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Introduction

Studying of internal properties of the ethylene molecule is very important
for numerous pure scientific and applied problems of science. As the first member
of alkene homologous series, i.e. the simplest unsaturated hydrocarbon, ethylene is
important as a prototype example for this class [1, 2]. According to official data
from the Federal State Statistics Service (Rosstat), the production of ethylene in
Russia increased from 2381 to 2791 thousand tons over the past seven years (2010
to 2017). The same trend is actual in global scale as well, thus its investigation
is important from the viewpoint of gas analysis and environmental monitoring [3],
including atmospheric chemistry [4]. Ethylene is responsible for aging of vegetative
plant tissues, regulation of fruit ripening, immune response on pathogens as well as
being a part of signalling system of plants [5-12]; there are some investigations on
the impact of ethylene and its compounds (e.g., ethylene oxide) on biochemistry of
mammals [13]. Last but not least, ethylene is one of the relevant substances of study
in astrophysics as it has been detected as a trace component in the atmospheres of

the Jovian planets, their satellites and in interstellar clouds [14-24].

Isotopologues of the ethylene (including doubly deuterated asymmetric
CHy—CDy molecule) are of interest of molecular spectroscopy for the reason their
symmetries are different from the mother molecule CoHy. This simple fact makes
available to observe more vibrational bands in infrared spectra of isotopologues
compared to the spectra of the main species. Therefore one has possibility to
obtain missing informations of these vibrations. It should be emphasized here,
the potential function (or PES for Potential Energy Surface) of the molecule is
invariant with respect to isotopic substitution (in the frame of Born — Oppenheimer
approximation). This allows the data obtained from an analysis of isotopic
modifications to be used for a more complete description of the parent molecule

and, of course, of the isotopologues.

Ethylene molecule as well as its various isotopologues is an object of interest
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of physical chemistry for more than seventy years. The first infrared spectra of
all deuterated species (in natural isotope abundances) were obtained by Arnett
and Crowford [25] in 1950. Their main goal, however, was to study CyH; and
CsDy spectra. Apparently, the pioneer works of studying mono deuterated ethylene
isotopologue begin with an is an article of 1949, published in «Annales of Société
Scientifique de Bruxelles» by M. de Hemptinne and C. Courtoy [26], followed by
articles of M. de Hemptinne et al. [27-29] in the early 50s, among others, study of
the IR and Raman spectra of doubly deuterated ethylene isotopologue (including
CHy—CDsy). Apart of this work, in 1953 Crawford et al. [30] published new article
to investigate in low resolution spectral range of 600-6100 cm™! for deuterated
species. Concerning CHy,=CDs, they found band centers for 34 vibrational bands:
11 fundamentals (excluding forbidden v4) and 23 overtones and combination bands
(some misinterpretations were made) and gave comparison with de Hemptinne
data. The differences reache 2-3 cm™!, but taking into account the low resolution
one may consider it satisfactory. Crawford also gives for the first time the list of
normal vibrations of CHy—=CDsy, where CHy—=CD5 inherits notation from the mother
molecule (i.e. the numbering of vibrations is the same for CoHy and CHy=CDs). More

recent authors use the same numbering, this work is also not an exception.

The next step in the study of the infrared spectra of organic molecules is
associated with the development of experimental technique and the increase in
resolution to fractions of the inverse centimetre. In 1972, Duncan et al. [31] studied
spectra of CHy=CDy in 600-1200 cm ™! spectral region at a resolution of 0.2 cm™!
and analyzed four fundamental bands (vg, v7, vs and vyp). It was not possible to
make full and unambiguous assignment because of low resolution and, therefore, a

large number of unresolved peaks. Besides of that there was not taken into account

strong resonance interactions with v, and v3 bands. Authors also gave results of

1 1

analysis of v1 band around 3017 cm™, recorded at a resolution of 0.03-0.04 cm™".
The data obtained were used to determine rotational constants and to calculate

rotational structure of the ground vibrational state of CHy=CDs..
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In 1973, Duncan et al. [32] made investigations of infrared crystal spectra
of ethylenes at 60 K and solved a problem of determination of PES in harmonic
oscillator model. This gave them possibility to obtain all the harmonic frequencies
and, further, to calculate various spectroscopic parameters (of resonance interactions
and centrifugal distortion, for example). In 1974 Speirs et al. [33] studied
fundamental band v near 3096 cm ™! and combination bands vg+v1; (3372 cm™),
vitvg (4152 em™), vgtrg (4231 ecm™!) at a resolution of 0.03-0.04 cm™!.
Parameters of the ground state were corrected and parameters of centrifugal
distortions were included to the set for the first time.

In 1981 Duncan and Hamilton [34] improved previous calculations [32] of
the potential surface using new experimental information on various ethylene
isotopologues (including *C <« 12C isotopic substitution). As a result, Hegelund
and Duncan [35] revised ground state parameters of the CHy=CDy (comparing with
[31]) and calculated the set of parameters for the excited vibrational states (vg=1),
(v7=1), (vs—1) and (vi9—1). They took into account resonance interactions between
all the states, as well as considered v, and v3 bands, for which the parameters
were estimated by indirect methods (shifts of the energies due to interactions, etc.).
The same year, Hirota et al. [36] published an article, in which the microwave
spectra of deuterated isotopologues of ethylene were studied for the first time.
Structural constants of CHy,=CDy were determined with a high accuracy, and
dipole moment was determined for the first time. In 1982 Hegelund and Duncan
|37] and then Harper and Duncan [38] studied spectral ranges of 2000-3200 cm™*
and 1200-2000 cm™!, respectively, at a resolution of 0.05 cm~'. They took into
account weak combination bands (not observed in the spectra) effect on resonance
parameters. As a consequence, study of all the fundamental bands of the CHy=CD,
molecule in high resolution was completed.

In 1990 Hegelund [39] went back to the spectral region of 600-1200 cm™! again,
with the opportunity to record spectra at a resolution of 0.004 cm~!. Transitions of

the v3 band were assigned for the first time. Taking into account higher accuracy
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of the experiment and the greater length of the series of transitions with respect
to the quantum numbers J and K,, parameters of the ground vibrational state
were recalculated again. For the upper-state analysis, Hegelund used a model that
included six interacting states. As vibrational state (v4=1) interacted with all the
others and acted as perturbation, the parameters of the band v, were calculated.
In 1991 Hegelund [40] reanalyzed the fundamental band vis in a model of four
interacting states ((vio=2), (via—1), (vi=vi0—1), (v7—2)). Despite of the achieved
resolution (0.005 cm™1), there were no transition, corresponding to 219 overtone,
as well as the lines of forbidden v7+4vqy band. It was the final point in the study of

experimental spectra of CHy—CDs.

In 1995 Martin et al. [41] made ab initio calculations of the quartic parameters
of the PES and recalculated harmonic frequencies with an accuracy up to 10 cm™!
for all known deuterated isotopologues. They also published anharmonic corrections
for CoHy and CHy=CDy, as well as comparison between calculated and known at
the time experimental data (mentioned in this thesis). Martin et al. calculated
equilibrium geometries of the molecule, main vibrational resonances and described
the method of their determinations. Nevertheless, the described approach does
not allow one to estimate the interaction of valence and deformation oscillations

satisfactorily (the discrepancy with the parameters determined from the experiment,
is very high, for some values there is even a sign change).

Up-to-date IR-spectrometers working in 400-4000 cm ™! spectral range achieve
a resolution about 0.002 cm™! and higher (e.g., BRUKER IFS 125HR), which
is twice as high as for devices available earlier. Isotopologues are much cheaper
now (especially deuterated ones), which makes possible to carry out a series of
experiments with various pressures and absorption paths. In addition, there was no
data on transitions between excited vibrational states (so called «hot» transitions) of
the CHy=CDy molecule. Until now, absolute absorption intensities and half-widths
of the spectral lines have not been studied either. This information is of high demand

in astrophysics and planetology (in particular, replenishment of the spectroscopic
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databases HITRAN and GEISA)

All of the above ensure the relevance of the research and its results. Thus
the goal of the present work is to develop a model, which takes into account
resonance interactions in the CHy=CDs molecule and then to use this model to the

high-resolution Fourier spectra analysis with an accuracy close to experimental one.

There are several tasks to solve in order to achieve the given goal:

1. To record high-resolution spectra of CHy=CD> in several spectral regions at
various experimental conditions (pressure, temperature, pathlength) and to
assign transitions;

2. To calculate initial values of the main spectroscopic parameters (band
centers and main resonance interaction parameters) on the basis of Isotopic
Substitution Theory:;

3. To construct effective operators, taking into account symmetry of the molecule
and to describe resonance interactions between ro-vibrational states;

4. To solve inverse spectroscopic problem, to obtain a set of parameters to
reproduce ro-vibrational energy levels within accuracies close to experimental
uncertainties;

5. To measure experimental line intensities and halfwidths and to calculate

parameters of effective dipole moment and self-broadening coefficients of the

CH,—CD;, molecule.

Basic content

The first chapter of the thesis is a brief introduction into the methods and
principles of the ro-vibrational spectroscopy, in particular, some issues of effective
Hamiltonian construction; brief introduction into Isotopic Substitution Theory; some
informations on Fourier spectroscopy (mostly concerning line shapes); application

of group theory methods to the studying molecule.

In the second chapter we present the results of experimental part of

the work, namely the high-resolution IR-spectra of CHs=CDs. There is some
9



informations about FTIR-spectrometer from Braunschweig Technical University
(BRUKER IFS 120HR). The next section is devoted to the spectra recorded for the
purpose of assignment and determination of line positions and energies of transitions.
The third section is about spectra recorded in a small cell in order to measure
broadening coefficients and intensities of the lines.

The third chapter of the thesis is the main part of the work and it is
devoted to the comprehensive analysis of the recorded spectra. For each spectral
region we give the information on assignment including the number of transitions
and maximal values of the quantum numbers J and K,. There were analyzed 14
vibrational states in total, for each of them we give list of parameters. Also the
new set of ground state parameters was calculated. Weak combination bands and
overtones were observed for the first time, as well as «<hot» bands and some forbidden
in absorption transitions. Hartmann — Tran profile was used in order to fit the
experimental line shape and to obtain intensities and halfwidths of the spectral
lines. The results were used to determine effective dipole moment and self-broadening
coefficients of the CHy—CD, molecule for the first time.

Thesis then ends with a conclusion and list of references.
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Chapter 1. Brief overview of the methods

In this chapter we give the description of the main methods used in the
work, namely: how to determine molecular Hamiltonian (see in details [42-45]),
especially effective operators method (see Section 1.1); isotopic substitution theory
(Section 1.2) [46]; Fourier spectrometry (Section 1.3) [47, 48]. Section 1.4 is devoted
to the description of the molecule as an object of group theory investigation [49, 50],
as well as classification of the vibrational states on the irreducible representation of

the Cy, symmetry group.

1.1. Molecular Hamiltonian

To describe a physical process or phenomenon, one has to choose physically
based mathematical model of the object under study. In the issues of molecular
spectroscopy, particularly high-resolution spectra study, this problem is reduced
to the question: how to choose molecular Hamiltonian properly? Full and exact
description of the molecular system (we mean by this term an assembly of the
atomic nuclei and electrons) demands to construct Hamiltonian, which depends
on coordinates and spins of all the particles include in the system, then to
take into account all the interactions between them and, finally, to solve the
Schrodinger equation. To construct such a Hamiltonian is a complex problem, but
the precise solution of the Schrodinger equation is even more complicated (in general,
impossible). For this reason one has to use various approximations to describe

experimental spectra.

1.1.1. Ro-vibrational Hamiltonian

In molecular spectroscopy, Hamiltonian (non-relativistic) is typically chosen in
the following form

H = The+ Ta+ ‘/7 (11)
11



where T, and T,; are operators of kinetic energy of nuclei and electons, respectively,
V is a potential energy operator, which contains energy of electron-nucleus attraction
and energy of electron-electron and nucleus-nucleus repulsion. These operators might

be presented as follows:

h? 1 0? 0? )
nuc - T 5 + 3 1.2
‘T % <8xN oy, 02% (1.2)
h? 1 0? 0? 0?
T, = Y . H@ (83:3 + 8%2 + 823)’ (1.3)

V= Z— 3 ZNZN’—ZQZN (1.4

T ’ T
i j>i NN>N VN 2

where my and m, denote the masses of nuclei and electron; e and Zy - electron
charge and nucleus charges; r;; (resp. rynv and 7;y) is the distance between particles
i and j (resp. N and N’ or i and N). zy, yn, 2n and z;, y;, 2; are, respectively, the
coordinates of the nuclei and electrons in the chosen Cartesian space-fixed system

(hereinafter, SF'S).

This coordinate system, which is simple and traditional, is not convenient
to solve the problem. In practice one has to choose a coordinate system, related
to the molecule itself, namely, the system wherein state functions depend on
orientation of the molecule (so called rotational variables) and relative positions
of the nuclei (so called vibrational variables). Here the next problem arises: to find
the Hamiltonian (1.1) in a molecular-fixed coordinate system (hereinafter, MFS),
i.e. to transform it to the operator, which depends on rotational, vibrational and

translational variables only.

It is well known that any function of generalized coordinates x, and their
derivatives 0/0x,, can always be transformed to a system of new generalized

coordinates ¢, if the transformation laws for the coordinates and the derivatives
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are known:

Lp = fn(Qm)v 8/83771 = (I)n(Qma 8/8%) (1'5)

If the Jacobian of the transformation (1.5) is nonzero, these relations can
be determined uniquely. As it is possible to establish infinite number of such
transformations and as all the Hamiltonians obtained will have the same eigenvalues,
one has to impose some criteria to select specific transformation. Usually the
choice depends on ease (from the point of view of physics or mathematics) of the

transformed Hamiltonian in comparison with initial one.

It is known (e.g., [45]) that one of the transformations from SFS to MFS is

INa = Ra + Z Ka,@fNﬂ7 (16)
B

LTia = Ra + Z Kaﬁfiﬂa (17)
B

and it allows to separate out different types of motions in the molecule. Here xy,
and z;, are the components of vectors describing the positions of the N** nucleus
and the i"* electron in SFS; R, is the vector of the origin of the MFS with respect
to the SFS; K,z is the matrix of directional cosines of angles between the axes of
old and new systems. The MFS is determined in such a way that its origin is at the

center of mass of the molecule. This condition reads:

> mning+ Y mefig = 0. (1.8)
N 7

Here 73 are the components of the i'" electron in the molecule-fixed system, and

Tnp are expressed as

fNﬂ = 7:9\;5 + Zm&lmb\fﬂ)\Q,\, (1.9)
A

where f?\w and I[ngy are arbitrary constants; )\ are vibrational coordinates. The
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following conditions should be fulfilled:

— when the nuclei are in the equilibrium positions, 7y coincides with f?vﬁ;

— when the nuclei are in the equilibrium positions, the molecule-fixed system of

axes coincides with the principal axes of inertia of the molecule;

— the vibrations are normal — this means in the operator that describes system of

harmonic oscillators (3_, , a, <_iha%b> <_iha%b> + 2 Bu@aQy), terms

axy = By, = 0 when X\ # p;
— the Eckart conditions are fulfilled [51], [52].

Taking into account the independence of the vibrational coordinates (), these

requirements can be written as

1/2 ~
5aﬂ’ym1\{ T?VﬁlN'yAQ/\ = 07

Npy

Z lNa)\lNa,u = 5>\,u7
Na

0*V
(aQ)\aQ‘u>Q:O - 07 >\ 7é ,LL,

ZmN,FE)VafE)Vﬂ - 0,0é 7& 67
N

oV
(TQ)QZO -

(1.10)

(1.11)

(1.12)

(1.13)

(1.14)

where V' is potential function of the molecule; €,3, is the Levi-Civita symbol.

We also have to add equation (1.8), but after transforming as follows:

D myis Y meiy =0,
N i

14
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S " myPlve = 0. (1.16)
N

Now we have enough conditions to determine 3N parameters 73,5 (1.13-1.15)
and 3N (3N —6) structural constants [ygy ((1.10-1.12) and (1.16)), so transformation

(1.6-1.7) can be written explicitly.

The described scheme has some disadvantages: thus, in order to determine
the new coordinates of particles, it is necessary to know not only the nuclear
configuration but also the arrangement of all electrons at each moment, which arises
from (1.15) and the fact that the origin of the new coordinate axes is placed at the
center of mass of the whole molecule. A more appropriate way is to place the origin
of MF'S to the center of mass of the nuclei. In this case the position of the coordinate
axes depends only on the nuclear configuration and they can always be determined

easily. The formulas (1.6) and (1.7) should be transformed (see, e.g., [45]) as

_ me
TNa :Ra+ZKaﬁ (T?V5+ZmN1/2lN5AQ>\MZTiB>, (117)
A

B

2

me
Lia = Ra + ZKaﬁ (Tzﬂ - M Z/’njﬁ>7 (118)
B

J
where 7y and 73 are new nuclei and electrons positions in MF'S with the origin in
the center of mass of the nuclear system; M is the total mass of the molecule.

Parameters 735 and Iygy are determined from the same equations (1.10-1.14),

(1.16), and (1.15) changes as:

> myris =0. (1.19)
N

It is possible now to write down kinetic part of the Hamiltonian using
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(1.17-1.18). It is known [53] that momentum operators can be written as follows:

me
Pio = 77 Pa+ zﬁ: KosPis, (1.20)

M
PNQ:WNPa—i_;KOLﬂX

Zm]\? lNﬂAPA‘I‘ZZmA{ lN C)\/i ,y(;lQNN(;—

YO Ap

_mnN
SOOI NI DL DR S 3

YoXx A YoXx
(1.21)

where My is the total mass of the nuclei; P, = —ih% is the conjugated momentum
of the related translation coordinate; P, is the conjugated momentum of the
vibrational coordinate QQy; I ('5;1 are elements of the inertia tensor, which depend

on (). Operators N, have the form
Ny, =Jy,— Gy — Ly, (1.22)

where J, are components of the total-, G, — vibrational- and L, — electron-angular

momentum:

o= AP, (1.23)
Ap

o= fapy > _TigPh, (1.24)
By i

Cfu are Coriolis constants, which can be expressed in terms of {ngy:

CE\XM S — 3)\ = ZgQﬂV ZZNB)\ZNWL- (1.25)
By N
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The resulting equation for the momentum operator can be simplified using
Watson’s summation rules [54], and then, following [45], one can obtain the

Hamiltonian expressed in the new coordinates:

2
P o1 1
H:;W+2—mem P2 + ZMN (Z%) +§;P§+

(1.26)
1 N B x— -
+§Z(Ja_Ga_La)Maﬁ(JB_GB_LB)+V_gzuaa-

Hamiltonian (1.26), as emphasized in the work of Papousek and Aliev [43],

may be expressed as a sum of three parts

1 2
Ha= 5 - d PL+V, (1.27)

AH, — 20 2%34;% Z Hod Ly — (Jo = Ga) Ly — Ly (Js — Gg), (1.29)
where (1.27) is responsible for electronic energy and consists of sum of kinetic
and potential energy (1.4), expressed in terms of MFS. Formula (1.28) represents
ro-vibrational Hamiltonian: there are terms, related to i) the kinetic energy of
translational motion of the whole molecule, ii) vibrations and rotations and iii) so
called Watson term, which arises because of the transformation of the wavefunctions
[54]. Finally, in (1.29), there are terms related to i) the isotopic shift (it appears
as a consequence of the choice of the origin of the MFS in the center of mass
of the nuclear system) as well as ii) corrections, related to the electron angular

momentum. Additional corrections (e.g., relativistic or spin-spin) can always be
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taken into account by the perturbation theory.

The problem can be solved in two steps now: on the first one we analyze
movement of electrons and neglect nuclear kinetic energy, on the second — movement
of the nuclei in the effective field of the electrons. This approach is called Born —
Oppenheimer approximation and allows to consider wavefunctions of the nuclei and
electrons separately and, consequently, to express the total energy of the molecule
as sum of the electronic energies and ro-vibrational ones.

The first part is a solution of the stationary Schrodinger equation with

Hamiltonian (1.27):
Hel’gbrell (ATNK) = En (ATNK) ?,Dfll (A’I“NK) = Vn (ATNK) ¢§l (ATNK) . (130)

Equation (1.30) shows that both eigenfunctions and eigenvalues of the
electronic Hamiltonian depend on Aryg (distance between nuclei) as a parameter.
For each Aryg fixed it is possible to calculate values of the function V,(Arygk),
which is the so-called potential energy surface or PES as already defined here-above.
There are several methods to obtain PES, e.g. various ab initio calculations, however
in ro-vibrational spectroscopy it is common to calculate PES using solutions of the

Schrodinger equation with effective Hamiltonian of isolated electronic state:

HI = V, (Aryg) + (O AH; [0 (1.31)
+ (VY AH, |y (1.32)
el el el el
s <1/)n]AH1+AH2|Zm>_<gm\AH1+AH2\¢n> fws)
m#n n m

The first term (1.31) corresponds to the Born — Oppenheimer approximation,
in the second one (1.32) contribution from (1.29) is taken into account and the
last one, (1.33), is responsible for so called non-adiabatic corrections. Papousek and
Aliev note [43] that counting of (1.32) and (1.33) leads to corrections of the order

s»* (where s is Born-Oppenheimer parameter, equal to (m./M)'*) to the following
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ro-vibrational Hamiltonian:
1 1
H:§ZPA2+§ZMaﬂ(Ja—Ga)(Jﬁ—Gg)JrV, (1.34)
A o[ﬁ

where p,p are elements of reversed inertia moment tensor averaged over electronic

variables. It should be also emphasized that differences between the (1.34) and (1.28)

P2

o o1y disappears, etc.

are due to this averaging, e.g., term

1.1.2. Effective Hamiltonian. Reduction

It is well known that exact analytic solution of the Schrodinger equation is only
possible for a limited set of problems [55]. In molecular spectroscopy an example of
such a problem is calculation of the molecular hydrogen ion H,". For the polyatomic
molecules, however, one has to use mathematics of perturbation theory. It means
that Hamiltonian should be represented as H = Hy + h, (here should be noted that
solution of the Schrédinger equation with Hy is known and h is a small correction
of Hy, as well as both operators should be the functions of the same variables). On

the other hand, Hamiltonian can be assumed in the following form

H = Hy+ i H, ("), (1.35)

n=1

n

where operators H,, are operators of the order s", and s is Born-Oppenheimer

parameter, given in last subsection as (m./M )4,

It seems obvious that we can set h = >° | H,,(3") in (1.35) and then solve the
Schrodinger equation using the perturbation theory. But it should be emphasized
here that, as mentioned above, operator h should be a function of the same variables
as Hy, but operators H,(3¢"), in principle, can be functions of different variables.
In the particular case of the ro-vibrational problem, Hamiltonian Hy in (1.35) is

convenient to be chosen as a function of vibrational coordinates, then, the rotational

part will be treated as a perturbation of vibrational energy levels. Thus, operators
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H,(»") depend both on vibrational and rotational coordinates (namely, angular

momentum operators).

In traditional Rayleigh — Schrédinger perturbation theory [55] all the values
calculated are linear combinations of various matrix elements, thus, numbers. If one
will try to calculate matrix elements of perturbation operators (which are dependent
on rotational coordinates now) with eigenfunctions of Hy (vibrational functions!),
then the result will be not number, but operators (usually, non-commuting). This
fact leads to non-Hermitian terms to the energy, hence unacceptable in the context

of our quantum problem.

In order to avoid these problems, the so called effective operators method
was developed (e.g., [43], [44], [45], [56], [57]). Shortly, the method is as follows: if
the Schrodinger equation with Hamiltonian H is impossible (or too hard) to solve,
one has to construct some Hermitian operator H’, which possesses the following

properties [56]:

— solution of the Schrodinger equation with Hamiltonian H’ is determined in
explicit form;

— solution set (denoted as B’) of the Schrodinger equation with Hamiltonian H’
coincides with subset B of the solution set A of the Schrédinger equation with

initial Hamiltonian H.

Operator H' is called effective Hamiltonian (on the subset B'). Such an
operator was considered in the last subsection: solution set of the operator (1.31)
coincides with subset for the isolated electronic state. As it was stated in [45], one
can proceed similarly with ro-vibrational problem by separation of corresponding

effective rotational operators.

It is well known [55] that eigenvalues and eigenfunctions of quantum
Hamiltonian can be calculated by i) constructing Hamiltonian matrix with respect
to the orthonormal basis and then ii) diagonalization of this matrix. In order to

solve ro-vibrational problem, the basis functions are chosen as direct product of the
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harmonic oscillator wavefunctions |v) and rotational functions |R) = |Jkm). The
first step of solution is to construct a matrix with respect to the vibrational functions
|v) (the result will be a matrix composed of rotational operators). On the second
step one has to calculate matrix elements with respect to rotational functions |R).
As a result, all the elements of the final matrix will be infinite numerical matrices.
It goes without saying that this matrix is impossible to diagonalize. The solution

lies in redefinition of the H in the follow way
H— H=GHG, (1.36)

where GG = GGT = 1, and (G— 1) < 1. Eigenvalues of the initial and transformed
operators are the same in this case and their eigenfunctions are related as G, =

W, [55]. It means one can use H without change of result.

Matrix of the H constructed with respect of vibrational functions |v) (to be

more specific, let |[v) = |0)) is

(1.37)

This operator matrix is also infinite, but all the elements of (1.37) are arbitrary
due to arbitrariness of the operator G. If we will write operator G in an explicit form,

we can reduce matrix (1.37) to any given form, e.g.

Hy 0 0
0 Hy Hyp (1.38)
0 Hy Hy
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where one vibrational state (here — ground) is separated. In this case we may speak of
effective operator of the isolated vibrational state. This formula implies that problem
of determination of eigenfunctions and eigenvalues of (1.36) is now divided into two
independent problems: i) consideration of the ground vibrational state and related
ro-vibrational states; ii) consideration of all the others ro-vibrational states. This
trick helps us to simplify a problem, since it allows to choose for diagonalization

procedure only limited number of states.

The validity of this approach is discussed in details in [58], as well as explicit

form of the operator G-

G = exp (z’ > gn(%n)> , (1.39)

where g, (>") are small Hermitian operators (order of smallness is s"). In the case
when effective operator degenerates to the 1 x 1 matrix, Hamiltonian takes the

following form

HO _ By oo+ S L0l (alAl0)
ago E,— E,
(0l (al ] 3)451110)
2 (B BB )
L5~ (O1A0)0[tla)alhl0) + (lAla) {al0) 01410}
(Bo — Eo)?

(1.40)

: + ...,

a#0
where F, are eigenvalues of the state |a) (i.e., energy levels). Small operator h
depends on rotational variables. Using effective Hamiltonian (1.40) it is possible
to calculate rotational structure of the ground vibrational state of polyatomic

molecules, as it is typically well separated from excited states.

To deal with real problems of molecular spectroscopy one has to introduce
operators in order to take into account two and more interacting states. In explicit

form such operators are obtained in [45]. In general, effective operator in the presence
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of resonance interactions may be written as
HT =" o) (v/| Hyy, (1.41)

where |v) are vibrational wavefunctions. Final form of H,, depends, obviously, on
number of states to include in the problem. Besides of that, in [45] some issues
of constructing symmetrized effective operators are solved, which helps to simplify

problem according to the symmetry of the molecule and its type.

Diagonal block (lv) = [|v')) of the effective Hamiltonian (1.41) for the

asymmetric top molecule has the following form:
E W U)\-I- +§ Ty 1})\—|- -I—1 + ...
2
+ ) |B Z% (m - )
gl

J2+ < Z s 5dadsdods + ... (1.42)
ozﬁ’ycS

and non-diagonal blocks can be divided into two different types: i) |v) # |[v/), and
have the same symmetry, I'; ii) |v) # [v') and have distinct symmetries (product
I, @y 2 Ay, i.e., is not totally symmetric). Operators of the first type are called

Fermi-operators and can be assumed as

HE, = + FY J2+F}”’J2+F JE+

and the second type are Coriolis-operators, which have the form

HS, = CMid,+Cuidid,, J2} + ClYid,J* +
+ O T, Ty + C A T, T3 T }+C£§J{J$,JZ}J2+..., (1.44)

where J? = J2 + J2 + J? is the square of the angular momentum operator; J:%y =
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J? — Jyz; {A,B} = AB + BA is the anticommutator of A and B; F' and C are
resonance parameters of Fermi and Coriolis, respectively.

Effective operator (1.41) is only defined up to some unitary transformation.
Using this arbitrariness, Watson [59] showed that diagonal block (1.42) of the
asymmetric top molecular Hamiltonian can be simplified. The final expression for
the asymmetric top Hamiltonian of A standard reduced form (so called Watson

Hamiltonian) is as follows

1 1 1
H@::ﬂ+1M—§whum{@+yywc%ﬁ+§uW—my@—

— AR T = Ay 2T = AT = G { T2, TG, ) — 20507 05, +
+ HRJS+ Hyy J2J? + Hyp 2T+ Hy O + i {2, T2, + ...
+ LY TS LYo JO TP+ LY J2 T+ LY J2 T+ LTS + (1.45)

where E" is the vibrational energy of the state v (also called band center), A", B, C*
are effective rotational constants (depending on principal moments of inertia), A%
and 0"} are quartic centrifugal constants, H and hY are sextic centrifugal constants,
etc. The same transformations may be applied for the Fermi and Coriolis blocks
(1.43-1.44). This reduction is usually carried out for each specific case taking into

account vibrational energies, relations between parameters of interacting states, etc.

1.2. Isotopic Substitution Theory

Designation isotopic effect means changing of the properties of the studying
objects under isotopic substitution. Examination of the isotopic effects is essential
for the study of ro-vibrational spectra in molecular spectroscopy [60]. Isotopic
substitution changes kinetic energy of the atoms that results in shift of the molecular
spectral lines. This effect is most pronounced when hydrogen atoms are replaced
by deuterium (or tritium): the corresponding shifts of the vibrational frequencies

can reach hundreds of wavenumbers. For heavier atoms (carbon, oxygen, sulfur)
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substitution leads to weaker effect, as mass of the atom changes only by tenth, and

for the heaviest atoms (osmium or uranium) the effect is almost negligible.

In the Born — Oppenheimer approximation some molecular parameters are not
dependent on atomic masses but only on the properties of electron configuration.
These quantities are: PES, equilibrium configuration, dipole moment of the molecule,

etc. Potential function can be expanded into a series with respect to the normal

coordinates @; (1.9):

1
V="Vh+3 ;wiQi + ) FKnwQa@QuQu + - (1.46)

Auv

As coordinates @); depend on atomic masses (because of their definition), so
coefficients wy, K., etc. should be functions of atomic masses too. Therefore
to obtain the isotopic relations between molecular and spectroscopic constants
of different isotopologues one should consider the relations between the normal

coordinates of the parent molecule and its isotopically substituted modifications.

The Hamiltonian of the parent molecule is

Hix) =) Pra V(zna), (1.47)

H(z)=> PN,“ + V(zna), (1.48)

where zx, are the Cartesian coordinates of the N nucleus in the molecule
with mass my, Pya = —ih% is the conjugated momentum operator of the
coordinate xy,, m'y is the mass of the isotopologue, V(zy,) is a potential function
of the molecule, which does not depend on the masses in Born — Oppenheimer

approximation. Hence, from (1.47) and (1.48) one may rewrite the Hamiltonian
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H(x) of the isotopologue as:

/

H(z)=H(z)— ) P2, = H(z) + h. (1.49)

A 2m/ymy

In formula (1.49) we clearly distinguish a term h, which accounts for isotopic
effects. As it was described in Section 1.1, we have now to change coordinate system
from SFS (zn.) to MFS. Analogously to the relations (1.10-1.14), it is necessary
that coordinates of the isotopoloque comply with the same terms and, consequently,
transform the Hamiltonian H(x) to the Watson Hamiltonian (1.45). Since there is
an infinite number of possible transformations, the most convenient way (keeping
(1.49) in mind) is to choose the following one: i) to transform Hamiltonian of the
isotopologue with respect to the normal coordinates of the parent molecule and
then ii) to transform it into the Watson’s one (for details, see the method described
in [46]). The main advantage of the method is that h is function of masses and
of parameters of the parent molecule: equilibrium parameters 1%, transformation
coefficients [y, harmonic frequencies wy, anharmonic constants K, and inertia

moments.

Transformation coefficients of the main modification (Iy,)) and substituted
ones (ly,,) are determined from the Eckart conditions and are related to each other

as follows

mpy1/2 B
Uy = Z K(())z'ym_/ lKauO‘,\,}v (1.50)
Qs N

where parameters with prime exponent are related to isotopologue; indexes N and
K enumerate atoms; Greek indexes o and ~ are used for x, y, 2z components; A
and p enumerate vibrational states; K 27 is the matrix that provide a rotation of
the molecular equilibrium coordinate axes from a main species to a substituted one
under isotopic substitution; ), is the matrix responsible for the transformation

of normal coordinates. Elements of the latter matrix can be obtained through the
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following relations:

m
Z a0y, = Ay, = Z m_glNa)\lNaua (1.51)

v Nao
Z Ay wioy, = ocwwf. (1.52)

The elements of the rotation-matrix K 27 satisfy the normalization conditions

(related to the Eckart conditions):

Z KgﬁKgfy - Z KgaKga - 65’77 (153)

as well as

> JGKL =10 KL (1.54)

where I % are equilibrium moments of inertia of the isotopologue; J° j are determined

as
I3 =) Camnponds (1.55)
YK
DK m/KT%oz doL mILT%B
Jﬂa ZmNTNa Nﬁ Z m ) (156)
N "N

where T?vg are the equilibrium Cartesian nuclear coordinates of the parent molecule

in the MFS.

The set of equations (1.51-1.56) allows us to obtain all the values of KJ,
and «,,. This is essential to determine the ransformation coeflicients Iy, using
(1.50). Knowing these transformation coefficients, means to know everything about
ro-vibrational molecular Hamiltonian. It follows from the fact that the Hamiltonian
can be represented in the form (1.42) and quantities such as wy, y,, BY 5, etc., can
be defined through these transformation coefficients. This is also true for parameters

of non-diagonal blocks (1.43-1.43), e.g., Coriolis constants (§,, — which are included
27



into the definition of the vibrational angular momentum (1.23) and are dependent

on the Iyqy (according to the formula (1.25)) — are main Coriolis parameters CV':
cv' = 2B, (1.57)

The one example of estimation of the excited vibrational states spectroscopic

parameters of the methane isotopologue *CH3D was published in [61].

1.3. Fourier Spectroscopy

Here we give short description of Fourier spectroscopy as the experimental
spectra were recorded with a BRUKER IFS 120 HR FTIR spectrometer. This short
review is mostly based on the book of Prof. S. Albert et al. (ETH Zurich) [47] and
schoolbook on infrared spectroscopy, published by MSU [48].

The main component of a FTIR spectrometer is a Michelson interferometer

(Fig. 1.1). The light emerging from the source falls on the beamsplitter, which

Source O x

Yy
XY

Beamsplitter
Sample ik

Detector

Mowable murror

— Fixed mirror

Figure 1.1: Principal scheme of a Michelson interferometer

splits it into two beams, one is sent on a fixed mirror, and the second on the
moving one. After reflection, the two beams are then recombined at the beamsplitter

and they interfere. The result (constructive or destructive interferences) depends
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on the optical path difference between the fixed and movable mirrors, 7.e. on the
variable position z of the movable mirror. The interference signal travels through
the gas sample and is then recorded by the detector. This signal F(x) is called
an interferogram. Using a Fast Fourier Transformation algorithm, the signal is

transformed into the frequency (or wavenumber) dependent spectrum I(7).

Interferogram F(x) may be assumed as
F(z) = /[(ﬁ) cos(2mvx)dD, (1.58)
0

where [(7) is the spectral density, which is wavenumber-dependent. Formula (1.58)
shows only variable part of the interference signal. Inverse Fourier transformation

gives an expression for the spectral density:
I(5) = C / F(x) cos(2ria)dz, (1.59)
0

where C' is a normalisation constant.

Formulae (1.58) and (1.59) are applicable only to an ideal optical system. In
practice this is not true because of some limitations, e.g., finite path difference or
finite size of the optical elements. It leads to the finite instrument limited width of
the final spectral line deviating from ideal Dirac Function. Since the interferogram
cannot be recorded for an infinite path difference, it leads to the so called nominal

instrumental resolution [47]:
1

b
dyroprp

o0 = (1.60)

where dyopp is the maximum optical path difference. Interferogram is multiplied
by a rectangular function, which results in a convolution with the instrumental
line function sin(z)/z. As shown in [47], the full width at half maximum of this
instrumental line function is Ar = 1,207/2dyopp. This value is often called

unapodized resolution of the interferometer, and is obviously better than the nominal
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instrumental resolution given by (1.60).

But the real light source is not a point. This leads i) to an additional broadening
and ii) to a shift of the spectral lines, which is called self-apodization. In order to
minimize this effect, one has to use an aperture, which decreases the beam divergence
and increases the final resolution. However it might decrease the signal-to-noise ratio,

if one uses too small aperture. An optimal aperture size can be estimated as

4f2

S A— 1.61
dMOPDVmaa: ( )

dopt =

where U,,,; is the largest measurable wavenumber, f is the focal length.

As the Fourier transformed signal contains information about all the optical
elements of the interferometer, such as spectral characteristics of the light source,
mirrors, beamsplitter, filters and detector, as well as «vacuum contaminationss
that might appear within an interferometer, one measures the so-called background
spectrum [y(7), which is recorded with an empty sample cell. Repeating the
measurements with the filled with gas sample, one obtains the observed spectrum
I(7). Ratio of I(D) to Iy(P)

T(v) = (1.62)

is called transmittance spectrum, and

Iy()

oL (1.63)

A.(D) =In

is called absorbance spectrum. Frequently one uses the decadic absorbance denoted
Aqo(D).

In conclusion of this section we have to consider the questions related to line
shapes. Quantum theory shows [62]| that every spectral line has some finite width
even at ultimate instrumental resolution 67 = 0. The dominant contributions to
the real line shape in IR spectra are the following [47]:

— The Doppler effect arising from the Maxwell-Boltzmann thermal velocity
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distribution in gases. This results in a Gaussian line shape;
— The exponential decay processes (resulting in a Lorentzian line shape), in
particular those concerned with spontaneous emission of radiation (finite

lifetime), as well as collisions between molecules.

The line shapes are usually described in terms of an effective absorption cross
section, which is related to the absorption (1.63) by the Beer-Lambert-Bouguer law
as follows:

A,(5) = m% — o(7)Cl, (1.64)

where C' is the molecular concentration of particle density; [ is the effective
absorption path length; o(7) is the effective absorption cross section; Iy and I are

intensities of incident and transmitted radiation, respectively.

The natural line width is the result of spontaneous emission, described by the

Einstein A-coefficients:

k

Av, = # = cAD,, (1.65)

where k;, is the rate constant of that process (or speed of relaxation). This leads to

the Lorentzian line shape:

gy
71v) = Y —10)? + (A, /2)? (1.66)

where o is the maximum cross section; 1 is the center of the line (or frequency of
the maximum). For most molecules in the ground electronic state the lifetime of a
ro-vibrational state is of order of 1 ms or more [62], corresponding to a line width
of 107® ecm™!, which is much smaller than the Doppler width. The final spectral
resolution at room temperature (in particular, in the studying spectral range of ~
600-2000 cm™!) is mainly limited by the Doppler broadening. The resulting line
shape corresponds to the Gaussian profile due to the thermal molecular velocity

distribution:

2

o (V) = opexp [_62?(}%/;01/0)2] , (1.67)

31



where vy is the most probable molecular velocity, which is at temperature T and

with molecular mass m is given by:

ow = 1) 2L (1.68)
m

The full width at half maximum is then:

kT In 2
mc?

Avp =1 (1.69)

Obviously, this quantity depends on the temperature, mass and frequency range.
Thus, one of the way to reduce this parameter is to decrease the temperature, in
particular, using cooling cells.

Finally, the widely used Voigt line shape results from a convolution of

Lorentzian and Doppler line shapes:

c 1
—K
VoUW /T

P(:U7y) - (ajny>7 (170)

where
_ 2vIn2(v — )
B AVD ’

T (1.71)

AIJL
= Vin2 1.72
y AVD n Y ( )

K(x,y) = %/y;fp((x_i?pdr. (1.73)

K (z,y) is usually evaluated numerically. Integration in (1.73) is made over the
line.
Intensity of the isolated line shape in absence of external fields can be calculated

as follows [63]:

830 hco gA Ey
N _ Ndo' — 1— — — 2\ RE (174
s / a(o)do 4ﬂeo3hc[ eXp( kT)} Q(T) eXp( P R
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where kY is line intensity (non-dependent on the pressure and path length);
wavenumber of the transition 0 = (Ep — E4)/hc; Ep and E4 are respectively the
lower A- and upper B-level of the transition; g4 is a statistical weight of the state;
Q(T) is the partition function (calculated in Section 3.3 for the studying molecule);
RE = | (A|P,|B)| is the square of the effective dipole moment matrix element. Like
many other quantities in the method of effective operator, effective dipole moment

can also be expanded in series (parameters to determine empirically):

P. =) ol (1.75)

The full description of the process of effective dipole moment construction using
irreducible tensor operators can be found in [64]. The main point of the process
is the fact that parameters of the operator can be determined by the analysis of
experimental ro-vibrational lines. In order to do that, one has to fit the line shape
to some theoretical profile. Nowadays, the recommended profile [65] (specifically in
order the results may contribute to the HITRAN database) is so-called Hartmann —
Tran profile [66]. This profile takes into account not only Lorentzian and Doppler

line shapes, but also speed dependence of the collisions.

The Hartmann — Tran profile can be written as

FHTP = lRe ( A(V) C ) s (176)
m 1— [ch — 77(00 — 302/2)]14(1/) + %B(V)
where
A(v) = V\O/fco w(iZ ) — w(iZ.)], (1.77)

Bv) =Y |14+ Y (1-22)w(iZ ) - 2{7;_/(1 — Z2Yw(iZy)|,  (1.78)



and with w(z) = L [ gt

—o00 z—t

. = 2
Z = VXTIV VY, x= W=+ (”0“‘10) . (1.79)
Cy 2cCly
where Cy = (1 — n)(Cy — )+ oye); Cy = (1 — n)Cy with C,, = I, + iA,, with

n = 0 and 2; v, = \/ln% ['p is the most probable molecular velocity, expressed
o

in terms of Doppler width. There are seven parameters in the Hartmann — Tran
profile for the comprehensive description of the line. Four of them account for the
relaxation speed dependence of the line shape (I'g, I's, Ay, Ay), parameter 7 is the
correlation between speed and change of the rotational state due to the collisions. If
one «switch offs these parameters (i.e., not fitted but set to zero), the Hartmann —

Tran profile reduces to the Voigt profile (1.70).

1.4. Short Description of the CH,—=CD, Molecule

In this section we introduce more precisely the object of the study, namely
CHy=CDs, the doubly deuterated asymmetric isotopologue of the ethylene. It is a
planar (double bond doesn’t allow CHs and CDy groups to rotate with respect to
each other; the same is true for all ethylene isotopologues) asymmetric top molecule,
i.e., the three moments of inertia I4 p o have different values. Consequently, the

rotational constants A, B and C' are different:

h h h

8m2cly’ Smiclp’ Sm2clo (1.80)

Moments of inertia are arranged in ascending order (I4 < Ip < I¢) with respect
to I["-representation (index 7 point out that right handed coordinate system is
used). The value of asymmetry parameter kK = (2B — A — C) /(A — C) ~ —0.8600.
Schematic picture of the molecule is shown on Figure 1.2.

The studied molecule has two symmetry planes, namely, OX Z as a plane of
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Figure 1.2: CHy=CDy molecule

a molecule and OY Z, perpendicular to the first one. There is a twofold rotation
axis, Z, which lies on the line of intersection of these planes. There is no center of
symmetry since the center of mass is displaced toward the carbon atom bound to
deuterium atoms. It also means that OX and OY axes are not axes of symmetry.
Molecular symmetry group is isomorphic to Cs, point group. The list of irreducible
representations and table of characters of the (', symmetry group is represented in

Table 1.1 [50].

Table 1.1: CY, point group

Irreducible i ) Rotational
representation E Gy ou(wz) | ou(y2) Vibrations operators (I")
1 2 3 4 5) 6 7

Ay 1 1 1 1 41,92, 43, q11, G12

A, 1 1 -1 -1 G4 J., k.,
By 1 -1 1 -1 45, 965 995 10 Jy, K=y
B2 1 -1 -1 1 q7, 48 Jx; kzx

In the first column four irreducible representations are indicated, columns
2-5 give the characters of the Cy, symmetry group for each element (F is the
identity operation, Cy is twofold axis and o, are symmetry planes). Columns 6 and
7 represent classification of vibrational coordinates, rotational operators jx,w, and
direction cosines kz, [49].

All twelve normal vibrational modes, which represent collective motions of the
atoms in molecule, are shown in Figure 1.3 [67]. Arrows indicate direction of planar
motions, while out-of-plane motion of atom (bands vy, v7 and vg) is marked by «+»

and «—». For each vibration we give irreducible representation of Cs, point group. As
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it was pointed out in Introduction, vibration numbering came from parent molecule
(as it was made by Crawford [30]). It should be also emphasized that IR-spectra
of CHy=CD, are richer than those of CoHy (11 against 5 IR-active fundamental
vibrations), since Cs, is a subgroup of Dy, (point group of the main species). The

only fundamental state forbidden by symmetry is (vy = 1).

b V2 : Vs : Va

D Aq A A

Vs Ve vz Vs
B B : B- : B:-
Vo Vo Vs Viz
B: B1 A: A+

Figure 1.3: Normal vibrational modes of CH,=CD,

According to [67], asymmetric top molecule of the Cs, group has three types
of vibrational bands which are allowed in absorption from the ground vibrational
state (these selection rules are related to the symmetry properties of dipole moment
operator):

— the A; + A; bands are the a—type ones, and the selection rules for them are
AJ =0,%+1 and AK, = even, AK,. = odd;

— the By <~ A; bands are the b—type ones, and the selection rules for them are
AJ =0,£1 and AK, = odd, AK,. = odd;

— the By < A; bands are the c—type ones, and the selection rules for them are
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AJ =0,41 and AK, = odd, AK,. = even.

Now one can classify all the fundamental bands of CHy=CDs: vy, 1, v3, 11
and vy are a—type bands, vs, vg, V9 and vy are b—type bands, v7 and vg are c—type.
vy is forbidden in absorption. All doubly excited (actually, any even) overtones are
of a—type. Concerning combination bands, one has to use Table 1.1 to find the
corresponding type. For example, band v7; + vy is forbidden in absorption, since
corresponding state (v; = v1p = 1) is transformed by the irreducible representation
Ay of Oy, point group. It means that transitions from ground state to v7; + vy
can be observed only in the case of strong resonance interactions with neighboring
vibrational states. The reverse example is vy + v7 band: although (vy = 1) state
is forbidden, (vy = v; = 1) state is transformed in respect with Bj irreducible

representation, therefore v4 4+ 7 band is of b—type and is IR-active.
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Chapter 2. Experiment

In this chapter we introduce the experimental part of the thesis work by a short

description of the experimental setup and the experimental spectra.

2.1. Description of the experimental setup

Experiment was made in the Braunschweig Infrared Laboratory, more precisely
in the Institut fiir Physikalische und Theoretische Chemie, Technische Universitét
Braunschweig under supervision of Prof. S. Bauerecker. Principal scheme of the

experimental setup is presented on Figure 2.1.

1 - Source; 2 - Rotating mirror; 1
3 - Aperture; 4 - Fixed mirror; _
5 - Beamsplitter; 6 - Movable mirror; ]
7 - Filter; 8 - Sample; 9 - Detector

ol o NN/ o \ 5
R E:n :><:§/ -4

AA)
1\
r

° o/ ~" I,
I =/
o50—t 1

Figure 2.1: FTIR BRUKER IFS 120HR scheme

The main differences with factory default device are:

— new vacuum system;

— two external multi-pass White cells: the first is 1 m long (maximal optical
pathlength up to 50 meters) and the second is 2.4 m (maximal optical
pathlength up to 200 meters) |68];

— set of the short cells: 1.49 mm and 0.24 mm for the high-pressure measurements
[69];
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— possibility to adjust the temperature of the external multi-pass cells.

Nominal resolution of the setup, 627, depends on 1/dyopp and for the maximum
path of the moving mirror of 2.38 m is equal to 0.0021 cm~!. To achieve maximum
resolution all the spectra were recorded in Bozcar mode (it means, without
apodization). A Globar source, a KBr beamsplitter and windows, a mercury-
cadmium-telluride semiconductor detector and the sample, CHy=CD, gas, with a
chemical purity of better than 99% purchased from C/D/N Isotopes Inc., have been
used in all the experiments. For calibration we used NoO and H5O line positions from
the HITRAN molecular spectroscopic database (see [70] and references therein).

The spectra recorded were used for the two connected but different tasks:
i) to determine line positions (i.e., wavenumbers) and energies of transitions and
ii) to analyze line intensities and halfwidths. This is the reason to divide further
review into two sections. Here we have to put a special focus on the fact that high-
resolution spectra in the region of 950-1300 cm ! were provided by the group of Prof.
T.L. Tan from Nanyang Technological University of Singapore. These spectra were
recorded using BRUKER IFS 125 HR Michelson Fourier transform spectrometer.
The CHy=CD5 gas samples used in the experiments were supplied by Cambridge
Isotope Laboratories in Massachusetts, USA and had a chemical purity better than

98 %. The same optical elements as indicated above were used.

2.2. Spectra recorded for ro-vibrational analysis

In order to make ro-vibrational analysis one has to assign spectra, i.e., to
designate the corresponding vibrational and rotational quantum number to each
line and then to find the line position. On a first step the best strategy is to consider
series of transitions in quantum numbers J and K, starting from the minimal ones.
As a rule, these transitions correspond to the strongest lines: as an example, in
strong vibrational bands v; and vg, the most intense lines has K, values about 2-3

and J values about 10-13. In the case where the absorption of the line is too big (i.e.,
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exceed 1, which means that the transmittance vanishes, see (1.62)—(1.63)), it is not
possible to determine line position to a high precision, as line peak will be too broad
(the same is true for transmittance spectrum). Since absorption of the single line
depends on concentration (see Beer-Lambert-Bouguer law (1.64)), i.e., gas pressure
and pathlength, this implies that for the first step it makes sense to assign spectra
recorded at lower pressures and pathlenghts to find the strongest lines with lower
quantum numbers J and K,. From the other hand, probability of transitions with
higher J and K, (let say, 30 and 15, respectively) is much lower and intensities of
these lines also decrease. Thus the next step is to analyze spectra with larger value
of the product of the optical pathlength by pressure in order to find weak absorption
lines in far wings of ro-vibrational bands.

Summarizing all above, we recorded several spectra in each spectral range under
various values of pressure, pathlength and temperature. Table 2.1 demonstrates
experimental conditions for the six recorded spectra.

Table 2.1: Experimental conditions of the recorded spectra of the CHy=CD, molecule

Spectrum Range, Resolution, | Num. of | Opt. path | Apert., | Temp., | Pressure,
number cm~! cm~! scans length, m mm K Pa
I 600-1200 0.0021 310 4 1.5 296 £+ 0.5 7
II 600-1200 0.0021 400 4 1.5 296 £+ 0.5 150
T1T* 950-1300 0.0063** 970 0.8 1.5 296 + 0.5 800
v 1300-2000 0.0025 560 16 1.3 296 + 0.5 30
A% 13002000 0.0025 420 24 1.3 296 £+ 0.5 140
VI 1300-2000 0.0025 110 24 1.3 353 £3 150
* Spectra recorded by Prof. Tan, Nanyang University, Singapore
** Here not instrumental, but final resolution (with line broadening)

The first column numbers the spectra to refer later, in the second one there is
the corresponding spectral range. Third column gives the nominal resolution (1.60)
for the spectra I-II and IV-VI. It should be noted that final resolution, mainly
limited by Doppler broadening, resulted in 0.0022 cm™! (for the lines at 600 cm™?)
and 0.0044 cm™! (for the lines at 1600 ¢cm™!). This corresponds to a wavenumber
accuracy of 0.00022-0.00044 cm ™. Fourth column gives the number of scans which
accounts for signal-to-noise ratio. Aperture (column 6) were taken with respect to

(1.61). Spectrum VI was recorded at higher temperature in order to increase the
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line intensities for the higher J values at the outer regions of the ro-vibrational band
wings.
Spectra I and II are shown on the Figure 2.2. There are two strong absorption

4
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Figure 2.2: Spectra I and II of CH,—CD, in the range of 600-1100 cm™*

bands v7 and vg in the spectral region 600-1100 cm~!. Even for the lowest pressure
(0.07 mbar) it is easy to identify the line of these bands. At highest pressure
(1.5 mbar) strong absorption lines overlap and assignment of closely-spaced lines
become a much more complex problem. In Figure 2.2, vy and v3 bands are also
marked. The limitation imposed by the optical elements of the setup, as well as
the set of installed filters, did not allow to record the spectrum in the region below
600 cm™!. This is the reason why part of the P-branch of vy band (with J > 30)
was not assigned. R-branch of vy band is overlapped by P-branch of 7 band, while
v3 band is completely buried under R-branch of vg. As it was already mentioned in
Chapter 1, Section 1.4, v4 band is forbidden in absorption due to the symmetry of

the molecule and transitions related to the band are only observable due to resonance
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Interactions.

Besides of fundamental bands, there are two <«hot» bands v; + vig — g
and vg 4+ v19 — 119 showed on the Figure 2.2. These bands are transitions from
excited vibrational state (vip=1). Detailed description of these transitions as well as
correctness of their assignment is given in Chapter 3, Section 3.3. The part of the
high-resolution spectrum II in the area of ()-branch of vg+ 19— 119 band is shown in

Figure 2.3. Except of «hot» transitions (numbers under black triangles are for the J
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Figure 2.3: Part of the spectrum II of CHy,—=CD,

values; K, is equal 6, as indicated at lower index of Q) there are assigned transitions
related to strong fundamental v5. One can see difference between intensities of the
lines: at comparable values of quantum numbers J, lines of vg + 19 — 19 band
doesn’t reach 50 % of transmittance, while transmittance of the vy lines is close to
Zero.

Figure 2.4 shows spectrum III, recorded by Prof. Tan group. The R-branch
structure of 14 band is clearly pronounced: series of transitions with the same K,
value forms «saw-toothed clusters». It is quite convenient for assignment: in case of

correct determination of the quantum numbers for one series, what remain becomes
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Figure 2.4: Spectrum III in the region of 950-1300 cm ™!

obvious. P-branch is mostly overlapped by strong fundamental v and neighbour of
the weak 13, but one can see almost the same structure at 1100 cm™!. Since spectra
(IT and IIT) have common area (950-1100 cm™!) assignment of P-branch was made
independently in both spectra. This also made it possible to verify the correctness
of the calibration of both spectra: the centers of the corresponding lines coincide
to the four of five digits after the decimal point (it should be noted again that the

resolution of the spectrum III is lower than the resolution of the spectrum II).

Since v band is b-type band (see Section 1.4), selection rules allow transitions
from two different lower states with the same J value and pairwise distinct K,
and K. (e.g., on the upper level (JK,K,) transitions from lower (JK, — 1K, + 1)
and (JK, + 1K, — 1) levels are possible). On that reason, ()-branch of v band is
composed of two subbranches, dislocated from the band center apart. Figure 2.5

shows part of the ()-branch in high resolution.

In all of these three series, the first line is composed of several lines, as resolution

of the spectrometer is insufficient to distinguish them. Besides of that, Figure 2.5
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Figure 2.5: Part of the spectrum III: a) transitions with K, = 5; b) transitions with K, = 6; ¢)
transitions with K, =7

exhibits splitting of series with different rotational quantum numbers K, (due to
removal of degeneracy of the energy levels), as well as «return» of the series:
consider the situation when with a further increasing of the quantum number J
(in Figure 2.5a, for example, after J = 16, and in Figure 2.5b after J = 22 — 23)
corresponding lines are arranged not by descending of the wavenumber, but vice

versa. Such a behavior may be an indicator of accidental resonances.

Finally, Figure 2.6 represents spectra IV and V (as spectrum VI looks similar
to V, we don’t give it here). In the current spectral range, relatively isolated strong
fundamental absorption v band stands apart. In fact this band disguises weak
overtone 2v7y. The next two bands are overtone 27 and fundamental 5. In addition
to these bands, there are four combination bands: weak v + 11y and vy + v; as well
as v7 + vy9 and vg 4 vy forbidden in absorption. In Figure 2.6 one see strong lines

of the water vapour used for the calibration of the spectra [70].
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Figure 2.6: Spectra IV and V in the region of 1300-1650 cm ™

2.3. Spectra recorded for intensities and halfwidth analysis

This task unlike to the ro-vibrational analysis requires simulation of the line
profiles. As it is always possible to determine and calculate line shape of isolate
line with greater accuracy than for a group of close lines, one must choose — for the
analysis — the spectral region where not too many transitions are located. The second
requirement is that the absorption of the line should not be excessive (i.e., lines
should not be saturated). At the same time in order to determine self-broadening
coefficients, one has to record quite a number of spectra under various pressures. In
case if the band chosen is too strong, increasing the pressure will lead to saturation
of the lines, so this region will be unsuitable for analysis. Because of the reasons

above, we chose one-pass cell of 23 cm length; spectra were recorded in the region
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of 1450-1650 cm™!, where 2v; and vy bands are located. Table 2.2 presents the

experimental conditions.

Table 2.2: Experimental conditions of the recorded spectra of the CHy=CD, molecule

Spectrum Range, Resolution, | Num. of | Opt. path | Apert., | Temp., | Pressure,
number cm~! cm~! scans length, m mm K Pa
VII 1450-1650 0.0025 350 0.23 1.3 296 £+ 0.5 1000
VIII 1450-1650 0.0025 400 0.23 1.3 296 +0.5 3333
X 1450-1650 0.0025 400 0.23 1.3 296 + 0.5 6666
X 1450-1650 0.0025 300 0.23 1.3 296 + 0.5 10000

Figure 2.7 depicts dependence of the line shape on pressure for the lines of 2v;

band. In Figure 2.8 spectra VII and X are given (the weakest and the strongest,

respectively).
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Figure 2.7: Part of the spectra VII-X in the region of Q)-branch of 2v; for various pressures

One can see that the recorded lines under higher pressure are wider, and that
the resolution of the spectra decreases. It is clearly seen that pair of the lines in
the left part of Figure 2.8 recorded under 1000 Pa is resolved and the same pair
at 10000 Pa turns into one wide line. The lines located in the range of 1485.15 to
1485.45 cm~! at low pressure can be treated as well separated. But increasing the

pressure leads to failure: now these lines has to be described as a group. This provides
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Figure 2.8: Part of the spectra VII and X in the region of P-branch of 2v; for 1000 and 10000 Pa

difficulties for the measuring of true intensities and halfwidths. Here we suppose two

lines to be well separated if the distance between their centers is ca. 0.1 cm ™",
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Chapter 3. Theoretical analysis of the spectra

This chapter is devoted to the theoretical analysis of all the spectra recorded
and described in Chapter 2. As it was mentioned above, these spectra were used
for two correlated but different problems: the first one related to line positions and
energies, the second — to the intensities and halfwidths analysis. The first problem,
which means assignment of spectra and calculations of the energies for all observed
transitions, was solved using spectra [-VI (see Table 2.1). The second problem,
related to the absorption characteristics of the molecule, requires line shape analysis
and for its solution we used spectra VII-X recorded in a short cell under various

pressures.

For convenience, this chapter is subdivided into sections, corresponding to
spectral regions studied. Inside of these sections we made subsections, again divided

for the current task: assignment, calculations, fitting, etc.

3.1. 1300—1450 cm ! spectral region

To verify adequacy of the model, the first task of the thesis work was to
investigate the 1300—1450 cm™! spectral region. There is a strong fundamental v,
located here as well as a very weak overtone 24 (see Figure 2.6). Besides of that,
preliminary analysis and data of Hegelund [40] showed that for the complete analysis
one has to take into account vibrational states (v; = vig = 1) and (v; = 2) as well.
The first one corresponds to the forbidden in absorption v7; 4+ v19 band, located in
the far R-branch of ;5 band, while the second is the overtone 2v;. Both of the
latter states are considered as «darks states, 7.e. we do not use transitions assigned
to these bands in inverse spectroscopic problem. It should be also pointed out, that
choice was based on the fact that this region contains less interacting vibrational
states than all others. To compare, there are six interacting states in the region of

600-1300 cm ™! (see Figure 2.2), and if to look further in wavenumbers, the density
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of the states increases drastically. Another point is that this region was studied at
last and it gave us a possibility to compare quality of our experiment, number of
lines observed as well as maximum values of the rotational quantum numbers J and

K, for assigned transitions with [40].

3.1.1. Assignment of the spectra. Calculations of ground vibrational

state parameters

Assignment of transitions was made with the Ground State Combination
Differences (GSCD) method (spectra IV, V and VI were used, see Table 2.1).
Rotational energies of the ground vibrational state have been calculated with the
parameters from [39]. As the result of assignment, more than 1960 transitions with
the maximum values of upper quantum numbers J™** = 48 and K]'** = 20 have
been assigned to the v15 band. Additionally, because of the high resolution and very
well signal-to-noise ratio, we were able to assign more than 320 transitions with
JM = 24 and K" = T to the very weak band 2v;y which never have been
assigned in the previous studies. For comparison, an about 1.5 times lesser number
of transitions (1426 transitions, with J™* = 40 and K}"** = 19) was assigned to
the 119 band in [39]. As was mentioned above, information about assigned transitions
of the 217y band is absent in the literature up to the present.

Correctness of assignments was controlled by the construction of corresponding
«experimentaly GSCD which were based on the data from [39] and [36]). For not
very high values of quantum numbers J and K, the values of «experimental» and
calculated GSCD were close to each other. Table 3.1 illustrates these combination
differences for the high values of J.

In the first column there are combination differences, in the second one
there «experimentals combination differences of the corresponding rotational levels.
Fourth and fifth columns show differences between experimental and calculated
ground state combination differences obtained with Hirota’s [36] and Hegelund’s

|39] parameters, respectively. With increasing of quantum numbers, differences grow
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Table 3.1: Some infrared ground state combination differences of CH,=CD, (in ¢cm™!)

Comb. differences Vexp. A x 107 | A x 10" [36] | A x 10% [39]

1 2 3 4 5
34 03 — 320 32| 91.78259 | 2.7 -9.0 —4.7
35035 — 330 33| 94.47046 1.7 —12.0 -7.9
3 03 — 340 34| 97.15736 | —0.1 —15.0 —11.4
37037 — 350 35| 99.84363 1.1 —14.7 —11.8
38033 — 36 0 36| 102.52871 0.8 —16.2 —14.2
39039 — 370 37| 10521280 | 0.8 —17.4 —16.4
40 0 40 — 38 0 38 | 107.89604 | 2.7 —16.6 —16.8
41 0 41 — 39 0 39 | 110.57780 1.2 —-19.6 —21.5
42 0 42 — 40 0 40 | 113.25865 1.4 —20.7 —24.4
43 0 43 — 41 0 41 | 11593819 | —0.1 —23.5 —29.3
44 0 44 — 42 0 42 | 11861679 | 0.7 —24.0 —32.3
45 0 45 — 43 0 43 | 121.29431 2.6 —23.4 —34.6
46 0 46 — 44 0 44 | 123.97021 0.6 —26.8 —41.2
47 0 47 — 45 0 45 | 126.64497 | —0.4 —29.1 —47.2
48 0 48 — 46 0 46 | 129.31869 1.0 —29.0 —51.3

significantly (it is explainably, if to take into account shorter series in quantum
number J in [39, 40]). This fact gave us possibility to improve the quality of the
ground vibrational state parameters and produce more correct values of the ground
state rotational energies (in the third column one can see the results obtained with

a new set of parameters).

Because the band 2v4 is very weak, we used only experimental line positions of
the band v for solving the problem (additionally, to make the result more correct,
we used also GSCD obtained from preliminary analyzed fundamental bands v7(Bs)
and vg(Bs) — it is important because of the different symmetry of these bands and,
consequently, different selection rules). In general, more than 2500 «experimentals
GSCD were constructed (J™* =48, K" =19, 0 < AJ <2and 0 < AK, <2
for the involved experimental transitions) and used then in the weighted fit procedure
with Hamiltonian (1.45) (the weights have been taken proportional to the values
(1/A)?, where A are the experimental uncertainties in the upper energy values) for
determination of corresponding rotational and centrifugal distortion parameters of
the ground vibrational state. In this case, we did not use the whole set of derived
«experimental> GSCD in the fit. Only those which have been obtained from pairs
of unblended and nonsaturated transitions of relatively high intensities (271 of such

GSCD) were used. The 17 microwave transitions from [36] were added also and used
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in the fit.

In Table 3.2 ground state parameters are given. Second and third columns
represents parameters from [36] and [39], respectively. In the fourth column we give
our parameters calculated according to the procedure described above. Values in
parentheses are 1o standard errors.

Table 3.2: Spectroscopic parameters of the ground vibrational state of CHy=CD, (in cm™!)

Parameter From [36] From [39] This work

1 2 3 4
A 3.25214(5) 3.2521341(21) 3.2521275(16)
B 0.85643449(80) 0.8564346(9) 0.856434612(32)
c 0.67609409(80) |  0.6760956(24) |  0.676094350(29)
Ag x 104 | 0.4083 0.40606(11) 0.406308(96)
Ay x 10* | 0.06401(90) 0.06473(6) 0.064568(35)
Ay x 10 | 0.01092(19) 0.010967(15) 0.0109715(32)
S x 10% 0.0687(20) 0.06856(5) 0.069199(61)
5y %10 | 0.00263(2) 0.0026213(19) |  0.00262819(77)
Hy x 108 — 0.2054(20) 0.2024(20)
Hycy x 108 - —0.0067(13) 0.547(88)
Hji x 108 — 0.0045(8) —
Hy x 108 — 0.00025(8) 0.000050(14)
hr x 108 — — —0.1258(51)

Analysis of Table 3.2 shows close values of rotational constants A, B and
C as well as quartic centrifugal distortion parameters, A and ¢, between results
of [36], [39] and our work. One can see sextic (H) parameters to be significally
different from ones derived by Hegelund [39]; parameter H;x is absent in the new
set, instead of it we used hg to refine K, -dependence. At the same time our new
set of ground state parameters allows one to reproduce initial FTIR ground state
combination differences. The rms deviation of the 271 used GSCD obtained from
our experimental data, being calculated with the parameters from [39] and [36] is
4.1 x 107* em™! and 116.4 x 107* cm™!, respectively. The rms deviation, being
calculated with our set of parameters from column 4 of Table 3.2, is decreased down
to 1.3 x 107 em 1.

Besides of that we made direct comparison between IR and microwave data.
In Table 3.3 there are 17 microwave transitions, published by Hirota [36].

In the second column one can see experimental microwave energies of

corresponding transitions. Third column of the Table 3.3 represents deviations of

92



Table 3.3: Microwave transitions of the CHy=CDy molecule (in MHz)

Transition Vezp A A (from [36]) | A (from [39])
1 2 3 4 )

101 < 000 45 943.928 —0.002 0.008 —0.039
202 «~ 101 91 533.381 0.005 0.024 —0.072
212 «~ 111 86 480.818 —0.095 —0.077 —0.199
303 <« 20 2 |136659.633 —0.022 —0.005 —0.147
31 3 <« 21 2 |129541.208 —0.005 0.017 —0.158
31 2 <« 21 1 |145746.403 —0.019 —0.024 —0.087
32 2 <« 2 2 1 |137824.016 0.026 0.005 —0.075
321 «+ 220 |138993.053 0.079 0.062 —0.006
4 04 « 30 3 |180882216 0.005 0.011 —0.174
4 1 4 <+ 3 1 3 |172399.023 0.000 0.014 —0.203
4 2 3 + 3 2 2 | 183533.569 —0.001 —0.041 —0.134
8 26 <+ 8 27 53 090.598 —0.008 0.004 0.320
9 2 7 <« 9 2 8| 78305078 —0.008 0.005 0.395
102 8 «+ 10 2 9 | 109 211.211 —0.012 —0.005 0.438
13310 « 13 3 11 | 62937.912 —0.009 —0.014 —0.231
14 3 11 «+ 14 3 12| 89 944.923 0.012 0.011 —0.448
15 3 12 + 15 3 13 | 123 173.558 0.008 —0.001 —0.807

drms 0.031 0.028 0.302

the energies calculated with new set of parameters, fourth column is for Hirota’s
results [36] and the last one — the same calculated with Hegelund’s parameters
[39]. In the last line there are rms deviations for all three sets. Initial energies are
reproduced by our new set of parameters with the rms deviation of 0.031 MHz, that
is comparable with the quality of reproduction of the MW data with the parameters
from [36].

All written above proves that the rotational structure of the ground vibrational
state is calculated with a high accuracy and consequently, assignment, even for high
values of quantum numbers J and K, is made in a correct way. This provides us the
possibility to go to the second step, namely, to calculate the rotational structure of
the excited vibrational states and, further, to solve the inverse spectroscopic problem

in order to obtain parameters of the ro-vibrational Hamiltonian.

3.1.2. Isotopic substitution theory. Calculation of the parameters of

CH,=CD,

In order to have possibility to estimate spectroscopic parameters in the absence

of experimental info (i.e., to predict initial values of the parameters and then
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refine them step by step using experimental data), we calculate transformation
coefficients of the main modification, CoHy (see [71]). In Table 3.4 there are numerical

(approximate) values of these quantities:

Table 3.4: Transformation coefficients of the CoHy molecule (taken from [71])

Na/A 1 2 3 4 5 6 7 8 9 0 11 12
1o _ 24 17 40 0 V3 3v3 0 0 _2V6 136 _25V7 3516
100 100 100 8 13 21 72 259 222
9 24 7 40 0 _ V3 _3V3 0 0 26 _13V6 257 356
100 100 100 8 13 27 72 259 222
L 24 _ A7 _ 40 0 _ V3 _3V3 0 0 _2V6 13v6 _25V7 3516
100 100 100 8 13 21 72 259 222
A 24 _ 17 40 0 V3 33 0 0 26 _13V6 _ 257 356
}100 100 100 8 13 21 72 2594 2%227
1 2 1222 15v6 25v1
5x 10\0/ -5 10\% 0 0 0 0 0 0 0 i — 27\;}
14V/2 V1222 1516 2514 237
6z ~ 300 60 ~ 100 0 0 0 0 0 0 0 777 — 973
1 243 17 _ 3 0 63 — 3 0 0 —13V7 a7 —32V7 — 256
Y 100 75 20 25 2] 84 49 203 222
9 24+/3 17 3 0 63 Ve 0 0 _13V7 a7 327 2516
Y 100 75 20 25 21 ’4 49 203 222
3 243 17 3 0 _6V3 V3 0 0 137 47 327 _25V6
Y 100 75 20 25 2] 84 49 203 222
4 243 17 _ 3 0 _ 63 V3 0 0 13V7 a7 327 2516
i 100 75 20 2\5f 2\1F 8421 44921 203 222
43 53 13/ V/
5y 0 0 0 0 - Z 21 0 0 252 147 0 0
3 5v3 13v21 421
6y 0 0 0 0 27 — o7 0 0 252 147 0 0
1z 0 0 0 -3 0 0 vaz | AL 0 0 0 0
1 42 41
2z 0 0 0 3 0 0 7 — 153 0 0 0 0
1 V42 41
3z 0 0 0 -3 0 0 i 105 0 0 0 0
1 V42 41
4z 0 0 0 5 0 0 = 15 0 0 0 0
52 0 0 0 0 0 0 | -—vi4| 12 0 0 0 0
62 0 0 0 0 0 0 | -] 12 0 0 0 0

In the first column of Table 3.4 the numbers of atoms are indicated (V) together
with corresponding coordinates x, y, z (). Numbers in column titles are numbers

of vibrational modes (see Section 1.4).

Calculations of parameters on the base of the transformation coefficients
obtained were tested on ethylene isotopologues with isotopic substitution of
carbon-12 to carbon-13 (see |72, 73|). As we wanted to estimate vibrational energies
and the main resonance interaction parameters, we calculated transformation
coefficients for the CHy=CD3 according to formula (1.50). The results are shown
in Table 3.5 (rounded to third decimal).

Using these [-parameters one can estimate numerical values of the band centers
and main resonance interaction parameters (both Fermi and Coriolis). Here in

Table 3.6 we give these values only for the current spectral range (1300—1450 cm™1).
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Table 3.5: Transformation coefficients of the CoH4 molecule

Na 1 2 3 4 5 6 7 8 9 10 11 12
1z —0.348 0.217 | —0.107 0 0.024 0.473 0 0 —0.355 0.338 0.010 | —0.536
2z —0.348 0.217 | —0.107 0 —0.024 | —0.473 0 0 0.355 | —0.338 0.010 | —0.536
3z 0.004 0.048 0.563 0 0.326 | —0.277 0 0 —0.012 0.497 0.337 0
4x 0.004 0.048 0.563 0 —0.326 0.277 0 0 0.012 | —0.497 0.337 0
5z 0.231 | —0.653 | —0.301 0 0 0 0 0 0 0 0.107 | —0.137
6z —0.033 0.488 | —0.099 0 0 0 0 0 0 0 —0.390 0.447
ly —0.593 | —0.266 0.008 0 —0.017 | —0.155 0 0 —0.565 | —0.229 0.033 0.276
2y 0.593 0.266 | —0.008 0 —0.017 | —0.155 0 0 —0.565 | —0.229 | —0.033 | —0.276
3y 0.005 0.218 | —0.349 0 0.537 | —0.022 0 0 —0.002 | —0.191 0.551 0.165
4y —0.005 | —0.218 0.349 0 0.537 | —0.022 0 0 —0.002 | —0.191 | —0.551 | —0.165
5y 0 0 0 0 0.025 0.468 0 0 0.329 | —0.024 0 0
6y 0 0 0 0 —0.456 | —0.360 0 0 0 0.313 0 0
1z 0 0 0 —0.577 0 0 0.057 0.612 0 0 0 0
2z 0 0 0 0.577 0 0 0.057 0.612 0 0 0 0
3z 0 0 0 —0.408 0 0 0.543 0.051 0 0 0 0
4z 0 0 0 0.408 0 0 0.543 0.051 0 0 0 0
5z 0 0 0 0 0 0 0.142 | —0.487 0 0 0 0
62 0 0 0 0 0 0 —0.619 0.091 0 0 0 0

Table 3.6: Some parameters of the CH,=CD5y molecule, calculated on the basis of Isotopic

Substitution Theory

Uﬂ)/F U,’U/C

-1 0 1

Band | Center, cm v, v Value in cm ™! v,V Value in cm ™!
2V10 1374.2 (’Ulo = 2), (0/12 = 1) 2.8 (1)10 = 2), (’U/7 = ’Ullo = 1) 4.6
V12 1384.5 (1)1() = 2)7 (7}'/7 = 2) 0.7 ('U12 = ), (’U/7 = ’U/lo = ].) —-0.5

V7 + 110 1437.6 (vi2 = 1), (vf, = 2) -0.4 (v7 =2), (vh =viy =1) —4.6
2w 1499.0 - - . -

3.1.3. Ro-vibrational analysis. Inverse spectroscopic problem

As it was indicated above, the new set of ground state parameters was then
used for the calculation of ground state rotational energies which, in turn, were
used in the assignment of more than 2280 transitions of the (v = 1, A1) and
(v19 = 2, A1) bands. From these transitions we obtained 1139 upper ro-vibrational
energies which were then used as input data in a weighted least square fit in order to
determine rotational, centrifugal distortion, and resonance interaction parameters of
the states (v = 1, A1) and (vyg = 2, A1). Upper energy values obtained on the base
of our FTIR experimental data have been taken with the weights, proportional to
1/A (here A is a statistical confidence interval for the upper energy value obtained
from some transitions). If the energy of the upper state was obtained from a single
transition, it was used with the weight equal to zero. As was discussed above, the
vibrational states (v; = vy = 1, A2) and (v; = 2, A;) have been also taken into

account in the fit procedure. The initial values of all rotational and centrifugal
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distortion parameters of diagonal blocks (see (1.45)) were taken to be equal to the
values of corresponding parameters of the ground vibrational state. Non-diagonal
Fermi and Coriolis blocks were taken in the form of (1.43) and (1.44), respectively.
The initial values of the vibrational energies and of the main Fermi and Coriolis
interaction parameters were estimated by methods of Isotopic Substitution Theory
and are shown in Table 3.6.

The following remark should be made here: in accordance with the general
vibration-rotation theory (see, e.g., [43]), diagonal block parameters can differ from
corresponding parameters of the ground vibrational state no more than a few
percent. Following to that statement, we varied only band centers and rotational
parameters at the first step of the analysis. To achieve a satisfactory correspondence
between theoretical and experimental results, the number of varied resonance
interaction parameters was larger than usually used in analogous fits. At the second
step, we added only a few higher order centrifugal distortion parameters to the fit
procedure and reduced the number of resonance interaction parameters. In this case,
if a value of varied centrifugal distortion parameter was less or even was comparable
with its 1o statistical confidence interval, such parameter was constrained to the
value of the corresponding parameter of the ground vibrational state.

As a result, a set of the 59 fitted parameters was obtained from the fit.
Parameters of the diagonal block are given in even columns of Table 3.7 (values
in parentheses are lo standard errors). For clarity, we add parameters obtained
by Hegelund [40] for the same vibrational states (odd columns) and parameters of
ground state (columns 2 and 3). If one compares the values of parameters of the
same name in odd and even columns, one can see that the values of some of the
Hegelund’s parameters can be different for different vibrational states (in some cases,
even the sign of a parameter is changed). This means, that the set of parameters of
the present work is physically more suitable.

Resonance interaction parameters are shown in Table 3.8. Numbering of

parameters (two numbers separated by comma) is as follows: |1) = (vip = 2, A1),
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Table 3.7: Spectroscopic parameters of the (v19=2), (vi2=1), (v; = vip = 1) and (v; = 2)
vibrational states of CHy=CD5 (in cm™')

Parameter (000)3‘) (OOO)b) (vlo = 2)C) (1}10 = 2)d) (U12 = 1)0) (1}12 = l)d)
1 2 3 4 5 6 7
E — — 1372.0191(552) 1373.32 1383.4185(450) 1382.472
A 3.2521275 3.2521341 3.34160(518) 3.2802 3.27208(255) 3.26822
B 0.856434612 | 0.8564346 0.8383047(901) 0.83585 0.8572170(816) 0.857966
c 0.676094350 | 0.6760956 0.6736298(177) 0.67233 0.6748192(135) 0.674668
Ak x 10% | 0.406308 0.40606 0.406308 0.40606 0.3760(267) 0.466
Ak x 10% | 0.064568 0.06473 0.064568 0.06473 0.06954(309) 0.0502
Ay x 104 0.0109715 0.010967 0.009291(107) 0.010967 0.010708(105) 0.01115
5 x 10% 0.069199 0.06856 0.069199 0.06856 0.069199 0.0807
57 x 10 0.00262819 | 0.0026213 0.00262819 0.0026213 0.0024559(505) 0.002792
Hg x 108 | 0.2024 0.2054 0.2024 0.2054 0.2024 0.48
Hyy x 108 | 0.547 -0.0067 0.547 -0.0067 0.547 -0.061
Hyx x 108 — 0.0045 — 0.0045 — -0.0174
Hjy x 10° 0.000050 0.00025 0.000050 0.00025 0.000050 -0.00053
hk x 10% | -0.1258 - -0.1258 - -0.1258 -
hy x 108 — — — — -0.000594(109) —
Parameter (000)® (000)®) (vr=v10=19 [ (v =v1o =1 (vr =2)9 (vr =2)9
1 2 3 8 9 10 11
E — — 1438.5810(175) 1438.00 1499.3854(282) 1499.410
A 3.2521275 3.2521341 3.20810(228) 3.219 3.15459(486) 3.2427
B 0.856434612 | 0.8564346 0.842107(219) 0.84061 0.8479482(432) 0.8564346
c 0.676094350 | 0.6760956 0.6756191(490) 0.67709 0.6780001(557) 0.6760956
Ak x 10% | 0.406308 0.40606 0.406308 0.40606 0.406308 1.141
Asg x 10 | 0.064568 0.06473 0.064568 0.06473 0.064568 0.06473
Ay x 10 0.0109715 0.010967 0.0109715 0.010967 0.0109715 0.010967
§x x 104 0.069199 0.06856 0.069199 0.06856 0.069199 0.06856
5 x 10 0.00262819 | 0.0026213 0.00262819 0.0026213 0.00262819 0.0026213
Hg x 108 | 0.2024 0.2054 0.2024 0.2054 0.2024 0.2054
Hpgy x10% | 0.547 -0.0067 0.547 -0.0067 0.547 -0.0067
Hyg x 108 - 0.0045 - 0.0045 - 0.0045
Hy x 108 0.000050 0.00025 0.000050 0.00025 0.000050 0.00025
hk x10% | -0.1258 - -0.1258 - -0.1258 -
hy x 108 — — — — — —

a) ground state parameters, see Table 3.2
b) ground state parameters from [40]

©) parameters calculated in this work

4) parameters from [40]

12) = (v12 = 1, 4y), |3) = (v7 = 2, A;) and |[4) = (v; = v19 = 1, As) (here we also

mention the symmetry for each state). 38 resonance interaction parameters were

determined in total.

Table 3.8: Resonance interaction parameters for the (vi0=2), (vi2=1), (v7 = v10 = 1) and
(v; = 2) vibrational states of CH,=CD5 (in cm™!)

L2Fy L, x 108

0.2537(246)

1,2 13
FJJJzy x 10

0.1692(178)

Parameter Value Parameter Value Parameter Value
L2F, 2.504(326) L2Fe % 102 9.0256(319) L2F; % 102 0.1826(100)
L2 Fpe e x 109 4.214(282) L2p, s % 10° 0.02296(258) 1’2me x 102 -0.1717(102)

23 Fie % 10?
2’3FKKJa:y % 1010

-9.8799(963)
0.18773(898)

2,3 7
’ FKny x 10

-0.7252(458)

273FKKKacy X 1010

2.170(129)

-0.13920(443)

Lict 4.3456(376) || MCL x 102 Liol o x 10° -0.81797(696)
402 x 10 0.3253(109) || »*C% x 10* 0.02962(159) || “4C2%; x 108 -0.2290(185)
L4c2 % 10t 0.5890(601) || 14C3 x 104 0.879(158) L4C3 % 107 -0.7625(495)
a0t -0.7384(700) || 2%C% x 107 0.01501(511) || 21C% x 102 0.011344(682)
2402 x 10? -0.3906(120) || 2*C% x 10° 0.3443(271) || 2*C3%; x 10° 0.1130(117)
2402 e x 107 0.11103(656) || 2*C2,, x 10'3 | -0.4162(604) || 2*C® x 10* 1.0542(392)
340t -4.4142(352) || 34CT x 102 0.01233(181) || 3*C% x x 10° 2.823210(682)
3405, x 106 -0.8660(566) | >*C%; x 10° 0.19714(748) || 34C? x 102 -0.1118(160)
3402 x 104 0.3801(199) || 3*C%, x 107 -0.660(129) — —
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Parameter “?F, couples blocks of (vy9—2) and (vyp—1) vibrational states. It
is quite large and acts on the shift of vibrational energies (anharmonic resonance).
Interaction between (v19—2) and (v7=2) seems to be negligible in first order, as well
as interaction between (vi2=1) and (v;=2): the largest parameter obtained is F
(parameter of second order). Here we have to emphasize that all totally symmetric
states are in strong coupling with (v; = vyp = 1) forbidden state as main Coriolis
parameters are relatively large and point out on the presence of strong accidental

resonances between these states.

Obtained parameters reproduce the initial ro-vibrational energies of the states
(vi2 = 1, Ay) and (vyg = 2, A;) with the rms-deviation equal to 1.7 x 107% em™!
and 2.2 x 107* em™!, respectively (in this case, only upper energies obtained from
unblended and nonsaturated transitions of relatively high intensities have been taken

into account).

Results presented in the section were published in Journal of Quantitative

Spectroscopy and Radiative Transfer [74].

3.2. 600—1300 cm ™' spectral region

As it was mentioned in the previous section, there are six strongly interacting
bands in the studied region: v1g, v7, vy, vs, V3 and vg. Spectra I-111 (see Table 2.1)
were used for assignment. Figure 3.1 represents scheme of the vibration states
(symmetry and band type are indicated at the bottom of the picture). Names of
the bands are printed in bold (e.g., v3), ket-vectors (e.g., |1>>) are related to the
numbering of the state in ro-vibrational Hamiltonian. Besides of that all the relevant
resonance interactions are indicated: Coriolis W where v = x,9, z, and pair A, u

corresponds to the numbering of the states, and Fermi F) ,.
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Figure 3.1: The vibrational energy levels of the CH,=CD;y molecule

3.2.1. Assignment of the spectra

Assignment of transitions was made on the basis of the GSCD method. In this
case, the ground state rotational energies have been calculated with the parameters,
obtained in Section 3.1 (see Table 3.2, column 2). As the result of assignment, about
1450, 3170, 3980, 1500 and 1900 transitions with the values of quantum numbers
Jmar | KM equal to 31/20, 46/18, 50/26, 44/20 and 42/21, respectively, were
assigned to the bands 14, v7, vg, v3 and vg, respectively. To compare, the number
of transitions is two times more than in the preceding paper, [39], and maximum
values of the quantum numbers J"* and K" therein do not exceed 40 and 18,
respectively. Moreover, the presence of strong resonance interactions between the
states (vy = 1) and (vg = 1) allowed us to assign without doubt 186 transitions
to the weak band vy for the first time. It is important, that the validity of the
assignment be confirmed by the presence of ground state combination differences
for all transitions. We also calculated extent of borrowing of intensity by the lines

of the v, band from the lines of the g band, which can be estimated on the basis
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of an analysis of mixing coefficients in the wave-functions of ro-vibrational states:
Ko K =1) = 3 Cclos = D JK) + 3 g lus = DIK), (31)
K K

where in the lhs ro-vibrational level of (vy = 1) is indicated and in the rhs there
is an expansion in rotational |JK) and vibrational |v; = 1) (i=1, 8) wavefunctions.

C* and C® are mixing coefficients presented in Table 3.9.

Table 3.9: Mixing coefficients of (vy = 1) and (vs = 1) vibrational states of CHy=CD,

J K, K. E C8 c? J K., K. E [ & J K., K. E CB &
14 11 a° 1345.5229 | 0.97 | 0.03 | 21 11 d 1539.7987 | 0.57 | 043 | 29 11 d 1853.6121 | 0.88 | 0.12
15 11 d 1368.6580 | 0.96 | 0.04 | 22 11 d 1573.6563 | 0.59 | 0.41 | 30 11 d 1899.8134 | 0.89 | 0.11
16 11 d 1393.3371 | 0.95 | 0.05 | 23 11 d 1609.0300 | 0.72 | 0.28 | 31 11 d 1947.5772 | 0.91 | 0.09
17 11 d 1419.5603 | 0.93 | 0.07 | 24 11 d 1645.9313 | 0.78 | 0.22 | 32 11 d 1996.9057 | 0.94 | 0.06
18 11 d 1447.3241 | 0.89 | 0.11 | 25 11 d 1684.3696 | 0.82 | 0.18 | 33 11 d 2047.8034 | 0.96 | 0.04
19 11 d 1476.6246 | 0.82 | 0.18 | 26 11 d 1724.3526 | 0.84 | 0.16 | 25 5 21 1457.7041 | 0.69 | 0.31
20 11 d 1507.4530 | 0.72 | 0.28 | 27 11 d 1765.8846 | 0.86 | 0.14 — — — —
2 Symbol d denotes pair of Ko: Ko =J — Kg and Kc =J — Kg + 1

3.2.2. Inverse spectroscopic problem

From 12200 experimentally derived line positions we obtained 3920 upper
ro-vibrational energies for the vibrational states (vig = 1), (v7 = 1), (vy = 1),
(vs = 1), (v3 =1) and (vg = 1). The energy values obtained from the experimental
infrared transitions were then used in the weighted fit of parameters of the effective
Hamiltonian. The initial values of the band centers and the main Fermi and Coriolis
interaction parameters have been estimated on the basis of Isotopic Substitution
Theory (using transformation coefficients listed in Table 3.5). The initial values of
the rotational and centrifugal distortion coefficients of all studied vibrational states
have been set equal to the values of the corresponding parameters of the ground
vibrational state (see Table 3.2, column 2). The solution of the inverse spectroscopic
problem was performed according to the procedure described in the previous section.
There were 133 parameters used in total: 36 parameters in 6 diagonal blocks and
97 parameters of resonance interactions. Our set of varied parameters reproduces

the initial experimental data (3920 upper ro-vibrational energy values; about 12200
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experimental transitions) with a d,,s = 2.3 X 10~% ¢cm~! which is better than the
analogous value in [39] (9.3 x 10~* cm™! for 6308 transitions). Figure 3.2 shows the
fit residuals for line positions as a function of the quantum number J as well as

statistical informations: number of fitted energy levels and d,,,s values.
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Figure 3.2: Observed — calculated line positions and fit statistics for the (v3 = 1), (v; = 1),
(vg = 1), (vg =1), (vip = 1) and (vg = 1) vibrational states of CHy—=CD,

Parameters obtained are given in Table 3.10 and Table 3.11. Table 3.10 is
organized as follows: columns 1 and 2 of the upper part and the bottom part of the
table are repeated in order to compare ground state parameters and parameters of
excited states; odd columns (3, 5, 7,9, 11, 13) are for parameters obtained from the
fit (values in parentheses are 1o standard errors); even columns contain parameters
from [39]. It should be reminded that in the frame of the current work we suppose
parameters of the diagonal block to differ from corresponding parameters of the
ground vibrational state no more than a few percent. At the same time, identical
parameters in even columns (from [39]) belonging to the vibrational states vs, v,
v7, vy and vy strongly differ from each other (for parameters H;, H;x and Hg,

even the sign is changed). This emphasizes the conclusions that we give in the end
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of the previous section.

Table 3.10: Spectroscopic parameters of the (vi9=1), (v;=1), (v4 = 1), (vs = 1), (v3 = 1) and
(ve = 1) vibrational states of CH,=CD, (in cm™')

b
Y10 )

)

B)

V4b)

D]

Parameter (OOO)a) vi10° vy vr© vy

1 2 3 4 5 6 7 8
E 684.640950(59) 684.6418 750.567673(32) 750.56743 890.4378(36) 888.71
A 3.2521275 3.2435531(24) 3.263299 3.2687046(19) 3.247939 3.215965(29) 3.2379
B 0.856434612 0.8563392(24) 0.856545 0.85576718(81) 0.8557117 0.855161(19) 0.860153
C 0.676094350 0.6753319(37) 0.674959 0.6775356(17) 0.6775781 0.676866(25) 0.668873
Ag X 10% 0.406308 0.40143(68) 0.293 0.41324(42) 0.5818 0.406308 0.40606
Ajg X 104 0.064568 0.064568 0.0097 0.064568 0.1139 0.064568 0.06473
Ay X 104 0.0109715 0.009843(78) 0.01123 0.011774(66) 0.010770 0.0109715 0.010967
S X 104 0.069199 0.069199 0.06856 0.069199 0.0709 0.069199 0.06856
5y X 104 0.00262819 0.00262819 0.0026213 0.002514(34) 0.002398 0.00262819 0.0026213
Hpg X 108 0.2024 0.2024 1.09 0.2024 -0.99 0.2024 0.2054
Hpg g X 108 0.00547 0.00547 -0.0067 0.00547 0.134 0.00547 -0.0067
Hjyrg X 108 — — 0.0045 — 0.0539 — 0.0045
Hj x 108 0.000050 0.000050 0.00025 0.000050 0.00025 0.000050 0.00025
hi X 108 -0.1258 -0.1258 — -0.1258 — -0.1258 —
Parameter (OOO)a) vgP) vg®) v3P) v3©) v6P) v6S)

1 2 9 10 11 12 13 14
E 943.405668(27) 943.40593 1029.855466(28) 1029.8560 1142.274186(45) 1142.2742
A 3.2521275 3.22494471(78) 3.237216 3.2671044(14) 3.261844 3.2841008(13) 3.273350
B 0.856434612 0.8521823(11) 0.8520728 0.8578872(17) 0.8580725 0.8569726(11) 0.8569949
C 0.676094350 0.67671366(83) 0.6767220 0.6754484(23) 0.6749199 0.67393609(98) 0.6743671
Ag X 104 0.406308 0.406308 0.2761 0.406308 0.5247 0.406308 0.4546
Ajg X 104 0.064568 0.06575(55) 0.06091 0.064568 0.0257 0.07709(15) 0.09884
Ay X 10% 0.0109715 0.010297(66) 0.010938 0.0109715 0.011985 0.011604(55) 0.010788
S X 104 0.069199 0.069199 0.0607 0.069199 0.0883 0.077586(78) 0.0702
57 X 10% 0.00262819 0.002168(34) 0.002539 0.00262819 0.002466 0.002266(19) 0.003133
Hpg X 108 0.2024 0.2024 0.338 0.2024 0.2054 0.2024 0.750
Hp g X 108 0.00547 0.00547 -0.298 0.00547 0.54 0.00547 -0.551
Hyp x 108 — — 0.0173 — -0.005 — 0.0045
Hj x 108 0.000050 0.000050 0.00025 0.000050 0.00025 0.000050 0.00025
hi X 108 -0.1258 -0.1258 — -0.1258 — -0.1258 —

a) ground state parameter, see section 3.1

b)

©) parameters from [39]

In Table 3.11 we give resonance interaction parameters between all the studied

states. Numbering of parameters (two numbers separated by a comma) is as follows:

(Ug = 1,141), ‘2> = (’U7 = 1,32), ‘3> = (1}8 = 1,32), ‘4> = (1}4 = 1,142),

1) =

15) = (v10 =1, By), and |[6) = (vg = 1, By) (here we also mention the symmetry for

each state).

One can see the main resonance interaction parameters, "*'C', are presented
without confidence intervals. That means, these parameters have not been varied
in the fit procedure but have been constrained to the values theoretically estimated
on the basis of the isotopic substitution relations. We did it because an attempts to

vary the "*'C! parameters led to large physically unsuitable changes of their values,

parameters calculated in this work

but, at the same time, to a negligible improvement of the d,.,,s value.

In this regard, it would be interesting to compare the values of the Cyy-constants
extracted from the “*'C' parameters of the present work with those calculated from
ab initio methods (see, e.g., [34]). Results of such a comparison are presented in

Table 3.12. One can see more than satisfactory correspondence of both sets of data
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Table 3.11: Resonance interaction parameters of the (v3 = 1), (v; = 1), (vg = 1), (v4 = 1),
(v1o = 1) and (vg = 1) vibrational states of CH,=CDs (in cm™!)

Parameter Value Parameter Value Parameter Value Parameter Value
B2ol = (2B¢™)T% | 11 T20% x 103 -0.1100(35) T2l x 10t -0.3132(86) || T2Ck; x 10° -0.1332(54)
120l w108 0.232(22) ,205 x 10 0.450(21) L2c x 1010 0.330(33) 1»205{x 102 -0.2936(86)
1,2 g‘] 5 - 1,2 5( J 8 1,2 5(JJ 8 1,2~2 8 -

202 % 10 -0.923(24) 20% 4 x 10 -0.772(41) 20% % 10 0.746(36) 202, x 10 0.2457(86)
L3cl = (2B¢®)T3 0.1 T3¢l x 107 0.612(44) L3ct; x 107 -0.232(10) B3cl  x 101t 0.732(25)
1302 % 103 0.8410(77) 1 30% x 10° 0.2999(83) L3cs; x 108 0.101(10) 1$SC§‘, x 109 -0.487(31)
L3c2 . x 101t -0.1118(73)
23F; x 102 0.1948(88) 23 Py x 102 0.3148(44) 23 Fre gy % 10° -0.2213(84) Z3F juy % 10° -0.1121(71)
23 Fge gy x 108 0.401(20) 23 F ) Juy % 10° 0.338(23) 23 Fre i gay x 1001 | -0.823(27) 23 Fr g gey X 1012 | -0.964(52)
LicT = (24¢5)TT | 1.6 TLIcl x10° 0.19252(72) TLicT x 107 -0.892(19) LICL e x 1010 -0.831(72)
Lot x 1010 0.917(68) L4c? x 103 0.7636(95) 1,405 x 10° -0.1365(85)

2.4 {<KJ > 2,4 ~T 7 2,4 {( 9 e 2,4 ~T 10

Cir x 10 0.7249(87) 0} x10 0.1863(54) kg X 10 -0.464(22) Ck s X 10 0.639(49)
2,402 x 102 1.2517(59) 24c2  x 108 -0.534(32) 24¢? . x 10!t 0.227(18) 24¢2 ; x 1012 0.782(44)
3 40% x 10% 0.379(31) 33t x10% -0.1850(84) 3'40%”( x 10 -0.1145(86) 3»40%” x 107 -0.346(29)
3’405‘, x 108 -0.125(25) 340k kK x 109 | -0.334(26) 3:40% x 103 -0.276(22) 340% gk x 1011 -0.353(20)
S4c% ; x 1012 0.755(43)
T.5~1T — yN\1,5 B

Scl = (2c¢Y) 0.2
250l = (24¢#)?° 2.4 25¢cT x 103 -0.11402(99) 50T o x 107 -0.2016(94) 25¢cL  x 107 0.2151(94)
2501 x 107 0.1095(70) 2,50{” x 1011 -0.947(52) 2'5C§>< 102 0.7069(81) 2,502 x 10° 0.5279(85)
25047 100 0.6654(84) 2=5cgﬂ( x 107 -0.196(11) 2:50% ; x 108 -0.765(18) 250% i x 1010 0.244(49)
. ZC{HEJ X 1(:“; . 0.349(13) 25¢? , x10!! 0.1008(37)

cl = (24¢%) 1.4

50T = 2B¢™)E5 | -1.4 L5cTl x10® 0.2105(35) 4L5cT ~ x 106 0.1656(81) +5cl %10 -0.1526(44)
4501 %107 0.367(38) 4'5C{<KK x 10 0.312(18) 4v5C¥KJ x 10° 0.305(17) 4 5Cé(>< 10! -0.3925(15)
4’504 x 10° 0.8650(89) 4-'5015;, x 107 -0.1161(27) 450?, x 109 0.316(94) 4502 o x 1010 0.1493(62)
4502, x 10'2 0.647(54)

Lol = (2c¢)T8 | 0.4 T6cT % 10° -0.592(31) Lecl o x 10 -0.780(67) Lecl  x 107 -0.942(27)
L6cl  x 108 0.309(14) Lot x 102 -0.3089(51) 1 Gcﬁ x 10° -0.2170(89) 1 GC?X 10° 0.2931(80)
280l = (24¢*)?° 1.6 280, x 107 0.258(12) 28¢c) 107 -0.786(26) 28507 x 108 -0.933(59)

o2, x 107 0.1458(36) 26¢2 5 x 1010 | -0.159(10)

380l = (24¢%)3% | 2.7 36cl x 103 0.158232(99) 36cT % 108 -0.517(36) 3607 x 103 0.496(10)
3602 x 108 0.583(25) 3:60% ,; x10%2 | -0.343(22) ’Gcé ; x 102 -0.1078(48)

180l = (2B¢®)%0 0.6

58F; x 107 0.5426(95) 58 Fr 7 x 10° 0.2473(93) 58F,, x 10 0.895(84) 5O F 5y x 10° -0.951(71)

(here should be additionally noted, that only absolute values are given in

difference of signs doesn’t make sense).

Table 3.12: Some Coriolis coefficients Cf\Yu of the CH,=CD;, molecule

[34], so

o | A/ | This work | From [34]) [ o | A/u | This work | From [34]*) [[ a | A/u | This work | From [34]%)
1 2 3 4 1 2 3 4 1 2 3 4

z | 7/10 0.37 0.41 x | 4/10 -0.82 0.82 y | 4/7 0.0 0.0

z | 8/10 0.21 0.19 x| 4/6 0.35 0.34 y | 4/8 0.0 0.0

z | 6/7 -0.25 0.24 x| 3/7 0.64 0.63 y | 3/10 -0.15 0.19

z | 6/8 0.42 0.47 x| 3/8 0.06 0.02 y | 3/6 -0.30 0.25

2| 3/4 -0.25 0.28

2) there are only absolute values of S

Results presented in the section were reported at the HighRus-2015 conference

in Tomsk, Russia, [75], HRMS-2015 conference in Dijon, France, [76], and were

published in Journal of Quantitative Spectroscopy and Radiative Transfer 77].

3.3. «<Hot» bands v; + vy — vi9 and vg + vy — V1o

During the assignment of the spectrum II (see Table 2.1) in the region

of 6001300 cm™!, we found spectral lines which couldn’t be assigned to any

studied vibrational band. Transitions do not coincide with ground state combination
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differences as well as do not comply with the selection rules. Since temperature
during the experiment was relatively high (296 K), we put forward a hypothesis
that these transitions might be not from the ground, but excited vibrational state
(v1p=1). In order to prove it we calculated ro-vibrational partition function of the

molecule and estimated population of this state.

Ro-vibrational partition function can be calculated as follows:

Q) =3 @5+ Do (-57). 32)
where J; are rotational quantum numbers of i level; g, is the degeneracy due
to nuclear spin of the lower level; EY is an energy of ro-vibrational level; k is the
Boltzmann constant and T is the temperature. Statistical weight ¢°; depends on the
symmetry of the state and is equal to 15 for even states (e.g., for the transitions
from ground state it means that quantum number K, is even) and to 21 for odd
states.

Calculations were made step by step from the ground vibrational state. Energy
values were calculated for levels with values of J and K, up to 50. Calculations were
based on the parameters of the ground state from the Section 3.1. The final value
for the ground state was Q9" (296) = 68788. Figure 3.3 represents dependence of the
partition function with respect to J. Maximum is around J ~ 12; contribution of
the levels with J more than 40 is quite small (about 0.3 %), but we still saved all
the energies up to 50 for the calculations.

On the next step we added six lowest fundamental bands: vyg, v7, vy, vs, V3
and vg, observed in details in Section 3.2. «Individuals partition functions of these
states are (,10(296) = 2516, Q,7(296) = 1774, Q,4(296) = 911, @Q,s(296) = 709,
(Q.3(296) = 458, QQ,6(296) = 263. One can see that sum of these six quantities,
6631, is only 10 % of the one from the ground state.

The next region (Section 3.1) gave additional contribution equal to Q?(296) =
283 (for the (vi9p = 2), (vig = 1), (v7 = vy = 1), (v7 = 2) states). In order
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Figure 3.3: Partition function of the ground vibrational state as a function of J

to estimate the contribution of the higher states, we made the following trick:
in (3.2) one can separate the exponential function into a product of two exponents —
argument of the first one will be just vibrational energy (divided by kT'), and
argument of the second one is pure rotational energies. Since rotational energies
of the excited states do not differ much from the energies of the ground state, one
could estimate the value of the «rotational exponents (multiplied by (2J + 1)ga
and summed over all vibrational states) to be 68788. «Vibrational exponents» are
calculated just by substitution of corresponding vibrational energies. In order to
calculate the partition function one has to multiply resulted values. For example,
for the (vo = 1) vibrational state, energy is equal to 1586 cm™! and value of the
«vibrational exponent» is about 0.00045. Thus ro-vibrational partition function for
this state is equal 31. We took into account states up to (vs = 1) (2335 cm™1) as
contribution of the higher states at room temperature is less than 1. The final result

for the partition function of the CHy=CDy molecule is (296) = 75915.

Thus, population of the (vyg = 1) state at room temperature is about 3.3 %.
This makes possible to observe corresponding «hot» transitions in spectrum II
(see Table 2.1 and Figure 2.3). In order to assign experimental spectra we had
to recalculate the rotational structure of the lower vibrational state (v;p=1) with

parameters from Section 3.2, Table 3.10, column 3. Assignment of transitions was

made with the GSCD method.
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Tables 3.13 and 3.14 represent partly hot transitions for the v; + 19 — 1y and
vs+ V19— V19 bands, respectively. One can see presence of ground state combination
differences for all transitions. Values of calculated and experimental energies differ
no more than experimental uncertainties (expected to be [2.2-4.4|x10™* ecm™! in
the range of 600-1300 cm™1).

Table 3.13: Transitions belonging to the v; 4+ v1g — v1p band of the CHy=CD5 molecule

Upper Lower Line pos. Transm. Energy Mean value 0

J K, K. |J K, K. (em™1) in % (em™1) (em™1) (107* cm™1)

3 3 1 2 2 1 770.4315 79.0 1469.1912 | 1469.1913 3
4 4 1 731.0877 57.8 1469.1913

3 3 0 2 2 0 770.4221 73.3 1469.1910 | 1469.1912 3
4 4 0 731.0877 57.8 1469.1913

4 3 2 3 2 2 771.9529 81.2 1475.2773 | 1475.2780 -1
4 2 2 765.7384 78.5 1475.2782
5 4 2 729.5469 52.1 1475.2786

4 3 1 3 2 1 771.9089 61.8 1475.2791 | 1475.2789 0
4 2 3 765.8756 78.5 1475.2789
5 4 1 729.5469 52.1 1475.2787

5 3 3 4 2 3 773.4887 76.3 1482.8920 | 1482.8921 2
6 4 3 728.0006 77.6 1482.8922

5 3 2 4 2 2 773.3593 71.0 1482.8992 | 1482.8988 -3
5 2 4 765.9084 82.9 1482.8986
6 4 2 728.0066 70.0 1482.8986

6 3 4 5 2 4 775.0459 83.6 1492.0361 | 1492.0361 —2
7 4 4 726.4493 73.1 1492.0361

6 3 3 5 2 3 774.7545 73.9 1492.0567 | 1492.0567 0
4 2 5 765.9791 75.2 1492.0565
5 4 3 726.4688 67.7 | 1492.0570

7 3 5 6 2 5 776.6345 72.8 1502.7119 | 1502.7123 1
7 2 5 765.0014 84.5 1502.7125
7 4 3 737.1237 72.0 1502.7120
8 4 5 724.8917 74.7 | 1502.7126

7 3 4 6 2 4 776.0780 69.6 1502.7652 | 1502.7650 -1
8 4 4 724.9396 67.0 1502.7648

5 5 0 5 4 2 776.4141 89.3 1522.1457 | 1522.1454 —4
6 6 0 719.4316 44.7 | 1522.1450

6 5 1 5 4 1 785.5393 36.9 1531.2711 | 1531.2706 2
6 4 3 776.3787 65.4 1531.2704
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Cont. Table 3.13

Upper Lower Line pos. Transm. Energy Mean value o
J K, K. |J K. K. (em™1) in % (em™1) (em~1) (10=% cm 1)
6 6 1 728.5572 83.4 | 1531.2706
7 6 1 717.8815 55.0 | 1531.2704
7 5 2 6 4 2 787.0302 46.8 1541.9223 | 1541.9223 1
7 6 2 728.5337 61.4 1541.9226
8 6 2 716.3281 48.1 1541.9221
8 5 3 7 4 3 | 788.5141 60.4 | 1554.1024 | 1828.5830 3
8 6 3 728.5090 72.8 1554.1031
8 4 ) 776.2820 79.4 1554.1029
9 6 3 | 714.7709 63.4 | 1554.1016
9 5 4 8 6 4 990.7291 36.7 1845.3300 | 1845.3303 3
9 6 6 973.9229 70.9 1845.3301
9 8 4 | 906.9295 73.4 | 1845.3304
10 8 4 888.6238 60.8 1845.3305
10 5 5 |11 6 5 | 992.1995 47.9 | 1863.6067 | 1863.6068 -2
12 6 7 | 973.8549 64.1 | 1863.6069
12 8 ) 906.9001 77.2 1863.6067
13 8 5 | 887.0639 63.3 | 1863.6070
11 5 6 12 6 6 993.6625 48.7 1883.4144 | 1883.4143 -1
13 6 8 973.7760 62.8 1883.4144
13 8 6 | 906.8710 73.0 | 1883.4141
14 8 6 | 885.5026 58.5 | 1883.4141
@ § = (B — Beale)(10~* cm™1) are differences between experimental and calculated values

Table 3.14: Transitions belonging to the vg + 19 — v1¢ band of the CHy=CD, molecule

Upper Lower Line pos. Transm. Energy Mean value o
J K, K. J' K. K. (em™1) in % (em~1) (em~1) (10=% cm~—1)
7 7 0 6 6 0 984.7883 32.4 | 1787.5018 | 1787.5020 2
7 6 2 974.1132 87.2 1787.5022
8 8 0 894.8462 46.0 1787.5020
8 7 1 7 6 1 986.2816 34.2 1799.6705 | 1799.6706 -1
8 6 3 974.0766 79.7 | 1799.6707
8 8 1 907.0149 89.1 1799.6706
9 8 1 893.2941 43.0 1799.6706
9 7 2 8 6 2 987.7695 35.3 1813.3636 | 1813.3636 3
9 6 4 974.0332 73.1 1813.3639
9 8 2 906.9870 85.4 | 1813.3634
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Count. Table 3.14

Upper Lower Line pos. Transm. Energy Mean value 0
J K, K. J K. ! (em™1) in % (em™1) (em™1) (10=* cm™1)
10 7 3 9 6 3 | 989.2523 32.3 | 1828.5831 | 1828.5830 0
10 6 5 | 973.9821 67.8 | 1828.5831
10 8 3 906.9585 76.2 1828.5830
11 8 3 | 890.1820 51.4 | 1828.5829
11 7 4 10 6 4 990.7291 36.7 1845.3300 | 1845.3303 1
11 6 6 973.9229 70.9 1845.3301
11 8 4 | 906.9295 73.4 | 1845.3304
12 8 4 | 888.6238 60.8 | 1845.3305
12 7 5 |11 6 5 | 992.1995 47.9 | 1863.6067 | 1863.6068 -2
12 6 7 | 973.8549 64.1 | 1863.6069
12 8 ) 906.9001 77.2 1863.6067
13 8 ) 887.0639 63.3 1863.6070
13 7 6 12 6 6 993.6625 48.7 1883.4144 | 1883.4143 -1
13 6 8 973.7760 62.8 1883.4144
13 8 6 | 906.8710 73.0 | 1883.4141
14 8 6 | 885.5026 58.5 | 1883.4141
14 7 7 |13 6 7 ] 995.1166 47.3 | 1904.7546 | 1904.7548 2
14 8 7 | 906.8433 69.1 | 1904.7548
15 8 7 883.9414 73.7 1904.7550
@ § = (B — Eeale)(10~* ¢cm™1) are differences between experimental and calculated values

As a result we found more than 670 transitions for the v; 4+ vy — v19 band
with maximum values of quantum numbers J = 32 and K, = 14 and more than 580
transitions for the vg + vig — v19 band with maximum values of quantum numbers
J = 31 and K, = 13. Energies of upper states (v; = vyg = 1) and (vg = v19 = 1)
will be necessary to determine the structure of the forbidden bands v; 4+ 14y and

Vs + 110 (see next section).

Results presented in this section were reported at the HRMS-2016 conference
in Prague, Czech Republic, |78], and were published in Russian Physics Journal

179].
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3.4. 1450—1650 cm ! spectral region

In the current region there are six bands: v; + 119, 2v7, 1o, vy + V19, V4 + V7
and vg + vy9 (see Figure 2.6). As it was shown in Section 3.2, one has to take
into account (v;p = 2) and (v12 = 1) states as well, in order to calculate energy
values of (v; = v1p = 1) and (v7 = 2) states. Figure 3.4 shows scheme of resonance

interactions in the studied region.

1
Energy/cm ¢
7> G Vv,
1620 Cami vy, o7 18> %
] i 810 s
] 4> i - y L
.- 4,8 P 5>
. .—'— --------------- |
_ - S
1560 - 2 Gs
] F T e Y4 o
] 3> e =59
1500_ .—..o
A 2v, V2
: 7 \C36
T \
1440 - — °
- z
] C2,6,l Y710
13s0] =2
1 ——~F,
i |1> 2V10

A (a-type) A, (inact) B (b-type) B, (c-type)

Figure 3.4: Vibrational energy levels of CHy—CD,

3.4.1. Assignment of the spectra. Estimation of the main parameters

Assignment of transitions was made on the basis of the GSCD method. The
ground state rotational energies have been calculated with the parameters, obtained
in Section 3.1 (see Table 3.2, column 2). As the result, about 1050 transitions with

the values of quantum numbers J7% /K" equal to 44/16, respectively, were
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assigned to the 2v; band; 930 transitions with the values of quantum numbers
Jmar- [ KT equal to 42/15, were assigned to the o band; 238 transitions with
the values of quantum numbers J™* /K% equal to 33/8, were assigned to the
vy + 10 band; 197 transitions with the values of quantum numbers J7%* /K"
equal to 31/9, were assigned to the vy 4+ v; band. Energies for the forbidden
bands were calculated on the basis of «hot» transition data (see Section 3.3,
Tables 3.13 and 3.14). Due to strong resonance interactions with allowed (v; = 2)
and (vy = 1) states (values, estimated on the Isotopic Substitution Theory relations,
are V'C, = —4.6 cm ! and “V'O; = —8.9 cm_l), 91 and 123 transitions were
observed in experimental spectra. As for the forbidden v, band, assignment is
confirmed by the presence of ground state combination differences for all transitions.

Table 3.15 represents some transitions from the weak combination band v4+1/,

found for the first time.
Table 3.15: Transitions belonging to the v4 4+ 19 band of the CHy=CD, molecule

Upper Lower Line pos. Transm. Energy Mean value o
J K, K. |J K, K. (cm™1) in % (cm™1) (em™1) (107* ecm™1)

4 3 2 3 2 2 1593.0887 93.0 1612.2262 | 1612.2263 2
5 2 4 1579.3266 93.6 1612.2263

5 3 3 4 2 3 1594.6835 88.6 1619.9430 | 1619.9431 -3
6 2 5 1577.8935 90.9 1619.9432

6 3 4 5 2 4 1596.3002 85.6 1629.1999 | 1629.2000 1
7 2 6 1576.5000 86.8 1629.2000

7 3 5 6 2 5 1597.9441 82.5 1639.9938 | 1639.9938" 3

8 3 6 9 2 8 1573.8674 86.2 1652.3229 | 1652.3229° -1

9 3 7 8 2 7 | 1601.3443 83.0 1666.1836 | 1666.1836 -2
10 2 9 1572.6482 86.3 1666.1835

10 3 8 9 2 8 1603.1180 83.6 1681.5735 | 1681.5736 2
11 2 10 1571.5086 87.9 1681.5736

11 3 9 10 2 9 1604.9514 83.3 1698.4867 | 1698.4868 0
12 2 11 1570.4561 88.5 1698.4869

12 3 10 11 2 10 1606.8513 83.6 1716.9164 | 1716.9164 -1
13 2 12 1569.4975 90.1 1716.9164

13 3 1 14 2 13 1606.8513 90.8 1736.8533 | 1716.9164° 3

14 3 12 13 2 12 1610.8676 88.5 1758.2866 | 1758.2866 -1
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Count. Table 3.15

Upper Lower Line pos. Transm. Energy Mean value 0
J K, K. J K. K. (em™1) in % (em™1) (em~1) (10=% cm 1)
15 2 14 1567.8745 93.2 1758.2865

@ § = (B — peale) (10~ ¢cm™1) are differences between experimental and calculated values
b

energy, which is calculated from a single transition, is fitted with lower weight

For illustration, in Table 3.16 we also give transitions from the strong
fundamental vs.

Table 3.16: Transitions belonging to the vs band of the CH,=CDs molecule

Upper Lower Line pos. Transm. Energy Mean value o
J K, K. |J K| K. (cm™1) in % (em™1) (em™1) (10% cm™1)
6 6 1 6 6 0 | 1586.1657 14.1 | 1707.7864 | 1707.7866 3
7 6 2 1575.4159 67.3 1707.7867
7 6 2 6 6 1 | 1596.8672 70.6 | 1718.4878 | 1718.4879 -2
7 6 1 1586.1172 15.2 1718.4880
8 6 3 1573.8258 51.4 1718.4878
8 6 3 7 6 2 1598.3521 53.6 1730.7230 | 1730.7230 -1
9 6 4 1572.2270 40.9 1730.7229
9 6 4 8 6 3 1599.8323 45.6 1744.4942 | 1744.4942 0
9 6 3 1585.9983 29.3 1744.4942
10 6 ) 1570.6190 35.1 1744.4942
10 6 5 9 6 4 1601.3078 40.5 1759.8038 | 1759.8039 2
10 6 4 1585.9288 31.5 1759.8040
11 6 6 | 1569.0017 29.0 | 1759.8039
17 12 5 16 12 4 1612.1038 83.6 2177.5721 | 2177.5721 1
18 12 6 | 1558.3999 78.9 | 2177.5721
18 12 6 17 12 ) 1613.5553 83.3 2205.1061 | 2205.1060 -2
18 12 7 1556.7726 72.8 2205.1059
19 12 7 18 12 6 1615.0073 84.0 2234.1795 | 2234.1795 1
20 12 8 1555.1442 80.0 2234.1794
20 12 8 19 12 7 1616.4613 84.0 2264.7947 | 2264.7948 -1
21 12 9 1553.5165 82.2 2264.7948
@ § = (B — E°€)(10~* cm™!) are differences between experimental and calculated values

Parameters obtained on the basis of Isotopic Substitution Theory and

anharmonic corrections from [41] are shown in Table 3.17.
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Table 3.17: Parameters of the CHy,—=CD5 molecule for the bands from spectral region of
1450-1650 cm ™!

'U,U’F 'U,'U,C
Band Center, cm™! v, v ° Value in cm— T v, v - Value in cm—!
v7 + vio 1437.6 (v7 =2), (v =1) 3.8 (v7 =2), (v, =vjy=1) —4.6
2uv7 1432.(; (v7 =v10 =1), (v =vjy =1) 2.6 ((117 =10 = l)), ((v% = v’llo = l)) ;i
v4 + V10 1576. — — vg =vi0=1),(v) =v, =1 —2.
Vo 1586.1 — — (vio = 2), (v :41)'10 z 1) -1.9
vg + V10 1630.1 — — (v2 =1),(v) =vip=1) 1.5
vy + v 1638.3 — — (v2=1),(vf =0y =1) —8.9

3.4.2. Intensities and halfwidth of spectral line

As it was mentioned, spectra VII-X (see Table 2.2) were used for the
determination of absorption characteristic of the CHy=CDy molecule. At the first
step we selected 100 spectral lines assigned to 2v7 band. We measured intensities
using Hartmann — Tran profile to fit experimental line shapes obtained from the
spectrum VII. In Figure 3.5 an example is given which shows good agreement

between calculated and experimental profiles.

Experimental
- — — Hartmann - Tran

T T T T T T
1567.235 1567.240 1567.245 1567.250 1567.255 1567.260

0.02 —

0.00 —

Exp.-Calc

-0.02

| ' | ' | ! | ' | ! |
1567.235 1567.240 1567.245 1567.250 1567.255 1567.260

Wavenumber, ¥/ cm™!

Figure 3.5: Approximation of the experimental line with Hartmann — Tran profile. a« = k, F'(0—1y),
where k, is intensity, F'( — 1) is Hartmann — Tran function, P is pressure and L is pathlength

One can see an absence of the w-shaped pattern in the central part of the

exp.-calc. picture, which is the «fingerprint» of a Voigt profile. As Voigt profile
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underestimates height of the line and overestimates width, we chose Hartmann —
Tran profile for the following measurements.

The experimental intensities measured were then used in a fit procedure to
obtain parameters of the effective dipole moment (see, e.g., [63, 64]). As a result
we get 5 parameters for the (v; = 2) vibrational state. These parameters reproduce

initial lines with d,,,s—6.22 % and are given in Table 3.18.

Table 3.18: Effective dipole moment parameters of the (v; = 2) state

Operator Parameter Value
kz- wr=2) 0.014387(26)
{kzz,J%} wr=2) 2 x 1075 | —0.174(43)
{kz.,J2} (v7=2) 2 —
3 Whza,idy} = {ikzy, Jo}] (7=2)p3 -
L {kzw, Jadz + Jadu} — {ikgy,i(JyJ. + Jody) Y] | 07=Dpg x 1070 0.249(13)
5 Ukze,idy} + {ikzy, Ju }] (=22 x 10~4 | —0.355(12)
A {kza, Jodz + Jodu} + {ikzy, i(JyJz + JoJy) }] | O7=Dpz x 1074 0.736(28)
{kszng} (v7:2)#§ —

Curly brackets in Table 3.18 are for the anticommutators; ny =J2 - JyQ. The
values in parentheses are 1o standard errors. Table 3.19 represents results of the

intensity measurements and calculations.

Table 3.19: Line intensities of the 21, band of the CHy,—=CD3 molecule

J K, K.|J K| K| 7, exp. |Experiment” | Calculated® | &;,; %
14 2 13|15 2 14 | 1477.9603 1.45E-22 1.42E-22 1.79
13 3 10|14 3 11 | 1477.6466 1.84E-22 1.75E-22 4.89
15 0 15|16 0 16 | 1477.9301 1.46E-22 1.51E-22 3.62
14 4 11|15 4 12| 1478.6473 1.17E-22 1.08E-22 7.34
14 4 10|15 4 11 |1478.2415 1.04E-22 1.07E-22 3.22
12 2 10|13 2 11 | 1478.2146 1.31E-22 1.40E-22 7.06
15 5 11|16 5 12 | 1478.8405 1.27E-22 1.20E-22 0.0
13 2 12|14 2 13 |1479.3142 1.09E-22 1.48E-22 7.10
11 2 9 |12 2 10 | 1479.9375 1.54E-22 1.43E-22 7.01
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Cout. Table 3.19

J K, K.|J K, K 7). exp.. | Experiment® | Calculated® | &, 9
13 3 11|14 3 12 |1479.1712 1.81E-22 1.82E-22 0.46
14 0 14|15 0 15 |1479.1500 1.09E-22 1.09E-22 0.23
12 3 10|13 3 11 | 1480.7549 1.74E-22 1.86E-22 7.36
13 4 9 |14 4 10 | 1480.0974 1.09E-22 1.11E-22 1.92
12 4 8 |13 4 9 | 1481.8960 1.19E-22 1.14E-22 4.25
10 2 8 |11 2 9 |1481.7044 1.34E-22 1.44E-22 7.61
12 0 12|13 0 13 | 1481.6046 1.58E-22 1.70E-22 7.45
11 0 11|12 0 12 |1482.8373 1.73E-22 1.72E-22 0.76
13 5 9 |14 5 10 |1482.2770 1.38E-22 1.29E-22 6.69
13 5 8 |14 5 9 |1482.2602 1.37E-22 1.29E-22 6.19
12 4 9 |13 4 10 | 1482.0432 1.11E-22 1.14E-22 2.40
9 2 7110 2 8 |1483.5014 1.52E-22 1.43E-22 6.02
11 4 8 |12 4 9 |1483.7293 1.14E-22 1.14E-22 0.43
10 2 9 |11 2 10 | 1483.5476 1.52E-22 1.53E-22 0.37
10 0 10|11 O 11 |1484.0737 1.67E-22 1.72E-22 3.04
10 4 7 |11 4 8 |1485.4034 1.08E-22 1.12E-22 3.78
9 3 7110 3 8 | 1485.5900 1.61E-22 1.81E-22 13.05
8§ 2 719 2 8 |1486.4976 1.48E-22 1.44E-22 2.88
9 4 6 |10 4 7 |1487.0635 1.05E-22 1.07E-22 2.03
7 0 718 0 8 |1487.8449 1.42E-22 1.54E-22 8.99
8 3 6 ]9 3 7 |1487.2114 1.52E-22 1.72E-22 13.48
9 4 5 |10 4 6 |1487.0427 1.06E-22 1.07E-22 1.40
7 2 5|8 2 6 |1487.1266 1.33E-22 1.31E-22 1.52
7 3 o5 |8 3 6 |1488.8297 1.49E-22 1.59E-22 6.59
8 4 419 4 5 |1488.7088 1.01E-22 9.94E-23 1.56
6 2 4|7 2 5 | 1488.9172 1.29E-22 1.20E-22 6.30
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Count. Table 3.19

J K, K.|J K, K! 7). exp.. | Experiment® | Calculated® | &, 9
7 3 4|8 3 5 |1488.7261 1.47E-22 1.58E-22 7.46
5 1 4|16 1 5 |1489.7940 1.73E-22 1.68E-22 2.46
6 0 6|7 0 7 |1489.1516 1.41E-22 1.43E-22 1.50
5 0 5|6 0 6 |1490.5012 1.26E-22 1.29E-22 2.77
6 3 4 |7 3 5 |1490.4409 1.48E-22 1.40E-22 0.22
5 2 3|6 2 4 11490.6714 1.07E-22 1.06E-22 1.12
4 0 41|15 0 5 |1491.9001 1.11E-22 1.13E-22 1.68
4 1 3|5 1 4 |1491.4336 1.48E-22 1.46E-22 1.60
5 3 216 3 3 |1492.0208 1.07E-22 1.17E-22 8.94
4 2 3|15 2 4 |1492.5980 9.22E-23 8.87TE-23 3.85
5 3 3|6 3 4 ]1492.0423 1.27E-22 1.17E-22 7.70
4 2 2|15 2 3 |1492.3785 9.66E-23 8.80E-23 8.90
4 3 1|5 3 2 ]1493.6244 9.05E-23 8.71E-23 3.83
4 3 2|15 3 3 |1493.6321 8.49E-23 8.71E-23 2.53
3 0 314 0 4 |1493.3472 9.45E-23 9.36E-23 0.89
2 1 13 1 2 1494.7301 9.71E-23 8.79E-23 9.48
2 0 213 0 3 |1494.8341 7.74E-23 7.25E-23 6.28
1 1 02 1 1 ]1496.3745 5.78E-23 5.09E-23 12.03
2 2 012 2 1 | 1500.2909 8.92E-23 7.79E-23 12.65
2 2 112 2 0 ]1500.2761 8.45E-23 7.79E-23 7.82
6 3 3|6 3 4 |1501.2463 7.35E-23 7.53E-23 2.46
§ 3 5 |8 3 6 |1501.1944 5.41E-23 5.20E-23 3.97
6 3 416 3 3 |1501.2007 7.27E-23 7.52E-23 3.03
4 3 114 3 2 ]1501.3252 1.14E-22 1.17E-22 2.86
4 3 214 3 1 |1501.3218 1.14E-22 1.17E-22 3.19
5 3 3|5 3 2 |1501.2716 9.11E-23 9.27E-23 1.75
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Cout. Table 3.19

J K, K.|J K, K 7). exp.. | Experiment® | Calculated® | &, 9
10 4 6 |10 4 7 |1502.4188 4.79E-23 4.29E-23 10.44
9 4 619 4 5 |1502.4894 5.29E-23 5.06E-23 4.43
9 4 519 4 6 |1502.5077 5.01E-23 5.06E-23 1.07
14 5 9 |14 5 10 |1503.7940 4.22E-23 4.26E-23 0.99
13 5 8 |13 o5 9 |1503.9272 5.31E-23 5.04E-23 0.21
13 5 9 (13 5 8 |1503.9129 5.47E-23 5.04E-23 7.89
14 5 10|14 5 9 |1503.7626 4.13E-23 4.26E-23 3.27
3 0 312 0 2 ]1503.9393 7.97E-23 7.45E-23 6.51
12 5 8 |12 5 7 |1504.0463 5.50E-23 5.94E-23 8.00
12 5 7112 5 8 | 1504.0529 5.85E-23 5.94E-23 1.47
4 0 413 0 3 |1505.4081 1.04E-22 9.68E-23 6.87
5 2 4 |14 2 3 |1507.8455 1.01E-22 9.28E-23 8.21
5 2 3[4 2 2 ]1507.9610 8.93E-23 9.32E-23 4.36
7 0 716 0 6 |1509.6985 1.54E-22 1.49E-22 3.59
6 2 5 |5 2 4 ]1509.3233 1.04E-22 1.13E-22 8.01
6 2 415 2 3 |1509.5015 1.05E-22 1.14E-22 9.01
7 1 6 [ 6 1 5 | 1510.5248 2.19E-22 2.05E-22 6.54
7T 2 6 |6 2 5 [1510.7950 1.31E-22 1.30E-22 0.57
6 3 4|5 3 3 |1510.4756 1.25E-22 1.24E-22 1.39
7T 2 516 2 4 |1511.0400 1.19E-22 1.32E-22 10.34
8 2 6 |7 2 5 |1512.5616 1.44E-22 1.45E-22 1.00
8 3 5 |7 3 4 |1513.4620 1.52E-22 1.71E-22 12.65
10 0 109 0 9 |1513.9562 1.78E-22 1.73E-22 2.81
10 1 919 1 8 [1514.9264 2.47E-22 2.42E-22 2.36
10 2 919 2 8 |1515.1572 1.55E-22 1.61E-22 3.32
11 2 1010 2 9 |1516.6043 1.62E-22 1.64E-22 1.43
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Count. Table 3.19

J K, K.|J K, K! 7). exp.. | Experiment® | Calculated® | &, 9
11 1 1010 1 9 |1516.3748 247E-22 2.44E-22 1.17
11 2 9 |10 2 8 |1517.0285 1.70E-22 1.66E-22 2.24
12 2 10|11 2 9 |1518.4831 1.64E-22 1.66E-22 0.95
12 2 11|11 2 10 | 1518.0511 1.70E-22 1.65E-22 3.05
13 1 12(12 1 11 |1519.2795 2.69E-22 2.38E-22 11.63
13 2 1212 2 11 ]1519.4999 1.64E-22 1.63E-22 1.11
14 0 14|13 0 13 |1519.7469 1.59E-22 1.66E-22 4.81
14 2 13|13 2 12 ]1520.9531 1.60E-22 1.58E-22 1.28
15 0 15|14 0 14 | 1521.2178 1.01E-22 1.59E-22 0.27
14 2 12113 2 11 | 1521.3618 1.70E-22 1.58E-22 7.41
15 2 14|14 2 13 |1522.4128 1.47E-22 1.52E-22 3.02
15 2 13|14 2 12 ]1522.7968 1.50E-22 1.50E-22 0.15
15 3 13|14 3 12| 1523.5851 1.80E-22 1.93E-22 7.11
%) Line position, cm™1 b Experimental intensity of the line, cm="/(molecule/cm?)
©) Calculated intensity of the line, cm~/(molecule/em?) @ Differences between exp. and calc., % (absolute value)

In order to measure halfwidths we took 34 well isolated (distance between
centers of the neighbours more than 0.1 cm™!) lines belonging to the v and 2v7
bands. Figures 3.6 and 3.7 represent two of these lines. The first one is from 2wvy,
and the second is from vs.

One can see the dependence is linear. Self-broadening coefficient, in fact, is just
a slope of the resulting straight line, which can be also derived from . = e P,
where 74y is an expected coefficient. In Table 3.20 we give the values of the

self-broadening coefficients determined for the 34 above-stated lines.
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Table 3.20: Self-broadening coefficients of the CHy=CD, molecule (in 1073 ¢cm™atm™!)
J K, K. |J K, K 7 (em™1) Veelf J K. K. |J K, K 7 (cm—1) Yeelf
24 3 21 |23 3 20 | 14604691 | 111.9(.1) || 6 0 6 70 7 1575.7046 | 104.0(2.1)
21 3 18 |20 3 17 | 14646293 | 117.1(32) | 6 1 6 7017 1576.0448 | 112.9(2.2)
16 3 14 |17 3 15 | 14745793 | 101.4(20) || 4 1 4 5 1 05 1578.8463 | 104.1(1.4)
13 4 9 14 4 10 | 1480.0999 | 108.9(26) || 3 1 3 4 1 4 1580.2763 | 104.4(1.4)
13 6 8 4 6 9 1484.6495 | 108.0(6.9) || 2 1 1 31 2 1581.1807 | 110.8(5.9)
6 1 5 71 6 1488.1739 | 107.8(0.4) || 7 0 7 6 0 6 1596.1839 | 105.9(2.3)
15 2 14 |14 2 13 | 15224155 | 1102(25) || 8 0 8 70 7 1597.5146 | 109.3(3.4)
4 4 11 |15 4 12 | 15621278 | 118.1(41) || 11 1 11 |10 1 10 | 1600.9624 | 108.1(3.0)
4 77 15 7 8 15625719 | 107.9(3.3) || 10 3 8 9 3 7 1601.0878 | 106.3(2.0)
13 6 7 4 6 8 1564.0899 | 108.0(6.7) || 10 1 9 9 1 8 1601.6681 | 104.3(0.5)
13 8 12 3 9 15665448 | 106.3(1.5) || 11 2 10 |10 2 9 1601.9340 | 105.7(3.4)
110 11 [12 0 12 | 1568.2543 96.9(1.2) || 11 3 9 0 3 8 1602.5338 | 111.0(2.9)
0 3 7 13 8 1568.3326 | 110.9(3.7) |[ 12 3 10 |11 3 9 1603.9638 | 111.6(1.6)
9 7 2 0 7 3 15707257 | 107.0(1.4) || 14 3 11 |13 3 11 | 1606.7736 | 103.1(1.4)




Cont. Table 3.20

J K. K J' K, K 7 (em™1) Vself J K. K J' K, K, 7 (em™1) Vself

7 3 4 8 3 5 1573.4713 108.0(1.5) 14 1 13 13 1 12 1607.6913 107.2(5.1)
7 1 7 8 1 8 1574.7344 105.9(1.6) 15 3 13 14 3 12 1608.1520 105.6(2.9)
6 1 5 7 1 6 1574.8061 106.0(1.7) 16 3 14 15 3 13 1609.5124 107.1(2.5)

The minimal value of ¢ is 96.9 X 1073 emtatm™! and maximum value is

118.1 x 1073 cm~'atm™'. In percentage, the error does not exceed 6.4 %.

Results presented in this section were reported at the HRMS-2017 conference

in Helsinki, Finland, [80], and were published in Russian Physics Journal [81].
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Conclusion

In this thesis work we have considered high-resolution infrared spectra of the

CHy—=CD3y molecule. The main results of the work may be summarized as follows:

1. We made experiments in order to register high-resolution (~ 0.0025 ¢cm™!)
infrared spectra of the CHy=CDy molecule and also made full assignment
of the recorded transitions. There are a lot of new transitions previously
completely unknown, related to the weak combination vy + 11, v4 4+ v7 bands
and 2vq, overtone; forbidden due to the symmetry vy, v; + 119 and vg + vip;
«hot» v7 + 119 — 19 and vg + 119 — v19. Besides of that, in strong fundamental
bands there are about 7000 transitions which were not assigned before.

2. We constructed an effective Hamiltonian operator with respect to the
symmetry of the molecule and then fitted experimental ro-vibrational energies
of fourteen vibrational states (separated by the spectral regions) to this
Hamiltonian. rms-deviation of the fit was 1.7x10™* cm™! to 2.5x107* cm™!
in different spectral ranges. It is about 3-5 times better than results obtained
by Hegelund [39, 40].

3. We measured experimental values of intensities and halfwidths and calculated
parameters of effective dipole moment and self-broadening coefficients of the
CHy=CDy molecule. The order of the intensities in the studied region of

14501650 cm™! is ko ~ 10722 cm™!/(molecule/cm?) and self-broadening

coefficients are Yser ~ (96.9 — 118.1) x 1073 cm'atm ™.

Further development of this thesis work can be continued in three possible
directions:
— extension study of the CHy=CD, spectra in high-energy regions, in particular,
re-analysis of the fundamental bands 11, vs, vg and v47;
— extension study of absorption properties of the molecule, refinement of the
effective dipole moment parameters for the vibrations of different symmetries,

looking for possible dependence of the halfwidths not only on pressure, but
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other variables (e.g., rotational quantum numbers);
— calculations of the PES for ethylene molecule on the basis of parameters

determined in the present work, as well as for other isotopologues.
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BBenenue

AKTyaJIbHOCTb TEeMbIl NCCJIEJOBaAHUA

Mouiekyiia aTujieHa, Hapsijly CO CBOUMU Pa3HOOOPa3HBIMU U30TOINNYECKUMU MO-
J(UKALUIME, sIBJISIETCSI OObEKTOM MHTEPECa XUMUICCKON (DU3UKU HA, IPOTIKEHUN
CeMU/JIeCSITH TTOCTeHUX JeT. Ké BcecTopoHHee nccieloBaHne aKTyaabHO IS pa3Ind-
HBIX KaK YUCTO (PYHTAMEHTAJbHBIX, TaK U MPUKJIAJTHBIX 0bJacTeil HayKu. ZIBJIsIsSIChH
IIEPBBIM YJICHOM T'OMOJIOTHMYECKOI'O Psijia aJKEHOB, TO €CTh IMPOCTEMIINM Hellpe ie/ib-
HBIM YTJIEBOJIOPOJIOM, STHJIECH MOXKET PacCMaTpUBATLCA B KadecTBE MOJICJILHON MO-
JIEKYJIBI J1J1s1 9Toro Kjacca. [lo jannbim Poccrara, 3a rocsejiHue ceMb JieT TPoOu3BO/I-
crBO s1rusieHa B Poccuiickoit Mejiepaniuu Boipocsio ¢ 2381 jio 2791 Thicdd TOHH, YTO
JleJlaeT ero OJIHUM M3 HauboJjiee POU3BOJIMMbIX Opranrndeckux coejimnenunii. 110106-
Hasl TEeHIeHIUs HADJII0IaeTCsI 1 B MUPOBOM MacITade, uTo 00ecrneunBaeT BasKHOCTD
U3ydeHUs STUJICHA ¢ TOUKKM 3PEHUsST MOHUTOPUHIA COCTOSHMSI OKPY:KAIOIIEH cpebl,
B TOM 4HncJie, (DUBUKK U XUMUK TPOIOcephbl U cTpaTocdepbl. ITUIEH OTBETCTBEHEH
3a CTapeHWe BEreTaTUBHBIX TKaHeH, peryjnpoBaHue CO3PeBaHUs IJIOJ0B PACTEHUIA,
UMYHHBIT OTBET Ha, TTATOTeHbBI, & TAKKE SBJISIETCS BayKHOM 9aCThIO CUIHAJIBHON CHCTE-
MbI PACTEHUI; UCCJIC/IyeTCs TaK»Ke BO3JICHCTBUE ITUJICHA U €r0 COeUHEHUN (HaHpI/I—
Mep, OKCH/Ia 9TUJIeHA) Ha OHOXUMUIO MJleKonuTaouX. HakoHer, sruieH obHapyKeHn
B aTMocdepax maaHeT-ruraiToB CoJIHEeUHON CUCTeMbl 1 HEKOTOPBIX MX CIIYTHUKOB,
a TaK»Ke B MEXK3BE3JIHOM IIPOCTPAHCTBE, UTO JIEJAeT ero 00beKTOM MHTEPEeca B ILIa-

HETOJIOTHH U acTPOpU3UKE.

NnTepec K n30TomosoraM STUeHa (B TOM IHC/IE aCHMMETPUIHOM JeidTeprpo-
parHoi Momudukannun CHy—CDy) 00yciioBiien Takxke TeM, 4TO UX CUMMETPHUs OT-
JINIHA OT CUMMeTpHUH «MarepuHckoity mosekyiabl CoHy. danuwrit dhaxT obecreqan-
BaeT HaJiMuue B MH(PPAKPACHBIX CIIEKTPaX U30TOIOJIOIOB KOJiebaTe/IbHbIX 110J10C, HE
BCTPEUAIOITNXCS B CIIEKTPax OCHOBHON Mojudukaiuu. VccmeoBannst ©30TOMOJIOTOB
MO3BOJIAIOT TOJYYUTh HEJIOCTAIONIYI0 WHGOPMAIMIO O TaKuX KojebaHusx. BaxkHo

TaK»Ke TO, 4TOo B npubamxkenun Bopua — OmnnenreiiMepa mnmoreHnuaibHas PyHKIUs
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MOJIEKYJIbI OCTAETCS HEM3MEHHOW MpH JII000H M30TOMUIECKONH 3aMeHe aTOMOB. DTO
MIO3BOJISIET MCIOJIB30BATh JAHHbBIE, MOJYUEeHHbIE TTPU aHAJIU3€ W30TOTOJOTOB, B TOM
qucse u Jijist 0oJiee MoJTHOTNO OIMCAHUST CBOMCTB «MaTEPUHCKON» MOJIEKYJIb.

Ha cerognsmuuit jenb crekrpomerpsl, paboratonme B cpegneit MK-obmactu
(400-4000 cm™1), jlocruran paspematomieit criocobnocty nopsijika 0,002 M~ 1 Bbi-
e (nanpumep, Bruker [FS 125HR), uro B siBa pasa npeBoCXOUT JOCTYIIHbIE DaHee
npuOOpkI. Bostee MOCTYMHBIMY CTATM PA3TUIHBIE U30TOTONOTH (OCOOEHHO 9TO Kaca-
ercsi JIeHTepUPOBAHHBIX MOAUMUKAIIHUIT), UTO TO3BOJISIET TPOBOJUTL CEPUU IKCIIEPHU-
MEHTOB C Pa3jIMYHbIMK 3HAUYCHUSIMU JIABJEHUSA W IIyTH IOrJomleHus. Kpome Toro,
HU B OJIHOI U3 paHee onyonkoBaHHbIX paboT 1o mosiekysie CHo—=CDy HeT naHHbIX
0 Tepexoiax MeX Iy BO30YKJAEHHBIMU KOJIEOATEJLHBIMU COCTOSTHUSAMU (T.H. «TOpsi-
anes nepexo/ipl). Jlo HACTOSIIEro MOMEHTa TakyKe He U3ydajuch abCOJIIOTHBIC WMH-
TEHCUBHOCTH TOTJIOIIEHUs W TIOJIYy ITUPUHBI CIIEKTPAJIbHBIX JIMHUI PacCMaTpUBaEMOii
MOJIEKYJIbI, UTO HEOOXOIUMO JIJIsT PEIIeHNUs 3aa9 acTPOMU3NKY U TJIAHETOJIOTHA (B
TaCTHOCTH, TOMOJTHEHHUS CIeKTpockonuiyeckux 6a3 ganubix HITRAN uw GEISA).

Bcé BolnenepedncaieHHoe 00eCeunBaeT akTyaabHOCTb NCCIEI0BAHUST U BOCTPE-
OOBAHHOCTDH €r0 Pe3yJIbTATOB.

CreneHp pa3paboTaHHOCTH TeMbl McCcJieJgoBaHus. [lepsoie nndpakpac-
HbIE CIIEKTPbI BCEX IIECTH JEHTePUPOBAHHBIX M30TONOJIOIOB (B €CTECTBEHHOM WM30-
TOMHOM cocTtase) Obutn mosyaersl Apaerrom u Kpoydopaom [1] 8 1950 romy, onna-
KO UX OCHOBHOI Tiesibio siBjstioch u3yudenne CoHy m CoDy. Buepsble ke crieKTpbl
neiirepupoBanHbix Mojpudukanuii (MonozeiirepupoBannoit Mosekysisl HoC=CHD)
3aperuCTpUpoOBanbl rpynnoit jge dvruna B 1949 2] (cm. Taxxke (3], [4]), a muomnep-
CKOit paboToii, onuchiBaioIeil nHdpakpacHble ¥ PAMAHOBCKHE CIEKTPHI IBAYKIbI
JeiirepupoBanroro acuMmmerpudanoro usoronosora CHo=CDs, cienyer, no-sugnmo-
My, PU3HATH CTATBIO, onydsmKoBaHHyio B 1951 roay je dmrunom u [Hlapperrom B
«Bromnerene Koponesckoit akajgemun nayk u uckyccrs Beiasrums [5]. HesaBucumo
ot 3roit rpymmel, B 1953 roay Kpoydopmom u mp. [6] omybiukosana pabora, B KO-

TOPOI aHAJU3UPYIOTCS NH(MPAKPACHbIE CIEKTPbl HU3KOI'O pa3pelleHus B JIUalla30He
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6006100 cm~!. 13 sKcmepuMeHTAIBHBIX JIAHHBIX ONPEJeIeHb eHTPhl 34 Koseha-
TeJbHBIX 110J10C: 11 dbyHaMeHTalIbHbIX (328 HCKIIOYEHUEM 3alperEHHoi vy) u 23
00EPTOHHBIX U KOMOMHAIMOHHBIX (MHTEpIPeTalns HEKOTOPBIX ocliapuBaercst boJiee
MO3/IHUMHU ABTOPAMH), & TaKyKe TMPUBEJCHO CPABHEHUE IKCIEPUMEHTAJIBHBIX U Pac-
YETHBIX BEJIMYUH C IOJIYUEHHBIMHU paHee Jie IMTUHOM. Y UNThIBas HU3KOE pas3pelie-
HIe, PA3HUIBI MEXKJTY OJOKCHUAMH IIEHTPOB B 2-3 ¢M ! MOI'YT CUHTATLCH YIIOBJIC-
TBOPUTEIbHLIMU. B 3T0i paboTe TakkKe BIepBbIe MPUBEJIEH CITMCOK HOPMaJIbHBIX KO-
JiebaHnii, KOTOpbIMU 00JIaJIaeT UCCeyeMast MoJieKyJia, npuiéM Horaius Kpoydop-
J1a T10/IPa3y MeBAET HACJIEICTBEHHOCTD 10 OTHOIIEHUIO K MATEPUHCKON MOJIeKy 1€ (T.e.
HyMepalus KoJjebanuii coorsercryer Takooil jisi CoHy). Bee jasbheitiine aBro-
PBI TaKKe UCIOJIB3YIOT MOIOOHBIN TOJIX0/, He ABJISIeTCS UCKJIIOUEHUEM U HAaCTOSIIas
pabora.

C pasBuTHeM SKCIepUMEHTATbHON TEXHUKHU ¥ YBEJWIEHNEM Pa3PENIeHust JI0 10~
Jieit 0OpaTHOIO CaHTUMETPa CBsA3aH CJeYIONIUI 1ar B UCC/IeJOBaAaHUAX UH(paKpac-
HbIX CIIEKTPOB opranudeckux moJiekysu. B 1972 rogy Hankan u ap. [7] wosyuaror
ciekTpel CHy=CDy B quanaszone 600-1200 cm~! ¢ paspemennem 0,2 ecM~! 1 mpoBo-
JIAT aHAJTU3 9eThIPEX (DYHJIAMEHTAIBHBIX KOJEOATEIbHBIX MOJI0C (V1g, V7, Vg U Vg),
JIexKaImux B 3Toit obsiactu. [losHass M ojiHO3HAUYHAS MHTEpIpeTalus HabJ/r0 aeMoi
KoJiebaTeIbHO-BpaIaTe/JIbHON CTPYKTYpPhl OKa3aJiach HEBO3MOXKHOW M3-3a HEJ0CTa-
TOYHON paspernraoiieil CriocoOOHOCTH SKCIEPUMEHTAJIbHON yCTAHOBKM U, KaK CJIEjI-
CTBUE, B3aMMHOI'O IlepeKpbiBaHus cocejiHuX Jinnuit. Kpome Toro, e ObLIO ydTeHO
PE30HAHCHOE B3aMMOJIEHiCTBIE (JIOCTATOUHO CUJIBHOE) ¢ TOJocCaMu vy U V3. B 3Toii
e paboTe MPUBEICHBI Pe3YJIbTaThl aHau3a moaochl vy (3017 CM_I), 3alMCAHHON ¢
pazperenueM 0,03-0,04 cm~!. [Tosrydennble gaHHbIC GBI HCIOIb30BAHBI ABTOPAMHE

JIUIsl OIIpEJIe/IeHNs BpallaTe/IbHbIX [IOCTOAHHBIX M PacuéTa BpallaTe/bHOi CTPYKTY-
PbI OCHOBHOTO KoJiebaTebHOro cocrostinst MojeKyabl CHo—=CDs.

B 1973 rony, dankan u jp. [8] mpoBoJsaT ucceIOBAHNS CIEKTPOB KPHUCTAJI-
JIoB aTujeHa npu temieparype 60 K u pemaror 3ajady pacuéra CHUIOBOIO IIOJIsI

MOJIEKYJIbI 9TWUJIEHA B I'apDMOHNYIE€CKOM HpI/I6.HI/DKeHI/H/I. OTO MO3BOJISET I[IOJIYYUTDb BCE
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rapMOHWYECKNE JaCTOThl W B JAJbHEHIEM PaCCIUTHIBATH TTapaMeTPhl PE3OHAHCHO-
1o B3auMOJIEHCTBUsT U 1eHTPOOeKHOro uckaxkenusi. B 1974 ropy Cueps u jp. [9]
uccseytor gyHjamMmentaibyio nojocy vg (3096 cm!) u kombunanuoHHble 10J10-
el vty (3372 em™ 1), vi+ug (4152 em™b), vgtrg (4231 em™!) ¢ paspemenunem
0,03-0,04 cm~!. PesyabraToM 310ii paboThl CTAHOBUTCS YTOYHEHHE BPAIIATEILHBIX
TapaMeTpoOB OCHOBHOT'O COCTOSTHUST, & TAKYKe (BIEPBbIE JIJIsT JTAHHON MOJICKYJIbI) YI&T
mapamMeTpoB MEeHTPODEIKHOTO NCKAYKEHTS.

B 1981 rojy Jaunkan u Xomuirron [10], uciosib3yst HOBbie 9KCHIEPUMEHTAJIbHBIE
JIAHHBIE JJTsT PA3JINIHBIX U30TOMOJOTOB STUJIEeHA (B TOM UHCJE, ¢ H30TOMHYECKOI
samenoit BC <« 120), ynyumaior npeapiayme 8] pacudto cusosoro nosst. Kak
caencrsue, Xeremnan u Jankan [11] mepecMaTpuBaioT mapaMeTpbl OCHOBHOTO COCTO-
stivist Mosiekysibl CHy—CDs (1o cpasrenuto ¢ paboroii [7]), a rakske nosydaror Habop
napamMeTpoB Bo30YXKAEHHBIX KosiebaresibHbix coctostaunii (ve—1), (vy=1), (vg=1) u
(vip=1). BuiepBbie Oblin yuTeHbl DE30HAHCHDBIE B3AUMO/JIEHCTBIS MEXKJLYy BCEMU KOJIE-
OaTe/IbHBIMU COCTOSIHUSIMU, & TAKKe HMPUHSITHI BO BHUMAHUE 1OJIOCHI V4 U V3, JIJIs
TapaMeTpoOB KOTOPBIX KOCBEHHBIMH METOJAME (yUéT CIBUIOB SKCIEPUMEHTATbHBIX
VDOBHEIl SHEPIUU BCJICCTBHE B3AUMOJICHCTBUS ¢ YKA3AHHBIMEU COCTOSTHUSIMU ) TIOJTY-
YEeHBI yJIOBJIETBOPUTE/IbHBIC OlICHKK. B TOM 2Ke I'0Jly BBIXOJIUT CTaThsd XUPOTHI U JIP.
[12], B KOTOPOIt BrIEpBbIE UCCIIEYIOTCST MUKPOBOJIHOBBIE CIIEKTPhI JIEHTEPUPOBAHHBIX
M30TOIOJIOTOB ATUJIEHA, U ¢ BBICOKOH TOTHOCTHIO ONPEJIESTIOTCS CTPYKTYPHBIE TIOCTO-
siifble MoJsieKyJibl CHo—=CDy, a Takoke eé nunosibablit Moment. B 1982 rojy Xeresam i
u Jlankan [13], a 3arem Xapmep u lankan [14]| ucciegayror criekTpajibHble THATA30-
upr 2000-3200 e~ 1 1200-2000 em~!, coorBercTBenHO, ¢ pasperrennem 0,05 cm L.
B anajiuze ObLIM yuTeHbI HEKOTOPbIe KOMOMHAIMOHHBIE II0JIOCHI, He Ha0JIi0/laeMble B
CIIeKTpe, HO JIalolllie BKJIaJ B PE30HAHCHBIC mapaMerpbl. Kak ciiejicrBue, ObLIO 3a-
KOHYIEHO M3ydeHne Beex GpyHIaMeHTaabHbixX 1mo0¢ MoseKyabl CHo=CDy B BhicOKOM

pasperieHnn.

B 1990 romy Xeremany [15] BHOBL obpamaerca K auanazony 600-1200 cm™

FMesl BO3MOXKHOCTD 3apEeIICTPUPOBATH CIEKTPHI ¢ paspemterneM 0,004 cm~'. Brep-
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Bbl€ OBLIM TTPOUHTEPIPETUPOBAHBI IIEPEXOJIbI, OTHOCAIINECS K 110J10ce V3. C yaérom
BO3POCIIEH TOYHOCTU IKCIEPUMEHTA U OOJIbIIEH MPOTSKEHHOCTU CEpUil 11epexoji0B
110 KBaHTOBBIM 4ucjiaM J u K, Obliu 3aHOBO PACCUMTAHbI IaPAMETPbl OCHOBHOI'O
K0JIe0aTeIbHOIO COCTOsAHUSI. JIJIs1 aHaimn3a CUCTEMBbI II0JI0C UCIIOIH30BAIACh MOJIEb,
BKJIFOUAOINAsl IECTh B3aUMOJIEHCTBYOIIMX COCTOSHUN. VIcX0/1s1 13 BO3MYIIEHU, BbI-
3BAHHOTO B3aMMOJICHCTBUEM COCTOSHUA (V4=1) ¢ OCTAJBHBIMU COCTOSTHUSIMU, ObLIT
paccuuTaHbl mapaMerpbl mojockl vy B 1991 roay oun ke [16] 3aHoBO ucciepyer
dyHIAMEHTAJIBHYIO TIOJIOCY V19, UCIOJB3Ysl MOJEJb, BKJIIOYAMOIIYIO YeThiPe B3au-
mogeiicTByommnx cocrositust ((vip—2), (vig=—1), (vi=vip=—1), (v;=2)). Hecmorpst na
nocrurnyroe paspertenue 0,005 cm ™!, epexojioB, COOTBETCTBYIONUX 00EPTOHHOMN 110-
Joce 2v1y oOHapy»KeHO He ObLIO, TaK»Ke KaK U JIMHWUI, OTHOCAIINXCA K 3allPeIéHHOR
oJioce V7+Uv1g.

B 1995 rojsy Maprun u ap. [17], uposousit ab initio pacuéTbi KBAPTUUHBIX M4~
paMerpoB CHJIOBOI'O 10JisSi U PACCUUTHIBAIOT IAPMOHUYECKUE YaCTOThl HOPMAJIbHBIX
KoJiebanuil ¢ TouHocTbio J0 10 eM ™! s Beex u3BECTHDBIX JeifTepupOBAHHbBIX U30TO-
II0JIOIOB, & TaKKe MyOauKyoT anrapmonndeckue nonpasku jist CoHy 1 CHo=CDs n
CpaBHEHUE CO BCEMHU U3BECTHBLIMU Ha TOT MOMEHT 3KCIIEPpUMEHTAJbHBIMK JIAHHBIMH,
YIOMSHYTBIME B HacTosiieM ob3ope. ABTopaMu paccuuTaHa paBHOBECHAsI T€OMET-
pHUsT MOJIEKYJIBI, TIPUBEJIEHBI HanboJIee 3HaYMMble PE30HAHCHBIE CABUTH U CIIOCOOBI NX
onpejiejiennsi. Tem He MeHee, OIMCAHHBIN 1TOXO0/, He 103BOJIsieT YI0BIETBOPUTEIHHO
OIEHUBATH B3aMMOJICHCTBIE BaJICHTHDIX U jIehOPMAIMOHHBIX KOJICOaHUH (pacxoxK jie-
HUE ¢ TapaMeTpaMu, OIIpPeIeeHHBIMI U3 SKCIEePUMEHTa, BeCbMa BEJIUKO, JJIsI HEeKO-

TOPBIX 3HAYECHWH HAOTIONACTCS askKe U3MEHEHUe 3HAKA).

Ha cerognsmauit genb crekrpomerpsl, paboratomnme B cpejneit MMK-obmactu
(400-4000 cm™1), slocruran paspermatomeit ciocobnocty mopsijika 0,002 M~ 1 Bbi-
e (nanpumep, Bruker [FS 125 HR), 4ro B jiBa pasa npeBocxojut JOCTYIHbIE DaHee
npubOpbI. Bostee MOCTYMHBIMY CTATH PA3TUIHBIE U30TOMOMOTH (OCOOEHHO 9TO Kaca-

ercsi JIeHTepUPOBAHHBIX MOJUMUKAIIHNIL), UTO MO3BOJISIET TPOBOJUTL CEPUU IKCIIEPHU-

MCHTOB C PAa3/IMYHbIMHK 3HaAYC€HUAMHKU HAABJICHHUA KW IIYTH IIOIVIOINCHMA. KpOMe TOr'O,

9



HU B OJHOW U3 paHee omyOJMKOBaHHBIX paboT 1o mosiekysie CHo=CDy mer manHbIX
0 Tepexoax Mex/y BO30YXKJAEHHBIMU KOJIEOATEIbHBIMU COCTOSTHUSAMU (T.H. «TOpsi-
aney nepexo/ipl). Jlo HACTOSIIEro MOMEHTa TAKXKe He U3ydasiuch abCOJIIOTHBIC WMH-
TEHCUBHOCTH TIOTJIOIIEHUS W TIOJYIITUPUHBI CIIEKTPAJIBHBIX JTHHUH paccMaTpuBaeMoii
MOJIEKYJIbI, ITO HEOOXOIUMO JIJIsT PEIIeHUs 3aad acTpOMU3NKA U TJIAHETOJIOTHA (B
TaCTHOCTH, TOMOJTHEHUS CIeKTpockonuiyeckux 6a3 panubix HITRAN u GEISA).
Bcé BbilenepeunciieHHOe 00eciiednBaeT akTyaJlbHOCTb UCC/IE/I0BAHUS U BOCTPE-

OOBAHHOCTDH €I'0 PE3YJILTATOB.

Llenpro Hacrosiiieil paboThl sBJIsieTCsS pa3pabOTKa MOJIE/U, YINThIBAIOIIEH pe-
30HaHCHBIE B3auMmojieiicTBus B MoJiekysie CHo=CDsy, u npuMmenenue eé Jijist OnucaHust
nH@pakpacHbix Pypbe-CIIEKTPOB BLICOKOI'O Pa3pelieHns ¢ AKCIePpUMEHTAJIbHON TOY-
HOCTBIO.

st jocTuxKkenust 3To# 1e/im ObLIN OCTABJICHBI CJIeAYIONe 3aan:

1. 3BaperucrpupoBaTh CIEKTPbI BBICOKOTO paspernenus MmoJiekyiabl CHo=CDy B
HECKOJIbKUX JIHAIA30HAX TIPU PA3THIHBIX SKCIIEPUMEHTAJIbHBIX YCIOBHUX (1B
JIEHUH, TeMIIepaType, JIMHe TyTH TMONIONIEHNsT) ¥ TPOBECTH WHTEPIPETAIINIO
MOJIYIEHHBIX 9KCIEePUMEHTAIbHBIX JTaHHDIX;

2. Ha ocnoBanum Teopun M30TONO3aMEIIECHNAST PACCINTATH HAUAIbHBIE 3HATCHUSI
OCHOBHBIX CIIEKTPOCKOIIUYECKUX TapAMETPOB: IEHTPOB TOJIOC U TJIABHBIX BKJIa-
JIOB B IapaMeTpbl pe30HAHCHBIX B3aUMOJCHCTBU;

3. Iloctpoutsb 3bdpeKTUBHBIE OllepPATOPDI, YIUTHIBAIONINE CUMMETPHUIO MOJIEKYJIbI
U OIKCHIBAOIINE PE30HAHCHBIE B3aUMOJICHCTBHSA MEXK/Y pa3juIHbIME KOJieba-
TEJIbHO-BPAIIATEIbHBIMUA COCTOSTHUSIMIA;

4. Pemunth 00OpaTHYIO CHEKTPOCKOIMYECKYIO 33J1ady, MMOJYyINTh HADOp mapamer-
POB, OIKCHIBAIOIIKNX KOJIEOATEIbHO-BPAIIATEbHYIO CTPYKTYPY HCCJIEyeMOi
MOJIEKYJIbI C TOUHOCTBIO TOPSIJIKA IKCIEPUMEHTAJIHHOI;

5. M3MmepuTh SKCIEepUMEHTaAJbHbIE MHTEHCUBHOCTH U IOJYHUIMPUHBI CIEKTPAJIb-

HBIX JINHWI, pacCUUTaTh HapaMerpbl 3p(MEKTUBHOIO JIUIOJIHLHOIO MOMEHTA H
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ko3 dumnmenTor camoytupennst auanit Mmosiekysibl CHo=CDs.

MeToabl nccJie0BaHUSA

[ns pemenusa TOCTaBJAEHHBIX 3aJ@d NPUMEHSINCh MeTojbl Dypbe-crek-

TPOCKOIINU, TEOPUU M30TOINO3aMEIIeHUdA, TEOPUN TPYII, KBAHTOBON MEXaHWKWH,

OIlepaTOPHOIl TEOPUKM BO3MYIIEHU, & TaK»Ke MeTo)| HauMeHbIUX KBajpaToB. s

peajim3anu PacieToB MCHOb30BaINCh s3bIK nporpamMupoBanus FORTRAN wu

cucTeMa KoMIbiorepnoit aareopst MAPLE.

HOJIO}KeHI/ISI, BbIHOCHMMBbIE€ Ha 3allluTy:

1. Jlns pacuéra KojebaTebHO-BpaliaTeabHol ¢cTpyKTYphl MoJiekyiabl CHo=CDy

HEOOXOJINMO U JIOCTATOYHO:

1.1.

1.2.

1P ONKMCAHUK IIEPEXOJ0B CO 3HAYEHUsIMU KBaHTOBbIX unces J > 30 u
K, > 15 yuaurbiBaTh B JuaroHaJjibHbIxX 0J10Kax 3PPEKTUBHOIO oleparopa
YOTCOHOBCKOT'O THUIIa, BKJIAJBI OT OMEPATOPOB YIJIOBOI'O MOMEHTa Ju J,
JIO TIECTOl CTeleHN BKIIOUUTEHHO;

IIPY OIIMCAHUK BO3MYIICHUI, BbI3BAHHBIX PE30OHAHCHBIMU B3aUMO/ICHCTBH-
SIMU MEXKJIy KoJiebaTeIbHO-BPAIIaTeIbHBIMIA COCTOSTHUSIMKA, YIUTHIBATD

apbl COCTOSIHMI, PA3HUIA KBAHTOBBIX dncesa AKX, MeX 1y KOTOPLIMU He

npesbiaer 6.

2. B undpakpacubix cruekrpax MoseKyabl CHo=CDa:

2.1.

2.2.

CYHIECTBYIOT HEPEXO/ibl, OTHOCAIIMECS K 3alPEIIEHHLIM B IIOIJIOIIECHUH
dbyHIaMEeHTAILHONR TOJI0Ce V4 U KOMOMHAIMOHHBIM IOJOCAM Uy + Ly U
Vg + 110;

IPY KOMHATHOH TeMIIepaType IPOsABJISIOTCH MePEex0/Ibl ¢ BO30Y K JIEHHOIO
KOJIEHATEILHOrO COCTOsIHIS (V19=1), COOTBETCTBYIOIIUE «TOPIIUM> II0-
JocaM V7 + V19— Vg U Vg + V19 — V10, @ TaK¥Ke [1epexo/ibl, OTHOCAIINECd K

cjabbIM KoJiebaTe/IbHO-BPAIATeIbHBIM 10JI0CaM 211, V4 + Vi U Vg + V7.

3. NuTencupHocTH creKTpajbHbIX JjuHUil MoseKyiabl CHo=CDy B juamnaszone
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2. xoapunmenT yim-

14501650 cm ! cocraprsiior ke ~ 10722 em~! /mom-cm™

perus Yserf ~ (96,9-118,1) x 1072 cm~ ! /arm.

CreneHb JOCTOBEPHOCTU

JTOCTOBEPHOCTL MEPBOTO MOJOXKEHNS MOATBEPKIACTCA COOTBETCTBUEM PACCUY-
TAHHDBIX 3HAYCHUI SKCIEePpUMEHTAJbLHBIM pesyabTaraM. CpeHeKBaapaTuIHoe OTKIIO-
HEHUE TEOPETUICCKH PACCUNTAHHBIX MOJIOKEHNI JTUHII OT S9KCIePUMEHTAILHBIX 3Ha-

~1 Bo Bcex mCCIeLyeMBIX CHEKTPAJbHBIX 00JACTAX

qennii cocrasisier ~ 1074 cm
COOTBETCTBYET SKCIEPUMEHTAJIbHBIM HOI'PEITHOCTIM. PaccunTanibie mapaMeTpbl 0C-
HOBHOI'O KOJ1€DATEJIbHOI'O COCTOSIHUSI BOCIIPOM3BOIST TaKXKe MUKPOBOJIHOBbBIE IIepe-
XOJIbI, 3aperucTpupoBanubie XupoToii [1], co cpemHekBapaTHIHbIM OTKJIOHEHHEM
0,031 MI'nm, Torma Kak 3HaUYeHHE CPEIHEKBAIPATUIHOIO OTKJOHEHUS, ITPUBOINMOE
Xuporoit, cocrapaser 0,028 MI'n (~ 1079 em™!). O6a atu 3HaveHUs 3HAUUTETLHO
IIPEBOCXOJIAT TOYHOCTH MH(pPaKpacHbIX u3Mepenuii. OgHaKo mpu pacuére KomMOnHa-
IIMOHHBIX Pa3HOCTEH JijIsi MH(PAKPACHBIX TEPEX0o0B ¢ OOJIBITUMKA 3HAYEHUsIMU J
u K,, cpejgHekBaipaTUuIHOE OTKJIOHEHWE PACCUUTAHHBIX C IapamMerpaMu XUPOTbI
snadennii cocrasisier 116,4 x 107 ¢m™!, rorna kak HOBbIE HAOOD HAPAMETPOB OC-
HOBHOTO KOJ1€0ATEJILbHOTO COCTOSHIS BOCIIPOU3BOIUT MOy YEHHBIE U3 SKCIEPUMEHTa,
JAHHBIE CO CPEHEKBAIPATHYHBIM OTKJIOHeHHeM B 1,3 X 1074 ecm~ L

JlocTOoBEPHOCTH BTOPOIO 3allUIIACMOI0 HOJIOXKEHUS 11OTBEPK IAeTCs, BO-11ep-

BBIX, BBICOKIM KAdeCTBOM SKCIepuMeHTa: paspemenue ~ 0,0021 cm~!, ToynocTs

OIIpe IeJICHIS OJIOKEHNUH CIIeKTpasbHbIX JuHuN ~ 1074 ecM~!, — Bo-BTOPBIX, BBITIO-
HEeHUeM KOMOMHAIMOHHBIX Pa3HOCTEH JIjIsi BCeX BIIEPBbIE ONPEJIC/IEHHBIX 1€PEX0JI0B.
Bo3MoxKHOCTH HAOJIIOJICHUS «TOPSIUX» IEPEX00B 000CHOBaHA PacUETOM 3aCe/IEHHO-
cru cocrosinust (v = 1), KoTopast OTJIMYHA OT HyJist DU KOMHATHOI TeMieparype
¥ COCTaBJISICT TOPsAAKA 3 0 OT BEJMYMHBLI CTATUCTUYECKON CyMMbL. KOpPPEeKTHOCTD
onpe/ieeHust KojiebarebHO-BpalaresibHOl crarucruaeckoit cymmbl (1) obocHoBa-

1 , BKUIITOYUTEJILHO (BKJ’I&,Z[

Ha yIETOM: a) BCeX KOmeOATEeTbHBIX COCTOSTHUI 10 2335 M~
JIeXKAIINX BBIIIE COCTOAHUI COCTABJIACT JIOJNX IPOIECHTA OT PACCYUTAHHOIO 3HAYE-

ausg (Q(296)=75915); 6) paccanTaHHBIX 3HAUEHUIT SHEPIHU JJIsT IEPEXOJIOB ¢ KBAHTO-
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BhiMu aucaamu 1o J = 50 u K, = 50 (naxe Bkiaj| cocrostumii ¢ J > 41 cocrasisier
nopsizika 0,1 %); B) craTucTuyecKux BECOB PA3IMUIHBIX COCTOSTHUI, 00YCIOBIECHHBIX
HaJMIMeM siyiepHoro cimua (g4 = 15 Jyist cuMMeTpudHbiX cocrosinuii, g4 = 21
JJTsT AaHTUCUMMETPUIHBIX COCTOSTHUI). BO3MOXKHOCTH MEPEXOJI0B Ha 3allpEIEHHbIE B
norytonennn cocroguus ((vy = 1), (v; = vig = 1), (vg = vy = 1)) moATBEPK Ta-
eTCsl COIJIACHeM PACCUNTAHHBIX KOIDMUIMEHTOB CMENINBAHWs BOJHOBBIX (DyHKITHI
1 HaOJII0IaeMOT0 B SKCIIEPUMEHTE pacipejiesieHns MHTeHCUBHOCTEH COOTBETCTRYTO-
IUX CIEKTPAJIbHBIX JUHUHA: TaK, HAIPUMED, JJisi BpalarejbHoro yposst [20 11 9],
OTHOCSIIEroCsi K KosiebaresibHoMy cocrosiiiio (vy = 1), KoaddunumenTs cmernmpa-
nust Bosinosbix Gyukiuit C* u C® coornocsires kak 0,28 k 0,72, a nporyckanue Jist
cooTBeTCTBYIOMUX aunnii cocrasuger 91,0 % n 36,6 %.

JOCTOBEPHOCTH TPETHErO 3AIMUIIAEMOI0 TOJIOXKEHNsST 0O0CHOBaHA MPOBEICHHBI-
MH pacuéTaMy MHTEHCHUBHOCTEH € pAaCCINTAHHBIMEU Tapamerpamu 3Pp(GEeKTHBHOIO
JMIOJILHOrO MOMeHTa coctosinust (v; = 2). Vexopnbie SKCIepUMEHTAJTbHBIE HH-
TEHCUBHOCTU CIIEKTPAJbHBIX JIUHHUI BOCCTAHABJIMUBAIOTCS CO CPEIHEKBAJIPATHIHBIM
orkjonennem 6,22 %. JocroseprocTs onpepeienuss Ko3(DQUIMEHTOR YITUPEHUST
MOJITBEPXKIACTCS TEM, 9TO 3HAYEHWST JOBEPUTEIHHBIX WHTEPBAJIOB PaCCIUTAHHBIX

pesinuuH He npesbimaior 6,4 %.

Hayunasa noBu3zna

Hayunasi HOBU3HA 1EPBOTO TOJIOKEHUST 3aKJ/II0UAETCs B MPEJIJIOKEHUN OrPaHU-
YUTH KOJMYECTBO [MapaMETPOB JIMArOHAJbHBIX OJIOKOB BO30YXKJIEHHBIX COCTOSTHUI
spdexruBnoro ramunabronnana moJiekyjibl CHo=CDs, yuuTbhiBast TOJBKO CTEleHn
OLIEPATOPOB YIIOBOIO MOMEHTa J U J, BIUIOTH 0 11ecToil. [Ipu 91oM coxpaHsiercs
«TIPEEMCTBEHHOCTb» TTApaMeTPOB BO3OYKICHHBIX KOJEOATETLHBIX COCTOSTHUN, KOTO-
pble OTJIMYAIOTCS OT MapaMeTpPOB OCHOBHOTO KOJIEOATEJLHOTO COCTOSHUS JIMIIbL Ha
4-7 %.

HaquaH HOBHU3Ha BTOPOI'O IIOJIO2KEHUA 3aKJIIOYA€TCA B IIOJYYECHHH MaCCHBa

HOBDBIX 9KCIIEPUMEHTAJbHDBIX JTaHHBIX, 6H&F0ﬂap5{ HCIIOJIb3OBaHNIO COBPEMEHHOI'O 000-
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pynoBanusi — nndpakpacubix Oypne-cinekrpomerpos BRUKER IFS 120HR u IFS
125HR.

HayuHnast HOBU3HA TPETHEro MOJIOXKEHNsT COCTOUT B TPUMEHEHWH KOHTYPa XapT-
manHa — Tpan jurst onucanust popMm crieKTpasibabix JuHuil MoJiekyabl CHo=CDy n
OIpEJICJICHUST NX TTapaMeTPOB: NHTEHCUBHOCTEN U MOJIYIIMPHH, a TaK>Ke pacdéra, ma-
pameTpoB 3M(HEKTUBHOIO JTUIOJBHOTO MOMEHTa ¥ KOI(D(DUIIMEHTOB CAMOYIITHPEHUST

JINHUN.

TeopeTuvdeckada u IMpaKTudecKas 3HAYNMOCTb PAOOThI

Cojieprkanne 1epBOTO TMOJIOKEHUST MO3BOJISIET PACIPOCTPAHUTH PE3YJIbTATHI
paboOThl Ha MOJIEKYJIbI THUIA ACHMMETPUUHOIO BOJIUKA, O0JaIaiolue CHMMeTPH-
eit He Bbime Co, (mampumep, Cg u Cop,) W Maccoif, cpaBHUMON ¢ MOJIEKYJION
CHy=CD3 (30 a.e.m), HampuMep, pa3iuIHbIX JeHTEPUPOBAHHBIX U30TOIMOJIOIOB ITH-
aena (CoHoDo-cis u -trans, CoHsD u CoHDs). Boimosnaenue ykasanHBIX B [epBOM
MOJIOXKEHUN YCJIOBUIl TOBBITIIAET TOYHOCTH PACIETOB KOJedATEThHO-BPAIIATETHHOM
crpykTypbl Mosiekysibl CHo=CDy B 3-5 pa3 10 cpaBHEHUWIO ¢ MU3BECTHBIMU paHee
(em., nanpumep, [2,3]).

SHaYMMOCTH BTOPOTO W TPETHEro MOJIOXKEeHWH 00yC/IOB/IeHa TEM, ITO TTapaMeT-
pbl crekTpaJbHbiX JuHuil Mosiekyiabl CHo—=CDoy, Takme Kak IMOJIOXKEHUsT JIMHUIA,
SHEPIUU MEepPexOJ[0B, MHTEHCUBHOCTH ¥ KOIDMUIMEHTH YIMTUPEHUsT SIBJISIOTCS
JIOTIOJIHEHUEM K CIeKTpocKonmieckuM maHuaniM OankoB HITRAN u GEISA, a
Takxke HHOpMannoHHO# cucreMbl Wucruryra ontukm armocdepnr CO PAH
«CIeKTpoCcKoIus aTMOC(EpPHBIX I'a30B», B KOTOPBIX JI0 CUX 110D ObLiIa, [IpeJ/iCTaBIeHa
quih nHpopMalms 00 ocHOBHON Mommdukannm Mosekyabl dtuaeHa CoHy m eé
nzoronosore BCI2CH,. Dt nannbie HEOOXOMMMBI i BepUMUKAINA 1 KOPPEKIINH
ab initio pacdéToB CTPYKTYPhI U mnapamerpos noromeHns: Mojekyabl CHo—=CDo,
a 0e3 3HaHUsI KOJMYECTBEHHBIX 3HAUYEHUI KoJieDAaTeJIbHBIX SHEPIUil U TIJIABHBIX
BKJIAJIOB B IIapaMeTpbl PE30HAHCHBLIX B3aMMOJIEHCTBII HEBO3MOXKHBI 00JI€€ TOUHbIE

PAcUYEThl BHYTPUMOJIEKY/ISIPHOI IIOTEHITUAIbHON (DYHKIIUK STHJICHA.
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Wcnonp30oBaHMEe pe3yibTaTOB PadOThI

[Tomyuennanie B paMKax JUCCEPTAIMOHHOTO MCCAEIOBAHNA PEe3yIbTaThl HCIIOJ b
30BAJIUCh IIPH BBIINOJHEHUM COBMECTHOIO IpaHTa MunmucrepcTBa obOpa3oBaHus U
nayku Poccniickoit @enepanuu u I'epMaHCKo#t CiIy»KObI akaJIeMUIeCKUX OOMEHOB
(DAAJT) mo mporpamme «Muxann Jlomonocosy Nel.710.2016/TAAJT «Crekrpo-
CKOIIMsl BBICOKOI'O pas3pellieHus U MOJeJMpoBaHue KoJjiedaTe/bHO-BpallaTe/bHON
CTPYKTYDbl MOJIEKYJl arMocdepbl W BHe3eMHOro npocrpancrsay (2016-2017 rr.),
rpanToB PO®U 16-32-00305 mon_a «McenenoBanue ¢yHIaMeHTAJbHBIX CBOHCTB
MHOTOATOMHBIX MoJjieKyJ1 Ha npumepe CoHy m ee m3oromosioroB Merojamu Clek-
TPOCKOITMU BBICOKOTO pasperienusi» (2016-2017 rr.) u POOU 16-32-00306 mo_a
«Hcenenopanre CHEKTPOB BBICOKOI'O pa3perieHrsi MeTaHa M ero M30TONUYEeCKUX
Mo KAl B MHTEpecax acTpOPU3UKN, IJIAHETOJOTHH U aTMOC(HEPHONR OITUKI»
(2016-2017 rr.), a Takxke MPU BBHIIOJHEHUH PabOT 10 MPOIPAMMAM HOBbBIIICHUsT

KOHKYypeHTHOcHocobHnocTu HarnuonasibHoro ucciienoBarejibckoro ToMCKOIo  1moJiv-

Texunaeckoro yausepcurera BUY-OTU-120/2014, BUY-OTU-24/2016.

Amnpobarus pe3yabTaToB

OcHoBHbIE pPE3YJIbTATHI JUCCEPTAIUMU JIOKJIA/bIBAJIUCH HA CJIEJYIONUX KOHpe-
pennuax: 15 International School and Conference on Optoelectronics, Photonics,
Engineering and Nanostructures «Saint-Petersburg OPEN 2014», (Saint Petersburg,
Russia, March 24-27, 2014); The 23'% International Conference on High Resolution
Molecular Spectroscopy (Bologna, Italy, September 2-6, 2014); XVIII Symposium
and School on High Resolution Molecular Spectroscopy (Tomsk, Russia, June 30 —
July 4, 2015); 24" Colloquium on High-Resolution Molecular Spectroscopy (Dijon,
France, August 24-28, 2015); 24" International Conference on High Resolution
Molecular Spectroscopy (Prague, Czech Republic, August 30 — September 3, 2016);
25% Colloquium on High-Resolution Molecular Spectroscopy (Helsinki, Finland,
August 20-25, 2017).
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ITy6nunkanum

[IpescraBientbie B JUCCEPTAIMOHHON paboTe pesysbTarThl OMyOJMKOBAHBI B
15 nedarnbix paborax: 9 crareil B KypHaJiax, BK/IIOUEHHBIX B Ilepedenb perensu-
PYEMBIX Hay4HBbIX H3JIaHWi, B KOTOPBIX JOJKHBI OBITH ONMyOJMKOBAHBI OCHOBHBIE
HayJIHbIe PE3YTbTATHI IUCCEPTANNi HA COMCKaHWe YUYCHOHN CTeleHr KaHu1aTa HayK
(u3 Hux 9 crareil B )KypHasax, unjgekcupyembix Web of Science); 6 mybnukaiuii B

cOOpPHUKAX MaTepruasioB MEXKIYHAPOJIHBIX KOH(DEPEHIUIA.

JIm4uHbBI BKJIA aBTOPAa

Bce pesyiibraThbl, NpuBeJEHHBIE B padOTE, OBbLIU 11OJIyYEHbl JJUIHO aBTOPOM JIU-
060 B XOjie COBMECTHOW pPaboThl ¢ HaydHbIMU pykopojurensimu, E.C. Bexrtepenoii
u K. Jlepya, u JApyrumm coaBTOpaMu. SHAUUTEIbHAs YaCTh SKCIEPUMEHTAJILHOMI
yacTu pabOThl BBHINOJHEHA aBTOPOM B TEeXHUUIECKOM YHHUBepcuTeTe BpayHinpeiira,
['epmanust, 1moj1 pykKoBojicTBOM Iipodeccopa 3. Bayspakkepa. CrekTpbl MOJIEKYJIbI
CH,=CD, B nmuamnaszone 950-1300 cm ™! 6p1m mpeocrasiens mpodeccopom T.J1. Ta-
rom 13 Hambsinckoro rexunosiorndeckoro yuupepcurera (Cunranyp). AHanns criek-
TPOB 11poBojiuicst copmectro ¢ marucrpanrom HU TITY H.B. Kamupunoii. Teoperu-
YecKre pacdérhbl CTPYKTYPHBIX MAPAMETPOB MOJIEKYJIbl 9TUJICHA W €€ U30TOIHNOJIOIOB
BBIMTOJIHSIJINCH COBMECTHO ¢ JiofieHTOM VccyienoBaTe/ibeKoii MKOJIbl (PU3UKU BBICOKO-
sHeprerndeckux nporeccoB HW TIIY kangmmaToMm (pU3HKO-MAaTEMATUIECKUX HayK
A.JI. ®omuenko n acnupanrom HU TITY FO.C. Acranosckoii.

[ToctanoBKa 3ajiauu, IJIAH KCCJEJOBaHUN U 00Iee PyKOBOJCTBO PabOTOl
ocytectrisiioch E.C. Bexreperoit n K. Jlepya. Pesynbrarsr paborsbr 06cy X gaanch
TaK>Ke TMPU HENOoCPEICTBEHHOM yuacTuu rnpodeccopa VccaemoBarenbeKoii MKOIhI
dusukn BoicokodHeprerudeckux npoueccos HW TIIY pokropa dpusuko-maremarn-
yeckux Hayk O.H. VYnenmkosa n npodeccopa MccenenoBarenbekoii MKOIbI (PU3UKT
BbICOKOSHepreTuieckux mnporeccop HN TIIY, kanaunara (pusnko-MareMaTuIecKux

nayk O.B. ['pomoBoii.
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CrpyKTypa m 00'beM AuCCEPTAINNA

Huccepranyss COCTOUT W3 BBEJIEHUs, 3 IVIaB, 3aKJII0UEHUs U CITHCKa JTUTEPATy-
poi. O6mmit oobem puccepranun 113 crpannil, BKIOYas 18 pucyHKoB u 23 TaDJIUIIHL.
Crmcok JmTepaTypbl BKIOIAET 82 HAMMEHOBAHUSI.

OcHoBHOe cojiepxkaHue padboThl. Bo BBe1eHUM paccMaTprBaeTcst aKTya ib-
HOCTbH Pa0OThI, IIPUBOJAUTCS JIMTEPATYPHBINH 0030p, JIAIOIIUI 1IpejcTaB/IeHue O pas-
pabOTAHHOCTU TEMbI UCCJIEJIOBAHUS, IIEPEUUCIISIOTCH METO/Ibl NCC/Ie/0BaHust, (POpMYy-
JIUPYIOTCS TIeJIA U 33JIa491, MOJIOXKEHNsI, BHIHOCUMbBIE Ha 3alllUTY, UX JIOCTOBEPHOCTD,
HayJIHas HOBU3HA W TEHHOCTD, OMUCHIBAIOTCS UCIIOJb30BAHUE W allpODAIs Pe3yJib-
TATOB, MyOJWKAIIMU W JIMIHBIA BKJAJ[ aBTOpa, a TaKxKe MPUBOJUTCA CTPYKTypa H
OCHOBHOE cojiepKaHue padoThI.

B mepBoil 1y1aBe juccepranuu TPUBEJIEH 0030p MPUMEHSEMbIX METOJIO0B HC-
CJICJIOBAHWSI, PACCMATPUBAIOTCS BOIPOCHI OIPEJICJCHUs] MraMUJILTOHUAHA MOJIEKYJIbI,
HPpUMEHEHUsT NPUOJIMKEHUN JIJIsi KBAHTOBOMEXaHUUECKUX PACYETOB U [MOCTPOEHUsI
3 pekTuBHbIX onepaTopoB. M3jaraloTcs OCHOBHBIE CBEJICHUsI U3 TEOPUU U30TOIIO-
3aMeIeHus W MTPUBOJIATCS HEOOXOAUMbBIE s JAJbHEHIINX PacuéToOB PE3YIbTATHI.
KpaTtko ormeuenbl ocHOBHBIe NpuHIUNBl Pypbe-crnekTpockonuu. Vccneayemast Mo-
JIEKYJIa OMUCHIBAETCA ¢ TOYKU 3PEHUs TEOPUH T'PYIII, TPUBOJNUTCI KJiacCupUKAIUs
KOJIEOATETbHBIX COCTOSHUIA.

Bo BTOpOIi TJ1aBe NpejicTaB/IeHbl Pe3yIbTaThl IKCIIEePUMEHTATbHON JacTh HC-
CJIeIOBaHUSI, & WMEHHO, IKCIepruMeHTaabHbie crekTphl MoJiekysibl CHo=CDsy, 3ape-
ructpupoBatnbie B Texnuueckom yHupepcurere bpayniiseiira u HanbsiHckoM Tex-
HuueckoMm yHusepcurere Cunramnypa. [Iposeneno obcy»kienne mooopa napaMerpon
9KCIIEPUMEHTAJbHON YCTAHOBKU U BbIOOPa IKCIIEPUMEHTAJILHBIX YCJIOBUI perucrpa-
IIUU CIEKTPa, UCXOJd U3 TIOCTABIECHHBIX Tiesieii. OneHeHo pa3penieHne SKCIepuMenTa,
¢ yuaéroM ymupenus juHuil. [IpuBeseno onucanme 3aperncTpupoOBaHHBIX CIIEKTPOB
1 HabJI10/IaeMBbIX I10JIOC.

B TpeTbeil riiaBe paccMaTpHBAIOTCA PE3YJIbTaTbl aHaJM3a CIEKTPOB B Jida-
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nazonax 1300-1450, 600-1300 u 1450-1650 cm~t. st kaxkJ10if yKa3aHHOI 06IaCTH
HPUBOJISITCS JIAHHBIE 110 MHTEPIIPETAlUK CIEKTPOB € YKa3aHUEM KOJIMUECTBa MePexo-
JIOB ¥ MaKCUMaJIbHBIX 3HaYeHU KBaHTOBbIX unces J u K,. B obmeit cioxnocru 00-
HapPY2KeHo U ujaeHTrdunupoano nopsiaka 17000 mepexomsos, OKOJIO MOJOBUHBI U3 KO-
TOPBIX HabJIIOIaIuCh BiiepBbie. [[poBejiéH HOBBI pacuéT mapamMeTpoB OCHOBHOI'O KO-
71e6aTeTHLHOTO COCTOSHUS MOJIEKYJTbI ¢ YIETOM BBICOKOTOUHBIX MUKPOBOJTHOBBIX JTaH-
Hbix. Ha ocHoBe Teopun m3orornozamMeriennst pacCiuTaHbl HadaJbHbIE 3HAUYCHUS T1[E€H-
TPOB TIOJIOC W TTapaMeTPOB PE30HAHCHLIX B3aMMOJICUCTBUM, KOTOPHIC B JaJIbHEHIIEeM
HPUHATHI B KQUeCTBE HAYAJJbLHOI'O NPUOJIMXKEHUs 1IPpU pellleHnr 0OpaTHON 3aJjiadu.
OOparHast ClIeKTPOCKOIIMYeCKast 3a/1a49a PerieHa jijist 14 coOCTOSTHU, OJIy YeHbI TTapa-
MeTpbI 3(PPEKTUBHBIX TaMUJILTOHUAHOB, BOCIIPOU3BOIAIINE UCXOMHBIN CIIEKTP ¢ TOY-
HOCTBIO MOpsJIKa sKcrepuMenTaabioii (~ 107* em™1). B ananasone 1450-1650 cm
TaK>Ke TTPOBEJIEHO UCCIe0OBaHNEe MHTEHCUBHOCTEH U TOJYITUPUH CIIEKTPAJbHBIX JTU-
auit Mostekyiabl CHo=CDy. @opma skcriepuMeHTaJIbHBIX JIMHWH almpOKCHMIPOBa-
Jlach KOHTYypoM XaprMmanHa-Tpan. Ha ocHOBe 110J1yUeHHbBIX JIaHHBIX OBbIJIU PACCUUTA-
HbI TTapaMeTpbl 3QMOEKTUBHOIO JUITOJIBHOIO MOMEHTaA cocTostHuii (v = 2) u (vg = 1),
a Tak>Ke KOI(PMUIMEHTb! YITUPEHUs] JIUMHUM.

B 3akJriogeHun chopMyInpoOBaHbI BBIBOJIBI TIO padOTe, & TaK¥Ke MPe/IJIOKEHUS

10 JIAJIbHEHIIIEMY PAa3BUTHUIO NIPOBEJACHHBIX UCCJIETOBAHUIA.
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I'maBa 1. O630p nmpuMeHIEMbBIX METOA0B MCCJIEI0BAHUS

B JjlaHnoil riaBe NpuBOJAMTC ONUCAHUE OCHOBHBIX METOJ0OB M I10JIXOJIOB, HPH-
MEHsIeMBIX B HACTOSINEH paboTe: METOI0B MOCTPOCHHUS TaMUJILTOHUAHA MOJIEKYIIbI
(M37103KeHHBIX TTOIPOOHO B MoHOTpadusx [18-21]), B Tom umcite, merona 3 dexTus-
ubix oneparopos ([laparpad 1.1); Teopun uzoronozamerenus ([laparpad 1.2) |22];
Dypoe-criekrpockoruu ([laparpad 1.3) [23, 24|. B [Haparpade 1.4 npusogurcs onu-
caHue UCC/Ie/IyeMOil MOJIEKYJIbl ¢ TOUKK 3peHust Teopun rpyi |25, 26|, a Takske Kjac-
cudpuKalms KouedaTeJbHbIX COCTOSTHUIN 110 HEPUBOMMBIM TIPEJICTABICHAAM I'DYIIIbI

cummerpun Cl,.

1.1. Onpenenenne TaMUJIBTOHNAHA MOJIEKYJIbI

[Ipn TeopernmyeckoMm onucanuu JOOOT0 (PU3UIECKOTO SIBJICHUsT WUJIA MTPOIECCa,
HEeO0OX0/IMMO BhIOpaTh (PU3NIECKU 0DOCHOBAHHYIO MATEeMaTHIECKYIO MOJIE/b U3y dae-
Moro oobekra. B 3ajiadax, CTOSAIKMX [1epej MOJIEKYJISPHON CIIEKTPOCKOIIUE, B 4acT-
HOCTH, ITPU UCCJICIOBAHUH CIIEKTPOB BBICOKOTO Pa3pelieHusd, JaHHas TpobaemMa cBO-
JINTCSA K BBIOOPY raMUJILTOHHMAHA MOJIEKYJibl. [lojiHOe 1 TOUHOEe onmcaHue MOJIEKY-
JIIPHOHN CHCTEMBI (107 KOTOPOH TOHUMAETCs COBOKYITHOCTH ATOMHBIX SIJIED U JICK-
TPOHOB) TpebyeT MOCTPOCHHsS TAMIJIBTOHUAHA, 3ABUCAIIET0 OT KOOPDIUHAT U CIIHHOB
BCEX YACTHUIL, €€ 00Pa3yIoINX, yIéTa MPHU 3TOM BCEX BO3MOXKHBIX B3aMMOJIEHCTBIIA
MEXKJIY COCTaBHBIMU YaCTsIMK, ¥, HAKOHEI, perierus ypaBuenus LLIpénuarepa ¢ arum
raMuibToHnaHoM. ITocTpouTs 110100HbBI TOYHBINA MrAMUJIBTOHUAH — HETPUBUAJIbHA
3aJ1aua, a penmTh ypasHenue [pénunrepa ¢ HuMm — 3a1a4a emé 6oJiee cioxHast (u
B 00MIeM ciaydae HeperniaeMast). [loaToMy Tpu T€OPETHIECKOM OTNUCAHUY PEATbHBIX

MOJIEKYJIAAPDHBIX CIIEKTPOB H€O6XO,B;I/IMO HCIIOJIb30BaThb pa3JIMYHbIE HpI/I6JH/DKeHI/IH.
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1.1.1. KonebarenbHO-BpaIlaTeJIbHBIN raMUJIbTOHUAH

B MOJIeKyJIHpHOI?’I CIICKTPOCKOIIMY HCIIOJIb3YIOTCA I'aMHUJIbTOHHAHBI BH 1A
H=T,+T,+V, (1.1)

e Ty n T,, — onmeparopbl KUHETUYIECKOH SHEPIUM P U IJIEKTPOHOB COOTBET-
CTBEHHO, V' — omepaTop MOTeHNHAaJbHON SHepTuH, BKJIIOYAIONIEN SHEPTUIO TIPUTIKE-
HUS 3JIEKTPOHOB K SIJIpaM, a Tak>Ke dHEPTUI0 MeXKIJIEKTPOHHOTO W MeXK'bsIePHOTO

OTTAJIKUBAHUsI. DTU ONMEPATOPHI UMEIOT CJIeIYIONINN BUI:

2

2 1 0? 0? 0?
To=—— , 1.2
I 2 %: my \ 0% i QY% * 0z%, (1.2)

h? 1 [ 07 0? 0?
T,—-—L$ | 1.
2 XZ: me \ 0x? * oy? * 0z} (1:3)

P ST A2 A g

i N NeN NN iN N ’
rJie Me U My — MAaCChl 3JIEKTPOHA U sJiep, Ay U € — 3apsijibl sjiep W 3JIeKTPOoHa,
Tab — PACCTOSIHUE MEXK/Ty YacTuraMu a u b. 31ecb He0OOXO0MMO OTMETHUTh, UTO XN U T;
SIBJISTIOTCST KOOPJMHATAMK B MTPOCTPAHCTBEHHO-(DUKCUPOBAHHOI JIEKAPTOBOI CrCTEME
koopuHar (janee — [IDC).

Hannast cucreMa KOOpJIMHAT, SIBJIsIsICh HauboJIee IPUBBITHONR U IPOCTOH ¢ TOU-
KU 3PEHHs] 3aIiCHU, He SIBJSeTCs YA00HON [Jisl pelleHus IoCTaBaeHHon 3amaqn. Ha
IpakTUKe HeOOXOIMMO BBIOMPATH CHCTEMbI KOODJMHAT, CBSI3aHHBIE C CaMOil MoJie-
KYJIOi, a MMEHHO, Takne, (DYHKIINKA COCTOSTHUI B KOTOPBIX 3aBUCAT OT OPUEHTAIUN
(Tak HasbIBaEMble <«BPAIIATEJNbHbBIE [IEPEMEHHBIEY) U OT OTHOCHTEILHOTO PaCIOJIO-
Kenust sijiep (Tak HasblBaeMble «KoJebaTebHble mepeMeHHbles ) Mosiekyiibl. OTcioja
BOBHUKAET CJEYIONas 3a1ada — TMOJyInTh ramumibToruan (1.1) B cucreme KOOp-

JIAHAT, CBA3aHHON C MOJIEKYJION (HaSHBaeMOI‘/’I MOJIEKYJIAPHON CUCTEMOU KOOP/IMHAT,

nasnee — MCK), 1o ectb mpeobpa3oBarh €ro K omeparopy, KOTOpbIii 3aBuces Obl OT
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TPAHCIANMOHHBIX (BBIPAXKAIOIIUX MOCTYATEIHHOE J[BUYKEHHE MOJIEKYJIbl KaK 1eJ10-
10), BpallaTesIbHbIX U KOJEOATEJHLHbBIX [IEPEMEHHbBIX.

JIrobast pyHKIMS, 3aBUCAIas OT Habopa 0000IEHHBIX KOOPAUHAT ) U UX IIPO-
M3BOJHBIX O/0x,, MOXKeT ObITh peobpas3oBaHa K HAOOPY HOBBIX OOOOIIEHHBIX KOOD-

JIMHAT @, €CJIN 3aJIaH 3aKOH 1MPeodpa30oBaHust KOOPJMHAT U UX TTPOU3BOJIHbBIX:

Ly = fn(Qm)a 8/83771 = (I)n(Qma a/aQZ) (1'5)

Ecnu sikobuan npeobpazoBanust (1.5) OTIHYEH OT HYJIsI, STU COOTHOIIEHUST MO~
I'yT ObITh HaiJCHbI BCErja, IPUTOM €JMHCTBEHHLIM 00pa3oM. Tak Kak pasjiudHbIX
Tpeobpa3oBanuii MOXKHO 3a/1aTh OECKOHEYHO MHOTO, N IPKA 3TOM BCE MOJIYyYCHHbIE T'a-
MMUJILTOHUAHBI OYJyT MMETH OJMHAKOBLIC COOCTBEHHBIC 3HAYCHUS U MPEoOPa3yIoy-
ecst JIpyr depe3 jpyra cobcTBeHHble (DYHKIMU, KPUTEPHUil BbIOOPa 1peodpa3oBaHms
oupeJlesisieTcst TeM, Oyer i 1peodPa3s0BaHHbIi raMUJILTOHUAH YI00HEE HCXOIHOIO
(¢ ToukM 3peHus QUMK UM MATEMATHKH).

Nzeecrro (cm., nanpumep, [21]) yuobroe npeobpazosanne [TOC-koopanHar B

MCK, nospoJisiforniee pa3jieiuTh Pa3aniHble BUJIbI JIBUXKEHUSI:

Tnag = Ry + Z Kangg, (1.6)
B

Tio = Ra + Z Ka,@’fiﬁa (17)
B

I TNo U Tjq — KOMIIOHEHTBI PaJIMyC-BEKTOPOB, OMUCHIBAIONIUX IoJioKeHne N-To
sgjipa u 1-ro sjekrpona B IIPC; R, — KOMIIOHEHTBHI PaJUyC-BEKTOPa, IOJIOKEHUS
troukn orcuéra MCK ornocurensno IIOC; K5 — 3aBucAas oT 3ij1epOBbIX yIJIOB
MaTPHIA HAIIPABJISIIONIMX KOCUHYCOB YIJIOB MEXKJIY OCSIMU CTAPOil 1 HOBOW CHCTEM.

Touka orcuéra MCK mo/mKHa HAXOIUTHLCS B IEHTPE MACC BCeil CHCTEMbBI. DTO

yCJjoBue 3alluCbIBACTCA TaKHUM 06pa30M:

D mying+ Y mefig = 0. (1.8)
N i
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rJie 7;3 — KOMIIOHEHTbI KoopanHat i-1o snekrpona B MCK. Koopaunarsr N-ro sjipa

TNp BbIOMpAIOTCA B BUJIE

FNg =g + ) my P lvaa@h, (1.9)
X

rJe f?vﬁ 1 [yg) B 00IIEM cilyuae IPOU3BOJIBHBL, ()) — KoJieOaTe/bHble KOODUHATHL.
[IpousBojibHbIE KOHCTAHTBI BLIOUPAIOTCA U3 CJCAYIONIUX YCJIOBUIL:
— KOIJIa #JIpa HaXOJATCsl B 1I0JIO2KEHUSAX PaBHOBECUH, T'vg COBLALALT C 7:9\/'63
— KOTJIa sJIpa HAXOJISATCs B MOJOXKEHUSIX PABHOBECHS, OCH MOJIEKYJISIPHON CHUCTe-
MBI COBIIQJIAIOT C IVIABHBIMHU OCSIMU UHEPIUK MOJIEKYJIbI;
— KoJieOaHUsl SIBJISIOTCS HOPMAaJbHBIMHU — YTO O3HAYaeT, YTO B OIleparope
D O (—ih%) (—ih%) + >\, Bau@rQ, ONUCHIBAIOIEM CHCTEMY Tap-
A A K
MOHHMYECKUX OCLHJLIATOPOB, oy, = By, = 0 pu X # 1;
— BBIIOJIHSIIOTCs ycsioBust Dkkapra [27], [28].
[TockonbKy KosebaTebHbIe KOOPAUHATHI () SBJISIOTCS HE3aBUCHMBIMHU, II€pe-

YUCJICHHBIE YCJIOBHA MOXKHO 3allUCaThb TaK:

> casym Foslvn@y = 0, (1.10)
Ny
> Invaalnap = O, (1.11)
Na
0*V )
o — 0\ p, 1.12
( 0a), AP (112)
S s = 0.0 # 5, (1.13)
N
oV
A — 0, 1.14
(aQ)\)Q:O ( )

rjae V — norennuasnbiasg QyHKIusd, €48y — Tens3op Jlepu-YuBurol.
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MozkHO J106aBUTH K 9THM COOTHOIIEeHUsIM yeiaosue (1.8), ecam mepernucath ero

B CJIeJIYIONIEM BUJIE:

D mnis+ Y meily =0, (1.15)
N 7

S " myPls = 0. (1.16)
N

Jlna onpesenenust 3N mapamerpos 75 (1.13-1.15) u 3N (3N — 6) xouncramnt
dbopm kosebanmii [y (coorercrernno, (1.10-1.12) u (1.16)) mocraTodno npuBeGH-
HBIX YCJOBMIA, U4TO O3HAYAET BO3MOXKHOCTL 3aJaTh B sIBHOM BHUJE Ipeodpa3oBaHue
koopuuar (1.6-1.7).

Oumcannas cxema, OJHaKO, He JIMIIEHA HeJOCTATKOB: YTO0ObI OLPE/IEJUTh HOBbIE
KOOD/IMHATHI YaCTHIL, HYy>KHO 3HATH HE TOJILKO PACIIOJIOKEHHUE sifiep B IPOCTPAHCTBE,
HO ¥ IOJIOKEHKME BCEX 3JIEKTPOHOB B KayKJblii MOMEHT BPEMEHH, UTO CJEyeT U3
yeaoBus (1.15). D10 cBazamo ¢ tem, uro Touka orcuéra MCK maxomurcs B nienTpe
Macc MoJiekysibl. [loTromy HOBO# TouKoOit orcuéra B npeobpazopannoit MCK rese-
cO0OPa3HO BBIOPATH IEHTP Macc cucTeMbl sjep. [lojiorkeHne KOOpAMHATHBIX OCeit
B 9TOM CJIy4ae 3aBUCUT TOJIHLKO OT KOH(DUI'YypalUK sijiep, IOTOMY OHM BCErJa MOI'YT
OBITE JierKo ompejtesierbl. [Ipu srom dopmystsl mpeobpazosanust (1.6) u (1.7) mpumyT

caeyromuii Buj (cM., Hanpumep, [21]):

— me
TNa :Ra—i—ZKag T?Vﬁ—l—Zle/QlNﬁ,\Q)\—MZTw ) (1.17)
g A i
Me
xm:Ra—l—ZKaﬁ rw—MZTJﬂ , (118)
B J

TJIe TeNephb Ty U rig — HosoxkKenus siiep u daekrporos B MCK ¢ Toukoit orcuéra
B IEHTpEe MacC cucrembl saaep; M — monnas macca MOJEKysabl. [lapamerpol r?vﬂ W
[N g) OTIPEJICIISIOTCS U3 yPABHEHNUIT, MMEIOIINX TOTHO TaKoil »e BuI, Kak (1.10-1.14),

(1.16), usmensiercs b yeaosue (1.15):
> myrly =0. (1.19)
N
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Ucnonn3yst npeobpazosanue koopiauHar (1.17-1.18), MoxKHO 3amucarh onepa-
TOPbI UMILYJIbCA, BXOJSIIME B KWHETUIECKYIO 4acTh raMusibronuana. Vssecrno [29],

9TO UX BUJ OyHeT CJIe/YIOIMM:

me
Pio = 2 Pat zﬁ: KopPis, (1.20)

M
Pyo = WNPQ + %:Kaﬁx

X Zm}\;QlNﬁ)\P)\ + ZZW%QZN,B/\C:\YuI;ngNN(S—
A

6 Ap

0 -1 1/2 1 my
—mnN 25575TN715X Ny — Z my Q@ Zé‘wlmﬂax Ny — M Z Pjg
yx A ¥ox J

(1.21)
My — - Po—= —ih2 4 i
rjae My — cyMMapHas Macca fiep; Lo = —thgp COTIPSI?KEHHDIIT COOTBETCTBYIO-
(67
el KoopJInHaTe UMITYJIbC TTOCTYIATEILHOTO JIBUXKEHUST MOJICKYJIbl; P\ — UMITyJIbC,
CONPSIKEHHBIN KoJiebaTeibHO# KoopauHaTe ()y; I(’S;l — BJIEMEHTbI TeH30Pa MOMEHTa

MHEPIMK, 3aBUCSIIE OT KoJjiebaTe/bHbix Koopauuat (). Oneparopbt N, UMEIOT B1/I

Ny = Jo — Go — La, (1.22)

rjie J, — KOMIOHEHTHI 1oJHor0, (G, — KojaedaTebHOro u L, — 9JIEKTPOHHOIO yIJIO-

BbIX MOMECHTOB!

Go =GP (1.23)
A

7

La = Z 80557 Z Tiﬁpi% (1.24)
By

«
C/\u — KOPHUOJIMCOBBI TIOCTOSTHHBIE, KOTOPHIE BHIPAXKAIOTCSA Uepe3 KOHCTAHThl (hOpM

KoJsieOanuit [y gy:

Cf\[u = _C;O;)\ - Zgaﬁ'y Z lNﬂ)\ley;r (125)
By N
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[Ipuseiénnoe BuIpakeHue JIJIs OlepaTopa MMITYJIbCa MOXKHO YHPOCTUTh, HC-
110JIb3Yysl IpaBujia CymM, npusejénnbie Yorconom [30], a 3arem, cieys [21], 3anu-

CaTb I'aMMWJIbTOHWAH B HOBBIX KOOPJMWHATAX B CJICAYIOIIEM BUJIEC:

2
P21 1
H=)Y 24+~ N p? P -y P
: 2M+2m6%; +2MN Z +2§; " 126)
) W - '
+5 (Ja_Ga_La),uaﬁ(Jﬁ_Gﬁ_Lﬁ)_f—v_gz,uaa-

Tammibronnan (1.26), kak ykaseiBaercst B Monorpaduu [lanoymeka u Asnuena

|19], MOkHO pa3bUTh HA TPHU CJIATAEMbIX, PA3HBIX 110 TOPAIKY MAJOCTH:

2
H,, 2me ZPerV, (1.27)

AH, = Z + ZP)\ Z (Jo = Ga) fiap (Js — Gp) — %Zﬁam (1.28)

af

>0 (32 Pia)’” fla
AH, = STl 4 25: TB (LaLp — (Jo — Ga) Lg — L (Jg — Gp)), (1.29)

re (1.27) orBedaer 3a 3J€KTPOHHYIO SHEPIUIO U COCTOUT U3 CYMMbI KMHETHUYECKOIT
SHEPIUH 3JIEKTPOHOB U noTeHnua baoil suepruu (1.4) 8 MCK. @opwmyana (1.28) mpes-
CTaBJISICT KOJIeOaTeIbHO-BPAIATeIbHbI raMIILTOHNAH, B KOTOPBIA BKJIIOUEHBI CJIa-
raeMple, COOTBETCTBYIOIINE KUHETUICCKON SHEPIuy JIBUMKCHUSI MOJICKYJIbl KaK IeJI0-
ro, KojaeOaHuio U BPALICHUIO siiep, a TaKyKe YOTCOHOBCKYIO J00aBKY, IOSABJISIIOILY FO-
cs1 BCJIeJICTBIE Npeobpasosanuit BosiHosbix yukuuii [30]. Hakower, B Bhipaxkenue
(1.29) BxomsT ciaaraembie, OTBETCTBEHHbIE 38, H30TONMICCKUH CIBHUT (OSBIISTIOIIUHACST
BCJIE/ICTBIE PA3JIMIKsl IEHTPA MACC MOJICKYJIbI M IEHTPA MACC CUCTEMbI $1JIep), & TaK-
JKe TIONIPABKH, CBA3AHHBLIC C 3JIEKTPOHHBIM YIVIOBLIM MOMEHTOM. JlOMmOJHUTENbLHDIE
MaJIble MOMPABKY (HAIIPUMED, PEJATUBIUCTCKUE WM 0OYCIOBICHHbBIE CITMH-CITUHOBBIM

B3aMMOJICHCTBUEM ) BCEIJIA MOT'YT ObITh YUTEHBI B PAMKAX TEOPUH BO3MYIICHUIL.
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Pemenne ypasuenus [LIpéannarepa ¢ TakuM raMuIbTOHHAHOM MOXKHO ITPOBECTH
B J[Ba dTalla: HA IePBOM PACCMaTPUBAECTCS JIBUYKEHUE JIEKTPOHOB B IOJIE€ MEJJICeH-
HO JIBUKYIIMXCs sijlep, HA BTOPOM — JIBUXKEHHUE siJIep B YCPEJHEHHOM (TakxKe Ha-
3bIBaEMOM «3(DDEKTUBHOMY ) TOJIE, CO3/ABAEMOM 3JIEKTPOHHON 060s10uK0i. Takoii
10JIX0J1 Ha3bIBaeTcs npudmKkenrneM bopua — OmneHreiiMepa u M03BOJISIET HE3aBU-
CUMO pPaCCMaTpPUBATh BOJIHOBbIE (DYHKIUHU SIJEP M JIEKTPOHOB, a, CJEJ0BATEbHO,
MPEJICTABATE TOJHYIO SHEPIUI0 MOJIEKYJIbl B BHJIE CyMMBbI 3JIEKTPOHHON dHEPruu n
KoJiebaTeIbHO-BPAIaTeIbHON SHEPTUH sJ1ep.

[TepBast wacTh 910M 3a1a491 MOXKET ObITH PEIleHa ¢ UCIOJIb30BAHINEM MaMIILTO-

uuana (1.27) B cranmonapuom ypashenuu [Ipéunrepa:

HM’QDZA (ATNK> = En (ATNK) @DZJL (ATNK) = Vn (ATNK) w;ﬂ (ATNK) . (130)

U3 ypasuenus (1.30) caemyer, 4To Kak cOOCTBEHHBIE (DYHKIINH, TaK 1 COOCTBEH-
HbIe 3HAYEHHST 9JIEKTPOHHOTO Tamusabronnana (1.27) 3aBucar or Aryg (paccrosguus
MEXK/TY siJIpaMy MOJICKYJIbI) Kak OT napamerpoB. Qukcupys 3HadeHue n JJis BCEX BO3-
MOYKHBIX 3HadeHuit Aryg, MOXKHO paccuutarh 3Hadenusi pyukiun Vy,(Aryg), Ko-
TOpast HOCUT HAa3BAHWE BHYTPUMOJIEKYJISPHOIN noreHnuanbioi dynkiuun (BMIID).
Cy1ecTByeT HECKOJBKO BAPUAHTOB OIPEJICJICHUsT 9TOH BEJMUNHDBI, HAIIPUMED, C HC-
MOJb30BaHUEeM ab initio METOMOB, OHAKO B KOJeOATEIbHO-BpaIaTeIbHON CIIEKTPO-
ckormmu BMII® onpenenserca nz pemennsa ypapaenus [Ipéaunrepa ¢ raMuiabTOHN-

aHOM H30JIMPOBaHHOI'O 3JIEKTPOHHOI'O COCTOAHMA:

H? — V, (Aryg) + (2 AH |92 (1.31)
+ (Y2 AHs |y (1.32)

(2 AH; + AHo |22 (22| AHy + AHs|ih2")
+ % En — Em + (133)

Cnaraemoe (1.31) coorBercrByer mpubamxkenuto Bopua — Omnmenreiivepa, B
craraemoM (1.32) yurén Briazg or (1.29), a cmaraemoe (1.33) orBewaer 3a Taxk Ha-

3bIBaeMble HeanabaTraeckue nonpasku. B monorpadun [lanoymeka u Annesa [19]
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ormedaercs, 9ro yuér BrJajgos (1.32) u (1.33) npuBogMT K MaJbiM J0OaBKaM IO-
g - B O i 3 MM

psijika »° (rue » — nopsjiok Majgoctu Bopua-Ornmenreiimepa, pasubiit (m,/M)Y/*)

K IapaMerpaM KoJebarebHO-BpaIlaTeJIbHOIO MaMUJIBTOHHAHA, OUPEJEIAEMOrO Clie-

AYIOIMKUM BBIPpa>KE€HUEM:
1 1
H:§ZPA2+§ZMaﬂ(Ja—Ga)(Jﬁ—G5)+V, (1.34)
A aﬁ

TJI€ [lo3 TETeph — ITO YCPEJHEHHBIE TI0 SJEKTPOHHBIM [EPEMEHHBIM JIEMEHTHI MaT-
puibl 0OpaTHLIX MOMEHTOB. HeobxouMo TakzKe OTMETUTh, YTO OTJUYUS TaMUJILTO-
rnana (1.34) or coorercrByiomiero Buipaxenust (1.28) 00yci0BIEHB UIMEHHO YCPe/I-
HEHUEM 110 3JICKTPOHHBIM KOODJMHATAM — B YACTHOCTHU, U3-3a 3TOI0 UCHE3aeT BKJIA]]

2

P "
Y on 317, OTBEYAIONIUH 38 KUHETHYECKYIO SHEPIUIO 1IOCTYHATEJIbHOIO JIBUKEHUST MO-

JIEKYJTBI.

1.1.2. 9ddekTnBHbII TaMUabTOHUAH. Pexykims

Kaxk m3BecTHO, TOUHOE aHAJUTHYUECKOe pellenne ypaBuenus IIpénuHrepa Bos-
MOKHO JIMIIb JIJist OTPAHUIEHHOrO KpyTa 3a/1a4 [31]. B obsactu criekTpockonnu mpu-
MEpPOM TaKO# 3aJlaui MOXKET SBJIATbCS pacdéT YpOBHEH SHEPIruil MOJIEKYJISPHOIO
noHa Bojlopoja Hy . OfHaKko Jiist MOJEKYJI, COCTOSIIMX U3 GOJIBIIEro YHCIa aTo-
MOB, HEOOXO/IMMO TI0JIb30BATHCS MATEMATHICCKUM allllapaTOM TEOPUH BO3MYIIEHUIA.
JlanHoe 00CTOSATE/ILCTBO 10/IPA3yMEBAET, YTO FAMUJIBTOHUAH CUCTEMbI JOJKEH ObITh
upejcrasum B Bujie H = Hy + h, rie non Hy umeercst B By raMUJILTOHUAH, Pe-
menne ypapaenus IIpéauarepa ¢ KOTOPBIM CUUTAETCS U3BECTHBIM, a h SIBJISI€TCSI
MaJIoii J1obaBKoit K onepaTopy Hy. 31ech HeOOXOIUMO OTMETHUTh, UTO 00a 9TH Olepa-
TOPa JIOJ2KHBI ObITH (DYHKIUSAMU OJIHUX U TeX 2Ke IepeMeHHbIX. C JIpyroit CropoHbI,
orieparop H MOXKHO paccMaTpuBaTh U TaKUM 00pa30oM

H=Hy+ zw: H, (5", (1.35)

n=1
rjie Habop oneparopoB H, — 9TO COBOKYIIHOCTH OIIEPATOPOB MOPAJIKA MAJOCTH ",

rJie > — NopsjioK Majoctu Bopua — Onmenreiimepa, onpeje/I€HHbINA B IPEJIbIIYIIEM
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naparpade xak (me/M ).

Ha mepBbIil B3/, KayKETCS OYEBUJIHBIM, 9TO MOXKHO (POPMAJBHHO MOJOKUTD
B (1.35) h = > 2, H,(3") u pemurs ypasuenne IIpéaunrepa B pamMkax reopun
Bo3mymieHuit. OHaKo 3/1eCh HEOOXOIMMO OTMETHTh, UYTO, KaK YKa3aHO BhBIIIE, Olepa-
TOp h JloJ/KeH ObITh (PyHKIIMEH Tex Ke KOopjiuHaT, 4To u Hy, Torjia Kak olnepaTophbl
H,,(5"), MoryT siBAsITHCsT (DYHKIUSIMEI U JIPYTUX [epeMeHHbIX. B qacTHOCTH, B KOJTE-
baTesbHO-BpaIaTe bHOl 3a1a4ue ramuibTroruan Hy B (1.35) y1o6HO BHIOpATh B BHIE
olepaTopa, 3aBUCAIIEI0 UCKJIIOYUTE]HHO OT KoJiebaTe/bHBIX KOODMHAT, a Bpallla-
TEJbHYIO 9aCTh pacCMaTPUBATh B KaueCcTBE BO3MYIIEHUs KOJeOATeTbHbIX yPOBHEH
sueprun. CiieoBaresibro, oneparopbl H, (") OyjayT 3aBUCETH HE TOJBKO OT KOJIe-
baTesbHBIX, HO U OT BpaIlaTeJbHbIX KOOPJMHAT (OIEPATOPOB YIJIOBOIO MOMEHTA).

Besinauhbl, paccuuThiBaeMble B paMKaX TPaJUIMOHHON TEOPUM BO3MYIICHUI
Pajtest — Ipémunrepa [31], SIBJISIIOTCST JIMHETHO KOMOMHAIMEN Pa3JIMIHbIX MaTPUY-
HbIX 9JIEMEHTOB, T.€., B KOHEYHOM UTOI'€, YUCIaMu. FKCju ¥Ke 1bITaThCsd BbIYUC/ISTh
MaTPUUHbBIE 3JIEMEHTbI OEPATOPOB BO3MYIIEHUs! (3aBUCSIIUX, B JAHHOM CJIydae, or
BpAIATEIbHBIX KOOPJMHAT) Ha COOCTBEHHBIX (GyHKIUAX oneparopa Hy (T.e., Koje-
baTesbHBIX (DYHKIMSX), TO PE3YJTBTATOM ITUX BBIUUCJCHUI OyIyT He Unciia, a ome-
paTopbl, MIPUTOM, KaK MPaBUJIO, HEKOMMYTHPYIONIHE. DTO MPUBOJIUT K MOSIBJIECHUIO
HEIPMHUTOBBIX BKJIAJIOB B SHEPIUIO, U, CJIEJIOBATE/ILHO, HEIIPUEMJIEMO JIJIsi paccMaT-
pUBaeMOu 3a/1a49u.

st Toro, aTobbl n36eKaTh MpobdJIeM, BOSHUKAIONINX TTPU UCTIOJIH30BAHUHT TEO-
puu BO3MYyIIeHUsi, OblI pa3paboTan Tak Ha3bIBaEMbIil MeTO/| 3(P(DEKTUBHBIX OlepaTO-
pos (cm., manpumep, [19], [20], [21], [32], [33]). CyTb 910ro merosa, BKparie, TakoBa:
ecsim ypasrenue Lpéaunrepa ¢ ramuibronnanoM H HEBO3MOXKHO (MM CJIMIIKOM
CJIOXKHO) PEIUTh, TO HEOOXOUMO MOCTPOUTH HEKUil SpMuTOB oneparop H', obiaia-
FOITUIL CJIeIy oMU cBojicTBaMu [32]:

— pemenre ypasuenust Hpénunrepa ¢ oneparopom H' Moxker OLITL HaiijeHo B
SIBHOM BH/IE;

— MHOXKeCTBO pernennii ypasaenust Lpénunrepa ¢ oneparopom H' (oboznaten-

28



Hoe B') coBnajaer ¢ mojgMHOKeCTBOM B MHOXKecTBa A pelleHuil ypaBHEeHMsI

[IIpénuurepa ¢ n3HavaIbHbIM raMuJbTOHUAHOM H .

CoorsercrBytomuit oneparop H' naswiBalor B TakoMm ciayuae 3DQeKTUBHBIM
raMUJIBTOHUAHOM (MHOTIA JlobaBIsis «Ha nojmuoxecrse B’y ). Takoro poja ornepa-
TOp yKe paccmarpuBajics B npejbiayiieM naparpadge: (1.31) npejcrasiser coboii
OIepaTop, MHOXKECTBO pelenuit ypapHenus [IIpéaunrepa ¢ KOTOPbIM COBIAJAET C
MOJIMHOXKECTBOM DeINeHuit I U30JIMPOBAHHOTO 3JEKTPOHHOTO cocTosiHus. [1o100-
HBIM 00Pa30M MOXKHO JICHCTBOBATH, KAK TMOKa3aHO B [21|, W MpUMEHUTESHHO K KO-
JebaTeTbHO-BpalllaTeIbHOM 3a/1aue, BblJIe st COOTBETCTBYIONNE 3(PpPEeKTUBHBIE Bpa-
IaTe/IbHbIE OePaTOPhI.

OBBLITHO HCTIOJIB3YeTCsA CIIeAyomuid npuéM: u3BectHo [31], 910 cobcTBEHHBIE
3HAYEHUST M COOCTBEHHBIE (DYHKIINN KBAHTOBOMEXaAHNIECKOTO TaMUIHFTOHMAHA MOYKHO
BBIUNCIUTH, MOCTPOUB MaTPHUILy MAMWUJIBTOHWAHA B MMOJHOM OPTOTOHAJHLHOM Oasuce
dbyHKIMit, a 3aTeM auaronau3oBas 3Ty Marpuily. s perennst kosebaresbHO-Bpa-
1aTe/bHON 3a/la4K B KauecTBe Takoro 6asuca BbiOupaercst npoussejienne pyHKIui
TapMOHUIECKOTO OCIUIIIATOPA |v) U BpamaTeabusix dbyuknunii |R) = |Jkm). 3ana-
Yy MMOCTPOEHUs MATPUIIBI TAMUJIBTOHUAHA MOYKHO Pa30UTh Ha, JIBE YACTH: BO-TIEPBBIX,
IOCTPOUTH MATPHILY Ha KOJIeOATe/bHBIX DYHKIUAX |v) (pe3yabrar Oyaer mpecran-
JISITH CODOI MaTPHILy, BCE 3JIEMEHTHI KOTOPO SIBJISIOTCST OTIePATOPAMY, 3aBUCSIIIAME
OT BpaIlaTeJIbHbIX MEPEMEHHBIX ), BO-BTOPBIX, MOCTPOUTHL MATPHUILy Ha BPAIIATEIb-
Hbix QyHKIMsX |R) (B pesysbrare, Bce 3JEMEHTbI, T0JyYEeHHbIE Ha [POIILIOM IHare
peBpaTsaTCs B OECKOHEYHOMEPHbBIE YUCIOBbIe MaTpulibl). EcrecrBento, Juaronasim-
30BaTh TaKylo OECKOHEUHYIO MATPUILy HEBO3MOXKHO. OJIHAKO BBIXOJT 3aKJIIOYACTCS B

nepeorpeieeHuu omneparopa H ciejyonmM o0pa3oM:
H— H=G'HG, (1.36)

re GTG = GG =1, n oneparop (G — 1) < 1. CobeTBeHmbIC 3HAMEHTS HCXOHOTO
1 NIpeoOpPa30BaHHOIO OIEPATOPOB B TAKOM CJIy4ae COBIAJAIOT, & UX COOCTBEHHLIE

bynkmn ceszans kKak G0, = W, 131].
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Marpuiia oneparopa H, mocrpoeHHasi Ha KoJgebaTeIbHbIX (DYHKIMIX |U) BbI-

DJISIJIAT CJIEJLYIOIIAM 00Pa30M:

IN{OO f{Ol ﬁ02
IN{IO ﬁll ﬁl?

L (1.37)
H20 H21 H22

DTo TakKe GeCKOHedHasT OllepaTOPHasl MaTPHIA, KAK U MaTPUILA, HOCTPOCHHAST
u3 oneparopa H, ojHako Bce sseMeHTbl HOBO# Marpulibl (1.37) siBisitorcst 1mpous-
BOJILHBIMM BEJIMYMHAMU B CUJLy IPOU3BoJbLHOCTH oneparopa G. Eciu reneps 3ajarh

sBHO Buj omeparopa G, To MoxHO mpuBectu Matpuily (1.37) K 0boMmy Hamepé

3aJITaHHOMY BHJLy, HAIIpUMEDP

Hy 0 0
0 Hy Hp (1.38)
0 Hy Hy

rjie B sIBHOM BHJIE BBIJIEJICHO OJHO (3JIECh, JIst ONPEIEJEHHOCTH, OCHOBHOE, T.€.
|v) = |0)) xKomebaTenbHOE cocTostEMe. B 9TOM catywae roBopsT 06 addhekTuBHOM OTte-
parope BBIJEIEHHOTO (MM M30JMPOBAHHOIO) KOJIE0ATEIHLHOTO cocTostHus. Jlannast
3aIIMCh I10/[Pa3yMeBaeT, ITO 3a/1a4a OlIpeeseHus COOCTBEHHbBIX (DYHKIINI U cCOOCTBEH-
HbIX 3HadeHuil omneparopa (1.36) remepb pasjesieHa Ha JiBe HE3aBUCHMBIC: a) Pac-
CMOTpeHIEe KOJ1edaTeIbHO-BPAIIATEbHBIX COCTOSIHIN, CBA3AHHBIX ¢ OCHOBHBIM KOJIe-
baTebHBIM COCTOsIHIEM; 0) PACCMOTPEHHE BCEX MPOUYUX KOJeOATE/HLHO-BPAIATE b-
HBIX COCTOSIHUI. DTO CHJIBHO YIIPOIIAET 3aJ1a4y, HOCKOJILKY ITO3BOJISIET BLIOUPATH
JUIS JaJbHeleil quaroHaan3aiiid TOJABKO HeOOXOMUMOE KOJINIEeCTBO COCTOSHMIA.

B pabote [34] noapobro paccMoTpera 060CHOBAHHOCTD JIAHHOTO MOJIXO0/IA U MTPHU-

A

BeJIeH COOTBETCTBYIOIIMI BuL oeparopa G

G = exp iZgn(%”) , (1.39)
n=1
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1€ gp (") — Masble 3pMUTOBBI OllepaTophbl (MopsiKa MatocTu ™). B ciyuae, koria
3P HeKTUBHBIN OllepaTOP BHIPOXKIaeTCsd B MaTpuily pasmepa 1 X 1, raMujbroHUaH

BBITJISIUT CJIEYIONIUM 00Pa30M:

0[Aa) (a]h|0)
H = Ey+ (0lh[0) + > <
a7#0 Eo — Fa

(Olhfa) (ah18) (31110}
2 (B BB B

12 (0[1[0){0]|a){a|A]0) + (O[h|e){a|R|0){0[~[0)
(Eo = Eq)?

(1.40)

. o

a#0
rie B, — cobCTBeHHbIC 3HAMEHIST COCTOSAHNUS |v) (T.€., ypoBHE sHeprun ). MaJtbrii orre-
paTop h, Kak M paHee, 3aBUCUT OT BpallaTe/JbHbIX HepeMeHHbIX. C 3 ¢eKTuBHBIM
raMusibTOHHAHOM (1.40) MOXKHO pacCUUTBIBATH, HAIPUMED, BPAIIATEIbHYIO CTPYK-
Typy OCHOBHOTO KOJIEOATEJHHOTO COCTOSTHUST PA3JIMTIHBIX MHOTOATOMHBIX MOJIEKYJI:

KaK I1PaBUJIO, OHO XOPOIIO M30JIMPOBAHO OT BO30YXKIEHHBIX YPOBHEI.

st perieHnsi peasibHbIX 3a/ad MOJIEKYJISIDHON CIIEKTPOCKOIINN HEOOXOIMMO
paccMaTpuBaTh OIePATOp, OMUCHIBAIONINI CUCTEMY U3 JIBYX 1 Oojiee B3aXMOJIeiCTBY-
FOIUX (MJTH PE3OHUPYIOIINX ) COCTOsIHMI. B SIBHOM Bujie TO00HbBIE OMEPATOPDI TTOJTY-
qenbl, Hapumep, B [21]. B obimem Buje sddbekTuBHbIil KOTEHATENTBHO-BPAITATE b

HBIYM raMUJIbLTOHUAH HpI/I HaJIUYUU pGSOHaHCOB 3allUCHIBaECTCA KaK
/
H =5 o) (0| Hy, (1.41)
v,

rie |[v) — KosebaresbHbIe BOJIHOBbBIE (DYHKIMU. ECTECTBEHHO, YTO OKOHUYATENLHbII
BUJ OIEPaTOpOB M,y 3aBUCHT OT TOro, KAKOE KOJMYECTBO COCTOSHUI HEOOXOIMMO
y4ecThb B KOHKpeTHoit 3a1aue. Kpome toro, B monorpaduu [21] noapobuo pacemarpu-
BAIOTCS BOIMPOCHI MOCTPOCHNS CHMMETPU30BAHHLIX 3(D(DEKTUBHLIX OIIEPATOPOB, MO3-

BOJIAIOIMINX YIIPOCTUTDL 3ada41y B 3aBUCHUMOCTHU OT THIIa MOJIEKYJIbI U eé CUMMETPUH.

Tak, muaronanbubiii 6ok (|v) = |v')) rammibronnana (1.41) s MOTEKyJTHI
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TUIIa aCUMMETPUYIHOI'O BOJI9Ka UMEET Cﬂeﬂymﬂlﬂﬁ BUJIL:
H > . +> . T
o = wy | v — T v — v — .
- A A 9 )\ AL A 9 " 9
m

1 1
+§:l£—§}ﬂQA+9 T35 D mmadadsy s+ (142)
Y A aBys

a HeJraroHaJbHble pasduBaroTcs Ha JBa Tuna: a) |v) # |[v'), HO Tpu 3TOM HMeroT
. !/

OJIMHAKOBYIO cummerputo 15 6) |v) # [v/) u uMeror pasHyio cumMerpuio (Ipu 5TOM

npoussesenre 'y @ Ty 2 Aj, T.e., He sBJIsIeTCs TTOJHOCHMMETPHYHBIM ). OnepaTopbl

IIepBOro Tulla Ha3bIBalOTCA PE30OHAHCHLIMUA THUIIA CDepMI/I 1 3allUCBIBAIOTCA TaK

HE, = BV 4+ F P+ PV P+ PR g+
+ FWI2, 4 F IR, 02+ Foe {2

Yy’

4
T+ (1.43)
a OlIepaToOpbl BTOPOI'O THUIlA HA3bIBAIOTCA OIEPpAaTOPaMMn KOpI/IOﬂI/I(Za n UMEIOT BU/J

HS, = CMid,+Codid,, J2} + Coyid, J* + ...
+ OO o, L} + Ol A Juy Y, J2} + Clp{ ey LY 4., (144)
re J? = J? + J; + J? — omepaTop KBaJpaTa yIrJ0BOIO MOMEHTA, ng = J? - Jy2,
{A, B} = AB + BA — antukoMmmyTtaTtop omneparopoB A u B, F' u — pe3oHaHCHbIE

napaMmerpbl Pepmu 1 Koprosnca, coorBeTcTBEHHO.

Bribpannbiit B kKauectse sddexrusroro omeparop (1.41) ompenesnén ¢ ToIHO-
CThIO JIO HEKOTOPOI'O YHUTAPHOI'O NpeodpasoBaHus. BoCoab30BaBIIUCH TOI00HBIM
IIPOM3BOJIOM B Olpejieiennn, YOTCOH B ¢Boell pabore [35] nokaszas, 4o juaroHalib-
Hblil 6J10K (1.42) raMuIIbTOHHAHA MOJIEKYJIbl THUIIA ACUMMETPUIHOIO BOJIYKA MOXKHO
YIPOCTUTH IIYTEM MOAO0PaA COOTBETCTBYIOIIEIO YHUTAPHOI'O omepaTopa. B Tak Ha3bI-
BaeMoM A-penyrmpoBannom npejcrapiaeHnn 3hQGEeKTUBHBINA BpallaTeJ bHbIH omepa-

TOp (HA3BIBAEMBIN TAKYKE TAMUIBTOHHAHOM YOTCOHA) MMEET BH]|
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1 1 1
H,, = E’+ A”—§(B“+C“) J3+§(BU+C“)J2+—(BU—Cv)ng—

9
— AL T A T2 — AT = 55 T2, Jo,} — 2050702, +
+ HRJS 4 Hy y J2J? + Hy 2T+ HyJS + g { T2 0, + ..

+ LY TS LYo JO T+ LY JA T 4 LY J2 T+ LTS + . (1.45)

rie EY — kosebaresibHasi SHEPrHsi COCTOsIHUS U (TaKyKe Ha3bBaeMasi [EHTPOM I0-
aocel), AV, BY, CV — sddekruBabie BpalaTebHble MOCTOsHHBbIE (3aBUCAIINE OT
v v
IJIaBHBIX MOMEHTOB uHepiuu), AY u 0% — KBapTUUHbIEC HEHTPOOEKHBIE TapaMeT-
Y u hY 0 A
pel, HY u hY), cCOOTBETCTBEHHO, CEKCTUUHBIE [IeHTPOOeXKHbIe TapaMeTpbl U T.J1. AHa-
JIOTHUHBIE IIpeodpa3oBaHus MOXKHO Mpojesaarsh u jjs 0j0koB Pepmu u Kopuosuca
(1.43-1.44), omHAKO COOTBETCTBYOIAsT PEJLYKITHst OOBITHO TPOBOUTCS JIJIsT KAXKJIOTO

KOHKPETHOT'O CJIy4as TOC/Ie OLEHKN KOJIe0ATeIbHbIX SHEPIUil, COOTHOIICHUN MEX Ly

napamMeTpaMy pe30HUPYIONINX COCTOSTHUN W T.JI.

1.2. Teopusa n3oTono3aMenieHN

Tepmun «uzoronuveckuit apdekTs o0dO3HaAYAET WU3MEHEHUE CBOWCTB U3Yy4dae-
MbIX OO'bEKTOB IIPU PACCMOTPEHUN PA3IUIHBIX U30TOIUICCKUX MOJUPUKALMAN s1jep.
HccnenoBanue n3oronuiecknx 3hMeKToB BeCbMa MOJE3HO, B YaCTHOCTH, TIPU U3y de-
HUHU KOJIEOATEIbHO-BPAITATEbHBIX CIIEKTPOB B MOJIEKYJISIPHO# criekTpockorun [36].
MzoTonozamerieHue u3MeHsieT KUHETHIECKYIO SHEPIUIO sijiep, 9TO IIPUBOIUT K H30-
TOTTMIECKOMY CABUTY JIMHUN B CIIEKTPaxX MOJIEKY/I. B MOJIEKYISIPHBIX CIIEKTPax Hau-
boJiee CUJIBHO 3TOT 3P MEKT MPOABIILCTCS [IPU 3aMeIeHn aTOMOB BOJIOPOJIa, aTOMa~
MU JieiiTepust (MJIM aTOMaMU TPUTHSE): CMEIIEHUE COOTBETCTBYIOIIUX KOJie0aTe IbHbIX
JaCTOT MOXKET COCTaBJIATH COTHU OOPATHBIX CAaHTUMETPOB. g 6ostee TAXKETBIX aTo-
MOB (yTJIepOJia, KUCIOPOJIA, CEPhI), 3aMEeHa BbI3bIBAET MEHee BhIpazKeHHbIH 3D heKT,

IIOCKOJIbKY MacCCa aTOMa MEHACTCA JIMIIb Ha JAECATbIEe NOJM M MEHbIIE, a 3aMEHa
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Hanbosiee TsKEIBIX aTOMOB (KakK, HANPUMep, OCMHUIl WJIM ypaH) MPAaKTHIECKH He
HPUBOJIUT K UBMEHEHUSIM B CIIEKTPE.

B npubsmxenun Bopra — Onmnenreiimepa psiji MOJIEKYJISIDHBIX BEJIWIWH He
3aBUCUT OT MacC aTOMOB U OIIPEJIE/IAEeTCs CBORCTBAMU JIEKTPOHHOM 0bosiouku. K
TaKUM BEJIMYMHAM MOXKHO OTHECTH, B 4aCTHOCTHU, BHYTPUMOJIEKYJISPHYIO OTEHIU-
AJbHYIO (DYHKITUIO, PABHOBECHYIO KOH(MDUTYPAINIO, JTUTTOJbHBI MOMEHT MOJIEKYJIbl 1
T.11. [Ipw vccneoBanny MaJIbIx KoJiebaHuil, TOTeHNUaIbHYIO (DYHKITUIO MOXKHO pa3-

JIOXKUTDb B PsiJi 10 HOPMaJIbHBIM Koopauaartam (; (1.9):

1
V="Th+3 ;wiQi + ) KnwQn@uQu + - . (1.46)

Apv
[TockoabKy KoopawHATHI ();, BCAEJICTBUE WX OMPEJEJEHUs, 3aBUCIT OT MacC
aTOMOB, TO 1 KO3(bduImenTsl wy, Ky, n T.J. TaKKe J0JKHBI 3aBuceTh OT HuX. OT-
CIOJIa MOXKHO CJIeJIaTh BbIBO/I, YTO HAXOXK/IEHUE CBSI3U MEXK /1y HOPMAaJIbHBIMU KOOP/I1-
HATAMU OCHOBHOM M M30TONO3aMEIIEHHON MOJIEKYJIbI PEJOCTAB/ISACT COOTHOIIEHMS
MEXK/JIy Pa3JIMIHBIMU IOCTOSHHBIMK, YKA3aHHBIMK BBIIIE, B cCAMOM ODIIIEM BH/IE.

PaCCManI/IBaH raMUJIbTOHMAH OCHOBHOM MOJIEKYJIbI

Hix) =) Pra V(zna), (1.47)

n raMHUJIbTOHHWaH I/IBOTOHOBaMeLLLéHHOﬁ (C IMPOU3BOJIbHBIM HM30TOIINYECKHUM 3aMeIre-

HUEM )

7)2
H(z) = Z 277:,@ + V(zna), (1.48)
Na N

Il TnNog — JEKapTOBbl KoopjauHaThl N-TO djpa B MOJIEKYyJae Maccoil my, Pyo =
S . . /
—zhm — OIIEPATOP MMITYJIbCA, COLPSKEHHDIH KOOPJIMHATE T Ng, My — MaCCa U30-
TOTMO3AMEITEHHO MOJIEKYITbI, V (X yo) — moTeH A bHAsT (DYHKIUST MOJIEKYJTBI, B TPU-
ommxkenny Bopra — OnnenreiiMepa He 3aBUCAIAsd OT MACC, HETPYJIHO IOJYUYUTD
raMUJILTOHUAH U30TOIMO3aMEIIEHHON MOJIEKYIIbl B CJISIYIONEM BUJIE:
mi — my
N 2
H(x) =H(z) — g ————Pio = H(z) + I (1.49)
2miymy
Na
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B Bripaxkennn (1.49) siBHO BbIJIesI€HO caaraemoe b, OTBEYAIOIIEe 338 H30TOIHIe-
ckue apdexrnr. Cornacho cxeme, onmcannoii B [laparpade 1.1, Tenepb HEOOXOUMO
nepeiitu ot jiekaproBbix Koopaunar [IOC (xy,) kK MCK. Anasoruiano rpeboBatusiv
(1.10-1.14) HEOOXOAUMO, ITOOBI KOOPMHATHI U30TOMO3AMEIEHHO MOU(UKATIAT CO-
OTBETCTBOBAJIA TEM K€ YCJIOBHUSIM U, CJIEJOBATEIBLHO, TPUBOIUIN ObI TaMUIHTOHUAH
H(x) k yorconoBckomy ramusibroruany (1.45). [lockoibKy BO3MOXKHBIX TTPeoOpas3o-
BaHUil CyIIeCTByeT DECKOHEYHO MHOTO, yji00Hee Bcero, mMesi B Bujy (pOpMy 3amucu
(1.49), BBIOGpaTh CaeyONMil My Th: MPeodPA30BAThH FAMUJILTOHMAH M30TONO3AMEIEH-
HOM MOJIEKYJIbI, MCIIOJIb3YsI HOPMAJbHbIE KOOPAMHATHI OCHOBHOW MOAMMUKALNAN, 2
3aTeM yKe HpeodPasoBaTh €ro B OlEepaTop yorcoHOBCKOro ruia [22]. TyiaBubiM 1pe-
UMYIIECTBOM TaKOTO IMOJIXO/Ia SIBJISIETCS TO, ITO ONMepaTop h 3aBUCHT JIKIIH OT MacC
ATOMOB U TIOCTOSIHHBIX «MATEPUHCKOH» MOJICKYJIbI: PABHOBECHBIX NAapaMeTpOB 'y,

KOHCTaHT (OpM KoJsieOaHUil [N\, FTAPMOHUYECKHUX YAaCTOT Wy, AaHIAPMOHUICCKUX I10-

CTOAHHBIX K)\lﬂ’? a TaK?>Ke€e MOMCHTOB MHEPIINN.

(¥ . / .
Koncranrst dopM kosebannit [y,y ocHoBHoit Monuduxanuu u ly,, 3aMeniéH-
HOIi, ompejiessieMble U3 YCI0BUN DKKapTa, CBSI3aHbl MKy cobOoil ciiemyomuMm o0~
pasoM:
mpy1/2
/ _ 0 N -1
liyn = Z Koy—  lkapy,, (1.50)
my
ap
rJle MITPUXOBAHHDBIE TAPAMETPBI OTHOCSTCS K N30TOMO3aMEIEHHON MOJIEKYJIe, WH K-
col N u K HymMepyloT aroMbl, 'PEUECKUe WHJIEKChl & U 7y 0003HAYAIOT KOMIIOHEHTbI
X, Y, Z COOTBETCTBYIOIIMX BEJUINH, 'PEUCCKUE MHJEKCHI A U fi HYMepyIoT KoJieba-
TeJIbHbIE COCTOSTHMS, ng — MAaTpHIa HAIPABJISIONUX KOCHHYCOB YIJIOB, OIIpeJie-
aaiomux nosopor MCK npu usoronosameriennu, oy, — MaTpulia, olpeJesiomnias
1peoOpa3oBaHie HOPMAJIbHBIX KOOPJMHAT. DJIEMEHTHI 3TOI MaTPHILLI II0JYUa0TCs

U3 CJEAYIONNX YCIOBUIL:

m
Z A\ Oy = AAM = Z mglNa)\lNa/u (151)
v Na
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ZA)\VCUEO@M = oz,\uw;f. (1.52)

0
Marpuripl K, MOXKHO ONPEJIEJUTh, UCIOJIb3YsI YCIOBUSA HOPMUPOBKH (cBst3aH-

HbBIE C YCJIOBUAME DKKApPTA):

Z KgﬁKg’y - Z KgaKf(y)a - 5677 (1.53)

a TaK>Ke COOTHOIICHUA

0 770 _ 70 0
Z Japhpy = I’,WKOé’Y’ (1.54)
p

riae ['/YQY — JJICMEHTbLI MaTPHUIIbl PaBHOBECCHbBIX MOMEHTOB MHEPIINN, a BEJIMYINHDBI Jgﬁ
CB#A3aHbl C IIEpeolpeJc/JICHUEM MOMCHTOB MHEDPIIMKA I1PDU U30TOHMYECKON 3aMeHe U

OIIpeNeJIAI0OTCA KaK

T3 =" ayncponds (1.55)
YK

m/ ?“0 m/ 740
I =00 =Y miyrars — 2. KZKO‘T%L > L5 (1.56)
N N N

rae T?VB — 9TO J€KapTOBbI KOOP/JMWMHATDLI AJEeP «M&TGpHHCKOﬁ» MOJIEKY/JIBI.

Habop dopmys (1.51-1.56) nozBosisier onpejiesiuTh Bee 3HadeHnst Ko duimen-
TOB K35 Wy, 9TO, B CBOIO OYepe]ib, HeOOXOIMMO /I PAacuéra KOHCTAHT (GOpPM KO-
nebamnwuit Iy, mo dopmyse (1.50). 3uamnue ke KoHCTAHT GOPM KOJeOAHNH MOTEKYITbI
PABHOCHJILHO 3HAHWIO MPAKTUIECKH BCEX XapPaKTEPUCTHK KoJiebaTe bHO-BpallaTe/b-
HOT'O FaMUJIBTOHUAHA. DTO CBSI3aHO C TIPEJICTABICHIEM TaMiibToHnaHa B Bujie (1.42):
TaKhe BeJWINHBI, KaK Wy, Ty, Bg M T.JI. MOT'YT OBITH BBIPAYKEHBI Yepe3 KOHCTAHTHI
dopwm kostebanmii. To ke camoe CrpaBeJInBO U JIJIsI TIAPAMETPOB HeInaroHaAJJIbHBIX
osiokoB (1.43-1.43): Hanpumep, KOPHOJKCOBBI [IOCTOSTHHBIE Cj‘\“u, BXOJISIIIAE B OlIpe/ie-
JIEHKE olepaTopa KojedareJbHOrO yrjIoBOI'0O MOMEHTA (1.23) 1 3aBUCAIIAEC OT [N

!/
o opmysie (1.25), ma0T rIaBHBIE BKJIAIBI B KOPUOJIUCOBBI mapameTpbl C'UV

Cv' = 2B, (1.57)
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[Tpumep OlEHKHU CIIEKTPOCKOIIMYECKUX 1apaMeTPOB BO30YKJIEHHBIX COCTOSHMIA

uzorornosiora merana CH3D ony6iukosan B pabore [37).

1.3. Pypbe-CIIeKTPOCKOIIUSA

[Tocko/ibKy perucrpaliusi SKCIEePUMEHTAJbHBIX CIEKTPOB BBICOKOI'O pas3pelie-
HUSI OCyIIecTBJsIach ¢ wucrnojb3oBanneM Dypbe-cuekrpomerpa BRUKER IFS
120HR, B aTOM naparpade npuBojiuTcs Kparkoe onucanue MerojioB Pypbe-CriekTpo-
ckornu. JlaHHbIil 0030p ocHOBaH, 110 OOJIbIIe#l YacTu, Ha MOHOrpaduu npodeccopa
Ausbepra u3 Iiopuxckoro rexauuaeckoro ynusepcurera (ETH Zurich) [23], a Takxke
yuebHOM 110cobur 110 uH(MPAKPACHON CrieKTpocKonuu, uzjganuaoro B MIY [24].

OcHoBHbIM 3j1eMeHTOM Dyphe-crieKTpoMeTpa, siBjisiercst uarepdepomerp Maii-

kesibcoHa (Pucynok 1.1). Ceer, u3/y4éHHbIH UCTOUHMKOM, TIOAJIA€T HA CBETOJEJIH-

Herounnk () x

’ Ceeromenurens
KroeeTa 3

JeTtexkTop

Iopemxsoe seprano

— HCIIO,E[BH}KHOC 3EPEAIO

Pucynok 1.1 — IIpunnunuaJibaasi cxema uaTepdepomerpa Maiikenbcona

TeJb U pas3jiesidercs Ha JIBa JIyda, IepBblii U3 KOTOPBIX IaJlaeT Ha HEIOJBUKHOE
3epKaJio, a BTOPOi, COOTBETCTBEHHO, Ha 10jiBUKHOe. [lociie orpakeHusi oboux Jiy-
deil OHM CHOBA COOMPAIOTCs Ha cBerojesinTese u uHrepdepupytor. Pesysibrar (ycu-
JIEHUE WJIH OCJIabJIeHHe CBETa) 3aBUCUT OT ONTHYECKOI PA3HOCTH XOJa JIBYX Jydei,
T.e. siBJIIeTCsl (DYHKIMEH IOJIOXKEHUsI T TIOJBUXKHOIO 3epKaJjia. DTOT CUI'HAJI, MPO-
XOJIAIIUN depe3 KIOBeTYy ¢ 00pa3IOM U PEeruCcTPUPYEMbIil JIETEKTOPOM, Ha3bIBAETCS

nnTepdeporpammoit, F(x). 3arem, ¢ ucrosb3oBarueM ajaropurma 6uicTporo Oypbe-
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npeobpazoBanusi, uHTEpdeporpaMmma mnpeodpadyercst B criekrp — ¢yuknuio (D),
3aBUCSAIILYIO OT YaCTOThI (MJIM BOJHOBOIO YHMCJIA).

Nurepdeporpamma F'(x) MoxkeT OBbITH 3allicaHa B BUJIE
/I cos(2nvx)dp, (1.58)
0

rie (D) — cmekTpaJsbHast IIOTHOCTD, 3aBUCAIIAs OT YaCTOTHI (MM BOJHOBOTO HHC-
na). Jlannoe BbIpaxkeHue IpeJICTaBIseT coboil TONBKO MePEMEHHYI0 JacTh HHTepdhe-
penrmonHoro curnajia. Ooparnoe npeodbpasosanne Oyphe, COOTBETCTBEHHO, TTO3BO-

JISIET TIOJIyYUTh BbIPAXKEHUE JIJIs CHIEKTPAJIbHON JIOTHOCTH:
o0
= C/F cos(2nvz)de, (1.59)
0

rie C' — HOPMUPOBOYHBIH MHOXKHUTEJb.

Boiparkenus (1.58) u (1.59) mostyemsl /st njieanbHOM ONTHIECKO# cucreMpr. B
peasibHOCTH, TIOCKOJIbKY CYIIECTBYIOT OTpaHWYEHMsI, HAIPUMED, Ha MaKCHMAJbHYIO
ONTUYECKYIO PA3HOCTb XOJA, & TaKXKe KOHEUHBIl pasMep ONTHYECKUX JIEMEHTOB,
CIIEKTPaJIbHBIE JIMHUU T1PUOOpETAtoT (hOPMY, OTJIUIHYIO OT HjIeaJbHOM jiesibra-yHK-
iy, BinstHme KOHETHOCTH PA3HOCTH XO/Ia TPUBOUT K TOSBICHUIO TTOHATHST «HOMH-

HAJILHOTO WHCTPYMEHTAJBLHOTO paspernieHusi» (23], KoTopoe ompeiessiercs: Kak

1
6=, (1.60)
dyorx

riie dyopx — MaKCUMaJIbHAs ONITUYIECKast pa3HOCTh Xo/ia. MHTepdeporpamma B 3TOM
cJydae J0JKHa ObITh YMHOYXKEHA HA TPAMOYTOJIbHYIO (DYHKIUIO, YTO MOYKHO I1PEJICTa-
BUTH B BUJIE CBEPTKHU C allliapaTHo# pyHKIMeil mpudopa (TaK>Ke Ha3bIBAEMOI UHCTPY-
MEeHTaJIbHbIM KOHTYPOM) Bujia sin(z)/x. Kak nokazano B monorpaduu [23], mupu-
Ha Ha TOJIYBBICOTE HHCTPYMEHTATBHOrO KOHTYpa cocrasiser Av = 1,207 /2dyopx-
D10 3HAUECHHUE, HA3BIBAEMOE «pa3pelenneM naTepdepomerpa 6e3 anogusanuns |23,

OOBITHO PEBOCXOUT 3HaUeHne, naBaemoe (1.60).
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Ornnane GOpMBI peasbHOTO UCTOTHUKA OT TOYETHOIO BhI3bIBAET 3P PeKT 10~
HOJIHUTEJILHOT'O YIITUPEHUSI CHIEKTPaJIbHBIX JIMHU, KOTOPbIN Ha3bIBAETCS CaMOAIIO)[1-
zanueit. st Toro, 4rodbl MUHUMU3UPOBATH BJUSIHUE ITOI0 (DAKTOPA, UCIIOJIb3YIOT
nuadparmy, MO3BOJISIONIYIO HECKOJIBKO MOBBICUTH pa3pelieHue myTéM OrpaHuIeHus
PaCXOJIMMOCTH CBETOBOI'O MyYKa. DTO, OJHAKO, MOYXKET TPUBECTU K YXYIIEHUIO OTHO-
IMEHUs CUTHAJ /TIIYM, €CJIH UCIOJIBb3YeTCs CJUIIKOM Majias quadparma. Onrumalib-
HBIIl pasMep jnadparMbl MOXKET ObITh OIEHEH KaK

42

-
MOPXV maxc

donm -

(1.61)

€ Upgre — BEPXHsisl TPAHUIA HCCIEYEMOrO CIEKTPAJIBHOrO junanaszona, f — do-
KYCHOE PACCTOsIHHUE.

JL1s1 TOTO, UTOODBI UCKITIOUUTH BIUSHUE TAPAMETPOB YCTAHOBKH, TAKUX KaK CIIEK-
TPATHHBIE XaPAKTEPUCTUKH OMTHIECKIX IJTEMEHTOB (MCTOTHUKA N3JTY T€HNUST, 3ePKAaT,
CBETOJIeNTE ST, (DUABTPOB, JETEKTOPOB), & TAKXKe BO3MYIIECHUI, BHI3BAHHBIX BaKYy-
YMHO¥ CHCTEMOi, Ha Pe3yJIbTaThl IKCIIEPUMEHTA, Tepe]] N3MEPEHNSIMU PErHCTPHUDPY-
ercst poroswiit (nin background) cnextp Io(¥7), 3anuchiBaeMblil ¢ IyCTO# KIOBETOIA.

Barem perucrpupyercsi pabounii ciiekrp I(0). Pesysbrar penenust 1(0) na Iy(D)

. (D)
T(V) = —=%, 1.62
) =15 (1.62)
Ha3bIBaEeTCHA CHeKTpOM HpOHyCKaHI/IH, a BEJIMYMHaA
. Iy(D)
Ac(v) =1 : 1.63

COOTBETCTBEHHO, CIIEKTPOM IHOrJonenust. VIHoraa aTy BeJMUNHY PaCCUUTBIBAIOT, HC-
MOJIb3Ys JeCATUIHBIN JorapudM 1 obozradaoT eé Aqg(D).

B zaBepiiienue jlanHoro naparpada HeoOXoMMO PacCMOTPETh TaK»Ke BOIPOCHI,
CBSABAHHBIC C ONpEeJesIeHneM KOHTypa jmauii. Kak nokasbiBaeT KBaHTOBAsI TEOPUsl
[38], jlaxke npu wjeadbHbIX yCJI0BUSAX (T.€. Ha aliapare ¢ MMIOTETHIECKUM pPa3pe-
mennem 0 = () Jrobasi CeKTpaibHas JUHUSA 00JaaeT HEHyJIeBOi mupuHoii. B
nH(pPaKpPACHBIX CIEKTPaX MIABHLIMU BKJIaJaMU, OTBETCTBEHHBIMY 33 YIIUPEHUe, sB-

JA0TCA caegtyionume [23]:
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— acdpdekr Hormnepa, odyciaoniennbiit pacupeaeneanem Makcesesia — Bosbima-
Ha U HPUBOJISIIUN K TayCCOBY KOHTYPY JIUHUU;
— BBIPAXKAIOIUECs B JIOPEHIEBOH (pOpMe JIMHUN SKCIIOHEHIMAIbHBIE ITPOIECCHI,
TaKhe KaK CIOHTAHHOE U3JIyueHune (CBsI3aHHOE ¢ KOHETHBIM BDEMEHEeM >KU3HN )
U CTOJIKHOBEHUSI MOJIEKY.I.
Dopma (KOHTYD) JUHUA OOBITHO PACCMATPUBACTCS C TOUKU 3peHust 3(DhEKTUB-
HOT'O CeUeHHs HOTJIOIIeHHsI, KOTOPOe 110 3aKoHYy Byrepa — Jlambepra — Bepa cBsizano
¢ Besimannoit orsorenust (1.63) kak

A7) =In = = o(7)CL. (1.64)

rie C' — KoHreHTpanusi, | — JTiHa 1y TH noryotienust, o () — s¢bdexruBHoe cede-
Hue norsomnierust, Iy 1 I — COOTBETCTBEHHO, MHTEHCUBHOCTH TTaJIQI0IIEr0 W IPOIe-
JIeHero 1myTh [ u3JjiydeHus.

EcrecTBennast mMMpruHa JIMHAK SIBJISIETCS PE3YJIBTATOM CIIOHTAHHOTO U3J1y YCHUS,
OIMICBIBAEMOro KO3 pUImeHTaM DiHIIITeHA:

Ky

T or

Av, = cAD,, (1.65)

ryie k, — CKOpOCTHb CIIOHTAHHOU pestakcanyu. JlaHHOe siBJeHre IPUBOIUT K JIOPEHIIe-

BOil (popme JTMHUU:

(g
ou(v) = "(v —10)? + (Av, /2)% (1.66)

riae g — MaKCHUMaJIbHOE cedeHnue I1orJjomenund, /gy — OEeHTP JINMHUN (HOJIO)KGHI/IG MaK-

cumyma). st GOJIBIIUHCTBA MOJIEKYJT B OCHOBHOM 3JIEKTPOHHOM COCTOSTHUH BPEMST
JKU3HU KoJieDaTeIbHO-BPAIaTeIbHOI'O COCTOSTHUST COCTABJISIET TOPsijiKa 1 MC 1 60JIb-
ie [38], 4To HPUBOJUT K [IUPUHE JIMHUU [OPsIjIKA 1078 M1, 4O BHAUNTEIBHO MEHb-
11e JIOIJIEPOBCKOI IUPUHBL. B €¢BOIO odepe/ib, JIOIJIEPOBO YIIUPEHUE, B 4aCTHOCTH,
B PAacCMATPUBAEMOM B HACTOSIIEH pabore crekTpajbHoM guanasone (~600-2000

cM™l), orpannuMBaeT MaKcUMaJbHOE pa3pelleHre Mpu KOMHATHON TemIiepaType B

HanOoJbIneit crenenu. PopMa JIMHUK B 9TOM CJIydae COOTBETCTBYET IayCCOBOMY TeM-
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nepaTypHOMY PacIpeesIeHUI0 MOJIEKYI:

—* (v — 1p)?
oq(v) = opexp (2 5 0) : (1.67)
Uw o

TJIe 09 — MAKCUMAJIbHOE CeUeHUe MOTJIONIEeHUsT, ) — MEHTD JIMHUU (TTOJOXKEHNe MaK-
cuMmyMma), vy — HamboJiee BepOsiTHASL CKOPOCTH MOJIEKYJI, KOTOpAst IPU OTPEJIeJIEH-

HO#l TemmepaType 1T’ 1 Macce MOJIEKYJIbI 1M paBHA

2kT
ow = 1/ 2L (1.68)
m

[Tonnas JOIIJIEPOBCKasA MWPUHA JIMHWUKU Ha ITOJIYBBICOTE rZ[‘a,éTCH BbIpazKeHneM

KT In 2

. (1.69)

AVD = 1)
mc

O4eBUIHO, UTO Ta BEJIMINHA 3aBUCUT OT TEMIIEPATYPbhI, MACCHI MOJIEKYJ U UCCJIETY-
eMOTO JIMala30Ha YacTOT. TakuM oOpa3oM, OJHUM M3 IIyTeil YMEHbBIIEHUs JTaHHOI'O
rapaMerpa sBJisieTCd peryjaupoBaHue Temieparypbl, B 4aCTHOCTHU, MUCIOJIb30BaHUE
KIOBET U d4YeeK C OXJIaXKeHUEM.

Hakonerr, mmupoKo MCHOIB3YIOMKUIACT B COBPEMEHHON MOJIEKYJISIPHOR CIIEKTPO-
CKOIINU (XOTH U He JIMIIEHHbII He,ZLOCTaTKOB) koHTYp Doiirra npejcTaB/isieTcss B BUE

CBEPTKMU JIOPEHIIEBa U JI0I1JIEPOBCKOI'O KOHTYPOB:

P(r.y) = VOZW%KW)’ (1.70)
rie
¢ = 22— w) (1.71)

AVD ’

AVL
= Vin?2 1.72
y AVD n Y ( 7 )

K(z,y) = % / y2€fp((;i2i)2dr. (1.73)

Bemuunna K (z,y) 0ObIMHO ONpeesisieTcst 9UCAeHHBIMU MeToiaMu. VIHTerpad

B (1.73) 6epércs mo Beeit TuHAM.
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NarencuBHOCTD HSOﬂHpOBaHHOﬁ CHeKTpa.HbHOfI JIMHWUW TTPpU OTCYTCTBUUN BHEIII-

HETO 1oJIst MOXKeT ObITh paccuurana (cieyst, Hanpumep [39]) o dbopmyJie

8o hco g4 Ey
kY = Ndo' = -7 |1 - - _ZAVRE (174
o / alo)do = e L % )| oy P g ) A (T4

rie Besinunna kY — 910 unTeHCHBHOCTL TUHUN (He 3aBUCATIAS OT JABICHHS U JIJIHHDI
myTu moromienust), o = (Ep — Ey)/hc — gacrora, Fp u E4 — sHepruu BepxXHEro
U HUXKHErO COCTOSHUWI, COOTBETCTBEHHO, g4 — CTATUCTUYIYECKUNA BeEC (B HACTOATIEH
pabore omnpegensiercst B [laparpade 3.3), Q(T) — crarucrudeckas cymma (Takxke
paccuntana B [laparpade 3.3), RE = | (A|P,| B) |* — KBAJPAT MATPUTHOIO S/ICMEHTA
3P PEKTUBHOTO JIUIIOJIBHOIO MOMeHTa. Kak u MHOrue jipyrue BeJIMYMHbI B METOJIE
3P PEKTUBHBIX 0IEPATOPOB, 3P MEKTUBHBIN JUMOJBHBI MOMEHT MOXKHO PA3JIOXKUTH

B PsJI C IMapaMeTpaMu, KOTOPbIE ONPEJEIAI0TCA IMIUPUIECKAM Ty TEM:
P. =) Aafa. (1.75)
«

[TonpobHOE onucanue mocrpoeHus oneparopa 3PQMEKTUBHOIO JTUIOJHLHOIO MO-
MEHTa ¢ WCITOJh30BAHWEM alapaTa HEeMPUBOANMBIX TEH30PHBIX OMEpaTOPOB MpPHBE-
neno B [40]. Baxkubiv sijisiercss TOT (pakT, 9TO BEJMUMHBL, BXOJSIIHME B 9TOT Olepa-
TOP, MOXKHO OIPEJIEINTh, U3MePsisi IKCIEPUMEHTAJbHbIE MHTEHCUBHOCTH JIMHUN KOJIe-
baTesibHO-BpallaTe/IbHbIX CHEKTPOB. [Jist 9TOro, KaK OTMEYeHO Bbilile, HEODXO[MMO
AIIIPOKCUMUPOBATH JINHIIO HEKOTOPBIM «TEOpeTUIeCKUM» KOHTYpoM. Ha cerojusi-
HUil JIeHb peKOMEH IyeMbIM [41] K HCroTb30BaHuIo (B TOM THCIIE, JJTsT TPEJICTABICHUST
pesybraroB B 6asel HITRAN) siBisiercs Tak Ha3blBaeMblii KOHTYD XapTMaHHA —
Tpan [42]. B arom KOHTYpE yUTeHBI HE TOJBKO JIOPEHIIEBCKOE 1 JIONJIEPOBCKOE YIITH-
PEHUST CIIEeKTPAJIbHBIX JTUHUI, HO TaKXKe W BIUSHUE U3MEHEHUST CKOPOCTH MOJIEKYJI
[IPU CTOJIKHOBEHUSIX.

B obiem Bujie kouTyp XaprMmanHa — T'paH Jaércs B CIELYIONIEM BUJIE:

A(v)
1 — Ve — 1(Co — 3C2/2)]A(v) + 52 B(v)

a0

FHTP = —Re s (176)
™
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rjue

AW) = Y™ 1w(iZ.) — wliZ,)], (1.77)

oUa0

B(v) = Cf’:O —14 %(1 — 22 w(iZ.) — 2@7(1 - Zi)w(m)] o (1.78)

_ 4 [too et d
rJie B 9THX BBIDAsKEHUAX, YUUThIBasg w(z) = + |~ “—dt,

. iy 2
2 = VXTIV +VY, x=_"W=1+C Y:(Vovf()) . (1.79)

rae reneps Cp = (1 —n)(Co — 22) + vye); Co = (1 —n)Ch u C = Ty +iA,;

c
In2vy

Voo = I'p — nauboJiee BeposiTHask CKOPOCTD, BbIpasKeHHasl Yepes JIOILJIEPOBCKY IO
OJIyIIMPUHY. Beero s moIHoro onucanust JUHUM B KOHType XapTManHa —1pan
3aJI0KCHO CEMb TTapaMeTpoB. Herwipe U3 HUX OTBETCTBEHHBI 3a ONUCAHNE 3aBUCH-
mocTu bopMbl KOHTYpa or ckopoctn pesakcaiun (g, T'a, Ay, Ay), mapamerp 7
OTBEYAET 33 KOPPEJISIIMIO MEXK/Ly CKOPOCTHIO M M3MEHEHUEM BPAIATE]bHOIO COCTO-
SIHUST BCJIGJICTBUE CTOJKHOBEHUIA. KC/IM «BBIKTIOUUTBY 9TH TapaMeTphbl (MOJOXKUTH

WX PABHBIMHU HYJIIO U HE BApbUPOBATH), KOHTYp XapTMmahua — Tpan mepexoaur B

koutyp Doiirra (1.70)

1.4. Onmucanme mouekynbl CHy;=CDo

Uccnemyemast MOJIEKyJIa SIBJISIETCS TIJIOCKOH MOJIEKYJIOH (ITO O0bSACHSIETCST Ha-
JIMYMeM JIBOIHOM cBs3u, Koropast He no3sojser rpyninam CHy n CDs Bpamarhcest
JIPYT OTHOCHUTEJBHO JIpyTa; TO »Ke CIPaBEJJINBO U JJIA JPYTUX W30TOINOJOTOB ITH-
JIEHA) TUIIA aCUMMETPUIHOIO BOJUKA, T.€. 00JIAJaeT TPEMsl PA3InIHbIMU [JIABHBIMH
MomeHnTamu uHepiuu. COOTBETCTBEHHO, PA3JIMYHBIMK SIBJISIOTCS W BpAIaTe/bHbIC

nocrogaubie A, B u ', onpejenseMble ClIeIyONIMA COOOTHOIICHISIME:

g e M (1.80)

A = —: = N =
Sm2ely’ 8m2clp’ Sm2cls’

rie h — nocrosgaHas [lmanka, ¢ — ckopocTh cBera, I, — COOTBETCTBYIOIIMI IJ1aB-

HbI}i MOMEHT wHepruu. MOMEHTBI HHEPIUH YHOPSI0ICeHbI 10 Bo3pacTanuio ([4 —
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HanMenbInii, Io — Hanbosbimii), aro coorsercrByer ["-npejcraBienuo (MHIEKC
T yKasblBaeT, Y4TO MCIOJb3YeTCst TPABOCTOPOHHSIsI cucTeMa Koopuuar). [Tapamerp
acummerpuu moJiekysibl kK = (2B — A —C)/(A — C) ~ —0,8600. Cxemaruieckoe

nzobpaxkenne Mmosekysnbl CHo=CDs npejcrasieno na Pucynke 1.2.

Yt X
“H C C D
p - -’

Pucynok 1.2 — Mostekysia CHy=CD,

Uccneyemast MosiekyJia obiiajaer miaockocrsimu cummerpuu OX Z (T10cKocTh
MoJiekyJibl) 1 OY Z | a TakxKe 0CbI0 CUMMETPHUH BTOPOIO HOPsiJiKa 7, JeXKalleid Ha
LPSIMO#T, 00OPA30BAHHOM IIePecedYeHreM JBYX YKa3aHHbIX 1ockocreil. LHenTp cummer-
PUU OTCYTCTBYET, TaK KaK IEHTP MaCC MOJEKYJIbI CMEIIEH B CTOPOHY sIJipa yIJIepoa,
CBA3aHHOIO C JIByMd aToMaMu jefitepus. VI3 aroro takxke caejayet, 4To ocu X n Y
HE SABJISIIOTCSA OCSIMU CUMMETPUM.

['pymima cuMMeTpun MoJieKyJibl n3oMopdHa Toueudnoit rpymme Coy,, TabuIa xXa-

pakTepoB KOTOpoil mpejcraiena B Tadbmure 1.1 |26].

Tabmuma 1.1 — Tabauna xapakrepos rpymbl Cy,

Henpusoaumoe Bpamarenbnabie
E Cy | op(z2) | 0p(yz) | Komebanus
peJicTaBJIeHIe oreparopsr (1")
1 2 3 4 5) 6 7
Ay 1 1 1 L | 1,92, 93, 11, G2
A, 1 1 1 1 4 I k..
By 1 -1 1 -1 55 965 49, 410 Jys Ky
By 1 -1 -1 1 a7, qgs J:c; ko
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B niepsom crosibiie Tabsuibl 1.1 yKazaHbl YeThipe HEIIPUBOUMbBIX IIPEJCTABIE-
aust Tpynibl Cy,, B ¢TOJ0IAX 2—5 — XapaKTepbl, COOTBETCTBYIOIIUE IIEPEINCIEHHBIM
sjieMeHTaM Tpyiibl (e F — equuudnbiii sement, Cy — 0Ch CUMMETPUE BTOPOTO
HOPSiJIKA, 0, — IJIOCKOCTh cuMMeTpun). B mecrom crosibrie npusejieHa Kiaccuuka-
sl KoJiedaTe/IbHbIX KOOPAMHAT 110 HEIPUBOJUMBIM IpejacraBieHusiM rpyiibl Cy,,
a B crosibne 7 — KiraccupuKalysi MPOEKIUil orepaTopa, yriioBOIro MOMEHTa, J u KoMm-
IOHEHTOB MATPHUI[BI HAIIPABJISAIONMX KOCHHYCOB kyz, [25].

Ha Pucynke 1.3 npejcraBienbl Bce JBEHA AT HOPMAJIbHBIX KOJEOATETbHBIX
MO/, [43], IpeICTaBIISIIOIUX COBOKYIIHOE JIBUXKEHUE COCTABJISIIOIINX UCCIIELYEMY IO MO-

JIEKYJIy aTOMOB.

Vz Vs Va

D A: : A+ : A

Vs Ve vz Vs
B B : B: : B>
Vo V1o Vi1 V12
B B A A

Pucynok 1.3 — Hopmasibubie kosiebatusi mosiekysibl CHo=CDy

CrpeJikaMi YKa3aHO JBUXKEHUE aTOMOB B ILJIOCKOCTH MOJIEKYJIbI; JJIsi BHEILJIOC-
KOCTHBIX KOJIeOaHU, COOTBETCTBYIOIIUX [I0JI0CAM Vg, V7 U Vg JIBUXKEHHUsI aTOMOB 000-
3HAYEHbI 3HAKAMU «+» U <«—». st KaxXJ0oro KoJsiebaHus yKa3aHO HEIPUBOJIUMOE

npejicrapienne rpymibl Cy,, 10 KOTOPOMY IIPEodpasyoTcs ero KoopanaaTsl. Kak or-
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MedeHo B 0b630pe JuTeparypbl Bo BBegennn, nHymepalinst KojebaHuil yHace10BaHa,
OT «MaTepUHCKOi» Moseky/bl sruiena CoHy (coxpanena Horalmst, BBeIGHHAS J1J1st
sefirepupoBattbix uzororosioros Kpoydopom [6]). Heobxopnmo rakxke ormerutrs,
yTo B nH(pparpacuoMm crekrpe mosekyiabl CHo=CDy nabmromgaercs: 6obllie akKTHB-
HbIX (yHIaMeHTaIbHBIX KoJebanuii (a numenno, 11 mporus 5 y CyoHy), mockosbky
rpymmna Cy, SBASETCS HOArPYIIIO IPYIIbl CUMMETPUn o, OCHOBHOI'O H30TOIIOJIO-
ra. EQMHCTBEHHBIM 3alpEIIEHHBIM 110 CUMMETPUH QyHIAMEHTAJILHBIM COCTOSTHIEM
spaistercst (vg = 1).

Cormacuo [43], B MoJiekyJie THIia acCUMMETPUTHOTO BOJTIKA, 0OJIaIA0MIeH TPyII-
noit cummerpun Cly,, pa3penieHbl epexoIbl ¢ OCHOBHOTO COCTOSTHUST Ha COCTOSTHUSI,
obpasytoliue TPU TUITA TOJOC CO CJAEYIOMUMHU TTpaBuiaMu oTbopa (CBsI3aHHBIMY C
COOTBETCTBYIOIIMMHU CBOHCTBAME CHMMETDUH OTIEPATOPA JIUTIOJHHOIO MOMEHTA):

— IOJIOCHI a-Tuia, coorBercrByformue mepexomam A; < A;r AJ = 0,4+1 u

AK, = qér., AK, = neuér.;

— moJjiockl b-Tuma, coorBercrByfomme nepexogam A; < By AJ = 0,£1 #u

AK, = neuér.,, AK,. = neuér.;

— MOJIOCHI C-THIA, COOTBETCTBYIOIME mepexomam A, < By: AJ = 0,£1 u

AK, = neuér., AK, = uér.;

Takum 00pa3oM MOXKHO HPOKJACCUMPUIIMPOBATH BCe (PyHIaMEHTaIbHbIE T10JI0-
col MoJtekyIbl CHo—=CDy: mosnocst vy, Vo, V3, V11 U V19 — 3TO MOJOCKHI (-THIIA, MOJOCHI
Us, Vg, Vg U V19 — b-Tuma, a 17 u vy — c-tumna. [lomoca v, 3amperiena B MOTJIOMIEHAN.
Bee aBaxk bl Bo30yx iéHHbIE (BOOOIIE, J1100BIE IETHBIE) 0OEPTOHBI, COOTBETCTBEHHO,
IPECTABJIAIOT IIOJOCH a-Tuma. [y KOMOMHAIIMOHHBIX IIOJIOC MPUHAJIEXKHOCTDH K
ONPEAEeSIEHHOMY THITY MOYKHO BBISICHUTH, MCIOJb3Ysl TAOJNILy YMHOMKEHUsT TPYIIIThI
(5, M Kyaccn@UKaAINIo KoJedaTebHbIX COCTOSTHUH 0 HEMPUBOAMMBIM IIPEJICTAB-
aerusim 91oit rpynnbl (eM. Tabmuiyy 1.1). Hanpuwmep, nosoca vy + vyg 3anpeniena
B TOTJIONIECHUH (COOTBETCTBYyIOMee cocTosinne (v = vyp = 1) mpeobpasyeTcs mo
HETPUBOIUMOMY IpejicTaByiennto Ay rpymibl Cy, ), MTOTOMY HEPEXObl, OTHOCSIHECST

K Heil, MOryT HaOJII0aThCsd B MH(DPaKPACHOM CIIEKTPE JIMIIb BCJIEJICTBAE B3auMO/Ieii-
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CTBUSL C JIPYTUMU KOJIeOATEJLHBIMU COCTOAHUAMMU. IIpOTHBONOIOKHBIM TPUMEPOM
MOKET CJIy’KUTh MOJIOCA Vy + V7: X0Ts cocrosinme (vy = 1) siBsteTcs 3anpenénnbiM,
cocrosinue (v4 = vy = 1) npeobpasyercs 110 HEHPUBOJAUMOMY IIpeJCTaBieHuio By,

CJIe10BaTeJILHO, ITIOJIOCa ABJIACTCA [IOJIOCO b-TUIIa 1 MOKeT H&6JIIO,IL&TBCH B CIIEKTpeE.
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I'maBa 2. DxcnepmumeHT

B nanHOilt r1aBe paccMOTpeHa SKCIEepUMEHTaJbHasA JacTh paborsl. [IpuBeieno
KPaTKOe OIMMCAHUE SKCIIEPUMEHTAJbHON YCTAaHOBKHM U YCJIOBUH SKCIIEPUMEHTA, MTPE/I-
CTaBJIEHDBI 3aPETUCTPUPOBAHHDBIE SKCITIEPUMEHTAJIHHBIE CIIEKTPHI, aHAJIN3 KOTOPHIX J1a-

Jlee paccmarpuBaercs B [iase 3.

2.1. Onucanue 3KCIIEPUMEHTAJIBHON YCTAHOBKU

DKcrepuMeHT BbiojiHeH Ha Oaze Jlaboparopun Nudpakpacuoit CrieKTpocko-
nuu B Texunueckom Yuusepcurere Bpayniuseiira (Bpayuimseiir, lepmanust) 1o py-
KoBojicTBOM TIpodeccopa 3. Bayspskkepa ¢ ucnosbzoBanueM Pypbe-clieKTpoMeTpa
BbicoKoro pazperienust Bruker IFS 120HR. IIpunnunuaibHas cxema yCTaHOBKH IIPU-

BejleHa Ha Pucynke 2.1.

1 - UcTounuk; 2 - [IoBOpoTHOE 3€pKaJIO;

3 - nadparma; 4 - HenoasuxHOE 3€pKajo; =
5 - CBerogenutednp; 6 - [logBrxHOE 3€pKaIo;
7 - @unwtp; 8 - Krosera; 9 - Jletekrop

oo NN/ \ E
o Y. L 4
2 o / '><:§l 3

Al )
1\

1

o O/ s ~
i % 7 2
oco—t 1

Pucynok 2.1 — Cxema @ypoe-cniekrpomerpa BRUKER IFS 120HR

OcHOBHBIE OTJIMYHsST OT 3aBOJICKON CTaH/IaAPTHON KOMILIEK TAIIIN:
— MOJICPHU3WPOBaHHAd BaAaKyyMHad CUCTEMA;
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— JIBE BHEIITHUE MHOTOXOJ0BbIE sTueiiku Yaiita ¢ 6a30B0it jyuHoit 1 MeTp (MaKCI/I—
MaJlbHasl ONTHYecKas JiiHa 1yt — 10 50 MeTpoB) u 2,4 MeTpa (MakcuMaJib-
Hast onrudeckas JuiHa iyt — jo 200 merpos) [44];
— HabOp KIOBET OYeHb MaJjoi junHbl — 1,49 MM u 0,24 MM JJ1s1 perucTpaliuu
CIIEKTPOB C BBICOKHUM JlaByienuem [45];
— BO3MOYXKHOCTH PEryJMPOBATH TEMIEPATYPY AUCHKN (/s BHEITHUX MHOTOXO/I0-
BBIX SI9€EK ).
HomunaJjibHoe MHCTPYMEHTaJbHOE paspellieHne IKCIEePUMEeHTaJbHON yCTaHOB-
Ku, 0P, ompejensercs cooTHorerueM 1/dyopx (MakcumasibHAas ONTHYECKasT Pas-
HOCTH X0/[a) ¥ TIPH MaKCUMAJIbHO#I JTHHE Tpobera MOJIBUKHOTO 3epKajia B 2,38 MeTpa
cocrasnger 0,0021 cm~!. g gocTuXKeHns MaKCHMAJbHOTO Pa3peIIeHUs BCe CICK-
TPhI 3alUCHIBAINCH B pexume Oe3 anojusaiun (Bozcar). Bo Beex mpoBegéHHBIX
KCIIEPUMEHTAX UCIOIH30BAJUCH CJICYIOIIIE OITUYECKNUE JIEMEHThI: B KQUeCTBe UC-
TOYHUKA U3JIydeHus: ObL1 BbIOpaH 1J100ap, CBETOJ/Ie/IMTE/Ib U ONTUYECKUEe OKHA, U310~
roBJjieHbl u3 bpomusia kasust (KBr), jerekrop usiydenust — KajMuii-pryrb-resryp
(KPT unmu MCT). O6pasust raza CHy=CDy npuobperenst 8 CDN Isotopes (Ka-
HaJla), XUMIIeckas ancrora — He meree 99 %. [ kaambpOBKU CIIEKTpa BO BCEX
sKcIepuMenTax ucrnosb3oBaauch jgunnd NoO u HoO u3 6aser jannpix HITRAN [46].
3aperncTpupoBaHHbIE CIIEKTPhI UCIOJb30BAJUCH JIJIsi PEIICHUST JBYX CBsI3aH-
HBIX, HO 3HAUUTEJILHO PA3IUIAIONINXCS 3J1a9 — OMPEJICIeHNsT 9acTOT (T.€. TOJIOXKe-
HUIl JTUHUN B cneKTpe) 1 SHEepruil, a Tak>Ke aHajn3a abCOJIOTHBIX MHTEHCUBHOCTEH
1 HOJIYIIMPHUH CHEKTPaJIbHBIX JUHUM, TI09TOMY JIaJbHEHIIi 0030p CIIEKTPOB pa3ouT
Ha J[Ba COOTBETCTBYIONUX Haparpada. 3Jech xKe HeoOX0AUMO OT/AeJIbHO OTMETHUTD,
9TO CTIEKTPhl BHICOKOTO paspernienns B ananazone 950-1300 cm~ ! 6uim npegocraniie-
Hbl rpynnoit npogeccopa T.JI. Tana nz Haubsinckoro Texnosiornueckoro Y HUBepCu-
rera Cunranypa (3aperucrpuposanbl Ha Pypbe-criekrpomerpe Bruker IFS 125HR,
obpastpl rasa nosydensl B8 Cambridge Isotope Laboratories (Maccauycerc, CIIA),
XuMUIecKas auctora - e Meree 98 %). Ilpu perucrpaliun CieKTpoB HCTOTH30BAHCE

TE€ 2K€ OIITUYICCKHUEC IJIEMCHTDI, 4YTO YKa3aHbl BbIIIEC.
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2.2. Peructparnusa COeKTPOB AJid OIPeeJeHNS MOJIOXKEHU N SHEPTuii

CHEKTPAJbHbIX JIMHUN

st perieHust SHEPreTUuecKoi 3a/1a4i HeoOX0IMMO CHadaJia, IPOBECTH HHTEp-
IPETAIUIO CIIEKTPOB, T.€. IPUCBOUTH KaXKJO# CIEKTPaJIbHONU JIMHUKA COOTBETCTBYIO-
e BpallaTejbHbie KBAHTOBBIE YKCJA W ITPUHAJJIEXKHOCTH K COOTBETCTBYIOIIEMY
KOJieDaTeJIbHOMY COCTOSTHUIO, 8 TaKXKe OIPEJIeJINTh MOJIOKEHUsT CIIeKTPAJIbHBIX JIU-
nuii. Ha niepBoMm stanie nuTepriperaiuu HanboJiee ONTUMAJbLHBIM ITPEJICTABIISAETCS
110CJI€JIOBATE/ILHO PACCMATPUBATH CEPUM 11EPEXOJI0B 110 KBAHTOBbIM vuciam J un K,
HAUMHAsI ¢ MUHAMAaJIbHBIX. KakK mpaBujio, TAKKUM MEepPexojaM COOTBETCTBYIOT HambO-
Jlee CUJIbHbIE JIMHUN: HAIIPUMED JIJIsi CUJIBHBIX KOJiebaTe/IbHBIX II0JIOC U7 U Vg MAKCHU-
MaJbHYIO HHTEHCUBHOCTD uMeloT junnn ¢ K, nopsaiaka 0-3, u J nopanka 10-13. Ecian
PV 9TOM TOTJIOIIEHNE JINHUU OYJIeT CIUIITKOM BeJMKO (TpeBbiaeT 1, 410 cooTBeT-
CTBYET CTPEMJIEHUIO IIPOITyCKaHust K HyJ110, cM. (1.62)—(1.63)), To TOuHO ompejesnnTh
eé 1noJioXKenue OyjieT HEBO3MOXKHO, TOCKOJIbKY UK JIMHUU OY/IeT CJAUIIKOM ITUPOKUM
(aHAJIOrMYHOE CHIPABEIMBO U JIst ClIeKTpa 1ipoityckanus ). [lorionenue jnunu xe,
Kak cyejnyer u3 3akona Byrepa — Jlambepra — Bepa (1.64), 3aBucuT OT KOHIIEH-
Tpaiun (TO ecTh, (haKTUIECKH, OT JIABJICHUS ra3a) U JJIHHLL ITyTH moriomenus. [1o-
9TOMY B IIEPBYIO OUYepe/ib HeOOXOMMO UCCJIEI0OBATH CIEKTPBI, 3aPErUCTPUPOBAHHbIC
C MEHBINUMU JIABJIEHUEM W ONTUYECKON JIIMHON TyTH JIjist HAXOXKJIeHWs HauboJiee
MHTEHCUBHBIX JIMHUI ¢ HEOOIbITUMY 3HAUYEHUSIMU BPaIllaTe/IbHbIX KBAHTOBBIX UNCEJT
J n K,. C apyroit ctopoHbI, BEPOSITHOCTH MEPEX0/a Ha BPAIATEIbHBIH YPOBEHD
¢ bospiumu 3uadenusvu J u K, (6omee 30 u 15, COOTBETCTBEHHO) 3HATHTEIHLHO
HIDKE, 9TO BEJIET K YMEHBIIEHUIO WHTEHCUBHOCTH Junuit ¢ pocrom J u K,. IlosaTo-
My CJICIVIOIIMI IIar P pelleHuH 3aJa4did UHTEPIPETAIMU CIIEKTPa 3aKJII0UaeTCs
B aHaJIU3€ CIEKTPOB ¢ OOJIbIIMM 3HAUYCHHEM IIPOU3BEJICHUSA ONTUICCKON JIJTUHBI I1Y-
T Ha JIABJICHUE JIJIST HAXOXKJICHUs CJIa0bIX JIMHUI TTOIJIOMIEHNs B JIAJEKUX KPbLIbsAX

KOJIG68,T€.HbHO—BpaHLaTeﬂbeIX ITOJIOC.

I/ICXO,B;H N3 BbIIIECKa3aHHOI'O, IIPU BLIIIOJIHEHUN SKCHepHMeHTaJIbHOﬁ JaCTU pa-
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O60THl B KakJIOM HM3y4aeMOM CIEKTPaJbHOM JIUAINa30HE 3alMChIBAJIOCh HECKOJIHKO
CIIEKTPOB C Pa3JIMYHbIMU 3HAYEHUSIMU JIJIMHDBI [TYTU [OIJIONIEHUS, JIABJICHUS U TeM-
neparypbl. B Tabsiuiie 2.1 nupuBejieHbl 9KCIIEPUMEHTAJILHBIE YCJIOBUS JIJIs 1IECTU 3a-

PErUCTPUPOBAHHBIX CITEKTPOB.

Tabauna 2.1 — YxcnepuMenTaNbHbIe clIeKTpbl MOJeKy/Ibl CHo=CDo

Howmep | /Inamazon, | Paspemenue, | Yucao | Our. anuna | duacdp., | Temm., | labienne,

CIEKTPA, em ! em ! CKAHOB | MHyTH, M MM K ITa
I 600-1200 0,0021 310 4 1,5 296 +0,5 7

IT 600-1200 0,0021 400 4 1,5 296 + 0,5 150

Ir* 950-1300 0,0063** 970 0,8 1,5 296 +0,5 800
v 1300-2000 0,0025 560 16 1,3 296 £ 0,5 30

\Y% 1300-2000 0,0025 420 24 1,3 296 £0,5 140

VI 1300-2000 0,0025 110 24 1,3 353+ 3 150

* Cuexrpnl npegocrapiensl npod. Tanom us Hambanckoro yumsepcurera, Cunramyp

** TTpuBeieHO He HHCTPYMEHTAJIbHOE, & UTOTOBOE paspelieHue (¢ yI6TOM yIUTUPEHUs JTUHUI)

B niepBoM cToJib11e TpuUBEIEH HOMED CIIEKTPa, BO BTOPOM — COOTBETCTBYIOIINH
cuekTpaJibibiit juanazon. s criekrpos I-1T u IV-VI B Tperbem crosibiie npuse-
JIEHO HOMMHAJIbHOE HHCTPYMeHTadbHoe pasperienue (1.60). Heobxomumo ormeruts,
9TO UTOTOBOE pas3perieHre (B OCHOBHOM OOYCJIOBIEHHOE JIOTIEPOBCKUM YIITHPEHUEM )

1

cocraBuio or 0,0022 cm™' (juist JIMHWIA, pACTIOIOXKEHHBIX B paijione 600 CM_l) J10

0,0044 cm~! (71st JTMHUI, pACTIONIOKEHHBIX B paiione 1600 CM*I). DTO COOTBETCTBY-

eT TOYHOCTHU OIpejieJeHns TeHTpa auHuu nopgaka 0,00022-0,00044 cm 1,

COOTBET-
CTBEHHO. UMCJI0 CKAHWPOBAHMIA, OTMEYEHHOE B UETBEPTOM CTOJIONE, OTBETCTBEHHO
3a OTHOIIEHUE CUrHAJ /1iiyM. Pasmep juadparmbl, yKazaHHbIi B 15170M CTOJIONE, Bbl-
opan ¢ yuérom (1.61). Crekrp VI sanucan ¢ 6osiee BbICOKO# Temueparypoii jiis
TOTO UTOOBI YBEJIMUUTH 3aCEJIECHHOCTh BEPXHUX KOJIEOATETbHBIX YPOBHEH 1, CJIeI0Ba~
TeJIbHO, YBEJIUIUTH BEPOSITHOCTD TIEPEXOJI0B Ha COCTOSHUS ¢ OOJILINUMY 3HATCHUAME

BpallaTe/JbHbIX KBAHTOBBLIX uncen J u K.

Ha Pucynke 2.2 npepcrasiens! ciieKTpbl [ u 1. B aTom quanasone joMuHIPYIOT
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JIBE CUJIbHBIE OJIOCHI TOMJIolIeHust V7 1 vg. axe npu manom jasienun (0,07 m6ap)
JIMHUU, OTHOCSAINMECS K ITUM IOJIOCAM, MOI'YT OBbIThb JIEMKO WJIEHTU(DUIIMPOBAHDI.
[Ipu Gosibiiem jassenuu (1,5 MOap) cusibHBIE JIMHUK MOIIONIEHUS] HAKPBIBAIOT BEChH
CIIEKTD ¥ MHTEPIPETUPOBATDH IEPEXOJIbl, HAXOAAIINECS PIJIOM C HUMU, CTAHOBUTCS

ropasjo CJIO2KHeeE.

[Tpomyckanue, %/100

— 1, 0,07 mGap
I1, 1,5 mbap
O’O T T T T I T T T T I T T T LI r T il T T I T T T T I
600 700 800 900 1000 1100

~ -1
BonHoBoe 4ucno, v/ cm

Pucynok 2.2 — Crekrpsl I u II monekyasr CHy=CDs B nuanazone 600-1100 cm~*

Ha Pucynke 2.2 Takxke ormedenbl OoJiee cjiabble IIOJIOCHI IOIJIOIIEHUSI V) |
v3. OrpanudeHue, HaKJIa/bIBAEMOE OITHIECKUMHU JJIEMEHTAMKU YCTAHOBKHU, a TaKXKe
HAOOPOM yCTaHOBJIEHHBIX (PUJILTPOB, HE IIO3BOJIMJIO 3allCATh CIIEKTD B 00JIACTU HU-

e 600 cm~ !

, U3-33 4ero 4acrTh P-BeTBu 10J0CH V1 (co 3HadeHusimu J > 30) ne
YZAJ10Ch IIPOUHTEPIPETUPOBATH. [T-BeTBb 1I0JI0CHI V1o LIepeKPbITa [P-BEeTBbIO 110JI0CHI
V7, TOIJIa KaK 110J10Ca V3 LIOJIHOCTBIO HaxoauTed B [T-sersu vg. [Tosioca vy 3anpemiena
B [OMJIOIIEHUHU 110 CBOficTBaM cuMMmerpun Mosiekysibl (cum. [nasa 1, ITaparpad 1.4),
[IOTOMY lI€PeXO0/ibl, OTHOCALIMECH K Heil, MOI'YyT IPOABJIATLCA B 9KCIIEPUMEHTAJbHOM

CIIEKTp€ TOJIBKO BCJICJACTBHE CHJIBHOI'O PE30OHaHCHOI'O BBaI/IMO,Z[eﬁCTBI/IH C Apyrumu

COCTOAHUAMMU.
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Kpowme 1epeunciieHHbIX (QyHaMeHTaJbHbIX 110JI0C, Ha Pucynke 2.2 ykKazaHO
TaK>Ke II0JIO?KEHUE «I'OpsAvYuXxy I10JIoC V7 + Vg — Vg U Vg + V19 — V109, COOTBETCTBYIO-
KX TIepexojaM ¢ Bo30y kK IEHHOrO KosiebaresbHoro cocrosiiust (vip=1). [Togpobroe
OIIMCAHUE JIAHHBIX IIEPEXO0B, & TaKXKe KOPPEKTHOCTb MX MHTEPIIPETAlUd PACCMaT-
pusaercs B [nase 3, Ilaparpad 3.3. Hacrb crekrpa BbicOKOro paspernienusi 11 B

00J1aCTU paCIoJIOXKeHusI (J-BETBU I10JIOCHI Ug + V1) — V1o lIpUBeJieHa Ha, Pucynke 2.3.

Iponyckanue, %/100
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|
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29(: n 295 25 (vx)

I

L0 O -
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>
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T
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T

T
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~ -1
BoJsnoBoe uncio, v/ cm

Pucynok 2.3 — @parment criekTpa Bbicokoro paspemierust moJiekyjibl CHo=CD,

[ToMUMO «rOpstuUX» MEPEXOJIoB (UKCJIA MOJ YEPHBIME TPEYTOJbHUKAMHU COOT-
BETCTBYIOT 3HaUYeHuIO J, 3HayeHue K, JUist BCeX 11epexoj0B paBHO 6, 4TO yKa3aHO B
HUKHEM MHJIEKCe (Jg) yKa3aHbl IPOUHTEPIPETUPOBAHHbIE [IEPEXOJbl, OTHOCSIIUEC ST
K CUJIbHOI 110Ji0ce Vg. JIerko BujeTh pa3HUIly B 3HAUYEHHMSIX MHTEHCUBHOCTEH JIMHUIA
dyHIaMeHTaJIbHON U «I'Opsideii» I10JIOC: IIPU CPABHUMBbIX 3HAUYEHUSAX BPaIlaTe/bHbIX
KBAHTOBBIX YUCEJ J, JIMHUK TI0JIOCHI Uy ~+1/19— 11 He pocruraior u 50 % npomnyckanms,
TOIJIa KaK MPOIYCKAHUE JIMHUH 1TOJIOCHI Vg OJIM3KO K HYJIIO.

Ha Pucynke 2.4 npuBejién criekTp BbicCOKOro paspetienus [11, 3aperucrpupoBan-
HbI# rpy1noit npodeccopa Tana. Xoporio pasinduma CTPyKTypa [R-BeTBU MOJIOCH
Vg: CEpUU IIEPEXO0B C OJMHAKOBbIMU 3HAYEHUSIMU KBAHTOBOIO uncia K, dopMmupy-
10T CBOEOOpa3HbIe ITUJI000Pa3HbIe «KJIACTEPbI», YTO OY€Hb YJA00HO IIPU MHTEpIIpeTa-

UK IEepPEXoJOB: IIPU IIPAaBUJILHOM OIIPDEACJIEHNN KBAHTOBBLIX YHCEJI XOTA ObI JJIA OJ1-
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Pucynok 2.4 — Crnexrp III B quanazone 950-1300 cm—*

HOI1 110JI00HO# cepur, OCTabHBIE CTAHOBSATCS OUE€BUHBI. P-BeTBb 110 OOJIbITIEH YacTn
HaKPbITa CUJIBLHON MOJIOCOM /g U COCEJICTBYET C IPUMEPHO PABHOU IO MHTEHCUBHOCTU
110JIOCOM V3, OJIHAKO Pas3/inuuMbIe 11epexo/ibl TakxKe (POPMUPYIOT 110J00HYIO CTPYK-
TYpPY, KOTOPYIO MOXKHO Pa3/inunThb HA 0O30PHOM cliekrpe B pajione 1100 cm~ !, Un-
TepIpeTanusa IepexoioB, OTHOCAIINXCI K P-BeTBH, MPOU3BOINIACH JIJIA IBYX CIICK-
tpoB (II u I1I) HesaBucumo, UT0 BO3MOKHO O1aromaps o0IIeil 3aperucTpupOBAHHOI
obmacta 950-1100 cm !, DTo TakXKe 1aJI0 BO3MOKHOCTD IPOBEPUTH IPABHIBHOCTD
KaJIMOPOBKM ODOMX CIEKTPORB: HEHTPhI COOTBETCTBYIONINX JIMHUI COBIAJAIOT C Pas-
HUIEH B 4eTBEPTOM-IISITOM 3HAKAX MOCJE 3ansiToi (HeoOX0MMO ellé pa3 OTMETUTh,
aro pasperienue crekrpa 11 Heckosibko HuKe, dem paspernenue criekrpa 11).
[TockousbKy T10J10Ca Vg siBJsiercst noJiocoii b-tuna (cm. [aparpad 1.4), npasuia
orbopa JIOIYCKAIOT 1ePexojibl C JIBYX Pa3HbIX HUKHUX COCTOSTHUUI C OJIMHAKOBBIM
aucsiom J u monapuo pasnuanbix K, u K, (Hanpumep, Ha Bepxuuii yposens (J K, K,
BO3MOXKHBI mepexosinl ¢ yposueit (JK, — 1K.+ 1) u (JK, + 1K, — 1)). Ilo sroii

npuunHe (J-BeTBb IIOJIOCHI Vg COCTOUT, (DAKTUUECKU, U3 JIBYX IOJBETBEi, CMEIEH-
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HBIX OT IIEHTPa MOJIOCHI B Pa3Hble CTOPOHBI. B BBICOKOM pasperiennn 9acTh (J-BeTBH

uzobpaxkena Ha Pucynke 2.5.
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- . ] l
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A A A
0,95 4 N 0,95
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AA A N A .
A A A A‘
’ 15 "0 65 1 .
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[Ipomyckanwue, %/100
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BoanoBoe umcio, v/ cMm

Pucynok 2.5 — @parment Bbicokoro paspemienust criekrpa [1I: a) nepexojpr u3

cepuu ¢ K, = 5; 6) nepexojipl u3 cepuu ¢ K, = 6; B) nepexojbl u3 cepuu ¢ K, =7

Bo Bcex TpEx cepusix 1EpPexoj0B lepBas JIMHUS HA CAMOM Jiejie COCTOUT U3
HECKOJILKUX, OJTHAKO pa3perienns MpuOopa HeOCTATOTHO, ITOOBI X Pa3THIUTh.
Kpowme toro, Pucynok 2.5 uamiocTpupyeT paciienyenne cepuit ¢ pa3HbIMA KBaHTO-
BbIME ducsiaMi K, (MIPOUCXOJIAIIETO BCJIECTBUE CHATUS BBIPOXK ICHUST Y POBHEIT 9HED-
UK ), & TAKXKE «PA3BOPOT» CEPUH: CHTYAIMIO, KOTJIa [IPU JajIbHEHIIeM BO3pACTaAHUH
kBaHTOBOrO umncia J (Ha Pucynke 2.5a, nanpumep, nocie J = 16, a na Pucyn-
ke 2.56 — J = 22 — 23), cOOTBETCTBYIONIME JIMHUKM CEPUU BBICTPAUBAIOTCS HE 110
yObIBAHUIO BOJIHOBOI'O 4YKCJIa, &, HAIIPOTUB, 110 Bo3pacTanuio. [lojobnoe nosejieHue
MOXKET CJTYKUTH WHANKATOPOM CJYIANHBIX PE30HAHCOB.

Hakownern, na Pucynke 2.6 npusenenst crnekrper 1V u V (crektp VI maso or-

JIMYIAETCs OT CHEeKTpa V, MO3TOMY OTJIEIbHO He TPUBOIUTCH). B nanHoM nuamazone
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Pucynok 2.6 — Cuexrpnt IV u V B guanasone 1300-1650 cvm*

BbIJIEJISIeTCsl OTHOCUTE/IbHO U30JIMPOBaHHAsI CUJIbHAsT (PyHIaMeHTaJbHas [10JI0Ca 110~
TJIOIIEHUsI /12, KOTOPasi CKPbIBAET 1101 cODOM ¢1adyio 00epTOoHHYIO mosiocy 21/qg. Cite-
JIYIOIIEH 110 MHTEHCUBHOCTH siBJISIETCsl OOEPTOHHAS 110JI0Ca 217, 38, KOTOPOM CJIejryeT
dyHmaMenTalbHAs 110JI0Ca V9. KpoMe Toro, B paccMaTpuBaeMoOil CIIEKTPAJIbHOR 00-
JIaCTHU IIPUCYTCTBYIOT 4Y€ThbIpe KOM6MH&LLI/IOHHble IIOJIOCHI: CJ[?L6ble IIOJIOCHI V4 + Vg 1
V4~+V7 U 3allpelléHHbIe B HOIJIOIIeHUH vy + Vg U Vs+1qg. Ha Pucynke 2.6 Takoke MOXK-
HO YBHU/JIETH CUJIbHBIE JIMHUU [TOIVIOIIEHUsI BOJSIHOI'O 11aPa, 10 KOTOPHIM IIPOBOJIMIACH

KaJinOpoBKa criekrpa [46].
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2.3. Peructpanusa cCOeKTPOB AJ9 N3MEPEHUA WHTEHCUBHOCTEN 1

IMOJIYIIINPUH CIIEKTPAJIbBHBIX JIMHUM

3ajiaua onpejie/ieHns MHTeHCUBHOCTEH U MOJIYIIUPUH CIIEKTPAJIbHBIX JIMHUAM, B
OTJIMYKE OT SHEPreTUUIeCKON 3a/1a41, B IEPBYIO O4Yepejib TpedyeT BOCIPOU3BEICHMs
KOHTYypa JmHui. [IocKOIbKY KOHTYP M30JIMPOBAHHON JTUHUK BCET/1a, BO3MOXKHO OIIPe-
JIEJINTh U PACCUUTATH € OOJIbIIEH TOYHOCTBIO, YeM KOHTYD HECKOJIbKUX OJIM3KO pac-
IIOJIOXKEHHBIX COCEJIHUX JIMHU, JIJIs aHaJM3a HeoOXOIMMO BHIOMPATH CIEKTPaJbHbII
JIaIa30H, B KOTOPOM JIOKAJIN30BAHO HE CIUIIKOM 00JIbITToe uncio nepexonos. Crey-
foiee TpeboBaHNEe COCTOUT B TOM, UTO MOTJIOIIEHWE UCCJIeYyeMOi JIMHUU He JIOJIXKHO
OBITH YPE3MEPHBIM (T.€. JIMHUM He JIOJIKHBI ObITh MepeHachiienbiMu). [Ipu srom
JULst orpejieieHnst Ko UIueHTa yImupeHns JUHUE He0OX0MMO 3apErucTPUPOBATD
HECKOJIBKO 9KCIEPUMEHTAJIbHBIX CIIEKTPOB € OJIMHAKOBLIM 3HAUYCHUEM ITYTHU ITOTJIOIIE-
HUsI ¥ PA3HBIMU 3HAUCHUSIMU JIABJICHHSI, UTOOBI OIICHUTD BJIMSHUE JIABJICHUS HA STOT
napamerp. Ecim mosoca moriomenus aBiasgeTcs CIUIIKOM CHIbHOM, YBeJndeHne JTaB-
JIGHWST TIPUBEJIET K NEePEHACHIIIEHWIO JIMHUN 1, KaK CJIeJCTBIE, K HEIMPUTOJHOCTH €€
Jutst aHasmza. [loaromy Juist perienust mocraBieHHON 3ajia4un Oblia BbIOpaHa sTdeii-
Ka jnnaoit 0,23 M, a 3amucbiBajics crekTp B auarnasone 1450-1650 CM_l), B paifione
PACIIOJIOXKEH U 110JI0C HOTVIONIeHus 2v7 U vy, B Tabuuie 2.2 npusejieHbl COOTBETCTBY-

omue SKCIeEpuMeHTaJIbHbIC YCJIOBU:.

Tabsauna 2.2 — YkcnepuMenTaibHble cleKTpbl MoJieKyibl CHo=CDo

Homep | /Inamazon, | Paspemenue, | Yucsao | Ont. gnuna | duadp., Temm., | laBnenue,
CIEKTPA, em ! em ! CKAHOB | MyTH, M MM K ITa
VII 1450-1650 0,0025 350 0,23 1,3 296 + 0,5 1000
VIII 1450-1650 0,0025 400 0,23 1,3 296 + 0,5 3333
IX 1450-1650 0,0025 400 0,23 1,3 296 + 0,5 6666
X 1450-1650 0,0025 300 0,23 1,3 296 + 0,5 10000

Ha Pucynke 2.7 nis miocTpaliun 3aBUCUMOCTH (DOPMBI JIMHUI T10JIOCHI 217

OT JaBjeHus npuseennbl cruekTpbl VII-X, a ma Pucynke 2.8 orjebHO MOKa3aHbl
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criekrpbl VII u X (Haunbosiee crabbiit u Hanbosiee CHIBHBIN, COOTBETCTBEHHO).

IMponyckanue, %/100
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Pucynok 2.7 — ®parment cnekrpoB VII-X B obnactu pacnosoxenns: (J-BeTBn

IIOJIOCHI TTOTJIOIIEHUS 217

—— VII, 1000 Ia
—— X, 10000 ITa

1485,00

T T T T T T T T T 1
1485,15 1485,30 1485,45 1485,60 1485,75

~ -1
BonnoBoe uncno, v/ cMm

Pucynok 2.8 — ®parment cuekrpo VII u X B obsiactu pacnosioxenusi P-persu

110JIOCHI HOIJIOLIEHUs 217

XopoIIo BUAHO, YTO JIMHUK 3apErUCTPUPOBAHHBLIX IPU 0OJiee BHICOKOM JlaBJie-

HYHM CIIEKTPOB CTAHOBATCA HINPE, a TaK2KE YMEHbLIIACTCA pa3pelleHne 3KCIICPpUMEH-
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TaJLHOI'O CIIEKTPa — TakK, [apa JIMHUI, pacriojioyKeHHas B jieBoit yactu Pucynka 2.8,
1 paspelniéHHas B ciekrpe, 3anucannom 1pu jgasienun 1000 Ila, npespainaercs: B
oJiHy 1mupokyio Jinuuio 1pu jasjienun 10000 ITa. JIunuu, paciosioxkennbie B ipoMe-
KyTKe oT 1485,15 o 1485,45 cM ™! mpu MaoM TaBJICHIN MOXKHO PACCMATPUBATL KaK
XOPOIIIO M30JMPOBAHHbBIE U OMHUCHIBATH KaXKJIyI0 OTJETbHBIM KOHTYpoM. Ilpu Goee
BBLICOKOM JIABJIEHUM CTAHOBUTCS OYEBWJIHO, UTO ITH IATH JIMHUNA HEOOXOJUMO pac-
cMaTpuBaTh KaK T'PYIILy, YTO BJIEYET JIONOJHUTEJIbHbIE TPYJHOCTHA TIPU W3MEPEHUN
WX TOJIYIIMPUH U TJIOIAJIEi 1101 KOHTYpOM. B jlanHoii pabore «KpuTepuem u30Jupo-
BAHHOCTU» JIMHUU ITPU YKA3aHHBIX JIABJIECHUSAX CUATAJIACH VIAJEHHOCTD €€ OT POYnX

Ha paccrosinne nopsijka 0,1 cm™ L
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I'maBa 3. Anajgmu3 cunekTpoB moJieKyabl CHy;—=CD,

B nacrosmeil riaBe MPUBOAATCS PE3yIbTATHI aHAIN3a IKCIEPUMEHTATHHBIX
CIIEKTPOB, MOJIpOOHO ONucaHHBIX B [JaBe 2. Kak y»Ke yKa3bIBaJoOCh BBIIIE, 3ape-
I'UCTPUPOBAHHbBIE CIEKTPbI UCIOJb30BAJUCH JIJIsl PellleHus JIBYX 3ajiad: BO-IIE€PBbIX,
OrpeJiesIeHUsT YacTOT U SHEPIUil, BO-BTOPHIX — aHaJn3a abCOJIOTHBIX MHTEHCUBHO-
cTeil U TOJIYIUPUH CIIEKTPaJbHbIX JinHUi. [l perenus nepBoit 3aja4uu, KOTopas
110/Ipa3yMeBaeT POBEJIEHNE MHTEPIIPETAllUK CIIEKTPa, UJIeHTU(MUKAIIUIO KaK MOXKHO
OOJTBITIETO KOJTMIECTBA CIEKTPAJIbHBIX JIMHUN, a 3aTeM pacuéT JIisd BCeX HailIeHHbIX
IIEPEXO0JIOB COOTBETCTBYIOMMUX 3HAYEHUN SHEPTHH, MCIOJb30BAJHUCH CHEKTPHl [-VI
(em. Tabsury 2.1). Bropas 3ajada, cBsi3aHHasd ¢ U3yUEHHEM XapaKTEPUCTUK TOTIIO-
IMEeHnsT MOJIEKYJIBbI, TpeOyeT OOJbINOoN BHUMATEJBHOCTH K KOHTYypaMm JIMHUAN, U JIJIs
e€ perennst NCMoJb30BAJTUCH 3aPETUCTPUPOBAHHDBIE B KOPOTKOM KIOBETE TIPU PA3HBIX

JaBjienusix crekTpbl VII-X.

st ynobcTBa BOCHPUSTHS, IV1aBa pa3buTa Ha maparpadbl, COOTBETCTBYOIINE
CIEKTpaJIbHBIM Jixalia3zoHaM. BHyTpu maparpadoB JIOIOJHUTEIbHO YCTPOEHO Jiesie-
HUE TI0 PEeIIaeMbIM 3a/[adaM: HHTEPIPETAINST CIIEKTPa, TEOPETHIECKUE PACIETHI, pe-

meHue oOpaTHO 3a/1a9u.

3.1. CnekTpajpHblii quama3on 1300—1450 cm !

Jlj1st TpoBEpKH aIeKBaTHOCTH BHIODAHHON MOJIe/IH, IIePBOil 3a/1a4eil HacTos e
paboTBI CTaJI0 UCCIeOBAHHE CIEKTpaibHOi obaactr 1300—1450 cm~'. B stom nuna-
1a30HE PACIIOJIOKeHa, CUJIbHash (PyHaMEHTaJbHAs T10JI0CA MTOTJIONIEHUS V19, & TaKXKe
3HAYUTEJbHO OoJjiee ciiabasi 00epPTOHHAsI 110JI0Ca 21/1), COOTBETCTBYIOIIAs JBAXK JIbI
BO3OY K JIEHHOMY KoJiebaTebHoMy cocrosinuio (vig = 2) (em. Pucynok 2.6). Kpo-
M€ TOTO, TPEeIBAPUTEIbHBIN aHAIN3 U JaHHble Xereganaa [16] mokasasmu, 4To s
aHaJIN3a YKa3aHHBIX II0JIOC IIPU pPEHIeHUH OOPaTHON CIEKTPOCKOIMYECKOH 3a/1adu

CIIeJIyeT PacCMATPUBATL TakxKe cocrognus (v7 = vy = 1) u (v7 = 2). Ilepsoe u3
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HUX COOTBETCTBYET 3allPEIEHHO B MOIVIOIIEHUN T10JI0Ce V7 + V1, PACIIOJOXKEHHOI
B JlaJibHel yacTu R-BETBU MOJIOCHI V19, BTOpoe — 00epToHHOM nojoce 2v7. Oba 1o-
CJIEJIHUX COCTOSIHUSI PACCMaTPUBAIOTCH KaK «TEMHBIEY, T.€. IePex0ojibl, OTHOCAIIAECs
K HIM, He YYaCTBYIOT B pEIIeHNK 0OPATHOH CIIEKTPOCKOIUYIECKOM 3a,1a91. Tak»xKe ciie-
JIyeT 3aMeTUTh, UITO BBIOOD MCCJIEyeMOTO Jualla30Ha ObLI MOTUBUPOBAH, B IIEPBYIO
odepe/ib, HaJIUIMeM HaUMEeHbBIIEero KOJUYeCTBa B3aMMOJIEUCTBYIONUX COCTOSTHUN —
n1st cpasrenns B obnactu 600-1300 ecm™! (em. Pucynok 2.2) pacrosioskeHo miecth
B3aUMOJICHCTBYIOIIKX 10JIOC, 8 B 00Jiee BLICOKOIHEPIeTUIECKUX 00JIACTSX IJIOTHOCTh
PaCIIOJIOXKEHUs KOJieDaTe/IbHbIX COCTOSIHUI PE3KO BO3pacTaeT. BropbiM HeMaJioBaXK-
HbIM (PAKTOPOM CTaJIO TO, YTO YKA3aHHbBIN JiMalla30H U3ydaJiCs 1HOCJEJIHUM Ha TEKY-
A MOMEHT — 3TO JIa€T BO3MOXKHOCTH CPABHUTH KaUeCTBO SKCIIEPUMENTa U ClAeaTh
BBIBO/IbI O 11€71eCO00Pa3HOCTHU KCCJIEI0BAHNA: CPABHUTDH KOJUIECTBO OOHAPYKEHHBIX
CIEKTPAJbHBIX JIMHANM W MaKCHMaJbHble 3HadeHnsd KBAHTOBBIX umcen J m K, Juid

MPOMHTEPIIPETUPOBAHHBIX MTEPEXOIO0B.

3.1.1. InTepniperanusa 3KCOepUMeEHTAJIbHOTO crieKTpa. Pacuér

ImapaMeTpoB OCHOBHOTI'O K0J1e0aTeJJbHOI0 COCTOSSHUS

Ha nepom srane Ha OCHOBE MeTOJia, KOMOWHAIIMOHHBIX PA3HOCTEN TPOBE/Ie-
Ha MHTEPIPEeTAIst IKCIEPUMEHTAJIbHOTO CrieKTpa (Menosib3oBatbl criekTpbl IV, V u
VI, Tabaura 2.1). BpamarenbHast cTPyKTypa OCHOBHOTO KOJIEOATETTLHOTO COCTOSTHST
paccunTaHa Ha OCHOBE MapaMeTpoB, omybiukoBaHHbIX XerejaungoMm [15]. B pesyib-
TaTe aHaJu3a IpouAeHTUMUINPOBaHO Hopsaka 1960 mepexojoB, IPUHAIIEKAIUX
110JI0Ce V12, MaKCUMaJlbHble 3HauYeHUsl KBAHTOBLIX uuces J™% u K" cocrasuiu,
coorBercTBeHHO, 48 n 20. Byiarojapsi BHICOKOMY pa3perieHnio U XOpoIlieMy ypoB-
HIO OTHOIIEHKsI CUTHAJI/1ITy M, BO3MOXKHOH OKa3aJ/1aCh TaK»Ke MHTePIPeTallis JUHWUH,
OTHOCSIIMXCsE K ¢J1aboit 1osioce 21y — B oDuieit ciaoxkHocTu 0koJsio 320 BiiepBbie
3aPErUCTPUPOBAHHBIX TIEPEX0JIa ¢ MAKCUMAJIbHBIMU 3HAYCHUAMU KBAHTOBBIX UHCEJ
JMr = 24 u K" = 7. Jlns cpaBuenus B pabore Xerenanja [16] comeprkarcs

JaHHbIe, onuchkiBafomue 1426 mepexomoB sl MOJOCHI Vg, C MAaKCUMAJLHBIMU 3Ha-
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YeHNAMM KBAaHTOBBIX unces J™ = 40 n K" = 19. Kak 0b1j10 yKa3aHO BbIIIeE,
uHOpMaIns O Mepexojiax, NPUHAJIEXKAIINX [10J0ce 2V/1(, 10 HACTOSIIEr0 BPeMEH!

OTCYTCTBOBaJIa B JiMTeparype.

KoppekTHocTh MHTEpIpeTalnn JIJis He CJAUIIKOM OoJbiux 3Hadennii J u K,
IOJITBEPKIAETCsT COOTBETCTBUEM <«TEOPETHUYECKUX» (PACCUIMTAHHBIX Ha OCHOBE W3-
BeCTHBIX Hapamerpos u3 [15], a rakxke [12|) u «9KcHepUMEHTAIBHBIXY (KaBBIYKH
3/16Ch TTOAPA3YMEBAIOT, UTO STH BEJIMUUHBI HE TOJTYIEHBl HATPSAMYTO U3 9KCIIEPHMEH-
Ta, & BBIYUCICHBI KAK PA3HOCTHU TTOJOKEHUI COOTBETCTBYIONINX JIMHMUIT CIEKTPa) 3Ha-
dennii KOMOnHAIMOHHBIX pasnocTeil. B Tabsure 3.1 /1 niuiocTpaui IpuBeIeHbl
HEKOTOPDIE 9KCIIEPUMEHTAJIbHbIE KOMONHAIMOHHDIE PA3HOCTH OCHOBHOT'O COCTOSIHUS

JUIsT DOJIBLINIAX 3HAYEHUIT KBAHTOBOI'O YnCa J.

Tabauna 3.1 — Hekoropble KOMOMHAITMOHHBIE PA3HOCTH OCHOBHOTO COCTOSTHUSI

mostexyast CHy=CDy (B cM™1)

Kom6. pasnocTn Vsxer. A x 10* | A x 10* [12] | A x 10* [15]

1 2 3 4 5
34034 — 32032 91,78259 | 2,7 —-9,0 —4,7
35035 — 330 33| 9447046 | 1,7 —12,0 ~7,9
36 036 — 340 34| 97,15736 | —0,1 —~15,0 —11,4
37037 — 350 35| 9984363 | 1,1 —14,7 —11,8
38038 — 3603610252871 | 0,8 —16,2 —14,2
30039 — 3703710521280 | 0,8 —17,4 —16,4
40 0 40 — 38 0 38| 107,80604 | 2,7 16,6 ~16,8
41 0 41 — 39 0 39 | 11057780 | 1,2 —-19,6 —21,5
42 0 42 — 40 0 40 | 113,25865 | 1,4 —20,7 —24.4
43 0 43 — 41 0 41 | 11593819 | —0,1 —23,5 —29,3
44 0 44 — 42 0 4211861679 | 0,7 —24,0 —32,3
45 0 45 — 43 0 43 | 121,29431 | 26 —23.4 —34,6
46 0 46 — 44 0 44 | 12397021 | 0,6 —26,8 —41,2
47 0 47 — 45 0 45 | 126,64497 | —0,4 —29,1 —47,2
48 0 48 — 46 0 46 | 129,31869 | 1,0 —29,0 —-51,3
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B nepBom crosibie Tadsunbt 3.1 ykazaHbl KOMOMHAIIMOHHBIE PA3HOCTH, BO BTO-
poM cTosibIie TIpUBeJIeHbl 3HaYeHNsT («IKCIEPUMEHTAJBLHbBIE ) PA3HOCTH IHEPIH CO-
OTBETCTBYIOIIMX BpalllaTesibHbIX ypoBHei. B derséprom u nsirom crosbrax, coot-
BETCTBEHHO, IIPUBEJICHBI PASHUILI MEXKY SKCIEPUMEHTAILHBIMU JTAHHBLIMUA U Pac-
CYMTAHHBIMY Ha OCHOBAHWH MapamerpoB n3 pabor Xupors [12] n Xeremamma [15].
C yBeJmueHreM KBAHTOBLIX YMCEJI PA3HUIA MEXK/y 3HAUYCHHSIMU HAYMHAET OLICTPO
BO3pACTATh, YTO 3AMETHO W3 aHAJM3a TOCJIEJHUX JBYX CTOJOIOB (370 0ObSICHUMO,
eCJI IIPUHSITH BO BHUMAHKE 3HAYUTEILHO MEHBIITYIO IPOTSXKEHHOCTH CepHil 110 KBaH-
roBoMy unciy J B [15, 16]). JanHoe 06CTOATENBCTBO MPEJIOCTABISAET BO3MOKHOCTh
paccuMTaTh HOBBI HADOP HApPaMEeTPOB OCHOBHOI'O KOJI€0ATEJIbHOIO COCTOSIHUSI, OIlU-
CBIBAIOIIU{ BPAIATEJIBHYIO CTPYKTYPY € GOJIBINEH TOTHOCTHIO (B TPEThbeM CTOJIONe
IpeJICTaB/IeHa PA3HUIA MEXKJLY IKCIEPUMEHTATLHBIMUA KOMOMHAIIMOHHBIMU PA3HOCTSI-
MU ¥ MOJYICHHBIMU W3 PACIéTa ¢ HOBBIME Hapamerpamu). /s perenus 9Toii 3a-
JIAYM UCTIOJIB30BAJINCH HE TOJTHKO IKCIIEPUMEHTAJbHBIE 3HAUEHWS MTOJOKEHWsT JTUHUIA
[OJIOCHI V19, HO ¥ KOMOMHAIMOHHBIE PA3HOCTH, MOJYUYEHHbIE U3 TIPEABAPUTENHLHOIO
aHaJM3a KoJiebaTe/IbHbIX MOJIOC V7 U Vg, PACIIOJIOKEHHBIX B CIHEKTPAJbLHOM Jalia-
zone 600—1200 cm~ L. Cuemyer 0cobo OTMETUTH, 9TO HEOOXOJUMOCTD ITOIO CBSI3aHa,
¢ mpaBwiIaMu 0TOOpa 1Mo KBaHTOBBbIM uucyaam K, u K. misg mojockl a-tuma (Vo)
AK, = 0,42, AK. = +1, torna Kak jjis nojoc c-tuna (vy u vg) AK, = £1,
AK, = 0,42,

B obirieit cioxxkaocTr 66110 moctpoero 6osiee 2500 «3KCIepuMeHTaJIbHBIX» KOM-
OuHAMOHHBIX pasHocTeit (J"% =48 K" =19, 0 < AJ <2u0 < AK, <2),u3
KOTOPBIX B JlaJibHelieM BoOpanbl 271, oy YeHHbIe U3 [ap HEMCKAXKEHHDIX CHMMeT-
PUYHBIX HEIIEPEHACHIIIEHHBIX JIMHUI OTHOCUTEILHO BBHICOKO# nuTencusnocT. Kpome
TOT0, ObLIO J106aBJIEHO 17 MUKDPOBOJHOBBIX HepexojoB u3 paborsl [12]. B pasbHeii-
[eM 9T KOMOMHAIMOHHBIE PA3HOCTH ObLIM UCIOJB30BAHbI B BAPUAIMOHHOM IPOLIE-
Jype OIpeJlesIeHIs TapaMeTPOB OCHOBHOIO KOJIEOATEIHLHOTO COCTOSIHUS C OIIEPaTO-
POM H30JMPOBAHHOTO cocTOsiHUs (1.45) Ha OCHOBE B3BEIIEHHOIO METO/A HAMMEHB-

IIIX KBaJIpaToB (Beca B3ATbI Iponopiuonaibio sesnuune (1/A)% rie A — neomnpe-
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JIeJIEHHOCTD 3HAYEHWsT SHEPIUH BO30Y K IEHHOIO KoJiebaresbHoro cocrositust). B Tao-
Jiiie 3.2 puBeJieHbl 3HAUEHUS [1aPaMEeTPOB OCHOBHOI'O KOJ1eDATEJIbHOI'O COCTOSHUS.
Bo Bropoit u tperbeit KosioHkax npusejienbt napamerpbt u3 [12] u [15], coorsercrien-
HO. B 4ueTBEpTOil KOJIOHKE yKa3aHbl pacCUUTaHbIe IO ONKUCAHHONI IpoIeaype 3Hatue-
HUS MTapaMeTpoB OCHOBHOTO KOJIEOATEILHOIO COCTOSTHUSA, B CKOOKaX — CTaHIapTHOE

orkonenue (lo).

Tabauna 3.2 — CrneKTpocKonuvuecKue mapaMerpbl OCHOBHOI'O KOJ1e0aTeIbHOTO

cocrostius Mosiekysibl CHo=CDy (B cm™1)

[Tapamerp 3 [12] U3 [15] Dta pabora

1 2 3 4
A 3,25214(5) 3,2521341(21) 3,2521275(16)
B 0,85643449(80) |  0,8564346(9) | 0,856434612(32)
C 0,67609409(80) |  0,6760956(24) |  0,676094350(29)
A x 10 | 0,4083 0,40606(11) 0,406308(96)
A x 10* | 0,06401(90) 0,06473(6) 0,064568(35)
Ay x 10* | 0,01092(19) 0,010967(15) | 0,0109715(32)
i x 10 | 0,0687(20) 0,06856(5) 0,069199(61)
5, % 10 | 0,00263(2) 0,0026213(19) |  0,00262819(77)
Hy x 108 — 0,2054(20) 0,2024(20)
Hiyy x 108 — —0,0067(13) 0,547(88)
Hyre x 108 — 0,0045(8) -
Hy x 108 - 0,00025(8) 0,000050(14)
hi x 108 - - —0,1258(51)

13 anammsa Tabmuiier 3.2 BUHO, UTO BO BeeX TPEX HaboOpax mapaMeTpoB OUeHb
OJIM3KMe 3HAYEHUST UMEIOT Bpalareabubie nocrosaabie A, B u () a Takxke mapamer-
PbI [IEHTPOOEKHOIO MCKaXKeHusi nepsoro nopsijika (A u §). Ognako napamerpb H
OTJIMYAIOTCsT OT paccunTanbix Xerejanjom |[15] BecbMa 3HauuresibHO, a napamerp
H j i BOOOTIIE OTCYTCTBYET B HOBOM HaOOpE (BMECTO HETO OKAZAJIOCH TEJIeCO00PA3HBIM
WCTIOJIE30BaTh hi ). B To e BpeMmsi, HOBbIN HaOOp MApaMETpPOB TO3BOJISIET BOCIIPO-

N3BECTU N3HaYaJIbHBLIE KOM6I/IHaHI/IOHHbIe Pa3HOCTH, IIOJIy9Y€HHbIEC N3 aHaJIn3a IKCIIE-
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PUMEHTAJILHOTO CIIEKTPa, ¢ D0Jiee BHICOKOI TOUHOCTHIO: TaK, CPEJIHEKBAIPATUICCKOE
OTKJIOHEHWE <«3IKCIIEPUMEHTAJLHBIX» OT PACCUUTAHHBIX HA OCHOBE MapaMETPOB U3
[15] u [12] komMOuHaOHHbIX pasnocTeil (u3 271, yuacTBOBABIIMX B PEleHUU 00paT-
HOU 3ajaun) cocrasysier 4,1 X 107 e~ u 116,4 x 107* ecm~ !, coorsercrBernto,
TOT/Ia KAaK HOBBIl HaOop mapamerpos (kosouka 4 Tabiurpr 3.2) yMeHbIIAeT cpejHe-

KBajpaTuieckoe oTKIoHeHue o 1,3 x 107* em™!.

[Tommmo 3TOrO, OBLIO MPOBEEHO CpaBHEHUE SHEPIHUil, PACCUNTAHHBIX C MOMO-
IIHIO TOJIyYEeHHOTO HAabopa IMapaMeTpoB, ¢ MUKPOBOJIHOBbIMU JaHHbIMU. B Tabsiu-

e 3.3 npusejieHbl 17 MUKPOBOJIHOBBIX IEPEXO0JIOB, OIYOJIMKOBAHHBIX XUPOTOM U JIp.

[12].

Tabuuna 3.3 — MukpososHoBbie mepexojibl B Mojiekysie CHo=CDy (B MI'n)

I[Tepexos, sk, A A (u3 [12]) | A (u3 [15])
1 2 3 4 d

101 < 000 45 943,928 —0,002 0,008 —0,039
202 < 101 91 533,381 0,005 0,024 —0,072
212 <+~ 111/ 86480,818 —0,095 —0,077 —0,199
303 <« 20 2 |136659,633 —0,022 —0,005 —0,147
31 3 <« 21 2 129 541,208 —0,005 0,017 —0,158
312 « 21 1 |145746,403| —0019 | —0,024 0,087
32 2 <« 221 |137824,016 0,026 0,005 —0,075
321 « 22 0 ]138993,053 0,079 0,062 —0,006
4 04 <« 3 0 3 |180 882,216 0,005 0,011 —0,174
41 4 <« 31 3 |172399,023 0,000 0,014 -0,203
4 2 3 <+ 3 2 2 | 183 533,569 —0,001 —0,041 —0,134
8 26 <+ 8207 53 090,598 —0,008 0,004 0,320
927 <~ 928 78 305,078 —0,008 0,005 0,395
102 8 +« 102 9 |109 211,211 —0,012 —0,005 0,438
13310 « 13 3 11| 62937912 —0,009 —0,014 —0,231
14 311 « 14 3 12| 89944923 0,012 0,011 0,448
15312 « 15 3 13| 123 173,558 0,008 —0,001 —0,807

CKO 0,031 0,028 0,302
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B Tperbem crosibie npusesenbl OTKJIOHEHMsI 3HEPTUil, PACCUUTAHHBIX Ha, OC-
HOBE HOBOIO HabOpa MapaMeTpoB, OT IKCIEPUMEHTAbHBIX 3Hepruii (crosuber 2),
B 4eTBEPTOM CTOJIOIE — COOTBETCTBYIONME 3HadeHus u3 paborbl Xuporsl [12]; B
MSITOM — PACCIMTAHHBIE HA OCHOBE mapaMeTpoB u3 paborel Xeremansa [15]. B mo-
clieiHeil CTpOKe yKazaHo cpeaekBaipaTuieckoe orkiaonenne (CKO) mis Becex Tpéx
HabOpOB mapamerpoB. HerpyiHno BujeTh, 9TO HOBBIH HAOOP BOCIPOU3BOIUT MUKPO-
BOJIHOBBIE JIAHHBIE C TOYHOCTHIO, OJIMBKOW K MCXOIHOM (cp. TPeTUii U YeTBEPTHIA
crosbipr Tabmnuier 3.3).

Bcé Bbinenepednciaennoe mo3BoJisieT yTBEPXKIaTh, YTO BPaIlaTeJbHas CTPYK-
Typa OCHOBHOI'O KOJIEDATEJILHOIO COCTOSIHUS PACCUUTAHA C BBICOKONH TOYHOCTHIO, M,
CJIEJIOBATENIHLHO, MHTEPIIPETaltsl CIIEKTPAa JIJIst OOJIBINIX 3HAUCHU KBAHTOBBIX THCEJT
J n K, Tak»Ke IpoBejieHa KOPPEKTHO. DTO JTaéT BO3MOXKHOCTD MEPEHTH KO BTOPOMY
9TaIly peIIeHusI MOCTABICHHOM 3aaul — pacdéry BpallaTeJbHOR CTPYKTYPhI BO3-
Oy KJIEHHBIX KOJIeDATENbHBIX COCTOSTHUN |, Jlajiee, PEIeHni0 0OPATHON CIIEKTPOCKO-
MYECKOl 3a/1a41 C 1EJIbIO OlIPEJIeIeHUsl ITapaMeTPOB KOJ1edaTeibHO-BPaIlaTeJbHOTO

I'aMUWJIBTOHHWAHA.

3.1.2. Pacuér mapamerpoB moJieKyabl CH,—=CD, Ha ocHOBe Teopum

M30TOI03aMEeIeHUS

ist TOro, 9T00BI UMETh BO3MOXKHOCTH OIEHUTH 3HAUEHHUST CIIEKTPOCKOITTIECKUX
apaMeTpOB PA3JUIHBIX H30TOIOJOIOB ITHJIEHA B OTCYTCTBHE SKCIIEPUMEHTAIbHOM
nrdopmaryn (T.e., GakKTHIeCKH, IPeCKa3aTh HAYa bHBIC 3HATCHHS STUX TaPAMET-
POB, YTOUHSIsI UX 110 Mepe aHajn3a IKCIEePUMEHTAIbHBIX JAaHHbIX), B pabore [47]
ObLIM paccauTaHbl KOHCTAHTHI (hopM Kojebarwit st mosekyabl CoHy. B Tabiu-

e 3.4 npuBejieHbl TPUOINKEHHBIC 3HAUCHUS ITUX BEJMYUH (MCIPABJICHA OlleYaTKa

st U511 1 lg1n)-
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Tabsauna 3.4 — Koncranrsr opm kosebanuii mosekyiibl CoHy (13 crarbu [47])

Na/\ 1 2 3 4 5 6 7 8 9 10 11
24 17 40 V3 3v3 2v/6 13v6 257
le | —5 100 00 | Y % | 3| 0 0 —3r 75 | 250
24 17 40 V3 3v3 26 13v6 25v/7
2r | —15 100 0 | O | % |33 | O 0 ST | T7r | T a50
3z e e R Rl s ol B 0 | -0 | 5| 24
A 24 _ 17 _40 | V3 3v3 0 0 2v6 | _ 137\/5 _ 2;?
100 100 100 8 13 21 2
5 v | V122 | 1VE | 0 0 0 0 0 0 2vid
6r | -2 | V22| 156 0 0 0 0 0 0 2vid
24+/3 17 3 6v3 V3 13V7 47 327
ly | =T | % —5 | O %5 | ~w | O 0 —“er | —49 | — 203
24+/3 17 3 6v3 V3 137 47 327
2y 00 7 55 | 0 %5 | ~w | O 0 —Ter | a9 503
w | ] 5| 3 o|-%] f o [ o |-ui er] s
100 5 20 25 21
24+/3 17 3 6v3 V3 137 47 327
4 | oo | 7 —5 | O 5| w | O 0 —“& | —as 503
4/3 5v3 13v/21 44/21
by 0 0 0 10 ]=% ] %] 0 0 2 | | Y
VA 5v3 13v/21 44/21
Gy 0 0 O 0] S |-% | 0 0 2 | | 0
12 0 0 0 | =i o0 0 vz | 4 0 0 0
1 V42 41
1 V42 41
1 V42 41
V14 11V2
62 0 0 0 | o] o 0 |-¥)|_Wag 0 0




B crpokax Tabsuupr 3.4 ykazaubl HoMepa aroMoB (N) M KOOpJMHATH T, ¥,
z (a). Ynena B 3arosioBkax croJibiioB — HoMepa KosiebaresibHbix Mo (cM. Ilapa-
rpad 1.4).

Pacuérbl mapaMeTrpoB Ha OCHOBE STHUX pe3yJILTATOB ObLIM alpoOMpPOBAHbI Ha
M30TOMOJIONaX STUJICHA TIPU 3aMeIeHnn s1jiep yriaepoja-12 Ha yriaepoi-13 (omyoiiu-
KOBaHbI B craThsax |48, 49]). s Toro, 9Tobbl ONEHUTH KOJIEOATENbHBIC SHEPIUU 1
rJIaBHBIE BKJIJIbI B TTapaMeTPhl PE30HAHCHBIX B3aUMOJIEHCTBUM ¢ TTOMOIIHIO TEOPUN
M30TOIO3aMeIIeHNsT, HEOOXO/IMMO CHaUYaJIa PAacCIUTATh KOHCTaHThI (pOpPM KoJiebaHuit
mouiekyJibl CHo—=CDy 1o dopmysie (1.50). Pesysibrars! JaHHBIX PACUETOB 11PUBEJICHBI
B Tabuuie 3.5 (OKpyIJIEHbBI JIO TPETHEIO 3HAKA [OC/IE BAIISTON ).

C ucnosb30BaHKEM IOJYYEHHBIX [-ITapaMeTpoB ObLIN OIEeHEHbI 3HAUYEeHHS IeH-
TPOB IOJIOC M TIJIaBHBIX BKJIAJIOB B pe3oHaHcHble mapaMeTpbl Pepmu u Kopuosmca.
OTHU 3HAUYEHUS JIJIS II0JIOC MCCJIeIyeMOro jialia3oHa npusejiennl B Tabsmie 3.6. Pac-
CUNTAHHBIE TTapAMETPhI JIJI TIOJOC JIPYTUX JTUATTA30HOB MMPUBOJSITCSA B COOTBETCTRY-

IOIUX Taparpadax.
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Tabauna 3.5 — Koncranrsr popm Kosmedanuit mosekyibl CHy—=CDo

Na| 1 2 3 4 5 6 7 8 9 10 11 12
lz | —0,348 | 0,217 | —0,107 | 0 0,024 | 0473 0 0 |-0355| 0338| 0,010 | —0,536
2z | 0,348 | 0217 | -0,107| 0 |—0,024|-0473| 0 0 0,355 | —0,338 | 0,010 | —0,536
3z | 0,004| 0048 0563 0 0,326 | —0,277| 0 0 |—0012| 0497 0337 0
4z | 0,004 0048 | 0563 0 |—-0326| 0277 0 0 0,012 | —0,497 | 0,337 | 0
50| 0,231|—0,653| —0,301| 0 0 0 0 0 0 0 0,107 | —0,137
6z | —0,033| 0,488 | —0,099 | 0 0 0 0 0 0 0 | —0390]| 0,447
ly | —0,593 | —0,266 | 0,008 | 0 | —0,017|-0,155| 0 0 | —0565|-0229| 0,033| 0,276
2y | 0,593 | 0,266 | —0,008| 0 |—0,017|-0,155| 0 0 | —0565|—0229 | —0,033 | —0,276
3y | 0,005 0218]-0349| 0 0,537 | —0,022| 0 0 | —0002| —0,191| 0551 | 0,165
4y | —0,005 | —0,218 | 0,349 | 0 0,537 | —0,022 | 0 0 | —0,002| —0,191 | —0,551 | —0,165
by 0 0 0 0 0,025 | 0468| 0 0 0,329 | —0,024 | 0 0
6y 0 0 0 0 | —0456|-0360| 0 0 0 0,313 0 0
12 0 0 0 | —0577| 0 0 0,057 | 0612 0 0 0 0
2z 0 0 0 0577| 0 0 0,057 | 0612 0 0 0 0
3z 0 0 0 |—-0408| 0 0 0,543 | 0,051| 0 0 0 0
4z 0 0 0 0,408 | 0 0 0,543 | 0,051| 0 0 0 0
5z 0 0 0 0 0 0 0,142 | —0,487| 0 0 0 0
62 0 0 0 0 0 0 |—0619| 0091| 0 0 0 0
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Tabauna 3.6 — Hekoropsie napamerpnl mosiekyiabl CHo—=CDy, paccauranfibie Ha, OCHOBE TEOPUU M30TONO3AMEIIEeHIST

vv’FO vv’Cl
ITosioca | Lentp, cm™!
v, v 3nauenue, cM v, v Snauenue, cM
21/10 1374,2 (Ul() =2 s (Ull2 = 1) 2,8 (’010 = 2), (7/7 = ?)io = 1) 4,6
V19 1384,5 (UIO = 2), (U/7 = 2) 0,7 (U12 = 1), (U/7 = Uio = 1) —0,5
vr + vig 1437,6 - - (v7 =2), (v =0y =1) —4,6
2v7 1499,0 (vig = 1), (vh = 2) —0,4 — —




3.1.3. Pemenne ob6paTHOI1 CIEKTPOCKOMUYIECKO 3ada9m

Kak y»ke ObLI0 yKa3aHO BbIIIE, HA OCHOBE PACCUMTAHHON CTPYKTYPbLI OCHOBHOT'O
COCTOsIHMSI OBLIO onpejiesieHo 0KoJ10 228() 1epexojioB, OTHOCSIIUXCS K TTOJIOCAM V19
u 2v1g. U3 amux nepexonoB B jajbHeiiem Obi10 nojaydeno 1139 kosedbarenbHO-Bpa-
IIATEILHBIX 3HEPruil BO30YKJIEHHBIX COCTOSIHUI, KOTOPDIE, B CBOIO OYEPE/ih, UCIO/Ib-
30BAJINCH B BAPUAIIMOHHOMN MIPOIEype Ha OCHOBE B3BEIIICHHOIO METO/[a HAUMEHDBIINX
KBaJ[PATOB JIJIs OIIPEJICJICHUST BPAIATEILHBIX, EHTPOOEKHBIX U PE30HAHCHBIX IIa-
pameTpoB coctosuuit (vig = 1) u (vip = 2). SHaueHUAM KOJEOATEIHHO-BPAIIATEIb-
HBIX SHEPIUi, PACCUNTAHHBIX Ha OCHOBAHUM SKCIIEPUMEHTAJLHLIX JAHHBLIX, [IPUCBa-
MBAJINCHh Beca, npornopimonaababie 1/A (31ech A — HeolpeeJéHHOCTh 3HAYCHUsT
SHEPrur BO30YXKJAEHHOIO COCTOSHUSA, PACCUUTAHON KaK CPeHee 3HAUCHUE SHEPTUil
HECKOJIbKUX T1€PEX0J[0B HA PacCMaTpuBaeMblii B30y K IGHHBIH ypoBenb). Eciu sHep-
s BO30YKJIEHHOTO COCTOSTHNAA OBbLIA PACCUATAHA JIUIIE U3 OJHOIO Mepexoia, eii mpu-
cBaMBaJICS HYJ1eBOi Bec. [lToMuMoO JIByX yKa3aHHBIX COCTOSIHUI, B BAPUAIMOHHOI 1IpO-
nejtype ObLTH TakKe 3a/eficTBOBalbl cocTosnus (vy = vyg = 1) u (v7 = 2). Hauass-
Hble 3HAUCHMs [ApaMeTpPOB JIMArOHAJILHBIX OJIOKOB KOJ1e0aTeIbHO-BPAIlATEe]ILHOIO
ramusibronuana (1.45) (BpalareabHbIX MOCTOSHHBIX W TAPAMETPOB [EHTPOHEKHOIO
MCKaKeHWst) ObIIM NPUHSATHI PABHBIMU 3HAYEHUSIM COOTBETCTBYIOIINX [APAMETPOB
OCHOBHOI'O KoJiebarejibHOIo cocrosinus. Hejinaronasbubie 0J10ku Obljin BhIOpaHbl B
dbopwme omeparopos (1.43) u (1.44) HavasibHble 3HAYMEHWST TIEHTPOB TOJIOC, OCHOBHBIX
pesonancHbix nmapamerpos @epmu u Kopuosmca, Kak ykazano Bbllle, ObLIN OIEHEHbI

Ha OCHOBaHMH PE3YJIbTATOB TEOPUU M30TOIO3aMEIeHUs U IpuBeieHbl B Tadsure 3.6.

3/1ech HEOOXOIUMO OTMETHTh, YTO B COOTBETCTBUM C OOIIEil Teopueil Koseda-
TeJbHO-BpAIATEbHOM crieKTpockomun (cM., Harnpumep, [19]), mapamerpsr jguaro-
HAJILHOTO OJIOKA HE JIOJIZKHBI OTJIMYATHCS OT COOTBETCTBYIOIMX I1APAMETPOB OCHOB-
HOTO COCTOSIHMsI DOJIbIIe, YeM Ha HeCKOJILKO mporentos. CrepoBanue 9Toil mapaur-
Me IIPUBOJMUT K TAKOH cxeMe: Ha [EePBOM 3Talle BApbUPYIOTCs JIUIIL KoJebaTesbHble

SHepruu (MEHTPHI OJIOC) U BPAIATEJbHbIE TOCTOSTHHBIE, & TAKXKe, JJIst JIOCTHKECHUST
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JIYUIIEro COrJIachsi MEXKJIy TEOPEeTUYECKUMU U SKCIEPUMEHTAJbHBIMU PE3YJIbTaTa-
MU, UCHOJIB3YETCs CPABHUTEIBHO OOJIbINOE KOJMYECTBO BAPbUPYEMbIX PEBOHAHCHbBIX
napamerpoB (kak @epmu, tak u Kopuosuca). Ha Bropom srare, nocse BbisiBiie-
HUSI U pa3peliennss 3HATUMbIX CJIYIalHbIX PEe30HAHCOB, KOJUIECTBO PE3OHAHCHBIX
apaMeTpOB YMEHBIAETCs, & K BapbUPyeMbIM NapaMeTpaM JUarOHAJbHOTO OJIOKA
TO0ABIISIIOTCS TIEHTPODEKHBIE MAapaMeTphbl (KBapTUIHbIE, a i Oosbimx J u K, u
cekcriunbie). Ecam cranjaprHoe OTKJIOHEHHE CPABHIMO CO 3HAUYEHHEM BapbUPyeMO-
o HEHTPOOEKHOTO TapamMeTpa, MoJI00HbBIH MapaMeTp MCKJI0YaeTCs U3 BapuallliOH-
HO¥ TIPOIIE/yPbhl, & €ro 3HavYeHUe OCTACTCS PABHBIM 3HAYEHUIO COOTBETCTBYIOIIEIO

lapaMeTpa OCHOBHOI'O COCTOSHUSI.

B pesysbrare perienusi obpaTHOR CIEKTPOCKOIMYECKOM 3a1a41 oIy YeH Habop
13 59 CHEKTPOCKOIMMYECKIX TApAMETPOB (MMEIOTCsT B BULY TTApAMETPBI, YIaCcTBOBAB-
I1e B BAPUAIMOHHOI TIPOTIe/lype W OTJIMYHBIE OT CBOMX HadajbHbIX 3Hadennii). [la-
pamMerpbl JMaroHasbHbix 610108 nipuBejienbl B Tabuuie 3.7 (3nauenns B CKOOKax —
cranjiapraoe orkjonenue (10)). dust narusyinocru B Tabsune 3.7, nomumMo paccuu-
TAHHBIX B 9TOH pabore mapaMerpoB (UETHBIE CTOJOIBI), TPUBEJICHBI 3HAUCHUS Ma-
pamerpoB u3 [16]| (HeuérHbIe CTONOIBI), & TAKYKE MapaMeTPbl OCHOBHOTO COCTOSHUST
(kak ToJIyUeHIHble B JIAHHOM paboTe, TaK W HWCIOJb30BaBmmecsa B |16]), cronbmpr 2
u 3. HerpyiHo BujieTh, 40 3HAUEHUsS] HEKOTOPbHIX HapaMeTpos u3 [16] sHaunrennHo
OTJIMYAIOTCS OT COCTOSIHUST K COCTOsiHUIO. JlaHHOE 06CTOSTEILCTBO O3BOJISIET YTBEP-
XKJATH, YTO 1IOJYUYEHHbIH B HACTOsiIell pabore HabOp HapaMerpoB siBJsIeTCsl, B TOM
qucie, pusnaeckn 6ojee 000CHOBAHHBIM.

[TapameTpbl pe3oHaHCHBIX B3auMojeiicTBuil npupeennl B Tabsune 3.8. Hywme-
paiyst mapaMerpos (JiBe nudpbl Yepes 3alsATYI0 CieBa BBePXY KaxKJI0ro napamerpa)
oTBEUaeT cjejylolel Hymepaiuu cocrostuuii: [1) = (v = 2, 41), [2) = (vip =
1,Ay), |3) = (vr = 2,A1) u |[4) = (v = v1g = 1, Ay) (J1st KAXKJOIO COCTOSIHUSE
Tak¥XKe yKazaHa ero cummMerpus B rpyrme Cy,). Beero B BapuanuonHoit mporegype
OBbLIO MUCIIOJIB30BAHO 38 MapaMeTpoB, OTBEUAIONINX 38 B3aUMOJCHCTBIE PA3JIMIHBIX

COCTOSTHUN.
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[Mapamerp M2 Fy, caspibatonuii 6j0ku st cocrostuuit (vyg—2) u (vip—1), jio-
CTATOYHO BEJIMK U OKA3bIBAET BJIMsIHUE HA CIBUI KoJiebaTe bHBbIX SHEpruii (aHrapMo-
Huueckuil pesonanc). Baaumoseiicrue cocrosinuii (v19—2) u (v7—2), 10-BUAUMOMY,
OYeHb MaJIO: MONBITKA BKJIIOYUTL OTBEYAION[ME 34 HEro IapaMeTphl B BAPUAIMOHHY IO
MPOIEyPY, He Jaiu pesyibrara. UTo Kacaercs BlauMojeiicteus (vio=1) u (v7=2),
TO HanboJIee 3HAYUMBIM ABJISCTCS IIapaMeTpP BTOPOrO MOPAJIKa MaJOCTH Fy, 9TO Tak-
»Ke TOBOPUT O ¢J1ab0# CBsI3u 9TuX cocTosinnii. O HAKO HEOOXOINMO OTMETHTE, ITO BCE
MOJTHOCUMMETPUYHBIC KOJIeOaHUs] CUJILHO CBA3AHBI ¢ 3alPEINEHHBIM 110 CUMMEeTPUH
cocrostineM (v7 = v1g = 1) — Gosibliine 3HaueHust T1aBHBIX KOPHOJIMCOBBIX BKJIA/I0B
(C1) ykazbiBator Ha HasMuMe CHILHBIX CJIYUaiiHbIX DE3OHAHCOB MEXK,1y YKa3aHHbIMU
COCTOSAHUSM.

Paccunrannble mapamMeTpbl BOCIPOU3BONAT HMCXOJHBIE KOJIEOATEILHO-Bpalla-
TeJIbHbIC dHepruu cocTosguuit (viy = 1) u (vyg = 2) co cpelHeKBaIPATHICCKUME

~1 coorsercrrento (HeobXomMMO

orxyonenusamu 1,7 X 107% em™! n 2,2 x 1074 cm
OTMETUTH, YTO pedb WJET 00 FHEPIUAX BO3OYKJIEHHBIX KOJIeOATEIHHBIX COCTOSTHUIH,
MOJIyYEHHBIX U3 HEMCKAYKEHHBIX HEMEPEHACHITEHHBIX JIMHUN JIOCTATOYHONR WHTEHCHUB-
HOCTH).

PesynbTarhl, NMpejicTaBIeHHbBIE B HACTOSIIEM Taparpade, JOKJIa bIBAJIUCh Ha

koubepernnn HRMS-2014 B roposie Bosonbst, Urasus, [50], u 6bu1r omybauKoBaHbL

B xKypuasue Journal of Quantitative Spectroscopy and Radiative Transfer |51].
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Tabsuna 3.7 — CrekTpocKonnaecKne mapamMerpbl KoaedaTe bHbIx cocToshuit (v10=2), (via=1), (v; = v19 = 1) u (v; = 2)

mostexysibl CHy—CDy (B cm™1)

Mapamerp (000)® (000)® (v1p = 2)¥ (v19 = 2)" (vip = 1)) (v12 = 1)V
1 2 3 4 5 6 7
E — — 1372,0191(552) 1373,32 1383,4185(450) 1382,472
A 3,2521275 3,2521341 3,34160(518) 3,2802 3,27208(255) 3,26822
B 0,856434612 | 0,8564346 0,8383047(901) 0,83585 0,8572170(816) 0,857966
C 0,676094350 | 0,6760956 0,6736298(177) 0,67233 0,6748192(135) 0,674668
Ag x 10* | 0,406308 0,40606 0,406308 0,40606 0,3760(267) 0,466
Ajg x 10* | 0,064568 0,06473 0,064568 0,06473 0,06954(309) 0,0502
Ay x10* | 0,0109715 0,010967 0,009291(107) 0,010967 0,010708(105) 0,01115
Sk x 10 | 0,069199 0,06856 0,069199 0,06856 0,069199 0,0807
57 x 10* 0,00262819 | 0,0026213 0,00262819 0,0026213 0,0024559(505) 0,002792
Hp x 108 | 0,2024 0,2054 0,2024 0,2054 0,2024 0,48
Hipcy x 108 | 0,547 -0,0067 0,547 -0,0067 0,547 -0,061
Hjp x 10° — 0,0045 — 0,0045 — -0,0174
Hj; x10° | 0,000050 0,00025 0,000050 0,00025 0,000050 -0,00053
hi x 108 | -0,1258 — -0,1258 — -0,1258 —

2) mapaMeTpbl OCHOBHOTO COCTOSIHHS, cM. Tabumy 3.2

5) JrapaMeTpbl, PACCYUTAHHbIE B 3TOi pabore
)

6)

IapaMeTphbl OCHOBHOTO COCTOsTHUS u3 [16]

") napamerpsr u3 [16]




9L

(v7 =v10=1) u (v; = 2) mostexyiint CHy~CDy (B em™ 1)

[Ipomoskenne Tabuunpt 3.7 — Crekrpockoieckue napaMerpbl KojaebarejbHbIx cocTostiuii (v19=—2), (v19=1),

[Tapamerp (000)® (000)%) (v =vip=1)» | (v7 = vy = 1)V (v7 = 2)» (vy = 2)")

1 2 3 8 9 10 11
E — — 1438,5810(175) 1438.,00 1499,3854(282) 1499.410
A 3,2521275 3,2521341 3,20810(228) 3,219 3,15459(486) 3,2427
B 0,856434612 | 0,8564346 0,842107(219) 0,84061 0,8479482(432) 0,8564346
C 0,676094350 | 0,6760956 0,6756191(490) 0,67709 0,6780001(557) 0,6760956
Ag x 104 0,406308 0,40606 0,406308 0,40606 0,406308 1,141
Ajyg x 10* | 0,064568 0,06473 0,064568 0,06473 0,064568 0,06473
Ay x 10* 0,0109715 0,010967 0,0109715 0,010967 0,0109715 0,010967
o x 10 0,069199 0,06856 0,069199 0,06856 0,069199 0,06856
d; x 10% 0,00262819 0,0026213 0,00262819 0,0026213 0,00262819 0,0026213
Hp x 108 0,2024 0,2054 0,2024 0,2054 0,2024 0,2054
Hpy x 108 | 0,547 -0,0067 0,047 -0,0067 0,547 -0,0067
Hjx x 108 — 0,0045 — 0,0045 — 0,0045
Hjy x 108 0,000050 0,00025 0,000050 0,00025 0,000050 0,00025
hyg x 10 | -0,1258 — -0,1258 — -0,1258 —

2) napaMeTpbl OCHOBHOTO COCTOsiHUS, cM. Tabumy 3.2

®) apaMeTpBl, PACCINTAHHBIE B 3TOi pabore

6)

") mapamerpsr 13 [16]

mapaMeTpbl OCHOBHOTO COCTOsIHUSA u3 [16]




LL

Tabsuna 3.8 — [Tapamerpsl pe30HAHCHBIX B3aUMOJICHCTBII KoJtebaTenbHbIx cocrostnii (v19=2), (v12=1), (v =vy9=1) un

(v7 = 2) mosekysbl CHy=CDy (B cm™ )

[TapameTp Snaduenne [Tapamerp SHaduenne [Tapamerp Snauenne
L2F 2,504(326) | Y2 Fy x 102 9,0256(319) | Y2F; x 10 0,1826(100)
L2 P x 10° 4,214(282) | Y2Fy; x 10° 0,02296(258) | “2F,, x 10 -0,1717(102)
L2F )4y x 106 0,2537(246) | “2F 774, x 1013 | 0,1692(178) — —

23 [ x 102 -9,8799(963) | 23 Fixcpy x 107 | -0,7252(458) | 2®Frrrs, x 1010 | 2,170(129)

23 Frercgey % 1010 | 0,18773(898) — — — —

Lict 4,3456(376) | 1C} x 102 -0,13920(443) || M Ch 5 x 10° -0,81797(696)
Li02. % 101 0,3253(109) | 11C? x 107 0,02962(159) || 11C2, x 108 -0,2290(185)
Lio2 . x 10" 0,5890(601) | 11C? x 101 0,879(158) || 1C3 x 107 -0,7625(495)
2401 -0,7384(700) || 2*C x 107 0,01501(511) || 2*C% x 102 0,011344(682)
2402 x 102 -0,3906(120) || 2*C% x 10° 0,3443(271) | 21C%; x 10° 0,1130(117)
240% e x 107 | 0,11103(656) | 21C%,; x 10" | -0,4162(604) || >1C3 x 107 1,0542(392)
34C1 -4,4142(352) | 31CY x 102 0,01233(181) | 31CL ;- x 10° 2,823210(682)
34CL , x 108 -0,8660(566) || 3*C%, x 106 0,19714(748) | 3*C? x 102 -0,1118(160)
3402 x 107 0,3801(199) | 34C% - x 107 | -0,660(129) — —




3.2. CnekTpaJpHbIii aunama3zor 600—1300 cm !

B kadecTBe 00beKTa CJIEAYIONIETO dTala MCCae0BaHns Obljla BhIOpaHa CIeK-
rpaibhas obiactb 600—1300 cv~ !, Kak y»ke 6bLIO yKa3aHO B IPEJbLIYIIEM [1apa-
rpade, B JIAHHOM JIMAIIa30He HAXOJSATCs MIECTh CUJIbHOB3aUMOAECHCTBYIOMMX (DyH-
JaMEeHTaJbHBIX TI0JIOC: V1, V7, V4, Vs, V3 U Vg. JJis aHamm3a ObLIN KCIOJb30BAHbI
criektpbl [-111 (Tabsuna 2.1). Ha Pucynke 3.1 cxemarnveckn n300paskeHa CTPYKTY-
pa KoJIeDATebHBIX COCTOSTHUI MCCIeyeMOil MOJIEKYJTbl (BHU3Y yKa3aHa CUMMETDPUST
COCTOSIHUSL ¥ THUII TIOJIOCHT). 2KUpHBIM MIpUGTOM BbIJIeJICHBI 0003HATCHES TTOJIOC (Ha~
npuMep, V3), KeT-BEKTOPbI (HampuMep, |1>) coOTBETCTBYIOT HyMepaI[in COCTOSTHM
B KoJIeDaTeIbHO-BPAIATeILHOM raMIILTOHRaHe. KpoMe TOro, yKasaHbl BCe YIUThI-
BaeMble PE30HAHCHDBIE B3aUMOJIECHCTBUsI: KOPUOJIMCOBBI (CS’M), rje o = x,Yy, 2, a napa
YUCENT A, [t COOTBETCTBYIOT HyMEPAIMK B3AMMOJICHCTBYIONINX COCTOSTHU, U PE30OHAH-

col Tuna Pepmu, obosHadenunle Iy .
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Pucynok 3.1 — Konebarenbuble ypoau sneprun MojeKyiabl CHo=CDy
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3.2.1. NuTepripeTalrius CrieKTpa

Unreprperanyst 9KCIEPUMEHTAJBHOIO CIIEKTPa IPOBEjeHa Ha OCHOBE METOJa
KOMOMHAIIMOHHBLIX pa3HocTeil. BpalareabHast CTpyKTYpa OCHOBHOI'O KOJieDATeIbHO-
I'0 COCTOsIHMsI ObLIa paccurTaHa Ha OCHOBE IapaMeTpoB, HojydeHHbIX B [laparpa-
de 3.1 (cm. Tabmuma 3.2, kosonka 2). B pesynbrare anaiausa ObLio 0OHADPYKEHO
1450, 3170, 3980, 1500 u 1900 nepexomoB ¢ MaKCUMaJILHBIMIA 3HAUCHUSIMU KBaHTO-
BbIX uuces JM /KM papusivu 31/20, 46/18, 50/26, 44/20 u 42/21 nast nosoc
o, V7, Us, V3 U Vg, cooTBeTcTBeHHO. 15t cpaBHeHus B nocjeiHeit ony0bjimKoBaHHOM
pabore, B KOTOPOil paccMaTpuBaJicst uccjiejyemblii juanason, [15], 6bu10 npounTep-
IPETUPOBAHO B JiBa pa3a MeHblie nepexoos (6308 mporus 12200), a MakcumabHbIe

3HaYeHUd KBaHTOBBIX unces J"* u K['*" ne npespimatoT 40 n 18, cooTBeTCTBEHHO.

Kpowme Toro, Hajim4ane CHJIbHOTO PE3OHAHCHOTO B3AMMOJIEHCTBIST MEXKYy COCTO-
siusivn (vg = 1) 1 (vg = 1) 103BOJIMIIO BIIEPBbIE OOHAPYKUTH U 1IPOMHTEPIPETHPO-
BaTh 1806 CIEKTpaJbHBIX JIMHUI, OTHOCSIIUXCS K MOJ0ce V4. BaskHO OTMETUTH, UTO
KOPPEKTHOCTb MHTEPIPETAIUHU IIOATBEPXKICHA HAJUINEM KOMOMHAIIMOHHBIX Pas3HO-
cTeil MEeXKJIy COOTBETCTBYIONIUMHE IepexogaMu. [l morBepKIeHnusl BO3MOXKHOCTI
HAOJIIOJICHNs 9TUX JIMHUI ObLI Tak:Ke OleHCH 3((eKT 3aMMCTBOBaHU WHTECHCUBHO-

[J Ky KJ(vs=1)=) Ciglos=1|JK)+ Y Ciglos=1)|JK), (3.1)
K K

rje B JIeBOI YacTy yKaszaH ONpeJeIHHBII KojedaTebHO-BpallaTe/bHbIi YPOBEHb
cocrostiusi (vy = 1), a cpaBa — passioxkenue 1o BpamaresabibiM |JK) n koseba-
resnbibiM |v; = 1) BoanosbiM dynkuusam. C* u C® — koapdunpents cmemupanmst
BOJTHOBBIX (byHKIHI cocrostumii (v = 1) u (vg = 1), mpuseaéunnie B Tabure 3.9.
Paccunranibie BeJIMUUHBI XOPOLIO COMIACYIOTCSA ¢ HAOJIOMAEMBIM PACIIPEEICHUEM

WUHTEHCUBHOCTHU JIMHUIA.

79



Tabauna 3.9 — KoadpdurnuenTs cmernmBannsi BOJHOBBIX (DYHKIINUH COCTOsIHUM

(vg =1) u (vg = 1) mosexysbr CHy—=CDs

J K, K. E ct |t J K, K. E ok ct
14 11 d* | 1345.5229 | 0,97 | 0,03 | 24 11 d | 16459313 | 0,78 | 0,22
15 11 d 1368,6580 | 0,96 | 0,04 | 25 11 d | 1684,3696 | 0,82 | 0,18
16 11 d 1393,3371 1 0,95 | 0,05 || 26 11 d | 1724,3526 | 0,84 | 0,16
17 11 d 1419,5603 | 0,93 | 0,07 || 27 11 d | 1765,8846 | 0,86 | 0,14
18 11 d 14473241 |1 0,89 | 0,11 || 29 11 d | 1853,6121 | 0,88 | 0,12
19 11 d 1476,6246 | 0,82 | 0,18 || 30 11 d | 1899,8134 | 0,89 | 0,11
20 11 d 1507,4530 | 0,72 | 0,28 || 31 11 d | 1947,5772 | 0,91 | 0,09
21 11 d 1539,7987 | 0,67 | 0,43 || 32 11 d | 1996,9057 | 0,94 | 0,06
22 11 d 1573,6563 | 0,59 | 0,41 || 33 11 d | 2047,8034 | 0,96 | 0,04
23 11 d 1609,0300 | 0,72 | 0,28 || 25 5 21 | 1457,7041 | 0,69 | 0,31
& CumBoa d obo3nagaer mapy Homepo K. K. =J - K, un K.=J - K, +1

3.2.2. Pemenne ob6paTHOI1 CIEKTPOCKOMUYIECKO 3ada9m

Ha ocnose 12200 skcrepuMeHTAJIbHBIX IOJOXKEHUI JIMHUI ObLIO PacCUnTaHO
3920 sHepruit BO30YXKJIEHHBIX COCTOSHUI. DT 3HATYEHUS, B CBOIO OYePE/ib, UCITOJIb-
30BaJIMCh B BapUaIMOHHON TPOIEype Ha OCHOBE B3BEIIEHHOI'O METOJIa HaWMMEeHb-
UX KBaJIPATOB JIJIsl OllEpeJleieHrs] BpalllaTebHbIX, EHTPOOEXKHBIX U PE3OHAHC-
HBIX TTApaMeTPOB BCEX TMEPEUNCTEHHBIX cocTosgunii. Havaabubie 3nadenus KoJeda-
TeJIbHBIX SHEPIUil, OCHOBHBIX PE30HAHCHBIX NMapaMeTpoB Pepmu n Kopuosnuca Ob1im
OIEHEHbI HA OCHOBAHWHU PE3YJILTATOB TEOPUU M30TOIMO3aMEIIEHUs (C UCIOTb30BAHMU-
em [-mapamerpos u3 Tabsuner 3.5). HavanbHblie 3HaUCHNS MApaMeTPOB JHATOHAJ b
HbIX OJIOKOB T10JIOXKEHbI PaBHBIMU COOTBETCTBYIOIIUM [apaMeTpaM OCHOBHOI'O KOJie-
baresbHoro cocrostiust (Tabsuna 3.2, Kosonka 2). Pemenne obparHoii crieKTpocKo-
MAYECKON 3aJ1a9W BBIOJIHSJIOCH COIVIACHO TPOIE/LypPe, ONUCAHHONW B MPEJbIIyIeM
naparpade. Beero 0Ob110 ucnosnbzoBano 133 mapamerpa: 36 mapaMeTpoB B IIECTH
JINArOHAJbHBIX OJI0KaxX U 97 mapaMeTpoB pe30HAHCHBIX B3amMojieiicTBuii. /JaHHbIit

HabOP MO3BJISET BOCIPOU3BECTH UCXOJHBIE IKCIIEPUMEHTaIbHBIE JanHbie (12200 sKc-
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HEPUMEHTAJILHBIX TIepexoi0B, 3920 sHepruii BO30Yy XK JIEHHBIX KOJe0ATE/IbHBIX COCTO-
SIHUI) CO CPeJIHEKBaJIpaATUIeCKUM OTKJIOHeHHeM 2,3 X 107 4 em™!, uro cymecTBeHHO
npesocxouT pesynbrarst us [15] (9,3 x 1074 em™! npn onncannn 6308 nepexoon).
Ha Pucynke 3.2 npuBejieHbl pa3HUIIbI MEXKTY SKCTEPUMEHTAJHHBIMA U PACIETHBIMU
3HAYECHUSAMU SHEPTHH KaK (DYHKIMN KBAHTOBOTO YUCA J, KOJIMIECTBO SHEPIUil, O/

CTaBJICHHBIX B O6paTHYIO 3a/la1y U 3Ha4YCHNA CPEAHEKBAAPATHIECKOI'O OTKJIOHECHHU .
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Pucynoxk 3.2 — Paszuuiipbl Mex;1y 9KCIEpUMEHTAJbLHBIMU U PACUETHBIMU 3HAUECHUSIMU

snepruii cocrosinuit (v3 = 1), (v =1), (vs=1), (vy=1), (vip=1) u (vg =1)

[TapameTphbl, oJiydeHHbIE B pe3yJbraTe pelleHuss 00paTHOM CIIEKTPOCKOIINIe-
ckoit 3ajaun, npusegensl B Tabuuiax 3.10 u 3.11. Tabmuna 3.10 ycrpoena ciemy-
IOIUM 00pa3oM: CTOJIONBl 1 W 2 JABaXKIhl MOBTOPSTIOTCS IS y100CTBa CpaBHEHWS
COOTBETCTBYIOIIUX MMapaMeTpPoOB ¢ MapaMeTpaMu OCHOBHOI'O COCTOSIHUSI; B HEIETHBIX
crosibrax (3, 5, 7, 9, 11, 13) npuBejieHbl MapaMeTpbl, TOJYIEHHBIE B PE3YJIbTATE Pe-
mmennst 0OpaTHOI 3ajaun (B CKOOKax — cTaHgapTHOe oTKjoHenue (10)); B 9éTHBIX

crosibrax (4, 6, 8, 10, 12, 14) npusejensl napaMeTpbl 3 paboTsl |15], B KOTOpPOI
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paccMaTpruBaeMblii IMana3oH NCCIeI0BaICsa B nocae it pa3. Ciemgyer HaAlOMHUTb,
YTO B paMKax IOX0/Ia, NCIOJb30BAHHOINO B HACTOsIIIEH pabore, mapaMeTphbl Pas3jii-
HBIX COCTOSIHUM OTJMYAIOTCS OT apaMeTpoB OCHOBHOI'O KOJIEOATELHOIO COCTOSIHIS
(a, caemoBaTesIbHO, U JIPYT OT JIpyra) He Oojiee, YeM Ha HECKOJBKO MPOIEHTOB, TO-
I8 KaK COOTBETCTBYIOIIME TapaMerpbl u3 |[15] usMeHsrorcst BecbMa 3HAUUTENBHO,
1 MOI'YT JlaKe MEHSTh 3HAaK. DTHUM B OUEPEeIHON pa3 IOATBEPIKIAIOTCA BBIBOIBI O
IPENMYIIECTBE NCIOIb3YeMOTO MOIX01a, caenannbie B Konie [laparpada 3.1.

B Tabaune 3.11 npejcraBjeHbl apamMeTpbl PE30HAHCHBIX B3auMOJIEHCTBUIT
MEXKJly BCEMH pacCMaTpuBaeMbiMu cocTostHusivu. Hymeparus napamerpos (jBe
1ndpbl depes 3alsTyIo CJIeBa BBEPXY KaxKJIOro HapaMerpa) oTBedaerT CJiejyomed
Hymeparuu coctosuanii: [1) = (v3 = 1, Ay), |2) = (v7 = 1, By), |3) = (vs = 1, By),
14) = (vy = 1, Ag), |5) = (v1ip = 1, By), u |6) = (v¢ = 1, By) (/11 KazK10r0 COCTO-
SHUsS TaKxKe yKaszaHa ero cuMmmerpus B rpymie Cy,). Ctour oOpaTuTh BHUMAHWEE,
4TO 3HAYCHUS TJIABHBIX PE30HAHCHBIX mapamerpos, U Cl, npuseenbt 6€3 10BepH-
TEJbHBbIX UHTEPBAJIOB. DTO 3HAYUT, YTO yKa3aHHBLIE [apaMETpPbl HE y4acTBOBAJIM B
BapUAlMOHHOM IIPOLE/LyPe, 0OCTaBasiCh BCE BpEMsl PABHBLIMKM HAYAJILHBIM 3HAYCHUSIM,
PACCUYUTAHHBIM HA OCHOBE TEOPUU U30TOLO3aMelleHns. Takoe pelenne ObLI0 IPUHsi-
TO W3-3a TOTO, UTO TONBITKH BapbUpoBaTh mapamerpbl Y C' mpuBoamm K 3HATH-
TEJLHBIM U3MEHEHUSIM UX 3HAUCHU{ (UTO HEMPUEMJIEMO ¢ TOYKHU 3PEHHs BHIOPAHHOI
MOJICJIH ), HO, B TO K€ BPEMs, K He3HAUUTETHHOMY U3MEHCHUIO 3HATCHUS CPEIHEKBA/T-
PATHIECKOTO OTKJIOHEHUSI.

B ¢Bsi3M ¢ 9TUM MHTEpEC TPEICTABISIO CPaBHEHUE 3HAYEHUH CTPYKTYPHBIX Ia-
PaMeTpoB (), OLEHEHHBIX Ha OCHOBAHUM U30TOLNIECKUX COOTHOLICHNUIT 1 CBSIBAHHBIX
¢ "V'C1, ¢ nomydenneiMu ab initio meronamu (Hampumep, B padore [10]). Pesymbra-
ThI [IOJI0OHOI0 CpaBHEHUSI IpejicTaBaenbl B Tadsmuie 3.12, oTkyia ciaejyer bojee dem
VJIOBJIETBOPUTEIHHOE COOTBETCTBHE JIByX HAOOPOB JMAHHBIX (B [10] yKazaHbl TOJIBKO
abCOJIIOTHBIE 3HAUYCHHUSA KOI(MMUIIMEHTOB, II09TOMY Pa3HOCTb 3HAKOB HE JIOJI2KHA BBO-

JUTH B 3201y KJIeHNE).
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Tabsuna 3.10 — CrekrpocKorieckne mapaMmerpbl KojebaregbHbix coctosianii (vig=1), (v7=1), (v4 = 1), (vg = 1),

(v3=1) u (v = 1) monexynn CHy~CDy (B cm™1)

[Tapamerp (000)® 109 V10" 70 v7?) v,0 v,

1 2 3 4 5) 6 7 8
E 684,640950(59) | 684,6418 750,567673(32) 750,56743 890,4378(36) 888,71
A 3,2521275 3,2435531(24) 3,263299 3,2687046(19) 3,247939 3,215965(29) 3,2379
B 0,856434612 0,8563392(24) 0,856545 0,85576718(81) 0,8557117 0,855161(19) 0,860153
C 0,676094350 0,6753319(37) 0,674959 0,6775356(17) 0,6775781 0,676866(25) 0,668873
Ag x 10* 0,406308 0,40143(68) 0,293 0,41324(42) 0,5818 0,406308 0,40606
Ajr x 10* | 0,064568 0,064568 0,0097 0,064568 0,1139 0,064568 0,06473
Ay x 104 0,0109715 0,009843(78) 0,01123 0,011774(66) 0,010770 0,0109715 0,010967
dx x 104 0,069199 0,069199 0,06856 0,069199 0,0709 0,069199 0,06856
5y x 10 0,00262819 0,00262819 0,0026213 0,002514(34) 0,002398 0,00262819 0,0026213
Hy x 108 | 0,2024 0,2024 1,09 0,2024 20,99 0,2024 0,2054
Hyy x 108 | 0,00547 0,00547 -0,0067 0,00547 0,134 0,00547 -0,0067
Hyx x 108 — — 0,0045 — 0,0539 — 0,0045
Hj x 108 0,000050 0,000050 0,00025 0,000050 0,00025 0,000050 0,00025
hy x 108 -0,1258 -0,1258 — -0,1258 — -0,1258 —

2) mapaMeTpbl OCHOBHOTO COCTOSIHIS, cM. maparpad 3.1, Tabmuma 3.2

6)

®) mapamerpni u3 [15]

rapaMeTpbl, pacCUUTaHHbIE B 3TO# pabore
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[Ipomoskenne Tabuuupt 3.10 — Criekrpockornyeckue mapamerpbl KojgebaresbHbIx cocrosianii (vig=1), (v7=1), (v4 = 1),

(v = 1), (v3 =1) u (vg = 1) mosexysubt CHy—CDy (B cm™1)

[Tapamerp (000)™ g0 vg?) 130 vs?) v v

1 2 9 10 11 12 13 14
E 943,405668(27) 943,40593 1029,855466(28) | 1029,8560 1142,274186(45) 1142,2742
A 3,2521275 3,22494471(78) 3,237216 3,2671044(14) 3,261844 3,2841008(13) 3,273350
B 0,856434612 0,8521823(11) 0,8520728 0,8578872(17) 0,8580725 0,8569726(11) 0,8569949
C 0,676094350 0,67671366(83) 0,6767220 0,6754484(23) 0,6749199 0,67393609(98) 0,6743671
Ag x 10* 0,406308 0,406308 0,2761 0,406308 0,5247 0,406308 0,4546
Ajr x 10* | 0,064568 0,06575(55) 0,06091 0,064568 0,0257 0,07709(15) 0,09884
Ay x 104 0,0109715 0,010297(66) 0,010938 0,0109715 0,011985 0,011604(55) 0,010788
dx x 10* 0,069199 0,069199 0,0607 0,069199 0,0883 0,077586(78) 0,0702
57 x 10 0,00262819 0,002168(34) 0,002539 0,00262819 0,002466 0,002266(19) 0,003133
Hy x 108 | 02024 0,2024 0,338 0,2024 0,2054 0,2024 0,750
Hyy x 108 | 0,00547 0,00547 -0,298 0,00547 0,54 0,00547 -0,551
Hyr x 108 — — 0,0173 — -0,005 — 0,0045
Hj x 108 0,000050 0,000050 0,00025 0,000050 0,00025 0,000050 0,00025
hig x 108 -0,1258 -0,1258 — -0,1258 — -0,1258 —

2) nmapaMeTpbl OCHOBHOTO COCTOsIHHS, M. maparpad 3.1, Tabmuma 3.2

%) mapaMeTpbl, pacCINTAHHBIE B 3TOil paboTe

®) mapamerpni u3 [15]
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(v = 1) mosekysbt CHy—CDy (B cm™1)

Tabsuma 3.11 — [Tapamerpbl pe30HAHCHBIX B3AUMOJICHCTBUI COCTOSTHWI (V3 =

1), (v7=1), (vg§=1), (v4=1), (v1p=1) m

[Tapamerp Suauenne | [lapamerp Suadenne [Tapamerp Suauenne | [lapamerp Suadenne
L2t = 2B¢H)Y? | 11 L2o x 103 -0,1100(35) 120t % 104 -0,3132(86) || 12C}; x 10° -0,1332(54)
2ol %108 0,232(22) | Y20k, x 10° | 0,450(21) L2oh ., x 10% 0,330(33) | “2C? x 102 -0,2936(86)
1202 % 10° -0,923(24) || 12C% - x 108 -0,772(41) 202, x 108 0,746(36) | “2C2, x 108 0,2457(86)
L3¢t = (2B¢)Y3 | 0,1 L3cl x 10 0,612(44) L3Ct <107 -0,232(10) || 13C%,; x 101 0,732(25)

1302 x 103 0,8410(77) | 3C% x 10° 0,2999(83) 1302, x 108 0,101(10) | 3C%, x 10° -0,487(31)

1302, x 101 -0,1118(73)

23 x 102 0,1948(88) || %3 F,, x 102 0,3148(44) 23 Fieay X 10° -0,2213(84) || 2*Fjyy x 10° -0,1121(71)
23 Fie gy X 108 0,401(20) || 23 F ) 4y % 10° 0,338(23) 23 Fi i gey X 101 -0,823(27) || 23 Frcyyay x 1012 | -0,964(52)

Mol = (24¢:)M | -1,6 oL x 103 0,19252(72) || "*C% x 104 -0,892(19) || Y Ch g x 1019 | -0,831(72)

YOk s X 101 0,917(68) | “C? x 103 0,7636(95) L02 % 10° -0,1365(85)

2401 x 108 0,7249(87) | **Ct, x 107 0,1863(54) 240 jey x 107 -0,464(22) || 2*C},; x 10 0,639(49)

2402 x 10? 1,2517(59) || 2*C%,; x 108 -0,534(32) 2402, x 101 0,227(18) | 24C%,, x 102 0,782(44)

3401 x 101 0,379(31) | *4C% x 10* -0,1850(84) A0 x 108 -0,1145(86) || **Ck,; x 107 -0,346(29)

340 x 108 -0,125(25) || 31 Chpepe x 109 | -0,334(26) 3402 x 103 -0,276(22) || 31C% i x 101 | -0,353(20)

34C% . x 1012 0,755(43)

L0l = (20¢¥)H5 | -0,2

2501 = (2A¢C*)*5 | 24 250 x 103 -0,11402(99) | 25CL, x 107 -0,2016(94) || 2°C}; x 107 0,2151(94)
250 x 107 0,1095(70) | *5C%,; x 101 | -0,947(52) 2502 x 10? 0,7069(81) | 25C% x 10° 0,5279(85)
25C% % 10° 0,6654(84) | 2°C%, x 107 | -0,196(11) 2502 x 108 -0,765(18) || 2°C% ;e x 1010 | 0,244(49)
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[Tpoposkenune Tabsunpt 3.11 — [Tapamerpbl pesoHancHbIX B3auMogeiicTsuil cocrosiuuii (v3 = 1), (v = 1), (vg = 1),

(vgy=1), (vig=1) u (vs = 1) mMosexymsr CHy=CDy (B cM™ 1)

[TapameTp Buauenne || [lapamerp SHadeHune [TapameTp Suauenne | [lapamerp SHavyeHune
2502 ., x 10%° 0,349(13) | %°C%,, x 10* | 0,1008(37)

3501 = (2AC5)%° | 14

L0 = (2B¢)YS | -1,4 L5CL %103 0,2105(35) L5001 x 10° 0,1656(81) | *5Ck; x 108 -0,1526(44)
501 %107 0,367(38) | *5CL i x 10° | 0,312(18) B5OL ., x 107 0,305(17) || “5C? x 10! -0,3925(15)
1502 x 10° 0,8650(89) | *5C% ; x 107 -0,1161(27) 502 % 10° 0,316(94) | *50% o x 101 | 0,1493(62)
4502, x 1012 0,647(54)

L6Ct = (20¢Y)1° | -0,4 L0t x 10° -0,592(31) L8O e x 107 -0,780(67) || “°CL,; x 107 -0,942(27)

Lot x 108 0,309(14) || ¥5C? x 10? -0,3089(51) 602 x 10° -0,2170(89) || 1°C?% x 10° 0,2931(80)
2601 = (2A¢*)*0 | 1,6 2604, x 107 0,258(12) 2601 x 107 -0,786(26) || 2°C3 x 10° -0,933(59)

2602, x 107 0,1458(36) || 25C%,, x 10 | -0,159(10)

3601 = (2A¢*)30 | -2,7 3601 x 103 0,158232(99) || >°C7; x 108 -0,517(36) || 35C? x 10° 0,496(10)

3602 x 106 0,583(25) | *5C%,, x 10 | -0,343(22) 3602 x 1012 -0,1078(48)

4601 = (2BC)5 | 0,6

567 x 102 0,5426(95) || >SFyy x 10° 0,2473(93) 50F,, x 103 0,895(84) || 9 F,, x 106 -0,951(71)
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Tabmwia 3.12 — 3nadennst HeKOTOPHIX KopromcoBbix Ko HUIMeHTOR Gy MOJIEKYJIBI CH,=CDs

o | A p | Dra pabora | Uz [10]*) || o | A/p | Dra pabora | U3 [101%) || o | A/p | Dra pabora | U3 [10])
2 3 4 2 3 4 1 2 3 4

21 7/10] 037 041 | z|4/10| -0,82 082 | y|4/7 0,0 0.0

2 18/10] 021 019 |z |4/6 0,35 034 | y|4/8 0,0 0,0

2 16/7 | -025 024 |z |37 0,64 0,63 |y|3/10] -015 0,19

21 6/8 0,42 047 | x| 3/8 0,06 0,02 | y|3/6 20,30 0,25

213/4 | <025 0,28

%) [peJCTaBIEHbI TOJIBKO aOCOTIOTHBIE 3HAUECHIS G




Pesynbrarhl, npejcTaBieHuble B HACTOANIEM maparpade, JOKIaJbBaIuch Ha
koudepennusix HighRus-2015 8 ropoje Tomck, Poccus, [52], HRMS-2015 B ropoje
Huzkon, @pannust, [53], rakxke onybsukosanbl B xKypaadje Journal of Quantitative

Spectroscopy and Radiative Transfer [54].

3.3. «'opgume» moJiockel v; + Vg — V19 M Vg + V19 — V19

[Tpu ananuse cnekrpa I (Tabmana 2.1) B auanaszone 600—1300 cm ™! 6wt 06-
HapYKeHbI CIIEKTPAJIbHbIC JIMHUW, He TIPUHAJJIEXKAIINE HUA K OJJHOI U3 MCCIIelyeMbIX
10JIOC — TI€PEXOJIbl HE COOTBETCTBOBAJIM KOMOMHAIMOHHBIM PA3HOCTSIM ¥ TIPaBHJIAM
orbopa. ITockosibKy 3HAUEHUE TEMIIEPATYDbI B X0J1€ IKCIIEPUMEHTA ObLIO PABHO KOM-
rnarHoMy (296 K), Obima BRIIBUHYTA THIIOTE3A, ITO JAHHBIC JHHAA MOTYT OTHOCHTH-
¢S K TIePEeX0o/IaM ¢ TepBOTO BO3OYKIEHHOTO KOIEOATETHHOTO COCTOSTHU, & HUMEHHO,
(v1p=1). Lsist moATBEpKACHUS STOH MMIOTE3bI OB MPOBEIEH PACIET KOTeDaATEeTHHO-
BPAITATEJLHON CTATHCTHIECKOH CyMMBI MOJIEKYJIBI H, COOTBETCTBEHHO, 3aCEIEHHOCTH
YHOMSIHYTOIO COCTOSTHUSI.

Konebarenpro-BpalaTesbaas CTATHCTHIECKAs CyMMa MOXKET ObITh pacCauTa-
Ha 110 cjeayoleit popmyie:

hCEZ'
kT )’

QT)=> " (2J;+1) g)exp( — (3.2)

i

rie J; — BpalareJhbHOe KBAHTOBOE YHMCJIIO 1-TO YPOBHS, gf4 — CTATUCTUIECKNH Bec co-
OTBETCTBYIOIIETO COCTOSTHMS, Ef;l — 9HEpIus KojedbaTebHO-BPaIlaTeJbHOIO YPOBHSI,
k — nocrosinnast Boabnmana, T’ — remneparypa. CraTucrudeckuii Bec gf4 3aBUCUT OT
CHUMMETPUH COCTOSTHUST U TIPUHUMAET 3HaUeHue 15 Jisi 9éTHBIX COCTOSHUN (HAPU-
Mep, MIPU IepexojaX ¢ OCHOBHOTO COCTOSHHS 3TO O3HAYaeT, UTO KBAHTOBOE UHCJIO
K, — qaérnoe) u 21 st HEIETHBIX COCTOSTHUIA, COOTBETCTBEHHO.

Pacuér crarmcTuyueckoit CyMMBbI BEICS MOCTEIOBATEIbHO, HAUMHAA ¢ OCHOBHO-
ro KojebaTebHOIO COCTOSHUsI. 3HAUCHNS SHEPTHuil ObLIM BBIUKMCJICHBI JJIs1 YPOBHE

¢ KBaHTOBbIMU uncyiamu J u K, 10 50 BkJouuTe/bHO. PacdyéT sHepruit ObL1 mpose-
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JIEH C WCITOJTh30BAHNEM TTAPaMETPOB OCHOBHOTO COCTOSTHUS, MoJydeHHbIX B [laparpa-
de 3.1. 3nauenune KosedATEILHO-BPAIIATEIBHONR CYMMbI OCHOBHOI'O KOJI€OATEIHLHOTO
COCTOSIHUSI COCTABIJIO B uTore (OKpyriieHue J1o nesbix) Q97(296) = 68788. Ha Pucyn-
Ke 3.3 m300paxkeHa 3aBUCHUMOCTH CTATCYMMBI OT KBAHTOBOTO ducjia J. Maxcumywm
IPUXOJUTCA Ha 3HadeHue J = 12, a BKjaJ ypoBHeii ¢ J 6oibmumu 40 npu KOMHAT-
Hoil TeMieparype Mas (okoso 0,3 %), ofHAKO JJist MOBBIIEHAST TOYHOCTH PACIETA

JUTST BCeX JIAJbHEHTNX BHIUUCIEHUN TTO-TTPEyKHeMY yIUThIBaJuCh 3Hadenus J 10 50.

- . .

4 | [ |

500 - ....
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Pucynox 3.3 — CraTcymMma OCHOBHOI'O KOJIEOATEILHOI'O COCTOSIHUS KaK (PYHKIUS J

Ha ciienyromem mare B paccMorpenne ObLIM BKJIIOYEHbI [IECTh HUXKHUX (DYH-
JIAMEHTAJIbHBIX I10JIOC IHOLJIOIIEHUST: V1, V7, V4, Vg, V3 U Vg, PACIET SHEPIruil Ko-
TOpbIX mpejctaBiaeH B [laparpade 3.2. 3HadyeHUs] CTATUCTUYECKON CYMMBI COCTaB-
aai0T: Qy10(296) = 2516, Q,7(296) = 1774, Q,4(296) = 911, @Q,s(296) = 709,
(Q13(296) = 458, (Q,6(296) = 263. Toro, cymMmMapHbIii BKJIAJ] STUX [IIECTH COCTOSTHU
coctapigerT 6631, YTo paBHO JUTTH OJIHOM JIeCATON BKJaJa OCHOBHOTO COCTOSTHUS.

Cremyromuii  1ramna3on (I/ICCJIG,ZLOB&HHbIﬁ B Ilaparpade 3.1) Ja€T JIOTIOJIHU-
TejbHbI BRI, pasublii Q*(296) = 283 (nast cocrostnuit (vig = 2), (viz = 1),
(v7 = w19 = 1), (v7 = 2)). Brutay Beex JiexKalx BblIlle COCTOSTHUN ObLI OLEHEH CJie-
ayrormuM obpazom: B opmyite (3.2) 9KCIOHEHTa MOYXKET ObITh MpeJICTABICHA B BUJIE
IIPOM3BE/ICHNUs JIBYX SKCIIOHEHT, B IIOKa3aTeJIe IepBoii U3 KOTOPLIX OyIeT KoJedareib-

Has SHEPTHs, & BTOPOil, COOTBETCTBEHHO, BpaliaTeabHasd. [lockonbKy BpalaTeabube
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9HEpPruu Bo30YKJICHHBIX COCTOSHUI HE CJIMIIKOM CHJIBHO OTJIUIAIOTCS OT BPaIlaTe/lb-
HBIX SHEPIUH OCHOBHOT'O COCTOSIHUS, 3HAUYEHUE «BPAIATEJILHON SKCIIOHEHThI», YMHO-
*)euHoit Ha (2J + 1)g4 u 1pocy MMUPOBAHHOI 110 BCEM BpalATe bHbIM COCTOSIHUSM,
MOXKHO OIleHUTH umncjioM 68788. B «kosebaTesbHble 9KCIOHEHTHI» HEeOOXOIMMO ITO/I-
CTABUTH 3HAUYCHUSA KOJIeOATENbHBIX SHEPIUil COOTBETCTBYIOIMNX COCTOSHUN. 3aTeM,
YTOOBI TOJYIUTh 3HAUECHUE CTATUCTUIECKOH CYyMMBbI, HY?KHO IIPOCTO IT€PEMHOXKHUTD
MOJTydUBIINECS PE3YJIbTATh. Tak, Jjisi cocTosiaust (v = 1) KosiebaTesibHasT SHEPTHsT
paBsHa (¢ TOYHOCTHIO JI0 1esibix) 1586 cM ™! coorsercTBenno, 3naueHue «KoaebaTesh-
HO¥t KcnoneHThl» pasuo 0,00045, a kosiebaTe/bHO-BpallaTe/bHas CyMMa [IPU 3TOM
pasua 31. Takum 0Opa3oM MOKHO ydecTb BCe KOjieDaTe/bHbIE COCTOsIHUS, OJIHAKO
Ha caMOM Jiesie BKJaj coctosuuil Boime (vs = 1) (2335 cm™!) menbme 1, mostomy
pereHo ObLIO MPOBECTH BEPXHIOK I'PAHUILY KMEHHO 10 3TOMY cocTosiHuio. ViTorosoe
3HAUEHUE KoJIebaTeIbHO-BpanaTebHoi cymmbl (Q(296) = 75915.

Takum 06pa3oM, 3aCeIEHHOCTH cocTosiHUsT (V19 = 1) MpW KOMHATHO# TeMiepa-
Type cocrapiser npuMmepHo 3,3 %. DTo obecnednBaeT BO3MOKHOCTL OOHADYKEHUST
COOTBETCTBYIOIINX «ropstaunx» nepexojpon B ciuekrpe 11 (em. Tabuuiy 2.1 u, coorser-
crBenHo, Pucynok 2.3).

Jl1st TpoBeIeHNsT MHTEPIIPETAINN CIIEeKTpa Ha MepBOM dTalle pelneHust 3a adn
ObL7Ia 3aHOBO pacCUYMTaHa BpallaTebHas CTPYKTypa HUXKHEIO KoJeOATeJIbHOIO CO-
crosinns (B JAHHOM ciytdae, cocrosnus (v19=1)). Pacuér nposoaunsica na ocnoBannu
napameTpoB, nouydennbix B [aparpade 3.2 (Tabuuma 3.10, crosnbern 3). Marepnpe-
TalUsl CIEKTPa TPOBOJIMJIACH METOJIOM KOMOMHAIIMOHHBIX PA3HOCTEI!.

B Tabaunax 3.13 u 3.14 upuBejieHa 4acTb «IOPSAYMX» IIEPEXOJOB LIS 1IOJIOC
v7+ V19— V1o 1 Vg + V19 — V10, COOTBETCTBEHHO. XOPOIIO BUIHO, UTO JJIsT TIEPEXOIOB
BBITIOJTHSFOTCSA KOMOMHAITMOHHDBIE PA3HOCTH, a 3HAUYEHUsT PACCUUTAHHBIX M <«IKCIIe-
PUMEHTAJIbHBIX» SHEPTHUii OTIINIAIOTCI B pAMKAX SKCIEPUMEHTAJIbHON TOYHOCTH (B

nuanazone 600-1300 cm ™! onenupaerca B npejenax [2,2-4,4]x107* em™1).
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Tabauna 3.13 — [lepexo/ibl, OTHOCAIIUECA K II0JIOCE V7 + Vg — V19 MOJIEKYJIbI

CHy=CDs,

Bepxuue Huxune Ilon-ue nunun [por-ue | Dueprus | Cp. 3Hadenue 5%

J K, K. |J K, K| (ew ) B% | () | (o) (1074 en 1)

3 3 1 2 2 1 770,4315 79,0 | 1469,1912 1469,1913 3
4 4 1 731,0877 57,8 | 1469,1913

3 3 0 2 2 0 770,4221 73,3 | 1469,1910 1469,1912 3
4 4 0 731,0877 57,8 | 1469,1913

4 3 2 3 2 2 771,9529 81,2 | 14752773 1475,2780 -1
4 2 2 765,7384 78,5 | 1475,2782
5 4 2 729,5469 52,1 1475,2786

4 3 1 3 2 1 771,9089 61,8 | 1475,2791 1475,2789 0
4 2 3 765,8756 78,5 | 1475,2789
5 4 1 729,5469 52,1 1475,2787

5 3 3 4 2 3 773,4887 76,3 | 1482,8920 1482,8921 2
6 4 3 728,0006 77,6 | 1482,8922

5 3 2 4 2 2 773,3593 71,0 | 1482,8992 1482,8988 -3
5 2 4 765,9084 82,9 | 1482,8986
6 4 2 728,0066 70,0 | 1482,8986

6 3 4 5 2 4 775,0459 83,6 | 1492,0361 1492,0361 -2
7 4 4 726,4493 73,1 1492,0361

6 3 3 5 2 3 774,7545 73,9 | 1492,0567 1492,0567 0
4 2 5 765,9791 75,2 | 1492,0565
5 4 3 726,4688 67,7 | 1492,0570

7 3 5 6 2 5 776,6345 72,8 | 1502,7119 1502,7123 1
7 2 5 765,0014 84,5 | 1502,7125
7 4 3 737,1237 72,0 | 1502,7120
8 4 5 724,8917 74,7 | 1502,7126

7 3 4 6 2 4 776,0780 69,6 | 1502,7652 1502,7650 -1
8 4 4 724,9396 67,0 | 1502,7648

5 5 0 |5 4 2 776,4141 89,3 | 1522,1457 | 1522,1454 —4
6 6 0 719,4316 447 | 1522,1450

6 5 1 5 4 1 785,5393 36,9 | 1531,2711 1531,2706 2
6 4 3 776,3787 654 | 1531,2704
6 6 1 728,5572 83,4 | 1531,2706
7 6 1 717.8815 55,0 | 1531,2704

7 5 2 6 4 2 787,0302 46,8 | 1541,9223 1541,9223 1
7 6 2 728,5337 61,4 | 1541,9226
8 6 2 716,3281 481 1541,9221
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IIpogomxkenne Tabsmipr 3.13

Bepxuue Huxnne Ilon-ue nunun IIpom-ue | Dueprusi | Cp. 3Havenue 5%
J K, K. |J K, K. (em™1) B % (em™h) (em™1) (1074 cm™1)
8 5 3 7 4 3 788,5141 60,4 | 1554,1024 1828,5830 3

8 6 3 728,5090 72,8 | 1554,1031
8 4 5 776,2820 79,4 1554,1029
9 6 3 714,7709 634 | 1554,1016
9 ) 4 8 6 4 990,7291 36,7 1845,3300 1845,3303 3
9 6 6 973,9229 70,9 1845,3301
9 8 4 906,9295 73,4 | 1845,3304
10 8 4 888,6238 60,8 | 1845,3305
10 5 5 |11 6 5 992,1995 479 | 1863,6067 1863,6068 —2
12 6 7 973,8549 64,1 1863,6069
12 8 5 906,9001 77,2 1863,6067
13 8 ) 887,0639 63,3 1863,6070
11 b) 6 12 6 6 993,6625 48,7 1883,4144 1883,4143 -1
13 6 8 973,7760 62,8 1883,4144
13 8 6 906,8710 73,0 | 1883,4141
14 8 6 885,5026 58,5 | 1883,4141

@) § — (B — ppact)(10~4 cm~!) — pasHuIa MesKIy SKCIepHMEHTATbHBIM H PACTETHBIM 3HAYCHAEM SHEPIHH

Tabauna 3.14 — [lepexojibl, OTHOCSIIUEC K II0JIOCE Vg + V1g — V19 MOJIEKYJIbI

CH,=CD,)
Bepxuue Huxnne Ilon-ue nunun Ipom-ue | Dueprusi | Cp. 3HaYeHue 5%
J K, K. |J K. K (em™1) B % (em™1) (em™1) (10~% em— 1)
7 7 0 6 6 0 984,7883 32,4 | 1787,5018 1787,5020 2
7 6 2 974,1132 87,2 | 1787,5022
8 8 0 894,8462 46,0 1787,5020

8 7 1 7 6 1 986,2816 34,2 | 1799,6705 1799,6706 -1
8 6 3 974,0766 797 | 1799,6707
8 8 1 907,0149 89,1 | 1799,6706
9 8 1 893,2941 43,0 | 1799,6706

9 7 2 8 6 2 987.,7695 35,3 1813,3636 1813,3636 3
9 6 4 974,0332 73,1 1813,3639
9 8 2 906,9870 85,4 | 1813,3634

10 7 3 9 6 3 989,2523 32,3 1828,5831 1828,5830 0
10 6 5 973,9821 67,8 | 1828,5831
10 8 3 906,9585 76,2 1828,5830
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IIpogomxkenne Tabmuipr 3.14

Bepxnue Huxnne Ilon-ue nunun [por-ue | Dueprus | Cp. 3HadeHue 5%
J K, K. |J K., K. (em™1) B % (em™1) (em™1) (10=% em—1)
11 8 3 890,1820 51,4 | 1828,5829
11 7 4 10 6 4 990,7291 36,7 1845,3300 1845,3303 1
11 6 6 973,9229 70,9 | 1845,3301
11 8 4 906,9295 73,4 | 1845,3304
12 8 4 888,6238 60,8 1845,3305
12 7 5 |11 6 5 992,1995 479 | 1863,6067 1863,6068 -2
12 6 7 973,8549 64,1 1863,6069
12 8 5 906,9001 77,2 1863,6067
13 8 5 887,0639 63,3 | 1863,6070
13 7 6 12 6 6 993,6625 48,7 1883,4144 1883,4143 -1
13 6 8 973,7760 62,8 1883,4144
13 8 6 906,8710 73,0 | 1883,4141
14 8 6 885,5026 58,5 1883,4141
14 7 7 |13 6 7 995,1166 47,3 | 1904,7546 1904,7548 2
14 8 7 906,8433 69,1 1904,7548
15 8 7 883,9414 73,7 1904,7550

@) § = (Eo<em — EPact) (1074 cm~ ) — pasmamma MezKLy SKCIePUMEHTAILHBIM U DACIETHBIM 3HAMCHHEM SHEPIHI

Bceero B pesyibrare mHTEpHpeTanuu ObLIO onpejesneHo 6ojee 670 mepexomos
JIJIs1 TIOJIOCHI V7~ V19— V19 C MAKCUMaJILHBIMU 3HAUEHUSIMU KBAHTOBBIX ducesa J = 32
u K, = 14 u 6osiee 580 mepexoioB sl MMOJIOCHI Vg + V1g — V1 ¢ MAKCUMAJIbHBIMU
3HaueHUsIMU KBaHTOBBIX uuces J = 31 u K, = 13. Paccunrannbie 3Hepruu Bepx-
Hux cocrosiiuii (v;7 = vyg = 1) u (vg = vy = 1) HEOOXOJAUMBI JIjIsi OLPEJIETICHMUST
CTPYKTYPbI 3allpeliéHHbIX B MONNIOIMIEHUHU TI0JI0C V7 + Vg U Vg + Vi, KOTOpbIE pac-

CMATPUBAIOTCS B CJIEAYIONEM maparpade.

PesyabraThl, M3/I0XKeHHBIE B JJaHHOM Taparpade, JOKIaIbIBaJIICh Ha KOHpe-
perrun HRMS-2016 B ropogie [1para, Yexwust, [55] u 6611 omyb/IMKOBaHbL B 2Ky pHAJIE

NsBectus Bysos. Pusnka [56).
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3.4. CriekTpaJpHbIii quama3osn 1450—1650 cv !

[TocaeauuM uccae0BaHHBIM B HACTOAIIEH PabOTe CIIEKTPAIbHBIM JUAIIA30HOM
aBJsercs oosactb 14501650 cM ™!, B KOTOPO#i PaCIONOKEHO II1eCTh B3auMOIeiiCTBY-
OIIUX TOJIOC: V7 + Vg, 2V7, Vo, V4 + V1o, V4 + V7 1 Vs + vyg (eM. Pucynok 2.6).
Kak nokasano B Ilaparpade 3.2, paccmarpubarb cocrosiiust (v7 = vy = 1) u
(v7 = 2) HEOOXOJMMO PUHKUMAsT BO BHUMAHHUE B3aUMOJICHCTBUE C JIEXKAIIUMU HUXKE
cocrositusiMu(vyg = 2) u (v12 = 1). Ha Pucynke 3.4 npuBejiena cxema pe30HaHCHBIX

B3aMMO/ICIUCTBUA B pacCMaTPUBACMOM Jialia3oHe.
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Pucynok 3.4 — Kosiebarenbubie ypouu sneprun MosieKysibl CHo=CDsy

3.4.1. IuTepnperanus CIEKTPa, OI[EHKA ITapaMeTPOB PE30HAHCHBIX

B3aMMO/IEeNCTBUI

Hurepiperaliysi cliekTpa, IPOBOAUIACH METOI0M KOMOMHAIMOHHbBIX PA3HOCTEI .
B pesysibraTe 6b110 00HapyKeHo nopsijaka 1050 mepexoios, MPUHAIIEXKAIIUX T0JI0CE

2v7 ¢ MaKCUMAaJIbHBIMU 3HAUYEHUAMU KBaHTOBBIX uuces J u K, 44 u 16, coorBeTCTBEH-
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HO; 930 1mepexo10B, IpUHAJIEXKAIINX oJ0ce Vo, J = 42 u K, = 15; 238 nepexo1oB,
HpUHAJIJIEXKAIIUX 110JI0ce vy + Vg, J = 33 u K, = 8; 197 nepexoioB, npuHaijie-
»Kammx nogioce vy + vy, J = 31 u K, = 9. Jlyis 3anpeménubix 110J0¢ vy + Vg |
Vg + 110 DHEPIUH OBLIM PACCUUTAHBI HA OCHOBE JAHHBIX O «TOPSIUX» MEPEXOIax (CM.
[Taparpad 3.3, Tabuuner 3.13 u 3.14). 3a cuér 0OHAPYKEHHBIX CUILHBIX PE30HAHCOB
(v7 = v19 = 1) ¢ paspeméanbiM cocrostaueM (v; = 2) (OIEHEHHOE 10 TEOPUU U30TO-
NO3aMeIeH st 3HaTeHIe TIABHOro BKaajga »Y O = —4,6),a(vs =vip=1)c(ve =1)
(3madenne rnasnoro Braaa UV Cp = —8,9) B cnekTpe HAGIIOAAIOTCS IEPEXO/b, CO-
OTBETCTBYIOIIUE 3alPEIIEHHBIM 110J10caM. Beero 1moiobHbIX 1EePexoi0B 00HAPYKEHO
91 u 123, coorBercrBeHno. st 9TUX 11€pexX0JI0B, KaK U JiJisd 3alPEEHHON 110JI0ChI
V4, BBITIOJIHAIOTCS KOMOMHAIIMOHHBIE PA3HOCTH.

B Tabsune 3.15 npuBejieHbl BIiepBble OOHAPYKEHHbBIE IIePEXO0/Ibl, OTHOCAIINECS
K €J1ab0oil KOMOMHAIIMOHHOM I10JI0Ce TOTJIOMEHU Vg + V1.

Tabauna 3.15 — [lepexobl osocsl vy + vy Mosekyabl CHy—=CDo

Bepxuue Huxune Ilon-ue nunun [por-ue | Dueprus | Cp. 3Hadenue 5%
J K, K. |J K, K. (em™1) B % (em™1) (em™1) (10~% em—1)

4 3 2 3 2 2 1593,0887 93,0 | 1612,2262 1612,2263 2
5 2 4 1579,3266 93,6 | 1612,2263

5 3 3 4 2 3 1594,6835 88,6 | 1619,9430 1619,9431 -3
6 2 5 1577,8935 90,9 | 1619,9432

6 3 4 5 2 4 1596,3002 85,6 | 1629,1999 1629,2000 1
7 2 6 1576,5000 86,8 | 1629,2000

7 3 5 6 2 5 1597,9441 82,5 | 1639,9938 | 1639,9938°) 3

8 3 6 9 2 8 1573,8674 86,2 | 1652,3229 | 1652,3229% -1

9 3 7 8 2 7 1601,3443 83,0 | 1666,1836 1666,1836 -2
10 2 9 1572,6482 86,3 | 1666,1835

10 3 8 9 2 8 1603,1180 83,6 | 1681,5735 1681,5736 2
11 2 10 1571,5086 87,9 | 1681,5736

11 3 9 |10 2 9 1604,9514 83,3 | 1698,4867 1698,4868 0
12 2 11 1570,4561 88,5 | 1698,4869

12 3 10 |11 2 10 1606,8513 83,6 | 1716,9164 1716,9164 -1
13 2 12 1569,4975 90,1 1716,9164

13 3 11 |14 2 13 1606,8513 90,8 | 1736,8533 | 1716,9164%) 3

14 3 12 |13 2 12 1610,8676 88,5 | 1758,2866 1758,2866 -1
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IIpogomxkenne Tabsuipr 3.15

Bepxuue Huxnne Ilon-ue nunun IIpom-ue | Dueprusi | Cp. 3Havenue 5%
J K, K. |J K, K. (em™1) B % (em™1) (em™1) (10~* em— 1)
15 2 14 1567,8745 93,2 1758,2865

a)§ —= (EPxCe — EPACT)  pasHUNA MEXKY IKCIEPUMEHTAJbHBIM U DACUETHBIM 3HAYCHUEM SHEPIUU

Hepruda dUTaHHad 1 HOT'O II X IIpu MIE€HU N THOM YU YYUTBIBAECTCA C MEHbIIHNM B M
6)36 , pacc aHHa. 3 OJITHOT'O IIepexo/aa, CIIe oOpaTHOM 33,14 A€TCAd C M€ eCco

st cpaBuennst B Tabsuie 3.16 mpuBeieHbl IePEX0/ibl, OTHOCSIINECS K CUIbHOM

dyHaMenTaIbHOM 110J10Ce V.

Tabauna 3.16 — [Iepexobl mosockl v Mosekyabl CHo=CDy

Bepxane Hwxnne [losm-me nuaun IIpom-ue | Dueprus | Cp. 3HaueHHE 5%
J K, K. |J K, K. (em™1) B % (em™1) (em™1) (107* em 1)
6 6 1 6 6 0 1586.1657 14.1 1707.7864 1707.7866 3
7 6 2 1575.4159 67.3 1707.7867

7 6 2 6 6 1 1596.8672 70.6 1718.4878 1718.4879 -2
7 6 1 1586.1172 15.2 1718.4880
8 6 3 1573.8258 51.4 | 1718.4878

8 6 3 7 6 2 1598.3521 53.6 1730.7230 1730.7230 -1
9 6 4 1572.2270 40.9 1730.7229

9 6 4 8 6 3 1599.8323 45.6 1744.4942 1744.4942 0
9 6 3 1585.9983 29.3 1744.4942
10 6 5 1570.6190 35.1 1744.4942

10 6 5 9 6 4 1601.3078 40.5 1759.8038 1759.8039 2
10 6 4 1585.9288 315 1759.8040
11 6 6 1569.0017 29.0 1759.8039

17 12 5 16 12 4 1612.1038 83.6 | 2177.5721 2177.5721 1
18 12 6 1558.3999 78.9 | 2177.5721

18 12 6 17 12 5 1613.5553 83.3 | 2205.1061 2205.1060 -2
18 12 7 1556.7726 72.8 | 2205.1059

19 12 7 18 12 6 1615.0073 84.0 2234.1795 2234.1795 1
20 12 8 1555.1442 80.0 | 2234.1794

20 12 8 19 12 7 1616.4613 84.0 2264.7947 2264.7948 -1
21 12 9 1553.5165 82.2 | 2264.7948

a)§ = (EPxen — FPACh) — pasHUIA MEXKJLY KCIEPUMEHTAILHBIM U DACIETHBIM 3HAYEHUEM YHEPTUU

B Tabuinne 3.17 npuBejieHbl MapaMeTpbl, OIeHEHHbIE HA OCHOBE TEOPUH H30TO-

MO3aMEITEHNUS, & TaK¥kKe C YIGTOM aHrapMOHMYECKUX TOMPAaBOK u3 paborsl [17].
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Tabsuna 3.17 — [Mapamerpst Mosexyiibl CHy—CDy st ostoc ananasona 1450-1650 cm !

v,v’FO v,0 Cl
[Tosoca | Ientp, cm™!
v, v Snauenue, cM v, v Snauenue, cM

vt | 14376 (0 =2), (vh = 1) 38 (07 = 2), (¢ = v}y = 1) 46

2u7 1499,0 (v =wv9=1), (v =0v}, = 1) 2,6 (v =wv9=1), (v, =0v},=1) 1,4
vy + vy 1576,3 — — (v =wv9=1), (v, =0v, =1) —24

Vo 1586,1 — — (v10 = 2), (vg = Vi, = 1) -1,9
vs+ | 16301 - - (v = 1), (v = v}y = 1) 15
vy + 17 1638,3 — — (vg =1), (v =vj,=1) —-8,9




3.4.2. IHTEHCUBHOCTU ¥ MOJIYIMUPUHBI CIIEKTPAJIBHBIX JIMHU

Kak 6b110 ykazano seime, crnektpsl VII-X (em. Tabsmuiy 2.2) wmcmosn3oBa-
JINCH JIJIS pelleHus 3aJadl ONpeJIe/IeHUs XapaKTEePUCTUK TOTJIOMEHUA MOJIEKYJIbI
CHy=CDs.

Ha nepom miare jyisi u3MepeHusi MHTEHCUBHOCTEH JIMHUI 1OIJIONEHUsT ObLIO
BbIOpano 100 1epexojioB, OTHOCAIIMXCH K 1ojioce 2v7. VI3mepenusi 1poBOJIMJIUCH C
ucnosib3oBaueM crekrpa VII. 3Hadenuss MHTEHCMBHOCTH JIMHUU OLEHUBAJIOCH Ha
OCHOBE aIllIPOKCHUMAIINN YKCIIEPUMEHTAJILHOIO KOHTYpa JIMHUU KOHTYPOM XapTMaH-
na — T'pan. Ha Pucynke 3.5 npuBesén npumep, u3 KOTOPOTO CJIEIyeT XOpOIee COo-

IJlacue MeExKJy paCCHUTaHHbIM M 3KCIIEpDHUMEHTAJIbHBIM KOHTYPaAMH.
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Pucynok 3.5 — Annpokcumaliusi SKCIEePUMEHTAJIHHON JIMHUU KOHTYPOM

Xaprmanua —'pan

Besuuuna o = ko LE (D — 1), tye L — jyimna nytu norsomenust, F( —vy) —
dynknus, 3agaomas KoHTyp XaprMmanna — Tpan. Ha Pucynke 3.5 3amerto orcyT-
CTBHE B NEHTPAJbHON YacTu rpaduka pasHUIl IKCIEPUMEHTAJbHBIX U PACIETHLIX

3HaUeHuil xapakrepHoro jist Kourypa Qoiirra nposaia B Gopme W («ay0biab-B3» ).
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B omyinaue or koutypa XaprmanHa — 1 paH, kouTyp Doiirra «He001eHuBaeTy JIu-
HUU B BBICOTY, HO IIPU 3TOM YIIUPSIET UX.

M3mepentbie 9KCIepUMeHTaIbHbIE MHTEHCUBHOCTH ObLIM 3aT€M HCIOJIH30BAHDI
B BapUAaIMOHHON MPOIEype s HAXOXKJIeHUs IapaMeTpoB 3(PpPEKTUBHOTO TUIIOb-
rHoro MoMenTa (cM. [39, 40]). Beero 6bu10 mosryaeno 5 mapaMerpoB, KOTOPbIE BOCIIPO-
U3BOJIAT UCXO/HDIA HAOOD JIMHUI CO CpeHEeKBaIpaTUIeCKUM OTKJIoHeHueM B 6,22 %.

DTr napaMerpbl TpuBeennbl B Tabsmie 3.18.

Tabsma 3.18 — Ilapamerps 3hdekTUBHOIO onepaTopa, JUIO0JIHLHOTO MOMEHTA

cocrosinnst (vy = 2)

Omepatop [Tapamerp Suadenne
kyz. (vr=2) 2 0,014387(26)
{kz., J?} =2z x 107° | —0,174(43)
{kZm ‘]3} (U7:2)M§ o
5 Ukza,idy} — {ikzy, J}] =215 —

% [{kay szz + JZJ:E} - {ikaa Z(Jsz + Jsz)}] (U7:2):ug X 10_5 07249(13)
% [{kZza in} + {ikaa Jx}] (v7:2):ué x 1074 _07355(12)

ke, Jodo + Ly} + {ikzy, i(Jy g, + LI} | ©7=2p2 x 107 | 0,736(28)

{kz., T2, ) ©2 g —

QurypHbiMu ckobKamu B Tabsmiie 3.18 obo3nadeHbl aHTUKOMMYTaTOPHI, ng =
J? — Jf. B ckobkax ykaszaH jioBepuTe ibHbII nHTepBaJ. B Tabuuie 3.19 npusejienbl

pPe3yJbTaThl U3MEpEHNl 1 PacyeToOB MHTEHCUBHOCTEHN JIMHUI 110JIOCHI 21/7.
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Tabauna 3.19 — UarencuBrocru jimauit os1ochl 27 Mosekyabl CHo—=CDo

J K, K.|J K, K! 72 sker. | Dxcnepument®) | Pacaér?) | Gy
14 2 13|15 2 14 | 1477,9603 1,45E-22 1,42E-22 1,79
13 3 10|14 3 11 | 1477,6466 1,84E-22 1,75E-22 4,89
15 0 15|16 0 16 |1477,9301| 146E-22 |151E-22| 3,62
14 4 11|15 4 12 |1478,6473 1,17E-22 1,08E-22 7,34
14 4 10|15 4 11 | 1478,2415 1,04E-22 1,07E-22 3,22
12 2 10|13 2 11 |1478,2146 1,31E-22 1,40E-22 7,06
15 5 1116 5 12 | 1478,8405 1,27E-22 1,20E-22 5,59
13 2 12|14 2 13 |1479,3142 1,09E-22 1,48E-22 7,10
11 2 9 |12 2 10 | 1479,9375 1,04E-22 1,43E-22 7,01
13 3 11|14 3 12 |1479,1712 1,81E-22 1,82E-22 0,46
14 0 14|15 0 15 |1479,1500 1,59E-22 1,09E-22 0,23
12 3 10|13 3 11 |1480,7549 1,74E-22 1,86E-22 7,36
13 4 9 |14 4 10|1480,0974| 1,09E-22 |111E-22| 1,92
12 4 8 |13 4 9 |1481,8960 1,19E-22 1,14E-22 4,25
10 2 8 |11 2 9 |1481.,7044 1,34E-22 1,44E-22 7,61
12 0 12|13 0 13 | 1481,6046 1,08E-22 1,70E-22 7,45
11 0 11|12 0 12 |1482,8373 1,73E-22 1,72E-22 0,76
13 5 9 (14 5 10 |1482,2770 1,38E-22 1,29E-22 6,69
13 5 8 |14 5 9 |1482,2602| 1,37E-22 |129E-22| 6,19
12 4 9 |13 4 10 | 1482,0432 1,11E-22 1,14E-22 2,40
9 2 7 ]10 2 8 |1483.,5014 1,52E-22 1,43E-22 6,02
11 4 8 |12 4 9 |1483,7293 1,14E-22 1,14E-22 0,43
10 2 9 |11 2 10 | 1483,5476 1,52E-22 1,503E-22 0,37
10 0 10|11 0 11 |14840737| 1,67E-22 |1.72E-22| 3,04
10 4 7 |11 4 8 |1485,4034 1,08E-22 1,12E-22 3,78
9 3 710 3 8 14855900 161E-22 |181E-22| 13,05

100




[Tponosikenne Tabsunb 3.19

J K, K.|J K, K! 72 sken. | Dxenepument® | Pacaér®) | Gype”)
8 2 7|9 2 8 |14864976| 148E-22 | 144E-22| 2.88
9 4 6 |10 4 7 |1487,0635 1,05E-22 1,07E-22 2,03
70 7|8 0 8 |1487.8449| 142E-22 |154E-22| 859
8 3 6|9 3 7 |14872114| 152E-22 | 1,72E-22| 1348
9 4 5|10 4 6 |1487.0427| 106E-22 | 1,07E-22| 140
7 2 508 2 6 |1487,1266| 1,33E-22 | 131E-22| 1,52
7 3 518 3 6 |14838297| 149E-22 | 159E-22| 6.59
8 4 419 4 5 |1488,7088 1,01E-22 9,94E-23 1,56
6 2 4|7 2 5 |14889172 1,29E-22 1,20E-22 6,30
7 3 48 3 5 |14837261| 147E-22 | 158E-22| 7.46
5 1 46 1 5 |1489.7940| 173E-22 | 1,68E-22| 246
6 0 6|7 0 7 |14891516| 141E-22 | 143E-22| 1,50
5 0 56 0 6 |14905012| 126E-22 | 1,29E-22| 277
6 3 4|7 3 5 |1490,4409| 148E-22 | 140E-22| 522
5 2 36 2 4 |14906714| 107E-22 | 1,06E-22| 1,12
4 0 415 0 5 |1491,9001 1,11E-22 1,13E-22 1,68
4 1 3|5 1 4 ]1491,4336 1,48E-22 1,46E-22 1,60
5 3 26 3 3 |1492,0208| 1,07E-22 | 1,17E-22| 894
4 2 3|5 2 4 14925980 | 922E-23 |887E-23| 385
5 3 36 3 4 14920423 127E-22 | 117E-22| 7,70
4 2 215 2 3 |1492,3785 9,66E-23 8,80E-23 8,90
4 3 105 3 214936244 905E-23 | 871E-23| 3.3
4 3 215 3 3 |1493,6321 8,49E-23 8,71E-23 2,53
3 0 3|4 0 4 |14933472| 945E-23 | 9.36E-23| 0.89
2 1 1|3 1 2 |14947301| 971E-23 | 879E-23| 9.48
2 0 2|3 0 3 |14948341| 774E-23 | 725E-23| 628
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ITponosikenne Tadbsunbt 3.19

J K, K.|J K, K! 72 sker. | Dxcnepument®) | Pacaér?) | Gy
1 1 0|2 1 1 14963745 578E-23 |509E-23| 12.03
2 2 02 2 115002009 892E-23 |7.79E-23| 1265
2 2 112 2 0 |1500,2761 8,45E-23 7,79E-23 7,82
6 3 3|6 3 4 |1501,2463 7,35E-23 7,53E-23 2,46
8 3 5|8 3 6 |1501,1944| 541E-23 |520E-23| 397
6 3 46 3 3|1501.2007| 727E-23 | 752E-23| 353
4 3 1|14 3 2 |1501,3252 1,14E-22 1,17E-22 2,86
4 3 2114 3 1 |1501,3218 1,14E-22 1,17E-22 3,19
5 3 3|5 3 2 |1501,2716 9,11E-23 9,27E-23 1,75
10 4 6 |10 4 7 |1502,4188 4, 79E-23 4,29E-23 10,44
9 4 619 4 5 |1502,489%4 5,29E-23 5,06E-23 4,43
9 4 5|9 4 6 [15025077| 501E-23 | 506E-23| 1,07
14 5 9|14 5 10|15037940| 422F-23 |426E-23| 0,99
13 5 8 |13 5 9 |1503,9272 9,31E-23 0,04E-23 5,21
13 5 9 (13 5 8 |1503,9129 0,47E-23 0,04E-23 7,89
14 5 10|14 5 9 |15037626| 413E-23 | 426E-23| 327
3 0 312 0 2 ]1503,9393 7,97E-23 7,45E-23 6,01
12 5 8112 5 7 |1504.0463| 550E-23 |594E-23| 8,00
12 5 7112 5 8 |1504.0529| 5.85E-23 | 594E-23| 147
4 0 413 0 3 |1505,4081 1,04E-22 9,68E-23 6,87
5 2 4 4 2 3 |1507,8455 1,01E-22 9,28E-23 8,21
5 2 3|4 2 2 15079610 8,93E-23 9,32E-23 4,36
70 7.6 0 6 |1509.6985| 154E-22 | 149E-22| 3.59
6 2 5 15 2 4 ]1509,3233 1,04E-22 1,13E-22 8,01
6 2 4|15 2 3 ]1509,50015 1,05E-22 1,14E-22 9,01
7 1 6 |6 1 5 | 1510,5248 2,19E-22 2,05E-22 6,54
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[Tponosikenne Tabsunb 3.19

J K, K.|J K, K! 72 sken. | Dxenepument® | Pacaér®) | Gype”)
7 2 66 2 5 |1510,7950 1,31E-22 1,30E-22 0,57
6 3 4|5 3 3 |15104756| 125E-22 |1.24E-22| 1,39
7 2 56 2 4 |1511,0400| 119E-22 | 132E-22| 10,34
8 2 6|7 2 5 | 1512,5616 1,44E-22 1,45E-22 1,00
8 3 5|7 3 4 |15134620| 152E-22 | 1,71E-22| 12,65
0 0 109 0 9 |15139562| 178E-22 | 173E-22| 281
10 1 919 1 8 ]1514,9264 2,47E-22 2,42E-22 2,36
0 2 919 2 8 |1515,1572 1,00E-22 1,61E-22 3,32
11 2 1010 2 9 |1516,6043 1,62E-22 1,64E-22 1,43
11 1 10|10 1 9 |1516,3748 2,47E-22 2,44E-22 1,17
1 2 9 (10 2 8 |1517,0285 1,70E-22 1,66E-22 2,24
12 2 10|11 2 9 | 1518,4831 1,64E-22 1,66E-22 0,95
12 2 11|11 2 10| 1518,0511 1,70E-22 1,66E-22 3,05
13 1 12|12 1 11 ]1519,2795 2,69E-22 2,38E-22 11,63
13 2 12112 2 11 |1519,4999 1,64E-22 1,63E-22 1,11
14 0 14|13 0 13 |1519,7469 1,09E-22 1,66E-22 481
14 2 13|13 2 12 1520,9531 1,60E-22 1,08E-22 1,28
15 0 15|14 0 14 |1521,2178 1,01E-22 1,09E-22 5,27
14 2 12113 2 11 |1521,3618 1,70E-22 1,68 E-22 7,41
15 2 141|114 2 1315224128 1,47E-22 1,62E-22 3,02
15 2 13|14 2 12 ]1522,7968 1,00E-22 1,00E-22 0,15
15 3 13|14 3 1215235851 | 180E-22 |193E-22| 7,11
2) JKCIEPUMEHTATBHOE TOJIOKEHIE JIMHIE B CM

%) DkcnepuMenTaIbHAsS HHTEHCHBHOCTD JTuHIN B cM ™| /(Mosex.-cm~2)

®) PaccumTannas HHTEHCHBHOCTD JTuHIKA B ¢M L/ (Mostex.-cm ™)

") PazHuna MKy 9KCIL. W PACY. MHTEHCHBHOCTAME JHHUE B % (110 MOJyIIO)
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Jlist u3MepeHusi TOJLYIIUPUH ObLIK BHIOPAHBI JOCTATOYHO M30JMPOBAHHBIE (OT-
crosiiue oT cocejieit Ha paccrosintue Munumym 0,1 CM_l) 34 nuauun, npuHajIeKalme

noJsiocam vy u 2v7. Ha Pucynkax 3.6 u 3.7 nupejicraBiienbl JiBe TaKue JIMHUU, [IEPBasi

13 KOTOPBIX MPUHAJIEKHUT TOJ0ce 207, a BTOpas — IOJIOCE s,

1200 400 —
. 0, 99x10” arm
1000 - 0,99x10” atm ]
k 300 H
- 800 —
E i -
= 600 - 3’29X10—2 ATM 200 - 3 29X10 aTM
5
3400 - 2 ] 6,58x10” atm
o= 6,58x10~ atm
J 100
200 — 87xl0 aT™M 9 87X1O aT™M
% —/\ v
L) L) I L) L) L) I L) L) L) I L) L) L) I L) L) L) I L)
1488,156 1488,168 1488,180 1488,192 1488,204 1609,488 1609,500 1609,512 1609,524 1609,536
Boanosoe uuncio, v / oM’ Boanosoe umncio, v/ oM’
Pucynok 3.6 — 3aBUCHMOCThH KOHTYPa, JUHUN OT JABJICHUSI
12 12 —
10 H 10 -
s 84 8 -
O - -
~
S 6 - 6
" 4 44
>
2 - 2
0 I L) I L) I L) I 0 L) I L) I L) I L) I L) I Ll

0,04 0,06
JaBnenue / at™

0,08 0,10 0,02 0,04 0,06

JlaBienue / aT™M

0,08 0,10

Pucynok 3.7 — 3aBUCUMOCTD MOJYIIUPUHDBI JTUHUU OT JABJICHUS

XOpOoI10 BUJIHO, YTO 3aBUCUMOCTb HOJIYITUPUHBI OT JABJICHUS SIBJISICTCs JIMHEH-
Hoit. KoacbduimenT ympenns — 3T0 TaHMEHC yIUIa, HAKJIOHA MOJYUEHHON MPSIMOii,
KOTOPBIN MOXKHO TaK2Ke BBIPDA3UTD U3 7Y, = Vsel L, TIE Yse1f — UCKOMBI KO3 duriu-

eHT camoyinupenus juHuit. B Tabaune 3.20 npusejienbl 3HaUeHUsT KOIPDUIIMEHTA,
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yimpenusi (B cKOOKaX — JIOBEPUTEJbHBIH WHTEPBAJ), ONPEJIEIEHHOIO Jist JUHUIL

JIBYX YIOMAHYTBIX ITOJIOC.

Tabmuna 3.20 — Koaddunuentsr camoymupenus nunanii mosiekyibl CHy=CDs (B

1073 em~tarm 1)

J K, K. |J K, K. | v(cm?) Vself

24 3 21 |23 3 20 |1460,4691 |111,9(5,1)
21 3 18 |20 3 17 |1464,6293 |117,1(3,2)
16 3 14 |17 3 15 | 14745793 | 101,4(2,0)
13 4 9 |14 4 10 |1480,0999 | 108,9(2,6)
13 6 8 |14 6 9 |1484,6495 |108,0(6,9)
6 1 5} 7 1 6 1488,1739 | 107,8(0,4)
15 2 14 |14 2 13 |15224155 |110,2(2,5)
4 4 11 |15 4 12 |1562,1278 | 118,1(4,1)
4 7 7 |15 7 8 |1562,5719 |107,9(3,3)
13 6 7 |14 6 8 |1564,0899 |108,0(6,7)
11 3 8 |12 3 9 |1566,5448 |106,3(1,5)
11 0 11 |12 0 12 |1568,2543 | 96,9(1,2)
o 3 7 |11 3 8 1568,3326 | 110,9(3,7)
9 7 2 0 7 3 1570,7257 | 107,0(1,4)
7 3 4 |8 3 5 |15734713 |108,0(1,5)
7T 1 7 8 1 8 |1574,7344 |105,9(1,6)
6 1 5 7 1 6 |1574,8061 |106,0(1,7)
6 0 6 |7 0 7 |15757046 |104,0(2,1)
6 1 6 |7 1 7 |1576,0448 |112,9(2,2)
4 1 4 |5 1 5 |1578,8463 |104,1(14)
3 01 3 |4 1 4 |1580,2763 | 104,4(14)
2 1 1 |3 1 2 |1581,1807 |110,8(5,9)
70 7 |6 0 6 |1596,1839 |1059(2,3)
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ITponosrkenne Tadbsunbt 3.20

Munnmasbnoe 3HaueHue Yse p cocrasuio 96,9 x 1073

roe — 118,1x 1073 em~'arm~!. 3nauenne 1oBepuTEILHOrO HHTEPBAJIA HHI JJI OJHOTO

u3 3HadeHnil He npesbimaer 6,4 %.

PesynbraThl, n3/I0XKeHHbIE B JIaHHOM Iaparpade, JOK/IaJiblBaJiCh Ha KOHpe-

perrun HRMS-2017 B ropojie Xenbcunku, Quusistaiust, [57| u ObLn omyOIMKOBAHBL

B KypHaJse Vssecrust Bysos. Ousnka [58].

106

J K, K. |J K, K. | v(en) | 7y
8 0 8 7 0 7 1597,5146 | 109,3(3.4)
11 1 11 |10 1 10 |1600,9624 |108,1(3,0)
10 3 8 9 3 7 1601,0878 | 106,3(2,0)
10 1 9 |9 1 8 |1601,6681 |104,3(0,5)
11 2 10 [10 2 9 |1601,9340 |105,7(3,4)
11 3 9 10 3 8 1602,5338 111,0(2,9)
12 3 10 |11 3 9 1603,9638 | 111,6(1,6)
14 3 11 |13 3 11 |1606,7736 |103,1(1,4)
14 1 13 |13 1 12 |1607,6913 |107,2(5,1)
15 3 13 |14 3 12 |1608,1520 |105,6(2,9)
16 3 14 |15 3 13 |1609,5124 | 107,1(2,5)
1 1

CM "aTM -, & MAaKCUMaJlb-




3akJIo4YeHne

B pamkax nacrosineit juccepTanuoHHOl paboOThI MOJy4eHO HOBOE 3HaHuE 00
nH@paKpaCcHbIX CclieKTpax BbICOKOro pasperierust MoJiekyibl CHo=CDs. OcHoBHbIE

pe3yJibTaThbl MOI'YT ObITh CPOPMYJIMPOBAH CJECYIONIUM 00PA30M:

1. B xoe skcnepuMeHTaJbHBIX UCCJIEIOBAHN ObLIN 3aPErUCTPUPOBAHDI CIIEKTPhI
BpIcoKOro pasperenns (~0,0025 cm~1) monexyns CHa—=CDs u nposesena
ux uHTepnperaius. OOHAPYXKEHbI MEePeX0/ibl, OTHOCIIIUEC K KoJiedaTeJbHO-
BpalllaTeJbHbIM I10JI0CaM, HE KCCJIeJIOBAHHBIM paHee: CJa0bIM 0OEPTOHHBLIM U
KOMOWHAIIMOHHBIM 211, V4 + V19, V4 + V7 3aIPEHIEHHBIM 110 CUMMETPUN V4,
U7+ V19 U Vg + V1) «TOPAIUMYS U7+ V19 — V19 U Vg + V19 — V9. B CHIIbHBIX KOJIe-
Oare/IbHO-BPAIATeJbHbIX 110JI0CaX JOIOJHUTEIbHO 00Hapy2keHo okoJsio 7000
paHee HEM3BECTHBIX TEPEXOI0B.

2. Pemena obparHasi CIIEKTPOCKOIMYECKAsT 3aJa4a JIjIsI ONpeJIesIeHIsT IapaMer-
poB 3(PEKTUBHBIX MAMUJIBTOHUAHOB YeTBIPHA/IATH KOJiedaTeJbHbIX COCTOSI-
nuit. CpejHekBaipaTnieckoe OTKJIOHEHUE 3HAUYCHWH PACCUUTAHHBIX 3HAUCHUI
SHEPIHil TIePexo/ioB OT IKCIePUMEHTaILHBIX cocTaisger oT 1,7x107% em™! o
2,56x107% em™!, uT0 cooTBETCTBYET FKCIEPUMEHTAIBHBIM TIOIPEITHOCTAM OIIpe-
JIeJICHUS] TIOJIOXKEHUST JIMHUM ¥ TIPEBOCXOJIUT U3BECTHbIE paHee pe3ysbTraTbl B
3-5 pas |15, 16].

3. V3mepennl 3HaYeHMA MHTEHCHBHOCTEH M IMOJYHMIMPUH CHEKTPAJbHBIX JHHUI
mosieKyJibl CHo=CDs, paccunranbl napamerpbl 3D@PEKTUBHOIO JUIOJIBHOIO

MOMEHTa U KOI(PPUITUEHTHI CAMOYITUPEHUs JIMHU.

HaJsibHeitiee pa3BuTe UCCIeI0BAHUI JIOTHUECKU CBA3AHO C TPEMsI HallpaBJICHU-
SIME: &) TIPOJIOJIZKEeHneM u3ydenus criekTpoB MoJiekysibl CHy—=CDy B BbIIIeIEKAITIX
CIEKTPaJIbHBIX 00JIACTSIX, B YaCTHOCTH, B 00JIaCTU PACIIOJIOXKEHUS OCTABIINXCS He3a-
TPOHYTHIMHU B HACTOSAIIEM HCCJIEOBAHUN (PYHIAMEHTAJbHBIX TOJIOC Uy, Vs, Vg U V11]
0) MPOJIOKEHIEM OIPEIeIeHUsT XapaKTepucTuk mnorsorienus MoJiekyibl CHo=CDo,

B YACTHOCTH, yTOUYHEHHUEM I1apaMeTpoB 3(PDEKTUBHOIO JUIOJBHOIO MOMEHTA, JIJIsi KO-
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JiebaHnii pa3HOil CUMMETPUN, U3YUYEHUEM BO3MOXKHOW 3aBUCUMOCTH TTOJIYITTUPUHBI HE
TOJIBKO OT JIABJIECHHUST, HO U JIPYTUX [EPEMEHHbIX (HAIPUMep, BpaIlaTebHbIX KBAHTO-
BBIX YKCEJ); B) PACYETOM BHYTPUMOJICKYJISPHON OTEHIMANBHON (DYHKIMK MOJIEKY-
JIBI 3TUJICHA C MCIOJb30BAHUEM OIPEJICJIEHHBIX B PabOTe MapaMeTpOB PE30HAHCHBIX
B3aMMOJICHCTBUI, KOJEOATETbHBIX YaCTOT U BPAINATEIbHBIX MOCTOSTHHBIX MOJIEKYJTbI

CHy=CDy u Jipyrux m30TOIO0JIOIOB.
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Title: High-resolution infrared spectroscopy of the CH,=CD3y molecule.

Abstract: In this thesis we have considered spectra of the CHy—=CDy molecule. In the
experimental part we recorded high-resolution (~ 0.0025 cm™1) infrared spectra and
made full assignment of the recorded transitions. We were able to assign for the first
time a lot of transitions to the weak combinations v+ 14¢, V4 +1v7 and 214 overtone;
forbidden due to the symmetry vy, v; + 119 and vg + v1g; «hot» v7 + v — v19 and
vg+ 19— 19 bands. More than 7000 previously unknown transitions were assigned to
the vy, v3, 14, V7, g, V10, V12 and 2v7 overtone. On the base of operator perturbation
theory and the symmetry properties of the studied molecule, we constructed an
effective Hamiltonian and then fitted experimental ro-vibrational energies of fourteen
vibrational states. As a result, rms-deviation of the fit was (1.7-2.5)x10~* ¢cm™! for
various spectral regions. We measured also experimental values of intensities and
halfwidths and calculated parameters of effective dipole moment and self-broadening
coefficients of the CHy—=CD9y molecule.

Key words: Molecular spectroscopy, ethylene molecule, deuterated species,
CHy=CD,, isotopic relations, rotational and vibrational parameters, effective
Hamiltonian.

Titre : Spectroscopie infrarogue a haute résolution de la molécule CHy=CDs.
Résumé : Dans cette these, nous avons consideré les spectres de la molécule
CHy=CD,. Dans la partie expérimentale, nous avons enregistré des spectres
infrarouges & haute résolution (~ 0,0025 cm™1) et fait une attribution complete
des transitions enregistrées. Nous avons pu assigner pour la premiere fois un grand
nombre de transitions des combinaisons peu intenses vy + v9, V4 + v7 et de
I’harmonique 2vqy ; de bandes interdites par symétrie vy, v7 + vy et vg + vqg ;
et des bandes «chaudes» v7 4+ 19 — V19 et vg + 119 — v19. Pour la premiere fois,
plus de 7000 transitions inconnues des bandes fondamentales 1o, v3, 14, v7, Ug,
V10, V12 et de 'harmonique 217 ont été assignées. Sur la base de la théorie des
opérateurs de perturbation et des propriétés de symétrie de la molécule étudiée,
nous avons construit un hamiltonien effectif puis ajusté les énergies vibrationnelles
expérimentales de quartorze états vibrationnels. De cette étude, il a résulté un
écart-type pour d’ajustement d’environ (1,7-2,5)x10~% cm™! pour diverses régions
spectrales. Nous avons également mesuré les valeurs expérimentales des intensités
et des demi-largeurs et avons calculé les parametres du moment dipolaire effectif et
des coefficients d’auto-élargissement de la molécule CHy=CD,.

Mots clef : Spectrocopie moléculaire, molécule d’éthylene, especes deutérées,
CHy=CD,, relations isotopiques, parametres rotationnels et vibrationnels,
hamiltonien effectif.
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