUTOXOHAPHSIX, HaNMEHBIEE — B

ytterbium complexes,

photosensitizers, luminescent

sIIpe KIETKU. Penko3eMeNbHbIC SIEMEHTHI MPOHUKAIOT
B [ICYCHD JJOCTATOYHO OBICTPO U JIETKO BEIBOISATCS OTTY-
Jla TIaBHBIM 00pa3oM BMECTE € XKeTubio. '®Yb mupoko
MIPUMEHSETCS B KaUECTBE TNArHOCTHUCCKOTO areHTa Mpu
CIMHTHTpadU BHYTPEHHHUX OPIraHOB, a TAKXKE MPH Jie-
YCHUU PaKOBBIX 3a00JIeBaHUI MoO3ra, MEYCHHU, Cepla,
JIETKUX, TOpiia, KOCTHOHN cucTeMbl U odnacTtu Tasa. [1pu-
MEHsIEMBIE JJIS1 JICUCHHUS 03I PaTHOAKTHBHBIX H30TOIIOB
SIBISIFOTCs1 Oe3onacHbiMU. [Tpu BBeIeHHY B 007aCTh MO3-
ra mpemnapara '®Yb B KOMIUIEKCE ¢ AUITHICHTPHAMHHO-
MIEHTayKCYCHOM KUCIIOTOI OH uepe3 14 nHel NoIHOCThI0
BeiBouTes u3 LITHC, B Tkausgx Takxke He HaOIOmaeTcs
aHOMaJbHBIX siBIeHUH. [lepuon monypacmaga m3oromna
19Yb cocrasuser 31.8 qus.

[To3nHee u3y4anach aHTUMHUKPOOHas aKTUBHOCTb
noHoB Yb*", cBoboaHOTO OCHOBaHus 5,10,15,20-TeTpa-
kuc(4-MeTokcupeHuI)nopGupruHa U ero UTTEPOUEBOrO
KOMIIIIEKCca IPOTUB Staphylococcus aureus ¢ TIOMOIIBIO
MHUKPOKAJIOPUMETPUN OCTAHOBJICHHOTO IMOTOKA, MpPU
3TOM Y b-KOMIUIEKC TIPOSIBHII HAUOOJBIIYI0 aKTHBHOCTh
(IpeAnonoXKUTEIbHO, 32 CYET CHHEPreTHYECKOro 3¢-
¢dexra causaust Yb¥ u moppUpHHOBOTO OCHOBAHM)
¢ IC,, = 273 wmr/n [4]. JlaneHelimune uccnenoBanus
MPOBOJMJINCh HA JIByX KaTHOHHBIX YDb*'-KoMIuiekcax:
5,10,15,20-teTpakuc(4-merokcudenmn)noppuprHa  u
5,10,15,20-teTpakuc(4-Tommn)noppupuna [S]. Ix aHTH-
OakTepualibHas aKTHBHOCTh TECTHPOBATACH HA KJIETOU-
HOM W BHYTPUKJIETOYHOM YPOBHSX NIPOTUB Escherichia
coli. Ha BHYTPUKJIETOYHOM ypOBHE TIOCPEICTBOM CIIEK-
TPOCKOIUY OBIIT M3yUYeH XapakTep CBA3BIBAHHUS Y b-KOM-
mnekcoB ¢ monekynoi JIHK wu cneman BeIBog o ToM,
YTO MPOSBUBIIHMKA OOJIBIIYI0 aKTHBHOCTH Y b-KOMILIEKC
5,10,15,20-reTpakuc(4-meroxcudenun)noppuprHa sB-
JSIETCSl TIEPCTIEKTHBHBIM WHTEPKATHPYIOMIAM arcHTOM
JUTSL aHTUMUAKPOOHOM Teparu.

B xonie 1990-x roxoB HaMHU COBMECTHO C HEMEII-
KHMHU yYCHBIMU MPOBOAMIKNCH UCCICIOBaHMs Ha J1a00-
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PaTOPHBIX JKUBOTHBIX ¢ Yb-KoMIUTekcaMu MOp(OUPHHOB
B Ka4eCTBE JIMArHOCTHYECKHX METOK C UCIIOJIb30BAHHEM
pamuoakTHBHOTO '“Yb [6]. BBUIO IPOBENEHO CPaBHUTEITH-
HOE M3y4eHHe HAKOITUICHHUSI B 37J0POBBIX U 3I0Ka4E€CTBEHHBIX
TKaHSIX SKCIIEPAMEHTAIBHBIX JKHUBOTHBIX YETHIPEX Y b-KOM-
mwiekcoB:  5,10,15,20-terpakuc(4-kapOokcudeHu)-mnop-
¢dupuHa, 5,10,15,20-TeTpacymbhodeHummopuprna,
5-¢pennn-10,15,20-tpuc(4-cymsodenmwnnoppupuna u
JIMKTMEBOH comu  2,4-muMeTokcuremaronopdupuna 1X.
Oka3ajaoch, 4YTO IMPEUMYIIECTBEHHO B OIyXOJSX Ha-
KaTUTUBAIOTCS TTOP(QHUPHHBI, UMEIOIINE B CBOEM COCTa-
Be Kak ruapodoOHbIe, TaK U THAPO(GUIBHBIC OCTATKH:
Yb-2,4-mumetokcuremaronopupun [X u Hecumme-
TPUYHBIA BOJOPACTBOPUMBIN TpHUCYIb(OTETpadeHMIT-
MOPQUPHH, YTO XOPOIIO COTITACYETCS C IUTEPATYPHBIMHU
JaHHBIMH [7].

s uccnenoBaHusl MUTOTOKCHYHOCTH Ha TIpUMepe
HECKOJIBKUX Y b-KOMIUIEKCOB MOP(GUPHHOB OBLI HpOBe-
JIeH aHaju3 KJIETOYHOTO IMONIoIeHus 0e3 (HOoToakTH-
BalluK, KOTOPBIA MOKasal, 4To no cpaBHeHuto ¢ YbCl,
OMOIOCTYITHOCTh UTTEPOMEBOTO KOMILIEKCa TOphUpHHA
3HauuTeNbHO BhINIE [8]. [IpoTrBOpakoBsIil 3dekrt mpo-
SIBJSIETCST Uepe3 aIloNTO3 PAKOBBIX KIIETOK, BHI3BAHHBIN
CTPECCOM SHJIOIUIA3MAaTHYECKOTO PETHKYJIyMa U Hapy-
MICHUSIMA B (PyHKIIMOHUPOBAHUH MUTOXOHIPHI.

Hacrosimas paboTta nmpojoibKaeT Cepuro Ucciesno-
BaHWH, TOCBSIMICHHBIX aHATU3Y (PU3NKO-XUMHUICCKUX
CBOHCTB Yb-KkoMItekca 2,4- 1IuMeToKCUreMaTonopgupu-
Ha [X B KauecTBe NEPCHEKTUBHOIO Mapkepa sl JIFOMU-
HECLIEHTHOH JIMarHOCTUKH Pa3JIMYHbIX HOBOOOpa3oBa-
Huil. Ha ero ocHoBe ObLTH co3/aHbl (hapMaIleBTHYECKUE
xomnosunuu (PK), obranmaronme crocoOHOCTHIO Ha-
KaIlUTMBAaThCS B OYarax BOCIAJICHUS W IpOTUQepanuu

Abs

095
090
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0580
075
0.70
065
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055
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045
0.40
035
030
025
0.20
0.15
0.10
005
0.00 T
400 500

py 3a00JICBAHUSIX CIU3UCTBIX 000JI0YEK W PA3THMIHBIX
HOBOOOpazoBaHmsx (renp «@Pmropockan» Ne POCC
RU.0001.510608), a Tarxxe ObLIa NMpOBEIACHA OIICHKA
MEPCIEKTUBBI TpuMeHeHHs JaHHbIX PK B KiIMHUYeCKoi
TIPaKTHKE.

PesyabTarsl U HX 00Cy:KIeHHE

[loBblIIEHHBIN HHTEPEC K U3YUECHUIO JIIOMUHECLIEH-
UK JJaHTaHUAoB B OnmmkHer MK-o6mactu criekrpa (700—
1100 HM) OOYCIIOBIIEH BO3MOKHOCTBIO HCITOJIh30BaHUS
9TOro JUana3oHa Ui CO3JaHUsI KOHTPACTHBIX areHTOB €
[ETBI0 MTOTYYEHHUsT MarHWTHO-PE30HAHCHBIX H300paxe-
HUI, BOCTPEOOBaHHBIX B OMOJIOTMH U METULIUHE.

JlroMuHECTIEHIINS caMOTo HOHA Y b T0CTaTOuHO cria-
0as1, HO OHA 3HAUUTEIBHO YCUIIUBAETCSI B KOMIIIEKCAX C
nopduprHaAMH, YTO 00YCIOBIICHO IIEPESHOCOM YHEPTHUH C
BO30YKJICHHOTO MakpoIMKiIa Ha noH Yb*' [9, 10].

B mporiecce paboThl ObLTH HCCIEI0BaHBI OCHOBHBIC
(doToduznueckre CBOMCTBA UTTEPOMEBOrO KOMILIEKCA
2,4-mumetokcuremaronopupuaa  1X:  smexTpoHHBIE
CHeKTpbl norouieHus (puc. 1), BpeMs KU3HU M HUH-
TEHCHBHOCTh JTIOMHUHECIEHIINH, OTHOCHUTEIBHBIA KBaH-
TOBBIA BbIXOJ| 4f-TromuHecteHuu. JlaHHble CBOWCTBA
U3YYaJIiCh B PAa3IMYHBIX pacTBopHTENsX (Boxa, JMCO
U T.1.). CHeKkTpsl NOIVIOUIEHUsT UCXOAHBIX NOPHUPHUHOB
COCTOSIT M3 MHTCHCHUBHOH (DyHZAMEHTAIBHOW ITOJIOCHI
Cope 370420 am (B-monoca) u yersipex Q-mosoc B 00-
nacta 500-650 am. ITpn KommIekcooOpa3oBaHNH 1OIO-
ca Cope cTaHoBUTCS OoJiee HHTEHCUBHOW U mpeTeprie-
BaCT HE3HAYNUTENBHBIN 0aTOXpOMHBIH caBur (8-12 HM).
Kpome Toro, HaOmronaroTcs ABe MONOCH! B JUANa3oOHE
550-650 aMm.

o nm
600 700 800

Puc. 1. DIeKTpOHHBIN CHIEKTP IMOTIIOMEHAS HTTEPONEBOTO KOMITIEKCA JUKATUEBOH COTN
2.4-mumetokcuremaronopdupuna 1X (40% pactsop IMCO, konueHTpauus komiuiekca 10~ M).

CHGKTpaHLHLIe U KUHCTUYCCKUEC XapaKTCPUCTUKU
JIOMHUHECIICHIINA HEKOTOPHIX 00pa3loB MeETaJIOKOM-
IJIEKCOB MPEACTABIEHBI HAa pUC. 2 U 3, I7ie BUHA Xapak-
TepHas U1 peIKO3eMeIbHbIX HIOHOB Y3Kas U JOCTAaTOYHO

SIpKast JINHUS JTFOMHHECIIEHIIUH, KOTopast it Y b -rona
naxonutcs B UK-muanazone 975-985 HM, B KoTOpOoM
COOCTBEHHAas IIOMUHECIICHIUS OMOTKaHe MPaKTHIECKH
OTCYTCTBYET.
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Puc. 2. Crnekrp momunectuennuu (B JIMCO):

1 — Yb-xommeke 5,10,15,20-tetpa(1-N-(n-propdenwn)-
3-(o-xopdennn)nupasoi-4-wi)nophupruHa;
2 — Yb-2,4-mumeTtokcuremaronopdupun IX.

YcTraHoBIIEHO, YTO BpeMs KU3HU (T) 11 Y b-KoM-
wiekca 2,4-nmumetokcuremaronopgupuna IX cocras-
nsger 5-10 MKC, YTO CYLIECTBEHHO OOJIbIlI€ BPEeMEHHU
JKH3HH JTIOMHUHECIICHIIMM HEOJUMOBBIX KOMIUICKCOB
nopupunos (0.72—1.34 mkc). Cnaj JOMUHECLEHIIUT
MMEET HEOKCIOHCHIIMAIBHBIN XapakTep, 9To 00yCcIIoBIIe-
HO CWJIBHBIM TYIICHHEM JIIOMUHECLICHIIUN KOJIeOaHUIMU
OH-rpynn w3 Oiwmkaiimero OKpyXKEHHs HOHa HTTep-
ous. Kax Buano u3 puc. 3, T g Yb(acac)-Komruiekca
5,10,15,20-terpakuc(1-N-(n-dpropdernn)-3-(o-xmopde-
HIJT)Upa3oli-4-ui)-nopdupuna cocrapiser okono 20 MKc,
5-10 mkc st Yb-2,4-numerokcurematonopdupua [X u
~8 Mkc ans Yb-komiuiekca 5,10,15,20-teTpakuc(4-kap-
Ookcudenmn)nopupuHa.

JoCcTUrHYTBIN pe3ynbTaT MPEBOCXOAUT BCE M3BECT-
HBIC HaM JaHHBIC 110 T JJISI UTTCPOUEBBIX KOMILICKCOB,
MOJIyYeHHbIE JIPYTUMHU HCCIEeI0BATENIbCKUMHU KOJIJICK-
ThBaMH. B nmanpHeHIeM 3TO MOKET MPUBECTH K CYyIIIe-
CTBEHHOMY CHIIKEHHIO JI03bI BBOAMMOTO Ipernapara npu
BO3MOKHOM COXpaHCHHH 3HAUYCHHI KO PUITCHTA Tna-
THOCTUYECKOTO KOHTpAacTa.

W3mepeHHbI KBAaHTOBBIM BBIXOJ] JTIOMHUHECIECHIIUN
noHa urtepous B komriekce Yb—T®II cocrasun 0.4%.
KBaHTOBEII BBIXOJ JIOMHHECICHIINH B Y b-2,4- TMMETOK-
curemaronopdupune IX (20% pacrsop IMCO) cocra-
Bui yxe 0.86%, 4To XOpOLIO comIacyeTcsl ¢ JuTeparyp-
HBIMU JAaHHBIMU [11].

HeobxomnmMo Taxke OTMETHUTH, YTO JIIOMHHECIICH-
1Sl MOHA UTTEpOUS B €ro KOMILJIEKCAaX, B TOM YHUCIE U
nop(pUPHHOBEIX, TyIHUTCs KoieOanusmu OH-ocrms-
TOpoB, 1 I03TOMY B 100%-HBIX BOIHBIX PacTBOpax OHa
MMEET CYIICCTBEHHO MCHBINNC 3HAYCHHS KBAHTOBOTO
BBIXO/Ia U BpeMEHH kH3HH. [10J00HBIM AelCTBUEM, HO
B MCEHBIICH cTerenu, obmanaror u CH-ocummisTopsl.
Bce BoimenepeuncieHnbie (pakTopbl CBUACTENbCTBYIOT
0 TOM, UTO JJISl YBEIMUCHUS TUArHOCTHYCCKOTO TOTEH-
[[uajia UTTEPOMEBBIX KOMIUIEKCOB HEOOXOIMMO TI0 Mepe
BO3MOYKHOCTH H30JIMPOBATH WX OT TYIIAIIETO JICHCTBUS
BOIHOM Cpefbl.

o)

Ln{l

a 1o 20 30 40 50
Bpems, MUKpOGEKYHABI.

Puc. 3. Kpussle 3aryxanus momunecriennuu (8 IMCO):
1 — Yb-xommeke 5,10,15,20-rerpa(1-N-(n-dropdennn)-
3-(o-x0pdhenunn)nupason-4-ui)nophuprHa;

2 —Yb-5,10,15,20-rerpa(n-xapdokcupennn)nophpupu;
3 — Yb-2,4-numerokcuremaronopdupun 1X.

B 3TOM CMBICIIE NEPCIEKTUBHBIM PaCTBOPUTENIEM
UL METaJUIOKOMILICKCOB TMOP(GUPUHOB MOKET CTaTh
JAMCO, koTopblii UMEeT yHUKAIbHbIE OMOMEIMIIMHCKHE
1 (hapMaKoIOTHYECKIE CBOMCTBA: IPOHHUKACT Yepe3 Ono-
JOrUYecKue MeMOpPaHBI, yIy4IIaeT TPAHCIIOPTHBIEC CBOM-
CTBa IPenaparoB, CTUMYJIUPYET UIMMYHHYIO CUCTEMY.

Ha puc. 4 npencrasieHbl CHEKTPbl YMUCCUU JIHO-
MUHECLIEHLIMM METAJJIOKOMIUIEKCa B BOJHBIX PacTBO-
pax npu paznuuHo koHueHtpanuu JAMCO. Ilpu atom
XapakTep KOHKPETHOI'O CIIEKTpa OTPa)KaeT MOJIIPHOCTh
cpenbl, B KOTOpoi mpeObIBaeT noH uTTepOus. B ycio-
BUAX MEHBIIEH NOJAPHOCTU (PacTBOPHl C pacTyluel
koHneHTpanueir JIMCO) SMHUCCHOHHBIE MaKCHMYMBI
CABHUHYTBHI B JJIMHHOBOJHOBYIO YacTh CIEKTpa (Tak Ha-
3BIBAEMOE SIBJICHHE COJIbBATOXPOMH3MA).

I,arb un. |
1

Puc. 4. CriekTpsl SMHUCCHA JTFOMAHECIICHITUT
Yb-2,4-mumeroxcuremaronopdupura [X
B BOJHBIX PAacTBOPAaX IPH Pa3IMYHON KOHICHTPALUH
JIMCO: 1 —100% IMCO, 2 — 50% JMCO,
3 —-20% AMCO, 4 — 6e3 IMCO.
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W3 puc. 4 BUAHO, YTO MHTEHCUBHOCTH JIIOMHHEC-
LEHIMM CYIIECTBEHHO BO3pacTaeT IMpH yBEIUYCHUHU
koHneHTparun JIMCO (6osee uem B 10 pa3 mpu nepe-
X0JIe OT BOJHOTO pacTBopa Y b-KoMILieKca K pacTBOpy B
100%-nom IMCO), a MaKCUMYM YMHCCHOHHOTO CIEK-
Tpa CABUTACTCS MPHU 3TOM o4TH Ha 10 HM.

g n3yueHuss U3MEHEHUsT BPEMEHU JKU3HU JIIOMU-
HECHEHIIMU Y b-KOMIUIEKCa B 3aBUCUMOCTH OT KOHIICH-
tparmu [IMCO mnpoBoguimm JTOMOTHUTENBHBIE HCCIe-
nosanus. Jnst pactBopa B 100%-nom JIMCO Bpems
JKH3HH JTIOMHHECIIEHIINN COCTABUIIO ~22 MKC, YTO SIBJISI-
€Tcsl BECbMa 3HaYUTENbHON BenuunHoM. [IpakTuueckuit
HHTEpEC WCIONB30BAHMS TPEICTABIIIOT CYOCTaHINU
UTTepOMEeBbIX KomIuiekcoB B 20-30%-HOM pacTBOpe
JAMCO, xoTopsie pa3pemnieHsl B Meauiuue. Js Takux
koHnexntparuiit IMCO t ~ 5-10 mkc.

B xone nzyueHusi GoToCEHCHOMITU3UPOBAHHOM JTO-
MUHECICHIIUU OBIJIO OOHAPYKEHO, YTO MOJEKYJISIPHBIN
KHCIIOPOA HE TYIIUT JIFOMHHECIICHITUIO FOHA UTTEPOus
B cocTaBe Yb-kommiekca 2,4-aumerokcuremaronopdu-
puna [X [12]. B cBsi3u ¢ OTCYyTCTBHEM SIBICHUS TYIICHUS
00pa3oBaHUE CHUHIJIETHOIO KHUCIIOpOJa MaJjlOBEPOSTHO,
9TO TO3BOJISAET M30€KaTh MOBPEKACHUH KICTOK M TKa-
Hel, HAKOTMBIIUX Tpenapar. DKCIepUMEHTaIbHO MOl
TBEpXKICHHAsT HU3Kasl (OTOTOKCHYHOCTH SIBISCTCS II0-
CTOWHCTBOM TPU HUCTOJIB30BAHUHU JAHHOTO KOMILJIEKCA B

KIMHAYECKOH TPaKTHKE B KAUECTBE AMArHOCTHIECKOTO
JIOMHUHECIIEHTHOTO MapKepa.

C 1enpo MEIUITMHCKOTO TIPAMEHEHHUS OBIITH CO3/1a-
Hbl aMmpuduiIbHbe (papMaleBTHUECKUE KOMITO3UIMH Ha
ocHoBe Yb-2,4-nmumetokcuremaronopgupuna IX ¢ pas-
JUYHBIMU TeISIMH (THU301Tb, KaJIrelb, KpeMopop u Ip.) U
nobaBkamMu (TIHIEPHH, N-METHIITTIOKO3aMHUH), a TaKKe
pactBopbl Ha ocHoBe [IMCO (Bce KOMITIOHEHTHI paspe-
IICHBI JIJISl KIIMHAYECKOTO puMeHeHus) [13]. Dot pac-
TBOPUTEIIb TIOMHUMO TOTO, YTO XOPOIIO POHHUKAET Yepe3
KOXXY, TakKe 00eCIIeunBaeT MaKCUMAaJIbHYI0 HHTCHCHB-
HOCTb M BpEeMS JKU3HHU JIOMHUHECLEHIIUH KOMITO3UIIUN
[11, 12]. ®apmaneBTHYecKrEe KOMIO3UIIUH MPUMEHSUIIA
KakK JIJIsl SNUKYTaHHOTO MPUMEHEHHs], TaK U JJIs1 HaHe-
CCHMSI Ha CITU3UCTBIC 000NIOYKH. braromapst Tomy, 4To
UTTEpOUEBbIE KOMIUJIEKCH MOP(GUPHUHOB MPAKTUYECKH
HE 00J7aJJaf0T CBETOBOI TOKCHYHOCTHIO, TIPH HAHECCHUHT
KOMIO3HUIIUK HA KOXKY M CIU3UCTBIE 00O0JOYKH HE MPO-
HCXOAUT OTPULIATEIIEHOIO BO3ACHCTBUS Ha KUBOW Opra-
HU3M B BUJIE MTOABIICHUS MOOOYHBIX PEaKIUil, XapaKTep-
HBIX JUIs (DOTOCEHCHOMIN3aTOPOB.

B Tabnuie mpuBeneHBI COCTaBbI pa3paOdOTaHHBIX
KOMITO3WIIMA Ha OCHOBE AMKaIueBOM comu Yb-2,4-mu-
merokcuremaronopdupuna IX. Komnosumuu 1, 3,4 u 5
UCTIONB3YIOTCSI AJIs1 HAaHECEHHS Ha KOXKY, KOMITO3HIIUS 2
— Ha MaTOJIOTUYECKH N3MEHEHHBIE CIIM3UCThIE 000IO0UKH.

CocraBsl paBpa60TaHHHX KOMHOSPII_IPII)‘I Ha OCHOBC ,I[I/IKEIJ'IPIGBOﬁ COoJIn

Yb-2,4-mumeroxcuremaronopdupraa IX

Ne | Yb-2,4-mumerokcuremaronophupus 1X PacTtBOpuTenH OcHoBa JloGaBku W/W
1 5wmr 0.5 M IMCO 9.5 M kpemodopa - 0.05%
2 6 Mr 0.5mnHO_ 5.5 r Kanrens 1 Mr N-MeTHIIIIIOKO3aMHIHA 0.1%
3 5 Mmr 0.5mM1HO 9.5 M kpemoddopa 3 Mr N-METHIITIOKO3aMHHa, 0.05%

27 e, 2 Karuy TIUIeprHa

4 5 Mr 0.5 a1 H,0 9.0 1 Kpenmogopa, - 0.05%

awcr. 1 ma T30S

5 Swmr 0.5mnH,O_ 9.5 M1 TH30514 - 0.05%

Panee Oputo BhIIBIEHO [13], 9TO TpH OJHOKpaTHOM
HAHECEHUHU (hapMalleBTUYECKUX KOMIO3UIUI B HEOOIBIIOM
KOJIMYECTBE HA OYarW MOPAKEHUS MPH BOCIAIUTEILHBIX
U Tpou(epaTHBHBIX MPOLECccaX ¢ MOCIEeTYIOIM OIpe-
JICTICHUEM HMHTCHCHBHOCTH JIIOMHHECIICHIINA B ONFDKHEM
HK-guanazone (700-1100 HM) yepe3 ONTUMAIBHOE BpeMsi
HakoruieHust (~40 MHH) UMeercsi pa3HuIla Oojee 4eM B 3
paza 1o CPaBHEHUIO CO 3I0POBBIMU COCEIHUMH YUACTKAMHL.
B mporecce neueHns o Mepe yMEHBIICHNS BOCIIAIUTEIb-
HBIX SIBICHUN (OTEKH, THUMEPEMHUS) U 3a3KUBJICHUS SPO3UI
YMEHBIIIACTCS HAKOIUICHHE Tperapara U, COOTBETCTBEHHO,
MajaeT UHTCHCUBHOCTb JIIOMUHECLEHIIUU, KOTOPasl CHUXKa-
€Tcsl 10 3HAYEHUH, XapaKTePHBIX A7l HOPMAJIbHBIX TKaHEH,
9TO 0COOCHHO BXKHO IpH TU(epeHITHATBHON THarHOCTH-
KE paKa ¢ COIMyTCTBYIOIIMM HH(HIMPOBAHHIEM.

bbuto mokasaHo, uyTO AETEpPMHHALMS Pa3IUYHBIX
3a00/IeBaHNN KOKM M CIM3UCTBIX HPH OCYIICCTBIIE-

HHUHM TIPOIeCCa JIIOMHHECIICHTHON AMAarHOCTUKH MOXKET
ObITb MPOBEIEHA 3a CUET M3YyYEHMs CTATUCTUYECKHUX
JAHHBIX BEJIWYHH JIIOMHHECIICHTHOTO JHATHOCTHYIECKO-
rO KOHTPAaCTHOTO MHJEKCA OIyXOJIb/3/0pOBas TKaHb.
JlocTmkeHre BBICOKMX 3HAUEHWH HWHJEKCA IMO3BOJISIET
C HOBBIIIEHHON TOUHOCTBIO OMPEAEIATh IPaHUIBI pac-
MPOCTPAHEHHOCTH KOXKHBIX HOBOOOpa3zoBaHui. B 3aBu-
CHUMOCTH OT THIa KO)KHOT'O TMOBPEXKJEHUS ITOT UHIEKC
MoxeT u3MeHsAThest oT 3.0 mo 15.0 (puc. 5). [lpu sTOM
BO3MOXKHO M3yYeHHE HaKoIUIeHHs Y b-2,4-TiMMeToKcHre-
maronopdupuHa [X mpu BocmanuTenbHBIX U TpoiHde-
PaTUBHBIX MPOIECCaX C LEIbI0 BBISBICHUS UX OTIMYMN
OT PAKOBBIX 3a00JIe€BaHMN, KOHTPOJIS 32 HAJTHIHEM U
OTCYTCTBHEM IpoJH(epanuy KIeTOK 1 N3MECHEHHEM Ha-
KOTUTEHHS Y b-KOMIIIEKCa B IPOIECCe JICUCHHS.
@DoHOBBIE MTOKA3aTEIN 310POBBIX TKaHEH Oe3 HaHe-
cerns Yb-2,4-numertokcuremaronopgupuna IX cocras-
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Puc. 5. nTerpanpHas MHTCHCUBHOCTD JIIOMHHECIICHITHN
IIPU MCCIICIOBAHUN KOXKHBIX ITOpaskeHUH (HEBYC)
B 3aBUCHMOCTH OT BPEMEHH HaKOIIJICHUsI CUTHAJIa
IIpY IPUMEHEHNH Teitst O6e3 nmenerparopos [13], rae:
1 —310poBast Koxka (He oOpaboTaHa resem);
2 — 310poBast Koxka (0ObpaboTaHa renem);
3 — mopa)xeHHasl 9acTh KOXH (HEBYC),
o0OpaboTaHHas TeJIeM.

asun ot 0.12 no 0.25 MB. Iocne HaneceHus npenapara
Ha k0oXKy Ha 40 MMH MHTEHCUBHOCTb JIIOMHUHECLIEHLIUN
obuta ot 2.4 10 3 MB. C TeueHneM BpeMeHH UHTECHCHUB-
HOCTh JTIOMHUHECIEHIINM HOCWJIA TapadoindecKuil xa-
paKkTep C BO3BpAIIECHHEM K HCXOAHOMY YPOBHIO depe3
120 muH. [Ipu po3area (nmamyso-mycryie3nas Gopma) u
BYJIbFapHBIX YIPSX B BOCIAJIUTENbHOMU Iamyie — oT 5.5
1o 8.1 MB, spumaro3nsix ogarax — 5.4 mB, mycrymax —
8.2 MB; B remanruomax — 7.2 MB; cebopeliHbIX KepaTo-
Max — ot 7.0 1o 15.2 MB; BynbBOBaruHUTaX C 3pO3USIMHU
—ot 4.4 no 17 MB (mecto 3po3umn) [13].

HoBrle dapmarieBTHUecKkrne KOMITO3UIAN TPEIIIO-
JKEHBI JUTSI HAXOXKICHUS MTOBPEKJACHHBIX YYaCTKOB KOXH,
HE BBIIBIICMBIX BH3YaJbHO, M KOHTPOIIS 32 d(PPEKTUB-
HOCTBIO JICUCHUSI TAKUX HEOHKOJIOTHUYECKHX 3a00jeBa-
HUIl KOKM M CIM3HUCTBIX, KaK yrpeBasl Cblllb, po3alea,
HEKOTOPhIE HEBYCHI, TEMAHI'MOMBI, JK3EMbl, KepaTOMBI,
BYJIbBOBarHUTHI U Ap. YIPOILIEHHUE MIpoLecca npoBeie-
HUS IMaTHOCTHKY Ha MATOJIOTHYECKH U3MEHEHHOM KOXKe
U CIIM3UCTHIX 000J0YKaX JTAaeT Bpady BO3MOKHOCTH TIPH
HEOOXOIMMOCTHU MTPOBOJUTH OoJiee yriryOneHHbIe Ucclie-
JOBaHMSA, B TOM YHCJE MPUIECITBHYI0 OUOIICHIO IUIS TH-
CTOJIOTMYECKUX HccieqoBanuil. Ilpu 3ToM yMeHbleHHE
JFOMUHECIICHIINY, KaK ToKa3arelb YP(QEeKTHBHOCTH Jie-
YyeHUsi, 00JIer4aeT KOHTPOJIb 32 IMPOTEKaHUEM OOJIe3HH.
Kpome Toro, 3HaunTelIbHOE COKpPALIEHHUE ONTUMAILHOIO
BPEMEHHU HaKOIIEHUs! (papMalieBTHUECKOH KOMITO3UITUN
B pa3IMYHBIX HOBOOOPA30BAHHUAX /10 3HAYCHUH MeHee
1 Jaca kpaifHe Ba)KHO JJIsl IIPOBEJICHUS Ipoliecca na-
THOCTUYECKHUX MCCIIEIOBAaHUN B KIIMHUKE Ha peabHbIX
MaIeHTax.

3KCHepI/IMeHTa.TII)Haﬂ JacTb

B paGore wHCMONB30BaTUCh PEAKTUBBL: TEMHH
(Acros Organics), kpemodop EL (dpupma Sigma), xan-
reib (GlaxoSmithKline Pharmaceuticals S.A., ITomnbima),
TU30Jb (TUTaHA DIMLEPOCOIbBAT akBakomIuiekca, OO0
«Omammy»), IMCO (Acros Organics). AnieTunamneroHar
HTTEpOMsI PUTOTOBIICH M3 HUTpara urtepous (Aldrich)
no metony [14], pacteop HBr/AcOH rotosuiu o cro-
co0y [15]. CuHTe3 2,4-aMMETOKCHTEMaTonoppupruHa
IX ocymiecTBien, ucxoas u3 MpUpPoIHOTO remuHa [16].
Yb? -koMIuUIeKCh TOPPUPUHOB CHHTE3UPOBAJIH [0 METO-
Jly, OITUCaHHOMY B padote [17].

W3yuenue crekTpalbHBIX U BPEMEHHBIX XapakTe-
PHUCTHK JIFOMUHECIICHIIMU TPOBOAMIN Ha SKCIICPUMEH-
TaJbHOM CTPOOOCKONUYECKOM H3MEPUTEIbHOM CTEH-
ne, pazpaboranHom B ®UPD PAH [18]. MK-crekTpbl
peructpupoBanin Ha FT-cnexrpomerpe EQUINOXSS
«Brucker» (I'epmanus) B auanazone 4000400 cm' B
tabnetkax KBr. OCII usmepsin Ha cieKTpooToMeTpe
Helios Alpha Local Control System «TermoSpectronicy»
(CHIA) B Bome u xmopodopme. Macc-CrieKTpsl MOy-
yamu Ha crnekrpomerpe Ultraflex TOF/TOF («Bruker
Daltonics», I'epmanust) ¢ HCIONB30BaHUEM 2,5-TUTHAPOK-
CHOCH30MHOM KHCIIOTHI B KauecTBe Marpuisl. BOKX
npoBoaviH Ha Xpomatorpade Water Breeze (I'epmanmus).

2,4-Tumeroxcuremaronopupun IX. 0.5 r remu-
Ha (0.81 Mmoms) cycnenaupoBanu B 2.5 mut 40% HBr/
AcOH, nepemMenuBaiy U OCTAaBISUIA Ha 2 CYyTOK B XOJIO-
IUITBHAKE. Jlanee peakIMoHHYI0 Maccy BBUIMBANN TPH
oxJyiaxkaeHuu B 50 MJI MeTaHoJIa U [IepEeMEIINBaIi B Te-
YeHHE CYTOK. 3aTeM pa30aBIsuIM BOJOW, OCAJOK TeTpa-
MeTuioBoro sdupa remaronoppupuna (TMD I'Tl) IX
ormipTpoBbiBany 1 cymman. 0.2 r TMD I'TT IX B 15
M TT'® nepememuBanu npu 70°C 10 TOJIHOTO pacTBO-
penus ocajika, K Hemy npuiuBaiu pactsop 0.29 T enkoro
Hatpa B 4 ma Bozbl. Beigepxusanu 1 4 npu 80°C. K ro-
psUeMy pacTBOPY MEIJICHHO MPHIMBAIN 25 MIT H30IIPO-
MaHoja, OXJIAXKAATU U A00aBmsn 25 M aneroHa. Ye-
pe3 15 mun nobasisiy emie 25 M areToHa. Brimasimii
ocanok 2,4-guMerokcuremaronopdupuna IX ordums-
TPOBBIBAJIN, TPOMBIBATIH BOJIOH, allEeTOHOM U CYIIHIH B
Bakyyme. Boixon 0.2 1 (93%). OCII (meraunon), A, HM
(e:107): 400 (157), 498 (11), 533 (7), 566 (5), 622 (3.1).
RT 10.114 mun, conepxanue 97.84% (xomonka Nova-
Pak C 18, 4x150 mm; amoent A: Bona, 3imroeHT B: are-
TOH—ALIETOHUTPUI, 6:4, pexum smouposanus ot 30%
B 1o 100% B 3a 20 MuH, cKOpOCTh 1MOTOKa 1 MII/MUH,
netekrupoBanue mpu 400 Hm).

HTTepOueBblii KOMIUIEKC AMKAIUEBOH co1u 2,4-11-
MeToxcuremaronopgupuna IX. 100 mr (0.16 Mmorb)
2,4-mmeTokcureMaronopgupuna IX pacteopstm B 20 M
1,2,4-tpuxnopben3ona, 1o6asnsun 150 mr (0.32 MMoIIB)
arneTUsIaeToOHaTa UTTepOHs U KUTISTHIN B TOKE apro-
Ha B TedyeHue 2.5 4. PeakmoHHYyI0 Maccy OXJaKIaliu,
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BBUIMBAJIM HA CTONOWK OKCHIA aJIOMUHFS, BHIMBIBa-
mu 1,2,4-TpuxsiopOCH30JI TENTAHOM U 3aTEM al[CTOHOM.
OcTaBIIMiCS HaBEPXy MAJIMHOBBIA CIIOW HTTEpOHEBO-
ro KOMIUIeKca NmoppuprHa MEPEHOCHIN B XUMUYECKUI
crakan, 3ammBanu 200 ma cmecu ropstaero (50-60°C)
nzonpomnanona u 1% Boanoro norama (1:1). OTduss-
TPOBBIBAJIN OT OKCHUJIA aJFOMUHHUS, MAJIMHOBBIH PacTBOP
pas0aBmsiiiu Bojo#, nosogunu pH no 7 mobaBneHueM
pa30aBlIeHHONH YKCYCHOM KHCIIOTBI M TPWXKIBI 3KCTpa-
THPOBAJIM CBEXKENEPErHaHHBIM  XJIopodopmom. Xio-
poOPMHBIN DKCTPAKT MPOMBIBAIIA BOAOH TpH pasa,
CyIn 0e3BOJHBIM Cylb(aToM HaTpusi, PUIBTPOBAIN
U ynapusaiu B BakyyMme. Boixon 68.4 mr (53.7%). Ilo-
JIy4EeHHOE BEILECTBO PAcTBOPSUIN MPU MEepeMENINBaHUN
B MHUHMMaJIbHOM KoyindecTBe 5%-HOro BOJHOIO IIO-
Tama. PacTBOp HAHOCWIM Ha KOJIOHKY C aKpPHUJIEKCOM
P-2, B xadecTBe IIOEHTA UCIOIb30BAIU TUCTUIUINPO-
BaHHYI0 Boay. IlepBas (paxuus comepskana HCXOMHBII
2,4-mumetokcuremaronopdupun 1X, Bropas dpaxius
MaJINHOBOT'O I[BETa IpeACTaBisia co0oi Yb-koMruieke
nopduprHa. PacTBOp KOHIIEHTPHPOBAIN M TPOBOIIIH
JIMAJIA3 TTPOTHUB JTUCTUINIMPOBAHHOM BOJIBI B TEUEHHE CY-
TOK, 3aT€M PacTBOp (PMIBTPOBANN M YIAPHBAIH JOCYXa.
Beixon 53 mr (41.6%). OCII (Boma), A, HM (:107):
398 (196.0), 532 (9.15), 568 (10.6). Jarusie BOXX: RT
7.95 mun (komonka Nova-Pack C 18, 3.9x150 mMm; aro-
ent 0.1 M amerar ammonust B 70% meraHoie, CKOpOCTh
notoka 1 mu/muH, aerekrupoBanue npu 400 um). UK-
cuexrp (KBr, v, cm!): 3424 (OH), 1550 u 1590 (acac).
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BriBoaBI

Uccnenosanue horopusnueckux CBOMCTB MO3BO-
U KBaTUUIMPOBaTh Y b-KomIuieke 2,4-TUMETOKCH-
remarormopupuna 1X kak addekTuBHOE CoeAMHCHHE
JUIsL paHHE! JIIOMUHECIIEHTHON [HarHOCTHKH paka B
ommwxHem MK-onTuyeckoMm nuana3oHe B CBSI3U C BBICO-
KO BEMYNHOHN MTPOU3BEACHNS KO PHUINCHTA SKCTHHK-
LMY 1 KBAHTOBOTO BBIXO/a JIIOMUHEcHEHIHH (& ). Kpo-
Me TOTO, JaHHBIH KOMIUIEKC 0oONajaeT HU3KOW (POTO- U
LUTOTOKCUYHOCTBIO.

Ha ocHoBaHMM 3THX XapaKTEpHCTHK B MOCICIYIO-
1IeM TPOBeIeHbl TOKCUKOJIOrHYecKue U (hapMaKOKHHE-
THYECKUE MCCIEIOBAHMS Ha JTa0OPaTOPHBIX >KUBOTHBIX
U [IOJTyY€HBI ITPeIBapUTENIbHbIC JaHHbIE 110 KITMHUYECKO-
My IIPUMCHEHHIO Ha BOJIOHTEPax-I00pOBOJIBIIAX Mperna-
para «®dmropockany. TakuM 00pa3om, MOKa3aHo, YTO JH-
KanmueBasi conb Yb*'-muMerokcuremaronopdupraa IX
SIBJIIETCS EPCIIEKTUBHBIM MapKepoM JUTst Tu(depeHIu-
aNbHON JAMAarHOCTUKH HOBOOOPA30BAHHUM, OHA XOPOIIO
pacTBopsAeTCs B BOAE U CTa0MIIbHA NIPU XPAHEHUH.
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XHUMHUS5sI H TEXHOAOI'HSA AEKAPCTBEHHBIX ITPEITIAPATOB
H BHOAOT'HYECKH AKTHBHBIX COENHHEHHH

YK 796.06, 543.51

PABPABOTKA METOJAUKHN MACC-CIHEKTPOMETPUYECKOI'O OIIPEJIEJIEHUSA
PUJIM3HUHI-I'OPMOHA I'OHAZJOTPOITMHA U EI'O AHAJIOT'OB
B HEJAX JOIINHT-KOHTPOJIA

K.M. IllecrakoBa, I''A. lyako, M.A. IlukyHeu®

dedepanvHoe 2ocyoapcmaerHoe brooxxemHoe yupexoerue (AHmuoonuHzosslii Llenmp,
Mocksa, 105005 Poccust
@Aemop ons nepenucku, e-mail: dikunets@yandex.ru

B nacmosiweti pabome npedcmassieHa memoouka 6b.cmpoz0, UyecmeumeibHo20 U CeNeKmu8H0o20
onpedeneHust psoa CUHMemuueckux aHa10208 PULU3UH2-20PMOHA 20HA00MPONUHA 8 MOUe UeNO-
8eKa C UCNONb308AHUEM MEepPO0PA3HOL IKCMPAKUUL U C8EPXNPOU3IB00UMENbHOT IKUOKOCMHOU
xpomamozpaguu 8 couemaHuu ¢ maHoemHol macc-cnekmpomempueii (CBO2KX-MC/MC). Onpe-
desleHbl U ONMUMUSUPOBAHbL NApAMEemMpbl, eAUsOULUE HA NPobON0020mosKy, Xpomamozpadu-
yeckoe pasdenerue u MC/MC-demexmupoearue. ITocneoHee npogoounu 8 Ycioeusix 31eKmpo-
pacnviiumensbHOU UOHU3AUUU C peucmpayieli NONOIKUMENbHO 3aPSIIKEeHHbLX UOHO8 8 pesxume
MOHUMOPUH2A 8bIOPAHHBLX peakyuil. s KoauuecmaeHHOU OYeHKU KOHUEeHMpayuii coeOuHeHull
8 Kauecmee gHYymMpeHHe20 CMaHOapma Ucnoib3oeanu neynpoaud-*C,. IlpeonorxenHas memoou-
Ka 6bLia 8aUOUPOBAHA C YUuemoMm napamempos cneyuguuHocmu, aunetinocmu (0.1-10 Hz/mn),
cmeneHu ussneueHus (52-98%), npedena obHapyxerus (0.1 Hz/mn), mampuuHozo s¢ppexma u
cmabuneHocmu.

Knroueesvle cnoea: puiusuHz-20pMOH 20HAOOMPONUHA, GROHUCMbL PUNUSUHR-20PMOHA 20HAOOMPO-
nuHa, meepooghasHast IKCMPAKYUSL, CBEPXNPOUIBOOUMENbHASL IKUOKOCMHASL XpomMamozpadust 8
couemaHuu ¢ maHoemHoll macc-cnekmpomempueti, CBOXKX-MC/MC, ceepxnpoussodumenvHas

IKUOKOCMHASL Xpomamozpaghust 8 couemaHuu ¢ Macc-cnekmpomempuetll 8blCOK020 paspeuleHusl,
CB92KX-MCBP, donuHz-KOHMpOb.

DEVELOPMENT OF A TECHNIQUE FOR THE MASS-SPECTROMETRIC
DETERMINATION OF GONADOTROPIN-RELEASING HORMONE
AND ITS ANALOGS FOR DOPING CONTROL

K.M. Shestakova, G.A. Dudko, M.A. Dikunets

Federal State Budgetary Institution “Antidoping Centre”, Moscow, 105005 Russia
@Corresponding author e-mail: dikunets@yandex.ru

In the present study, a rapid, sensitive, and selective method for determination of several synthetic
analogues of gonadotropin-releasing hormone in human urine by solid-phase extraction and ultra-
performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) was
developed. Various parameters affecting sample preparation, LC separation, and MS/MS detection
were investigated, and optimized conditions were identified. The UPLC-MS/MS system was equipped
with an electrospray ion source operating in positive ion mode with selected reaction monitoring.
Leuprolide-"°C, was used as internal standard for analytes quantitative assessment. The proposed
method was validated considering the parameters specificity, linearity (0.1-10 ng/ml), recovery (52—
98%), limit of detection (0.1 ng/ml), matrix effects and stability.

Keywords: gonadotropin-releasing hormone, gonadotropin-releasing hormone agonists, solid-
phase egonadotropin-releasing hormon, gonadotropin-releasing hormon agonists, solid-phase
extraction, ultra-performance liquid chromatography coupled to tandem mass spectrometry, UPLC-
MS/MS, ultra-performance liquid chromatography coupled to high resolution mass spectrometry,
UPLC-HRMS, doping control.
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Pa3paGoTKa METOAHKH MaCC-CIIEKTPOMETPHYECKOrO ONMPEAEACHHSI PHAHZHHI-TOPMOHA FOHAZOTPOIHHA ...

BBenenue

Amnabonuueckue crepousbl (AC) oTHOCATCS K Hau-
6onee 3(PEKTUBHOMY M TOCTYITHOMY KJIacCy JOIMHIO-
BBIX IIPENaparoB, KOTOPBIE UCIIOB3YIOTCS CIIOPTCMEHAMHU
JUTSL YITyUIICHHS MBIIICYHBIX M CHIIOBBIX TOKa3zareneil. C
Havyana 1970-x ronoB AC 3anperieHsl K UCIIO0JIb30BaHUIO
B criopre MexxayHaponusiM Onnmnuiickum Komurerom.
Hcnosnb3yemble aHTHIONMHTOBBIMU J1a00PaTOPUSMH CO-
BPEMECHHBIC WHCTPYMCHTAJIBHBIC METOABI UYPE3BBIUATHO
YYBCTBUTENbHBI U TIO3BOJISIOT JETEKTUPOBATh CJIEOBbIE
KOJIMYECTBA CHHTETHUCCKUX AHJPOTCHOB Ha IPOTSIKE-
HUU MECSILIEB CO BpEMEHH UX MOCIeIHero npuema. Bue-
JIpCHHE B TMPAKTHKY MEPCOHU(HUINPOBAHHOTO ITOAXOMA,
OCHOBAaHHOTO HA MOHHTOPHHI€ CTEPOHIHOTO PO, a
TaKKe MAaCC-CIIEKTPOMETPUH HM30TOMHBIX COOTHOIICHHH
yoiepozaa (C'?/C'®) nosBonmno pemurs npobiaemMy JToKa-
3aTenbHOTO OOHapykeHus nomuHra [1]. Tem He MeHee,
HECMOTPs Ha dPPEKTUBHYIO OOpHOY MPOTHB HCIIOIH30-
BaHUA SHAOTeHHBIX AC B CIIOPTE BBICHIUX JTOCTHKEHUH,
BBICOKAsl aKTMBHOCTb aHJPOTEHOB Ui MOJTYy4EHHUs mpe-
MMYIIECTB B CHJIOBBIX BHJIAaX CIIOPTA MPHBOIUT K CTpe-
MUTEIBHOMY Pa3BUTHIO HOBBIX CTPAaTErdid MX HCIIOJb-
30BaHUSI B OOXOJ] YCTaHOBJICHHBIX NpaBui. OCHOBHOI
LEJBI0 TAaKUX CXEM SBJIAETCS CTUMYJIMPOBAHUE CEKpe-
IIUH SHAOTCHHOTO TECTOCTEPOHA JIOTTMHTOBBIMHU arcHTa-
MU, JCHCTBYIOLUIMMH OIMOCPEAOBAaHHBIM MyTEM Ha HEH-
porymopansHoM ypoBHE [2]. B cBsi3u ¢ atM npobiema
yHnoTpeOiieHus] HeNmpsMOro aHAPOTeHHOTO JOINWHTa
MIPUBJIEKIA TPUCTATHHOC BHIMAaHHE MUPOBOTO aHTHIIO-
MIMHTOBOr0 cooOluiecTBa. B mocneaHux uccienoBaHUuAX
ObUTH BBISBJICHBI OCHOBHBIC KJIACCHI JIOMMHTOBBIX Be-
LIECTB, KOCBEHHO BIMSIOIIMX HA BBIPAOOTKY COOCTBEH-
HBIX aHJIPOTeHOB: TectocTepona (T), ammurecrocTepoHa
(E), auruaporectocrepona (JAI'T) u npyrux. K takum
mpenaparaM OTHOCAT XOPHOHHYECKUI TOHAJOTPONHH
(XT'a), mortennusupytouuii ropmon (JII') u ero aronu-
CTBI, OJIOKaTOPBI SCTPOTCHOB MIIM HHTHOUTOPHI apoMara-
3bl, @ TAKXKE PUIM3UHI-TOPMOH TOHAIOTPOIMHA (TOHAT0-
mubepuH, roragopenus, [HPI) u ero ananorwu [3].

[ToMHMO MOTEHIMATIBHBIX 3PIOT€HHBIX IPEUMYILECTB,
I'aPI” m ero anHanmoru Takxke MOTYT CKpbBIBaTh yHoTpeoe-
HHE HK30I€HHOIO TECTOCTEPOHA MIIU IPYTHX HATYpPaJIbHBIX
AQHJPOTEHOB 32 CYET MAaCKHUPOBKU M3MECHCHHI B CHICIHAIIH-
3upoBanHbix TectupoBanmsix (T/E, C'/C'-u3zotonHble 0T-
HOIICHWS), @ TaK)K€ MOTYT Y4acTBOBAaTh B yCTPAaHCHUHU
HEraTUBHBIX MMOCJIEACTBUN TpUeMa aHIPOreHoB (Hanpu-
Mep, THHEKOMACTHsI, TUIIOCIICPMATOreHe3, CeKCyanbHas
JTUCHYHKINSA).

Aronuctsl I'HPI'  sBisIOTCS  CynepakTHBHBIMU
CHUHTETUYECKUMH MPOU3BOJHBIMU SHAOI€HHOIO JleKa-
MeNTHAa TOHAJONMHOEepHHA — OCHOBHOTO pEryisTopa
penponyktuBHoi cuctembl. ['HPI™ BoipabarbiBaeTcs ru-
MOTAJIAMYCOM H PETYINPYeT BEIPAO0OTKY THIO(U3APHOTO
JII' u cexpenuro TecToCTepoHa B TECTHUKYyNIax. Bozaeii-

cteue ['HPI" m ero aroHncToB Ha rUMOTATAMO-THIIO(DH-
3apHO-TOHAJJAIBHYIO OChb HOCHUT JBYyX(a3HbI XapaxkTep
[4], aTO TTO3BOJIAET MCIOJB30BATh UX IS JOCTIIKCHHS
JIBYX TMPOTUBOIIONOKHBIX (hapMakojgoruueckux s¢dek-
TOB, XapaKTep KOTOPHIX 3aBHUCHT OT PEKMUMa BBCICHHSI.
KparkoBpemeHHOe BBeJeHHE 00ECIEUMBAET CTUMYIIH-
pyromuii 3pGeKT Ha PENpPOIYKTUBHYIO CHUCTEMY, a CO-
3/aHNe CTAOMJIBHOM KOHIEHTpAIlMM B IUIa3Me€ KPOBHU
— noasystroiuid. Takum odpasom, ['HPI u ero cuHTETH-
YEeCKUE aHaJIOTH MOTYT HMCIIOIb30BATHCS CIOPTCMEHAMH
B Ka4eCTBE JOTHMHTOBBIX W/WIM MAaCKHUPYIOUINX arcHTOB
HETIOCPEJICTBEHHO IS YBEJIMUEHHS MBIIIIEYHONH MacChl U
CHJIBI WJIM JUISI BOCCTAHOBIICHHSI YPOBHS TECTOCTEpOHA
TocIie BBEACHHUS aHAO0IMYECKIX CTEPOUTHBIX TOPMOHOB
[5]- Ha ceromusmHuii MOMEHT TOHAIOTPOTIMH HapaBHE
C €ro PUJIM3UHI-TIIENTHAAMUA BHECEHBI B 3allpelieHHbII
crmicok BAJIA 2016 rona.

JJ1 KOJMYECTBEHHOTO U KaUeCTBEHHOTO OMpeiesie-
HUS BEIIECTB METITHIHON MPUPOIH! B TOIMHT-KOHTPOJIE
MIPEUMYIIECTBEHHO HCIIONB3YIOTCS CIIEAYIONIEe OHOMO-
JCKYJSIPHBIC TEXHOJIOTHN: UMMYHOXUMHYECKIE METOIIBI,
U302JIeKTpUYecKkoe (HOKYCHpOBaHHE, Telb-31eKTpodo-
pe3, )KUAKOCTHAsI M ra30Bas XpomaTtorpadust B codeTa-
HUM ¢ Macc-crieKTpoMeTpueit [6]. IMMyHOXMMUYECKHUe
METOBI UCTIONB3YIOT ¢ MPUMECHEHHEM CIECIU(PIICCKIX
AHTHUTEN, OJHAKO MPHU aHAJIM3E MENTHA0B C MacCou 10
1000 [la mony4eHHWE aHTUTEN JOCTAaTOYHO Tpoliema-
TUYHO, B CHJIy HEBBICOKOTO MMMYHHOTO OTBETa MPHU HX
BbIpaboTKe. TakuM 00pa3oM, ajJbTepHATHBON B JJAHHOM
ciryuae sBisieTcs: ucnonb3oBanue BOXKX-MC, kotopas
MOBBINIAET 3PPEKTUBHOCTh U CHEIM(DUIHOCTL aHAIIN3A,
YTO MO3BOJSET MPOBOAMTH IIeNICHANIPABICHHOE JIETeK-
THPOBAHUE COOTBETCTBYIOMINX METITHIHBIX M OEIKOBBIX
npenapatoB. B To xe Bpemsi BOXX-MC mnoszsomnsier
OTIPEIICTISITE HE TOJIHKO HATUBHBIC MOJEKYJBI, HO U HX
MeTabouThl [7, 8].

Xota cymectByeT meton onpeneneHus [HPIT B
moue [8], HatuHbIM I'HPI™ o06nanaet xpaTkoBpeMeHHOI
MIPOIODKUTENBHOCTRIO JISHCTBUSL M MTOITOMY MOXKET
UCTIONB30BaThCA TONBKO Ui KPaTKOCPOUYHOTO MACKH-
pyIoIero JIeHCTBHs, HE OKa3bIBasi 3ProreHHbIN 3dekTt
[9]. meeTcst OobIONi MOTEHIIMAT ISl UCIIOJIb30BaHUS
aHasioroB ['HPI B kauecTBE JOMHIOBBIX CPEJICTB, HO 10O
CHUX TIOp He OBUIO HUKaKUX JTOKA3aTeIbCTB UX UCTIOJIB30-
BaHMS ITUTHBIMHU CIIOPTCMEHAMH, U TI0Ka HE CYIIEeCTBY-
eT pa3pabOTaHHBIX METONOB WX OOHapykeHHs. B cBs3n
¢ THM pa3zpaboTka criocoda ompenenenuss [HPI u ero
AHAJIOTOB I LeJIel JOMUHI-KOHTPOIS SBJIAETCS aKTy-
aJIbHOM 3a1a4ycil.

Brnepssle B 1aHHOI paboTe MpeacTaBiIcHa METO-
JIUKa ONpENeNIeHUs] CUHTETHYECKUX aHaynoroB ['HPI
B MOYE C HCIOJIB30BaHUEM CBEPXIIPOU3BOAUTEIHHOMN
BBICOKOA((DEKTHBHOM JKUJIKOCTHOW Xpomartorpaduu
B COYETAaHMHM C TaHJIEMHOW Macc-CIeKTpoOMeTpueit
(CBOXX-MC/MCO).
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Mamepuanst u menoowt

B pabote ucnonb3oBanu ceptuduiiupoBaHHbIe CTaHJApTHBIE MaTepHalibl, CHHTE3UPOBAHHbIE KoMITaHuel Bachem,

[IBelinapus:
Ne HazBanwue AMUHOKHUCIIOTHAS Kar. Home ConepxaHue OCHOBHOTO
n/m (o6o3navyenue ananora ['uPI") MOCJICZI0BATEILHOCTD ’ p KOMITOHCHTa HE MEHee
PrITH3HHT-TOPMOH TOHAIOTPOIHHA .
1 (roHaIONMMOCPHH, TOHAIOPEIIHH, PUTH3HHT - Pyr-His-Trp-Ser-Tyr-Gly-Leu- H-4005 98.0%
Arg-Pro-Gly-NH
TOPMOH JIFOTeHHIBHpYIIero ropmoHa, LHRH) 2
Hadapenun Pyr-His-Trp-Ser-Tyr-D-2-Nal- o
2 (Nafarelin, (D-2-Nal)-LHRH) Leu-Arg-Pro-Gly-NH, H-6095.0001 97.7%
Hesnopenun (Deslorelin, (Des-Gly'?, D-Trp®, Pyr-His-Trp-Ser-Tyr-D-Trp- ) o
3 Pro-NHEt’)-LHRH) Leu-Arg-Pro-NHEt H-4116.0005 88.1%
Deprupenud (Fertirelin, (Des-Gly', Pro-NHEt’)- | Pyr-His-Trp-Ser-Tyr-Gly-Leu- N
4 LHRH) Arg-Pro-NHEt H-4055.0005 99.3%
Jleynponun Pyr-His-Trp-Ser-Tyr-D-Leu- o
> (Leuprolide, (Des-Gly', D-Leuf, Pro-NHEt)-LHRH) Leu-Arg-Pro-NHEt H-4060.0005 98.5%
l'uctpenun Pyr-His-Trp-Ser-Tyr-D- : N
6 (Histrelin, (Des-Gly'’, D-His(Bzl)°, Pro-NHEt’)-LHRH) | His(Bzl)-Leu-Arg-Pro-NHEt H-9210.0005 99.3%
Tozepenun Pyr-His-Trp-Ser-Tyr-D-Ser(tBu)- 0.
7 (Goserelin,(D-Ser(tBu)’,Azagly'*)-LHRH) Leu-Arg-Pro-azaGly-NH, H-6395.0005 88.6%;
Bycepenun .
. Pyr-His-Trp-Ser-Tyr-D-
i 10 _ 6 _ CA - 0,
8 | (Buserelin, (Des-Gly'’,D-Ser(tBu)®, Pro-NHE’) Ser(tBu)-Leu-Arg-Pro-NHE{ H-4224.0005 99.3%
LHRH)
Tpunropennx Pyr-His-Trp-Ser-Tyr-D-Trp- : o
? (Triptorelin, (D-Trp®)-LHRH) Leu-Arg-Pro-Gly-NH, H-4075.0005 98.6%
Anapenus Pyr-His-Trp-Ser-Tyr-D-Ala- o
10 (Alarelin, (Des-Gly'®,D-Ala®, Pro-NHEt’)-LHRH) Leu-Arg-Pro-NHEt H-4070.0005 98.9%
Iedopenun Pyr-His-Trp-Ser-His-Asp-Trp- o
1 (Peforelin) Lys-Pro-Gly-NH, H-4258.0001 98.2%
Jleynposma-"*C .
12 (Leuprolide-"*C, (Des-Gly'",D-Leu", P-‘{f;gl]siﬁfrer_'gfor_'gl'ﬁu' H-6258.1000 95.1%
[°C,JLeu’,Pro-NHEL)-LHRH) 6 &

B pabore ucmonp3oBany METaHON M alleTOHUTPHI
¢upmbr Merck, I'epmanunsi, KOHIIEHTPHPOBAHHYIO MY-
paBeuHyt0 Kuciotry ¢upmbl Fluka, I'epmanus u Boay
¢upmbr Fisher Chemical, benbrus, Bce Mapku «amst
B3XX-MC». 30% BoaHbIi pacTBOp THAPOKCHIA AMMO-
HUsI pruoOpeTeH y Acros Organics, benasrust.

JIis WM3BII€YEHUS] CUHTETHMYECKUX aHajioroB ['HPI
UCIIOJNB30BAIM  KOHLEGHTPUPYIOIIME  MAaTpPOHBI IS
TDD Oasis®WCX (60 mr x 3 mi1, 30 MKM, Kar. HOMep
186002497) dupmer Waters Inc., CLLA.

Oobopyoosanue

CBOKX-MC/MC-ananu3 BbIONHSITA Ha KUAKOCTHOM
xpomarorpade monemu Acquity UPLC (Waters Inc., CILIA),
OCHAIIICHHOM CHCTEMOI aBTOMaTHYECKOT0 BBOJIA 00PA3LIOB,
MOJyJIEM HarpeBa Xpomarorpaduaeckoil KOIOHKH, Jera3a-
TOPOM, COSTUHEHHBIM C MaCC-CIIEKTPOMETPUYCCKIM JICTEK-
TopoM Mozrermt TSQ Vantage (Thermo Scientific, CIIIA) ¢
BHEITHAM HWCTOYHHKOM 3JICKTPOPACTIBUTHTEILHON HOHH-
3aly ¢ HarpeBaeMbIM TOTOKOM. [liist cOopa 1 00padoTKn
JIAHHBIX MPUMEHSUIA MporpaMMHoe odecrieuenue Xcalibur
Bepcnu 2.2 (Thermo Scientific, CIIIA).
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CBOKX-MCBP-ananuz (ceepxnpouszeo0umenbHast
8bICOKOIPDPEKMUBHAA  HCUOKOCTIHAS  XPOMAMOSPaghusl
8 COUemanul ¢ Macc-cneKmpomempuell 8blCOK020 pas-
peuieHus) BBITOJHSIN Ha >KUJIKOCTHOM Xpomarorpade
monenn Acquity UPLC (Waters Inc., CIIIA) ¢ cuctemoit
aBTOMAaTHYECKOrO BBOJAA 0OOpa3lloB, MOAYJIEM Harpea
XpoMarorpapuuecKoil KOJOHKH, AEra3aTopoM, COEIH-
HEHHBIM C MACC-CIIEKTPOMETPUIECKUM JICTEKTOPOM MO-
nemn Exactive (Thermo Scientific, I'epmanust) ¢ BHem-
HUM HUCTOYHUKOM DJICKTPOPACIBUIUTEILHON HOHU3AINN
C HarpeBaeMbIM TIOTOKOM. {71t cOopa u 00paboTku HaH-
HBIX IMPUMEHSUIM NporpamMMHoe obecneuenue Xcalibur
Bepcun 2.1 (Thermo Scientific, CIIIA).

Bcnomozamenwvnoe ooopyoosanue

Bechbl aHanuTHYECKHE IPEITM3UOHHBIC (MaKc. 22 T,
d =0.001 mr, mun. 0.1 M1y e = 1 Mr) mogenu XP26 ¢up-
Mbl Mettler-Toledo, IIBefinapusi, WCIONB30BAIN IS
B3BCLIMBAHMS TOYHBIX HABECOK CEPTH(UIMPOBAHHBIX
pedepeHCHBIX CTaHAapPTOB.

B pabote ucnonp30Bany aBTOMaTHYECKUE MEXaHU-
YeCKHE OJJHOKaHAIBHBIC 03aTOPHI IEPEMEHHOTO 00BheMa
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(0.5-10, 20-200, 100-1000, 500-5000 u 1000—10000
MKJT) C OTPEITHOCTHIO U3MepeHus He bonee £1.5% mo-
nesm Research plus ¢upmer Eppendorf, ['epmanus.

OcaieHre MEJIKOAUCIICPCHBIX YaCTHUI] TIPOBOIHIIH
Ha nieHTpudyre mapku 5430 pupmel Eppendorf AG, I'ep-
Manwus. [ yrmapuBaHus HCIONB30BaM KOHIICHTPHPY-
forryfo crarnuio TurboVap®LV (Caliper LifeSciences,
CIIA), coBmelieHHYI0 C reHepatopoM aszora Peak
Scientific, BenmnkoOpuranwst.

Xpomamozpaghuueckue ycnosus

Jl1 xpomarorpadiieckoro pasaeiieHusT BEIIECTB HC-
nonb3oBai KoioHKy Acquity UPLC BEH C18 (2.1 x 100
MM, pa3Mep gacTul] 1.7 MKM), COCTMHEHHYIO C TPEIKO-
nonkoii Acquity UPLC BEH CI18 (2.1 x 5 mwm, pa3mep
gactun 1.7 mxm) pupmer Waters Inc., CIIA. CymmapHas
CKOPOCTB ITOTOKA MOJBIKHBIX (a3 coctarisuia 0.3 Mi/MUH.
Jlst moHbKeHMs 001Iero pabovero JaBlIeHUS B CUCTE-
Me HCIIOJIb30BaJIM TEPMOCTAaTUpOBaHue KoJoHkH (60°C).
[MonewxHas ¢daza npeacrapnsuia codor 0.1% pacTBop
MypaBbUHON KHCIOTHI B BoJe (A) u meranone (B). s
pasnesneHus COEAMHEHUI HCIIONB30BAIM  CIICIYIONTYIO
porpammy rpagueHTHoro siaroupoBanusd: 0-0.5 mun —
95% A, 3.0-4.5 mun — 5% A, 4.51-6.0 mun — 95% A.
[Tocne BBeneHust oOpasua cucreMa BBoJAa MPOObI MPo-
MBbIBaJlach cMeChI0 Boga—meTanon (90:10, 06.%). Bpems
aHaJIM3a C y4eTOM CTa0MJIM3allui CUCTEMbI Iiepes BBO-
JIOM clienyrorero oopasma cocrasisuio 7 MuH. O0beM
poObI — 10 MKIL

Macc-cnekmpomempuueckue yciosus

Macc-cnexTpsl CHHTETHYECKHX aHastoroB [ HPI mo-
sydanu metogoM CBOXKXX-MCBP B ycioBusix anekrpo-
pacnbUIMTEILHOM HOHU3ALMU C HarpeBa€MbIM IOTOKOM
(OPUHII) B pesxxume nonHoro ckanuposanus (Full scan)
B nmuanazone macc 100-1800 Mla ¢ pazpemennem 50 000
(Ha TOJIOBUHE BBICOTHI) M TOYHOCTBIO OIPEIEIICHUS Macc
5 v, CKOpOCTh CKAaHUPOBAHMUS 2 CKaH/C, MAKCUMAJIb-
Hoe BpeMsl yaepkuBanust HoHoB 500 mc. YcioBust HOHU-
3alMu: HalpspKeHUe Ha Kanmwuisipe +4 kB, temneparypa
doxycupyromero xamuusipa 370°C, ckopocTh MOTOKa
pacnbuIoLero rasa azora 70 yci. efl., CKopocTb IIOTOKa
BCIIOMOTaTeNIbHOTO rasa asora 10 ycu. ex., Temmneparypa
B kamepe nonmzaruu 300°C.

Macc-crekTpbl OmnpeeNsseMblX COSIUHEHUH MpH
ucnoip3oBanu CBOXKXX-MC/MC mnonydeHsl B ycio-
Busix OPUHII: Hanpsxenue Ha kamwuripe +4 kB; tem-
nepatypa ¢pokycupyroinero kanmnisipa 370°C, ckopocTh
MOTOKA PACHBUIAIONIETo ra3a a3ota 50 yciI. e11.; CKOpoCTh
[IOTOKa BCIIOMOraTeNIbHOro rasa a3ora 20 ycil. ea.; TeM-
neparypa B kamepe nonnzaruu 300°C. [upuna npomy-
CKaHHs MOHOB Ha mepBoM kBazpynoie (Q1) u Tpetbem
kBagpynone (Q3) cocrapnsina 0.7 [da, BpeMs 3aJepKKu
5 Mc. B kauectBe raza-MuIIeHH HCHOJIb30BaIM aproH
(99.999%), nmaBneHue aproHa B Kamepe COYNApEHHs
1.5 mTopp. OntumMuzanuo Macc-CleKTPOMETPUUECKUX
MapaMeTpoB PETUCTpAllMd COCTUHEHUH TPOBOIMIN

B aBTOMAaTHYECKOM DEXHME, HCIIONB3ysS BCTPOCHHBIN
HIIPULIEBON Hacoc. Macc-CeKTpOMETPHYECKOe AETEK-
THPOBAHUE IIEIEBBIX COSMHEHUH BBITIOIHAIN B PEKIME
MOHHUTOPHUHTA CENEKTUBHBIX peakiuii (SRM).

IIpobonoozomoska oopazuoe buorcuoKocmu ueioeexa

B BakyymHBII MaHU(OI YCTAaHABIMBAIN TATPOHBI
it TOD Oasis®WCX, mpoBOAWIN MX KOHIUITHOHUPO-
BaHWE 3 MJI MeTaHojia U 3 MJI BOJbI, 3aT€M HAHOCHJIU
1-3 M obpasma moun u gobamisn 20 MKJI pacTBopa
BHyTpeHHero cranaapra (neynpomui-"C, 0.1 nr/mkm).
Kaprpumxu nmpombsiBaiu 2 MJI CBEKENPUTOTOBICHHOIO
5% pacTBOpa aMMHaKa U 2 MJI CMECH alleTOHUTPUIT/BOJIA
(20/80, 06.%), npocymmBanu kaptpumpxku 3 muH. Coe-
JUHeHus >roupoBanu 2 mi (2 x 1 mit) 5% pactBopa my-
PaBBUHOM KHCIIOTHI B CMECH alleTOHUTpUII—Boja (75:25,
00.%). Dnroar ynapuBaiu 10cyxa B TOKE a30Ta IPU TeM-
neparype 45°C, cyxoit ocratok nepepacrsopsuid B 100
MK 0.1% pacTBOpa MypaBbHHOM KHCIIOTHI B BOJE.

Pe3y.m)TaT1)1 H UX oﬁcymzlelme

Onmumu3ayus Xxpomamozpaguueckux ycioeui

CopOeHTBI, UCTIONB3YIOMIUECS Ul YIAKOBKU aHa-
JUTHYECKNX KOJIIOHOK, CHJIBHO BIMSIOT Ha Pa3JeiiCHHE
U YYyBCTBUTCIBHOCTh XPOMATOTPaUUECKOTO METOJA.
Pa3znenenue menTHIHBIX COSTUHEHUH OCYIIECTRIIOT Ha
pa3NUYHBIX TUIAX HEMOABIDKHON (a3wl. Tak, mpu pas-
JICJICHUN COENMHEHWI METOJIOM oOpalieHHO-(a30BoH
XpoMarorpapuu Yamie BCEro MPUMEHSIIOT COPOCHTBI C
npuButhiMi C- u C -rpynmamu, HOpMaibHO-(a3oBoi
xpomartorpaduu — copOeHTbl ¢ npuBUTbIMH CN- win
(enmpHbIME Tpyrmamu [10]. Kak npaBuio, oOpaiieH-
Hasl (pa3a HAa OCHOBE CHIIMKArelisl ¢ MPUIIUTBHIMH TPyYII-
namu C . CYMTAETCS 30J0THIM CTAHAAPTOM B HENTHIHOM
aHanmm3e Onaromapsi mpocToTe U crabwibHocTH. Hamne-
CEHHE Ha CHJIMKAreib, XapaKTePU3YIOMIMICS BBICOKON
MEXaHUYECKOH MPOYHOCTHIO M PErySIPHON CTPYKTYPOit
0P, KPEMHUHOPTAHIMYECKOTO CIIOS U TTOCIIeIyToMIast MO-
muduKanyst GyHKIHMOHATBHBIMUA TPYIMIIAMH IT03BOJISIET
n30eKaTh BOBHUKHOBEHUS pa3MBITOTO ()POHTA XPOMATO-
rpapMueCKUX ITHKOB.

3amatenroBanHblid copOeHT Bridged Ethyl Hybrid
(BEH) ananutnueckoil xononku Acquity UPLC BEH
C18 — rubpuIHBINA COPOCHT BTOPOTO ITOKOJICHUS C ITHIIb-
HBIMH MOCTHKAaMHU B KapKace — XapaKTepU3yeTCsl BBICO-
KOW CEIIEKTUBHOCTHIO M A(P(PEKTUBHOCTHIO pas/ielieHUs
HU3KOMOJICKYIISIPHBIX TICITHIHBIX COCITUHEHUI, BKITIO-
4YeHHBIX B Tpyminy S2 3anpenienHoro ciucka BAJIA, ra-
KUX Kak cekperaroru ropmona pocra (GHRPs, Growth
Hormone Releasing Peptides). Copoent BEH siBnsieTcst
VHHUKAJIBHBIM M COUCTAIOUIMM B cebOe JydIIne CBOHCTBa
MOJAMEPHBIX COPOCHTOB M CHJIMKATCIBHOM MaTpPHUIIBI
[11]. 3a cyer nCHONB30BAHUS MEIIKUX YaCTHIl pa3MepoM
1.7 MxM nocturaercsi BhICOKas 3QQGEKTUBHOCTh paslie-
neHus coequaeHnid. Kpome Toro, Tpu QyHKIIMOHAIBHBIX
JUTaHa B CTPYKType copOeHTa 00eCIeunBaloT ero cra-
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OMIIBHOCTH OT HM3KWX JI0 BBICOKMX 3HaueHud pH pac-
TBOpa (o1 1 110 12).

Pa3nenenne menTHAHBIX BEIMISCTB B 3HAYUTEILHON
CTETICHH 3aBUCHT OT KUCJIOTHBIX J00ABOK B MOJBHKHYIO
(hasy, kK HUM OTHOCATCS TPU(TOPYKCYCHAs, YKCYyCHasT U
MypaBbUHAsl KUCJIOTHI, perymupytomme pH pactBopa
[12]. KucnotHsie 100aBKH 3a cyeT GOPMUPOBAHHS HOH-
HBIX Tap yBEIMYMBAIOT T'HAPO(OOHOCTh COEAMHEHHUH,
YTO TMPHBOIUT K YAYUIICHAIO B3aUMOICHCTBUS MOJICKYIT
OTIpEIeISIeMbIX COCIMHEHHH ¢ TuApo(hOoOHON Hemon-
BIKHOH (pa3oid, Xxpomarorpad@udeckoro pasjieicHus |,
Kak cjecTBUe, 00ee CUMMETPUYHBIM U Y3KUM IHKaM,
umeronmx Gopmy pactupenenenns [aycca.

Ha nmpeanpusarun cTporo coOntonaercs mpouenypa
CTaHIApPTU3AIlNH pa3pabaTHIBAEMBIX METOIHK, OCHOB-
HOM IENIBI0 KOTOPBIX SIBJSIETCS] MOCIEAYIOIIee BHEIpe-
HUE B TPOM3BO/ICTBEHHYIO mpakTuky. B ®I'BY AJIIl B
METOJIMKAX OIPEICICHUS TOMUHIOBBIX COCAMHCHHUN B
moue yeaoseka MetonoM CBDKX-MC/MC B xauecTBe

HETIONBIDKHON  (pa3bl  HCIIONB3YeTCS aHATUTHICCKAs
koioHka Acquity UPLC BEH C18, a B xauecTBe noa-
BkHOU — 0.1% pacTBOp MypaBbUHON KHCIIOTHI B BOJE
U METAHOJIE C TPAJAUEHTHBIM JTIOUPOBaHUEM. B cBs3u ¢
9THM JIJIsI TAPMOHM3AINH ¥ YHH()UKAIINK pa3padaTrIBae-
MO METOJMKH aHAJIN3a PUIU3UHT-TOPMOHA TOHAT0TPO-
MTUHA U eTO CHHTETHICCKUX aHAJIOTOB B OMOJIOTHYECKIX
JKHJIKOCTSIX YeJIOBEKA HAMU BBHIOPAHBI BBIIIE OITUCAHHBIC
YCIIOBHS XpOMAaTOTpahUIeCcKOTo pa3aeieHusI.

Ha puc. 1 npencrasnena xpomarorpamma onpese-
JIIEMBIX coeJMHeHHNA. BuHO, 4T0 Xpomarorpaduyeckue
ITUKH BCEX BEIIECTB CHMMETPUYHBI U UMEIOT (OpMy pac-
npenenenus ['aycca. Bpemena ynep:kuBaHus yBeInunBa-
10TCA B psay: nedopenus (2.24 mun) < I'aPI” (2.42 mun)
< ructpenuH (2.57 mun) < deprupenus (2.59 muH) <
anapenut (2.63 MuH) < Tpuntopenut (2.76 mun) < aes-
nopenH (2.83 muH) < ro3epenuH (2.84 MuH) < Jeynpo-
iz (2.86 mun) = neynpomua-"C, (2.86 mun) < Gycepe-
muH (2.91 mun) < HadapenuH (3.01 MuH).

100 2?4
Tepopennn }\\
0
100 7 2"‘%2
THPT I
0 )
100 2.37
- T'uctpenun
0 N
100 — 239
- \
- Deprupenux )‘ \\
0
2.63
ﬁIOO .
3 AnapenuH
0 276
%100 7
T Tpurropess I
= 0 p P I\
= o4 N\
<
==}
5100 . 2.2%3
E 1 MHesnopenun
£ 0” 2.84
5100 — b
1 To3epenun J“‘\
0 - y
100 - 2.36
q Jleynpomun |
0 \
100 2'%6
I
. Jeynpomuz-"C J‘ \
0 J
100 2.1
1 Bycepemn
0
100 301
E Hadapenun ‘
0 \\\\‘\\\\‘\\\‘\‘\\'\\‘\I\\‘
1.0 1.5 2.0 2.5 3.0 35
Bpewms, Mun

Puc. 1. Macc-xpomarorpamma TectoBoi cmMecu ['HPI™ 11 ero CHHTeTHYeCKIX aHaJIoroB
(xoHIeHTpaus 1 HI/MKJ Ka)X/010).
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B Tabn. 1 npuBeneHsl CTPYKTYphbl aroHUCToB [HPT,
a TaKKe BPEMEHA MX YJEpKUBaHUS Ha 0oOparieHHO-(ha3o-
Boi kosorke Acquity UPLC BEH C18, cuanm 1 kpacHbIM
MapKepoM BBIICJICHBI CAaiThI, BIHAIOIINE HA YIEP>KUBAaHUE
COCITMHEHNI Ha IMOBEPXHOCTH copOeHTa. HammeHbmm
BpeMeHeM yepkuBaHus obnanaet nedopenut — 2.15 MuH,
HaruBHBIA [HPI' m npyrue ero cuHTeTMUECKHE arOHHUCTHI
UMeIOT OOJbIIMe BpeMeHa yaepkuBaHHs. OCHOBHBIM OT-
ymareM Mexy ['HPI u ero aroHucramu sIBisieTcsl 3aMeHa
AMHUHOKHCIIOTH TIIMIIMHA B TIOJIOKEHUH HA JIPYyro amu-
HOKHUCJIOTHBIH OCTarok B D-koH¢wuryparmu. BriroueHne
D-n3oMepHBIX aMUHOKHCIIOT, B OCOOEHHOCTH € KPYIHBIMU
THIPOGOOHBIMH OCTATKAMH, YBEJIHMIUBACT THAPOPOOHOCTH
MOJIEKYJbI M, KaK CIIeJICTBUE, BpeMs ynepskuBaHus. Tak,
HallpUMep, ajJapesiuH SABISIETCS aHAJIOIOM JIYNpOoiauaa U
o0najaeT MaJibiM CTPYKTYPHBIM Pa3IMuieM ¢ HUM: B Jiey-
nponuae D-ananuH 3ameneH Ha D-nevinun. Takas 3ameHa
AMHUHOKHCIIOT TIPUBOJIUT K YBEJIMUEHUIO BPEMEHH YICPKHU-
BaHwMs ¢ 2.63MuH y anapenuHa J0 2.86 MUH y JIeynpoiIna.

Kpome Ttoro, ruapodoOHOCTE MOJICKYJIBI MOXKET
OBITH yBEJIMYEHA 3a CYET MOAM(UKALUN KOHIEBOMH
rpymmbl. Tak, y ro3epenuHa, umeromero C-KOHIIEBYIO
CTPYKTypHYI0 Moaudukanuio azaGly, Bpems yaepxu-
BaHUs cocTamisieT 2.84 MUH, a y ero aHajora — Oyce-
penuHa anwinpoBaHue C-KOHIEBOM aMUIOTPYIITBI
yYBEJIMYMBAaET TUAPOPOOHOCTh, YTO MPUBOJUT K TIO-
BBIIICHUIO BpeMeHH yaepxkuBanus Ha 0.07 mun (2.91
MuH). CTpyKTypa TPUNITOpPENIMHA OTIHYaeTcs OT Oyce-
perHa JIOTOJHUTEIbHBIM KOHIEBBIM TIMIIMHAMUTHBIM
(parmenToM u 3ameHoil D-cepuna Ha D-TpunrodaH B
nonoxeHun P6, Takas MoanduKanms MOJIEKyIbl TIPUBO-
IUT K I3MCHECHUIO BPEMEHH yACp KUBaHUS HA THOPHUI-
HoM copbOente Ha 0.15 mun. Takum oOpa3om, aMUHO-
KHUCJIOTHAs IIOCHIEA0BaTeIbHOCTh aronuctoB I['HPI, B
KOTOPO#l MPOM3BE/ICHO 3aMelIeHNe TIIMINHA B ITOJI0XKe-
HUH 6, a TaKKe MOAM(DHUKAIIH KOHIIEBOH I'PYIITIHI yBEIH-
YHMBAIOT MX TUAPOPOOHOCTD, YTO TIPHBOIMT K YBEIHYe-
HUIO BpEeMEH YICPKUBAHNS.

Taoauua 1. Bpemena ynepxxuBanns (RT) I'HPI 11 ero cHHTETHYECKIX aHAJIOTOB

Ha aHanuTndeckor konouke Acquity UPLC BEH C18

CoenuHenue AMWHOKHCIIOTHAS TTOCIE0BATEIbHOCTD RT, mun
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Tabauua 1. [Tpogomkenue

Deprupenux Pyr-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-NHEt 2.59
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Tao6auna 1. Oxonuanne

Jleynponun
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Onmwnusauu}l MACC-CREKMPOMEMPUUECKUX nAPpAMEempoe

DnekrpopacnbuinTenbHas uoHuzamus (OPU) mo
CPaBHEHUIO ¢ XMMUYECKON MOHU3AIMEH TPy atMocdep-
HOM JaBJIECHUU SIBJISIETCS HauOoiee npuemMJIeMol st
KOJIMYECTBEHHOI'O  MacC-CIIEKTPOMETPUUECKOTO  aHa-
TM3a MEeNTU0B Onarojaps CBOEH MPOCTOTE W BBICOKOU
YYBCTBUTEJILHOCTH. TaHAEMHas Macc-CIIEKTPOMETPUs
Haubonee IIUPOKO HCHOJIB3YETCs MJsl OIpeaesieHUs
OTIENbHBIX KOMIIOHEHTOB B CIIOXKHOH MHOTI'OKOMIIO-
HeHTHOH cmecu. B tunmunom MC/MC-a3kcniepuMeHTe

MOJICKYJISIpHbIE HOHBI (MOHBI-IIPEKYPCOPBI) HOIHIICITH-
JIOB JUCCOIMUPYIOT B ra3zoBoil ¢aze. Haubomee pac-
HPOCTPaHEHHBIM METOJOM HOHHON JANUCCOLMALUH SIBIISI-
eTCsl CTOJIKHOBEHHE 3apsDKEHHOM MOJIEKYINBI MEeNnTHIa C
MOJICKYJIaMHd MHEPTHOTO Ta3a, TaKHX KaK aproH, rejuii
WII MOJICKYJIIPHBIN a30T. DTH CTOIIKHOBEHUSI IIPUBOMSAT
K BO30Y)KICHHIO HOHOB BEIICCTBA U MOCIEAYIOMEH HX
(parMeHTalK WK AUCCOLUALIIH.

OOpa3oBaHne MHOTO3apSITHBIX HOHOB MOJICKYJIaMU
HETITH/HBIX COeMHeHuH B ycioBusax DPU sBnsercs o1-
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JTHYUTENEHON 0COOEHHOCTRIO MPOoIIecca NX HOHU3AIIHH.
ITpupona BXOAAIIMX B CTPYKTYpY MENTHIa aMUHOKHUCIIOT —
OCHOBHOM (haKTOp, BIHSIOIINIA HA PACIIPEICIICHUE 3apsi/ia B
MoJieKyse. B kauecTBe HOHOB-TIPEKypCOPOB MENTHIHBIX
coeMHEeHnH ¢ MoJeKysipHBIM BecoM 10 2 000 Jla o0bru-
HO BbIOHpatoT nousl [M+H]" u [M+2H]*, Torna kax mjs
MENTUAOB ¢ MOJIEeKyIsipHO# Maccoit 2 000-4 000 [1a naun-
Gonee mpeamouturenbHbl HOHBI [M+3H]*" u [M+4H]*,
s obecnieueHuss Gosiee BBICOKOH 3 deKTHBHOCTH
MPOTOHUPOBAHMS OCHOBHBIX YYacCTKOB MOJIEKYJ Ie-
JEBBIX COCNWHEHHWH HCIOIB3YIOT MOJABMKHBIC (haswl,
pH xoTopsix HaxoAUTCS B 00JaCTH KUCJIBIX 3HAUCHUH.

Hamu mnomyuyeHsl Macc-CIIEKTpbl CHHTETHYECKUX
arouuctoB 'HPI' ¢ mpumenenumem metoma CBDXKX-
MCBP c¢ paspemennem 50 000 Ha TOJTOBHHE BBICOTHI
U TOYHOCTBIO U3MEpPEHUsT Macc He MeHee 5 muH!. B Ta-
KHX YCIIOBHSX HaOIIOIaeTCsl BEICOKAst CEJICKTUBHOCTD U
crenu(pUUHOCTh ONpEeACNCHHUs IIeJIEBbIX COCTUHEHUN.
[Tpu ucnonszoBannun MCBP ogHoBpeMeHHO peructpu-
PYIOTCS Bce 00pasyrolnecs B MOHHOM HCTOYHHUKE HOHBI,
a HE TOJIBKO HMX HEe3HauuTellbHas 4acTb, KaKk B Cllyyae

TaHJAEMHOW Macc-criekTpomerpu. HeobOxoaumo mon-
4epkHyTbh, uTo MeToa CBIOXX-MCBP ¢ opburanpHOit
MOHHOH JIOBYIIKOW TIO3BOJISIET BO3BpallaThCs K paHee
MOJIyYEHHBIM JJaHHBIM, TO €CTh IPOBOJUTH PETPOCIIEK-
TUBHBIA aHAJIM3, a TaKXKe HICHTH()HUIUPOBATh MEeTa0O-
JIUTHI KaK B OMOJOTMYECKUX KUIKOCTIX, TaK M B CHHTE-
3UPOBAHHBIX B YCIOBUSX N VIlro.

Cunretnyeckne ananoru [HPIT, sgsnsgrommuecs
OJINTOTIENTHIAMUA W UMEIOIINE B CBOCH CTPYKTypE JIeT-
KO MPOTOHUPYIOIIUECS aAMHHOKHUCIOTHI, Y(PPEKTUBHO
noHmsupyorest B yenoBusax OPUHII, mostomy pexxnm
JIETEKTUPOBAHUSI TIOJIOKHUTEIIBHO 3apsKEHHBIX HOHOB
TTOBBIIIAET YyBCTBUTEIBHOCTD UX orpeenieHus. Bee co-
eMHEeHUs 00pa30BBIBAJIM MPOTOHUPOBAHHBIE MOJIEKY-
el [M+H]", oqHako UX MHTEHCHBHOCTH ObLiIa KpaiHe
HH3Ka, MOCKOJIBKY ISl IENITU/IHBIX BEUIECTB XapaKTep-
HO 00pa30oBaHKME MHOTO3apsAHBIX HOHOB. [IpoTOHHPO-
BaHHble MoJiekynbl ['HPI' u ero cuHTeTnueckux aHa-
JIOTOB WJACHTH(DHUIIMPOBAIA IO COBIAJCHUIO TOYHBIX
3KCNEPUMEHTAIBHBIX MAacC C PaCUETHBIMU 3HAYECHUSIMU

(Tabm. 2).

Tabamuua 2. PacueTHbIe U SKCIIEPUMEHTAIBHBIE 3HAUEHUS] TOUHBIX MAcC
MIPOTOHUPOBAHHBIX MOJIEKY] 'HPI 1 €ero CHHTETHYECKUX aHAJIOrOB

Tounast macca [M+H]*, Jla
CoenuHenne Bpyrro-opmyna A, ppm
Teop. 9KCIL.
I'nPT’ C,H, N O, 1183.5643 1183.5618 -2.13
Jeznopenun C,HN.O, 1282.6479 1282.6456 -1.86
Deprupennu C,HN O, 1153.5901 1153.5872 -2.51
Jleynpomun C,H,N O, 1209.6527 1209.6486 -3.42
Tucrpenun C,He N O, 1323.6745 1323.6695 -3.81
TozepenyH C,HN O, 1269.6488 1269.4410 -3.64
Bycepemun CeoHoN, O, 1239.6633 1239.6606 -2.18
Iedopenun C,H N.O,, 1258.5632 1258.5604 -2.22
Tpunropenauu C, H,N O, 1311.6381 1311.6344 -2.86
AnapenuH C, HN O, 1167.6058 1167.6024 -2.90
Jleynpomnua-"C, C,°"CHN O, 1215.6725 1215.6690 -2.88
Hadapenun C,HN .0, 1322.6429 1322.6398 -2.34

Ha puc. 2 u 3 B kauecTBe NPUMEPOB NMPEICTABICHBI
MacC-CIEKTPHI JIe3I0peTHa U (hepTUpenrHa, TOIydeH-
ueie MetogoM CBDXX-MCBP B ycnoBusx DPUHIT B
peXHMe TOTHOTO CKAaHUPOBAHUS C PETUCTpalueidl mo-
JIOKUTEJIbHBIX MOHOB. B 3TUX yCIIOBUAX AE3/I0pEIUH U
(deprupenH 00pa3yrOT MPOTOHUPOBAHHBIE MOIEKYIIBI
[M+H]" ¢ m/z 1282.6456 u 1153.5872 u nByx3apsaHbIe
uoubl [M+2H]*" ¢ m/z 641.8260 u 577.2972, coorBeT-
ctBeHHO. MuTeHcuBHOCTH WOHOB [M+H]" cocraBu-
mu MeHee 5% OTHOCHUTEIBHO MHTEHCHMBHOCTH HOHOB
[M+2H]*". Ananu3 Macc-CIieKTpOB JPYTHX IIEJIEBBIX CO-
€IMHEHWH, TIOYYEeHHBIX B PEKUME ITOJTHOTO CKAHUPOBa-
HUSI HIOHHOT'O TOKA, TIOKa3aJl, YTO y BCEX aHAIU3UPYEMBIX
COeAMHECHNH HanboJiee MHTEHCUBHBIMHU MOJICKYIISIPHBIMHU

HMOHAMH SIBISIIOTCS ByX3apsitHbie HoHbl [M+2H]*", ato
OOBSICHACTCS] HATMYUEM JIOTIONTHUTEIHBIX HOHOTEHHBIX
(ynkuuonansHex rpynn Ha C-xonue (NH,-rpynma), a
TaK)Ke HaJJMYUEM B CTPYKTYPE OCHOBHBIX AMUHOKHCIIOT.

Hckntouenne cocTapisieT TUCTPEINH, B COCTaB KO-
TOPOTO BXOJAUT MUPA30JIbHAS TPYIINa, HATHYUE KOTOPOH
00yCJIOBIMBAET JAONOJHUTEIBHOE MPOTOHUPOBAHUE HUC-
XOJTHOM MOJIEKYJIBI M, TAKUM 00pa3oM, Hanbosee HHTEeH-
CUBHBIM MOHOM-IIPEKYPCOPOM SBIISIETCSI HOH C 3apsii0M
+3 (puc. 4). B Macc-criekTpe rUcTpenuHa, MoJly9eHHO-
ro B ycinoBusix DPUHII ¢ perucrpauueil noiaoxuTeNb-
HBIX HMOHOB, TIPUCYTCTBYET TaKXKe JBYX3apSAHBIA HOH
[M+2H]* ¢ m/z 662.3, obnanaromuii MEHbIIEH UHTEH-
CUBHOCTBIO.
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deslorelin_CRM_1041 #441-446 RT: 342-346 AV: 6 5SB: 165 3.19-3.69 , 4.32-515 NL: 6.72E7
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deslorelin_CRM_1041 #441-446 RT: 342-346 AV: 6
T: FTMS {1,1} + p ESI Full ms [100.00-1700.00]
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Puc. 2. Macc-cnektp nesnopenuna, norydaeHHsii merogom CB2XKX-MCBP
B ycnoBusax DPUHII ¢ peructpanmeii moimHOT0 HOHHOTO TOKA.

fertirelin_CRM_1042 #388-355 RT: 3.00-3.06 AV: 8 S5SB: 164 3.19-3.69,4.32-515 NL: 4. 79E7
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fertirelin_CRM_1042 #388-395 RT: 3.00-3.06 AV: 8 SB:
T: FTMS {1,1} +p ESI Full ms [100.00-1700.00]
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Puc. 3. Macc-criextp deprupenuna, noiayueHubsrii merogom CBIXKXX-MCBP
B ycnousix OPUHII ¢ perucrpanueil mojiHOro HOHHOTO TOKA.
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Puc. 4. Macc-criekTp ructpenuta, noixydeHnbiii meronom CBOXX-MCBP
B ycnoBusix OPUHII ¢ peructpanueii moJHOro HOHHOTO TOKA.

[ocrne BoIsiBIeHNs HAaUOOIIEe UHTEHCHUBHBIX HOHOB-TIpe-
KypcopoB ['HPI" 1 ero cMHTeTHYECKHUX aHaIoroB, 0Opazyo-
mwxcst npu ucronb3oBanny IPVHII, m3ydeH mnporecc ux
(bparMeHTAaIMH B YCIIOBHSIX JIUCCOLIFAIINN, MH/TYIIIPOBAHHOM
COyIapeHUsIMH, C TIeNbI0 BRIOOpPA HanOOoIee MHTEHCHBHBIX U
XapaKTCPHUCTUIHBIX HOHOB-TIPOIYKTOB. THIT HOHOB-TIPOITYK-
TOB, HaOmonaemMbIx B MC/MC-criekTpax, 3aBUCHUT OT IepBHY-
HO TOCTIEIOBATEIIFHOCTH aMUHOKHUCIIOT W CTEIICHH IIPOTO-
HUpoBaHuA nentuaa. HomeHnkarypa oOpasyronmxcsi HOHOB
ObL1a BriepBble npemiokeHa P. Roepstorff u J. Fohlman [13]
n niozxke jronoiHeHa R.S. Johnson ¢ coasropamu [14]. Oco-
OCHHOCTH IMCCOLMALINY, AaKTHBHPOBAHHON COYHAPECHISIMH,
COEJIMHEHUH ¢ MEeNTUIHON CTPYKTYpOl MOAPOOHO ONKCaHbI
B pabote [15]. Ecnu npu pa3pbiBe ENTHIHBIX CBSI3SH Ipo-
UCXOIUT yIepXKUBAHKE 3apsifa Ha N-KOHLIEBOM (pparmeHTe,
HOH-TIPOIYKT Kiaccupuimpyercst kak A, B wmm C, a ecim
3apsiJI JIOKaIM30BaH Ha C-KOHLIEBOM (pparMeHTe, TO HOH-Ipo-
JYKT 0003Hadaercs Kak X, Y Wiv Z, TIpu 3TOM HYDKHHUH WH-
JIEKC YKa3bIBAaeT Ha KOJIMYECTBO OCTATKOB B (hpparMeHte.

Ha puc. 5 npencraBneHsl Macc-CIIeKTpbl Hadapeu-
Ha U JISYNPONHJA, MOJYyYeHHbIE B YCIOBUSX TaHIIEMHOMN
MAcC-CIEeKTPOMETPHHU TIPH (DparMeHTAINH ABYX3aPSTHBIX
MOHOB-TIPEKYpPCOPOB, 00pasyronmxcs B ycinousix IPHIT,
¢ m/z 661.9 u 605.3, coorBercTBeHHO. TaK Kak IITaBHBIMU
ommuusiMa Mexxay [HPI™ u ero aronucramu sIBISIFOTCS 3a-
MEHa IJIAIHA B MOJIOKeHnH P6 Ha Ipyroil aMUHOKHUCIIOT-
HBIA OCTATOK W/WiKu MOAM(UKAIIUS KOHIIEBOUM TPy (TO
€CTh JIEBBIC YAaCTH WX CTPYKTYP WACHTHYHBI), TO BO BCEX
MAacc-CIIEKTpax MPUCYTCTBYIOT HOHBI-IPOIYKTHI € 171/z 221.2
1 249.1 — parmenTsl a, u b,, coorBercTBeHHO. Kpome Toro,

Bce MC/MC-criekTpbl cofiepKalld HOH-TIPOYKT C m/z
159.1, COOTBETCTBYIONIMI IMMOHUIHOMY HOHY Trp’.

Janee mpoBoAus BHIOOP HOHOB-IIPOMYKTOB, OONa-
JIAIONIMX HAMOOJbIICH WHTCHCHBHOCTBIO M CIICHU(DHY-
HOCTBIO, @ TAKXKE OCYILIECCTBIUI ONTHMU3ALMIO YCIOBHI
Macc-CIEKTPAIBHOTO OTIPeICIICHISL. BayKHBIM mapaMeTpom,
BIUSIIOIINM HA HHTEHCUBHOCTH HOHOB-TIPEKYPCOPOB, SIBIISI-
eTCsl aMILTUTYIA PAJU0YaCTOThl S-00pa3HOM JIMH3BI, & JJIst
HOHOB-TIPOIYKTOB — DHEPIHsl COyIApEHUS B STUCHKE CTOM-
KHOBeHMH. HacTpoiiky OmTHKHM Macc-CIeKTpoMeTpa
BBITIOJIHSJIM B ABTOMAaTHYECKOM PEKUME HETIPEPBIBHBIM
MPSIMBIM BBOJIOM BO BHEIIHWI MCTOYHUK HWOHHU3AIUU
pacTBopoB onpezaenseMbix coeauHenuid (10 Hr/mki) ¢
ITOMOII[FI0 BCTPOCHHOTO INIPHUIIEBOTO HACOCA CO CKO-
pocthio 5-10 mkn/mMuH. Ha puc. 6 npeacraBieHsl rpa-
(WKM BIWSHUS aMIUTUTYIbI PaJMOYACTOTHI S-00pa3HOM
JIMH3bI Ha MHTCHCHUBHOCTH CUTHAJIA JBYX3aps/IHOTO HMOHA
Je3nopenHa ¢ m/z 641.88 u 3HEpPruM CTONKHOBEHHS HA
MHTEHCUBHOCTH 0OPa3yIOIIMXCsl B KAMEPE COYAAPSHHIN HO-
HOB-TIPOTYKTOB.

B ommume or HU3KOMOJICKYISIPHBIX COCIHUHEHHH, CO-
eIMHEHUs TIENTUAHOW CTPYKTyphl B ycioBusix DPUHIIT
00pa3yroT MHOTO3apsiiHbIC HMOHBI, IMOITOMY B YCJIOBHSIX
JIMICCOIMAIINY, WHIYIMPOBAHHON COyNapeHMsIMH, U HUX
XapakTepHO OOpa30BaHHE HOHOB-MPOIYKTOB, WMEFOIINX
OTHOIIICHIE MACCHI K 3apsimy OOIbIIe, YeM y HOHA-TIPEKYp-
copa. HeoO0Xomumo OTMETHTb, UTO TAKUE HOHHBIC TIEPEX0-
II1 SIBIISTIOTCSI OYCHB CICIM(MIIHBIMA M XapaKTePHUCTHI-
HbiMU. Tak, Harmpumep, TpU (pparMeHTALMH IBYX3aPSTHBIX
HOHOB-TIpeKypcopoB (hepruperumHa (m/z 577.40) v rozepenia
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Puc. 5. Macc-cnekrpsl HadapenuHa (a) u neynponauaa (0), moaydennsie Mmerogqom CBIXX-MC/MC
¢ OPUHII npu pparmenTanuu aByx3apsiiHbIX HOHOB-IIPEKYPCOPOB
¢ m/z 661.9 u 605.3, coorBercTBeHHO, pu IC 20 3B.
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(m/z 635.40), HapsiTy ¢ HIOHAMHU-TIPOTYKTAMH, IMEFOLIIAMU 11/Z
MEHBIIIE TAKOBOTO Y BBIOPAHHOTO MOHA-TIPEKYpCopa, 00pasy-
FOTCSI HOHBI-IIPOIYKTHI ¢ OONBIIM 3Ha4eHueM m/z —719.20 u
779.40, coorBercTBeHHO (puc. 7, 8). OnTuMu3aIiio yCIoBHiA
JIETCKTUPOBAHKST MOHOB-TIPOAYKTOB C OOJBIINM 3HAYCHHEM

OTHOIICHHSI MACCHI K 3apsiIy TakKe MPOBOIMIA B aBTOMATH-
YECKOM PEKHME.
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neseBbix coeuHeHnid merogom CBOXX-MC/MC B yc-
noBusix DPUHII B pexkxume MOHUTOPUHTa BBIOPAHHBIX
peaxuuii.
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Puc. 8. ABromarndeckunii BHIOOpP HOHOB-IIPOAYKTOB, 00pa3yromuXcst Ipu (pparMeHTaluy ABYX3apsiTHOTO
MoHa ro3epenuna ¢ m/z 635.40 B yCIOBHX JUCCOLUALINN, HHAYIIMPOBAHHOHN cOylapeHusIMu (a),
Y ONTHMHU3ALUS aMIDTATYIBI PaIH0YacTOThI S-00pa3HON JIMH3EI LT HOHA-TIPOAYKTa ¢ m/z 779.40 (0).
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Tabauua 3. [TapameTpsl Macc-criekTpoMeTpuueckoro onpenenenus [HPT

U €0 CHHTCTHYCCKHX arOHNCTOB

CoenuHeHue Hon Wown, m/z 2C, »B S-nun3a, 3B
IpeKypcop MPOAYKT

172.1 25

IMedopennH [M+2H]* 630.3 249.2 34 126
110.1 50
91.1 51

Tucrpenuu [M+3H]* 441.9 200.2 30 110
538.3 16
719.2 22

Deprupenns [M+2H]* 577.4 249.2 26 140
110.1 47
249.2 27

Anapenux [M+2H]* 584.4 221.2 33 100
733.6 23
249.2 31

Tpunropenux [M+2H]* 656.4 221.2 37 120
1063.5 24
249.2 31

Jlesnopenun [M+2H]* 641.9 159.2 40 115
299.3 19
249.2 31

To3epenuH [M+2H]* 635.4 607.5 16 127
779.4 23
249.2 30

Jleymiponu [M+2H]* 605.4 176.1 47 140
775.23 23
249.2 28

Jleynponua-13C [M+2H]* 608.4 221.2 33 100
917.5 14
592.5 16

Bycepenun [M+2H]* 620.5 249.1 26 130
176.2 49
249.2 35

Hadapenun [M+2H]* 662.4 170.1 51 160
176.2 51
221.1 33

T'uPT [M+2H]* 591.7 249.1 25 110
176.1 44

Onmumuszayus npoyedypuot uzenevenus I'nPI'
U €20 A2OHUCMOG U3 MOYU Yel06eKd

Xots Macc-criekTpoMeTpusi sBinseTcs dddek-
THUBHBIM METOJOM CEJIEKTUBHOIO ONpPENENICeHHs CO-
CJIMHCHHUH MEeNTUAHOW MPUPOIBI B CIOXKHBIX OHOJIO-
THYECKUX MaTpulax, MpoOOMOAroToBKa, TEM HE MEHee,
SIBIISIETCSI HEOTHEMIIEMON YaCThIO0 aHAIMTUYECKOTO TPO-
necca. B ciyyae urHopupoBaHusi HEOOXOIUMBIX ATAINIOB
MPOOOMOATOTOBKM 3HAYUTENILHOE KOJIMYECTBO KOMIIO-
HEHTOB MaTpHIIbl MOXKET NPUBECTH K KOHTAMHUHALIUU U

ITOIaBJICHUIO NOHU3AI[MU B UCTOUYHHKE.

Haubosee pacnpocTpaHeHHBIME CITOCOOAMH U3BJIC-
YEHHS IENITU/IOB U3 OUOXKUAKOCTEH SBIISIOTCS TPEIUITH-
Tarus 0eykoB [16, 17] u/umu TBepaodazHast SKCTpaKIus
(TDD) [8, 18], HO HanOOIIEE IPENMOYTHTETIBHBIM SIBIISICTCSI
nocienuuid. McnonbszoBanne TDD obecrieunBacT MaKCH-
MaJIbHYI0 CTENEHb W3BJICUEHMS COEIMHEHUM MENTHIHON
TIPUPOJTHI ¥ KOHIICHTPUPOBAHKE TIETICBBIX COSAMHEHUN TSI
JIOCTVOKEHUS] HU3KUX TIPEACIIOB OOHAPYKEHHUS, YMEHBIIIACT
3(p(EKT KOMIIOHEHTOB MAaTPHIIBI, XapaKTEPH3yeTCs BBICO-
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KOH BOCITPOM3BOIMMOCTBIO 1 BRICOKOH M30MPATEIILHOCTHIO
copbrmu. B anamitudeckoM 0030pe MOKa3aHO, YTO COp-
OCHT Ha OCHOBE ITOJIMMEPHOTO CHJIAKATEISI C TIPUIATHIMI
HenoysApHbIMA C, -IpyNnamMy UIMPOKO MPUMEHSETCS st
BBIJIETICHUS [IENTUIOB U3 OMOKHUIKOCTeH. Mcronp3oBanye
kaprpumkeit Oasis®HLB mo3BossieT 10CTHYb yIOBIETBO-
PHUTENBHON CTETMEHN W3BJICUCHUS U CEJICKTUBHOCTU IKC-
TPaKLUMK CUHTETHUECKHX aHasioros [ HPT.

Tomumepnsrit copoent Oasis"HLB npencrasisier co-
6oif comonumMep ABYX MOHOMEPOB Tmapo(iIbHOrO N-BU-
HIDIHAPPOIUIOHA ¥ JIMITOPIUIFHOTO AUBHHIIIOCH30ma. OH
XapaKTepU3yeTCs] BBICOKOH BOCIIPOU3BOAMMOCTHIO, CTa-
OMITEHOCTRIO BO BceM juanazone pH (0—14) u Bbicokoii cTe-
MICHBIO M3BJICYCHUS LIEJICBBIX COCMUHCHHUN. YHUKAIBHBIM
CBOMCTBOM 3TOTO COpOEHTA SIBJISETCS CIIOCOOHOCTH COPOHU-
pOBaTh Ha CBOCH MOBEPXHOCTH KaK HEMOJISIPHbIC BEIIECTBA,
TaK U TOJsIpHEIE. B kaduecTBe ajbTepHATHBEI paccMaTpHBa-
7 rionumMepHbIid copbert Oasis®WCX, mpe/cTapisronmii
co00li MoJMMep CO CMENIaHHOW OOpareHHO-(ha30BOM U
KaTHOHOOOMEHHO# (DYHKIIMOHAIBHOCTBIO, pa3padoTaHHbIN
JUTSI CENIEKTHBHOTO BBIICTICHUST COCIMHEHUH C CHITBHBIMU
OCHOBHBIMU CBOMCTBAMH W YCTBEPTHYHBIX aMHUHOB. J[yist
copbenta Oasis®WCX xapakTepeH CMeITaHHBIH MEXaHH3M
asicopOLMH, KOTOPBIi OCYIIECTBILIETCS 3 CUET HOHOOOMEH-
HOTO MEXaHW3Ma M 00paIeHHO-(a30BOTO B3aHMMOICHCTBHS
COEJIMHEHNS C TIOBEPXHOCTHIO COPOCHTA.

250000 ¢

200000 -

yea.en.

£ 150000 -
100000 |

50000 -

WHTEHCHBHOCTE

Hamu nipoBeieH cpaBHUTENBHBIN aHAIN3 CTENEHEN U3-
predeHus [ HPI™ 1 ero cMHTETHYECKUX aroHUCTOB U3 MOYH,
MOJyYEHHBIX ¢ NPUMEHEHUEM KOHLIEHTPUPYIOLMX [aTpo-
HOB Oasis®HLB u Oasis®WCX, nocnemHuii pekoMeHI0BaH
(bUpMOW-TTPON3BOUTENIEM JUTSI BBIJICTICHHUS COCITUHCHUI
HENTUIHON MpHpobl 13 Matpuis [19]. IIpu ucnons3oa-
uun copoenra Oasis®WCX nabmonamu 6omee 3hhexTus-
HOE M3BJICUEHHUE OTPEIeTISIEMbIX COSAMHEHUI 13 MaTPHIIBL,
9TO CBA3aHO ¢ HAIIM4KeM B cTpykrype I'HPI 1 ero cyneparo-
HUCTOB aMUHOKHCIIOT TUCTHJIMHA U pTMHKHA, 001 at0IINX
OCHOBHBIMH CBOIMCTBaMH, a TaKXKe TpunTohaHa, JISUIHHA 1
MIPOJIMHA, KOTOPBIE SBJISIFOTCS HETIONSPHBIMA AMUHOKHCIIO-
tamu. CJemOBaTeNIbHO, IIENEBbIE COSTUHEHHS CIIOCOOHBI
VIEPKUBATHCS Ha TIOBEPXHOCTH COPOECHTA 32 CYET CMEIIaH-
HOTO MEXaHW3Ma B3aUMOJAEHCTBUS, YTO NPUBOIAUT K YBe-
JMYEHHIO cTerieHel ux ussnedenus (puc. 9). Kpome Toro,
MIPOMBIBKA KapTpUIDKa MOCIe HaHeCeH s oopasma 5% pac-
TBOPOM THJPOKCH/Ia aMMOHUSI TIO3BOJISIET YAAIUTH TOJIAP-
HBIC METIAIONe KOMITOHEHTBI OMOJIOTHYECKON MaTpHIIBL,
a TMOCJIeYIONIas MPOMBIBKA CMECHIO allETOHUTPUII — BOJIA
(20/80, 00.%) — coeIMHEHYIST, UMEIOIIE MEHBIIIEE CPOJICTBO
K copOenTy. Takim 00pa3oM, NCIONIB30BaHUE ABYXCTAIUIHOM
MPOMBIBKU TEPE TAIOM NTOLMK LIENEBbIX COSIUHEHUN C
TIOBEPXHOCTH COPOEHTA MO3BOJISIET TIOMYYUTh OoJiee YHCThIN
TOAT, YTO OUYEHb BOKHO VIS JAJIbHEHMIIIEr0 Macc-ClIeKTpoMe-
TPUYECKOTO JICTEKTUPOBAHUS MENTHIHBIX MOJICKYJL.

H Qasis WCX
W Qasis HLB
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Puc. 9. Bnusinue tuma copbenTa Ha uzBneuenue [ HPI' 1 ero aroHUCTOB U3 MOYH.

AHaM3 y4acTKOB Macc-XpoMaTorpaMM, COOTBETCTBY-
IONIMX BPEMEHaM Y/CPXKUBAHUsI LIENICBBIX COCIUHEHUI B
npezienax ofHol MUHYTHI (£5%), TIOKa3aJ, 4To Ha BCEX I10-
JYYEHHBIX MacC-XpoMarorpaMmax Ha yKa3aHHBIX y4acTKax
OTCYTCTBOBAJIM HMHTEP(EPHPYIOMINE IMMKA KOMIIOHCHTOB
MATPHIIbI C OTHOILIEHNEM CUTHAII/IITYM, OOJIee MITH PaBHBIM
3:1 (puc. 10, 11). Bce BrIOpaHHBIE ITEPEXOIBI XapaKTEPU3Y-
IOTCSl BBICOKOH CEJIGKTUBHOCTBIO U CIIEIM(UIHOCTBIO, MO~
CKOJIBKY B ATHX YCIIOBHSX HHTEP(MEPEHIWS C YHIOTCHHBIMU
COCITMHEHUSIMHA MOYH MHUHUMAITHHA.

Paspaborannas meroauka omnpenenenus [HPT wu
€ro CHHTETUYECKUX arOHHCTOB B MOYE YeJIOBEKa METO-
qoM CBOXX-MC/MC 6bina BamuaupoBana. J{iist Bcex
COCJIMHCHUH OIpE/eNIeHbl  CICAYIOUINE MapaMeTphl:

MUHHMAJIFHO OIpeAessieMasl KOHICHTpamus, 3(dekrt
TOJIABIICHHSI MOHU3AIUK KOMIIOHEHTAMHU MATpPUIBI |
CTeleHb Hu3BIeUeHUs U3 Mouyu. CTerneHb H3BICUCHHS
pAcCUUTHIBAIM KaK OTHOIIEHHUE WHTCHCUBHOCTEH CHT-
HAJIOB, TONYYCHHBIX TIPH aHAJIH3€ JKCTPAKTOB 00pas-
OB MOYHU C JIOOABKOH OMNpPENesieMOro COSIUHEHHS 10
U TOCJIe TPOBEICHHUS BCEX CTAIUil MPOOOIIOArOTOBKH,
BBIPQKEHHOE B TIpOIeHTaX. {15l yCTaHOBIICGHUS MUHU-
MaJbHO ONpeNeIsieMOil KOHLEHTpalMU aHaJIU3UpOBaIU
nsTh 00pa3oB MOYM € JI00aBKOW COCTUHEHUH HA TSTH
pa3HbBIX KOHIIEHTpaIMoHHBIX ypoBHsX: 0.05,0.1,0.5,2 u
5 Hr/mut. OCHOBHBIC METPOJIOTHYECKHIE XaPaKTEPUCTHKH
Metoauku omnpenenenus I'HPI' u ero aronucToB B Moue
MPE/ICTaBIICHEI B Ta0. 4.
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Puc. 10. Macc-xpomarTorpaMmbl SKCTpakTa 00pasia CHHTETHIECKOW MOUH,
nomydeHHable MetoggoM CBOXKX-MC/MC B SRM-pexnme (CKpHHUHTOBAsI pacledaTka).
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Puc. 11. Macc-xpomMarorpaMMBbl 3KCTPaKTa BHEIIHETO 00pa3iia KOHTPOJIS KauyecTBa, conepkaiiero mo 2 ur/miu [HPT
U €T0 aroHUCTOB, morydeHubie MeTogoM CBOXKX-MC/MC B SRM-pexuMe (CKpUHHHTOBAsI paciicyaTka).
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Tadnnua 4. Metponoruueckue XxapakTepUCTUKUA METOAUKH onpeaeneHus I'HPT
U €0 CHHTETHYCCKUX aroHUCTOB B Moue MetogoM CBOXX-MC/MC (n=5)

Dddext marpunsl, %
CoennHenme Crenens n3Bneuenus, % | Ilpenen oOHapyxeHws, HI/MI
VYeunenue Ilonasnenue
Iedpopenmnn 52.6 +4.8 0.5 454+£179 -
Hadapennn 77.1+10.3 0.5 117.9£19.7 -
Jlesnopenix 96.0 + 6.6 0.1 125.9+23.2 -
DeprupenuH 91.1+15.8 0.1 3.1+17.1 -
Jleynponun 93.9+13.4 0.5 230.3 £39.7 -
luctpenun 85.7+10.9 0.5 15.3+24.0 -
Tozepenun 100.7+£13.4 0.1 354.4 +£58.7 -
Bycepenun 1069+ 11.4 0.1 253.9+£78.2 -
Tpuntopenux 98.5+12.9 0.5 50.8+10.9 -
AnapenyuH 948 +11.4 0.5 - 1.8+ 10.5
TuPT 96.8 +12.5 0.1 12.1+17.3 -
BoiBoabI JlaHHBIIA c1T0CO0 MOXKET MCIOJIb30BaThCS JJIsI OTIPE/Iee-
ausa [HPI u ero aHaiaoroB B OMOJIOIrMUYECKUX KUIKOCTAX
B nmaHHOi paboTe TpencTaBieHAa  METOJAMKA

MacC-CIEKTPOMETPUUECKOIO AETEKTUPOBAHNUS CYIIEParo-
HuctoB ['HPI, KOTOpBIE MOTEHIMAIBHO MOTYT UCITOJIb30-
BaTbCs CIIOPTCMEHAMU B KauecTBe JonuHra. ITposenena
ONITUMM3AIMST XPOMATOTPaUISCKUX U MacC-CIEeKTPO-
METPUYECKUX YCIIOBUM ONIpEAENCHUs HU3y4aeMbIX COe-
nuHenuid. [Ipenensl ooHapyxenus [HPI u ero cuHTeTH-
YEeCKHUX arOHUCTOB BaphupoBanuch ot 0.01 1o 0.1 ur/mi.
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PEOJIOI'MYECKHUE CBOHMCTBA U TEPMOCTABAJIBHOCTH JIUTHEBBIX
KOMIIO3NIIUU HA OCHOBE INIOJIM®EHUJIEHCYJIb®UTO0B
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HcceneoosaHwl peonozuueckue ceoticmea pacnaiagos noaugeruneHcyrogpuoos (I1dC) u komno-
BUYUOHHBLX MAMEPUALO8 HA UX OCHO8E 8 WUPOKOM UHMep8ale memnepamyp U KOHYeHmpa-
yuii HanoaHumenetl pasHolti npupoodsl. YemaHoeieHo, umo 8gedeHue peosoeuueckux 006asox 8
oducnepcHo- U 2ubpuUOHO-HANONTHEHHblE NOAUMEPHbLE KOMNOSUYUOHHBLE MAMepPUalbl NO380J1-
em cyuecmeeHHO YMeHbU UMb 83KOCMb U YAYUUUMb nepepabamuleaemocms KOMNOIUYULL.
Bgederue mepmocmabunusupyrouux 006a80K no3gossiem nosblcums memnepamypy nepepa-
60mKU KOMNO3UYUOHHBLX mamepuanog Ha ocHoge [IDC ¢ 320 do 340°C. IlonyueHsbl noaHvle
Kpussle mepmocmadbunvHocmu onsi [IPC-komnosuyuili 8 uupoxom ouanasoHe memnepamyp.

Knroueeble cnoea: mepmoniacmsl, NOAUCYAbPOHBL, peosocuueckue xapaKkmepucmuKu.

RHEOLOGICAL PROPERTIES AND THERMAL STABILITY
OF CAST COMPOSITIONS BASED ON POLYPHENYLENESULPHIDES

A.B. Baranov'®, I.N. Tsapenko?, A.V. Petrogradsky’, I.D. Simonov-Emelyanov?,
N.L. Shembel’

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

2JSC «Plastalen», Moscow, 107370 Russia

@Corresponding author e-mail: gsefdesx@gmail.com

The rheological properties of polysulfide (PPS) melts and composite materials based on them were
investigated in a wide range of temperatures and concentrations of fillers of different nature. It
was established that the introduction of rheological additives into dispersed and hybrid-filled
composite materials allows significantly reducing the viscosity and improving the processability
of the compositions. Introduction of heat-stabilizing additives into PPS allows expanding the
temperature interval of processing the composite materials based on PFC from 320 to 340°C.
Complete thermal stability curves for the PPS compositions in a wide temperature range were
obtained.

Keywords: thermoplastics, polyphenylenesulphides, rheological properties.

[Momudpenunencyappunbl ([IOC) — Termmocroiikue
MOJUMEPBI KOHCTPYKIIMOHHOTO Ha3HAYEHUsI Kilacca Mo-
muapuieHoB [1]. [lupoxuit mMapodHbIil acCOPTUMEHT
noau()eHUICHCYIbGUIOB U KOMIIO3UIIMOHHBIX Mate-
pHAaJOB Ha WX OCHOBE BBITyCKACT IIMPOKO H3BECTHAS
smoHckass komnanusi «DIC Corporationy. B xauectBe
MogudukaropoB [IOC U KOMIO3UIIMOHHBIX Marepua-
JIOB Ha UX OCHOBE HCIIOJB3YIOTCS Pa3InYHbIE CBETO- U
TEpPMOCTAONIIN3aTOPBI, CIIMBAIONINE areHTHl, a TaKXKe
peosnoruyeckue 100aBKU. JINTbeBbIe MOTMMEPHBIE KOM-

no3unroHubie Marepuaisl (ITKM) wa ocHoBe [1DOC co-
Jiepakart, kak npasmio, ot 30 g0 40% macc. KOpOTKHX
crexistHEBIX (CB) mm yrneponssix BosokoH (YB). B
MoclieIHee BpeMs LIUPOKO HCIOJIB3YIOTCS THOpPUAHbIE
HAIOJTHUTEINH, TPEACTABIAIONINE cO00l CMeCh KOpOT-
KHUX BOJIOKOH M JTUCTIEPCHBIX HANOJHUTENeH (CTEeKII0BO-
JIOKHO + TaJIbK, KAOJIMH, MOHTMOPHJUIOHHT U 1p.) [2].
OcHoBHOI mpoOnemoii mpu nepepadotke [1OC B
U3/IeNHS Pa3sHO TONIMIMHBI U KOH(OUTYpAIUU SBISETCS
UX BBICOKas BSI3KOCTh M HHU3Kas TEKy4YeCTh pacIuiaBa
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TIPH BBICOKUX TeMIIepaTypax rnepepadotku. [loBwimenne
TeMIepaTypbl nepepaboTKi CHUKAET BSI3KOCTh paciuia-
Ba, OJIHAKO OJTHOBPEMEHHO BO3HHUKAET MpobiieMa TepMo-
OKHUCIIUTENILHONW JIECTPYKIUHU TOIMMEpa M YXYIAIICHUs
AKCIUTYaTaIlMOHHBIX XapaKTepUCTUK W BHEIIHErO BHJA
U3ACTUM.

B cBsi3m ¢ aTUM uCCenOBaHWE PEONOTUYECKHUX
CBOHCTB, TepmocrabunsHocTtd [IOC U KOMIO3ULIMOH-
HBIX MaTEepPHaiOB HA UX OCHOBE B 3aBUCHMOCTH OT TIPHU-
POZBI ¥ COIEpKaHUs HATTOTHUTENEH U MPOIECCHHTOBBIX
JI00ABOK IMPEJICTABIISCT aKTYyaITbHYIO 3a1a9y.

B kauecTBe 00BEKTOB HCCIEI0BaHUS OBLIH BHIOpa-
HBI pa3JINYHBIC MAPKH MOTUPSHUICHCYIB(DUIOB U ITOJTH-

MEpHBIX KOMTO3UIIMOHHBIX MatepuanoB ([TIKM) na mnx
OCHOBe, BhIlTyckaeMble komnanueit «DIC Corporationy,
SAnonus (cm. ta6n. 1). Ienap paGoTel cocTosyia B U3Y-
YEeHHUH BIUSHUS COAEPIKAHUS KOPOTKUX CTEKIOBOJIOKOH,
cocTaBa THOPHIHBIX HAMOJHUTENCH, THIIOB CBETO- H
TEpMOCTa0MIN3aTOPOB, a TAKXKE PEOJIOTHUECKUX J00a-
BOK Ha TEKyUECTh PacIIaBOB U UX TEPMOCTAOMILHOCTh
B MHTepBaJlle TeMIlepaTyp HepepadOoTKH TOJMMEpPHBIX
MaTepuaoB.

BKCHepI/IMeHTaJI])HaSI HacTb

OOBEKTHI UCCIIEIOBAHMS MTPECTABICHBI B Ta0I. 1.

Taonanna 1. Cocrassl pa3nuunbix Mapok [TKM nHa ocnose [1OC,

«DIC Corporationy (SInonust)

HanoiauTens (MH) — tanbk

Jlo6aBku
HaITPaBJICHHOCTH ICHCTBHS
1P

Coneprkanue, % macc.
Mapka I[1IKM na ocnose [1OC MHHEPATHHBIHA
CTeKIIsTHHBIE BosokHa (CB)

Z-200-E5 -

FZ-1130-D5 30

FZ-1140-D5 40

FZ-1140-R5 40

FZ-2140 40

FZ-2140-B2 40

FZ-2140-D9 40

Z-240 40

Z-650 30

FZ-3600 30

FZ-6600-B2 35

TepMOCTaOIIN3aTop
(rumponMTHYecKast cTabIbHOCTD — J1-2)

TEPMOCTaOMIIN3aTOP
(rumponuTHYecKast cTabHIbHOCTD — J[-2)

CBETOCTAOMITH3aTOD
(ysryumenne Oemm3bl — [1-1)

- cMaska (peororuyeckas 1ooaska — /1-3)

- cBetocTabmmsarop + cmazka (-1 + 1-3)

30 -
30 cMaska (peororndeckas 1o0aska — /1-3)
15 cMaska (peororuyieckast 1odaska — J1-3)

BsI3Kk0CTh  pacIuiaBoB MOJMMEPHBIX MaTEpUAIOB
OTIpEIeNISTN Ha KanmuuiipHoM BHUcKo3umerpe «MHPT-
AM) nipu OCTOSTHHOM HanpsikeHuu casura (17.2 MIla)
B HM30TCPMUYECKHX YCIOBHSIX B IIMPOKOM HHTEpBAJC
temneparyp nepepadorku (280-340°C). ITokazatens Te-
kydectu paciasa (I1TP) onpenensim npu Temmeparype
300°C u narpyske 21.6 H (I'OCT 11645-73).

TepmocTtabuipHOCTh paciaBoB [IOC B obmactn
temneparyp oT 290 no 340°C uccrnemoBaiv Ha Karui-
nsipaoM Buckozumetrpe «MMPT-AM» cormacHo mero-
JuKe, ipuBeieHHoN B pabote [3]. 3a Bpems TepmocTa-
OWILHOCTH (T, ) TIONMMEPA NPH 3aJJaHHON TEMIIEpaType
OPUHUMAIKA BpEeMsi, IPU KOTOPOM H3MCHEHHE MAacCChl
(BSI3KOCTH) SKCTpynara He mpessimano 10%.

[NonmmepHbIe KOMITO3UIMOHHBIC MATEPUATIBI IEPE]T HC-
TIBITAHUSIME BBICYIMBAIM TIpH Temrieparype 135°C B Tede-
HHE 4 4 [0J] BaKyyMOM JI0 OCTaTO4HOM BriaxxHOCTH ~ 0.05%.

Pe3ynbTaThl U UX 00Cy:KIeHUE

OCHOBHOM  TEXHOJIOTMYECKOM XapaKTepUCTUKON
TEpMOIUIACTUYHBIX NOTUMEPOB SIBISETCS TOKA3aTENb Te-

kyuectu pacmiasa (ITTP). [Tonyuennsie nannsie o [TTP
JUI IOJIMMEPHBIX KOMIIO3ULIMOHHBIX MaTepHuajioB Ha OC-
HoBe [1OC pa3nuyHbIX MapoK MpeacTaBieHbl B Ta0I. 2.

[Ipu BBeneHUMM KOPOTKHMX CTEKJISHHBIX BOJOKOH
(CB) ¢ yBenuuenuem ux cogepxkanus ot 30 mo 40%
macc. i [1OC mapok FZ-1130-DS5, FZ-1140-RS u FZ-
1140-D5 nokazarenb TeKy4eCTH pacIulaBa IpU Harpy3Ke
21.6 H camxkaercs ot 6.0 10 5.0 r/10 mun [4].

Kak nemMoHCTpUpyeT cOmocTaBUTENbHBIA aHalu3
JaHHBIX, NOJYYEHHBIX IS TOJUMEPHBIX KOMIIO3ULIMOH-
HbIX MarepuasoB Ha ocHoBe [IDC (mapku Z-200-E5 u
FZ-2140-D9), Beenenue nodasok /I-1 u /I-3 npuBoaut k
BO3pACTaHUIO MOKa3aTessl TeKy4eCTH pacIuiaBa MpaKTh-
4yeckH B 2 pasa, ot 7.5 10 14 r/10 muH.

HanonHeHnue nomuMepHbIX MaTepUaIOB KOPOTKUMHU
cTeKIITHHBIMUA BoJiokHamu (CB) mpuBogaut k (opmu-
poBanuto B Marpuiie [IOC aucnepcHO-apMUPOBaHHON
CTPYKTYPBbI U, KaK CJI€JCTBUE, K pOCTY IPOYHOCTH, MOAY-
151 yIpyrocty, Temocroiikoct. Ho, ¢ 1pyroit cTopoHst,
HAIlOJIHEHUE KOMIIO3ULMM OKa3bIBaeT CYLIECTBEHHOE
BIMSIHME HA TEXHOJOTMYECKHE CBOWCTBA Marepuaia —
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Taonauna 2. [Tokazarenu texkydectu pacruiaa [IOC u monmumepHbIxX

KOMITO3ULIMOHHBIX MaTepuaiioB Ha ocHose [IDC

Mapxku ITKM Ha ocnose [1OC
Ilokazarens _ - B. é: B " o s 2. a ?:\g'
IITP, r/10 muu g Z 2 % = g- = 2 g g %
pu 300°C N N = = = ;l]q N N a I )
[ = : {
& B & & S &
Harpy3ka 21.6 H 25 45 5.0 5.0 6.0 7.5 12.5 12.5 14.0 14.0 14.5

TIOBBINIACTCS BSI3KOCTh M YXYIIIAETCs TepepadarbiBae-
MOCTh MaTepHalia B U3JIEIHsI METOJOM dKCTPY3UU U JIU-
TbSI TIOJT TABIICHUEM.

B Hacrosimiee Bpemst simoHckast komnaHusi «DIC
Corporationy TpeAOCTaBIsET MIUPOKUM ACCOPTHUMEHT
MTOJIMMEPHBIX KOMITO3UIIMOHHBIX MaTepUaIOB HA OCHOBE
[NOC, oTnmruaronuxcs TUIIOM U COJEpKaHUEM HAIlOJIHU-
teneit 1o 12.5-17% 006. (CTEKIOBOJIOKHO, YTIIEPOIHOE
BOJIOKHO, TallbK, THOpUIHBIE HamomHuTe ). Ha puc. 1
MIPUBEJICHBI PE3yJbTaThl HUCCICIOBAHUNA 3aBUCUMOCTH
BSI3KOCTH PACIUIABOB JUISl CTEKJIO- M MHUHEpAJIOHAIOI-
HeHHbIX KoMriozunuid [TOC ot Temmieparypsl.

n.Ma-c
2500 +

2000 +

1500 -

1000 -

500 + 3.6

0 T T T T T 1
280 290 300 310 320 330 340

T,°C

Puc. 1. 3aBucumocTts Bsi3kocTH paciuiasoB [1DC
OT TeMIIepaTyphl:

Z-200-E5 (1); FZ-1130-D5 (30% macc. CB + [12) (2);
FZ-1140-D5 (40% macc. CB + J1-2) (3);
FZ-1140-R5 (40% wmacc. CB + [I-1) (4);

FZ-2140-D9 (40% macc. CB +13 +111) (5);
FZ-6600-B2 (35% macc. CB + 15% macc. MH + J13) (6).

Jus IIOC mapku Z-200-ES ¢ noseliieHreM Temiepa-
Typbl oT 290 10 310°C BA3KOCTh yMEHbIIAeTCs ~ B 3 pasa
(c 1450 o 450 Ia-c); npu JaabHENIIEM MOBBIIICHUH TeM-
nieparypbl 10 320°C BI3KOCTh IPAKTUYECKU HE M3MEHSIETCS.

IIpu nanonuenun I1OC cTEKITHHBIMYU BOJIOKHAMU J10
30% macc. (mapxa FZ-1130-D5) Bsi3kocTh paciuiaBa yBe-
mauBaetcs B 3.3 paza (ot 600 g0 2000 [1a-c) B uHTEpBane
temreparyp 290-340°C. Tlpu nanmbpHEHIIEM yBETWMYCHUH
cozepkanust HaroiHuTes 10 40% Macc. BSI3KOCTH yBe-
TMYUBACTCS TPUOMIBUTENHHO Ha 20%. Clieayer OTMETHTb,

yro i [IOC FZ-1130-D5 npu temneparype 340°C Bsi3-
KOCTb MMEET COMOCTaBUMbIE 3HAYEHHS ¢ HEHATIOTHEHHBIM
nommdenmwieHcymbGuaoM (Mapka Z-200-ES).

Beenenue TepMoCTaOMIM3MPYIOIIEH U CBETOCTAOU-
musupytomer 1o6asok (-2 u JI-1) B TIOC (mapxu FZ-
1130-D5, FZ-1140-D5, FZ-1140-R5) no3BosisieT MOBBICHTh
TpeIeTIbHYI0 TeMIeparypy nepepadorku ¢ 320 mpo 340°C
(tabm. 3).

JI1s TIOBBIIICHNST TEKy4YECTH HAMOIHCHHBIX KOMITO3H-
i Ha ocHoe [IDC B MX cOoCTaB BBOAAT PEOIOTHYECKHE
JI00aBKU pas3naHON Npuposl. Ha pric. 1 mpuBeneHb! 3aBU-
CHMOCTH BSI3KOCTH PaciuiaBoB uccienoBaHHbIX [ IKM ot Tem-
neparypsl (Mapku FZ-1140-D35, FZ-1140-RS, FZ-2140-D9 u
FZ-6600-B2), coneprxanmx peonoruueckyro nooasky /-3,
cBetoctadbunmmzarop JI-1 u repmocradbunmzarop J1-2).

YCTaHOBIIEHO, YTO C MOBBILIEHHEM TeMIiepaTypbl ¢ 300
110 320°C Bsizkocth [1OC mapku FZ-1140-D5 u FZ-1140-R5
CHIDKaeTcs mpuMepHo B 2.5 pasza (¢ 2350 mo 1000 ITa-c).
ITpn BBenennu peoornaeckoit nodasku /-3 B [IOC mapox
FZ-2140-D9 u FZ-6600-B2 Bs3KOCTb CUCTEM CHHKAETCS
NPHONM3HUTENBHO B 2 pa3a B 9TOM JHAIIA30HE TEMIICPaTyp,
ot 700 1o 350 Ia-c.

Takum o0paszoM, pa3zpaboTaHHBIC SITOHCKOW KOMIIa-
nuert «DIC Corporationy TOnMMEpHbIE KOMIIO3UITMOHHBIC
Marepualibl Ha OCHOBE MOJIM(ESHUICHCYILPHIOB, HAIOJI-
HCHHBIC THOPHIHBIM HAIOJHUTENIEM U COICPIKAIIHE PEeo-
Joruueckyro 100aBky (/1-3), 1eMOHCTpHPYIOT MoKa3aTenn
BSI3KOCTH HWJKE, YeM He coneprkanmii HanonHutens [1OC.
Kaxk ciemyer n3 ananmza kpuBbIx Tedenust pacriaBoB [1OC
mapok Z-200-ES, FZ-2140, FZ-2140-D9 u FZ-6600-B2
KOMIIO3HIIMH JTOCTATOYHO XOPOIIIO TIepepadaThIBacTCs B y3-
Koit obmactu Temneparyp 300-310°C (puc. 1).

Hmskne 3HaueHus BSA3KOCTH MO3BOJLIOT Iiepepada-
THIBATh MaTepuajbl B M3/IENIME C MEHBLUIMMH 3aTparamu
SHEPIUH, OJTHAKO B OOJIACTH BBICOKHX TEMITEpATyp, KaK yKe
YIIOMUHAJIOCh, BO3MOYKHA TEPMOOKUCIHMTENIbHAA ECTPYK-
s moimMepa. Jist Bcex McclieyeMbIX MarepraioB He-
00X0IMMO OBUIO ONpPEACIUTh BPeMsl TEPMOCTaOMIBHOCTH
W YCTaHOBUTB, IOCTATOYHO JI OHO JUISl UCKITFOUCHHS TIPO-
1ecca TEPMOOKHUCIUTENBHON NIECTPYKLUUK TIOIMMepa NpH
niepepaboTKe B M3/ICNHNS METOIAMU SKCTPY3HH M JIAThS TIOJ]
JasieHueM [4, 5].

B Tabn. 3 nmpuBeneHbl MoydeHHBIE TAHHBIE O Bpe-
MEHH TEepPMOCTaOWUIBHOCTH PACIIaBOB HCCIIEIYEMBIX
komro3unuii Ha ocHoBe [1DC npu paznuuHbIX TEmMIepa-
Typax nepepadorku [TKM.

102 Toukue xumudeckue TexHosrorun / Fine Chemical Technologies 2017 Tom 12 No 2



A.B. Bapaunos, H.H. Ilannenko, A.H. Ilerporpaackuii, H.lI. CumonoB-EmeansiHoB, H.A. IllemGean

Ta6muna 3. Bpemst tepmocradbunbHocTH [1OC pasnndHbx Mapok

. Mapka [T0C Bpemst TepMOCTaOMIBHOCTH (T, , MUH) MK TEMIIEpaType pactuiasa, °C

290 300 310 320 340
1 Z-200-E5 23 15 10 7 HA
2 Z-240 16 12 5 HA
3 Z-650 13 10 5 HI
4 FZ-1130-D5 HE Te4YeT 16 11 8 5
5 FZ-1140-D5 HE TeYeT 16 11 8 5
6 FZ-1140-R5 HE TeueT 16 11 8 5
7 FZ-2140 17 10 7 5 HA
8 FZ-2140-R5 12 5 5 HA
9 FZ-2140-D9 12 5 5 HA
10 FZ-3600 14 10 7 5 HA
11 FZ-6600-B2 13 10 6 5 HA

BriepBble npeicTaBieHbl KpUBbIe TEPMOCTAOMITBHOCTH
st [IOC ¢ pa3nuiHbIM conepyKaHreM HaIONHUTENEH u
MOIU(HIPYIOMIIX T00aBOK PA3IMIHOM IPUPOIBI B IITUPO-
KOM TeMIIEpaTypHOM HHTepBaje (puc. 2).

Tpo MIH,
30 4
J -
20 4 4
10 - P
3.4
/
2
0 T T T T T 1
280 290 300 310 320 330 340
T,°C

Puc. 2. 3aBucuMocTh BpeMEHH TEpPMOCTAaOWILHOCTH
[®C ot remneparypsl:
Z-200-ES5 (1); FZ-1140-D5 (40% macc. CB + [12) (2);
FZ-2140-D9 (40% macc. CB + 11 + 13) (3);
FZ-6600-B2 (35% macc. CB + 15% macc. MH + J13).

Ha puc. 2 Bunno, uro mist [IOC mapku Z-200-ES
¢ nosbllieHueM Temneparypsl or 290 no 310°C Bpe-
Ml TEpMOCTAOMIIBHOCTH yYMeHbInaeTcs ¢ 23 no 10 mun
(mpumMepHO B 2.5 pasza), M Janee H3MCHEHHE 3aMell-
nstercst. [Ipu 100aBIEHUHM CTEKIITHHOTO HAITOJHHUTEIS
COBMECTHO C TepMOCTaOMIM3Upyromel nodaskoi J[-2
s [IOC mapku FZ-1140-DS Bpemst TepMocTaOUIIBHO-
CTH Bo3pacTaeT npumepHo Ha 10%, a TemneparypHblil
MHTEpBaJI TEPMOCTAaOMIBHOCTH paciulaBa MarepHaia
yBenmuuBaercss Ha 20°C (mo 340°C). Ilpu BBeneHuM
HAIOJHUTENEH COBMECTHO C PEOJIOTHUECKOi 100aBKOI
J-3 msa 11IDC mapox FZ-2140-D9 u FZ-6600-B2 Bpe-
MsI TEPMOCTA0UIBHOCTH CHUXKAETCSI BO BCEM JHANA30HE
temrieparyp Ha 20—40%.
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B pabote ObUIO YCTAaHOBJIEHO, YTO 3aBUCHUMOCTH
TEpPMOCTAaOMIEHOCTH PAaCIUIABOB  PA3NIUYHBIX MapoK
[NoC (Z-200-E5, FZ-1140-D5, FZ-2140-D9 wu FZ-
6600-B2) anexBaTHO OMHCHIBACTCSI B MHTEPBAJIC TEMITS-
paryp 290-340°C cnenyromuM ypaBHEHUEM:

1, =a exp(bT)

e T, — BpPEMA TEPMOCTAOMIBbHOCTH pacIlaBa, MUH;
a U b — >MOupHuUecKue mapamMeTpsl ypaBHeHuUs; 7 —
temmneparypa, °C [5].

Paccuntannbie 3HaYeHUsS KOA(DPUIIMEHTOB ypaB-
Henus (1) nmpuBenensl B Tabn. 4. [IpumeHeHue gaH-
HOTO YpPaBHEHHS ITO3BOJSET IPOTHO3MPOBATH BpPEMS
TEPMOCTAOMIBHOCTH PACILIABOB KOMITO3MIIMOHHBIX
marepuaiioB Ha ocHoBe [IDC B mHTEpBane Temmnepa-
Typ 290-340°C.

Tadnuua 4. KorctanTs! sMoupudeckoro ypaBHeHus (1)
JUTSL OTTUCaHus TepMocTabuibHOCTH paciiaBoB [1DC

Mapxka I[TOC KoapdurmenTsr
a-10° b
Z-200-E5 23 20.04
FZ-1140-D5 0.8 20.029
FZ-2140-D9, FZ-6600 2.0 20.04
BobiBoabI

1. Ha ocHOBaHUHU pE3yNIbTATOB U3YUYEHUs PEOJIO-
ruyeckux coicTB pacmiaBoB IIOC pa3nuuHbIX Ma-
POK YCTAaHOBJIEHO, YTO BBEJIEHHE PEOJIOTHYECKON 10-
O0aBku [I-3 cHWXKAET BA3KOCTh CTEKJIOHATOJIHEHHBIX
KOMITO3HIINI MPUOTU3UTENHHO B 2 pa3a B HHTEpBale
temneparyp ot 290 no 320°C.

2. Iloka3aHo, 4TO BBEJIE€HHE TEPMOCTAOMIU3UPYIO-
mux 106aBok /-1 u /I-2 B [1OC mo3BossieT pacmupuTh
TeMIepaTypHbIid HHTepBaI iepepabotku Ha 20°C.
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3. Yeranosneno, uro st [IOC mapok Z-200-ES, FZ-
1140-D5, FZ-2140-D9 u FZ-6600-B2 TtemneparypHsIit
MHTEepBaI TiepepaboTku coctapiser He Oonee 10-15°C, a
“MeHHO, 295-310°C.
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ToB MHCTHTYTa TOHKMX XUMHIeckux TexHonornit ®I'60Y BO «MockoBcekuii TexHonornaeckuit ynusepeurem (119571, Pocens, Mocksa,

np-t Bepnazckoro, 1. 86).

ITanenxo Hzopb Hurxonaeeuu, renepanbuelii qupekrop OOO «lInactanen» (107370, Poccust, Mocksa, OynbBap Mapmiana

Poxkoccosckoro, 1. 5, ctp.1).

ITempozpadcrkuii Apmem Burxmopoeuu, Kanauiar XMMAYECKHX HayK, CTAPIINN HAYIHBIA COTPYIHUK Kaeaphl XMMHUK U TEXHO-
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TEXHOJIOTUH TepepaboTKU IIacTMacC U MOIMMEPHBIX KOMIIO3UTOB MHCTUTYTa TOHKHX XuMH4ecknx TexHonoruit ®I'bOY BO «Mockos-
ckuit TexHonoruueckuit yausepcuter» (119571, Poccus, Mocksa, np-t Bepaazackoro, 1. 86).
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ruueckuid yausepcuret» (119571, Poccusi, Mockaa, nip-t Bepnaackoro, 1. 86).
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HUKOJIA TPOKO®HLEBUY ®EJIOPEHKO:
TOYHBINA PACUET U IIPEJIBUJIEHUE
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Cmamobst nocesiuera 100-nemuio co OHsi porxkderuss Hukonas IIpokogvesuua PedopeHiko, 8ul-
nyckrHuxka MUTXT um. M.B. Aomorocosa, yuacmrurxa Benurxoii OmeuecmageHHOU 80liHbL, 3a8edy-
roue2o Kageopoil SKOHOMUKU xumuuecKkoll npombiuunerHHocmu MHUTXT (1951-1962 z2.), ¢ 1953 a.
no 1958 2. — samecmumens oupexmopa MHUTXT no yuebHoii pabome. H.II. @edopeHico — 0oKmop
9KOHOMUUeCcKUX HayK, npocpeccop, axademurx AH CCCP, unen npesuduyma AH CCCP, axade-
Mmur-cekpemaps Omoenerust skoHomuku AH CCCP, o0uH u3 anagHblx ocHogamesell U nepevlii
Jupexmop ILIOMH AH CCCP (1963-1985), manarnmaugeliuuuil op2aHu3amop 9KOHOMUUECKOU
HayKu, eHeCcwull KpynHolili 8Ka0 8 paspabomry npobrem XuMuzayuu HApoOHO20 X03siicmea,
8 NpuMeHeHUe CO8PeMEeHHbIX MAMEeMAMUUECKUX Memo008 U 8blUUCIUMENbHOU MmexHUKU Os
9KOHOMUUECKUX UCCe008AHULL, 8 NIIAHUPOBAHUE, YnpasaeHue, UsyueHue meopemuuecKux u me-
mo0o.J102UUeCcKuX 0OCHO8 ONMUMANLHO20 PYHKUUOHUPOBAHUSL IKOHOMUKU.

Knroueevte cnoea: Huronaii Ilpokogvesuu Pedoperro, MUTXT um. M.B. AomoHocosa, aKra-
demurx AH CCCP, LIODMH AH CCCP, sxoHOoMUUeCKAs. HAYKA, XUMU3AUUSL HAPOOHO20 X03slicmaa.
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The article is devoted to the 100th anniversary of the birth of Nikolay Prokofyevich Fedorenko,
a graduate of M.V. Lomonosov MITHT, a participant of the Great Patriotic War, the head of
MITHT department for chemical industry economy (1951-1962), since 1953 to 1958 — the deputy
director of MITHT for studies. N.P. Fedorenko is Doctor of Economics, professor, academician of
the Academy of Sciences of the USSR, member of the presidium of the Academy of Sciences of
the USSR, academician-secretary of the Economy department of the Academy of Sciences of the
USSR, one of the main founders and the first director of the Central Economics and Mathematics
Institute of the Academy of Sciences of the USSR (1963-1985). N.P. Fedorenko was the most
talented organizer of the economic science. He made a large contribution to the chemicalization
of the national economy, to the application of modern mathematical methods and computing
hardware for economic research, to the planning, management and studying of the theoretical
and methodological bases of optimum performance of economy.

Keywords: Nikolay P. Fedorenko, M.V. Lomonosov Moscow Institute of Fine Chemical Technology,
MITHT, academician of the USSR Academy of Sciences, Central Economics and Mathematics
Institute of the USSR Academy of Sciences, economic science, chemicalization of the national
economy.
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Huxoaaii IIpokodreBuY PefOPEHKO: TOYHBIH PaCUYET H NPEABHAEHHE

ITonpem Hukoas [TpokodreBnua deqopeHKo K BepIinHAM O0T€YeCTBEHHOW HAyKH OBbLIT KPYTHIM, JUTHHHBIM U Tep-
HUCTBIM: TOJIOTHOE JETCTBO, JEPEBEHCKA MIKOJIA, CEIbXO3TEXHUKYM. ..

H.IT. ®enopenko poawics 28 anpens 1917 romga B cene IIpeoOpakenka Opexos- i
CKOro paifoHa 3amopoXKCKOi 0071acTH B KPECThAHCKOM cembe. Ilociie OKOHYaHUS HIKO- - -
JBI-YETHIPEXJICTKU M CEIBXO3TEXHUKyMa B 1936 I. OH CTaHOBHUTCS CTYJICHTOM (hakynbre-
Ta arpOXMMHUU U [TOYBOBEJCHUS TUMUPSI3EBCKON CENbCKOX03sICTBEHHOM akajneMud [ 1].

B MocCKkOBCKHMI1 HTHCTUTYT TOHKOM XUMHUYECKON TexHonornn Hukonaii @egopeHko
mpuien B 1939 rogy 3 cenbCKoXo3siiicTBEHHON akaJeMUH [0 peKOMEHIalluH podecco-
pa H.B. Bunbsimca u cpasy Ha 3-mif kypc. [Touemy 8 MUTXT? Tak coBeroBan emy H.B.
Bunbsamc u npyssst: cryaentka MUTXT Karst @ypruesa (Oyaymuil MUHHCTD KyJIbTYPbI

CCCP Exarepuna AnekceeBna @ypresa) u ee myx [lerss butkos. Imenno 8 MUTXT, |

| f
| £

MIOTOMY YTO «TaM YPOBEHb MPETOaBaHus CaMblii BRICOKUN — KaKk B YHUBEpCUTETE» [2].

Hukomnaii [TpoxodseBrY Beerma ObLT YEIOBEKOM ¢ aKTHBHOHN KU3HEHHOH ITO3UITHCH, _
JIOOPOCOBECTHBIM CTYJIEHTOM, MHOTO 3aHMMaJIcsi 00IeCTBeHHOM padoToii. M3 BocmoMu- W ES AT
Hanuit H.IT. ®enopenko: «B MUTXT mHe, kak Bcerna, Be3ino Ha yuuteneit. 000 Bcex, H.IT. ®edopenxo —

KOTO s IOMHIO JI0 CHX TOp ¥ KoMy Oyay Bcerpa OjarofapeH, pacckaszaThb, KOHEUHO, He cmyoenm 4 kypca MUTXT
cMmory. BenomuHaro nekinu npodeccopor MitozueBckoro, JlebenmHCKOT0, akajgeMuKa

HecmesiHoBa, 3aBenoBasuiero B MUTXT kadenpoii opranudeckoii xumuu, u Jp. C 0co60ii 051aroqapHOCTbIO BCIIOMHU-
Haro 3aBexayromero kadenpoir maremaruku O.H. LlyGepOmmtep, aBTopa XOpoIIo 3HAKOMOTO BCEM CTYICHTAM TEeXHIUe-
CKHUX BY30B T€X JICCATUIICTUH «KJIACCUUECKOT0» YUeOHUKA [0 aHATUTHYECKON TeOMETPUH, BBIJICPKABILIETO MIPU €€ JKU3-
Hu 23 (!) m3manust. Mory cka3ark, 4to Onbra HukonaeBHa (YMHEHITHI 1 3aMeyaTesIbHBIN Ye0BeK! ) He TOJIBKO HayduIia
MEHS MaTeMaTHKe, HO U TIPUBWIIA BKYC U JJIOOOBB K 3TOM HayKe, YTO, KaK MHE JIyMaeTcs, MPOSBUIIOCH B TIOCIIENYIOIINE
TOZIBI, KOT/IA S YKE CTall ydeHbIM» [2].

Ha 4-om kypce Huxonait ®enpopenko Obin1 n30pan cexperapeM komutera BJIKCM unctutyTa. B 7eHp Hauana
BOWHBI OH B TIEPBBIX PSAAX 3ampcaics T00pOoBONbIeM Ha (DPOHT, IToAaBasi IpuMep Ipy-
UM KOMCOMOJbIaM. Brimio Tak, uto [lens Benukoit [ToOenbl kKanmuTaH XUMHUYECKHX
Botick H.I1. ®engopenko Becrperwnn B bepnune (BMecte ¢ 28-M THEM CBOETO POXKICHUS),
BBITIOJIHAS OTBETCTBEHHOE 3aJlaHie KOMaH0BaHUs. OTHAKO MEepBBIE IIATH 110 CYPOBBIM
BOCHHBIM JIOPOTaM OH CJIeIall B TPEBOKHOM 00CTaHOBKE Hauaia BOWHBL. 1 IMEHHO B Te
HEJIETKUE TOJIbl, B KECTKUX YCIOBHSIX Y HEr0 CTaJIU MPOSBISATHCA JINUHBIE U JIEIOBBIE
KauecTBa, KOTOPbIE BIOCIEICTBUY ITPUBEIU K TBOPUECKUM U aIMUHUCTPATUBHBIM BEP-
[IMHAM OTEUeCTBEHHOHN Hayku [2].

Huxomaii [IpokodeeBry denoperko Bcriomunal: «llepen camoii BOWHOM, B Hauae
neta 1941 rona, Haia cTyieHUYeCKas rpyIia MpoXo1nia MPOU3BOACTBEHHYIO MPAKTHKY
Ha 3aBOJIC TBEPABIX CIUIaBOoB. Havaack BoliHa, MBI TIpoJI0JKamy paboraTh B 1iexax. Ho
_ ; nocie u3BectHoro BeicTyruieHus: M.B. CranuHa 1o paano 3 WIOHSA TPyNIbl CTYJEHTOB
KaumaH sumuveckux eotick  MHTXT cobpanuce B MHCTUTYTE, B ayIMTOPUH UMEHH MeHieneeBa, U 1 00bABMII 3a-

H.II. ®edopenio nUch B HapoaHOoe onomdenue. M3 npumepno 1200-1300 koMCOMOIIbIIEB HAIETO HHCTH-

TyTa B JOOPOBOJBIIBI 3aIIHCATIHCH ACCATAS YACTh. S| BRICTYIIIII ITEpe HUMH C KPaTKOH

peublo U Ha IpaBax BeaylIero coopanue 3amnucaics nepssiM. COOp 100pOBOIIBIIEB TPOUCXOANIT Yepe3 JIeHb BO JBOPE

WHCTHTYTa HHOCTPAHHBIX A3BIKOB Ha MeTpoCcTpoeBCcKo# yiuile. Tam Obuta coOpaHa repBasi JUBU3HUS OTIOTYCHIICB HME-

Hu Opynze. Ham Bbanm oOMyHIUpOBaHKUE, COCTOSIBILIEE U3 OOTHHOK ¢ 0OMOTKaMH, YePHBIX KOCTIOMOB M TOJOBHBIX

yOOpOB caMoii pa3HOOOpa3HO (hopMBbI (HaBEPHOE, CAITOT, TAMHACTEPOK U IMAJIOTOK HE XBaTaJIO /I caMoit apmun). Hac

pas3enuiv Ha OTJeNIeHUs, B3BOJIbI, poThl. KoMaHnaupoM Halero OaranboHa ObLT Ha3HAUEH PaliOHHBIN apxuTeKkTop. S

CTaJl KOMaHIUPOM oTAeeHUs. .. C HeMIaMu Mbl BCTPETHIIUCH 1107 BA3bMOH, I7ie uepe3 HECKOJIbKO JIHEH Mociie Halllero

puOBITHS Ha (PPOHT 3aBsA3amKCh TsKeneie oou. OHAKO Hallla YacTh HE ycIiesa MOMacTh B MICOPYOKY, MOCKOIbKY
HAac CPOYHO OTO3BAIH B TEUD» [3, 4].

Heno 6b1710 B TOM, 4TO B TOT MOMEHT CraBka [TTaBHOTO KOMaHJOBaHHUs [0 MHHUIIMATHBE HOBOTO HavYaJlbHUKA
I'enepanproro mrada b.M. IllanonaukoBa, cMeHuBIero Ha 3ToMm nocty I.K. XKykoBa, mpoBeira aHamm3 KaJpoBoro co-
CTaBa BOOPY)KEHHBIX CHJI, M BBISIBUIIACH HEXBATKa 0(HUIIEpOB, 0COOCHHO MHKEHEPHO-TEXHUYECKOTO cocTaBa. [ e B34Th
pecypebl i nononHeHusi? Koneuno, cpenu cTyieHToB. M BOT CTyAE€HTOB CTaM OT3bIBaTh B ThUI, IPUYEM B IEPBYIO
oyepesib OTOYCHIIECB, M HANIPABJISITh B BOCHHbBIC YUEOHbIE 3aBE/ICHHS.

«B MockBy s mpuBEN yK€ HE OTACIICHHE, a LEeNbId B3BOA... W yepe3 [eHb, MO HANpPAaBICHUI0 BOCHKOMATa, MbI
SIBIJTUCH B BOGHHO-XMMHUYECKYI0 akaieMuIo (TOra OHA Ha3bIBaJlach AKajeMus XuMudeckoii 3amutel) umeHu K.E. Bo-
pommiioBay [2]. CepbesHas yueOa B AKaJIeMUH XMM3aIIUThl Hauaaach MOCJIe TOT0, Kak OHa Obliia 3BaKyupoBaHa U 000-
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cHoBajach B Camapkanjie. Kypcanram npernojgaBajin TEXHUKY U TAKTUKY XUMHUYECKOW BOMHBI U XUMHYECKOM 3aIUTHI.
Kpome TeopeTnueckux 3aHSATUIH, OHU yJacTBOBAIU B YUCHUSIX, MAKCUMAIbHO MPUOIMKECHHBIX K PEAJIbHBIM YCIOBUSIM
BOWHBI. YUeHHs ObITH HEJICTKUMH, HO YBIEKaTeIbHBIMU. KoMaHmoBaHue (pakyasTeTa OBII0 JOBOJIBHO CITYIIATEIISIMHE, H
HEMYAPEHO, TOCKOIbKY OHH OBLIM COOpaHbI U3 TyYIIHNX CTY/ICHTOB BEAYIIUX XUMHUCCKUX By30B CTpaHbl. B ux psuax
Ha TIEPBBIX POJISIX, KoHeuHO, ObuT H.IT. demopenko — oH yumiics Ha omHu TsITepki. Oco00 OTMETHM, UTO BO BpeMsI yUe-
651 B Camapkanie B nepuon CranuHrpasckoi 6utsl Hukonait [IpokodbeBud Tpu pa3a mojaBall 3asBIeHHE ¢ IPOChOOH
IPUHSTE €T0 B TAPTHUIO U OTHPABUTH Ha (hpoHT. Ha ¢ppoHT ero He otnpaBmiy, ckaszas: «Korna OyneT HyKHO, OTIIPaBIM,
a B MapTHUIO NpUHsUIH. [10IydMB 10 OKOHYAHUY aKaJeMUH O(pUIIEpCKOE 3BaHME U «KpacHbIi» aurnoM, H.IT. denopenko
IIPH PACIPEICIICHIH TI0 MECTaM CITY>KObI KaK OTIIMYHHUK, POSBUBIINI UCCIEIOBATEIECKUE CIIOCOOHOCTH, OBLIT HAIIPaB-
JIeH B OT/eN N300peTaTesibeTBa [TTaBHOr0 BOGHHO-XUMHUYECKOTO yipaBieHust Kpacnoit Apmuu. IlepBbiM nopyueHuem
Ha HOBOM MECTE CITy)KOBI [UISl HETO CTaJId apXWBHBIC U3BICKAHUS IO HCTOPUH «XapbKOBCKOH TPYIIIBD» yUCHBIX, BIIEP-
Bele B CCCP mnozcTymaBIIMX K CO3AaHUIO aTOMHOro opyxusi. MIx nepen camoii BoitHoit otnpasuiu B I'VIIALL B ero
00513aHHOCTH TaK)KE BXOHIIA OIIEHKA PAIIHOHATN3aTOPCKHUX NpeIOKeHNH 1 n300peTeHnii. [loToM Ti1aBHEIM 00BEKTOM
BHUMaHHsI MOJIOIOTO O(UIlepa CTaJI0 COBEPLICHCTBOBAHUE MPOTHBOTA30B, YEM 3aHMMAJIOCh CPa3y HECKOJIBKO Hayd-
HO-FICCIIEIOBATEIFCKIX MHCTUTYTOB — BEJOMCTBEHHBIX M aKaJeMHUYECKHX, a Tarke pazpadotka ®OIoB (¢pyracHbIX
OTHEMETOB, JEHCTBOBABIIUX 10 MPHUHIUIY yIpaBisieMbXx MUH) 1 POI'CoB (pyYHBIX OTHEMETOB — PA3HOBUHOCTH Ie-
PEHOCHOTO OpPY’KHS), a TAK)KE MPUTOTOBIICHUE JIJIST HUX 3aXKUTaTenbHBIX cMecei. H.IT. degopenko mpuxoamIocs 9acto
€37IMTh Ha MCIBITAHUS Ha 3amaHbIi (PPOHT, KoTophle 3akoHYMIHCh yerneurHo: @OI'u u POI'CeI cTamu mpou3BOANTHCS
cepwuitao. K a1oif paboTe 100aBIIHCE TAKKE TIOE3/IKH HA HCTIBITAHMS (DITBTPYIONINX YCTPOHCTB IS IPOTUBOTa30B, TOC3IKH
I10 MECTaM BO3MOXKHOTO IIPUMEHEHU IPOTUBHUKOM XUMHYECKOI0 OpYKusl. XMMHUUYECKOE OpyKue BO BTopoii MupoBoii BOiiHE
HE IIPUMEHsUIa HU OJIHA U3 BOIOIOIIMX CTOPOH, OJHAKO BEPOSITHOCTD ITOIO COXPaHsUIACh. Tak, BO BpeMs OHOM U3 KOMaHAUPO-
BOK B benopyccuro Huxomnaii [TpokodseBuu 06HapyX 11 O0MbIION HEMEIKHIT CKIIa/l ¢ XUMUYECKUMU CHapsaamu [3].

[Mocite nemobmmzanun Hukonaii [Tpokodsesua BepHyscs B MUTXT, momydni BeIcIiee XMMHUKO-TEXHOJIOTHYE-
ckoe oOpaszoBaHue Ha Kadeape TOHKUX HEOpraHHMUECKUX MpoaykToB. [lo3ke oH BermomuHam: «IlockoiabKy pyku Mou
YK€ «OTBBIKIIA OT TIPOOHPOK», a TAK)KE ITOTOMY, YTO y MEHS IOSIBHIICS BKYC K OOIIECTBEHHBIM HayKaM, sl TIOMPOCHIT
qupexropa MUTXT I'.JI. BoBueHKO 1OMyCTUTh MEHS K aCHUPAHTCKUM HK3aMEHaM He 10 KaKoi-1ubo u3 TeXHOIoTu-
geckuX Kadenp, a o kadeape SKOHOMHKH XUMUYECKOW MPOMBIIIICHHOCTH». 3aBefoBal 3To Kadenpod Hukomaii
Hukonaesnu HekpacoB, BIOCIEACTBUM aKaJeMHK, H3BECTHBIN 3KOHOMUCT-0TpacieBuk [2]. Tak B 1946 rony Huxo-
nait ®eqopeHKo MOCTYNHII B acUpaHTypy Ha oprann3zoBanHyro H.H. HekpacoBsiM B 1943 rony B MUTXT kadenpy
OKOHOMHKHM XUMHUYECKOHM MPOMBIIIIEHHOCTH [5]. B TpynHoMm nmocnesoenHoM 1946 rogy H.I1. denopeHko BHIMOIHMI
OpUTHHAJIBHYIO pa3paboTKy, CBI3aHHYIO C SKOHOMHUYECKHMH pacueTaMi KOMOMHHPOBAaHHBIX MPOU3BOACTB. B 1949 1.
CO3/1aJT METOAUKY ONpeeSICHUs 3aTpaT U OLIEHKHU 3(D(EKTUBHOCTHU NMPOAYKTOB, MOTY4aEMbIX B KOMILUIEKCHBIX XUMHUE-
CKHX Tporieccax. He umest crienuaibHOro 3KOHOMHUYECKOT0 00pa3oBanus, Hukomnaii [TpokodbeBrd B TOM ke roay Oie-
CTAIIE 3aIUTUI KaHUATCKYyI0 JUCCEPTaluio Ha TeMy: «K n3ydeHuIo TeXHUKO-9KOHOMUYECKOH 3(h(heKTUBHOCTH KOM-
OMHUPOBAHWSI TPOU3BOACTBA NCKYCCTBEHHOTO M KHUIKOTO TOIUTUBA U OPTaHUYECKOTO CHHTe3ay». [la Tak, uTo Oymymimii
akazemuk H.H. HekpacoB Tonbko emy He moOosijics JOBEPUTH CBOIO HAyUHYIO TEMAaTHKy U cBoOo Kagenpy B MUTXT.
B nawane 1950-x romoB Ha 0a3e cepun pacyetoB H.I1. degopeHko BHEC 3HAUMTENBHBINA BKIIA]] B MPAKTHYCCKYO pea-
JM3aLUI0 UJICH yUeTa 3aTpaT B CONPSDKEHHBIX C XUMHUeEH oTpacisix. Ero Monorpadun « 9KOHOMUKA MPOMBIIIIEHHOCTH
CHUHTETHYECKHX MarepualioBy (1961) n «Bomnpockl 3KOHOMHKH TPOMBINUICHHOCTH OPTaHWYECKOTro cuHTe3a» (1967)
AKTHBHO UCIIOJIB30BAIUCH B yUeOHOM IIpoIiecce He TOIbKO Kadeapoil DKOHOMHUKH U OpraHU3aluy IPOU3BOACTBA, HO U
CTICIHATEHBIMA XUMHKO-TEXHOIOTHIECKUMHE KaeIpamu.

«[locne 3amuThl KaHIUIATCKON AUCCEpTaLUy, cocToABLICHCS B 1949 T, s 1OBOJIBHO CKOPO TOJIyYHJI 3BaHHE JI0-
neHTa. OJHaXKabl BO BpeMs JIEKLUH 51 yBuAen cpeau cryaentos Hukonas Hukonaesnua Hekpacosa. BuumarenbsHo npo-
CITyIIaB JIEKIHUIO, OH MOMOIIEN KO MHe U ckazan: «Hukonaii [IpokodbeBud, s mepexoxy MOITHOCTBIO Ha paboTy B «MH-
KOK» (MockoBckmii MHXEHEPHO-IKOHOMUYEeCKHH MHCTUTYT UM. Cepro OpmkoHUKHA3E, BHOCIEACTBHN WHCTUTYT
YIpaBICHUS) U BHXKY, YTO MOTY OCTaBUTh BaM B HACJIEICTBO CBOM KypC SKOHOMMKH XUMUYECKON MPOMBIIIICHHOCTH.
Bouitee Toro, st Oyny pekoMeHI0BaTh Bac Ha JOJDKHOCTB 3aB. Kadenapoit». Tak u npounsonwio [2]. Emte n0 npucyxaeHus
eMy y4YeHOH CTeneHH JOKTOpa HayK M 3BaHus mpodeccopa, U mo3xke — B Iopy paboTsl nmpopexTopom ¢ 1953 rona, a
3areM H 1.0. pektopa MUTXT Hukonaro [IpokodpreBrdy MOCTyNANIN MPEUIOKEHHS O TIEPEX0ie Ha Pa3InIHbBIC JTOJIK-
HOCTU BO MHOTUX OpIraHU3alUsiX.

B nepron noArotoBKy nporpaMMbl XUMH3ALMU HAPOIHOIO X0351CTBA B CTpaHe CTall BEChbMa IOIYJIIPHBIM BUIOU3MeE-
HeHHbIi J1o3yHT B.W. Jlennna « KOMMyHH3M — 3TO COBETCKas BIACTD ILTIOC ANEKTPUBHKALINS BCEU CTPAHBL, 1IF0C XUMUZAYUS
HapooHo2o xo3saticmeéay. V1 B ero peain3aliy aKTHBHOE yJacTHe TPUHAMANa HayKa, HOBBIE MacIITaOHBIC 3a1adi BCTAJH B
001acTy TOATOTOBKY KBATM(DHIIUPOBAHHBIX KaJIPOB JUIsl XUMUUECKOH MpoMbllIeHHOCTU. B To Bpems H.II. denopenko
UcnoNHs 00s3aHHOCTH pekTopa MUTXT um. M.B. JlomoHOCOBA.
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Ha py6exe 1950-60-x romor H.I1. ®enopeHko u ero Koyuieram yaajioch yOeInuTh BBICIIEE PYKOBOJICTBO pa3Bep-
HYTh KPYITHOMACIITAOHYIO IPOrpaMMy XUMH3AIMU, O1arofaps 4ueMy B CTpaHe MOSBUIIACH Pa3BUTas XMMUYECKasl MPo-
MBILIUIEHHOCTb.

Pemaromuii moBopoT B ero *xu3HU npowusomen B anpene 1960 r, korga cocrosnock IlepBoe Beecorosnoe co-
BEIIAHHWE I10 NPUMEHEHUI0 MaTeMaTUKW M BBIYMCIUTENbHOMN ENES '

TEXHUKH B DKOHOMHYECKHX HCCICTOBAHUSAX U TUIAHUPOBAHUU.
B 1963 rogy H.I1. ®enopenHko sSBUIICS OAHUM W3 WHUIIMATOPOB
CO3/IaHUsl W TOYTH YEeTBEPTh BeKa BO3MIaBIsUI LIeHTpanbHBIHi
skoHoMuKo-Maremarndecknit mactutyT AH CCCP (LIDMHN). B
ero paborax Oblia co3gaHa HayyHas 0a3a KOMIUIEKCHOW cHcCTe-
MBI pa3pabOTKH MEPCIIEKTUBHBIX HAPOTHOXO3IUCTBEHHBIX ILIa-
HOB, B KOTOPOH COYETaINCh MPOrPaMMHO-LIEIEBOE, OTPACIEBOE
U TEpPUTOPHAIIbHOE IIaHUpOBaHue. Hakoruienne u 006001eHwe
OTIBITa PEIIEHUs] SKOHOMHUKO-MAaTeMaTHYECKUX 3a]1ad, BHIPaOoT-
Ka HOBBIX TEOPETHMUECKHUX IIOJIOKEHHUM, MPUEMOB U METOIOB
SKOHOMMYECKOTO aHanu3a nosponauan H.II. ®enopenHko u ero Llenmpansisiii 5KOHOMUKO-MAMEMAMUHECK U]
CTIOIBIKHUKAM C(OPMYIHPOBATh TEOPETUICCKIE OCHOBHI U Ha- uncmumym AH CCCP (L[2MH)

METHUTb MyTH MOATAITHONW peain3alliid CUCTEMBI ONTHMAaJIbHOTO

¢dbyHknoHUpoBaHus 3koHOMHKH (CODD) [5].

H.IT. ®enopenko ObUT yBJIEYEH HCCIENOBAHHMEM MPOOJIEM palMOHAIM3AMKA MPUPOIOIIONB30BaHuA. Teopus
(YHKIIMOHUPOBAHNS YKOHOMHUKH TIO3BOJMIIA JATh HOBYIO TPAKTOBKY TaKMM KaTETOPHSIM, KaK KPUTCPHH W HOPMATH-
BbI 3(GEKTUBHOCTH U IPUHIIMIIBI OLIEHKH MPUPOAHBIX pecypcoB. OH BHEC OTPOMHBIN BKIIaJ] B pa3paboOTKy mpodiieM
KOMIUIEKCHOTO Pa3BUTHUS HAyYHO-TEXHHUYECKOro nporpecca. OH Npeaokuil B3NIAHYTh Ha OXpaHy IPUPOJIBI Tl1a3aMu
HKOHOMHCTA, YTO MO3BOJIUIIO COSTUHUTH YKOHOMHUKY U SKOJIOTHIO B €MHYIO MeTacuctemy. [1epBblii mar B peanuzanuu
9TOH UIeH 3aKITFOYAIICs B IPU3HAHUH BOCTIPOM3BOACTBA MIPUPOTHEBIX PECYPCOB cepoil MaTepHaIbHOTO IIPON3BO/CTBA.
Bcnen 3a atum Obuia chopMmynupoBaHa 3ajada HOBOTO HAyYHOTO HAIIPABICHUS — «IKOHOJIOTUW» — aHaJU3 JKOJIO-
TO-3KOHOMHYECKOH A(PPEKTUBHOCTH UCTIONH30BAHMS M PAIMOHAIFHOTO TIEpepacTIpeIeNICHNs] €CTECTBEHHBIX PECYPCOB.
OH cuuTal, 4YTO SKOJOTHUECKHUE TPUOPUTETHI JOJDKHBI YCTaHABIMUBATHCS HE TOJIBKO C YU4ETOM SKOHOMUYECKOH paIuo-
HAJIFHOCTH, HO ¥ C YYETOM COLMANBHBIX 3a/1a4. beum pa3paboTaHbl METOMUKH UCUHCICHHS ITPadoB 3a HapyIICHHEe
9KOJIOTUYECKUX HOPMATUBOB U Ha WX OCHOBE MPOBENIEHBI PACUEThI JJIsl CO3JaHM 1IeJIeBbIX ()OHIOB, HAMPABIEHHBIX Ha
(prHAHCHPOBaHKE TPUPOIO3ANTUTHBEIX MeponpusATHiA [5]. VicTionp3yst CHCTEMHBIH aHa n3 U KHOEPHETHIESCKIE METOMEI,
n3yyasi IPOTUBOPEUHs MEXKILy ObICTPO PACTYIIUM HaceJIeHUEM, OYpHBIM Pa3BUTHEM CPEACTB MTPOU3BOJICTBA U OBICTPO
HCTOMIAIONUMUCS, OTPaHUYCHHBIMHU TIPUPOIHBIMU pecypcamu, Denoperko H.I1. BHEC orpoMHBIN BKJIa]l B pa3paboTKy
IIPOTHO3HBIX MOJIENIEH COIMATbHO-9KOHOMHYECKOTO Pa3BUTHI CTPAaHbl 1 KOMIIOHOBKY MPOOJIEM KOMILIEKCHOTO CTaHOB-
JIEHUS] HAYYHO-TEXHUYECKOTO TIporpecca [6].

YropHblii Tpya, THOKas KaJIpoBas MOJIMTHKA, HAYYHOE YYThe M IPa)KIaHCKasi CTOMKOCTH MO3BOJMIIN aKaJlEMHUKY
1% H.IL ®enopenko npesparuth [[OMU B onvH U3 Jyqiiux Hay4HbIX
nenTpoB. Axanemuk H.II. degopenko Bcerna HaXoAMICs B IyLIE CO-
OBITHI ¥ OBUT HE TIPOCTO JUJIECPOM OTCUSCTBEHHON HKOHOMHYECKOM
Haykd — Ojaromapsi ero yCHWJIMAM SKOHOMHYECKas MBICIb clienaja
MOIIIHBIN TIPOPBIB HA MUPOBOH ypoBeHb. B 1964 rony Huxomaii [1po-
kobeBry DeTOPEHKO OPraHU30Bal )KypHaAT « DKOHOMHKA U MaTeMa-
TUYECKUE METOABI.

Pabots! akagemuka H.IT. @enopeHko MIMpOKO U3BECTHEI 3a pyoOe-
oM. Ero MoHOTpaduu u ctateu epeBeAeHsl Ha MHOTHE S3BIKU. OH
oIryOIIMKOBaj Oonee TPEXCOT HaydHBIX paboT. Tonbko 3a mociuenHue
JICCSTH JICT KM3HU BBIILUIN U3 TICYaTH YETHIPE €r0 MOHOTPAGHH U PSI
Hay4HbIX uccinenoBanuii. Axagemuk H.I1. degopenko BhICTyman Ha
KPYIHEHIINX MEXIyHAPOIHBIX HAYIHBIX KOH(PEPCHIISIX, B TOM JHC-
Jie Ha MUPOBBIX KOHTpeccax MexayHapoJHOTO SKOHOMETPHUYECKOTO
obmiecTBa 1 MexTyHapoJHOH 3KOHOMHUYECKON accorranni. JKeHeBCKHi YHUBEPCUTET ¥ BhICIIas 1Ikosia miaH|upoBa-
Hus u ctaructuky ([lonmpia) npucyaunu H.IT. dengopenko crenens gokrtopa Honoris causa.

Oo6men3BecTHBI Oonbme opranu3aropckue 3acmyru H.II. demopenko kak akamemmka-cekperaps OTaeneHus
skoHOMUKHU (1971-1984 rr.) u unena Ilpesuguyma (¢ 1967 r.) Axagemun Hayk CCCP. OH Takxe SBISUICA MEPBBIM
MIPE3UICHTOM MEXIyHapOAHOTO HAyYHOTO (DOH/IAa PKOHOMHUYECKHX HcclenoBaHni M. akagemuka H.IT. demopenko

Axademux H.II. @edopenko na 3acedanuu
Vuenoeco cosema [[OMU
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(MH®3MN) co mHs ero ocHoBanus B 1995 roxy. Hukomaii [IpokodbeBrd yuenssi MHOTO
BHUMAaHUsI KOOPJIUHAIUY PAOOThI aKaJeMUUECKUX HWHCTUTYTOB OOIIECOI03HOTO 3HAYEHUS.
[Tpu ero HEmOCPEICTBEHHOM yYacTHH OBLIM CO3JaHBI TaKHE HayYHBIC OpraHW3aINU, KaK
WuctutyT Jansaero Boctoka, MactutyT CLUA u Kananst, neHuHrpaackuit UHCTHTYT co- |
[IIATIFHO-YKOHOMHYECKHX Mpobiem, MHCTUTYT sk0OHOMUKH B CBEpASIOBCKE, TIONTOTOBJICHBI |
ycnoBust Ui co3aanust MHCTUTyTa HApOAHOXO3SIHICTBEHHOTO MPOrHO3UPOBaHus, MHCTUTY-
Ta mpobem peraka, MactutyTa EBponsl, UHCTHTYTA COMATBHO-OKOHOMIYECKUX MTPoOIeM
HapOJIOHACEICHNUS.

Bospmryto pons ceirpan akagemuk H.IT. @egopeHko B MOATOTOBKE HAyYHBIX KaJpOB
cTpanbl. Ha mpoTsbkeHnH Beelt HayqHOH M aIMUHUCTPATUBHOM NeSTENbHOCTH OH IOCTOSH-
HO 3aHHMMAJICSI BOCITUTAHHEM W MIPOJIBIKCHUEM HaydHOU Moojieku. Hukomnait [Tpokodne-
BUY OBUIT HE TOJBKO HACTOSIIMM YYEHBIM, HO 1 YHUKAJIbHEUIIIeH TMYHOCTHIO, OH HUKOT/Ia He
CTaBHJI B HEYI00HOE IOJIOKEHUE CBOUX YUEHHKOB, Beerna nopaepskusan ux. B IIOMW 4, 0enux H.IT. dedopenro —
apui ocoOeHHbl ayx. Hukorga 31ech He ObUIO CKIIOK, BCETJa Lapuia J00poxesa- Oupexmop LIIMHU
TeNBbHOCTb. bbUIN cephe3Hble AMCKYCCUM U Pa3roBOPBI, HO BCE MIPOUCXOAMIIO B pycie
HOpMAaNbHOU ToBapuieckoit atuku [7]. ITox HayuHbsIM pykoBoacTBoM Hukonast [IpokodbeBrda ObIIO MOATOTOBIEHO
Oosee cTa KaHAWAATOB U JIOKTOPOB YKOHOMUYECKHX HayK. MHOTHE CEeTOAHSIIHUE JTUACPH SKOHOMIUCCKON HAyKH CUH-
TaIOT ce0s €r0 yUeHHKAMHU.

Mmuoroneraunit Tpyn H.I1. ®enopenko Ha 6iaro poawHbl OblT BeICOKO orieHeH: B 1970 . H.I1. ®enopenko ObuI
ynoctoeH l'ocynapcrennoii npemun CCCP 3a BKJIaJ B 110 XMMU3AIMU CTPAHBI, HArpaXieH opeHoM JIeHuHa, ope-
HOM OKTsI0phCcKOl Peromronuu, opaerom Tpynosoro KpacHoro 3HameHu, opJieHOM «3a 3acityru niepea OTedecTBOM»
IV crenenu, a Takxe muHorumu Meaansamu. H.I1. @enopenko ckonuaics 1 ampens 2006 rona, moxopoHeH B MockBe Ha
TpoeKkypoBCKOM KT 0HIIIE.

Huxomaii [TpokodbeBud, Mo BOCHOMUHAHUSM €10 KOJUIET ¥ €JMHOMBIIUICHHUKOB, ObLT IPHHIMITHAILHBIM, OTBETCTBEH-
HBIM YEJIOBEKOM, €T0 BCEerla OTIMYajla aKTUBHAs JKM3HEHHAas MO3ULIMS, YTO SIBJIAETCS OIHUM M3 OCHOBHBIX, €CIIN HE CaMbIM
IVIaBHBIM, Ka4eCTBOM YueHOro 1 Ilearora, BOCIUTBIBAIOIIETO YHUBEPCUTETCKYIO MOJIOEKb. MBI ropanumMcs, uto B 117-1et-
Helt uctopurt MUTXT ecth criaBHBIE cTpaHuIb, BiimcanHble Hukonaem [IpokodreBruem deqopeHKo — 3aBEIyFOIINM
kadenpoii, akaJeMUKOM, OCHOBATEIEM U JUPEKTOPOM LleHTpabHOro SKOHOMHKO-MaTeMaTudeckoro nuctutyta PAH.
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06 aemopax:

Aroeneea I'amnuna HurxonaesHa, 3amecturens 3apenyonero Myseem ucropun MUTXT, ®I'BOY BO «MockoBckuii Tex-
Honoruueckuit yausepcurer» (119571, Poccus, Mocksa, ip-T Beprazackoro, 1. 86).

Bozamuikoe Bopuc dPedopoeuut, Kauauiar TEXHIUECKHIX Hayk, 3aeayrommii Myseem uctopu MUTXT, ®I'BOY BO «MockoBckuii
TexHosornueckuit yuusepcute (119571, Pocceusi, Mockaa, ip-T Beprajickoro, 1. 86).

Xabapoea Enena HeaHOBHA, KAHIUIAT XUMUYECKHX HAYK, JOIEHT KadeIphbl SKOIOTHYECKOH U IIPOMBINLICHHON Ge30MacHo-
ctr MHCTHTYTA TOHKHX XHMUUeckuX TexHonornit @I'bOY BO «MockoBckuii TexHOTOrHIeckuit yausepeute (119571, Poccust, Mockaa,
np-T Beprazckoro, 1. 86).
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IOBHUAEH

ITIOSOAPABASIEM Eaeny BaanumMHuHpoBHY CaBHHKHHY

Jupexuus, npernogaBareiny, COTPYIHUKH, aCIUPAHThl U CTYyAeHTbl MHCTUTYTa TOHKMX XUMHYECKUX TE€XHOJOTHH
MOCKOBCKOTO TEXHOJIOTHUECKOTO YHUBEPCUTETA, PEAAKIHSI U PEIKOIUICI s KypHana « ToHKre XUMHUUECKUE TEXHOIO-
THID TO3IPABIIOT podeccopa kadeaps! Heopranndeckoid xuMuu uM. A.H. Pedopmarckoro, TOKTOpa XUMHIESCKHX
Hayk EAeny BaanumupoBrny CaBHHKHHY c o0uieem!

[Ipodeccop Enena BramumuposHa CaBHHKHHA — PU3HAHHBIA CIICIMATIMCT B 00JIaCTH
KOMILJIEKCHBIX COSIMHECHUI U HaHOMarepraoB. OHa sBisieTcst aBTopoM 6oree 180 HaydHbIX
TPYZOB, B ToM uncie 90 cTareil B HayIHBIX OTEUCCTBEHHBIX M 3apyOS/KHBIX H3IAHHSX, F COAB-
TopoM 10 n300pereHuii u nareHToB. Enena BraauMmupoBHa MOCTOSHHO NPUBJIEKACT CTY/CH-
TOB ¥ aCIIUPAHTOB K aKTUBHOH HAyYHO-IIPAKTUYECCKOM padoTe, MPUHNMACT CaMoe e TEITBHOS
Y4acTHE B BOCHUTAHUH U TOATOTOBKE HAYYHO-MEAATOTMIECKUX KaJIPOB.

B MUTXT na kadenpe Heopranndeckoit xumun E.B. CaBunkuHa padoraet ¢ 1978
roaa, ¢ 2009 roga — B gomwkHoCTH ipodeccopa. Enena BnanumupoBHa — npenonasareib
BBICIICH KBaTM(UKAIMK, UMeeT modeTHoe 3Banue «JloneHt-2005». B TeueHne MHOTHX
JICT YUTACT KYPChI HCKHI/Iﬁ C IPUMCHCHUEM HOBEHIIINX O6p330BaTeJ'II>HI)IX CTaHJapTOB U
METOJIHK, BKJIIOUasi HH(POPMAIIMOHHBIE TEXHOJIOTHUH, UTO IT03BOJISIET ITOBBICHTH YPOBEHB
YCBOCHUA NUCHUITINH «06111a$1 1 HECOpraHnvcCKass XumMusy, «XUMHS PIIEMCHTOBY» U CTUMYJIMPOBATH UX yFﬂy6HeHHOC
nsyuenue cryneHTamu. B 2012-2015 rT. ucnonHsiaa 00I3aHHOCTH OTBETCTBCHHOTO CEKpeTapsi MPUEMHON KOMHCCHU
MUTXT. Ona ymeeT paboTarh ¢ JHOIbMH, MOJIB3YETCS 3aCIyKEHHBIM YBOKEHUEM y CTYIEHTOB U KOJUIET.

E.B. CaBunkuna sBisiercst coaBropoM 6osee 100 yIeOHBIX M METOANYECKHAX TPYAOB MO XHAMUH JJISI CTYICHTOB H
IIKOJBHUKOB, B TOM 4MCIIE yueOHHKA /isl By30B «O0Imast 1 HeopraHuueckast XUMus» B 2-x ToMax (nomymeno MOuH
PO B xagecTBe yueOHMKA [UIS CTYICHTOB BBICIINX yUCOHBIX 3aBEICHHH, 00YJaIOMINXCS 10 HAMPABICHUSIM MTOATOTOBKH
U CHELUATIBHOCTIM XUMHUKO-TeXHOMoruueckoro mpodpust, M.: UKL «Axagemkrauray, 2006), «XuMudeckoe paBHOBE-
cue: yuyebHoe mocooue» (momyrieHo YMO 1o KIIacCHYECKOMY YHUBEPCHUTETCKOMY 00pa30BaHUs B Ka4eCTBE Y4eOHO-
r0 MOCOOUS Ui CTYACHTOB, 00ydarommxcs 1o HanpasieHuto «Xumus», M.: BUHOM. Jlaboparopus 3nanuii, 2008),
«JIleMOHCTpallMOHHBIE OMBITHI 10 OOIICH U HEOPTaHUYECKON XUMHUN» (pekoMeHj0BaHo MO P® B kadecTBe yueOHOTO
nocoOust /ISl CTY/ICHTOB BBICIINX Y4eOHbIX 3aBeacHuil, M.: ['ymanut. uza. nentp BJIAJIOC, 2004); eto pazpaboTtan
yueOHO-METOAMYECCKII KOMIDICKT 10 XUMHU JUISI IIKOJIBHUKOB 9—11 KitaccoB (pekoMeHI0BaHO MUHHCTEpCTBOM 00pa-
30BaHMs U Hayku Poccuiickori denepanun, M.: banacc, 2012.).

Enena BrmaguMupoBHA MPUHUMAET aKTHBHOE YYaCTHE B HAYYHBIX KOH(PEPCHIUSIX H CUMIIO3UyMax, B TOM YHCIIE
C YCTHbIMHU JOKJIaJaMU. A CTYACHTBI, BBICTYIIaBUINEC HA MOJIOACIKHBIX KOH(l)CpCHHI/IHX noa €€ pykoBOoACTBOM, HCOAHO-
KpaTHO 3aHMMAaJId IPU30BbIE MECTA U 3aBOEBBIBAJIM MEIAJIH.

XKenaem Enene BraaumupoBHe 370p0OBbsI, O1aronoydus, SpKUX MO3UTUBHBIX BIICUATICHUH U AaNbHEHIIINX TBOP-
YECKHUX yCIIEeXOB!

Peokonneecus u pedam;u;z AHCYPHAIIA «TonKue xumuyeckue mexHoio2uuy HCKPCHHC MMO3APAaBJIAIOT
F'anuny mumpueeny Cepeduny c woduieem!

Hoporas 'anuna /ImutpueBHa, He oOpaiaiite BHUMaHusa Ha [UQpPHL. [71aBHOE - MO3UTHBHOE OTHOIICHUE K
JKU3HH, 3]I0pOBBE 1 JIF000BB Onm3kuX. [lycts BcE 310 Oyner y Bac eme maorue-mHorue roapl. C epBoro JHs Cy-
LIECTBOBAHUS HAILIETO KypHaJia Bel siBIsieTech caMbIM HAJEKHBIM 3BEHOM B CIIOKHOM MEXaHU3ME U31aTEIbCKOr0
MpoIecca, KOTOPOe B XOJIE MOJITOTOBKU CTAaThH K IyOJUKAIMH CBS3bIBACT M OOBEAMHSET B €MHBIH TBOPUECKUN
KOJUIEKTUB aBTOPOB, PEAAKTOPOB, PELICH3EHTOB U YWICHOB PEIKOJUIeruu. Bbl ocTaerech HEpaBHOAYIIIHBIM HHTEI-
JIUTEHTHBIM YEJIOBEKOM, HacTOSIIUM IpodeccronanoM cpoero aena, nmpeganabiv MUTXT. XKenaem Bam Bcero
camoro a00poro!
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