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APPROCHE DU MODE LOCAL "ETENDU" ET EFFET ISOTOPIQUE DANS
DES MOLECULES POLYATOMIQUES.

Les spectres de rotation-vibration & haute résolution sont 'unique source d’information sur
des caractéristiques moléculaires telles que les interactions intramoléculaires, les états et pro-
priétés de ces molécules. La détermination des parametres de raies spectrales permet d’accéder
a ces caractéristiques moléculaires et d’en déduire les parametres de structure, le champ de
force intramoléculaire, le potentiel intermoléculaire, les moments électrique et magnetique. Ces
informations sont essentielles dans de nombreux problemes de la chimie physique.

D’une facon générale, la dynamique interne d’une molécule est déterminée par la fonction
potentielle intramoléculaire. Par conséquent 1'un des problemes importants de la spectroscopie
moléculaire, quand elle s’applique & 'investigation des propriétés rovibrationnelles de molécules
polyatomiques, est la détermination d’une fonction potentiel intramoléculaire. Connaitre la
fonction potentielle permet de résoudre 1’équation de Schrédinger rovibrationnelle pour une
molécule, ce qui autorise ensuite d’utiliser les valeurs propres E, et les fonctions propres v,
dans de nombreux problemes de physique et de chimie fondamentales et appliquées.

Il y a deux méthodes pour déterminer la fonction potentielle d’'une molécule. La premiére
méthode consiste a utiliser les calculs ab initio. Les méthodes directes permettent d’obtenir
une surface d’énergie potentielle moléculaire de tres grande qualité. Parallelement, il y a de
nombreux problemes en physique moléculaire qui nécessitent non seulement une bonne con-
naissance qualitative mais aussi quantitative -et de tres bonne qualité- des parametres de la
fonction potentielle. Le deuxieme groupe de méthodes s’intitule "les méthodes variationnelles".
Elles utilisent des données expérimentales de tres grande précision comme données initiales
dans une procédure d’ajustement des parametres de la fonction potentielle.

Mais les "meilleures" des méthodes variationnelles présentent des défauts qui restreignent leurs
applications pour des molécules ayant plus de 3 ou 4 atomes. On comprend aisément ces défauts
si on se souvient que toute méthode variationnelle est une procédure itérative nécessitant de
construire des matrices hamiltoniennes de tres grandes dimensions dans une base donnée, qui
sont ensuite diagonalisées un grand nombre de fois.

Le deuxieéme probleme concerne le choix d’un systeme de coordonnées vibrationnelles pour
écrire le hamiltonien de la molécule. C’est un choix particulierement important car :

1. On peut utiliser plusieurs jeux de coordonnées internes si on veut obtenir la formulation la
mieux adaptée pour la partie cinétique de I'hamiltonien d’une molécule quelconque. Jusqu’a
maintenant on utilise un schéma de construction pour cette partie cinétique de I’hamiltonien :
les coordonnées normales. Mais méme en utilisant ces coordonnées normales pour la détermination
de la fonction potentielle, nous montrerons ci-apres que ceux-ci ne sont pas nécessairement
adaptés. Nous cherchons une base qui doit étre la plus générale possible pour toutes molécules
polyatomiques et qui permette de représenter la partie cinétique du hamiltonien de la facon la
plus générale et la plus simple pour toutes molécules polyatomiques. Et cette base doit étre
libre des défauts des coordonnées normales.

2. Comme écrit précédemment, le probleme des schémas de construction usuels implique des

matrices hamiltoniennes de trés grandes dimensions, que nous devons construire et diagonaliser



un grand nombre de fois. Les valeurs propres de ces matrices peuvent étre obtenues avec une
précision satisfaisante en utilisant, par exemple, une théorie des perturbations.

Ceci explique 'intérét croissant d’une détermination qualitative des parametres des fonc-
tions potentielles moléculaires. Le Laboratoire de Spectroscopie Moléculaire de 1’Université
d’Etat de Tomsk en collaboration avec le Laboratoire Interdisciplinaire Carnot de Bourgogne
de I’Université de Bourgogne ont développé et réalisé des méthodes pour la détermination de
fonctions potentielles quelque soit la symétrie des molecules et quelque soit le nombre de noyaux
les constituant.

Cependant, parfois I'information sur les parametres de la fonction potentielle ne suffit pas. Les
spectres de molécules isotopiques constituent une source d’information supplémentaire car leurs
propriétés physiques et chimiques sont trés proches des propriétés de la molécule mere, bien
que leurs spectres soient tres différents.

Pour résoudre de nombreux problemes de physique chimie, il est essentiel d’avoir des informa-
tions sur les relations isotopiques entre les caractéristiques moléculaires et spectroscopiques et
les parametres des raies spectrales. Mais seulement un petit nombre de relations sont connues
dans la littérature scientifique pour un petit nombre de molécules et de parametres spectro-
scopiques. C’est pourquoi le développement d’une théorie de la substitution isotopique est
fondamental.

Le but de ce travail de these est donc d’appliquer le mode local étendu et la théorie
de la substitution isotopique aux molécules polyatomiques de type XYs (Cy,), XY3 (Cs,) et
XY, (Ty) et d’en déduire des parametres spectroscopiques et des parametres de résonance afin
de prédire les spectres de ces molécules. Ce travail de these consistera donc a résoudre les

problémes suivants :

e Modification et développement de la théorie de la substitution isotopique et de I’approche
du mode local étendu appliquées aux molécules polyatomiques XY5 (Ca,), XY3 (Cs,) et
XY, (Ty) ;

e Détermination de relations générales pour les parametres spectroscopiques des molécules
étudiées en fonction des parametres de la fonction potentielle intramoléculaire par la

théorie des perturbations et des opérateurs tensoriels irréductibles ;

e Détermination de relations isotopiques permettant de relier différents types de parametres
(parametres des blocs matriciels diagonaux, parametres d’interaction de Coriolis et de
Fermi) de différents isotopomeres de la molécule de méthane avec les parametres spectro-

scopiques de la molécule mere CHy ;

e Détermination d’une transformation des coordonnées dans le hamiltonien d’une molécule
polyatomique qui permette d’écrire le hamiltonien sous une forme simple et qui s’applique

pour toute substitution isotopique.

Résumé de la these :
Le premier chapitre de la thése est consacré a la description des principes et méthodes
de la théorie rovibrationnelle nécessaire a la compréhension & la partie originale de ce tra-

vail dont entre autres : la méthode de construction d’'un hamiltonien quantique dans un
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systeme de coordonnées intramoléculaires pour une molécule polyatomique quelconque ; la
méthode de résolution du probleme rovibrationnel par les opérateurs rotationnels effectifs ; une
premiere présentation sur la théorie des perturbations and la théorie des opérateurs tensoriels
irréductibles.

Le deuxiéme chapitre de la thése présente une étude théorique de la surface d’énergie po-
tentielle intramoléculaire pour des molécules polyatomiques. Nous présentons ici une approche
du choix d’un hamiltonien approprié a des systemes moléculaires polyatomiques qui permette
de résoudre efficacement le probleme de la détermination d’une surface d’énergie potentielle par
la construction et la diagonalisation de matrices de tres grande dimension. Dans cette approche,
le hamiltonien a une expression "simple" et peut étre utilisé pour toute molécule polyatomique
de caractere normal et pour tout dérivée isotopique de cette molécule. Nous considérons des
molécules avec deux liaisons équivalentes X-Y. La réduction de la matrice hamiltonienne sera
décrite.

Le troisieme chapitre de la thése concerne une étude théorique de la molécule CHy.
Basée sur I’approche mode local étendu, une expression simple du parametre d’ambigiiité siny
est estimée pour la molécule CHy, puis, en utilisant des relations empiriques entre les constantes
de force F;_j, des relations simples sont obtenues entre les différents parametres spectroscopiques
de la molécule de méthane. Nous comparons ces valeurs avec des résultats expérimentaux
et obtenons des corrélations trés satisfaisantes entre les parametres prédits et les parametres
déduits des observations expérimentales.

Le chapitre quatre de la thése concerne une étude théorique de la molécule CHyDs.
Basée sur 'approche mode local étendu et sur la théorie de la substitution isotopique, nous
déduisons des ensembles de relations analytiques simples entre différents parameétres spectro-
scopiques (fréquences harmoniques, coefficients d’anharmonicité, coefficients rovibrationnels,
différents types de parametres d’interaction de Fermi et de Coriolis) pour la molécule de CH;D5.
Tous ces coefficients s’expriment comme des fonctions simples de quelques parametres spectro-
scopiques initiaux de la molécule mere CHy. Des calculs tests avec ces relations isotopiques
montrent que, méme en ’absence totale d’informations sur I'isotopomere CHyD5, les résultats
numériques sont en trés bonne corrélation avec les données expérimentales mais aussi les calculs
ab initio.

Le chapitre cinq de la thése concerne une étude théorique des molécules CH3D et
CHDs3;. Nous utilisons la théorie des perturbations et les propriétés de symétrie des molécules
de type XYZ3 (Cs,) pour déterminer les parametres spectroscopiques sous forme de fonctions
des parametres structuraux et des parametres de la fonction potentielle intramoléculaire. Nous
en déduisons plusieurs ensembles de relations entre les parametres spectroscopiques de ces
molécules. L’approche mode local étendu et la théorie de la substitution isotopique sont utilisées
pour estimer les relations entre parametres spectroscopiques de CHsD et CHDs3, et avec la
molécule tétraédrique CH,. Des calculs tests avec ces relations isotopiques montrent que, méme
en ’absence totale d’informations sur les especes CH3D et CHD3, les résultats numériques sont
en trés bonne accord avec les données expérimentales mais aussi les calculs ab initio.

La these se termine avec une conclusion, les relations analytiques détaillées en appendice et

une liste de références récentes.
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Introduction

High resolution rotation-vibration spectra of molecules are unique and definitive information
source about character of intramolecular interactions, states and properties of molecules. Deter-
mined parameters of spectrum lines contain information about very important characteristics
of molecules, such as structure parameters, intramolecular force field, intermolecular poten-
tial, electric and magnetic moments. This information is very important for many problems of
chemical physics.

Internal dynamic of a molecule generally is determined by intramolecular potential func-
tion. Therefore one of the important problems of molecular spectroscopy, which deals with
investigation of ro-vibration properties of polyatomic molecules, is a problem of determination
of a intramolecular potential function. This problem is very important because knowledge of a
potential function is the basis for solving the rovibrational Schrodinger equation for a molecule,
which allows us to use eigenvalues F, and eigenfunctions 1, in many problems of physics and
chemistry and many applications.

There are two basic methods to determine a potential function of a molecule. The first
method is use of ab initio calculations. Direct methods allow to receive high-quality potential
energy surface of a molecule. At the same time there are many problems in molecular physics,
which need not only qualitative but also high-quality quantitative knowledge of parameters of
potential function. The second group of methods is so-called "variational" methods. They use
high-quality experimental ro-vibrational data as initial data in fitting procedure of the param-
eters of potential function. But even the best of variational methods have some defects, which
restrict their applications for molecules with more then 3-4 atoms. It is very easy to explain
these defects if we remember that each variational method is an iterative procedure, which
constructs huge dimensional Hamiltonian matrix in some basis and then diagonalizes it many
times. The second problem is connected with the choice (selection) of vibration coordinates in

the Hamiltonian of a molecule. It is important because:

1. We use different sets of internal coordinates if we want to obtain the best view of kinetic
part of the Hamiltonian for arbitrary molecule. Up to now there is one scheme to construct
the kinetic part of the Hamiltonian for arbitrary polyatomic molecule: one can use normal
coordinates. Though if we will use normal coordinates in the determination of a potential
function, it will be unsuitable (see below why). We have to use basis, which, on the one
hand, will be universal and, on the other hand, allows us to represent kinetic part in the
universal and simple form for any polyatomic molecule. And this basis has to be free of

defects of normal coordinates.



2. As I already wrote the problem of traditional schemes is huge dimensions of Hamiltonian
matrices, which we have to construct and diagonalize many times. Eigenvalues of these
matrixes can be obtained with reasonable accuracy, using, for instance, the perturbation

theory.

These facts explain an increasing interest to the qualitative determination of the parameters
of molecular potential functions. The Laboratory of Molecular Spectroscopy of Tomsk State
University in collaboration with the Laboratoire Interdisciplinaire Carnot de Bourgogne de
I’Université de Bourgogne develop and realize methods for the determination of intramolecular
potential functions for polyatomic molecules whatever the symmetry of the molecules and the
number of nuclei in it.

However, sometimes information about parameters of potential function is not enough. A
source of supplementary information is spectra of isotopic substituted molecules, because their
chemical and physical properties are closely coupled with properties of the mother molecule,
but spectra are very different.

To solve many problems of chemical physics it is important to have information about iso-
topic relations between spectroscopic and molecular characteristics and parameters of spectral
lines. But in the literature the relations are known for a small number of molecular and spec-
troscopic parameters. It is known that such relations can be obtained from the known theory
for a limited number of cases. That is why the development of isotopic substitution theory is
very important.

In accordance with the above said, the goal of the present work is to apply, proceeding
from the modern understanding of the theory of molecular spectra, the "expanded" local mode
approach and isotopic substitution theory for polyatomic molecules of XY, (Cs,), XY3 (Cs,)
and XYy (Ty) type, and on this base to determine different spectroscopic parameters and
resonance interaction parameters, that allow to predict spectra of these molecules. The concrete

realization of the given goal consists in solving the following tasks:

e Modification and development of isotopic substitution theory and "expanded" local mode
approach to XYy (Cy,), XY3 (Cs,) and XY, (Ty) polyatomic molecules;

e Determination of general formulae for spectroscopic parameters of investigated molecules
as functions of parameters of intramolecular potential surface on the base of operator

perturbation theory and Irreducible Tensorial Sets Theory;

e Determination of isotopic relations, which allow to connect different types of spectroscopic
parameters (parameters of diagonal blocks, Coriolis and Fermi interaction parameters)
for various isotopomers of methane molecule with spectroscopic parameters of the mother

molecule CHy;

e Determination of coordinates transformation in the Hamiltonian of a polyatomic molecule,
which allows to present the Hamiltonian in a simple form and at the same time to apply

it for any isotopic modification.
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Basic content

The first chapter of the thesis is devoted to the description of the principles and some
methods of the ro-vibrational theory necessary for the understanding of the original part of
the work including the method of construction of quantum-mechanical Hamiltonian in the
intramolecular coordinates for an arbitrary polyatomic molecule; the method of solving the
ro-vibrational problem using the effective rotational operators; the basic overview about the
operator perturbation theory and Irreducible Tensorial Sets Theory.

The second chapter of the thesis is about the theoretical investigation of the intramolec-
ular potential energy surface of polyatomic molecules. We present here an approach for a de-
termination of the Hamiltonian of polyatomic molecules that allows one to successfully solve
the problem of potential energy surface determination via construction and diagonalization
of a Hamiltonian matrix of large dimension. In the suggested approach, the Hamiltonian is
very simple and can be used both for any "normal" polyatomic molecule and for any isotopic
species of a molecule. Molecules with two equivalent X-Y bonds are considered. Reduction of
a Hamiltonian matrix is described.

The third chapter of the thesis is concerned with the theoretical investigation of the
CH,4 molecule. On the base of the "expanded" local mode approach, a simple expression of the
ambiguity parameter siny of the CH, molecule is estimated and then, using empirical relations
between F; ; force coefficients, simple relations between different spectroscopic parameters of
the methane molecule are derived. Comparison with corresponding experimental values is
made, that shows more than satisfactory correlations between both (predicted and obtained
from experimental data) sets of parameters.

The fourth chapter of the thesis describes the theoretical investigation of the CHyD,
molecule. On the base of a compilation of the "expanded" local mode approach and the general
isotopic substitution theory, sets of simple analytical relations between different spectroscopic
parameters (harmonic frequencies, anharmonic coefficients, ro-vibrational coefficients, different
kinds of Fermi- and Coriolis-type interaction parameters) of the CHyDs molecule are derived.
All of them are expressed as simple functions of a few initial spectroscopic parameters of the
mother CH, molecule. Test calculations with the derived isotopic relations show that, in spite
of a total absence of initial information about the CHyD5 isotopomer, the numerical results of
the calculations have a very good correlation both with experimental data and results of ab
initio calculations.

The fifth chapter of the thesis describes the theoretical investigation of the CH3D and
CHD3 molecules. Operator perturbation theory and the symmetry properties of the axially
symmetric XYZ3 (Cs,) type molecules are used for the determination of the spectroscopic pa-
rameters in the form of functions of structural parameters and parameters of the intramolecular
potential function. Several relations between sets of spectroscopic parameters of these molecules
are obtained. The "expanded" local mode approach and the general isotopic substitution the-
ory are used to estimate the relations between spectroscopic parameters of CH3D and CHD3,
on the one hand, and with the T; symmetric isotopic species, CHy, on the other hand. Test cal-
culations with the isotopic relations show that, even in the total absence of initial information

about the CH3D and CHDj3 species, numerical results of calculations are in a good agreement
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both with experimental data and results of ab initio calculations.
This thesis then ends with a conclusion, detailed analytical relations given in appendices

and an updated list of references.
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Chapter 1

Methods of theoretical investigation of

molecular spectra

In this chapter we present some basic ingredients and results of the rotation-vibration

theory [1, 2, 3] necessary to the understanding of this thesis.

1.1 Rotation-vibration Hamiltonian of a molecule

A theoretical description of a natural phenomenon implies to build a mathematical model
in order to describe this phenomenon. Mathematical models can be constructed in different
ways if one wants to take into account physical processes that really occur in nature. In connec-
tion with this there is the problem of choice of physically confirmed / affirmed (substantiated)
mathematical models of investigated objects. The use of non appropriate models creates dif-
ferent kinds of errors, not only quantitative but also qualitative. In the problem of molecular
spectroscopy this goal may be summarized in the construction of a correct Hamiltonian of a
molecular system. Solutions of the Schrédinger equation will depend on the choice and on the
form of the Hamiltonian operator.

From a physical point of view, a molecule is a physical system, which contains atomic nuclei
and electrons. Therefore if we want to determine precisely the energy levels of a molecule, we
need to solve the Schrédinger equation with a Hamiltonian that depends on the coordinates
of all nuclei and spins of all particles in the molecule and that takes into account all kinds
of interactions between all these degrees of freedom. This is a huge and difficult scientific
problem. The precise resolution of the Schréodinger equation with as so complicate as possible
Hamiltonian is an extremely huge task and barely unsolvable when the number of degrees of
freedom increases. A realistic way to express a theoretical description of a molecular spectra
consists to use different kinds of approximations in the construction of the Hamiltonian of a
molecule.

Typically, non-relativistic Hamiltonians that are used in molecular spectroscopy have the

following form

H:Tnucl+Tel+M (]-]-)
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where T}, and T, are respectively operators of kinetic energy of nuclei and electrons. V' rep-
resents an operator of potential energy of molecule, which contains energy of electron-nucleus
attraction and energy of electron-electron and nucleus-nucleus repulsion. Therefore, the oper-

ators Thua, 1w and V', in a Cartesian system of coordinates, may be expressed as follows

h? 1 0? 0? 0?
Tnucl = — 4 ( + + ) s

2 &~ my \02% Oy} 0%
T, = _h_Q L 8_2 + 6_2 + 8_2
‘€T 9 — Ml dz?  oy?  9z2)° (1.2)

2
EPI- R R
i,j>i Y N,N'>N j !
where my and m,; denote the masses of nuclei and electron; e and Zy - electron charge and
nucleus charges; 7;; (resp. ryy/) is the distance between particles ¢ and j (resp. N and N').
TN, Yn, 2y and x;, y;, 2z; are, respectively, the coordinates of the nuclei and electrons in the
chosen Cartesian space-fixed system.

It should be noted that the operator (1.2) is rather written in the following standard form

h? 1 0?
Tnucl__E Z m_N (ax?\[a) )

N,a=z,y,z
h? 1 0?
Tu=—% Pl
l 2 iazx:yzmel (812 )
ZNZN/ €ZN
V=Y e ¥ Aoy 13)
i, J>1 T N, N'>N i v

As the molecular translational motion energy of the center of mass of the system is not taken
into account, then the most convenient and most frequently applicable procedure for describing
molecular states is the one wherein the state functions depend on molecular orientation (rota-
tional variables) with respect to the space-fixed coordinate system and relative arrangement of
particles forming the molecule (vibrational variables). In this connection, the problem consists
in the transformation of a classical- or quantum-mechanical Hamiltonian (for example, (1.1))
from a space-fixed system of coordinates to a molecule-fixed one.

This transformation may be described as follows: the molecular Hamiltonian as a function
of generalized coordinates x, and derivatives with respect to them, 0/0z,, can always be
transformed to a system of new generalized coordinates ¢, if the transformation laws for the

coordinates and the derivatives

Tp = fn(Qm)7 a/axn - (Qm7 8/8%) (14>

are known. It is known that if the transformation (1.3) is nonsingular, i.e., the Jacobian of
the transformation D(0x,/0q,,) is nonzero, then the relations such as Eqgs. (1.3) for partial
derivatives can always be uniquely determined. It is important to note that many different
types of transformation (1.3) may be chosen for a given molecular system. One may want
for instance to eliminate the spin variables, or to chose a system of coordinates that takes

into account the symmetry of the molecule, or to prefer another system of coordinates where
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identical bonds may be treated uniformly, etc. However, whatever the choice of coordinates,
the eigenvalues must coincide and of course one should be able to convert the eigenfunctions
defined in a set of coordinates to another ensemble of eigenfunctions defined in another set of
coordinates. Thus the choice of a precise type of coordinates depends of the available physical
data or for some more suitable application or because it may reduce the size of the problem to
a computational solvable one.
At present, it is known that one of the most successful and powerful choice of coordinates
is
TNa = R + Z Kapr'vs:
B=z,y,z

Tio = Ra + Z Kaﬁrgﬁy

ﬁ:‘x7y7'z

(1.5)

which enables one to separate out different types of motions in the molecule. Here xy, and x;,
are the components of vectors describing the positions of the Nth nucleus and the ith electron
in a space-fixed system of coordinates; R is the vector of the origin of the molecule-fixed system
of coordinates with respect to the space-fixed one; K is the matrix of directional cosines of
angles between the axes of old and new systems. The molecule-fixed system of coordinates is
determined in such a way that its origin is at the center of mass of the molecule. Mathematically

this condition reads:
Z MNTyg + Z Mg = 0. (1.6)
N i

Here r;5 are the components of the ith electron in the molecule-fixed system, and ry, are

expressed as
r;\]ﬂ :r;{’}ﬁ%—Zm]}l/lemQ)\, (17)
A

QY are vibrational coordinates. We shall here choose the constants r}\e,ﬁ and [y in such a

way that, as in the vibration-rotation theory of spectra, the following conditions will be fulfilled:

. . . / . . a1 . ..
e 7ys coincides with 7y, when the nuclei are in the equilibrium positions;

e the molecule-fixed system of axes coincides with the principal axes of inertia of the

molecule when the nuclei are in the equilibrium positions;
e the vibrations are normal® [3, 4];

e the Eckart conditions® [2, 3, 5] are fulfilled.

1/2

. . . . . . 1/2 .
(1 Coordinates @y have dimension cm-g'/2. Often used nondimensional coordinates ¢y = (2”%) / Qx, cis

the speed of light, wy are the harmonic frequencies of a molecule. Values Iy are nondimensional.
(?)Vibrations are called normal if the operator that describes system of harmonic oscillators is

. 0 . 0 - o
%am (_ZhﬁQ,\> <_Zh8Qu) +§5A#Q)\Q#, oy = Poap = 01f X # p.

(3)The Eckart conditions are:

1 2 ’ ’ ’
Z Eagﬂ,m]\{ rNglnya =0, ZmNr]\e,arA@,ﬁ =0, a#p.
N,Byy N
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Taking into account the independence of the vibrational coordinates @)y, these requirements

can be written as

Z 6a57m%2r;§511\;ﬂ = 0, 1<A<3N-6, a=uv,z, (1.8)
N.Byy

> lvarlven = Oy (S1-1= 1), (1.9)

0*V )
Wy = (=t — 0, 1<A£u<3N—6, 1.10
Ap (aQ/\aQM 00 7&“ ( )
ZmNT}{’}ar;\?B = 0, a# (thus3equations), (1.11)
N
ov
A — 0, 1<A<3N-—6, 1.12
(3QA> (112

where V' is the molecular potential function; €44, - is the completely antisymmetric tensor. To
the relations (1.7) - (1.11) we shall add the condition (1.5) which can be represented as

Z MNTRNg + Z meris = 0, (thus only 3 equations where 774 are involved), (1.13)

Zm}vﬂzw = 0, 1<A<3N-6, B=ux,y,z (1.14)

Formally, 3N conditions (1.10) - (1.12) are sufficient to determine 3N parameters r7z; and
3N (3N —6) relations (1.7) - (1.9) and (1.13) are sufficient to determine 3N (3N — 6) constants
Ingr. The transformation of the coordinates (1.4) is thereby set in concrete form.

However, the scheme described by the relations (1.4) - (1.13) which introduces new coordi-
nates has an essential disadvantage. Since the origin of the new coordinate axes is placed at
the center of mass of the total molecule, to determine the electronic and nuclear coordinates at
every moment in time it is necessary to know not only the nuclear configuration but also the
arrangement of all electrons relative to the nuclei (see conditions of Eq. (1.12)). At that point
the problem is substantially complicated.

The use of a new coordinates system in which both ri; and r}; are determined not with
reference to the center of mass of the total molecule, but with reference to the center of mass
of the nuclei is more natural. In this case the position of the coordinate axes depends only on
the nuclear configuration and, hence, they can always be determined easily. As was shown in

[6] in this case the coordinates transformation law takes the form

o =R, +Z’CO‘5 <7“NB+Z Inga Q —melzrm>
Lz
wa:Ra—i_Z’Caﬁ <7"i/g—ﬁz7"jlg>,
B J

where now 7y and 7;5 are the nucleus and electron positions in the system of reference whose

(1.15)

origin is fixed at the center of mass of the nuclei, and
M=) my+2 mq
N i
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is the total mass of the molecule. In this case, the equations for determining 755 and Iy have
the same form as Egs. (1.7) - (1.11) and (1.13) had previously, but now rf; and r;s are used

in place of rij5 and rj;. Condition (1.12) now takes the form:

> myrys =0 (1.16)
N
Being now aware of the way the coordinates are transformed (see Eqs. (1.14)), it is possible to
determine the transformation law for the operators Py, = —ih 8& and P, = —ih aj . As it
is shown in [3, 6] they have the form
Mej
Pia: Mpa+ Z ’Caﬁljiﬁa
IB:x7y7Z
. (1.17)
Py, P + Z ICa,B (Z v m lNﬂ)\P)\ — Z mNE»B’YXTNWIN 1N el ZP]b’)
f=,y,z YOX=2,y,2

where My = >, my is the total mass of the nuclei; P, is conjugate impulse to coordinate of
translation of molecule as a whole; Py is conjugate impulse to @), and I” s are elements of the

tensor of moments of inertia which depend on @)). Operators N, have the form
Na:Ja_Ga_Lom

where J, are the components of the total angular momentum,;
Ga = Z CS\CMQ)\PM
A
are the components of vibrational angular momentum and

Lo = Z EapBy Z rigPiy
By @

are the components of the electron angular momentum.
Finally, after different kind of straightforward transformations, wave function normalization

in new coordinates, etc. the Hamiltonian assumes the form |[3, 6]

2
1 1
‘Z zmlzpii*MZ(Z P) ty 2.

(2

(1.18)
- h? ~
+§ Z(Ja - Ga - La)/iaﬁ(‘]ﬂ - Gﬁ - Lﬁ) +V - g Z/iaaa
af «

where [i,5 are the elements of the matrix of inverse moments of inertia. The first term in (1.17)
describes a translational motion of the total molecule as a whole, the second term describes
the “kinetic energy” of the relative electron motion, the third term is present because of the
difference between the center of mass of the nuclei and the center of mass of the total molecule
and describes the so-called “mass isotopic energy shift”, the fourth and fifth describe ro-vibration
motion of nuclei core and its rotation, the operator V' is the transform of expression (1.2) and
the last term —(7%/8) 3" fiaa is called Watson term.
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Formula (1.17) is an expression of the Hamiltonian of a polyatomic molecule in internal
coordinates. The coordinates transformation used here can be applied to more complicated
cases, for example to take into account spin effects, external magnetic or electric fields, etc. It
should be noted that the Hamiltonian transformation from (1.1), (1.2) to (1.17) here before

can be used only for nonlinear molecules.

1.2 Born-Oppenheimer approximation

To consider intramolecular potential energy surface (PES) it is needed to discuss about
the Born-Oppenheimer approximation [4]. The Hamiltonian of a free molecule without exter-
nal fields is a sum of kinetic energy of nuclei and electrons and their electrostatic interaction
(1.1). Different small quasirelativistic additions, effects dealing with spin-spin and spin-orbit
interactions, etc. can be taken into account by using perturbation theory. As already men-
tioned above, exact solution of the Schrédinger equation with Hamiltonian (1.1) for polyatomic
molecules can not be obtained. Consequently it is convenient to consider another form for the
Hamiltonian (1.17). It was shown in [2] that the Hamiltonian (1.17) may be expressed has a
sum of three parts

H=H,+ AH, + AH,,

where

P _
AH, :ZerEZPerEzuag(Ja—Ga)(Jﬂ—Gﬂ% (1.19)
af

1 ~
AH, = Z Pao | + 2 Jiasg(Lals — (Jo — Ga)Ls — La(Js — Gg)).
2M N 2 "
Solution of the Schrédinger equation in the Born-Oppenheimer approximation consists of two
parts:
e the motion of electrons in the field of slow-moving nuclei;
e the motion of the nuclei in the effective field of the electrons.

The first part is a solution of stationary Schrédinger equation with Hamiltonian H;:

Hel@/Jle(ATNK) = En(ATNK)wzl(ATNK) = Vn(ATNK)@/}Zl(AT‘NK). (120)

It should be noted that eigenfunctions and eigenvalues of H.; depend on distance between nuclei
Arygk as a parameter. Potential function is some parameterization of points of V,,(Aryk) when
n is fixed for different values of Aryg.

A widely used method to obtain the PES of a molecule is the use of different ab initio cal-
culations. However the accuracies in the determination of vibrational-rotational line positions
in present experiments are 10° — 10° times greater. It is clear that even the best results of di-

rect PES-calculations should be improved on the basis of these experimental data. That’s why
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there are semi-empirical methods in which is solved the Schrédinger equation with Hamiltonian

(effective Hamiltonian of isolated electronic state):

HIT = Vo(Aryg) + 0| AH [0

+ (W AH e
n Z WZIIAHl + AHZ’¢§€><’¢;ZL|AH1 + AH2W21>
En - Em

+ o (1.21)
ms£n

The two first terms of rhs of (1.22) are written in Born-Oppenheimer approximation; the third

and fourth (resp.) terms of rhs of (1.22) are adiabatic and nonadiabatic (resp.) correction to

Born-Oppenheimer approximation. It has been shown in [2] that these two last terms lead to

correcting terms of order x* for the following ro-vibrational Hamiltonian

1 1
H = §;P§+§Zﬁuaa(Ja—Ga)(Jﬂ—Gﬂ)+V, (1.22)
where Kk = (%)l/ * which is sometimes called the Born-Oppenheimer parameter.

Within the Born-Oppenheimer approximation, the PES remains unchanged for all iso-
topomers. This fact is extremely important because it allows to use experimental informations

about rotational-vibrational spectra of all possible isotopomers of a molecule.

1.3 Isotopic Substitution Theory

There are presently many problems in rotational-vibrational spectroscopy in which can be
used these isotopic properties of the PES, for example for the determination of the molecular
structure, parameters of the potential function, dipole moment, etc. This can be done using
relations between spectroscopic parameters of the mother molecule and its different isotopic
modifications [§].

As the normal coordinates are functions of atomic masses, then parameters as harmonic
frequencies, anharmonic parameters, etc. are functions of atomic masses too. Therefore to
obtain the isotopic relations between the molecular and spectroscopic constants of different iso-
topomers one should consider the relationships between the coordinates of the mother molecule
and its isotopically substituted modifications. Thus it is necessary to consider system of coor-
dinates transformation in isotopic substituted molecule and determine the parameters of this
transformation.

Let the Hamiltonians

H(z) =) ;ﬁ +V(zNa), (1.23)
and
/ P]%fa
H'(z)=> T +V(zna) (1.24)

[0}

be the Hamiltonians of the reference molecule and its arbitrary isotope. Here zy, are the

coordinates of nucleus number N and Py, = —ih0/0xNq.
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The isotope operator H'(x) (1.25) differs from the reference molecule Hamiltonian H(z)
(1.24) only in the denominator in the first term, but the potential function in both these

operators is the same. It is convenient to represent the operator H'(z) (1.25) as

H'(z)=H(z)- )

Na

m?v — MN 9
— P s 1.25
QmQVmN Na ( )

where H(z) is the Hamiltonian of the reference molecule (1.24). The second term of the rhs
of (1.26) can be interpreted as an operator which is responsible for variations in the molecular
spectrum due to isotopic substitution.

To solve our problem it is necessary to make transformation from Cartesian coordinates
TNq In the space-fixed system to intramolecular coordinates in the Hamiltonian (1.24) and also
in the Hamiltonian of the isotopic species (1.25). This transformation put the Hamiltonians in
the Watson form |7], which satisfies the Eckart conditions.

It should be noted that the transformation from zy, of space-fixed system to intramolecular
coordinates ¢ is not the only one leading from the operator H'(z) to the operator H'(q). It
is known that there are many of nonsingular coordinates transformations that transform the
Hamiltonian operator of the isotope. As a result we will have Hamiltonian in intermediate
form. The set of nonsingular coordinate transformations form a group [9]. Therefore there
is coordinate transformation in the group which allows to transfer from intermediate form to
Watson form of the Hamiltonian.

At the same time, the intermediate operator has a property that is very important for the
subsequent analysis: except for the masses m’y all the other parameters occurring in this Hamil-
tonian are the reference molecule parameters, i.e., the harmonic frequencies w), the anharmonic
constants k) ,, the equilibrium parameters, the moments of inertia, the transformation coeffi-
cients, etc. If now the transformation from intermediate form to Watson form is determined,
one can transform Hamiltonian directly to the Watson operator, keeping the dependence on the
reference molecule parameters. Comparing the result thus obtained with the standard Watson
operator, one can obtain isotopic relations between the molecular parameters.

In the first step one should determine the transformation coefficients lyqy. It was shown |[§]
that transformation coefficients of a substituted isotopomer are functions of characteristics of

a mother species

1/2
E e my
l}(’y)\ - Ka'y (m?v) lKa,LL/B)\,uy (126)
ap

where indices N, K numerate atoms of the molecule; parameters of the isotopic substituted
molecule are marked with a apostrophe (’); indices «,~ indicate x,y or z; A, u numerate vibra-
tional modes; my and m/y are masses of nuclei of mother and isotopic substituted molecules,
respectively; K¢ _ is the matrix that provide a rotation of the molecular equilibrium coordinate
axes from a mother species to a substituted one under isotopic substitution; 3y, are the ele-
ments of the matrix that is inverse to the matrix {a,,} with the elements «,,. It is possible
to show [8] that the following condition holds

m
Z ANy = A/\,u = Z m_,]]:lNa)\lNoa;m (127)

Na
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> AuWay, = ay W (1.28)

This is a set of nonlinear equations for determining the parameters a,. As is well known this

set of equations has a nontrivial solution only when the condition
det{ AW — W'} =0 (1.29)

is fulfilled. Here A is the symmetric matrix with the elements A,,, W and W’ are the diagonal
matrices whose elements are the squares of the reference and substituted molecule harmonic
frequencies, respectively (W, = widy, and W}, = widy,). Using the isotope harmonic fre-
quencies w) determined by Eq. (1.31) and inserting them into Egs. (1.29) and (1.30), one can
define the parameters ay, as well.

The elements of the rotation-matrix K¢, satisty the conditions
Y KLKL, = K5 KL, =0, (1.30)
and

Z caKG =1° K, (1.31)

where I’¢ are equilibrium moments of inertia of isotopomer, and

5= EancEpsciss (1.32)
76§
where
. . Dk My Dor ML s
s =05 =D M — = > =L : (1.33)
N NN

Here r%;,, are the equilibrium Cartesian coordinates of the nucleus of the mother molecule in
the molecular coordinate system.

Also we need to know isotopic relations for anharmonic parameters [8|:

WHrw,w 1/2

Wty

)\’;L v/ E § W w w k)\,uua)\)\’au,u’az/y’ +
A

A<Zu<v (N, u! ')

+(2im)”22 >

i (N,

5 O{Z)\/CY (134)

1 W'
Aww (W' W )1/2

All values in Eq. (1.36) are determined below except al k.. -parameters are anharmonic

y’?
force constants corresponding to nondimensional norm;l coordinates. The values az,y, also
are known but they are complicated functions of molecular parameters, thus we give their
expressions in [8, 10]). 32 v, and 32\ .. denote summation over all permutations of
different indices from the set {\'p/v'}. In this case, one will assume that for the indices {\'p/'v/'}
not separated by a comma the condition p/ < v/ is fulfilled.

Thus using the formulae here-before, the set of nontrivial relations for molecular parameters
of different isotopomers can be obtained. As a first step one needs to know transformation
coefficients, to analyze parameter of ambiguity (explanations concerning the notion of parameter
of ambiguity, for the CH, molecule, will be more precisely developed in Chapter 3, Section 3.2.
Reader may also see [11, 12]) and to apply it to Egs. (1.29) - (1.35). As a result we will obtain

the relations between molecular parameters of different isotopomers.
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1.4 Operator Perturbation Theory

In our investigations one needs to describe the molecule as a quantum system. And there
is a question: how may we solve the Schrédinger equation and obtain the eigenvalues and
eigenfunctions of this quantum system? It is known that the eigenvalues are energy levels of
the quantum system, and the eigenfunctions allow to calculate the transition probabilities and
average values of physical quantities of the molecule. But the exact solutions of the Schrodinger
equation can be found only in a small number of simple cases (for example for molecular ion
Hy). That’s why in most of the problems one should use perturbation theory [4]. Let us
suppose that the Hamiltonian of a given physical system is of the form H = Hy + h. Here h is
a small correction (or perturbation) to the unperturbed operator Hy, i.e. Ej, << Ey where Ej
represent the eigenvalues of Hy and FEj, the contribution due to h, of course the eigenfunctions
and eigenvalues of H, are supposed to be known. The Hamiltonian can be expanded into
separate parts, in our case, we suppose that the development of A is possible as a polynomial
expansion of the parameter x: .

H=Hy+ Y Hy(s"). (1.35)

n=1

k™ indicates that the operator H,, is small if compared with Hy and that H,_; > H, for all
n > 0. We have now to solve the Schrodinger equation using the traditional perturbation
theory. However, in molecular spectroscopy, operators H, (k") may be functions of others
variables, than the ones include in the Hy operator. If the perturbative operator h depends
on the same variables as the operator Hj,, then matrix elements of operator h calculated in
the eigenfunctions of the operator Hy are known. If the operator h depends on the same
variables as H, and also others variables, then matrix elements of the operator h calculated in
the eigenfunctions of the operator Hy are not determined.

In most of the cases different kinds of so-called methods of effective operators are used [3].
The goal of these methods is: if one cannot obtain the solutions of the Schrodinger equation
with the Hamiltonian H (mainly due to the mathematical difficulty to solve analytically, exactly
or even approximatively, the Schrodinger equation), then one try to find another Hermitian

operator H' that satisfies the next properties:

1) exact or enough precise, analytical solutions of the Schrédinger equation with the operator

H’ can be determined;

2) the set B’ = {EY;, ¢y } of the eigenvalues and eigenfunctions of the Schrédinger equation
with the operator H’ is identical to a subset B of the set A of the eigenvalues and

eigenfunctions of the Schrédinger equation with the operator H.

The operator H' that satisfied the conditions (1) - (2), is called effective Hamiltonian for the
subset B. For instance, for an isolated electronic state one can construct the effective rotational-
vibrational operator, also for the isolated electronic-vibrational state one can construct the
effective rotational operator.

One of the methods of construction of the effective rotational operators was developed in

[3]. This method is based on the use of projection operators |2, 3|. Results obtained in [3]| allow
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to determine effective operator and to express parameters of the symmetrized Hamiltonian as
analytical functions of parameters of the initial vibrational-rotational Hamiltonian.
Consider that the Hamiltonian of the described system is a function of two types of variables

(for instance vibrational variables and rotational variables) and can be expressed as
H = Hy(a) + h(a,b), (1.36)

where Hy(a) is the zeroth-order operator (unperturbed operator), a and b are the sets of vari-
ables the Hamiltonian depends on, h(a,b) is a perturbative contribution depending on both a
and b variables.

It is known in quantum mechanics theory, that for the abstract quantum system it is possible
to obtain eigenvalues of any Hermitian operator (not only the Hamiltonian operator). For this
we need to consider a complete, if possible orthonormal, set of functions, then to construct
the matrix and then to diagonalize this matrix from which we may deduce the eigenvalues and
eigenfunctions of the operator.

We denote E, and |a) the eigenvalues and eigenfunctions of the operator Hy, noting that it
is always possible to build |«) as a complete orthonormal set of functions. E, and |a) depend
on the a-variable. Let |i) be any set of functions, on which the perturbative operator h is
acting, such that the dimension of basis |i) is equal to the dimension of the Hilbert space which
describes the physical problem associated with h. These functions depend on the variables
a and b and may also satisfy normalizing conditions. The set of functions |o, i) = |a)|i) is
a complete orthonormal set of functions of the operator H = Hy + h. In that case one can
determine eigenvalues and eigenfunctions of the operator (1.38) as in the known scheme [4]: to
construct the matrix of the operator H in the basis |«, i), then to diagonalize this matrix by a
unitary transformation A

H— H=A"H A, (1.37)

Elements of the diagonal matrix H are the eigenvalues of the Hamiltonian H and the

eigenfunctions |Us) of the operator H will have the following form
|Ws(a,b)) ZAg oil @, 7) (1.38)

where Ag,; are the elements of the unitary matrix A that diagonalizes the initial matrix H.

However, the process of construction and diagonalization of the matrix H can be divided
into two steps: 1. to construct the matrix («|H|S) in the basis |«) (in that case the matrix
elements («|H|B) depend on b-variables). In general, the elements of the matrix («|H|S) will
be nonzero. 2. to construct the matrix (i|(«|H|B)|j) and determine the eigenvalues of the
operator H (see (1.37), (1.38)).

But one can do it in another way. Instead of H, we decide to consider the operator:
H = G'HG. (1.39)

Here GG is an unitary operator and

= exp ( Zgn ) , (1.40)
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where g, = gn(a,b) is an Hermitian operator of order (~ x"). Now one need to construct the
matrix («|H'|5) as for the initial operator H. Let’s divide the space L, of wave functions |«)
into two subspaces Lo and L, with L, = L. + L, (the space L,o is a finite-dimensional

space). Thus all matrix elements («|H’|3) are divided into four sets of elements:
(a®[H'[3%), (o[ H'|8), (o [H'|3°), (o | H'| ')

Let’s choose the operator G in such a way that all elements of the set (a°|H'|3") and (/| H'|5°)

are equal to zero.

& &

(| 00.
(0% Heﬁ 00
| 00.. X X
@3] 00.. X X

It means that one can determine eigenvalues and eigenfunctions of the operator H' (and
also the operator H) by diagonalization of the constructed matrix (i|(«|H'|3)|7). It means that
the matrix («|H’|8) can be reduced to the block-diagonal form (Jordan’s form) by appropriate
reordering of the basis, which means by appropriate permutations of the columns and rows.
Thus the matrix (i|(a|H'|8)|7) may be divided into two sub-matrices, which can be diagonalized
separately. If we are interested only in the energy levels of the sub-space generated by the |a°)-
states then it is enough to diagonalize the sub-matrix (i|H},|7) = (i[{(a’|H'|3°)7).

The operator H is called the effective operator of a system of N states [af),[a9), ... |a};).
The most interesting case is when H_ . is reduced into a 1 x 1 dimension matrix. In that case

e

H{;; is called the effective operator of an isolated state and it has the following form |3]:

Ohla){a|h|0) |
Eo — E,

H% = Ey + (0[h]0) + > (
a#0

(0]h]er) (1| B) {B|R|0)
Z (EO - Ea)(EO - Eﬁ)

0,820

1 0|h|0)(0|h|a){|h|O 0|h|a) {a|R|0){0|h|O
L5 OOl )+ O OYOA) )

2 i
where FE, are eigenvalues of the a-state.
But in practice there are many cases of systems with two, three and more interacted states.
The effective operator of a system with resonances has the next form [3, 13, 14] (taking into

account the third-order corrections of the perturbation theory):
H,, = Hyy(0) + Hyy(1) + Huy(2) + Hyy(3) + .-, (1.42)

where the operators H,,(n) are

H,y(0) = E,04y,
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Hay(1) = (z[hly),

H,y(2) = %Z(x|h|a><0&\h|y> (E iE Tz iE )
g o o
1 1 L
Hey(3) = 5aﬁzm<$\h|04><04\h\5><5\h\y> { (E» —E)(E, —E5) | (B, — E)(E, - E,g)}_
(x|h]a){a|h]z"){z'|h (x|h|2"y (2" |h]a)(a|h
——Z;% o) !IE/_Hy__Z;% i) ||/><—|ELZ;> (1.43)

and (2 is the space of all interacted states. The formulae here-before allow to connect parameters
of the vibrational-rotational Hamiltonian with fundamental molecular constants.
On the base of results in (1.46) one can obtain the form of diagonal blocks of the effective

operator H. . The operator h = H — H, has the next form:

h= i B (K™). (1.44)

For molecules of different symmetry the form of operators h,, is not the same.

The diagonal block H!, can be expressed as follows (for asymmetric top molecules):

)T H, ZM(er >+Zm#<w+ )( +;)+...
+Z{Be Zog\(v)\—i- >}J2 (1.45)

+§ > {risnst Jada s + .
afBvyd
One can see that the formulae for spectroscopic parameters as a functions of fundamental
parameters of a molecule and the resonant blocks of the effective Hamiltonian can be easily

obtained.

1.5 Choice of unitary transformation for effective Hamil-

tonian

It is known that an effective Hamiltonian of an isolated vibrational state |v) is expressed
as:

HE = o) (0] HY, (1.46)

It should be noted that an effective rotational Hamiltonian is determined with some ambiguity,
because we can make unitary transformation:
HHO =37 Ay (JIJTL 4TI J) = P {Z A (TLILTT + J;J;*J;’)} P =PrHACOP,

pgr pgr

(1.47)
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1. The difference between operators H//(M) and H¢/f®?) is into difference between coefficients
A,y and Al

pgr?

2. The unitary operator P, which is also a rotational operator, can be written as

P =explty  Spr(JLILTL + JLTLTD)]

xYyYz z%y"x
pgr

where S, are coefficients, which are not determined uniquely.

The goal is to chose an operator P, that is the coefficients S,,,, such that it simplifies the
initial effective Hamiltonian, by reducing the number of total calculations within the trans-
formed Hamiltonian, or/and such that it gives a more diagonal Hamiltonian, etc. But, for
instance in the case of a step-by-step diagonalization process by multi-contact transformations,
as the main condition imposed on P is to let invariant the already diagonalized first orders of
the transformed Hamiltonian, this condition does not defined on a unique way, does not impose
without ambiguity the choice of the operator P at a certain order of the contact transformation.

Thus we can make a particular choice of the operator P i.e. of the coefficients S, such

that it leads to a convenient form of the effective transformed Hamiltonian.

1.6 Basis of the Irreducible Tensorial Sets Theory

On the base of methods, described in the previous paragraphs, one can efficiently construct
the Hamiltonian of a molecule as a quantum system. It allows to determine energies, transition
probabilities, different fundamental parameters, etc. of a molecule. However, for molecules
of high symmetry (for example the methane molecule) the obtained Hamiltonians of these
molecules may have complicated form. On the other hand, we can improve (simplify) the
process of constructing and the final form of the Hamiltonian using theorems and statements
of the Irreducible Tensorial Sets Theory.

The Irreducible Tensorial Sets Theory is a powerful theoretical tool in physics to describe
the molecule as a quantum system. It is known that in the frame of Irreducible Tensorial Sets
Theory it is possible to construct linear combinations of the operators or wave functions that
are symmetrized in accordance with the irreducible representations (irrep) of a symmetry group

of the described quantum system.

Irreducible tensors.

Consider a set of orthonormal functions as being a vector in a n-dimensional vector space
L,. This vector z with components z; (i = 1,2,...,n) transforms to another vector z’ = gz
under operations g of the group G of linear transformations. The components of the vector z’

are:

= gri =Y Tiilg)z;. (1.48)
J
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We can construct products z;y; of two vectors x and y (with components z; and y;) of the

space L, that are transformed under operations g € G as

(ziy;)" = g(iy;) ZTM )T (9)zetn = ZTMU 9)TkY1, (1.49)

where the matrix T}, ;;(g) is the direct product of the matrices Ty;(g) and Tj;(g). The set of n?
values (as products z;y,) transformed under operations g is called a tensor of the second order.
We denote this tensor A;;.

The tensor A;; is a symmetric tensor if A;; = Aj;. The tensor A;; is an antisymmetric tensor
if A;; = —Aj;. Any tensor of the second order may be split into symmetric and antisymmetric
parts:

Ay = %[Aij + Aji] + %{Aw‘ — Aji} (1.50)

Analogously it is possible to construct the tensor Am2 i,, where [ is the order of the tensor.

The tensor A
n (1.48)) as

. l .
ivig..i; 15 @ set of n' values, A; i, i, = H :c , transformed under operations g (as

l
A;122 G Z (HTJklk(g)) Aj1j2~--jl' (1'51>

gzt \k=
The matrices of the transformation (1.51) for different ¢ € G form the representation of the
group G which is called tensor representation of the /th order. In general, this representation
is a reducible representation because it is product of [ representations of nth order (1.48).

A vector is a tensor of first order. A scalar is a tensor of zeroth order.

An irreducible tensor of symmetry I' of the group G of linear transformations is a set®
of [I'] values \IIEF), which transform under operations g of the group G in accordance with the

irreducible representation T of the group G:

gv ZTF) (1.52)

here ¢ = {i1, 19, ...5;} and j = {j1, jo, .51}

If G is the SO(3) group, then the set of (2J + 1) values \IIZ(J), transformed under irreducible
representation DY), is called the spherical tensor of rank J. For example, the set of (2J +1)
spherical functions YM (M = —J, ..., J) is the irreducible tensor of rank J.

We can add two irreducible tensors ¢§F) and \IIEF), if they are both transformed under

irreducible representation DI of the group G:

o+ 0l = (. (1.53)

@)

As a result we obtain the irreducible tensor y; ’, transformed under the same irreducible rep-

resentation D). The direct product of two irreducible tensors is defined as

X](CF) = [¢( m) ¢ Pl ’Yz qu Y1) ’Yz) F%)wzj’ (1.54)

(O[T denotes the dimension of the irrep T
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where F' are Clebsch-Gordan coefficients (we will discuss this point in the next section of this
paragraph). As a result we obtain the irreducible tensor x", transformed under irreducible
representation D). The D™ is contained in the expansion of the direct product D) x DO2),

An irreducible tensor operator is the set of operators Pi(F), transformed under operations

R of the symmetry group of the space, in which these operators act on, in accordance with

irreducible representation DI of this group:

R'POR=>"[DO(R)ER". (1.55)
k

Clebsch—Gordan coefficients.

It is known [18] that the product of two irreducible representations of the group G is, in
the general case, a reducible representation, and it can be expanded into a sum of irreducible

representations as:

D 5 DO = “n(T) D", (1.56)
r
The expansion (1.56) is a Clebsch—-Gordan series and coefficients of this expansion can be
calculated (see [5, 18, 19]).

The Clebsch—Gordan coeflicients are the coefficients F| &S}m, defined in (1.54), which per-
form the explicit direct sum decomposition of the tensor product of two irreducible represen-
tations DOV x D2) into irreducible representations D)

[\1;(71) > \1;(“/2)]2"F) _ ZFEQI%JW‘M\IJET)\IJE?)’ (1.57)
1112
where n = n(I).

One may also find many others notations for Clebsch—Gordan coefficients:

nk > . (1.58)

1 Y2

1 2| ]

F?JS?” =< Niyeiz|(nl)j >= (

If one considers only unitary transformations, it exists an unitary transformation from basis

\112(.?1)\111(.32) to \Dgnr) through unitary matrix elements < 73i172i2|(nl')j > (as can be seen from

(1.57)).

Wigner introduces another notation for the Clebsch-Gordan coefficients which are called

3I'-symbol <le 72 73

) . They are defined following;:
1 2 13

T Y2 | s Yo Y2 V3
(2 2= ) mn (2 2 ), o
11 12 | 13 11 12 13

The 3I'-symbols have symmetry properties. An even permutation of the columns leaves the

(71 )()( ) (1.60)
11 12 1 2 1 11 T 11 19
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while an odd permutation is equivalent to a multiplication by (—1)7"72%7:

(7)o (2T ) e (BT ) e
11 192 1 9 11 1 11 1 19

For the molecules we are concerned with in this report, the possible values of (—1)"

by:

are given

1. for Oy, point symmetry group: (—1)4 = (=1)P = (=1)%2 =1, (-1)"2 = -1
2. for Cs, point symmetry group: (—1)4 = (=1)¥ =1,(-1)"2 = —1
3. for Ty point symmetry group: (—1)4 = (-1)f = (=) =1,(-1)* = (-1)F1 = -1

If one of the representations in the 3I'-symbol is the totally symmetric representation (A;),

then we can use the following formula:

A T T
( b >:5rrf5z'z"[r]_l/2. (1.62)

Y

There are orthogonality properties for the 3I'-symbols
I I, T
Z ( .1 .2 ) = (I TLT), (1.63)
gr \ b J Kk
where §(I'1[oI") = 1 if 'y, 'y, I" satisfy the triangular condition ((I'y ® I'y) D T'), and is zero
otherwise.
61'- and 9I'-symbols.

The next invariant quantities are 6I'-symbols. They are defined by a sum over products of

four 3I'-symbols

I'n Iy I3 _ Z 'y Ty T's I'h T's I y
Iy I's T's o1 0y O3 o1 05 O

010203040506
I'y I'y T Iy I's I's

X
o4 09 Og o4 Oy O3

The form into which we have introduced the 6I'-symbol makes it a simple matter to derive its

(1.64)

for point symmetry groups.

symmetry properties. It remains invariant by any permutation of the columns. The 61-symbol
is also invariant if upper and lower arguments are interchanged in any two columns.
If one of the representations in the 6I-symbol is the totally symmetric representation (we

denote (A7) this irrep), then we can use the following formula:

{ Fl FQ Fg } (—1)F1+F2+F35F2F65F3F5

A Ts T - [T4]1/2[05]1/2 (1.65)
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The next invariant quantities are 9I'-symbols. The 9I'-symbols are defined by the relation:

Iy I's T
b I, Ty Ty Iy Ts Tg I, Ts Ty
114 F5 P6 - E X

01 02 03 04 05 O0g 07 08 Oy
F7 FS Fg 01,02,...,09

r, r, Iy I, Is Iy s Tg Ty
X .
o1 04 O7 092 O Oy g3 O0Og O9g

The 9I'-symbols can be calculated as sums over triple-products of 6I'-symbols where the sum-

(1.66)

mation extends over all I' admitted by the triangle conditions in the factors:

bo el I, Iy T Iy Ts T I; Ty T

1 L I 4 15 lg 7 lg Ly

Ly Ts Tg ¢ = [T . (1.67)

n I'e I'y T Iy I' TIg r Iy
I'z T's Iy

It is clear that we may permute the rows or columns in the matrix forming the 9I'-symbol,

or transpose rows and columns like in a matrix, producing at most a change of sign of the

numerical value. An even permutation or a transposition clearly leaves the symbol unchanged
An odd permutation of rows or columns produces a sign change of (—1)%, where R = Z L.

There are 6 possible permutations of three rows, 6 possible permutations of three columns and
together with the 2 symmetries related to the diagonals, these account for the 72 =2 x 6 x 6

symmetry operations to construct others 9I'-symbols.

Algebra of irreducible tensors.

As we already said in the beginning of this paragraph, we can add two irreducible tensors
if they are both transformed under the same irreducible representation. Also we can construct
the direct tensor product of two irreducible tensors A0 and B©?) transformed respectively
under irreducible representations D) and D0?) of the group G. This product is a linear

combination ZF 13)1k (12)1 A(’”)B 72) of (resp.) components i and j of (resp.) tensors A1) and

B2) with Clebsch—Gordan coefficients F) ((Ij)llzi(vz)j . As a result we obtain the components k of

a irreducible tensor [A0) @ BO2)](M) transformed under irreducible representation D) of the

group G-

[A(’Yl) ® B '72 F Z F(’Yl (’Y2 )B(Wz) (168)

We can re-write (1.68) for irreducible tensors of the point symmetry groups as:

r
A g gl —
| -y (!

0102

o )A(“ﬂ)B(’m)‘ (1.69)

g1 g2
01 02

In general, irreducible tensor operators do not commute. Therefore in the general case,
[A@) @ B £ [B®) @ A@]() where a, b, ¢ are irreducible representations of any group.

One can construct direct product for three, four, and more tensors. But in that case we
have many possibilities. For example, for three tensors A® B® () it can be constructed
different products [[A@ @ B®)]@ g CO]W) (A g [B®) g @)W AW g B g C©](0)

etc. These products can be connected to each other if they have the same final symmetry (f).
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Wigner-Eckart theorem.

We need now to examine the Wigner-Eckart theorem. It states that a matrix element of
an operator of any physical value can be expressed as the product of two factors, one of which
is so-called reduced matrix element which depends on the choice of basis and operator, and
the other is a Clebsch-Gordan coefficient, which contains information about symmetry. The
name derives from physicists Eugene Wigner and Carl Eckart who developed the formalism
as a link between the symmetry transformation groups of space (applied to the Schrédinger
equation) and the laws of conservation of energy, momentum, and angular momentum. The
Wigner-FEckart theorem reads:

(W POG) = FOO7 L (00| POp02), (1.70)

Here (p01)]|PI)||)02)) is the reduced matrix element. To use the Wigner-Eckart theorem it
means that one should calculate the matrix element ( ) fo’WS,Z?)) for one component of the
operator P. And as soon as this one is calculated then after using this theorem to calculate all
matrix elements for any component of the operator P you just need to know Clebsch-Gordon
coefficients.

Moreover, it avoid to calculate the matrix element for which the Clebsch-Gordan coefficient
is equal to zero. In addition, if matrix elements must be calculated, the Wigner-Eckart theorem

frequently offers a way of significantly reducing the computational effort.

1.7 "Expanded'"local mode approach

In this section there is a small review of local mode method [15, 16] and "expanded" local
mode approach [11, 12].

The local mode method was found to be very efficient for the study of fine rotational

structure in highly excited vibrational states of some types of polyatomic molecules [15, 16].

In the case of XY, (Cy, symmetry) molecules, the so-called strict local mode approach allowed

to obtain [17]| a series of very simple relationships between some rotational-vibrational and

resonance interaction parameters, under the conditions that read:

1. the mass M of the central nucleus X is far greater than the masses m of the nuclei Y, i.e.
in the limit (m/M) = 0;

2. the equilibrium interbond angle YXY =7 /2;

3. only changes in valence bond lengths are taken into account in the potential function,

and deformational motion is totally absent in a molecule.

These strict local mode conditions are very stringent for most real situations in rotational-
vibrational spectra. The following question could be interesting: how is it possible, on the one
hand, to "soften" the above-mentioned stringent conditions of the strict local mode approach
and, on the other hand, to keep the results in a simple form? In Refs. [11, 12| was derived a

new method called “expanded” local mode model. It is shown, that the "expanded" local mode

31



approach allows one to predict vibration-rotational energy spectra not only for the stretch-
ing bands, but also for deformational overtone and combination bands on the basis of initial
spectroscopic information about the ground state and a few of the lowest stretching vibration
bands. The clue point of the "expanded" local mode model is the possibility to present the
transformation coefficients [y, of a molecule in the form of simple analytical expressions. In
its turn, as it follows from the general vibration-rotation theory, transformation coefficients are
just the values from which all spectroscopic parameters of a molecule depend on. It means that
if it would be possible to express all the transformation coefficients in a as simple as possible
form, then one may expect that any spectroscopic parameter of a molecule can be presented in

a simple form.
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Chapter 2

Determination of the intramolecular
potential energy surface of polyatomic

molecules

One of the most important problems in the molecular physics, which deals with the study
of the vibrational-rotational properties of polyatomic molecules, is the determination of the in-
tramolecular potential energy surface (PES) of a molecule in a given electronic state. This issue
is important because knowledge of the PES allows to solve the vibration-rotation Schrodinger
equation for a molecule and to obtain eigenvalues F, and eigenfunctions v, which can be used
in many problems of physics and chemistry.

There are two main methods to obtain the PES of a molecule. The first way is to use
the direct ab initio calculations (see, for example, [99] - [27]). Direct methods allow to obtain
a high quality topography of the multidimensional potential surface of a molecule. At the
same time, there are many problems in molecular physics that require not only qualitative but
accurate quantitative knowledge of PES-parameters. That’s why there is the second group of
methods (methods of quantitative PES determination) which are called "variational" methods
because they use highly accurate experimental vibrational-rotational data as initial data in the
fitting procedures of the PES-parameters [104] - [43]. But even the best among the recent
modifications of variational methods are not free of large imperfections that strongly restrict
their application to molecules with more than three or four atoms. The problem is in the
huge dimensions of the Hamiltonian matrices used during the diagonalization process (these
dimensions increase when the number of atoms increases). The second problem is connected
with the correct choice of vibrational coordinates used in the Hamiltonian of a molecule (see,
for example, [41] - [48]). For example, we can choose normal coordinates @), (see, for example,
[2, 49]), curvilinear coordinates Ar and Ac, symmetrized coordinates S, Morse coordinates
y = (1 — exp(—aAr)), etc. In fact, normal coordinates allow to present the kinetic part of
the Hamiltonian of a molecule in a simple form but they are not suitable for the problem
of determination of the PES of a molecule. However curvilinear coordinates, symmetrized
coordinates and Morse coordinates, which are isotopically invariant, describe the PES of a

molecule very well. Therefore it would be suitable to suggest a set of internal vibrational
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coordinates that would allow one to construct the Hamiltonian in a as simple as possible form

for the further construction and diagonalization of the Hamiltonian matrix.

2.1 Transformation coefficients of a polyatomic molecule

It is known that transformation coefficients [y, are the values which all spectroscopic
parameters of a molecule depend on. Transformation coefficients are parameters of the co-
ordinates transformation from the Cartesian coordinates of nuclei of a molecule to internal
vibrational coordinates (see section 1.1). This transformation can be written as (in the frame

of the Born-Oppenheimer approximation):

Tna = Ry + Z Kaﬂ(rjevg + Zm]_vl/QlNﬁ)\QA)a (21>
3 )

where [y, can be determined from the following system of equations

S omyllys = 0, 1<SA<3N—6, B=zy,2 (2.2)
N
Zsamm%%fwmw\ =0, 1<A<3N-6, a=uzy,z, (2.3)
NBv

and

(82—‘/) = 0, 1<AAu<3N-6. (2.5)
00:0Q,) 0y O THE
It should be noted that 1) in equations (2.5) one needs to define a form of the potential function
of the molecule and 2) that the coefficients [y, are connected to the normal coordinates @
through the Eq. (1.7). The number of transformation coefficients y,, is exactly equal to the
total number of equations (2.2) - (2.5), thus the system has a solution. But some equations (for
example (2.4)) are not linear and the solution is not unique (for instance the relative vibration
phases is not uniquely determined, and the numbering of vibrations having the same group
symmetry is also not unique).

We know that the potential function depends on the vibrational coordinates and these
coordinates can be chosen in different ways. If we want to take into account different isotopic

modifications of a molecule then we prefer to chose isotopically invariant set of vibrational

NK _.NK

coordinates, for example, curvilinear coordinates Ar and Aa.. More exactly ArVE = r .

are changes of bond lengths and V¥ are:

1/2
r = (Z(TNa—TKa)Q) : (2.6)

[0}

Here ArVE are functions of equilibrium coordinates r§,, and transformation coefficients Iyqx.
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On the same way, AoV %% are changes of angles between bonds

AaNKL — aNKL o éVKL NKL) - &NKL’ (27>

o e

= arccos(cos «

where cos oV EL are:

(ZQ(TKOL - TNa)(rKa - rLOc)
cosaVE L = N LK . (2.8)

In the next step it is enough to define the quadratic part of the potential function to

determine Ix,y. It can be written as
1
V@ = 3 Eij fi56i&5, (2.9)

where & = AaVEE or ArNE

Thus we can construct the system of equations (2.2) - (2.5) in the explicit form for any

polyatomic molecule.

2.2 Connection between curvilinear coordinates and nor-

mal coordinates for polyatomic molecule

In this paragraph, we will consider only molecules of XY, type with n = 2,3,4 of (resp.)
Cay, C3, and Ty symmetry, which we are concerned with in this thesis, consequently, we will
study a scheme of coordinates transformation for any polyatomic molecule to connect normal
coordinates (0, and curvilinear coordinates ArXY = Ar¥ AoV *E = AaVE.

It should be noted that the set of vibrational coordinates Ar”™ and Aa™¥ can be connected
to the vibrational coordinates @) (using (2.2), (2.3), (2.4), (2.5)) by the expressions

1 1
AN =3 CNoa+ 3 > CN@Qu+ S > CNLNQuQ + . (2.10)
A AL Ay
where
1 _ _
O = = D (e = a) (my vy = mxPlxan), (2.11)
1
R = T—(bgvu -cyvey), (2.12)
1
Ry = ﬁ(3C§VCZLVCiV — Yo, — CYY, — OBy, (2.13)
and
bi\L = Z(m]_\fl/leOO\ - m)_(l/2lXa)\)(m]_\[l/2lNo¢M - m)_(l/QlXaM). (214)

a

Here 7. is the equilibrium bond length X - Y, r§; and %, (8 = z,y, 2) are the equilibrium

Cartesian coordinates of the nuclei in the molecular fixed coordinates system. The dimensions
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of the coefficients C™ are: [C] = g7/, [CV] = g em™, [CF,] = g7%? cm ™2 (see footnote

(1) page 5).
For the changes of angles between bonds we have the following expressions

1 1
AN = ST CYRQy + 5 SO Q@+ £ 3 NN + (2.15)
A Al Apv
where
1 1
NK L [ NK/ AN K\ _ ANK
" = sina. 1 {77 (O +CY) — AT (2.16)

Here we denote

N 1 e e e e
g = 2 Z(TNa = %) (Mka = Ta); (2.17)
and
1 _ _
ANK _ = 1/21 - — 1/2l N e e
A - Xa:{(mzv Nox — My Ixan) (T — 7o)
+(mf_(1/2lKa)\ - m)_(l/QlX(l)\)<T]eVa - r?(a)}v (218>

where «, is the value of the equilibrium interbond angle.

ONK

\uws 10 (5.6) have considerably more complicated forms

Higher order coefficients C{/% and

1 CoS ¢
ONK — _ PNE _ ¢ pNKE pNK 2.19
A sina, M sinda, A M (2.19)
and
1 COoS ¢y
NK _ NK e i pNK pNK NK pNK NK pNK
C)\/u/ - _SinaeP)\uV_M(P)\ P,ul/ +Pp P)\V +Py P)\u)
1+ 2cos? a,
ST 2CO8 fe pK pNK PN, (2.20)
sin® o,
where
1 .
PNE — T_AJAVK 4 2 NE N (2.21)
1
P = XK (AVKENE 4 ANKENE) 42V K, (2.22)
and
Py = (O 0 EYE b )
+re(AYFFNE + AN + AVRFRIE) + r 20T, (2.23)
with
DN =3 (P Ivan — mx P lxan) (Mg P ligap — mx P lxan), (2.24)

«
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1
FNK — — (DY + DI, (2.25)

e

1
Pk = r—e(Dﬁvﬂ + D) + (DYDY + DY DY), (2.26)
1
F)\uu = 7,_<Df\\;u/+D/I\§ux)
+(DYDY, 4+ DYDY, + DYDY, + DEDY, + DYDY, + DYDY, (2.27)
and
1
DY = —5C%, (2.28)
DY, = CAM + CNCN (2.29)
6
Dy, = C/\W (C’NCN +CYCN +CYCy) — S evel el (2.30)
r
The dimensions of coefficients C._ are: [CY%] = g71/2cm LICNE] = g7t em™? and [CF]
= g73/2 em™ (see footnote (1) page 5).

It is important to note that the formulae, presented here, in spite of their complicated form,
are simple enough in numerical results in applications. The presence of symmetry in a molecule

leads to the presence of symmetry in the C-coefficients as well.

2.3 Hamiltonian of polyatomic molecule in R;-coordinates

As it was already said the success of the construction and subsequent diagonalization of a
Hamiltonian matrix of huge dimension directly depends on the choice of vibrational coordinates.
For example, using of normal coordinates in the Hamiltonian is not suitable for the problem of
the determination of the molecular PES because of the appearance of extremely large nondiago-
nal elements in the Hamiltonian matrix. In this case, not only the reduction of large-dimension
matrix to submatrices of smaller dimension, but even its direct diagonalization is impossible
because of the presence of extremely large anharmonic terms in the Hamiltonian connected with
the stretching vibrations. In order to take into account our wish to simultaneously consider
different isotopic species of a molecule, curvilinear vibrational coordinates Ary (= ArY) and
Aa (= Aa™E), which are isotopically invariant, are most suitable for the representation of the
potential function of the Hamiltonian (but the kinetic part has a very complicated form [112]
- [54]). For simplicity of understanding we consider initially a three-atomic molecule XY, of
Csy, symmetry which is represented in the Figure 2.1. In this case, the potential function of
the XY3 (Csy,) molecule can be written as (here Ar; and Arg are connected with stretching

vibrations, A« is connected with the bending vibration in the XY5 (Cy,) molecule):
1 1
Vo= Sfm(Ar 4 A1) + S faaAa® + frr ArArs + fra(Ary 4 Arg)Aa
1 1 1
+6fr,,r(Ar:f + Ar3) + Efaonz?’ + §f,,rrl(ArfAT3 + Ar3Ary)

1 1
—|—§fwa(Arf + Ar%)Aa + éfraa(Arl + Arg)AQZ + frraAriArsAa + ... (2.31)
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Here f... are the parameters of the intramolecular potential function. It is important to note
that the previous description in terms of curvilinear coordinates Ar and A« can be generalized
for other types of vibrational coordinates used for the description of vibrations in polyatomic

molecules.

y» X

Ar, Z
ANS

Aa

Y Y

Figure 2.1: Structure of the XY, (Cy,) molecule.

The present study aims at finding a new type of vibrational coordinates that would allow
to keep the advantages of both the kinetic part and the potential function, but would be, more
or less, free of their disadvantages. Namely, we would like that this new set of vibrational
coordinates keeps a form of the kinetic operator as simple as possible and, at the same time,
be free of large values of the nondiagonal matrix elements caused by the potential function and
be valid in isotopic substitution.

As an example we consider XYy (Cy,) molecule. It is known [2] that the Hamiltonian of
a molecule (in the frame of the Born-Oppenheimer approximation) consists of two parts: the

kinetic operator T" and the potential function V/

H=T+YV, (2.32)
and
P o1
HETl—l—Tg—i—V:Z?—ng,uagGaGg—i—V. (2.33)
A af

Here P, = —ih%.

Go =) (5P, (2.34)
Ap

are the components of the vibrational angular momentum.

G = Z Eapy Z InNgA N~y (2.35)
By N
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are Coriolis coefficients.

We see that the kinetic operator in (5.24) has a very simple form. Also in the potential
function we can use Morse coordinates y; = 1—exp(—aAr;) instead of the stretching coordinates
Ar; because these coordinates describe large stretching vibrations efficiently. The advantage is
the absence of extremely large values of nondiagonal matrix elements caused by the potential
function V. In this case both parts T"and V should be transformed to expressions depending on

the same set of vibrational coordinates. In this context, two possibilities should be considered:

1. the potential function is written as V' = V' (y1, y3, Aa) (yy = 1 — exp(—aAry), N =1,3)

and Q) coordinates in the kinetic part 7" are transformed in coordinates i, y3 and A« or

2. coordinates y1, y3, A« in the potential function V' can be transformed into the coordinates
(@, which the kinetic part T" depends on.

The first possibility was realized in [111]. In accordance with the symmetry properties of

the XY (Cy,) molecule the potential function has the form

V= Vi(yr,y3) + Va(Q2) + Va(y1, ys, Q2), (2.36)

where

1 1
Vilyr,ys) = D(yf + y§) + 661111(9? + y?,’) + ﬂann(yil + yé) + a13Y1Y3

1 1 1
+§a113(yfy3 +y3) + 1%1339?93 + 6@1113(y§’y3 +y1ys) + ., (2.37)

is the part that described changes of bond lengths;

2 cws)? 1 1
%Q% + —a990Q3 + = 02222Q5 + ..., (2.38)

Vz(@z) = 6 24

is the part that described changes of angle between bonds;

1 1
Va(yr,y3,Q2) = a2y +ys3)Q2 + §<l112(y% + y§)Q2 + 5(1122@1 + y:;)Q%

1 ) 1
+ai23y1y3@Q2 + 6a1112(yf + y?,’)@z + Za1122(3/% + yi)@%

1 1 1
+6a1222(y1 + yg)Qi’ + §a1123(y%y3 + y1y§)Q2 + §a1223y1y3Q§ + ..
(2.39)

is the part that described interactions between stretch and bending vibrations. The first term
in (5.28) is the potential function of two Morse oscillators. It was shown in [112] - [111] that
if to transform the kinetic operator (5.24) to the coordinates yi, y2, Aa then the main part of
the kinetic operator consists of two parts: kinetic operator of two Morse oscillators and kinetic
operator of harmonic oscillator for bending vibration. But, in any case, the kinetic operator is
not suitable for applications because of its complicated form.

After this remark, let us introduce a new set of vibrational coordinates (the second possi-

bility), but as a first step we have to consider a transformation as
Qx = axQx, (2.40)
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where a, = ,u%,/Q = (mymx/(my +mx))"/? for A = 1 or 3 (stretching vibrations) and ay = 1

for A = 2 (bending vibration). Thus the kinetic part of the Hamiltonian (5.24) is:
h* | 0? 02 R* 02

H = ( = ~2) B _(_~2

0Q7 003 2 0Q3

— + V. 241
— ) (241
Firstly, we see that, the first parenthesis of rhs of (2.41) can be interpreted as the kinetic energy

of two uncoupled Morse oscillators. It should be noted that coordinates @1 and @3 are not

normal coordinates. Secondly we introduce the following combinations of the coordinates

Ry = él + @3, (2.42)

R3 = @1 - @3' (243>

In that case the coordinates R; and Rj3 (resp.) have the meaning of change of bond lengths
X-Y; and X-Y,. The coordinate Ry = 6/2; has the meaning of change of interbond angle.
It is important to note that the new coordinates R), introduced in this way, keep the main
part 77 of the kinetic operator in (5.24) in the exact and very simple form:
h* 02 h? 02 h? o?

T, = — - S 2.44
YT 2uy OR? 2uy OR: 2 OR2 (244)

Here py has the meaning of a reduced mass of a fragment XYy (N = 1,3). The second part
T, of the kinetic operator T" in (5.24) is considerably smaller then the main part 77, and it can
be transformed without difficulties to the new set of coordinates.

It is possible to express the following relations between the Ary, Aa and R, coordinates

Ary =Ry + Fx(Ri, Ry, Rs) = Ry + Y fVRa+ > fURaR, + .., (2.45)
A Ap
and
Ao = CQRQ + F(Rl, RQ, Rg) = CQRQ + Z f)\R)\ + Z f)\MR)\RM + ... (246)
A Au

where Fiy(Ry, R, R3) and F'(Ry, Ry, R3) are small corrections of the first terms and the absolute
values of the coefficients f... in (5.38), (5.39) are decreasing quickly with increasing order of
the coordinates Ry in the rhs of those equations. All the coefficients f{Y ., can be obtained
in analytical form on the basis of equations (5.2) - (5.5) and (5.7) - (5.21), however even the
simplest of them are so cumbersome that it is not suitable to keep them in analytical form.
We introduce one more set of coordinates, and turn now from the coordinates R; and Rj

to Morse-type coordinates

1 1
_ P
Ry = an E (YN> (2'47)

=1 P

where N =1, 3.
Then the potential function V' (y;, R, y3) can be written as

V= ‘/O—i_‘/l(ylvyii) +‘/§(R2) +‘/:">(3117R271/3)7 (248>
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where V{ is the main zero-order term defined as

(27 cws)?

5 R3, (2.49)

Vo = D(yi+uy;)+

(a1 = a3 because of the equivalence of the bonds X-Y; and X-Y5)

1 1 1
Vilyr,ys) = gam(?/i’ +y3) + ﬂann(yil + Y3) + ar3y1ys + §a113(yfy3 + y133)
1 1 .
+Za1133y%y?2, + 6@1113@?93 + ylyé) + .. (2.50)
1 3, 1 4
%(RQ) = 6@222R2 + ﬂCLQQQQRQ + ceey (251)

1 1
Va(yr, Ra,y3) = a12(yr +y3)Ro + §G112(y% + y?,)Rz + 5@122(?41 + ys)R§

1 1
+ai2311Yy3 R + 601112(9? +y3)Ro + Za1122(3/% +y3) k3

1 1 1
+6a1222(y1 + y3)R§’ + 5%123(9%93 + y1y§)Rz + §a1223y1y3R§ + ...
(2.52)

The parameters D, a1y, ..., G203 in (5.42) - (5.45) can be easily expressed as functions of the
parameters of the initial expression of the potential function in (5.22).

As a result, one can see from (5.37) and (5.42) that the main zeroth-order part Hy of the
Hamiltonian is a sum of two Morse-type oscillators for the stretching type coordinates R; and
R3 and of a harmonic oscillator for the bending type coordinate Rs:

h: 0? K2 02 (2mcws)?
H, = Dy - 2. 2.
o= X (oo +08) + (Cxom = 50m). 6w

The solution of the Schrédinger equation with the Hamiltonian (5.46) is well known (see,

for example, [113, 114]). The eigenvalues of the harmonic oscillator have the form:

E,/hc = wy (v + %) . (2.54)

The eigenvalues of the Morse oscillator have the form

2D 1 D 1\2

where k = Y22 The corresponding eigenfunctions are the Hermitian polynomials and Morse

ah

functions, [113, 114|. Obtained eigenvalues and eigenfunctions allow to construct the matrix of

the whole Hamiltonian without any difficulties.

2.4 Reduction of a Hamiltonian matrix of large dimension

In the previous section it was suggested a coordinates transformation, which allows to con-

struct the Hamiltonian of a molecule in such a form that it provides a possibility to diagonalize
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the Hamiltonian matrix, in principle, of arbitrary dimension on the base of perturbation theory.
Here we discuss the general algorithm of the procedure of diagonalization of large-dimensional
Hamiltonian matrices and present formulae that can be obtained on the basis of the well known
Van Vleck transformation [79]. Of course, the scheme, based on the perturbation theory, gives
only an approximation to the "exact" molecular PES. However, when the direct diagonalization
does not allow to obtain any result at all, even approximate results obtained in the framework
of the perturbation calculations are suitable.

We assume that the nondiagonal matrix elements of the Hamiltonian matrix are considerably
smaller than the diagonal elements (the coordinates representation, described in the previous
section, can be considered as a reasonable basis for this assumption). Also we can assume that
the diagonal matrix elements h,, are values of order " and the nondiagonal elements h,,(p # q)
are of order x! (k is a small parameter). It is possible to show that using only one Van Vleck
transformation

b = (Gwal)kl, (2.56)
with the unitary operator G; = exp(ig; ), allows one to transform the large-dimensional initial
matrix H to a new matrix B with the elements by as in (5.59) (here g; ~ k'). Let us try to
determine this operator. Thus we expand the operator G into series and substitute it in (5.59):

: 1. . 1,
b =Y < k[{1ld—ig, + 5(zgl)Q + . YHp > hypg < ql{1d + igy + 5(zgl)2 +. . Mi>. (257)

pq

The following condition is required:
hip < k’lgl‘l > — < k’lgl‘l > hy + hy = 0. (258)

D
hy — hix

The diagonal elements < klig;|k > can be considered as equal to zero.

< klig1|l >= (2.59)

It should be noted that if g; ~ k' then, in general case (when hy, < hy), the matrix
elements (5.62) are values of order x'. But in some situations (so-called resonance situations)
the denominator in the (5.62) may be not a small value. Thus < k|ig;|l > may become huge
and this fact contradicts the initial condition.

In accordance with this remark the matrix by; should satisfy the following properties:

1. matrix B should be divided into a set of sub-blocks. Out-of-block elements of the trans-

formed matrix B are of order x?;

2. diagonal elements of the sub-blocks are calculated with the general formula

bk = s + Z h::“—fz (2.60)
i
where . is the space of all states interacting with the state |k). Analogously the nondi-
agonal matrix elements by, of the sub-blocks are obtained by the formula (k,[ € 2):
1 1
T

1

i€,
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Thus we can diagonalize each block separately.

The algorithm presented above allows to divide the matrix into sub-blocks and then to
determine the eigenvalues of the Hamiltonian with an accuracy of order x3. But we see from
(5.60) that in nondiagonal matrix elements there are terms with operator ig; in second and
third power. Therefore we can use a second Van Vleck transformation with another unitary
operator Gy = exp(igs), where gy ~ k2. It will give corrections of order x* only, both to the
diagonal and nondiagonal elements of the sub-blocks. It can be shown that the quantitative
criteria for the possibility to reduce the initial Hamiltonian matrix to a set of sub-matrices are

determined by the following conditions:

1. if the nondiagonal elements hy; of the initial Hamiltonian matrix does not satisfy the
condition
i
e (262)
hup — ho,
then the submatrices of the spaces generated by the states |k) and |I) should be considered
as one matrix involving these spaces in order to take into account this condition between

nondiagonal elements (see Figure 2.2);

H(h,.)=

Figure 2.2: Scheme of the Hamiltonian matrix reduction after check-up of the condition (5.65).

2. if the out-of-block elements of the transformed matrix B does not satisfy the condition

hyjh husihi 1 1 2
b=y, 7=+ > ( - )<n, (2.63)
ok (hu = hjj) worea, 2 Nu— il — hi

43



(k € Q,l & Q), then the two corresponding sub-blocks should be combined into one
extra-block (see Figure 2.3).

Figure 2.3: Scheme of the Hamiltonian matrix reduction after check-up of the condition (5.66).

The matrix elements of the resonance blocks can be calculated with the following formulae

P, hyihithag
bk = gk +
Z D — ; lgg(i#) (hieke — hii) (haeke — hag)
- > i GBS + O(rY), (2.64)

mEQ, (m#k) igQy (hanm — hii) (hier, — hii)

and

1 1 hiihiihj
b = hy+ ki zl< + ) + o
Z% P — hii — hy — hy; iy €§(i i) (hak — hai) (har — hyj)
1 P Py
Z (hut — hig) (hmm — hii)

9 Z (h _;Z)(h k_h) ...... +O(/§:4) (265)
1€, mEQE (M#AL) kk u mm il

44



Chapter 3

"Expanded" local mode approach applied

to the methane molecule

Methane (CHy) is one of the main prototypical hydrocarbons and is very important for
many applications ranging from our understanding of the chemical bonding, structure and
quantum dynamics, reaction kinetics in geology, astrophysics, atmospheric and environmental
science. On that reason, since many years both the vibrational and ro-vibrational spectra of
methane are a subject of numerous studies (see, for example, [23, 60, 61]).

It should be noted that, in spite of the many-years essential efforts, only the region below
6000 cm ™! was analyzed in details with a high resolution. Only some separate small wave regions
above 6000 cm~! have been discussed in [23, 24, 63]. At the same time, the absence of correct
experimental information about some of the important -for such kind analysis- vibrational
bands (e.g., v1 + 12 and vy + v3) leads to ambiguity in the values of some of the spectroscopic
parameters. Analogous situations have been arisen also in analysis of the methane isotopomers:
CH3Ds [57] - [59] and CH3D/CHD3 [60]. One of the ways to eliminate such kind of ambiguities
is to derive some relations between the parameters of the used model. It will reduce the number

of varied parameters and will make the varied parameters more stable and physically suitable.

3.1 Compilation of isotopic substitution theory and "ex-

panded" local mode approach

As it was already said, to eliminate the ambiguities in the spectroscopic parameters and
to make the varied parameters more stable, it is necessary to derive relations between these
parameters. As it has been applied to the methane CH, molecule some of such type relations are
known in the literature [61]. They have been obtained on the base of the so-called strict local
mode approach (see section 1.7). But unfortunately the strict local mode approach assumes only
the presence of stretching vibrations. At the same time, bending vibrations are also important
for the understanding of the processes in the methane molecule.

The presence of the deformation motion can be taking into account if we will use the
"expanded" local mode approach, that was described in [62] and applied to asymmetric and
symmetric top molecules [11, 12], [63] - [64] (see also section 1.7). It is known [11, 12| that the
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clue point of the "expanded" local mode approach is the possibility to present the transformation
coefficients [y,) of a molecule in the form of simple analytical expressions. It was shown,
that peculiarities of some XYy (Cy, symmetry) and XY;3 (Cs, symmetry) molecules allow to
obtain such simple expressions. At the same time, spectroscopic parameters of a polyatomic
molecule are functions of the transformation coefficients. It means that these spectroscopic
parameters can be also expressed in a simple form. Therefore simple relations between different
spectroscopic parameters can be obtained.

In this chapter we consider the methane molecule. It is a spherical top molecule. The

structure of this molecule is presented in Figure 3.1

Z

H3

c\2

H

X

Figure 3.1: Equilibrium structure of the CH, molecule.

T4 point symmetry group is the group of symmetry of the CH4 molecule. This group has
five irreducible representations, its characters are presented in Table 3.1.
Table 3.1. Characters of the irreducible representations of the T; symmetry group.

Ty | E|8Cy | 3Cy | 604 | 654
A1 1] 1|1 |1
A | 1] 1 1| -1
El2]-1] 211010
F |3 1| -1

F|3 11 ]

It should be noted that methane is a molecule of high symmetry and because of this,
the structure of the spectra of the methane molecule is very complicated even for qualitative

analysis.
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3.2 Estimation of the parameter of ambiguity sin v of methane

molecule

It is known that transformation coefficients [y, of a polyatomic molecule can be deter-
mined by solving system of equations (2.2) - (2.5) (see section 2.1). The equations (2.5) have
the form of derivatives of the potential function V. This kind of equations cannot be written
in the exact form if we do not know the exact form of the potential function, and we cannot
solve whole system (2.2) - (2.5). Thus some transformational coefficients, which have to be
determined from (2.5), are called ambiguity parameters, and transformational coefficients are
functions of these ambiguity parameters. For the XY, (T; symmetry) molecule there is one
ambiguity parameter, which is called sin~y [65] and all [y, depend on sin~y. The exact trans-
formation coefficients [y, of the XY, molecule have a very simple form presented in Table 3.2

[65]. We need to obtain sin+y in a as simple as possible form.

Table 3.2. Transformation coefficients Iyqy of the CH, molecule.”)

Na/A 1 2, 2 3, 3, 3. 4, 4, 4
1z D C Oy, Ay -Bs —-Bs Ay By By
2% -D —-C, —-Cy, A3 —-By By A, B, —Bi
33 -D -C, —-Cy A3 Bs —Bs Ay —B, B
Az D C Cy, Ay By By Ay —Bi —B
5z 0 o 0 F 0 0 E 0 0
ly -D -Ci Cy -By Ay By B, A, —-By
2y D C -Cy —-By A; —-B; By A B
39y -D -C, C, By Ay —-By —-B, A, B
4y D C -Cy, By A; Bs —By A4 —B
5y 0 0 0
1= —-D 20, 0
2: —-D 20, 0 By —-By Ay —B. Bi A,

0

0

0

3z D —201
4z D —201
oz 0 0

a) - 1 - 1 — 1 — 1 B — 1 B —
Here D = 57 ), = NG Cy = 53" Az = 5sinvy mH,A4— 3 COSYy /e, By =

cosy/2v/2, By = siny/2v/2, E = —2cos~y Ao F==2siny, [t p = mpgme/(dmyg + me).

In the literature such type ambiguity parameters (in general) have been estimated from the

analysis of equations (at A\ # p)

o*V )
e =0, 1<A<3N-6, 3.1
(8@,\862“ Q=0 31

where V' is the intramolecular potential function of a molecule. For the methane molecule the

value of the siny was estimated from analysis of a) relations between the harmonic frequencies
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wy of the CHy [53, 66] and CHyDy [57], CH3D, CHDj3 [60] isotopic species, b) experimental
values of Coriolis coefficients [35]. It is necessary to note that the Coriolis coefficients of any

polyatomic molecule are

Cf\[u - Z Eaﬁ'le,B)\lN'y;u (32)
NBy
where o, 8,7 = z,y,2;\, 0 = 1,21,29,34,3y,3;, 44,4y, 4, distinguish between different vibra-
tional mode components; € is totaly antisymmetric tensor.
There are two possibilities: a) necessary information about value of sinvy can be obtained

on the base of the relations of the isotopic substitution theory [10]

Z A,\uw?\a,,,\ = al,uwl? (3.3)
A
and

Z QppQyy = A)\;u (34)

where

(mly — mny)
Aye = by = 3 T v (3.5)
Na N

Inax are the transformation coefficients of the mother molecule presented in the Table 3.2. We
can obtain connections between harmonic frequencies of different isotopic species as functions
of the parameter sin~y by solving the equations (2.12) and (2.13). It allows to obtain the value
of siny on the base of known experimental values of harmonic frequencies.

b) sin+y can be estimated from experimental value of the Coriolis coefficient in accordance
with (2.11). For the methane molecule it is easy because the value of one of the Coriolis
coefficients (g, 5, is very close to zero ((g, 5, < 1 [35]). Thus if to assume that (g, 5, = 0, then
we can determine sin~y as:

3
siny = v (3.6)

As a result, all the transformation coefficients [y, from Table 3.2 can be expressed in a
very simple form, presented in the Table 3.3.
It allows to obtain very simple results for the Coriolis coefficients (§, (2.11) and ro-vibrational

coeflicients

aiﬁ =2 Z Ea,mqg(;,{ Z m}\{QT]eV,le,y)\, (37)
Yk N

where 75, are the equilibrium coordinates of atoms.
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Table 3.3. Transformation coefficients Iy, for the CH; molecule (simple form).

No/X 127 23, 3,3, 4.4, 4,

1z _1 _1 _1 1 1 __1 _1 _1 _1
2v/3 26 2v2 4 2v/3 2V/3 2v/2 2v/6 2v/6
27 . 1 __1 1 __1 1 1 e
2V/3 26 2V2 4 23 2V/3 2V2 26 2V6
3x -1 1 __1 1 1 1 1 1 _1
2v/3 26 242 4 24/3 2v/3 2V2 26 26
A _1 1 1 1 1 1 1 1 1
2V/3 26 2V2 4 23 2V/3 2V2 2V6 26
1 1
5% 0 0 0 33 0 0 7 0 0
1 1 __1 1 1 1 1 1 1 1
Yy 2V/3 26 2v2 2V/3 4 2V/3 26 2V/2 26
92 _1 1 1 __1 1 __1 _1 _1 _1
Yy 2V/3 26 2V2 243 4 243 26 22 26
3 1 __1 1 1 1 1 1 1 1
Yy 2V/3 26 2V2 2V/3 4 2V/3 26 2V/2 2V6
4 _1 1 1 _1 1 1 1 1 1
Yy 2v/3 26 2V2 243 4 243 26 2V/2 26
1 1
oY 0 0 0 0 53 0 0 7 0
12 __1 1 0 __1 _1 1 1 1 _1
23 V6 23 2v/3 4 2v/6 2v/6 2v/2
2~ __1 1 0 1 1 1 __1 1 1
2Vv/3 V6 2v/3 2V/3 4 26 26 2v2
3z 1 1 0 1 __1 1 _1 _1 _1
23 V6 23 2v3 4 2V/6 2v/6 2v/2
4z 1 1 0 1 1 1 1 _ 1 1
2v/3 V6 2v/3 2Vv/3 4 26 26 2v2
1 1
5z 0 0 0 0 0 33 0 0 7

3.3 Relations between force parameters of the CH, molecule

It is known [33] that all rotational and vibrational spectroscopic parameters (except Coriolis
coefficients) depend on the harmonic frequencies wy and anharmonic force coefficients (¢, and
dauwe). We can estimate a relative value of the wy, ¢y, and dy,e and to derive corresponding
simple analytical relations between them on the base of analysis of the quadratic Fj;, cubic
Fi;, and quartic Fj;j; force constants of the intramolecular potential function V' of the methane

molecule
V=v® + 1745 + @ + ..., (38)

where the quadratic part V) in symmetrized coordinates has the form:

1 1 1
V(Q) — §F11512 =+ §F22(522a + S22b) + §F33(S§m + 5323,/ + ng)
1
+F34(S3IS433 + S3yS4y + S3ZS4Z) + §F44(SZI + Szy + Szz) (39>

The cubic V) quartic V® parts of the intramolecular potential function are cumbersome and
they are presented in Appendix 1.

Data about some different sets of F; _; parameters [67, 68, 69] were used to obtain relations
between force parameters. It was found that the following simple relations between F; ; pa-
rameters are suitable for satisfactory description of different anharmonic force parameters c,,,,

dywe and different spectroscopic parameters of the CHy molecule

Fsg  Fu AFyn  3Fy  2Fy

267 272 97p2 6702 19p,’

(3.10)
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2 7 2 4p? 2

§F244 = —§F222 = —§F444 = pelian = %FIQQ = —pekazs = 2pcF344 = %533
= piFs50 = —2p Fi34 = %En = g—gF?,zas = %FI% = —g—gFM, (3.11)
and
Fusaa2) = 2Fh4a41) = 2F9244(2) = 40200 = — 137pe F344401) = —397/)6 F3444(2)
= - 197pg F3344(3) = _577p§ F334401) = 247pz Faz3q = _247pz Fa331)
= _127/)3 Fao302) = 187,0§ F33341) = 187p§ F333402) = %an = %F1133
= %5333 = %&333(1) = %F3333(2), (3.12)

all the others Fj;i; parameters have been taken equal to zero, p. is the equilibrium distance
between the nuclei C and H.

The following simple relations between the harmonic frequencies of the CH4 molecule were
obtained from (2.19):

wi_wy_ _ws Wi (3.13)
120 32 81+28V3 72 —28V3

The analysis of data from [67, 68, 69] shows that we can use the following relations between

the parameters Fiq, Fi11 and Fjq1; of the potential function (2.17)

3
Fiin = ——Fn, (3.14)

[
and

8
Fllll ~ —2F11. (315)

Taking into account relations (2.19) - (2.24), then the following approximate relations for

cubic ¢y, and quartic dy,,¢ anharmonic parameters can be obtained

366111 = —1770122 = 11C133 = 2680134 = —51C144 = —5850222 = —1370233

1/4
= —4lcgzq = —205¢044 = ?cggg — 45033, = 43C4uy = —Wfpe ( h;g”) / . (3.16)
and
gdnn = —;—gdnzz = 1—10611133 = —i—gdnm = —10d3222 = —gdms:ss = —%dm:agt
= ddaoaa, = 20d2244, = gd%sgs = —§d3333t = —é—8d33445a = id33445”
= —d3344, = %Od44445 = —10d4444, = %%Hpg ~ %Be- (3.17)

3.4 Relations between spectroscopic parameters of the CH,

molecule

As a next step we can obtain simple relations between different spectroscopic parameters

of the CH4 molecule using relations between Coriolis coefficients, harmonic frequencies, c—
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and d—parameters. As the result, we produce a set of simple relations that connect different

vibrational zy,, rotational-vibrational Yy and different tetrahedral splitting parameters

21 4 80 80 283: 13x 11:15 9:1c
1= 5% = 7o 14 22 = 5l = plas T 5plizy = ol
23 21 13
= EJZ44 = —28G99 = —%Gg,g = 13G34 = —EG44 = 20534 = —30T53 = 25715,
19 Th 7
=——Ty3=-21Tyy=————~ —-B,,
5% “ 32mempy p? 3
and
vy =y 3y y = vy = Ly @
TV 2 TR 5 4 16mcpl(m3, Fip)1/?

np s

3wy 49wy

(3.18)

(3.19)

In relations (2.28) the superscript () denotes parameters obtained in the model that does not

take into account resonance interaction between states (vvov314) and (v1vs £ lvsvy F1). The

superscript @ denotes parameters obtained in the model that takes into account such type

resonance interaction.

To illustrate the efficiency of the obtained results, column 2 of Tables 3.4 and 3.5 contains
numerical results with the formulae (2.22), (2.27) and (2.28). It should be noted that in those

calculations only two parameters (p. and Fi; or ws and B.) are independent.

Table 3.4. Vibrational spectroscopic parameters of the 2CH, molecule (in cm™!).

Parameter From From From Parameter From From From
(2.22), (2.27) [67] [53] (2.22), (2.27) [67] [53]

1 2 3 4 1 2 3 4
w® 3040.38 3036.2 3040.38 T34 -6.954 -8.243 -8.212
Wo 1570.05 1570.4 1569.87 Ty -5.443 -5.854  -6.508
w3 3158.40 3157.1 3153.38 G 0.447 -0.426  0.366
Wy 1345.53 1345.3 1346.10 Gs3 11.922 11.544  9.406
z11? -12.518 -12.476  -12.560 Gy -0.962 -0.742  -0.715
T12 -19.075 -18.485  -14.453 G 4.815 5.020  5.026
13 -53.202 -52.487  -52.562 Ths 0.416 0.406  0.357
T14 - 0.156 - 0.706 - 3.516 Tsy -0.501 -0.907 -0.906
To9 - 0.156 - 0.295 - 1.159 T33 3.294 3.246  3.332
To3 -11.176 -12.847  -11.907 Ty 0.463 0.535 0.545
Toy - 4.815 - 5.207 - 5.571 Ssy -0.625 0.016 -0.022
33 -28.450 -28.336  -25.615

) The "basic" "experimental" value of the parameter w; was taken from [73].
b)

ol

Necessary for the calculations, the value of the parameter p, = 1.0855 A was taken from [59].



The values of all other parameters are estimated on the base of these two initial ones. For
comparison, columns 3 and 4 of Tables 3.4 and 3.5 (resp.) contain the values of corresponding
vibrational parameters from [67, 53| and rotational-vibrational parameters from [35, 72| (resp.).
One can see good correlation in most of the cases between the results obtained on the base of
derived relations and the results obtained on the base of both the ab initio calculations [67]
and the fit of experimental data [53, 35, 72].

In Table 3.5 some more or less significant discrepancies can be seen between calculated and
"experimental" values of the parameters Y2(2) and Y4(2) (differences respectively equal +0.0040
cm~! and -0.0080 cm™!). These differences can be easily explained if one take into account
that, in accordance with the general vibrational-rotational theory (see, for example [2]), there
is a strong connection between the rotational parameters of strongly interacting vibrational

states (states (0100) and (0001) in our case) and resonance Coriolis interaction parameter

X;}’ZFQ) = —9.63 cm™! [35]. It should be mentioned that numerical value of the parameter
X}E(’IF’?) was reproduced in [35] from earlier paper [74], where X}E(’IF’?) = (—9.63 £ 0.42) cm .

Thus the decreasing of the absolute value of the parameter X;%QFQ) by 0.42 cm™! changes

"experimental" values of the parameters YQ(Q) and Y4(2) (resp.) up to -0.0016 cm™! and -0.0068
cm™! (resp.). These values already are close to the values of the parameters Y2(2) and Y4(2)

predicted on the base of the relations.

Table 3.5. Rotational-vibrational spectroscopic parameters of the *CHy molecule (in cm™1).

Parameter From From From
(228) 35  [72

1 2 3 4

Y3o -0.0334  -0.0357 -0.0434

Y -0.0367 -0.0377

VAR 0.0864 0.0879

Y, Pe -0.0026 -0.0066

y b -0.0612 -0.0648

y2e -0.0098 -0.0018

* Calculated on the base of the values of w; from [73] and p,. from [59]. All the other parameters
are obtained from the relations (2.25) with the using of the value of the parameter Y3 as an
initial one.

® Resonance interaction between the states (vjvyv3vy) and (vive 4 lvgvg F 1) not taken into
account.

¢ Resonance interaction between the states (v;v9v3v4) and (v1v9E1vzv4F 1) is taken into account.

Finally, one should remark that the obtained simple relations give a correct qualitative
picture of the peculiarities in the complicated spectra of the methane molecule. The described
simple model with only two free parameters gives not so good quantitative correspondence
between values calculated on their basis and high accurate experimental data. However, such

kind simple two-parameter model can provide satisfactory quantitative prediction.
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Table 3.6. Values of band centers of three lowest polyads of the CH4 molecule (in cm™1).

Band Calc. Calc. Exp.
(v1 vg V3 vg; Iy I3 ly; T) IR N 3]

1 2 3 4
(0001;001; Fy) 1318.06 1311.70 1310.76
(0100; 100; E) 1537.01 1528.55 1533.33
(0002; 000; Ay) 2605.98 2598.01 2587.04
(0002; 002; Fy) 2631.17 2627.03 2614.26
(0002; 002; E) 2640.43 2619.22 2624.62
(0101;101; Fy) 2845.25 2832.82 2830.32
(0101;101; Fy) 2854.26 2839.57 2846.07
(1000; 000; Ay) 2917.23 2911.69 2916.48
(0010;010; Fy) 3020.24 3016.90 3019.49
(0200; 000; Ay) 3072.80 3056.01 3063.65
(02005 200; E) 3074.59 3057.52 3065.14
(0003;001; Fy) 3900.78 3889.11 3870.49
(0003; 003; A4) 3939.31 3922.18 3909.20

(0003; 003; FY) 3948.57 3930.36 3920.51
(0003;003; Fy) 3957.47 3937.88 3930.92
(0102; 102; F}) 4154.54 4137.04 4128.76
(0102;102; Ay) 4159.79 4141.48 4132.86

(0102;102; Fy) 4162.55 4143.79 4142.86
(0102;102; E) 4169.58 4149.72 4151.21
(0102;102; A,) 4175.82 4155.01 4161.85
(1001;001; Fy) 4235.14 422326 4223.46
(0011;011; Fy) 4329.97 4320.70 4319.21

0011;011; E) 4329.97 432290 4322.18

(

(0011;011; F}) 4334.39 4325.31 4322.59
(0011;011; Ay) 4329.10 4320.85 4322.70
(0201;001; Fy) 4374.07 4353.57 4348.72
(0201;201; F}) 4383.03 4361.11 4363.61
(0201;201; Fy) 4390.20 4367.15 4378.95
(1100; 100; E) 4435.16 442417 4435.12
(0110; 110; F}) 4542.74 4533.22 4537.55
(0110;110; Fy) 4549.39 4538.84 4543.76
(0300; 100; E) 4609.19 4587.55 4592.03
(03005 300; A,) 4612.76  4590.57 4595.27
(0300; 300; Ay) 4612.76 4590.57 4595.50

@ Calculated with w; = 3040.38 cm™! and z1; = —12.518 cm ™.
b Calculated with w; = 3016.215 cm™* and 217 = —10.546 cm ™.
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As an illustration we give experimental values of the band centers for the three polyads of the
1

methane molecule [37] (V' = 3,1 and %, where N = v+ 2 413+ % and vy, vy, Iy, 13, I3, 14, 4 are
the vibrational quantum numbers of the considered states) in column 4 of Table 3.6. The same
band centers values, that were predicted on the base of two parameters w; = 3040.38 cm™! 73]
and xr1; = —12.518 em™! [59], are shown in the column 2 of Table 3.6. One can see not so good
correspondence between data in columns 2 and 4. But the situation can be improved if we will
use these two parameters w; and x1; not from the literature, but adapted to the experimental
data. As an example, in column 3 of Table 3.6 there are results of prediction obtained on the
base of the values w; = 3016.215 cm™! and 217 = —10.546 cm ™! (these lasts have been obtained
from the fit of five band centers: 2v5( A1), 2v5(F), 2v4( A1), 2v4(E) and 2v4(F3)). One can see
better correspondence between predicted and experimental data unlike the first case.
Obtained results can be used in the analysis of ro-vibrational spectra of high exited vibra-
tional states of the methane molecule. Also the obtained results allow to obtain analogous
simple relations between different spectroscopic parameters of isotopomers of the methane
molecule, on the one hand, and to express any spectroscopic parameter of any isotopomer as
a simple function of one or two spectroscopic parameters of the mother CH, molecule, on the
other hand. Such kind relations are very important for the study of complicated ro-vibrational

spectra of the methane isotopomers, especially in high frequency spectral region.
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Chapter 4

"Expanded" local mode approach applied
to the methane molecule: isotopic
substitution CHyDy < CHy

One of the most important and fundamental problems of chemical physics is the correct
extraction of physical information from high resolution spectra of molecules. This information
is necessary for the precise determination of intramolecular multi-dimensional potential sur-
faces, which can be used in numerous applied problems of chemical physics, astrophysics and
planetology, the study of Earth atmosphere and environmental problems, etc. The solution of
a problem of correct extraction of physical information from high resolution spectra is based
on the realization of two closely connected problems: mathematical modeling of intramolecular
effects and interactions (first of all, intramolecular potential energy surface (PES)) and methods
of assignments of spectral lines in experimentally recorded spectra. The last (assignments of
spectral lines), in many cases, is a very complicated problem, especially for the highly excited
vibrational states with the presence of numerous accidental interactions.

As it was already said in the previous chapter, information about the methane molecule
and its different isotopic species is very important and interesting in numerous both pure
scientific and applied problems of science. But spectra of methane are complicated for analysis,
especially in the short wave region. The only way to solve this problem as correctly as possible
is a qualitative prediction of line positions in the short wave region on the basis of spectroscopic
parameters (rotational coefficients, harmonic frequencies and anharmonic coefficients, different
kinds of Coriolis- and Fermi-type interaction coefficients). However the number of spectroscopic
parameters in the Hamiltonian model is so huge that their correct determination from the longer
wave spectra and further use in the prediction of line positions in the shorter wave region is
practically impossible. The possibility to solve this problem is the reduction of the number
of spectroscopic parameters in the Hamiltonian model to a minimum possible number. It can
be done, for example, using relations between spectroscopic parameters of both the mother
species, and relations between spectroscopic parameters of the mother and its different isotopic
species.

It was already shown (see Chapter 3 and |21, 64]) that the problem of determination of
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the relations between spectroscopic parameters of a mother molecule can be solved for some
types of polyatomic molecules as a result of compilation of the "expanded" local mode approach
[12, 62| and isotopic substitution theory [8, 10]. In the present chapter we apply the scheme
described in the Chapter 3 to derive isotopic relations for different spectroscopic parameters

for the substitution CHyD, < CH, in methane molecule.

4.1 Transformation, Coriolis and ro-vibrational coefficients
of the CH->D, molecule

The CH3Ds molecule is an asymmetric top molecule. The geometrical structure of this

molecule is represented in Figure 4.1.

AX

H3

—] 2
D

Figure 4.1: Equilibrium structure of the CHyD5 molecule.

As the first step we can use "expanded" local mode approach and isotopic substituted theory
for the methane molecule (see Chapter 3), that allow to obtain transformation coefficients Iy,
for CHyDy molecule in a simple form. Equations (1.28) can be used for it, where [y, on the
right hand side should be taken from Table 3.3, matrix elements a, are obtained from the

solution of equations (1.29) - (1.31), elements of rotational matrix K¢, are determined in the
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following form:

K;x K;y ng 1/\/§ _1/\/§ 0
Ke, Ko, Ko |=1-1/vV2 -1/v2 0 |. (4.1)
K:, K K, 0 0o -1

The obtained transformation coefficients )y, of the CHyDs molecule are presented in Table
4.1.
Table 4.1. Transformation coefficients [}y, of the CHyD; molecule in the frame of the

"expanded" local mode model.

Na/X 1 2 3 4
1z -C' -33C  13C  -40C 0 0 -320 -23C
2 -C -33C 13C  -40C 0 0 320 23C

9 6 7 8 9
0
0

3x  -33C 5C  -47C  -3C 0 -35C -32C
0
0

4z -33C 5C -47C  -3C 35C  32C

% 20C  24C 17C  35C 0 0

0 0

0 0

0 0
ly 0 0 0 0 35C -C' -41C 0 0
2y 0 0 0 0 -35C -C -41C 0 0
3y 50C  -6C -35C" -8C 0 47C -13C 0 0
4y  -50C 6C  35C 8C 0 47C -13C 0 0
Sy 0 0 0 0 0 -26C 41C 0 0
1z -3C -48C°  -5C  38C 0 0 0 -45C 4C
2z 3C  48C 5C -38C 0 0 0 -45C" 4C
3z 0 0 50C 0 0 C  52C
4z 0 0 -50C 0 0 C 52C
5z 0 0 0 0 0 36C -33C

Here C' = ﬁ.

Knowledge of the [, allows to determine values which depend on [l%,,, for example,

Coriolis coeflicients C:\‘ji and ro-vibrational coefficients a:\aﬁ 2, 6]

C/\(/)i - Z €afy Z lﬁVﬁ/\lng’ (4.2)
By N
and
' 11/9 le
a’ = QZeawe@g,ﬂZmN/ NI (4.3)
Yok N

If we will take into account the data from Table 4.1, then the C:\‘i and a;\aﬁ will have the form
presented in Tables 4.2 and 4.3.
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Table 4.2. Non-zero values of Coriolis coefficients (:\?i of the CHsD, molecule.

_ 1
Here D = =5

Table 4.3. Non-zero values of the a’ofﬁ—coefﬁcients of the CH5D, molecule.

Here F = Y2([¢)\/2, [ =

adp GO adn O a8
x15 35D yl18 -4D z17 33D
xr25 18D y19 28D =226 -4D
r35 21D y28 5D z27 21D
x4b 23D y29 18D =z2z36 -49D
rxr51 -35D y38 6D =z37 -9D
r52 -18D y39 38D z46 -11D
r53 21D y48 -48D z47 28D
r54 23D yb6 -23D 2z58 15D
r68 -5D ybT7T 21D z59 11D
r69 38D y65 23D 262 4D
x78 35D yT75 21D z63 49D
x79 200 y81 4D z64 11D
r86 HD y&82 HD zT71 -33D
xr87 -35D y83 -6D zT72 -21D
r96 -38D y84 48D =z73 9D
xr97 200 y91 -28D =zT74 -28D

y92 -18D =285 -15D

y93 -38D z95 -11D

afB a’oj\ﬁ af a:jﬁ
111 -15F 222 35F
112 25F 223 -13F
113 14F 224 -5F
114 -15F 325 17F
216 -12F 138 -15F
217 -11F 139 -11F
318 -15F 235 17F
319 -11F 331 -24F
126 -12F 332 14F
127 -11F 333 -A4F
221 -60F 334 15F

%m Hpg is the equilibrium moment of inertia of the CH, molecule.
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4.2 Normal mode force parameters of the CH;D, molecule

On the base of the obtained results, formulae for different spectroscopic parameters, which
are known from the general vibrational-rotational spectroscopy (see, for example, [78]), and
formulae of the operator perturbation theory (see, for example, [2, 79, 78, 71]), we can derive
very simple relations between different spectroscopic parameters in an analytical form. It is
necessary to have information about harmonic frequencies wy, cubic k), and quartic ky,.e
normal mode force parameters of the CHyD5 molecule. All these values can be obtained on the
base of knowledge of the parameters of the intramolecular potential function V', which for the

methane molecule has the following form [70]
V=v@4v® y®y (4.4)

where the quadratic part V® reads (in the symmetrized coordinates):

1 1 1
V@ = §F11S%1 + §F22 (Szza + S%b) + §F33 (ng + S?%y + Sfi)
1
+F34 (S3554z + Ss5ySay + S5.54,) + §F44 (Sia: + Siy + Siz) . (4.5)

Cubic V® and quartic V¥ parts are cumbersome, and you can find them in Appendix 1 [70].
To obtain the analytical form of relations between the parameters Fj;, F;;; and Fjjj in (3.4)
and (3.5), on the one hand, and normal mode force parameters wy, kx,, kauwe, on the other

hand, we need [70]:

1. to take into account relations between the parameters Fj;, Fjji, Fijr and frr, fra, faa, frrr

etc., which can be obtained on the base of the following relations [70]

1
Sflz—(T1+7’2+7’3+T4)a

E 21
9, = 3 (2012 — a3 — (r1g — Qo — rpg + 20034)
52E2 = % (13 — g — (o3 + Q94)
Sff :%(7“1—7”24—7"3—7“40,
S?; :%<T1—T2—T3+T4)7
S;ZQ :%( 1+ 7 —13—14),
Sfj = % (Oé24 - 0413) )
Sf; = % (23 — aa)
Sp = % (q3q — @12) . (4.6)

2. to use formulae, which connect Ary/Aayk vibrational coordinates of a molecule with

its normal coordinates @, [87]

1 1
Ary =D OVQu+ 5D Ch@aQu+ 5 Y CNu@QuQu + . (4.7)
A Al

Apv
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and

B =3O Qu + Z CUFQu+ s O @QuQ + ()

Apy
The coefficients C and CV% have been presented in section 2.2.

Taking into account (3.4) - (3.8), data of Table 4.1 and relations (2.19) - (2.21) we can
obtain two sets of simple relations between normal mode force parameters c;;x/c;jr of the
mother molecule CHy and k;j; / ki1, of the isotopomer CHyDy

9 h?F
€ H

125

87
~TTh 1y = 600k}, = 143K5gq = 90Ky = —T8Kry = - Koy = —14Thig
49

614
3 23 h 92 . 1 7
5 1111 = ﬁﬂ_pg ~ %B = gk/un = _ék/nu = _gk/nm = 7]{5 1114 — 9k51122
7 11 6 9
- _%%123 = _2]‘5;124 - _5%133 - _%%134 = _5]‘7;144 - _5_2]‘33155 - 1_9k/1166
1 8 9 1 3 22
= _5%167 39%177 = 70%188 = %kIHSQ = _Ek/1199 = §k’/1222 = 3%223
7 13 11 3 3
= _5%224 - 2%233 - 1_0k5/1234 = _k/1244 = _3%255 = _?k/1266 = _gk/1267
11 9 9 7 6
_31{4277 = ik/mss = _kizgg = 2/{71299 = _Zki333 = _gk/1334 = _51{4344
7 13 1 9 4
- gk/1355 - %k/1366 = _2_5k/1367 k1377 - 14k1388 = k'/1389 = _%%399
7 6 1 9
- _13k/1444 - _5%455 - E /1466 - _g 1467 - Ek/um = _31{;1488 - _k/1489
3 7 1 12 12 3
_5%499 = 2_5k1568 = _%k11569 = 2_5]{1578 25 k/1579 5%222 = 7%223
7 / ! 6 / 6 / ! 6 /
_5k2224 - 12k2233 - 3k2234 %@244 - _5k2255 - _70k2266 - gk2267
3 9 3
= _E 5277 125 %288 10 %289 2%299 = 6k2333 = 6k2334 = 6k/2344
7 3
= _141{5;355 10%366 k;367 = _9%377 = 4k2388 3ké389 = 5%399 = —7]@/2444
6 6 3 7 9
= 47{55455 = —3%466 = 5%467 = _gk/2477 = Zklzz;ss = _%k/2489 = Ekéz;gg = _k§568
7 1
- 4]{55569 - %%578 = _4%579 = 18k§333 = 4k3334 = 1Ok3344 = 17]‘73355 = _51{%366
1
9k3367 - 10’“&377 = _14k§388 = 3ké389 = 2k53399 = 7k53444 = 4k53455 = _5ké466

1 9 6 9 14
= _5ké467 = 5%477 = Toké488 = _Bké489 = gké499 = Ekésfss = _%%569
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7 6 7
= _3k§578 ~ 90 kzls579 = 10k34444 = 5%455 = _gkfmﬁ = _2%1467 = gkﬁmw

9 4 7
51%488 31951489 - 15154499 = 2]{311568 = _§k4,1569 = 3k1,1578 = Ekﬁsm = 10]{;555
1 7 3 4
_éki’)566 = 5%567 4Ok5577 = _ké588 = _ké589 = 5’“&599 = 1_31{%666 5k6667
1 2 11 7 7
_gké677 = _5k/6688 = 5k/6689 10k6699 k6777 10ké788 = gké7s9 = 1_0%799
7
= 57{7’7777 == 5k,7788 - 3k7789 - 3k7799 - Okésss = 24k8889 = _gkésgg
11

3]€8999 - 1Ok9999 (41())

4.3 Isotopic relations between spectroscopic parameters w},
:U’M, ;, ozA of the CH, and CH,D, species

As a next step, on the base of (3.9) - (3.10) and Tables 4.2 and 4.3 we can obtain isotopic
relations between different spectroscopic parameters under substitution CHyDy <— CHy. At
first we consider harmonic frequencies wy, anharmonic coefficients x,,, equilibrium rotational
parameters B and ro-vibrational coefficients af, i.e. the values presented in the unperturbed

vibrational energies

BV = ZW (uﬁ ) Z% (uﬁ ) ( + ;) + .., (4.11)

and in an effective rotational parameter

vi...V e 1
By =B5—> ol (VA + 5) + . (4.12)
A
where \, u=1,...,9,a0 = x,y, 2.

Harmonic frequencies w)

Harmonic frequencies of the CHyDs molecule can be obtained from the system of equations,
which follows from (2.12)

det(AW — W"”E) = 0, (4.13)

where A is the matrix with elements A,,, defined in (2.14), W is the diagonal matrix with
elements Wy, = w?\, E is the unit matrix. If one take into account Table 3.2 and (2.22), then

the following relations can be obtained from the solution of the system (3.13):

2 2 2 2 2 2 2
Wy wit Ws w? wf w _ wg

120 125 18+27v3 28 23—5v3 62—22¢3 129
wl72 . w;f . w

_ — — 9 _
49 —19v/3  69++v3 19++/3

Numerical values of the harmonic frequencies w) of the CHyDy molecule, obtained on the

(4.14)

base of relations (3.14), using only one initial parameter w; = 3040.38 cm ™! of the CH, molecule
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[21], are presented in column I of Table 4.4. For comparison, Table 4.4 contains the values of
the same harmonic frequencies obtained from analysis of experimental data [57] (column II)
and from ab initio calculations (column III).

Table 4.4. Harmonic frequencies of the CHyDy molecule (in cm™).

Parameter IR " I11°)
W) 3103.07 3104.42 3102.5
wh 2233.62 2237.99 2236.9
wh 1468.64 1472.31 1470.9
wh 1051.01 1054.44 1053.1
wh 1356.72 1361.24 1360.1
wh 3152.33 3159.79 3156.5
wh 1113.34 1117.78 1116.2
wh 2334.24 2339.57 2337.1
wh 1263.74 1267.46 1265.7

) Calculated on the base of (3.14).
%) Taken from analysis of experimental data [57].

©) Taken from ab initio calculations [67].

It should be noted that the calculated values (columns I) are systematically smaller (2-4
cm™!) then those deduced from experiments (column II) or from ab initio calculations (column
IIT). We can explain this fact, because in relations (3.14) we used the harmonic frequency w; of
the CH4 molecule from [21] as an initial value. The correspondence between data in columns I
and II, IIT can be improved by simply shifting the initial value of w; to a few cm™! higher. But
if one remembers that harmonic frequencies w) of the CHyDs molecule were obtained without
any information about the CHyD5 molecule, the results can be considered as quite satisfactory.

It should be explained why we choose the parameter w; = 3040.38 cm™! as an initial
parameter. Columns 2 - 7 of Table 4.5 contain values of harmonic frequencies of CH; molecule
from different references, and besides both from old publication [72] (for example, 1979) and a
new one [53| (2014). Column 8 contains "relative error" = 100% x (w™*® — w™m)/wm™™. We

see, that the smallest error is 0.5 % for w;. We could have also used w3 as an initial parameter

because its relative error is approximately the same as for wy (has the same magnitude).

Table 4.5. Harmonic frequencies of the CH; molecule (in cm™1).

Parameter [53] [87] cc-pVDZ, [101]  cc-pVTZ, [101] cc-pVQZ, [101]  [72]  Error (%)
wq 3040.38  3040.38 3040.4 3034.7 3036.2 3025.5 0.5
Wo 1569.87 1570.05 1550.5 1570.8 1570.4 1582.7 2.0
w3 3153.38 3158.40 3175.0 3153.9 3157.1 3156.8 0.7
Wy 1346.10 1345.53 1333.8 1344.0 1345.3 1367.4 2.5
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Anharmonic coefficients ),

Taking into account (3.7), (3.8), (3.14), data of Table 4.2 and formulae (IV.20) from [78§]

we can obtain isotopic relations between anharmonic coefficients ZL‘I)\M in the following form:

7 9 11 6 1

T = _gBe = %x,n = 1027, = %x,m = Tryy = gx,m = §$,16
3 11 23 19 9 6

= 59‘?/17 = 90025 = 2_5$/19 = %x/m = Ty = %35/24 = g$/25 = —10z% = g:c’27
5 56 2 19

= ﬂxés = 3wy = Exé?, = Ty, = 50xy; = 5%6 = _ng’ﬁ = balyy = —17ay,

23 28 12

= 4laly, = =292, = 122y = —Ta), = 2—533218 = 9y = E:cgg, = ﬁxgﬁ = T0x%;
8 2 33 3 32 21

= 593/58 = —Tagy = 593/66 = %%’7 = —dwgg = 595%9 = 3517/77 = 1_095/78 = —barg
13 , 3, , 7 h

It should be noted that we took into account the presence of possible Fermi-resonance interac-

tions between the following pairs of vibrational states:

(..v9..04..
(..vg9..07..
(.v1..05..
(..v1..09..
(..v3..06..07..)
(..v5..06..09..)
(..v4..08..09..)
(. )

V5..07..08..

To illustrate the correctness of the obtained relations, Table 4.6 (column I) contains results
of calculations with the relations (3.15). Here, as in the previous subsection for harmonic
frequencies, only one initial parameter z;; = —12.518 cm™! of the CH, molecule from [21] was
used. This value of initial parameter was chosen for the same reason as for harmonic frequencies
in the previous case. Analogous analysis was made for anharmonic coefficients of CH, molecule
and the smallest "relative error" is equal 0.7 % for x1;. For others anharmonic coefficients
T12, T13, ...T4q Telative errors are varied from 1.2 % (x13) until 643 % (xqs).

For comparison, column II of Table 4.6 contains values of corresponding :r:’/\u—parameters
obtained on the base of ab initio calculations [67]. If we take into account that the values
of 45 x’/\u—parameters in column I were calculated without any information about the CHy;Do
molecule, using only one zq; parameter of the CH, mother molecule, the correlation between
values in both columns can be considered as more than satisfactory, with the exception of
parameters s, g, Thy, Ths, The, Thr, Thyy The, Thgy Trs Tho, Thg and Tgg. Differences in the
values of the mentioned parameters can be explained if we take into account the next fact:
we used the above mentioned set of vibrational resonance interactions to produce the isotopic

relations (3.15). The values of the parameters in column II were calculated by Martin et al.
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[67] from ab initio F;; force parameters by taking into account only two types of vibrational

interactions:

(..Ug..’l}7..)/(..'l}2 + 1..1}7 + 2),
(..U4..U8..Ug..)/(..’U4 + l.vg F 1..7)9 + 1)

To illustrate the quality of the approach presented in this thesis we calculated the ,~barameters

on the base of the same ab initio Fj; force parameters from [67], but we took into account all

above mentioned resonance interactions.

Table 4.6. Anharmonic parameters of the CHyDy molecule (in cm™).

Parameter Q) ® 1119 vy Parameter I 1% 1119 vy
T -27.82 -27.34 -27.34  -25.30 Thy 0.74 0.65 0.65 -0.18
T -1.25 -0.83 -0.83 -3.29 Ty -0.31 -4.49 -0.05 -5.21
T -29.59 -7.25  -30.07 -15.23 s 0.43 0.51 0.51 1.47
xy -1.79 -2.05 -2.05 -2.42 e -1.04 -1.41 -141 -1.14
x5 -10.43  -11.75  -11.75  -11.75% e 1.79 0.73 0.73 -0.87
g -112.66 -115.08 -115.08 -114.11 g -13.61 -15.62 -14.99 -15.629
), -8.35 -8.79 -8.79 =777 T -1.39  -1.91  -1.91 -2.57
g -0.01 0.40 0.40 -9.22 Ths -2.24  -2.21  -221 -2.65
T -28.45 -6.14  -28.22 -0.62 Thg -21.91 -12.87 -22.72 -11.91
The -13.61  -14.13 -14.13 -10.45 Tho -0.18 0.39 -0.15 0.399)
Thy -1.79 -2.07 -2.07 -3.61 Thg 782 -966 -8.79 -9.66%
Thy -16.47 0.85 -16.93 -0.57 Thg 1.79  -8.76 243 -9.67
Th -6.95 -7.32 -7.32 -7.32°¢) T -31.30 -31.64 -31.64 -31.57
The 1.25 -0.51 1.81 -0.51¢) Ty -18.97 -11.27 -18.29 -11.06
Thy -10.43 -8.02  -10.33 -1.75 Tgs 3.13 3.72 3.72 3.72°)
The -60.09  -59.73  -59.74  -58.07 Tgo -20.86 -10.82 -22.01 -12.73
The -4.17 -4.34 -4.34 -7.67 xhy -1.96 -1.88 -1.88 -6.59
Ths -1.12 -6.73 -1.03 -5.19 Thg -5.96 -7.00 -6.97 -7.00°
Ty -1.79 -1.54 -1.54 -1.98 T 2.50 3.59 3.59 2.46
The -0.25 -0.45 -0.45 -0.45°) Thg -18.30 -18.58 -18.58 -15.26
The -31.30  -22.15 -32.35 -21.51 Tl -8.35 -15.62 -7.78 -9.15
Thr 2.63 -7.53 2.68 -7.31 Ty 1.25 -4.35 1.17 5.26
Thy -3.50 -3.07 -3.07 -3.90

@) Calculated on the base of (3.15).

b)

Taken from ab initio calculations, [67].

) Calculated on the base of ab initio F; j parameters from [67], but with taking into account

the same set of resonance interactions, those were used to obtain isotopic relations (3.15).

4) Taken from analysis of experimental data [57].

¢) Was fixed in [57] to the value of corresponding parameter from [67].

The results of these calculations are presented in column III of Table 4.6. One can see more than
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satisfactory correlations between the corresponding values in columns I and III. This fact can
be considered as a good confirmation of the correctness and efficiency of the obtained isotopic
relations (3.15).

It should be noted that for comparison, column IV of Table 4.6 contains fitted - deduced
from experiment - values of the 2, ,~barameters from [67]. Discrepancies between values of some
parameters in columns I and IV can be explained by the fact that the analysis of experimen-
tal data in [67] was made by taking into account considerably smaller number of resonance
interactions than was made in present analysis.

Equilibrium rotational parameters B; and ro-vibrational coefficients ai\ﬁ

Equilibrium rotational parameters B/ﬁe of the CHyD5 molecule can be determined by the

following formula

, h
Be=|—"_ 416
B (4770[6‘35) ( )

where

£ Yo [ 005 - 0| (17
N ¥
The values r}\ew(fy = z,y, z) are equilibrium coordinates of nuclei of the CHyDy molecule, that
can be obtained on the base of equilibrium coordinates rf., of the CHy molecule and equation
(3.1). Thus we obtain:

. 31 11
BE:; 3 3h

Bf="B¢=_Bf=__"" 4.18
T8 Y 9 % 32mempp? (4.18)

Numerical values of the B;f parameters were calculated on the base of relations (3.18) with the
initial value B¢ = 5.29986 cm~! of the CH, molecule:

B! =3.53324 cm ™,
By =3.07734cm ™,
B! = 4.33625 cm ™.

We obtain isotopic relations for ro-vibrational coefficients a,f using general formulae from

[78], equations (3.7), (3.8), (3.14) and data of Table 4.3:

10 3 /.,1: 6 /x /I 19 /x /I

—2a = —370/5” = EO/I = @a'”c = —2—40/3/ = —galy = ﬁa/y = —Ealy
- 107 5% 277 570 257 10 10 ¢

34 ., 56 W 29 W28 . 1T . 4 .
=50 = gt =107 = T = THay = mggal = myror =m0y

22 / 3 12 9 . / h?
=—af =doy = —-af = ——af = ——ag =3ay = — (4.19)

25 4 57 gt 5 7 10 ° Y 16mptem??Fl?
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It should be noted that we took into account resonance interactions between all deformational

states and also between the pairs of states:

(~-Ul-~U6~)/(~Ul + 1..v5 F ].),
(..UQ..Ug..)/(..UQ + 1..v8 F 1)

Table 4.7. Ro-vibrational coefficients a,” of the CH,Dy molecule (in 1072 cm™).

BA 19 I 11 BA IV 11 I11¢) A IV I 11
rl 223 201 238 yl 070 1.99 0.70 z1 298 351 3.46
x2 278 270 297 y2 2.61 2.70 3.18 z2 079 094 0.81
3 -0.84 -1.02 -8.76 y3 -0.86 -1.02 -11.07 23 418 3.63 3.38
x4 -1.76 -1.49 1.68 y4 2.60 1.50 2.51 z4 -3.80 -4.14 3.46
x5 1.67 0.66 6.17 yo -049 064 -3.39 zb -0.84 -1.18 -4.98
6 1.67 1.84 1.79 y6 149 1.85 1.52 26 223 237 219
7 090 1.02 6.40 y7 -0.84 1.02 2.01 27 139 1.75 -3.60
x8 139 1.80 1.57 y8 230 1.80 1.91 28 3771 346 3.94
9 -0.11 0.08 -5.57 y9 0.67 080 10.90 29 -1.11 -1.00 2.84

@) Calculated on the base of (3.19).
%) Taken from analysis of experimental data [81].

®) Taken from Table 11 of [72].

Column I of Table 4.7 contains results of calculations of the ro-vibrational coefficients oz:\ﬁ on
the base of (3.19) with using only one parameter Y3 of the CH4 molecule. For comparison
column II of Table 4.7 contains values of corresponding parameters, which were obtained from
the fit of experimental data [81]. We can see good correlation between all pairs of values. Also
column III presents ro-vibrational coefficients from [72]. Differences between the values of the
ai\ﬁ-coefﬁcients (with A = 3,5,7,9) in column III and columns I, IT appeared because in [72]

resonance interactions were not taken into account.

4.4 Isotopic relations between spectroscopic parameters of

the CH; and CH,D, species: Fermi-type interactions

It is known that Fermi-type resonance interactions in the Cg,-symmetry molecules as

CH,D, are described by an operator of the following form [82]:

Hm? :vﬁFO—i_U’DFKJf+U{}FJJ2+U{)FKKJ3+U{)FKJJZ2J2+1”7FJJJ4+...

+ oy (J2 = J3) + " Feay{J2, (2 = I e +2 P Fy J2(J2 = J)) + ..., (4.20)
where first term is the pure vibrational part of the interaction, all other terms describe different
types of rotational dependencies of the Fermi-type interaction caused by the presence in a
molecule of rotation-vibration interactions.

Analysis of the rotation-vibration spectra of CHyDy molecule shows [67, 81, 83| that the

following six types of pure vibrational resonance interactions should be taken into account if

we want to describe correctly high resolution spectra of that molecule:
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1. interaction of the type (v|...[0) = (va...v,|...Jlox £2...0, F2), with A =4, p =7, 0r A =1,
p = 0;

2. interaction of the type (v|...|0) =(vx..v4...0 ... lox £ 2.0, Fl..v, F1), with A =9, p =3,
v=4;

3. interaction of the type (v|...|0) =(vx...vy... 0. 0] Jun £ 1.0, £ 1.0, Fl..ve F 1), where

(a) A=4, u=5v="7£=09,
) A=3, u=T,v="5£=09,
() A=4, u=9,v=5£=T17,
(d) A=3, u=9,v=5,=T1,
(e) A=1, u=T,v=4,£=6;

4. interaction of the type (v|...|0) = (vy...v,]...Jvx £ 1...v, F 2), where

(a) A=1,u=3,0r9,
(b)y A=2, u=4,o0r 7,

5. interaction of the type (v|...|0) =(vx...v,...0,|...Jx £ 1.0, F 1.0, F 1), where

(a) A\=6,u=3,v="T,or p=>5v=29,
(b) A=8, u=4,v=9,or u=5v="T;

6. interaction of the type (v|...|0) = (va...v,|...Jvx £ 1...v, F 1), where A = 3 and p = 4.

Darling-Dennison interaction (vy...v,|...|lvx £2...v, F 2)

To describe the main pure vibrational part of the Darling-Dennison interaction, the follow-
ing formula was derived on the base of the operator perturbation theory (Chapter 1, Section
1.4):

(Un..vy].Joa + 2.0, — 2) = (ux + 2.0, — 2| Jur.vp)

1\ /2 2\ /2 12 1\ 2
_ (T Ut (”_“> Y =2} (4.21)
2 2 2 2
where

(A/\HH)F’_k’ +M<L+L)+M(i+3—%>

Adp 2 wh 40%2 — wg\? 2 Wi, 4w3\2 — wf
1 1 1 1
_kl2 . + - klZ _ + -
M (w’ 2w — w, A\ W 2wy, — wh

2
—w, W W, — W\ — W 4 2wy +wp 2w, + wg

E£N 1L p £ 3w
Kk, 1 (wh +w )2
+ Z 5 hp . -+ ZB < ) —. (4.22)
syl 2wy — W w# — wE wAw#
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In equation (3.22), if £ = 1, and A or = 3 and/or 9, then the whole sum (2“)&1—% + 2%1_%)
in the next to last term should be omitted. Also, if £&= 2, and A or g = 4 and/or 7, then the
whole sum (2wgl—wg + 2%1_“}5) in the next to last term should be omitted.

If to take into account equations (3.7), (3.8), (3.14), (3.18) and data from Table 4.2, one

obtains:

32 101 23 h
Be— % (44’77)F6 __ 4 (11,66)F6 =—. (4.23)
3 11 50 TCMp P;

To illustrate the correctness of the obtained isotopic relations (3.23), results of estimation are
shown in the first two lines of column I of Table 4.8. For comparison, column II presents the
values of the same parameters obtained from an analysis of experimental rotation-vibration
spectra [81]. Except for the second and the last parameter, one can see satisfactory correspon-
dence of both results.

As analysis shows, to derive analogous formulae (as (3.21) and (3.22)) for the higher order
interaction parameters Fj., F, etc. in equation (3.20), it is necessary to take into account
fourth order perturbation theory. On the one hand, it is a separate difficult problem and, on
the other hand, values of these parameters must be 10® — 10* times smaller than values of the
main M4 ! parameters. Because of these reasons we do not discuss here isotopic relations

for these Fy., I, etc. parameters.

Table 4.8. Parameters of vibrational interactions in the CHyD5 molecule (in cm™1).

Type of interaction Parameter IR Equation 1
(v1.v6..) /(v £ 2.0 F 2..) (11,66) gt -123.44  (3.23)  -126.44
(vg.v7..) ) (vg £ 2,07 F 2..) (44,77 ! -6.18  (3.23) -14.23
(. v3..04..09..) /(g £ Lovg & 1wy F 2..) (34,99) ! -1.34 (3.26) 1.75
(-v1.04.06..07..) /(o £ Loy F Lovg F Ly £ 1..)  ATAOF! 754 (3.29) -7.03
(.v3..05..07.09..) /(s £ Lvs F Loy £ 1vg F1..) CTEY -15.70  (3.29) -17.42
(.v3..05..07.09..) /(L3 £ 1vs F Loy Flovg £1..)  CWPDEY 24.58  (3.29) 23.02
(.v5..05..07.09..) /(g £ Lvs £ Loy Flvg F1..) TR 8.31 (3.29) 7.44
(.4.05..07.09..) /(g £ Lovs F Loy Flvg £1..) @SN EY 20.19  (3.29) 19.86
(.v1.v9..)/(vr £ 1wy F 2..) (1,99) gy -164.96  (3.45)  -158.02
(o103 /(op £ Lovg F2.) (1,33) -87.98  (3.45)  -95.50
0
(v9.04..)/ (vg £ 2.0 F 2..) (2.44) gy 67.68  (3.45) 72.75
(.v2.v7..)/ (vg £ 2,07 F 2..) 27 F 67.68  (3.45) 65.01
(v3.06..07..) /(Lvg £ 1ovg F 1vp £1..) (6,37 p -219.95  (3.45)  -218.61
(..v5..06..09..) /(.05 £ 106 F 1..vg £ 1..) (6,59 g 221996 (3.45)  -229.11
(-v4..08..09..) /(g £ 1ovg F lovg £ 1)) (8:49) 73.32  (3.45) 68.45
(.vs..v7..08..) /(vs £ 1wy £ 1ug F 1..) (8,57 Ff -20.95  (3.45) -33.31

@ Calculated on the basis of isotopic relations.

® Obtained from analysis of experimental data [81].
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Interaction of the (v)...v,..v,|...|vx F2..v, £ 1.1, £1) type

It can be shown using the operator perturbation theory, that the resonance interaction of

the type (vy...v,..0,]...]uxn F 2...v, £ 1...v, £ 1) is described by the following expression:

(Un. vy | on — 200, + 1ou, + 1) = (uy — 2.0, + Lvy, + 1oy v,.0.)

1/2 1/2 1/2
_ <2>1/2 vy —1 / v +1 / v, +1 / (W) gt (4.24)
2 2 2 2 ”

where
N A 3kAMk/AW 1 L wh
0 MM 2 3wy (W, +w)? =W
_i_ki\uuki\uv wy, +w, N 3w, — w,
2 |G - —w) e — ) — 2w
k;’AWk:f\W wL + w, N 3w, — W,Z
> | — ) - e — )
/ W' W W
+k/ kl 12 + 12 + k:/ k/ 14 + 14
AV ppy 4@3\2 — w,? WIV(QUJ:L + W/V) PN 4(.&)3\2 — O){,Q CUIIL(2W/V i W;L)
wh W
—2/{3/ /{Z, A + A
A LL@w; —wl) Wl (2wh —w)
k?l [ O.)/ w/
/\ué v ¢ ¢
+ +
D T (e R = ) R
n Z ki\Ag e 2wy + Wy, + W, — 2w B 2w} + w,, + wy, + 2w
S (2w —we)(w), +wp, —wg) (2w + wp)(w), + W), + wp)
(Wi +ap,) (W) +w))
—QZBﬂ (coce) L . (4.25)

/ ! /
Wy \/Wp,w,,

In equation (3.25) the first term in the last square bracket should be omitted when 2w} ~ wg
(resonance situation).

We take again into account equations (3.8), (3.8), (3.14), (3.18) and data from Table 4.2 and
obtain the following simple isotopic relation for the resonance interaction parameter %34 F

which is essential for the CHyD5 molecule:

e 8 wsnp oM (4.26)
3 2 Temp p?
The result of numerical estimation on the base of relation (3.26) and the result obtained from
experimental data are presented in Table 4.8. If we take into account a small absolute value
of the %39 F! parameter, the result of the theoretical estimation can be considered as more
than satisfactory, in spite of the difference in sign of the calculated and experimental values.
For the same reason as in the previous case, we do not consider here higher order interaction

parameters Fp., F, etc.
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Interaction of the (vy..v,..v,..v¢|..Jvx F 1.0, F 1..v, £ 1.0 £ 1) type

Analogously to the previous resonance situation, it is possible to obtain the following

expression, which describe the resonance interaction of the type (vy...v,...0,...0¢|
l.v, £ 1. v £1):

LJoaFliov,F

(Uxn.. Ve oy — 1oy, — 1uy, + 1vg + 1)

= (vy —1l.v, — 1., + 1ve + 1. |ux. vy 0,.00)

1/2 1/2
_ Ux 1/2 /U'u 1/2 Vy + 1 / U§ + 1 / ()‘ﬂvyg)F/ (4 27)
2 2 2 2 0 '
where
Auvé)

k; 1 1 1 1
mi@ m/f L B
e 3 5 (G ) (e )
(#9)

/ ! / / /
" 2wl twy  w W, Fwe

I"CH’I’] :497- 1 1 1 1
Sy oy M (L L ;
K,O=\p 0, T=0,E W Wy T Wy — Wy
(15#0)

/ / / / /
2w, —w; Wy W — wy
(n;ﬁT)

+Z miT 77>\u i_'_; . 1 + 1
= w! w&%—w’—w%

/ / / / /
# 2wy +w - wy Wt w,
(n#7)

A . 1 1 1 1
-y 3wt (v )+
K,0=X\,n n,7=v,§ w’ﬂ

i ) }
/ / / / / / /
Wy, + Wy — wy 2wy —wy, Wyt wy — W
(x#0)  (n77)

1 n 1 1 n 1
w’A—l—w;j—w’p w,’,—irwé—w; w,’,—l—wg—w’ !

p wk+wg—|—w;
-y Y Bl 1 1
w PR

+ Z kAup vép

pEIVE

PEIMVE n T=1,€

+ ) + ( ! + ! )]
/ ! _ / ! _ /I / ! _ /I / /
AT W W, W — W — W), Wy, — Wy — w,
(n#7)
’

_ oy /
Wy, — Wy —l—wp
e

’ =) (wp —w,
+§m[(w@g) (), = wh) (wf — )]

2B’e

- Tt [(G06e) (et ) () + (G ) (e + ) (], + )|
A 3

As in the previous case, using equations (3.7), (3.8), (3.14), (3.18), (3.28) and data of Table
4.2 we obtain the following simple isotopic relations

(4.28)

QBe _ 34 (15,79) for — 43 (37.59) o — 14 (19.57) o — 23 (39,57
3 ) 20 ) 10
L P S
2 Temyp?

(4.29)

Results of estimation of the values of interaction parameters (4>7) [y (37:59) p - (49,57) o (39,57)
and U746 F¥ are presented in column I of Table 4.8. The values of corresponding parameters

obtained from analysis of experimental data from [81] are presented in column II of Table 4.8
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Fermi-type interaction (vy...v,|...Jvy £ 1...v, F 1)

1. Pure vibrational interaction coefficient, (’\”’“)Fé.
Formula for M) F-coefficient was obtained on the base of operator perturbation theory in

the following form:

(Un..vylJoa + 1w, = 1) = (ux + 1w, — 1. Jos.vp)

1/2
vy + 1 (Uu)w(m) ,
= —- L 4.30
( 2 ) ) 0 (4.30)
where
i#]j Y / /
3 3 3kl k! 10 1 6w! + w'
A, 111" Vig, )
( H)Fé QkMAuVA—i_Qkkwuv + Z k;uﬁévf_ Z TJ{Q—FJ—F%’?—_&}V’
EF LJ=A\ 1L 2 J ) j
.S whty [ 24 Gl diteg],
4w — '~ 4w'? — w2 wiw' !
LI=A J 2 (2]
9 2
_ Z Aué ke 2we — (wh = Z Z ki\ 5§ 2w,? — (wh — WL) v
/2_ (w/ W' ) i (w, _w,)Q 3
EFN We A H EFEN Y VEN 1 V A M
1#] I !
1 1 w w
”J 255 3 §
-2 > { /+J+—2w4_w}vf+z%xgsku&{ 4w/2+w’2—4w’2}v5
Li=Ap EFA i J ! J EA )‘ 3 s §
/
+Z Z Aev ugy{ wg+w; N wé+w{, }Vg
’ 2 ’ 2
€A VENLE wy = (Wi +w,)” w2 (w+w)
N f: T m&’%s { 2 (wj — wy) N Buwj + wj + 20 }Vg
2 ;
1,J=A 1 EFA (wi o w}) o w£2 (2% + wé) (wi + w} + wé)
1#£] 2 9
_ Z Z Kize zg{{ —w;-) — 8wy N 3wi + wj + 2w }V
2 / / / v
iJ=Au £ w (w] —W) —wd (20 wp) (Wi + W+ wp)
i£] I / / /
+ Z Z 235 C)\gc,fg & Ve - Z Z : / / J/ / / Ve
AN B eV iAot EEA (20 _“’5) (w] + ] —wg)
i#£] s
N e (2w] — wé) (w) + wh — wé)
K\eo K, 1 1
gvpgy
- + V;
5;111/7;% s {“’3“"2_”/” Wt f
ke K¢, 1 1
y oy el 1w s
EFN VENJILE Wy tw, —we W, tw,-w

Here

Ui—l—?ji 1
V= -
(5 3).

v; and ©; are vibrational quantum numbers in the left and right wave functions of equation
(3.30). When ¢ = 3 and £ = 1, or i = 4 and £ = 2, then the third and fourth terms from
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the end in (3.31) should be omitted because of resonance interactions between corresponding
vibrational states. For the same reason, when £ =7 and v = 6, or £ = 9 and v = 8, then the
next to last term should be omitted; when v =7 and £ =6, or v = 9 and ¢ = 8, then the last
term should be omitted.

2. Ro-vibrational interaction coefficients, M Fj., MW F) and MW

Formulae for corresponding ) F'-coefficients were obtained in the following form:

(Un..vy]Jun + 1w, — 1) = (uy + 1w, — 1. Jor..0,)

1/2
) ( 3 1) () onr (4:32)

2 2
Whel‘e ()\7;L)F/ - ()\,M)F[/(’ (A’M)F‘/], or ()\7M)Fg,3y;
oM - — 9l _ ) Y (M)F;’ (4.33)
2 = AW g (/W)F;, (4.34)
Z(A’“)F;y — (A’“)Fgé _ (/\:#)Fé7 (4.35)
and

’

e 2 e 1/2 9 9
R — 3 Z (Bx) B (4mc e 2 (B'e>2 dme\ Y Jaa (w), +w))? — 2w,
“ —~ s h A Tk wh W h AT wrwh (2w — wr,)

A
2 ( Bfe>2 (47?6) V2 gy (WA - 2w

+ wy, N h po A w&w&(?wl’t —wh)
.S (B)? (47rc) 1/2 aayy 2w — (Wh —w,)?
=t \ :
AR R T

oo b (W W) (W, + wi 1 1
o Z (Baeggi> (BaegﬁfL) ( > / g)(/'u‘/ g) / / + / /
WE\/(A)/\(A)“ w —Cd/\ wg — W

€A § p
‘e Ao ‘e Ao (wg\_wé>(w/ _wé) 1 1
B Z (Bo‘ Cg}‘) (Bo‘ C5”> ! ’#’ Wl + W) + wh+w ) (4.36)
E£N WeV/ Wy ¢ T WA e T Wy

In equation (3.36), o = x,y, z; if wg A W), or wi &~ wy, then the before last line should be put
to zero.
Such kinds of resonance interaction correspond to a one situation in the CHsDs molecule,

when A = 3 and p = 4. Therefore, isotopic relations were obtained in the following form:

92 1 23 13 2 27 57 39 17 11

GO = ZB |- Vi+ Vo — Vo= —Vi— — Vi — — Ve + Vi + —Vs + —Vi

0= 2 T 2T Y T s T 100 10 T 0T T B
(4.37)

and
2
Yo = § (34)F1 — _§ (374)F/ — § (3,4) v - h (438)
2 ’ 5 Y5 ’ 167Tcp§F111/2m?I’!2



Numerical results with relations (3.38) are:

(3,4) F/

(3,4) Fé _

(3:4) F;

= —0.0134 cm ™,
0.0209 cm ™!,
—0.0278 cm ™.

Only one parameter Y3 of the CH, molecule was used as the initial one. Corresponding values

of these parameters taken from analysis of experimental data [81] are:

GHE = —0.0163 cm ™!,
BHF = 0.0159 cm ™,
GHE = —0.0327 cm ™.

If to take into account that predicted values were obtained without any information about

CH3yDs molecule, the theoretical prediction can be considered as more than satisfactory.

Interaction of the (vy..v,..|...Jux £ 1..v, F2..) and (v)..v,..0,..]...Jlx £ 1.0, F 1., F1..)
types

It is known that the main parts of such kinds of interactions are proportional to the

corresponding cubic anharmonic parameters ky,,:

(Un.vp | Jua + 1o, —2.) =

o+ 1\Y? o\ U2 (v, — 1\
(uy+1.v, — 2. Jun.v,..) = < /\2 ) (3“) HT MRS, (4.39)
where
I FS = ) (4.40)
and
(Uy.vp.vp oy + 1w, — Liu, — 1) =
1\ /2 1/2 /9,\1/2
(un+1.v, — 1L, — 1] |or.v,.0,..) = i <%> (U—> ) B,
2 2 2
(4.41)
where
M) FY = K- (4.42)
Thus the isotopic relations can be derived in the following form:
_%7 Bew, — 2 (199 pr 5 (139 pr _g ) pr _g e pr
o OINE g O — G B — 9 6 = 1 e g (4.43)

2
Table 4.8 also contains results of numerical estimations of the interaction parameters with
isotopic relations (3.45) (column I) and corresponding values obtained from an analysis of

experimental data (column II). One can see good correlation of both sets of parameters.
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4.5 Isotopic relations between spectroscopic parameters of

the CH, and CH;D, species: Coriolis-type interactions

It is known [82] that Coriolis-type interactions for arbitrary asymmetric molecule of Cy,
symmetry group are described by the three types of coupling operators H,;, (v # 0). If the
product I' = I' ® I'? of symmetry species of the states v and ¥ is equal to B, then states v

and v are connected by Coriolis resonance interaction of the following form:

Hy = ilHY +{J,, J,}H H(g){Jx, Jy}e
+{Z‘]Z’ (sz - JyQ)}-‘r vf) _I— vf; {Z‘]Za (Jz2 - JyQ)}+ + o (444)

where {A, B}, = (AB + BA). If I' = By, then Coriolis interaction has the form:

Hy = iJ,HY + HYiJ, +{J$,J}+H2)+H(2 {Jo, L},
H{idy, (J2 = T} HS + HD{idy, (J2 — T} + .. (4.45)

If I' = Ay, then we have Coriolis interaction in the form:

Hy = i, HY + HYid, + {7, Y HD + H2{J,, L.}, +
{idey (J2 = IOV HE + HO iy, (J2 = T} + (4.46)

Operators HSQ, i=1,2,3,... in equations (3.46) - (3.48) have the form:

; 1o 1 o o 1.

Héﬁ) — 5 v (1 +UUC}<JZ2 + 5 vv03J2 +UUC;{KJ;1 —f—vvC;{JJZQJQ 4 5 vvcgJJ4
L L L 1 . .

F e IS + e JUI? + Che T 4 2 T (4.47)

Analysis of ro-vibrational spectra of CHyDy molecule [57, 81, 83| shows that the following

types of Coriolis interactions should be taken into account:

1. interaction of the type (v|...|]0) = (vx...v,|...|vy £ 1...v, F 1), with different combinations
of indexes \, u =3,4,5, 7,9 N# p,or A=1, u=1or A=2, u=28;

2. interaction of the type (v|...|0) = (vy...v,]...Jux £ 1...v, F 2); in this case p = 3,4,5,9, if
A=6,0r u=3,4,57 if A =8;

3. interaction of the type (v|...|0) =(va...v4...0]...Jox £ 1.0, F 1w, F 1), with p/v = 3/9
and A\ =1,6, or u/v =4/7,4/9 and A =2, or u/v =4/5,7/9 and A = 8.

Coriolis interaction (v|...|0) = (vy...v,|...Jux £ 1.0, F 1)
The main interaction operators in (3.46) - (3.49) have the following form:

(Ux.v|.Jox + 1w, — 1) = (vy + Lov, — 1. |vx.v,)"

1/2 1/2
:iJa (U)\g‘l) (U—;)lm()\’u)cé"’(Jajﬁ‘i‘JﬁJa) (UA;l) <%)1/2 ()\#)C(’X/B’
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where
! !
wy, + Wy

(A,N)Cl - _9 <B’e ’oe)
« ozC)\u \/m’

(4.49)

and

BSBgBY (4mc\ [ 1o o /
A, B ay ' B
HCan = Z N ( )(“ o+ ara)

L agene (A V2 (0K, (W 4 wh)? — 2w . AP, (W + W) — 2w
*7F N\ h wh Wi (2w —wr) Wi, whwr (2w, — wh)

I
’ ’ ’ 2
BfBy (Ame 172 2w2—(w’—w’)
B afyr £ A Iz
+ ) (_> ag kxugw/

’ 2
et 1/ 2w h A [wg — (wh —wL) ]
P 1, [P 1, ! (wg\ —Wé)(w/ _wé) ]_ ].
- 3 [(mece) (moqe) + (i) (m56) “ +
2 [( o Oxc ) (B3 Gue @ one ) \Ba e 2w /Wi, W+ wp Wi+ w)

£
/ / / / / / / / (wg\—i_w/)(w/ +w/> ]_ 1
B'e a) (Be ﬁ) <Be a) <Be ,3>:| § M § )
- Z [( aCu& ﬁCAﬁ + aC/\E ﬁCME Q(Mém WL_Wé +w£\—wé

(4.50)

In formula (3.52), if w; ~ w), or wi =~ w),, then the last term should be omitted.

Isotopic relations obtained on the base of equations (3.50) - (3.52) have the following form:

32 38

31
22 pe — _996) o — 4328 — 1B = 22 BN = 22 B9y
3 z Yy x 5 z 5 Y
43 28 54 76
_ 3 s — 20 @ —og5@9)cr — _ 2% 6ner — O 59 r
5 * 5 z Y 5 Y 5 z
h
— —10(779)0; e —2 (451)
TCMHPS
and
10 9 9 9
Vo= —Y, = 2 (176)0/ _ _(278)0' =2 BYor — _Z BAcr
T 115 5 T 5 vy
22 7 28 17
_ == (3,4)0/ — (3,5) Cl _ 2(37 Cl 2 (3,9)0/ _ - (4,5)0/
25 5 zy 25 v 10 vz
3 17 19
(47 _ 4,9 _ 5,7 _ 5,9 _ 7,9
—( )C;y = 6490 = - ( ) = o ( )C;y T ( )C;Z
h2
_ (4.52)
1/2_3/2°
167rc,06F11/ /

Calculations on the base of relations (3.53) - (3.54) give the results which are presented in
columns I of Table 4.9. For comparison columns II contain values of corresponding interaction
parameters obtained from analysis of experimental data from [81]. One can see good corre-

spondence between these two sets of results.
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Table 4.9. Coriolis interaction parameters of the (v v,|...|lvx + 1y, — 1)-type resonance

interactions (in cm™').

a A opo 19 m a g X p 19 17

z 1 6 -057 -073|z y 1 6 -0.019 -0.018
y 2 8 -1.32 -138|x 2z 2 8 0.033 0.034
r 3 5 -568 -615|y z 3 5 -0.024 -0.024
z 3 7 -323 -316|z y 3 7 -0.017 -0.016
y 3 9 916 907|x z 3 9 -0.030 -0.028
r 4 5 660 -653|y z 4 5 0020 0.020
z 4 7 1014 1011 |z y 4 7 0.033 0.030
y 4 9 020 -011|z =z 4 9 0.006 0.005
y 5 7 -526 -532|x z 5 7 -0.056 -0.054
2 5 9 374 37|z y 5 9 -0.039 -0.039
r 7 9 -568 575y z 7 9 -0.018 -0.017

) Calculated on the base of (3.53).
%) Taken from analysis of experimental data [81].
©) Calculated on the base of (3.54).

Coriolis interaction (v|...|0) = (vx...v,|...Jox £ 1...v, F 2)

It is possible to show that the resonance interaction of the type (v|...|0) = (vy...v,|...|vx £

1...v, F 2) can be obtained as:

(Un.vp|.Jun + 1w, = 2) = (ux + 1ov, — 2| |uxv,)”

1/2 1/2
:ZJQ U)\+1 / (’U_M)l/2 U'u_]_ / ()‘HU‘IU’)CA
2 2 2

L1\ 2 12 o\ 12
rata ki) (252) ()" () et (453)

where

4 V2w
(/\,uu)O(IIZZQ\/‘B eBBeC)\,u( 7TC) 48 A u

K / 7
5 h Wi /WA
/ / / / !
5 BIEC/“ kuuu 2w,\wu N 2wu + wy,
adM) ot w2 — w2 3w’
A A W H

/ / 9
2(Bfecfa> R | 2wy N wy
adSAp 7,7 2 __ 2 / Y
VWA, | Wy — Wy wy, (Zw/\ wu)

k! (W —wl wh—wh Wi twh W W
+Z BCA&) 1426 €4 ¢ e 3

/ / / / I ;!
foryl é_w/\—l—wg 2wu+w€ Wy — W Qwu W

/ ! ! ! ! ! ! !
wg Wy, We — W, w§+w“ wg—i-wu

+Z< uE) / + / / + /
., 21/— i, el e Wl = ()

(4.54)
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In formula (3.56), if £&= 1 and A= 6; or if £&= 2 and A= 8; or if (= 1 and p= 3, or 9; or if
&= 2 and p= 4, or 7, then the two last terms in the before last square brackets should be
omitted. If wi = 3,4, 5, 7, or 9; or if W} = (w, + w;), then the two last terms in the last
square brackets should be omitted. As in the previous section we do not obtain here formulae
for the (’\’““)C’gﬂ—coeﬂﬁcients because in that case we have to take into account fourth order
perturbation theory.

As in the previous resonance situation we can obtain simple isotopic relations:

392 128 49 9
94 e _ 10 (633) v _ FL(655) v _ 1(833) v _ 7 (8,44) v
( 5 B Y3) - Cl=~ CL =183y - !

— 2_4 @B — % (8.99) v _ 3/

5 % R

(4.55)

Column I of Table 4.10 contains values of Coriolis-interaction parameters M+’ calculated
on the base of (3.57). Column II of Table 4.10 contains values of corresponding parameters
from [81].

Table 4.10. Some Coriolis interaction parameters *#*)C’ of the CHyD5 molecule (in ecm™!).

a AN uov I? %

y 8 3 3 0077 0.084
y 8 4 4 -0.077 -0.069
y 8 7 7 0287 0.259
y 8 9 9 0370 0.405
z 6 3 3 038 0.367
z 6 5 5 0164 0.171

@) Calculated on the base of (3.57).

%) Taken from analysis of experimental data [81].

Coriolis interaction (v|...|0) =(vy...v,...0,]...|lox £ 1.0, F l.v, F 1)

To describe the (v]..|0) =(vy..v,..0,]..]ux £ 1..v, F 1.0, F 1)-type Coriolis interactions the

following formula was obtained:

(Ux. v 0] Jun + Loy, — 1w, — 1) = (vy + 1v, — Lov, — 1. |unev,..0,)"

. o+ 1 1/2 <v_#>1/2 <2>1/2 ()
¢ 2 2 2 @

1\ V2 1/2 rq,\1/2
+(Jads + JaJa) (”A; ) (2)" (%) *cus, (4.56)

2 2
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4.57)

Here, if w), ~ wy,, then third term in (3.59) should be omitted. If A= 1 and p=3 or 9; or if
A= 2 and pu=4 or 7, then the first part of the third term should be omitted. Analogously, if
A= 1 and v=3 or 9; or if A= 2 and v=4 or 7, then the second part of the third term should
be omitted. If & = 3, 4, 5, 7 or 9, then the second parentheses in the eighth and ninth terms
should be omitted. For the resonance situations (A = 1 and £ = 6; A = 6 and £ = 1; A = 2 and
& =8; A =8 and & = 2) the second parentheses in the last term should be omitted.

As in the previous case we do not consider the (’\’“”)C s—Pparameters. Isotopic relations for

M) coefficients were obtained in the following form:

32 2 g 93 33
il 5 1) Vs — 2 39)0 — 2 (2,47) Cl (2,49)0/ e (8,45)0/
( 3 3) 5 25 v 20 :

3/2
W an e _ 34 g WY (4.58)

5 * 7 95 5 dmeptmi RN

Numerical results calculated on the base of relations (3.60) are shown in column I of Table

4.11. Column II contains values of corresponding parameters obtained from experimental data
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[81]. It should be noted that calculated values were determined without any information about
CHsDs molecule (only two parameters B, and Y3 of the CH; molecule were used as the initial
values). Correspondence between predicted values and values obtained from experimental data
can be considered as quite satisfactory.

Table 4.11. Some Coriolis interaction parameters *#)C” of the CHyD5 molecule (in ecm™?).

a A op v 19 I

r 8 4 7 0626 0.591
y 1 3 9 -038 -0317
y 2 4 9 0370 0327
z 2 4 7 0689 0.763
z 8 4 5 0.834 0906
z 8 7 9 1013 0.825

@) Calculated on the base of (3.60).

%) Taken from analysis of experimental data [81].

4.6 Synthetic spectrum of the CH,D, molecule, constructed

on the base of isotopic relations

Results of previous sections of this chapter give us the possibility to expect that:

1. Analogous results can be derived for more complicated molecules for which the methane

is the prototype molecule;

2. Obtained results can be useful in the study of complicated ro-vibrational structures of
high excited vibrational states of the CH;D5 molecule because they give a good prediction
of qualitative picture of spectra. As an illustration, on Figure 4.2, part IV we present a
small part of the synthetic ro-vibrational spectrum of the CH,D, molecule in the region
3450 - 3460 cm~!. The synthetic spectrum, part IV, is a compilation of three individual
synthetic spectra of the bands vy + 2y (part 1), vy + 19 (part II) and v3 + 2v4 (part
IIT). These three bands are the strongest bands in the region 3450 - 3460 cm™!. An
experimental spectrum recorded in the same region at a temperature 78 K in [57, 81] is

shown on the part V, Figure 4.2.
Some remarks concerning these synthetic spectra should be made:

1. Comparing the synthetic spectra on Figure 4.2, parts I - IV, one can see that the spectra
of separate bands are moved with respect to each other by values of 2 - 4 cm™!. At
the same time, the relative line positions in all three bands are correct. It is caused by
the fact that the isotopic relations derived in this chapter give values of good relative
accuracy for all predicted spectroscopic parameters (vibrational parameters, rotational
parameters and resonance ones) of the CHyDy molecule (differences are of the order of

some percents), but considerably worse absolute values for vibrational parameters (error
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Figure 4.2: A small part of the high-resolution spectrum of CHyD5 in the region 3450 - 3460
cm~'. The four bottom parts (I - IV) present simulated spectra. Traces I - II - III show
respectively the lines belonging to the bands, vy+2vy, 9+ 19 and v3+2v4. The sum of simulated
spectra (I - 1T - III) is given by part IV. The top part (V) shows the experimentally recorded
spectrum [57]. Experimental conditions: absorbtion path length, 10 m; sample pressure, 3

mbar; instrumental resolution, 0.0027 cm™!; temperature 78 K.

up to some cm™!) in comparison with absolute errors in predicted values for rotational

ones.

2. Comparing the experimental and synthetic spectra on Figure 4.2, parts V and IV, one
can see that the correspondence of line positions between the two mentioned spectra
is better that the correspondence in line strengths. This is due to the following fact:
when we calculated the line positions we took into account the presence of the resonance
interactions between bands vy + 2y, 5+ 19 and v3+ 214, on the one hand, and some of the
"dark" bands vy + v7 + vy, 2v7 + vy, V4 + U5 + 17, etc., on the other hand. Simultaneously,
because only transitions with low values of quantum number J are presented in the
experimental low-temperature spectrum, the line strengths in the synthetic spectrum
were estimated on the base of only three main dipole moment parameters (one dipole
moment parameter for one band). The ratio of absolute values of the mentioned main
dipole moment parameters was taken as 1 : 1.8 : 1/ V5 for bands vy + 2uy, 15 + vy and
v3 + 2v4. Because of the absence of information about "dark" bands, all their dipole

moment parameters were taken as zero.

3. The experimental spectrum on Figure 4.2, part V was recorded [57, 81] at a pressure of 3
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mbar, the Doppler profile for the line shape was used in the construction of the synthetic

spectra.

In conclusion it should be noted that in spite of the fact of the total absence of initial infor-
mation about the CHyDy molecule (since only two parameters of the CH; molecule were used
as the initial information in the derived isotopic relations), one can see more than satisfactory
correlations between the synthetic and experimental spectra which can be considered as good

confirmation of the validity of the obtained results.
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Chapter 5

"Expanded" local mode approach applied
to the methane molecule: isotopic
substitutions CH3D <« CH, and

CHD3; «+ CHy4

In this chapter we present analogous isotopic substitution result (as in Chapter 4) for the
axially symmetric deuterated methane species CH3D and CHDj3. Operator perturbation theory
[71] and the symmetry properties of the axially symmetric XYZ3 (Cs,) type molecules are used
for the determination of the spectroscopic parameters in the form of functions of structural
parameters and parameters of the intramolecular potential function. The "expanded" local
mode approach and the general isotopic substitution theory are used to estimate the simple
relations between spectroscopic parameters of CH3D and CHD3 molecules, on the one hand,

and mother CH, molecule, on the other hand.

5.1 Symmetrized operators and wave functions of the XYZj;

(Cs,) molecule using Irreducible Tensorial Sets Theory

The XYZj3 (Cs,) molecule is a symmetric top molecule which has six vibrational modes of the
A; or E symmetry. There are three nondegenerate modes ¢; (7 =1, 2, 3) € A; and three doubly
degenerate modes gy, and ¢y, (A =4, 5, 6) € E. Because of presence of doubly degenerate modes
in a symmetric top molecules, their ro-vibrational spectra are very complicated, especially in
excited overtone and combination bands. The way to study such kind of molecules is to use
their symmetry properties on the base of results of the Irreducible Tensorial Sets Theory [88] -
[90].

Rotational irreducible operators

The basic first-rank irreducible rotational operators RAK) (m = 0,%1,...,£K) can be
chosen in the following form 3], [88] - [90]:
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B = == —idy) = =y,
1
R} = 5L tid) =T,
R =, = J. (5.1)

Here 2 is the total degree of rotational operators J,, o = z,y,z (for example, for = 1,
R~ J,, for Q = 2, R?) ~ J,Js, etc.); the indices K and m indicate the irreducible
representation DY) of the SO(3) symmetry group and its mth line. In that case, irreducible

rotational operators RQJrl K+1)

can be constructed from corresponding irreducible rotational
operators Ry (m =0,£1,...£ K) and Rll(l) (I =0,=£1) of lower degrees and ranks, [3], using

the following relation:

; K 1 K+1
Ri = 3 VAKT3(- >K‘1“”<~ : )R%?R;@ (5:2)

iy m-—101 1 —-m

Irreducible rotational operators RIE) with K < Q (the parity of 2 and K must be the same,

[3]) are constructed as:
R&(K) - Rﬁ(K)(RQ(U))(Q—K)/Q’ (5.3)
where

1 1 1
RO = SR~ (J T+ T J) = ———=(J2+ T2+ T2). 5.4
\/g 0+2(+ + +) \/§($+ y+ z) ( )
Different rotational operators R?(K’”F), that are symmetrized in accordance with the irre-
ducible representations I' of the C3, symmetry group, can be constructed from the operators

R using the following relation [3, 91]:

R?(K,TLF) = Z( nFURQ (55>

m

Here K)G™, are so-called reduction matrix elements, which are determined for concrete point
symmetry group. In particular, for the Cs, symmetry group these elements taken from [3]| are
presented in Appendix 2. Taking into account (4.1) - (4.5) and data from Appendix 2, then
one can construct all possible irreducible rotational operators of the Cs, symmetry group. As
an illustration the first of them (for SOz and Cs, symmetry groups) are presented in Appendix
3.

Symmetrized vibrational operators

The coordinates g; and conjugate operators p; = —ihd/dg; (j = 1, 2, 3) are nondegenerate
and therefore belong to the totally symmetric irreducible representation A;. Thus we discuss
here only doubly degenerate vibrations ¢, (A =4,5,6 and s = 1,2) and their conjugate py_. If

to take into account symmetry properties of these operators [3, 78|, it is possible to construct
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pairs of coordinates qxp, = qr, = 3(q5 +¢3) and g g, = —qr, = 2(¢} — a5) (A = 4,5,6),
which are transformed in accordance with the first and second line of the irreducible repre-
sentation E of the Csz, symmetry group. Analogously, we can construct pairs of operators
Pag = P = 3(py +px) and py g, = —pr, = 2(pY — py) belonging to the irreducible repre-
sentation E. Here the operators ¢ /p{ and ¢, /p) are creation and annihilation operators that
increase, or decrease the value of the quantum number [ in vibrational functions, where |v [)

are eigenfunctions of a doubly degenerate harmonic oscillator:

+14+2\?
<u+1zi1|qi|vz>:q:(—” +) ,

2

I\ /2

(v—lli1|qi]vl>:i(U;F) , (5.6)
and

+14+2\"2
<v+1li1|pi|vl>:$ih<%) ,

I\ M2
<v—1li1|pi|vl):$ih(vj) , (5.7)

The symmetry properties of the first degree vibrational operators allow to construct the
symmetrized second-, third-, etc., degrees of vibrational operators. One can use the general
formula [88, 89]:

(AT @ B')2 \/_Z ( rr ) A'BY (5.8)

where [7y] is dimension of irreducible representation . For Cs, symmetry group [A;] = [4s] =1
r r

and [E] = 2. The values ( 7 , ) are 3['-symbols of a point symmetry group that satisfy
o s s

the conditions:

y MY _ (T Ty _ ("o T ()T Iy Iy
o s s s § o s o s s o s

= (—1)tr ( v BT ) = (—1)t ( P,I b ) . (5.9)

o s s s s o

Here (—1)*" = (=1)¥ = — (=1)™ = 1; symbol ® denotes tensorial product. For Cs, group the

non-zero 3I'-symbols are:

Al Al Al (Al AZ A2>

:17

A, E E A EEY (A EEY\ A, E E
1 1 2 92 ) 1 2/ 2 1

E E E\ E E E\

1 2 2/ 11 1)

Now we can construct any vibrational operator belonging to an irreducible representation of

DO [

the Cs, symmetry group.
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Vibration-rotation Hamiltonian in a symmetrized form

Before to present the Hamiltonian in a symmetrized form, we remind that in general
rotation-vibration theory [2, 6, 62| the Hamiltonian of any polyatomic normal molecule (i.e.

nonlinear molecule without large amplitude Vibrations) can be presented in the following form:

, 1
vib.—rot. _ - 2 _ _
H [he =3 > wapl +42) Zua,@ (Jo = Ga)(Js — Gp)
+ > kabea@oGe + P Kabedda@sGeda + -, (5.10)
abc abed
where
ws\ 2 wo\ 12
Ga - ° - a - — a .
Z Cab (wa) qaPb (wb> qp (5.11)
a, b>a
and
1 1 e a ab
ab
B¢ B¢,
B\ ~afB
_ m—fZ( = )
B BSBS
B ~ay
_Z< 1/2 1/2> ' wq@%+---7 (5.12)
yab
where
ab = Z Z €apylNgalNyp- (5.13)
N By
Here €44, is a totally antisymmetric tensor, €;y. = €yo0 = €2oy = —€yas = —€z2y = —€zyz = 1
(and zero otherwise),
N A 1/2
a," = a;” (%) : (5.14)
and
o 1/2 e
a5 =2 (53, = Gapdar) Y my sl (5.15)
N
ai‘ﬁ = -2 Z mjl\{QlNabr?Vﬁa @ # ﬁa <516)
N

dre

B, = 47Tf]§a = i {Z [(rf\,ﬁ2) + (rfvf)]} . (5.17)

It is known that the Hamiltonian in (4.10) can be transformed to the symmetrized form:

HY=rok e = \/_Zwa{ (Pa ® Pa)™ + (¢a ®Qa)A1}
4= ZZ{ [(J7 G7/> ® ((ﬁ — Ga)]mﬁ}Al + Vanh. (5.18)

nm 'y
The anharmonic part of the intramolecular potential energy surface for the XYZ3 molecule is

presented in Appendix 4.
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Symmetrized vibrational functions

On the base of principles of the Irreducible Tensorial Sets Theory, a general vibrational

function |vyo) for the ZXY; (Cs,) molecule can be constructed as:

[vyo) = Jvr vz vs) {[(va s 74) ® (vs 15 75)] ™ @ (v 16 Y6) ). » (5.19)

where |v1 v9 v3) is a wave function of the nondegenerate vibrational modes g1, ¢2 and ¢3. Wave
functions which depend on the doubly degenerate vibrational modes ¢4, g5, and gg, (0 = 1,2)
are the tensorial products of symmetrized elementary vibrational functions of the separate
degenerate modes (vy Iy V4), (vs l5 75) and (ve lg v6). The symmetrized vibrational functions
(va Iy 72), A =4,5,6 are presented in Appendix 5. It is possible to show (using general formula

(4.8)) that the symmetrized functions (4.19) can be presented in the form of one of these four

combinations:
(=)

v, IL) = 7 lv1 v 3) [J[ualy > |Vl > vl > £ Jux =1 > v, — 1, > v, — 1, >];
(—i%)

v, I1y) = 7 |v1 v v3) [Jun — I > |vul, > (vl > £ Jualy > v, — 1, > |v, — 1, >];
(=2%)

|, [T1.) = 7 o1 v v3) [Jualy > |v, — 1 > (vl > £ Jun =1 > vl > v, — 1, >];
(—=¥)

|, IVy) = |v1 v v3) [Jualy > |vuly > vy — 1, > £ jun =1 > |v, — 1, > |ul, >].

&

(5.20)

Here the phases can be equal to 4i or +1; pairs of functions [... £ ...] with the signs + are
transformed in accordance with the E irreducible representation of the Cs, group, or belong to

the A; /A, irreducible representations.

5.2 Effective rotational Hamiltonian matrix: symmetry prop-

erties

In accordance with general rotation-vibration theory |2, 3, 78] the Hamiltonian of a molecule
can be reduced to a set of so-called effective Hamiltonians, or in general case, to a set of effective

operator matrices in the form:

HYrot =N " |a) (b H?, (5.21)
a,b

where |a) and (b| are vibrational functions; operators H®" depend on rotational operators J,,
summation is carried out over all degenerate and interacting vibrational states. As XYZj
molecule has Cs, symmetry, the rotational operators H*® and vibrational functions |a) and (b|
in (4.19) should have properties of irreducible tensorial sets belonging to the Cs, symmetry
group. It means that they can be written in a form which takes into account the symmetry
properties of rotational operators and vibrational functions:

Huib.—rot. _ Z Z [(|U l 7) ® <UI I ,y/|)nF ® gllyljv’l’W}Al, (522)

vly,v'l'y' nI',n'T

87



where labels v, 4" and I" can be Ay, Ay or F (in accordance with irreducible representations of
the Cs, group). Thus different combinations of indices v, 7" and I" in (4.22) lead to different

forms of operators H, lw e

Diagonal blocks of A; and/or A; symmetry

Symmetry properties of the ZXY3 (Cs,) molecule allow one to obtain operators of diagonal

blocks of the A; and/or Ay symmetry in the following form:

Hyay0a, =

AN (VAN{EPD + AN (T2 + J2) + BN J2 — DY It — DY J2 T2 — Dy gL
Jer,’A*J6 + Hﬁfgﬁjz + H}’{}Aﬂﬁ + H;’(AAJZG 1 Lt}A)\JS n

+{K1e““—+; B e I NS N Oy ) |

F(ENT, A+ N TLTE A EENTE ) (2 T)] H RMNIE T8 Y (5.23)

A A A A A A A A :
Here B, OV DY) DY, DY HY Y HYy > Hy p Hy> LY L are the rotational and cen-

trifugal distortion parameters. Operators (J2 + J?) connect rotational states |Jk) and |JK')

(—J < k,k' < J) with different values of the quantum numbers k,namely Ak = k — k' =

+ 3. They account for the a;/ay splittings of K = 3 (K = |k|) levels. Parameters € /e’

e € e’AA .. describe the J and K dependencies of the main ¢4* /¢’4* parameter. The expression

..., ...]+ denotes an anticommutator.

Diagonal blocks of ¥ symmetry

For doubly degenerate vibrational states the operator HVE*F is

Hypoe = Hl()lE)’UE + H1(12E),vE + HI(JSE)',UE7 (5'24>
where

H\3 op = (WEN) (0B + [0Es) (Es|){E"" + A"P(J} + J}) + B*P.J:
—DY gt — DY J2 — DYE TR+ HYP IS + HYE "2

+HE T+ HPFJS + LY T8 +

HIGE + 5P + P 724 1), (72— )] +

(O, 4 SEILI P4 ) ), (5.25)
2
H1(JE),11E =
(|UE1><UE2|_|UE2><UE1|){77UEJ +77 JJ2+77 J3+77 JJ4+T]JKJ3J2
b J2 4 LI 4 e TR T A e TP T e e I+ LY, (5.26)
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and
HY) 5 = (0Es) (0EBs| — [wE)wE ) {[iAE, (J1 — J_)]4 + [B°E, (J4 + J_)]+
H[CUF (T2 4+ T2y 4 DY, (J2 = )|y + [FU2 (T + Iy + GGE, (T4 = T4, )
([0 B ) (WEs| + [vE) (vE ) {[AYE, (Jy + J_)]4 + [iB°E, (J- — J.)]+
HICVE (2 — T3]y + DY, (T2 4+ T2y 4 [GFYE (T8 — TD)), + [GYE (T + T4},

(5.27)
vE 1 v 1 v 72 v 72 1 v 4 v 2 72 v 4
A" = 3@ +§onJ +ozKJZ+§onJJ + i T+ Ak, +
F e JU T A A QY e JETE
BYE = BUJ, + BYJ I 4 BT+ BY TN A B JPTE +
O = Lo 3 Ak T g T A P A T T
DYE = §°J, + 64T T 4 6% T3+ 04 LT+ Y JETE A+
PP = %Hv + %Ffj,Jf + RS+ %nf}ﬂ‘* + RGP+
G = 0T, + 05T+ 0% T3 + 04, T+ 05, T2 T3 4 ... (5.28)

EYE BYF . ¢°F parameters in (4.25) have the same meaning as the corresponding ones in
(4.23) with an exception: although the operators (J3 + J*) connect rotational states |Jk) and
|JK') with Ak = k — k' = 4 3, they do not split a; /as levels. The operator HY”"" describes
the k — [ splittings. Operators (J7 & J™) connect rotational states |Jk) and |JE'), where Ak =
k — k' = + n. The operators with n = 2m provide the a; - ao splittings of energy levels with
K =m.

Coriolis Interaction blocks of the A; — FE, or A, — F type

Operators, which describe Coriolis interaction, connect vibrational states of the A; /A, and

E symmetry, and they have the following form:
HvAl,v’E =
[OA) (W B {iA™E, (T, = T+ B, (T 4 T )]y + (O, (2 4 )]
D, (2 = P [P, (T ]+ G, (70— ]}
HoA) (0 B [{[AF (Jy 4 )]y + FBYE (T = Ty + [iC Y (TF = )]y

HDUAE (2 4 )] 4 GFAE (- ]+ [GAE () (529)
and

Hypy e =

—[0Ag) (0 By {[iA" 4+ E, (J1 — T )]s+ [BA2E, (e 4 )]y + [CO4F, (2 + J2)]4

D (2 = P [P (T ] G, (- )] )

HoAs) (0 By [{[A2F (T 4+ T + B2, (T = )]y + (O F (JF = T2y

H[DUAVE (J2 4 I 4 FAE (T — TN+ [GUAE (T 4+ T4 ) (5.30)
Operators Av4i V'F BvAi v'E  can be obtained on the base of (4.28) if to replace param-

eters o, BY, ... by av@v'e, granve (1 = 1,2).
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Coriolis interaction blocks of the A; — A, type
The operator of the A; — Ay Coriolis type interaction has the form:

Hya, va, =
|UA >< /A |{,r]1)A17’U AQJ + nvAl,v AQJ J2 +77UA1,U A2J3 + ,r]vAl,’U A2J J4 vAl,v A2J3J2
+770A1,v A2J25 + T]z?}],v AQJZJ6 _}_77‘1}31}(,1; A2J3J4 + nvAl,v A2J5J2 +7]§(1L}(1'7;(}'A2‘]Z + } (531)

Fermi interactions of the A; — Ay, A, — Ay or E — E type

In accordance with symmetry properties, operators of the Fermi-type interactions have the

same form as the diagonal operators in (4.23) - (4.28). All the spectroscopic parameters, such

as BV, A, . nvE . aV,... should be replaced by the corresponding interaction parameters,
/ / /
such as Fovv 7 puBEVE v
HvAA,v’AA =
/ Ay’ A Az’ A Ay’ A
[0 AN (o Ay [{ PN AN A (2 4 2 g i
- ’UA)U’U Ax 12 72 UA)\,’U Ax 74 UA)\,U Ay 716 UA)\,U Ax 74 12
Fp om0 — J, + Fy S+ Fy J T

HEAN g F}}fj’” DTS+ sz*’” AR
_{_[(F;/)A)\,U/AAJZ + F;JAA’v/A)\JzJQ + Felj;\)\,v/A)\JS 4 )’ (Ji 4 JE)]_’_

PRS0y 1Y (5.32)
where A = 1, or 2; and
‘H”UEJUIE = HiEIE),v’E + H1()2E),v’E + H153E),’U/E7 (53?))
where
H vy = (0B W EL| + [vE) (v B )/{F"P 4 PV E(J2 4 J2) + FRP P 2
—FyE T FRE TR — FR T YO 4 FY P AT
vEv' E vEw'E
+E R ST P IS+
H[(F PP T+ Fo PPV P LI 4+ Fo PPV I3 4+ ), () 4+ T4} (5.34)
2
H1(JE)"U’E -
(JvEy) (V" Ey| — [vEs) (V' E1|){77va B+ TIUEv EJ J? + UE’UIEJ:)’ ﬂ?lj’leJzﬁ
ST A 1 S R A A AR 7
GBS BTy (5.35)
and
3 cAvE v vE.v
HE) o = (VE) (v Es| — WE) (0 By ){[iAPY'E, (e — )]s + [BYP'E, (J4 + J_)]s

OB (2 4 )], [DEE, (2 = )], + [P (4 ),
HIGTETE (I = TP}
+(JVE) (V' Ba| + [vEs) (v Er){[A"PF (T4 + Jo)]4 + [iB*PF, (S = Ty
[Z.CUE’U E7 (J<2F - Jz)]‘f’ + [DUEA/E’ (Ji + Jg)]+ + [iF’UE’U/E7 (Ji - Ji)]Jr
(GBE (7 1 ), ), (5.36)

+

+
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1 1 o

oty JUTE + o JKKJ2J4
BYPE = g+ By LI+ BRI+ By J4J + B ST +

vEW'E 4 ) )
A +5 A Tt 4 Qe ST ol T+

CEVE %’ym’ + ;’y}” T+ I+ ;vfﬁ} T A ST+ vJJKJ“JQ

DPERE = 5 T 58 LT 6 T Y LT 4 Sy TP +

UESE %n n %Hgv' J?+ kYT 4 ;ﬁ i L L

GUEW'E = g T 0w TP 4 00 TP 4 0 T + eg%ﬁjj - (5.37)

5.3 Effective rotational Hamiltonian matrix: perturbation

theory

For calculation of different spectroscopic parameters we use the so-called projection modifi-
cation of operator perturbation theory [71]. In this modification the matrix of effective operator
has the form (4.21) - (4.37). The rotational operators H*’ in the rhs of (4.21) can be obtained

in the following form:

. ) 1 1
*,%”“‘h‘k“’“'h'”“’h’” \TmE—m T

_|_

) L 5 IO o,
E Z - m) 2 (- EE g o)

kgﬂ REQ s
mEQ meﬂij
(5.38)
Here EY and |i) are eigenvalues and eigenfunctions of the Hamiltonian Hy:
Holi) = E9)i); (5.39)

Hyj is the zeroth-order operator (operator of a sum of harmonic oscillators) of the vibration-

rotation Hamiltonian (4.10),
Hvb=rot = Hy + h. (5.40)

The €2;; is the space of states |i) and |j), which are degenerate or interact with each other.
Using of symmetry adapted operators and wave functions in general formula is a complicated

problem even for using up to second order, do not speak about third and higher orders of the

operator perturbation theory. On that reason, for calculations we used special codes realized

on the base of analytical computer language MAPLE.
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5.4 Some spectroscopic parameters of the XYZj3 (Cs,) molecule

as functions of structural and PES parameters

In this section using all the above information we describe the scheme for deriving general
formulae for the most important spectroscopic parameters of the Hamiltonian of the XYZs
(Cs,) molecule as functions of structural parameters (r%y, 7¥ 4, @%y») and parameters k, . of

the intramolecular potential energy surface (see Appendix 4).

Anharmonic coefficients %b/l’zkz#

It is known |2, 78] that vibrational energy E*4* in (4.23) or E¥F in (4.25) of a symmetric

top molecule is determined in the following form:

= Zwa(va )+ Z Zap(Va + =) (vp —|— )+ lewl,\l +.. (5.41)
a a<b A<p
where d = 1 for nondegenerate vibrations which are denoted by ¢, j, [, m and d = 2 for doubly
degenerate vibrations which are denoted by A, i, v, etc.
Using of the operator perturbation theory with the operator (4.10) and symmetrized vibra-
tional functions (4.20) (the phase coefficients of functions from Appendix 5 should be taken

into account also) allows to obtain the following relations for anharmonic coefficients:

3 15 k2 k2 K2
T = ki — ——= — d Z W Z M (5.42)
2 2 — 2w;)’
#Z wj vy 8(wj + 2w;) o 8(wj — 2w;)
2 2
o Shuikiy 3kyjiki; 3 Riakjj { Ry F }
iJ 1]
W wj oy 2(w; +2w;)  2(w; + 2w;)
2 2
+ kl]] + kll]
Q(wl — 2wj) 2( w; — 2w;)
k: 1 1 1
- Z Kt { - - + } . (5.43)
oy wl—kwj—l—wl w tw, —w w—Ww W W — Wit w
3kiiiki)\>\ kiijijA k?,\,\ k?)\)\
Tix = ki — - Z 3 +

i i Wj (wi -+ 2&))\) 2(&)@ — 20))\)

st wz+w,\+w“ wi+w,\—wu w; —wx +wy,

1 witwi
+ ABz(Cz)\g) ’ (544)

Wi — W — Wy (09/1095%

3 k2 15k2 k3
— _ AN ZTAA M z)\/\
TN 9 AN Z 20)1 4(,&))\ “Z Z w + 2(.4})\
k,\Au ki kMM
— ! — , 5.45
Z 8(wy + 2wy ) Z 8(w; — 2wy ) ;}\ 8wy — 2wy) (5.45)
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Ty — k’(l) k(?) Z ki)\)\kiu,u N kg\)\u + kg\)\u
e i L i w; 2w, + 2wy)  2(wy — 2wy)
2
_ kS n kS B Z ki 1 n 1
2wy +2w,)  2(wy —2w),) 16 "wi+wy+tw, w+wy—w,
1 1 59 1 1
o — > - -
i AW, Wi —wy — Wy b 8 "wyxtwytw, wyxtw,—w,
1 1 wi +wd B:
- } + H{B (g/\l,ug) (C}\l/J,Q) }7 (546>

Wy — Wy tWy Wy — W, — Wy WAW,,

1 21 k)\)\)\ ki)\u z)\)\ /\AH
N —§k)\,\)\,\ + Z_w,\ + l; _2Wu + Z 8 w n 2w,\ Z Wu n 2w)\

i pAEN
Y o X e B (5.47
8(w; — 2w>\ 8(wy — 2wy) FoAA ] '
2
and
k? 1 1 1 1
Ly, = Z 4 - - +
- 16 |witwy+tw, wtwy—w, w—wyxtw, w—wy—w,
K 2 1 1 K . 2 1 1
+—=-9—— - }+ — — -
2 Wy Wyt 2wy w, — 2wy 2 Cwyn wat 2w, wy—2w,
B Z k,\W 1 _ 1 B 1 n 1
b 8 Wy tw,tw, wWatw,—w, Wyx—Ww,tw, Wyx—W,— Wy
+B§(C§1u2)2 - QB;(Cflp,g) + QBEC>\1>\2 w12 (548)

It should be noted that obtained formulae for x, agree with analogous general equations

are caused by splittings of Vlbratlonal energy levels.

Ro-vibrational coefficients abﬁ

Ro-vibrational coefficients o/’ are parameters which describe the main part of the vibrational
dependence of the rotational parameters Bj:
v e B db
By=B5— ) oy(n+ )+ .. (5.49)
b

If we want to calculate abﬁ -parameters, we should take into account that for the XYZ3 (Cs,)

molecule only the following al”-coefficients (see (4.15) - (4.16)) are not equal to zero:

al® =al?, ai* (i=1,2,3),

(2 1)

vz _ 7y WY Yyt
ay; =ay, = ay. = ay,, ay; = —ay = —ay, = —ay, (A =4,5,6)
and
e __ pe
Bt =B

93



Taking into account these relations, general formulae (4.11) - (4.17) and using the operator

perturbation theory one obtains following relations for abﬁ -coefficients:

3(Bg)° _ 3v2 _ V2 _
of = 27 (aiﬁb’) (36)2 ﬂﬁkm _Z 3/2 (Bﬂ)Q 5ﬁkw

2 2
Z =45,) { HEo © ) } (1 65.), (5.50)
X Wi — Wy Wi + wy
T 3 (Be) e[ ~xrx e ~$Z 6 ~l'l'
ay =y =— 1w {(2B5(a3))? + Be(as)*} — Z 3/23 2T ki
_ (B;waz) { (WA + WM)Q B (WA — wu)z }
s WAW,, Wy — Wy Wy + Wy
B Z (B3¢h,)? f (wx + wi)?  (wn - w;)? (5.51)
— 2u0;wy Wy — Wj wyxF+w; |7 )
and
. 3ByBY) . V2 oo
Oé)\ = _5 w/\ (a’)\1>2 - Z 3/2 (B )2 kl)\/\
-5 ) [fr b fr—enl] 55
prs T Wy — Wy Wy + wy

Equilibrium rotational parameters Bj and a?ﬁ -coefficients are determined on the base of (4.14)
- (4.17).

Centrifugal distortion coefficients D;, D;x, Dx and parameter ¢’

Centrifugal distortion coefficients D, D;x, Dy and parameter €', which are responsible for
the a1 /as splittings in (K = 3) rotational states in vibrational states of A; or As symmetry,

have the following form:

D?A _ Z{ (BS) Nm Z{ (B) igf }2 5
Df}‘( = D?K — Z Q(BZ—);&MC{(BerVZZ . (B;)gfdzm}
+2 —Q(f? {2(B2)(@%)? — (B (a37)%}, (5.54)

Wi

Be)?"’x:z: — (Bg)Q’d’,Zzz B; e~rx e~z
Dy = Di = Z{ P+ Z{W—A}z{(Bx% )? = (2Ba3))?),  (5.55)
A
and

1 ez~
= =) BB (5.56)
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Parameters of Coriolis splitting n'¥, Coriolis interaction parameters n*4*42 and

Fermi interaction parameters nv"%vm¥

Using the (—2B¢G.J,) part of the Hamiltonian HY®~°" from (4.10) at the first order
of the operator perturbation theory, we can obtain the main parts of three different types of
spectroscopic parameters: parameters of Coriolis splittings 7'F (4.26), parameters of Coriolis

vnEomE (n m = 1,2,... and

interaction n*41v42 (4.31) and parameters of Fermi interaction 7
n # m) (4.35), which describe interactions between vibrational states having the same set of

quantum numbers v,, but different sets of quantum numbers [,. The result has the following

form:

nvI‘,vF’ = _27;B§(CAC§1>\QZ)\ + Cﬂclilﬂzlﬂ + 51V2l”)’ <557)
where 0T = pvBvF = pF ig a parameter of the k — [ splitting in (4.26); n*™vT" = pravaz
is a parameter of Coriolis resonance interaction in (4.31); n*™*l" = pvrPvmE js a parameter

of Fermi interaction in (4.35); A, p1, v are different combinations of values 4, 5 and/or 6; [, [,
and [, are vibrational quantum numbers in wave functions (vy, ve, v3, V4, l4, s, l5, Vg, lg); nonzero
coefficients ¢, for the most common situations are presented in Table 5.1. It is important to
note that dependence of parameters 7 on the values of quantum numbers [, /1, /1, is not trivial,
and relation (4.57) does not depend on the values of quantum numbers vy /v, /v,. Obtained
general equation (4.57) allows to connect with each other not only parameters of the k —
splitting in the vibrational states of ¥ symmetry, but also some Coriolis and Fermi interaction

parameters.

Table 5.1. Values of nonzero coefficients ¢ from (4.57), used for determination of parameters 7.

Llyl, e ¢, ¢, TT9 [, ¢ ¢ ¢  IT9
100 1 E|l 130 1 1E
200 -1 E| 130 1 2E
300 -1 AJAy | 130 1 1E/2E
400 1 E| 230 -1 1E
500 -1 E| 230 -1 2E
600 -1 AJAy | 230 1 1E/2E
110 -1 -1 El111 1 1 - 1E
110 -1 1 AJAy | 111 1 2F
120 -1 1 E|l 111 1 3E
120 -1 -1 AJAy | 111 1 1 1 A4
220 1 1 El 111 1 -1 2E/3E
220 1 -1 AJA, | 111 a1 1 3E/2F

) In that column a type of parameter is presented: IT=F corresponds to the n*¥ k—1 splitting
parameter of (4.26); IT = A, /A, corresponds to the n?41*42 Coriolis interaction parameter of
(4.31); IT = E/E corresponds to the n*Z*Z Fermi interaction parameter of (4.35).

As an illustration of the correctness of obtained relations we can mention the results of

independent high resolution analysis of the v5 and 2v5 bands of the CHD3 molecule from [92]
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and [93]. The parameter =¥ = 3.565753 cm~! from [92] and 7**=2F = (-2 x 3.596929) cm ™!
from [93]. We can see good agreement between both values. As one more illustration we can see
the results of a preliminary ro-vibrational analysis of the v5 + v hybrid band of ¥ CH3D, [94],
which can be compared with the result of the analysis of the fundamental bands v5 and vg, [95].
In [95], k—1 splitting parameters are: 7"*=1F = -2.643331 cm~! and 7*=1F = 6.283671 cm~!. In
accordance with Table 5.1 we can calculate parameters: nvs=ve=lArvs=vs=142 — 8 927002 cm~!
and n»=v=1E — 3640340 cm~!. The corresponding parameters obtained from a preliminary
fit to experimental data for the vs + v hybrid band have the values: 8.82 cm™! and -3.53 cm™!

We can see more than satisfactory agreement between both pairs of values.

Parameters of the a;/a,(K = 1) rotational splittings +**, Coriolis interaction pa-

vAN,vE onEvmE

rameters y and Fermi interaction parameters vy

Parameters v'#, which describe the a;/as (K = 1) rotational splittings in the vibrational

vAN,vE

states of E symmetry, the Coriolis interaction parameters =y and the Fermi interaction

parameters 7""E"E are the main parameters related to the operators (J2 + J2)/(J2 — J2)
(see (4.27) - (4.28), (4.29) - (4.30) and (4.36) - (4.37)). On the base of the Hamiltonian (4.10)
- (4.17) and general equation (4.38) we can show that all these effects are described by the

following parameters:
P = A+ )+ (5.58)

where A, u, v are different and
3 (Be)?Be ~rz 3 e 2~a:x k/\)\A e 2~:r:a: k)\)\,u
8 Wy, ( /\1) o \/E(B @y, w3/2 Z \/— B u1 3/2

—Z (Becs,) { (Wi wn)?  (wi—w)? } (5.59)

4wy wW; — W Wi + wy

==

When changing the equation (4.59), which is given for vy, for v, and v, we should change index
A on the rhs of (4.59) into x and v. For vy + v, + v, < 4 nonzero values of coefficients d*) are
presented in Table 5.2.

As in the previous case, equations (4.58) - (4.59) allow to predict different parameters

A=1E of the fundamental bands which can be

on the base of known values of parameters
determined with high accuracy from the analysis of a; /as (K = 1) splittings in the fundamental
bands. This result is important for prediction of resonance interaction parameters which are
strongly correlated. We can see from Table 5.2 that the a;/ay (K = 1) splitting parameters
v are nonzero for the fundamental bands vy, but equal to zero for the first overtone 2v,
and combination vy + v, bands. As an illustration of the correctness of obtained equation
(4.59) we calculate parameters v>=1¥ and v*6=1£ for CH3D and CHD3 molecules on the base
of information about parameters of intramolecular potential function from [67]. The results

are:

7= = —1.03 x 107% em ™, 7" = ~16.9 x 107 cm ™ (5.60)
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for CH3sD molecule and

A= — 587 x 1073 em ™!, 4T = 121 x 1073 em ™!

for CHD3 molecule.

(5.61)

Table 5.2. Values of nonzero coefficients d from (4.59), (4.60), used for determination of

! /
parameters 41?1 and gl

oy v, v, T |0y O, od, T | 4 dY d”
11 00 00 E |11 00 00 E 2

20 00 00 A; | 22 00 00 E 4

11 11 00 E | 11 11 00 A 2 2

11 11 00 E | 11 11 00 A, 2 -2

3. 00 00 E |31 00 00 E 4

31 00 00 FE |33 00 00 A | 2v3

31 00 00 E |33 00 00 Ay| 2V3

11 20 00 E |11 20 00 E 2

11 22 00 E |11 22 00 A 2

11 22 00 E | 11 22 00 A 2

11 11 11 1E| 11 11 11 2E 2

11 11 11 1E| 11 11 11 3E 2

11 11 11 2E| 11 11 11 3E 2
11 11 11 1E| 11 11 11 A 2
11 11 11 1E| 11 11 11 A -2
11 11 11 2E| 11 11 11 A 2

11 11 11 2E| 11 11 11 A -2

11 11 11 3E| 11 11 11 A 2

11 11 11 3E| 11 11 11 A, -2

40 00 00 Ay | 42 00 00 E | —4V3

4200 00 E | 4 00 00 E -4

20 20 00 A, | 22 20 00 E 4

20 22 00 E |2 22 00 E 2v/2

20 22 00 E | 22 22 00 A | 2V2

20 22 00 E | 22 22 00 Ay | —-2V2

11 31 00 E | 11 31 00 A 2 4

11 31 00 E | 11 31 00 A, 2 4

11 31 00 E | 11 33 00 1E V6

11 31 00 E | 11 33 00 2E V6

11 31 00 A | 11 33 00 1E V6

11 31 00 A, | 11 33 00 1E V6

11 31 00 A | 11 33 00 2F —/6

11 31 00 A, | 11 33 00 2F —6

11 33 00 1E| 11 33 00 1F 2

11 33 00 2E| 11 33 00 2F -2
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It should be noted that we take into account all possible resonance interactions. The same

parameters are calculated in [92, 96]:

=E = 0.723 x 1073 em ™!, 4= = 1753 x 1073 cm ™! (5.62)
for CH3D molecule and

A= = 5948 x 107% em ™!, 4" = 16.8 x 107% em ™! (5.63)

for CHD3 molecule. We can see good agreement between calculated and experimental values
for the v*6= (CH3D) and y*»='# (CHD3) parameters. The agreement between calculated and
experimental values for the v*5=1% (CH3D) and v*s='¥ (CHD3) parameters is not so good. But

these discrepancies can be considered as acceptable if one takes into account that:

1. in one case, the discrepancy is about 25 % of the absolute value of the parameter vgglj_lE
(CHD3)7

2. in the case of the parameter 4= (CH3D) the discrepancy is comparable with discrep-
ancies for the parameters y¢='¥ (CH3D) and v**='¥ (CHDj) even with different signs
of experimental and calculated values. It should be noted that we used the ab initio
PES from [67] in our calculations. Thus, relatively large difference between the values
Ve B and Vesp. 1% for CHD3 molecule can be explained by possible uncertainties in PES

parameters.

Parameters ¥, Coriolis interaction parameters 34" and Fermi interaction pa-

rameters BUrEvmE

The parameters F in (4.27) - (4.28), Coriolis interaction parameters fv4*F in (4.29) -
(4.30) and Fermi interaction parameters S"F*™F in (4.36) - (4.37) are the main parameters
related to the operators [(Jy +J_), J,]+. All these parameters can be expressed in the following

form:
BvF,vF’ _ dg\”)ﬁ)\ 4 d;(;))ﬂﬂ + dl(}’)ﬂm (564)

where the nonzero coefficients d) have the same form as in (4.59) and can be used from Table

5.2. The parameters ) have the following form:

e\2 pe k k
= P BTE ey + Sy 0+ 3 Sy

3/2 Hl 3/2
8 W /\/ 1 “/
+ Z Be il)\Q (BGC;NQ) {(wﬂ + w)‘)Q + <w“ _ W)\)2 } . (565)
2v2wywy Wy — Wa Wi T Wx

EN

When changing the equation (4.61), which is given for 8y, for 8, and (3, we should change index
A on the rhs of (4.61) into p and v.

It should be mentioned that all obtained results can be applied for any symmetric top XYZs

(Cs,) molecule. Furthermore they are also valid for any symmetric top XY3 (Cs,) molecule

taking into account that there are only two doubly degenerate vibrational modes in X3 instead

of three in XYZs.
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5.5 Isotopic relations for CH3D and CHDj3; molecules

In this section using the results derived before we obtain simple isotopic relations between
most important spectroscopic parameters of isotopomers CH3D and CHDj3; and the spectro-
scopic parameters of the mother molecule CHy. At first we should consider the transformation

coefficients [} the Coriolis coefficients (¢, ro-vibrational coefficients a/*’ and the normal

N~a»
mode force field parameters of the CH3D and CHD3 molecules.

Transformation coefficients, harmonic frequencies and equilibrium rotational pa-
rameters of CH3;D and CHD;

As it was already said, CH3D and CHDj3 molecules are symmetric top molecules. The

geometrical structure of these molecules is represented in Figure 5.1.

Figure 5.1: Equilibrium structure of CH3D and CHD3 molecules ("derived" from mother CHy

molecule in the center).

At first we determine transformation coefficients Iy, (in accordance with (1.28)) for CHzD

and CHDj3 isotopomers. To realize this, it is necessary:
1. to solve the system of equations (1.29) - (1.30) and

2. to determine the elements K¢ of matrix, that provide a rotation of the molecular equi-
librium coordinate axes from a mother molecule to a substituted one. The corresponding

matrix is obtained in the following form:

K:, K K, V2/3 —/1/6 —/1/6
Ky, Kj Kpo |=| 0 =12 12 (5.66)
K, K:, K VAVERRRVAVERRRVAVE
both for CH3D and CHD3 molecules. From solution of equations (1.29) - (1.30) we can obtain
harmonic frequencies w,, ro-vibrational coefficients «,;, and therefore transformation coefficients
Iq from (1.28). For harmonic frequencies the results are:
wi  w L wE wd wf
120 119+2V3 66++v3 6+10v3 119+6v3
W wg? W

T 11946V3 14+9V3  1+10V3

(5.67)
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for CH3sD molecule and

w% o w/12 o wl22 B w;f o wf
120 122+43v3 5246v3 5+5V3  64+4V3
) D)
Ws We

(5.68)

T 141453 11423
for CHD3 molecule. Transformation coefficients l?\wb for CH3D and CHD3 molecules are pre-

sented in Tables 5.3 and 5.4. The equilibrium rotational parameters B¢ can be obtained on the
base of (4.62):

23B; =23B,; = 178} = 17B° (5.69)
for CH3D and

61B; = 61B, = 768 = 38B° (5.70)
for CHDs.

Table 5.3. Transformation coefficients Iy, of CH3D in the frame of the "expanded" local

mode approach.?

Na/A 1 2 3 4 5 6 7 8 9
lz -47C -5C 17C 63C 0 14C 0 5C 0
2x 23C  3C  -9C 15C  28C -40C 31C  24C -11C
3z 23C 3C  -9C 15C -28C -40C -31C 24C 11C

4dx 0 0 0 -C 0 18C 0 51C 0
T 0 0 -26C 0 11C 0 -36C 0
ly 0 0 0 0 -2C 0 -58C 0 30C

2y 40C 5C -15C° 28C 47vC 31C -4C -11C 11C
3y -40C  -5C  15C' -28C 4vC -31C -4C 11C  11C
4y 0 0 0 0 -C 0 18C 0 51C
Sy 0 0 0 0 -26C 0 11C 0 -36C
1z 16C 2C  43C -23C 0 34C 0 38C 0
2z 16C 2C 43¢ 11C 20C -17C -29C -19C -33C
3z 16C 2C 43C 11C -20C -17C 29C -19C -33C
4z 5C  -80C -12C 0 0 0 0 0 0
5z  -15C  31C -32C 0 0 0 0 0 0

® Here C' = ﬁg

As an illustration of the quality of obtained results, column I of Table 5.5 contains numerical
values of harmonic frequencies of the CH3D and CHD3 molecules calculated on the base of
isotopic relations (4.63) - (4.64). The initial value of the parameter w; = 3040.38 cm™! of
CH,4 was taken from [87]. For comparison column II of Table 5.5 contains values of the same
parameters obtained from ab initio calculations [67]. Thus, the values of harmonic frequencies
in column I were obtained without any information about the CH3D and CHD3 molecules, and

the results can be considered as extremely satisfactory.
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Table 5.4. Transformation coefficients I}y, of CHDj3 in the frame of the "expanded" local

mode approach.?

Na/b 1 2 3 1 5 6 7 8 9
1z 2C -46C  20C  60C 0  6C 0 16C 0
2 -C 23C -10C  15C  26C -6C  7C -42C  34C
3z -C 23C -10C 15C -26C -6C -7C -42C -34C
A 0 0 0 -0.7C 0 70C 0 -14C 0
ba 0 0 0 -37C 0 -18C 0 320 0
1y 0 0 0 0 -04C 0 -10C 0 -62C

2y -2C  40C -17C 26C  45C C 20 34C  -4AC
3y 2C -40C 17C° -26C 45C -TC 2C -34C -4C

4y 0 0 0 0 -0.7C 0 70C 0 -14C
oy 0 0 0 0 -37C 0 -18C 0 32C
1z 0.1C 16C 38C -22C 0 37C 0 9C 0

2z 0.1C 16C 38C' 11C 19C -18C -32C -5C' -8C
3z 0.1C 16C 38C 11C -19C -18C 32C -5C 8C

4z -83C  -9C -11C 0 0 0 0 0
5% 24C -17C  -44C 0 0 0 0 0
a _ 1
Here C = Wi’:

Table 5.5. Harmonic frequencies of the CH3D and CHD3 molecules (in cm™).

Parameter I® I
CH3D
wi 3071.44 3071.4
wh 2284.20 2285.2
wh 1340.31 1339.8
wy 3157.12  3156.8
wi 1509.73  1508.1
wy 1187.97 1188.1
CHD;
wj 3130.22  3130.5
wh 2192.31 2191.3
wh 1025.81 1025.4
wy 2337.47 2337.0
wh 1321.20 13214
wy 1055.56  1055.5

) Calculated on the base of (4.63) - (4.64).

%) Taken from ab initio calculations [67].
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Anharmonic coefficients 27/}, and ro-vibrational coefficients a;ﬁ of CH3;D and
CHD;

On the base of formulae obtained in Section 5.4, equations (2.19) - (2.21) and data from

Tables 5.3 and 5.4 we obtain the following approximate relations between anharmonic coeffi-

cients:
i~ g h T, 3, B, 3, 13,
N 3T 32mempp? 1071 T 5 T2 g I T gt T 9T
11 9 15 14 9 6
= Ex/m = %9‘/22 = 224y = —T1h = Zmlzs = %53/26 = gl’gs = 31@4
2 2 3
= 5aly; = By = 5@14 = gxim = 5@6 = Tags = 4w = —92w
— _'T;4l4 — 7.:6;4[5 51:6[4[6 34xl5l5 - 537;5[6 — _18x;6l6 (571)
for CH3D and
7 7 h 1 32 28 3
ry &~ —gBe = —ﬁm = 335/11 = 62, = 2—5x'13 = _Eflm = Ex/m
7 4 8 6 7 3
= 25116 = gx,m = _gxéa = %95/24 = 3y = 595/26 = 19533 = 59534
3 7 3
= Oxs, = — 12155 = 53:214 = leﬁl5 = 537216 = —3025, = —24bxls = Ty,
27
_51‘;4[4 - —651‘2415 - 17I;4l6 - _401‘2515 - _?$25l6 - 25ZE26Z6, (572)
for CHD3. Analogous relations are obtained for ro-vibrational coefficients ocbﬁ .
V. h? 90/@ 22, 'y 42 ., 28
3= — =20 =——ay =205 = ——aq,) = —«
167 ptem’* F? ' 25 7 ’ 2574 7 25 0
19 ., 3, 7 o 21
for CH3D and
v h? 39 ., 9 11 ., 42 .. 13
= — = —— = —ZC = —— = —— = —
’ 167Tpecm§f2F111/2 20 2 5°° 25 * 2 "
25 ., 18 ., 8 ., 10 ,, o 44 29 ,,
=50 = 0l = g0y = o0y = —Toy) = 350 = 5% (5.74)

for CH3D. Concerning the relations (4.67) - (4.70) that were derived, we took into account the

presence of resonance interactions between pairs of vibrational states:

(..Ul..U5..)/(..U1 +1..v5 F 2),
(..Ug..U5..)/(..1)3 +1..v5 F ].)

for CH3D and

( Loy £ Llus F2.0),
( g £ 1ovg F2..),
(..U3'U4'U5..)/(..'03 + lvy F lvs £ 1..),
(.v3..06..)/(.v3 £ 1.vg F 1..)
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for CHDs.

As an illustration of correctness of obtained relations (4.67) - (4.68) columns 2 and 5 of

Table 5.6 contain predicted values of x&u—parameters. It should be noted that only one initial

parameter x1; = —12.513 cm™

1

of the CH, molecule was taken into account from [87]. For

comparison columns 3 and 6 contain values of corresponding parameters obtained on the base

of ab initio calculations from [67].

Table 5.6. Anharmonic coefficients ), (in cm™").

CHsD CHD4
Parameter Calc.? [96]% Exp.? Calc.? [96]% Exp.©
Ty -17.883 -17.197 -5.321 -62.590 -59.221 -58.994
Ty -1.841 -1.878 -2.555 -2.086 -2.204 -2.905
T -1.669 -0.981 4.884 -9.780 -9.731 -9.193
Ty -75.108 -72.771 -99.022 2.235 2.184 2.337
s -19.258 -19.016 -9.179 -41.727 -21.111 -21.367
T -5.690 -5.612 -7.233 -0.501 -0.309 -1.406
The -34.772 -31.167 -27.944 -8.941 -8.826 1.139
Thy -6.259 -6.739 -7.312 15.648 15.727 3.096
Thy 1.788 1.639 -7.730 -39.118 -37.352 -42.727
s -3.338 3331 13522 4173 4017 15,220
The -22.354 -22.266 -17.587 -10.432 4.674 -2.489
Tha -6.954 -6.802 -7.739 -7.153 -7.230 -6.188
Ty -10.431 - 9.440 -10.517 -8.345 -8.449 -6.977
2 12,504 2033 12,908 11301 11,029 2,795
2l 12,086 11,091 -3.073 1.043 1.638 3.445
Ty -31.295 -31.611 -32.402 -20.863 -18.601 -16.349
s -18.777 -14.611 -8.373 -7.153 -7.195 -8.454
Tl -8.345 -7.686 -9.304 -8.345 -8.402 -11.044
The -1.788 -1.874 -4.417 0.417 -4.604 -4.552
Thg -3.130 -4.068 -5.090 0.051 0.055 4.919
T 0.136 0.261 0.261 -1.788 -5.500 -5.306
:152414 12.518 12.636 28.539 8.941 8.252 8.560
T, -1.788 -1.721 -7.062 0.193 -0.060 3.584
T, -0.245 -0.230 3.160 -0.736 -0.729 1.143
Ty 0.368 0.384 2.380 0.313 5.403 5.095
)16 -5.007 -5.056 -4.684 0.927 0.921 5.894
) 0.695 0.645 1.516 -0.501 3.251 2.871

) Calculated on the base of (4.67).
%) Taken from [96].

©) Taken from analysis of experimental data [60].

4 Calculated on the base of (4.68).
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If one takes into account that the 47 values of the x&u—parameters in columns 2 and 5 were
calculated without any information about CH3D and CHD3; molecules and using only the x1;
parameter of the CH4 mother molecule, one can see satisfactory agreement in most cases, with
the exception of the 6 parameters x5, Thg, T35, T4, 77, and x,; of CHD3. The differences in
the values of these parameters can be explained by the fact that in isotopic relations (4.67) we

took into account the following resonance interactions:

(v1.05..)/(vg £ Lows F 2..),
(..UQ..UG..)/(..’UQ +1.v6 F 2)

At the same time, in [67] these interactions were not taken into account. For comparison,
columns 4 and 7 of Table 5.6 contain experimental values of the z -parameters from [60].
We can see agreement between the parameters in most cases. However, there are differences
between predicted and experimental values of the 6 parameters 7, ¥y, 5, ¥}s, },;,, T}, Of
CH3D molecule and 5 parameters xy,, b3, Ty, T5s, 77, of CHD3 molecule. In this case, the
discrepancies can be explained by the fact that in [60] the following resonance interaction was

not taken into account:

(..UQ..’U@..)/(..UQ + 1..v6 F 2)

It is more difficult to explain the discrepancies in the values of parameters i, 7, and z; ;. of
CH;3D molecule. One possible reason may be a (strong) correlation between the corresponding
parameters which can lead to incorrectly fitted values.

To illustrate correctness of obtained relations for ro-vibrational coefficients aéﬁ , we consider
results of high resolution analysis of the v3, v5 and 15 bands of CH3D molecule [92]. Column
2 of Table 5.7 presents values of parameters a;ﬁ (B =uz,2;b=3,5,6) predicted on the base of
obtained relations. Values of corresponding a—parameters obtained from the fit of experimental
data [92| are shown in column 3. One can see more than satisfactory correlation between

predicted and experimental values for the off, o, off and o parameters.

Table 5.7. Some agﬁ parameters of the CHD3 molecule (in cm™!).

Parameter Calc.”) Exp.?) Exp.9

1 2 3 4
o 0.0152  0.0788  0.0194
ovf -0.0100 -0.0104
o -0.0051  -0.0046
o -0.0190 -0.0207
o -0.0027 -0.0343 -0.0036
g 0.0288  0.0284

@) Calculated on the base of relations (4.70).

®) Experimental values from [92].

°) "Experimental" values corrected in accordance with Figure 5.2.
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At the same time, predicted values of the of’ and «f parameters differ very much from corre-
sponding experimental values. To understand the situation, it is necessary to take into account
that:

1. The band v5 was considered in [92]| as an isolated state. As it is seen from the discussion
after equation (4.70) (for CHD3), resonance interactions also were absent at the derived

relations for the o and o coefficients.

2. The bands v3 and v have been considered as interacted in [92]. In this case, as it follows
from the symmetry properties of the XYZ3 (Cs,) molecule, that interaction is described
by the operator of Coriolis interaction blocks of the A; — E or Ay — E type (4.29). It
means, that this interaction, on the one hand, does not affect on the C*3=1) and C(vs=1)
(as the consequence, on the of and «f) parameters, but, on the other hand, strongly

connects with each other the B™=1 and B~ (a4 and /) parameters.

To illustrate what above said, Figure 5.2 shows the dependence of the experimental values
of o (curve A) and o (curve B) on the value of resonance interaction parameter o’ (4.29).
The dash horizontal lines (1) and (2) correspond to the values of the o and «f parameters
predicted with the obtained relations (4.70). The dash vertical line I indicates the experimental
value of Coriolis interaction parameter o' = & =1.701 cm™! from [92]. In this case, the crossing
of the line I with curves A and B (resp.) indicate the experimental values of the parameters o/

and o (resp.) from [92]. To construct the curves A and B, we took experimental ro-vibrational

0.10

aBem

0.08 —

0.06

0.04

0.02 —

0.00

-0.02 —

-0.04 —

T T T T
1.65 1.70 1.75 1.80 1.85 1.90

Figure 5.2: Dependence of the experimental values of oz;f” and 0/6“” with respect to the value of

resonance interaction parameter o’

energy levels of the states (v5 = 1) and (vg = 1) from [92]. Then we changed the value of the
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1 and, for any fixed value of the

resonance interaction parameter & with a step of 0.01 cm™
parameter &, made a fit of the same set of spectroscopic parameters. As the analysis showed
(and as one would expect because of strong correlation between parameters o’ and af’, on
the one hand, and resonance interaction parameter &, on the other hand), quality of fits (rms
deviation) was practically unchanged for all fits, but the values of the of and af parameters
obtained from fits were changed in accordance with the curves A and B. It should be mentioned,
that the vertical dash line II on this figure corresponds to the value of the resonance interaction
parameter & =1.836 cm™!, that was obtained from the theoretical prediction in the present
paper on the base of isotopic relation. In this case, one can see that the curves A and B cross
the lines (1) and (2) just very close to the line II. It means that the fit, being made with the
theoretically predicted value of the resonance interaction parameter & gives the "experimental"
values of of and af® parameters very close to theoretically predicted ones. Obtained values of
aff and «off parameters are shown in column 4 of Table 5.7. One can see very good correlation

between values o presented in the second and fourth columns.

Centrifugal distortion coefficients D'}, D’;, D) and parameter ¢

It is known from (4.14) - (4.17) that coefficients a'* are proportional to 1/,/B¢. It means that
both the centrifugal distortion coefficients D, Dk, D and parameter € are proportional to
(B)® Jw?. Using relations (4.63) - (4.66) in formulae (4.53) - (4.56), we can obtain the following

result:

B 8 ., 13 11 27

R b — =D == 5.75

W25 T 0TI T e KT 5 (5:75)
for CH3D and

B 42 54 31

Ze_ D =D, . =_""D_ =3¢ 5.76

W 1250 7 T 1250 UK T Top KT (5.76)

for CHD3. Here B, and w; are the parameters of the mother CH, molecule. Values with
"prime" belong to isotopically substituted species. Table 5.8 illustrates the correctness of the
obtained relations. Results of calculation with isotopic relations are shown in columns 2 and
4 of Table 5.8. Columns 3 and 5 present corresponding experimental values for the ground
vibrational states from [97] and [98]. One can see satisfactory correlation of both results with
the exception of the parameter ¢ of CHD3. Discrepancy in calculated and "experimental" value
of the parameter ¢ can be explained by the fact that in [98] the value of ¢’ was not varied, but
was fixed. The variable parameter in [98] was h}. At the same time, in [98] the parameters €’
and Ry are strongly correlated (as determined from the fit): a change of the parameter € will
lead to a change of the parameter hj without change of quality of the fit. To summarize, taking
also into account good correlations between calculated and experimental values of all others

parameters in Table 5.8, one can conclude that the value ¢ = 0.0000054 cm ™ is correct.
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Table 5.8. Centrifugal distortion coefficients D’;, D', D}, and parameter ¢ (in cm™?).

CH3D CHDg
Parameter Calc.® Exp.? Calc.9) Exp.9
D’;10* 0.503 0.526 0.479 0.495
D/} 10* 1.189 1.264 -0.372 -0.383
D10 -0.761 -0.790 0.130 0.134
€10 0.030 0.032 0.054 -0.289

@) Calculated on the base of (4.73).
%) Taken from analysis of experimental data [97].
©) Calculated on the base of (4.74).

) Taken from analysis of experimental data [98)].

"vl I

. . / / ’ !
Isotopic relations for 7 , v and gober

As in the previous case, on the base of relations (4.63) - (4.66) in formulae (4.57) - (4.61)

. . . . . ! / /
we can obtain the following simple relations for coefficients /"1 4/*TI" and grerer.

95 17
B, = —101, = 21, = — 2. 5.77
e = 3q" 20"l (5.77)
h? 28
Ys=— 75 = 387, =32y = 295 = 158, = 805, = —f;  (5.78)
167 p*em3/2Fy{ 5
for CH3D and
37 89
B = — ! = —— / —_ — / .
Ys=— a — 189 = Dol = —429 = 188, = T8, = 308, (5.80)
167 plem?/2 ts 6 4= P 6

for CHDs.
To illustrate correctness of the derived relations, we compared result of calculations on the

base of these relations with the experimental data from [92] and [96]. For the CH3D molecule

7\ calc.
(77—?) — —2.281,
Us

/' \ erp.
(”-?) = 2310
5

we have

and for CHD3; molecule



Finally one must remark that on the base of the operator perturbation theory and symmetry
properties of the axially symmetric molecules we determined a set of relations which allows one
to connect with each other different types of spectroscopic parameters (parameters of diagonal
blocks, Coriolis, and Fermi interaction parameters) of the XYZ3 and XY3 (Cs,) molecules.
On that base, numerous isotopic relations are derived for the CH3D <-CHy and CHD3 <CHy
substitutions in the methane molecule.

The following important remarks should be made. A study of highly excited vibrational
states very often oblige to take into account a large number of different interacting states. In this
case, a lot of correlations between different parameters of diagonal and resonance blocks of the
effective Hamiltonian appear. As a result, simultaneous determination of all parameters of an
effective Hamiltonian from a fit of experimental data is impossible, as a rule. At the same time,
existence of derived relations between parameters allows one to theoretically predict values of

many of them with satisfactory accuracy.
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Conclusion

In this work we have considered the very important physical problem of the theoretical
investigation of polyatomic molecules of XY2Zy (Ca,), XYZ3 (Cs,), XYy (Ty) type. Using iso-
topic substitution theory, operator perturbation theory and symmetry properties of the axially
symmetric molecules in the framework of the "expanded" local mode approach, we determined
a set of relations, which allow one to connect different types of spectroscopic parameters (pa-
rameters of diagonal blocks, Coriolis, and Fermi interaction parameters) for various isotopomers
of XY3Zs (Csy,), XYZ3 and also XY3 (Cs,) molecules. Numerous isotopic relations are derived
for the CHyD,y < CH,, CH3D «+ CH,; and CHD3 <+~ CH, substitutions in methane. We have
illustrated the success of these relations by comparing spectroscopic experiment and theory.

Obtained simple analytical relations allow to predict (or connect) directly the spectroscopic
parameters of the effective Hamiltonians of different isotopomers, without passing through
time-consuming numerical calculations of energy levels using the multidimensional potential
hypersurface. The importance of our results can be seen for following reasons. In the analysis
of the high-resolution rovibrational spectra of highly excited states it is often necessary to
include many interacting vibrational levels. In such situation, a lot of correlations between
different parameters of diagonal and resonance blocks of the effective Hamiltonian appear.
As a result, we can not determine simultaneously all parameters of an effective Hamiltonian
from a fit of experimental data. By using the numerous simple theoretical relations derived in
the present work, one can then remove many of the correlations and ambiguities. Thus it is
possible to obtain a successful analysis of complex spectra of one isotopomer by using theoretical
predictions obtained from the relations to spectroscopic parameters of another isotopomer. It
is also possible to use the theoretical relations derived in this work in a simultaneous analysis
of spectroscopic data for several different isotopomers. Thus the results of the present work
will be extremely useful in many spectroscopic analysis in the future.

Also in the present work we present a simple Hamiltonian model, which allows to consider-
ably simplify the realization of the procedure of determination of the potential energy surface
in comparison with more cumbersome standard methods.

The main results of the this work are:

e modification and applying of the general isotopic substitution theory and "expanded"
local mode approach to XY, (T4) molecule and its isotopomers XY,Zs (Ca,) and XYZs
(Cs,), and on this base simple isotopic relations for spectroscopic parameters were ob-

tained;

e obtaining of general formulae for spectroscopic parameters for the considered molecules;
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e construction of the Hamiltonian operator in a simple form which can be used for any

"normal" polyatomic molecule and for any isotopic species of a molecule.
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Appendix 1. Intramolecular potential function of the methane molecule

1 1 1
Ve = EFHIS% + §F12231(S§a +5%,) + §F13351(S§z + 93, + 55.)

1
+F13451 (32842 + S3, 84, + 93.54.) + §F14481(S§x + 53, +55.)

2 2

1 1 3 V3
+F53 (52a53z54z - §S2a53x‘5’4:c — 532(1837;843/ + \/7_5%533:547@ - 7521;53;;54;/)

1 1 1 1 3 3
5 P Saa(S3, = 353,) + 5 Foss (smsgz — 55253, — 55253, + V3 SopS2, — gs%sgy)

1 1 1 V3 V3

+§F244 <52a5i - 552(153;3 - §SQaSZy + TS%SL - 752b52y>

+F33353,55, 53, + F334(S5053y 542 + S35z + S34:53:54y)

+F544 (55554 Saz + S3ySu42S4s + S3:54554y ) + Fu44.S4254y542, (5.81)
1 1 1

V@ — —leSj1 + — 1122512(53(1 + Sgb) + ZF1133512(S§1 + Sgy + ng)

24 4

1 1
+= F113457 (S35 + SsySay + 53.542) + ZFHMS%(SZ’C + SZy + S%.)

2
1 3
+6F122251<S§a — 355,5%,) + §F1233S1 (Szb(S??x —53,) —
V3
+7F123451 (521)(5315495 — S S4y) \/§SQG
ﬁ 2 Q2N _ L 2 2 2
+ 4 F124451 SQb(S4x S4y) \/352(1(54;5 + S4y 2542) + F13333153x53y5-3z

+ F133451 (S32.53y 54> + S3553. 54y + S3y53.54z) + F134451 (95554 Saz + S3ySuzSaz + S3.512S4y)

1
V3
(S3zS4:v + S3yS4y - 2S3ZS4Z)>

SQG(‘sgx + Sgy - 25??2))

1

1 1 1
+ 14445154054y S + B bo22 (95, + S3p)° + ZF2233(1)522“S§Z + ZF2233<2)S§bS§z

1 1
—|—1—6(F2233(1) + 3Fh233(2))S34(S5, + S3.) + 1_6(3F2233(1) + Fiasa(2)) 5553, + S3,)
V3 - 2 62yl SRS 4 RSS2
+ 3 (Fa2s3(1) F2233(2))52a52b(53y 30) T 1 1122440220012 + 1 F12244(2) 9204
1 1
+1—6(F2244(1) + 3F2244(2))S§a(52y + SZI) + 1—6(3F2244(1) + F2244(2))5225(Siy + Sfx)
V3 2 2 1 2 1 2
+?(F2244(1) - F2244(2))52a52b(54y - Si) + §F2234(1)52a53z54z =+ §F2234(2)52b53z84z
1 1
+§(F2234(1) + 3Fh934(2)) Saa (S3ySay + S3:81z) + §(3F2234(1) + Faz34(2))S3y(S3ySay + S3051z)
V3
+—(Fha3a1) — Fao3a(2)) 524526 (S3ySay — S3254)

| . )
¥ )

1 1 3
+Fo344 (SQa <S3zs4ws4y - §S3xS4yS4z - §S3y54x54z) + 75%(532:543;542: — S3yS1542)

1 1
+F334 (SQa <S3ms3ys4z - §Ssy53zs4x - §S3xSSZS4y) + Sop(S3y93:540 — S3553.51y)

1 1
+ﬂF3333(1)(S§1‘ + S, + S5.) + ﬁF4444(1)(Sj11x + 53, + Si.)
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1 1

+ZF3333(2) (ngsgy + ngsgz + S‘S%ysgz) + ZF4444(2)(SZEISZQ/ + SZEISZZ + SinZz)
1 1

+6F3334(1)(S§m54x + S§’y54y + 55,54,) + 6F3444(1)<53J:Si)3; + S3y5i)’y + 55.53,)
1

+§F3334(2) (S5, + 53.)S3ySay + (53, + 53,)93:54: + (S5, + 55.) S5054a)

1
+§F3444(2) (S32542(S5, + Si.) + S3ySay(Si, + Si.) + S3:54. (S5, + S3,))
1
+ZF3344(1)(S§Q;S§$ + S§y52y + ngsfz) + F3344(2)(53x53ys4xs4y + 55453254254z + 5353254, S42)
1
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Appendix 2. G-matrix elements for the Cs, symmetry group

N\ J
—1 _
(J) %Al _ ( ) (1 +5N,0) 1/2(5m,3N + (_1)(J—i—Z%N)(th_gN)7

V2
(_Z')JJrl

%AQ = \/5
(J) (—4)” (J+3N+1)

NE, = —= (Omans + (—1) Om,—(3N+1))
(J)Gm _ (_i)J—H S5 1 (J+3N)5

NE; — ( m,3N+1 + ( ) m,—(3N+1))7

V2
(=)’

(J)GZZV—H—i-{(J—l)/S})El = \/5 (5m,3N+2 + (_1)(J+3N)5m7—(3N+2))7

(/)

(1 —2050)(1 4 0n50) Y2 (Oman + (—1)VF3NHDs oy,

m _i)J+1
(J)G(N+1+{(J—1)/3})E2 = T((Sm,wﬁ + (—D)NIIG  ana).

Index N takes the following values:
N =0,1,...,{J/3} for the states of A; and Ay symmetry;
N =0,1,...,{(J —1)/3} for the states of E' symmetry.

The nomenclature of the rotational states is shown in Figure 5.3.
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(a) (b) (¢ ) —X=N nrvmE

— K=N mE .
—K=N sy (N33A, : K=4 |g
. K=4 g
K=4 g — K=3 1A/1A,
— K=3 1a/14,
— K=2 [I+{(N-1)3}]E
— K=3 1a/1A ~
s _ K=2 [I+{N-DB)E K=1 o8
J=NBZ  K=0 g4,04,)
K=1 (g
_ K=2 [IH{N-DB)E =N K20 oa0ay) .
K=1 (g . s
J= K=0 0a,04;) . :
: 1E 1E
1A{/1A, 1A,/1A,
s 2E 2E
E OE OE
044 0A;
1A//1A, 1A//1A, 1A//1A,
IE IE IE
OE 0E OE
0y 04, 0A,

1E
O0E
0A;
K=1 K=1 K=1
OE O0E O0E
J=1/" K=0_ =1 K=0 =1 K=0
02 0A, 0A,
J=0 K=0 0A, J=0 K=0 04 J=0 K=0 oA,

Figure 5.3: The nomenclature of the rotational states.
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Appendix 3. Symmetrized rotational operators

In this Appendix we present the first (with the degree 2 < 3) non-zero irreducible rotational
operators of the SO(3) and Cs, symmetry groups.

Rotational operators symmetrized in the SO(3) symmetry group
In accordance with the equations (4.1) - (4.3), the symmetrized rotational operators RS

(0 <2 <3and 0 < K < 3) can be obtained in the following form:

Ry = J, Jo|Jk >= k|Jk >

1 1 ,
RN = —J, = —E(Jx —id,) Ju|Jk>= E(J(J+ 1) — k(k+1))2|Jk +1 >
1

RV _j = E(Jx +id,) J_|Jk >= —(J(J+1) = k(k —1))2|Jk — 1 >,

5=

3 1

1
R2i(12) = :':_2 [J07 Ji]+

%

— 4+ ~Y-° +
R 2\/1_5Jij + V4 (JoJ2 + J2Jy)

V3

3
4V15

J+

RYY) = T(Joji + J3Jo)
R = T3
1
LA — Ly
+1 \/g +
1
i —— L

V3
where J? = > J2.

Rotational operators symmetrized in the C;, symmetry group

The use of the results of the above sub-section in the general relations (4.5) allows one to

determine rotational operators symmetrized in the Cs, group:

R = Jy = J,

_E (J- = Jy) = Jy

1
(‘]— + ‘]+) = J:m

Ri(l’E) —

R;(LE) —

Sl
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and

V3
R2(2.A1) _ §J2+LZJ2
2°% " /6 —
1
RA®1E) _ 5 ([Jo, J_]+ + [Jo, J1]+)
i
R;(Z 1E) — 5 ([JO7 J_]+ — [JO, J+]+)
1
2(2,2E
R ):—E(JiJrJQ)
2(2,2E i
R ):E(J—Ji),
R3(1L.A2) _ _J\Z/{O
3
7
Ri’(l E) _ _6J2 (J_ _ J+)
1
R ——6J2(J_ +Jy)
p3EA) _ L3 _
\/5 - +>
1
R3G142) . © (JS + J3)
\/§ — +
3 5 1
R3(3,2A2) — _J2J0 S (< g —J
10 2% V10
; 3 V15
RIG1E) _ Jo— IV = 2= (T = T2+ J3 (T — J_
31
+ Jy —
4\/%( + )
1 3 V15
piGE) _ L Jo+J )= (T + )2+ JE(J + J-
2 = A av M T e I d e U )
3
+—(J+ + J-
4\/%( + )
V3
R3(3,2E) _ o Jo(J2 = T2+ (J2 = J2)J
1 2\/5{ 0( + —) ( + —) 0}
V3
RI®2P) — —5 /5 VU3 + 72+ (72 + 12) o}
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Appendix 4. Anharmonic part of intramolecular potential energy surface of the
XYZ; molecule

Here we present the anharmonic part of the intramolecular potential energy surface of the
XYZ3 molecule in symmetrized form:

Vo, = V& v

anh. )

where

Ve = kigiqsa + > kinai(an G + Dales) D Fong (00 G G —

1<j<l LA AZu<sy
Q)\lqm Qv — X, sz quy — Gx, Q,LL1 q1/2)7

4)
‘/a(nh Z kz]lszQ]QlQm+ Z kl]AquQ](QhQ;ﬂ +QAQQu2)

1<j<I<m 1<j,A<p

Y Finw (D G G — D0 G or — DoasGon — Droor o)

IA<u<v
+ Z kk/\uu q>\1 + q>\2)(qu1 + q,ug + Z /{/‘)\/\u“ A Qps — 9, QM)Q
A<p A<p
1 2
3 E 00+ 002 (G G+ Q) F Fi g (001G — D) (@0, B — Do)
Apu<A
+ Z o (@, + 63,)° + Z o (@ + 002 (00 G + Drous)-

WTE
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Appendix 5. Symmetrized wave functions of doubly degenerate harmonic oscillator

(v0a)=|v0),
(v 6p #0 a1) = (v 6p) + v —6p)),
(v 6p az) = —Z5(|v 6p) — [v —6p)),

(v6p+1er) %(Iv 6p+1) — v — (6p+1))),

(vbp+1ley)=-"(vbp+1)+|v —(6p+1))),

§| no

(v6p+2e)=Z(lvbp+2)+ v —(6p+2))),
(v 6p+ 2 es) (lv6p+2) — v — (6p+2))),

Sl

2

-

(v 6p + 3 a1) (lv 6p+3) —|v — (6p+3))),
(v 6p+3az) =—75(v6p+3)+ v — (6p+3))),

(v6p+4e) %(|v 6p+4)+|v — (6p+4))),

(v 6p+4 ey) “(lv 6p+4) —|v — (6p+4))),

N

Sl

Sl

(v6p+5e)=—=(vbp+5)—|v —(6p+5))),
(v 6p+5e) =—5(lv6p+5) +[v — (6p+5))).

Here, in the symmetrized functions (v [ ) the value [ > 0. At the same time, functions

|v [) are the eigenfunctions of a doubly degenerate harmonic oscillator (see, e.g., Egs. (I11.9) -
(II1.10) of [78]), and | = —v, —v + 2, —v + 4, ...,v — 4,0 — 2, v in those |v [) functions.
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BBenenune

CoBpemMenHast TeopeTHIecKas KojiedaTe/IbHO - BpallaTe/ibHast CIIEKTPOCKOIIHS MOJIEKYJT siB-
JISIETCST BayKHBIM MCTOYHUKOM KOJTMYECTBEHHOM U KaueCTBEHHON MH(MOPMAIIH O KBAHTOBO - Me-
XaHIIECKUX XapaKTepUCTUKaX O0bEKTOB MUKPOMHUPA. A MMEHHO, U3 MOJIYIeHHON IKCIIeprMeH-
TaJbHONU MHMOPMAIMN HAa OCHOBE 3HAHUS TOHKOW CTPYKTYPhI CIIEKTPOB, MOYKHO OIIPEJIE/IUTDH
MHOTOYHC/IEHHBIE XapaKTePUCTUKU MOJIEKYJI, KOTOPBIE JIAal0T BO3MOXKHOCTb MCCJIeI0BaTh OoJiee
cJI02KHbIe 3(D@PEKTHI BHY TPUMOJIEKYIIPHON TPUPOJIbI. B 9acTHOCTH, OKA3bIBAETCA BO3MOYKHBIM
U3BJIEKATH M3 CIEKTPOB MH(MOPMAIMIO O CTPYKTYPHBIX IOCTOSHHBIX, MEXKMOJIEKY/IIPHOMY |
BHYTPHUMOJIEKYJITPHOMY CHJIOBOMY TIOJIIO, MYJIBTHUIIOJIBHBIX MOMEHTax, U T.J. Takast nagopMma-
g ABJIdeTCA t‘Ipe3BbI“Iaf/’IHO BaKHOI Ipu penieHrur MHOT'MX HE€ TOJIbBKO aKaJleMHWYCCKUX, HO U
NPUKJIIHBIX 33189 (DU3UKH, XUMHUHU, acTPOMU3UKN, aTMOC(EPHON OIITUKNA U JPYTUX objacTeit
HayKH.

Ba}KHOﬁ JaCTbIO IIOHUMaHUA IIPOIECCOB, IPOTEKAIOIINX B MOJIEKYJIE, ABJIACTCA 3HaHUE KODP-
PEKTHOI mH(MOPMAIUN 0 BHY TPUMOJIEKYIAPHON MOTEHIINAIBLHON (DYHKIINNA, KOTOPasi OIPeIes-
€T BHYTPEHHIOIO JUHAMUKY, IIPOIECCHI, IPOUCXOIdIne B Mojiekysie. [ToaTomy BaxkHOil siBjIseTCs
3a/1a4a OIpeJIe/IeHns TapaMeTpPOB IMOTEHIINAIbHBIX (DYHKIIUNH MOJIEKY.I.

CriocobaMm pertennst JaHHON MpobJ/ieMbl B (DU3UKN W XUMUKM MOJIEKYJI YJIeJIsIeTCsl OOJIBIIIoe
BHHMaHHE YK€ B TedeHue MHOI'UX JIET. CYH_IGCTBYIOT JBa OCHOBHBIX IIYTU PCIICHUA 3TOI Ipo-
oaembl. IlepBas rpyima MeTom0B, KOTOPBIE JTOBOJBHO IIUPOKO HCIOJIB3YIOTCs, - 9T0 ab initio
BhraucieHns. TeM He MeHee, B HACTOAIIEE BPeMsl TOTHOCTb TaKUX METOJIOB XyrKe IKCIIepPUMeH-
TaJbHBIX TOYHOCTEN MPUMEPHO Ha 4 - H MOPSIKOB I MOJIEKYJT C OOJIBIIUM HYHUCJIOM aTOMOB.
TounoCTh pacueToB, B IPUHIIAIIE, MOXKET OBITH Y/IydIlleHa, HO 9TO OTpedyeT yBeJIMIeHUs MOIII-
HOCTEN U BpeEMEHU CYE€Ta B pPa3bl, TaK 9TO 3a/ia49a CTaHOBUTCA IIPAKTUYIECCKU HEpEeaJIM3yeMa.

CyHLeCTByeT I'Pylllia aJIbTEPHATUBHBIX METOIOB OIIp€Ae/IeHnd MHOI'OMEPHBIX ITOTEHIUAJIb-
HBIX TIOBEPXHOCTEH MOJIEKYJI - TaK Ha3bIBaeMble TOJIyIMIUpudeckne MeTojibl. OHM OCHOBaHBI, C
OJTHOU CTOPOHBI, HA IIOCTPOEHUN KOPPEKTHOI MOJIE/IM TaMUAJIBTOHUAHA MHOTOATOMHON MOJIEKYJTbI
Ha OCHOBe KoJieDaTeJIbHO - BpalllaTe/IbHOM TeOpUun H, ¢ JAPYroil CTOPOHBI, Ha HAJUYUKN TOUHOI
9KCIIEpUMEHTAIbHON MH(MOPMAIMN O CIHEKTPaX BBICOKOIO Pa3pelleHrs NCCIIEIyeMbIX MOJIEKYJT
B DA3JIMYHBIX JMANa30HaX (BUAMMOM, MHMPAKPACHOM, MUKDPOBOJHOBOM). B GosbImoii rpyiie
MOJTYSMIINPUIECKUX METOI0B MOYKHO BBIJIE/IUTD HOATPYIITY BapUAIMOHHBIX METOIOB, 00/1a,/1a10-
IIIIX BBICOKO#W TOYHOCTBIO, Cpe/in KOTOPhIX MOKHO yromsayTb MORBID-meros, paspaboran-
uolit Vencernom, pacdérsl, ocHoBammble Ha Merone Monrte-Kapio n pacaérTsl, HCHOIb3YIONTe
npeobpazoanune Ban-®jieka. OHako, BapualMOHHBIE METO/IbI, HECMOTPS Ha BCE UX JIOCTOUH-
cTBa, 00JIQJIAI0T U HEJIOCTATKAMU. B 9acTHOCTH, OHU He MPUMEHUMBbI K MOJIEKyJIaM 0oJiee dem

¢ 3 - 4 aTomMaMu, MTOCKOJIBKY 3TO TPEOYET CJUIIKOM OOJIBITNX KOMITBIOTEPHBIX PECYPCOB U BPe-



MeHHn cdeta. /laHHBI HemocTaTOK 00YC/IOBIEH TE€M, UTO JaHHAs TPYIa METOI0B OCHOBAaHA HA
[PSIMOM MHOTOKPATHOM IOCTPOEHUU MaTPUIIbI KOJIeDATETbHO - BPAIATEILHOIO TaMUILTOHNAA~
Ha B BBIOpAHHOM 6a3uce U MOCJIeyoNeli ee uaroHaau3anuu (Tak Ha3blBaeMas UTepalMoOHHAs
nporeypa). Jlaxe jist caMbIX TPOCTEHIINX JBYXaTOMHBIX MOJIEKY/I 3TO IPUBOJUT K HEOOXO-
JIMMOCTH TIOCTPOEHUsSI MaTPHI] Pa3MEPHOCTH BILIOTH JI0 COTEH CTOJIOIOB U cTpok. IlosBienue
KasKJI0H JTOTIOJTHUTEIHHON CTeNeHr CBOOOIBI YBEITMIUBAET pa3Mephbl COOTBETCTBYIONIUX MaTPHIL
Ha 2-4 mopsaka.

Takum o6pa3oM, OJHON U3 38189 MOJIEKYJIAPHON CIIEKTPOCKOINU W (PU3NKKA MOJIEKYJI sIBJIs-
eTcst pa3paboTKa IMOIX0/I0B U METOJIOB JJIsI OIIPeIe/IeHNsT BHY TPIMOJIEK Y ISIPHOM TOTEHITNATBHOM
GyHKIINN MHOTOATOMHBIX MOJIEKYJI, TI0 BO3MOXKHOCTU UMEIOIINAX JIOCTOMHCTBA U UCKJTIOUAIOIIAX
HEJIOCTATKN M3BECTHBIX Ha HACTOsIIEee BpeMsl MOAX010B. KoIIeKTuB 1abopaTopun MOJIEKYIap-
HO CIIEKTPOCKOIINN Ha MPOTSXKEHNN MTOCIEHIX JIeT 3aHNMAJIC pa3pabOTKOM W pean3alyeit
110/100HOTO POJIa METOIOB. BaxKHBIM sIBJISI€TCs TO, 9TO pa3padaTbiBaeMble METO/IbI He 3aBUCAT OT
THITa CAMMETPHH MOJIEKYJI ¥ KOJTMIECTBa B HEll sijiep, TAaKUM 00pa3oM, X MOKHO HCIIOJIb30BAThH
HE TOJIBKO JIJIsT UCCJIOBAHUS TPEX - MATUATOMHBIX MOJIEKYJT, HO U MOJIEKYJI C OOJIBIITIM IUCIOM
ATOMOB C MHUHMMAJIbHBIMHI MU3MEHEHUSIMU.

OHako, 3a9acTyio, MHMOOPMAINN O TTapaMeTpax MOTeHIMAIbHON (DYHKITIH MOJIEKYJ/IbI OKa-
3BIBACTCs HEJOCTATOIHO. VcTOIHUKOM JOMOTHUTETBHON HHMOPMAIINN B TAKUX CIydasiX sBJIs-
IOTCsI CIIEKTPBI U30TOMO3aMEIEeHHBIX MOANMUKAIM, 9bi (PU3MIECKHE U XUMUIECKIE CBONCTBA
TECHO CBSI3aHBI CO CBOMCTBAME MATEPUHCKON" MOJIEKYJIBI, & CIIEKTPBI, B TO K€ BPEMsl, MOTYT
pa3/ImIaThCst OYU€Hb CUJIBHO.

Tax:ke BaxKHOI siBJIsieTcst wHMOpPMaIus 00 U30TOMNIECKON 3aBUCUMOCTU PA3/JINIHbBIX CIIEK-
TPOCKOIIUIECKUX U MOJIEKY/ISIPHBIX HapamMeTpoB. OIHAKO, N3BECTHBIE B JINTEPATYPE M30TOIIH-
YECKHMe COOTHOIIEHUsI B OOJIBIMUHCTBE CBOEM SIBJIIIOTCS IPABUJIAMEU CyMM U IIPOU3BEJICHUN U
CIIpaBe JINBLI JIUIIb JIjI HEDOJIBIIOTO YHC/Ia MOJIEKYJIAPHBIX M CIIEKTPOCKOIMNIECKUX ITapaMeT-
poB. BMmecTe ¢ TeM m3BECTHO, YTO TAKOTO pOJjia COOTHOIIEHWS BO3MOYKHO TOJYYIUTH B PAMKaX
MU3BECTHOI TEOPUU TOJIBKO JJIsi OYeHb OIPAHUYEHHOTO YKC/Ia CJIy4YaeB. B 3Toil cBsI3u najbHeiinee
pPa3BUTHE TEOPUN U30TOIMO3aAMEIIEHNs TPEICTABIAETCS IPE3BBITAiHO BarKHBIM.

COBOKYITHOCTD MTPOOJIEM COBPEMEHHON TeOPETHIECKON CIEKTPOCKOIINH, TEPEINCICHHAST BbI-
Ie, a TaKKe X 3HAYMMOCTD IIPHU PEIIeHnH IPOoOJIeM BO MHOIUX 00JIaCTIX HAYKH - BCE 3TO TOBO-
pUT 00 AKTyaJIbHOCTU KCCJIC/IOBAHUI, HAIIPABIECHHBIX Ha Pa3paboTKy 3(PHEKTUBHBIX METO/IOB
OTIpEJIe/IEHNUsI TTaPAMETPOB TTOTEHIMAIBHBIX TOBEPXHOCTEH U Pa3IMIHBIX CIIEKTPOCKOIUICCKIX
[apaMeTpOB IIPOU3BOJIbHBIX MHOIOATOMHBIX MOJIEKYI.

[Iepeuncienubie BoIle Mpob/ieMbl COBPEMEHHON TEOPETUIECKO KojiebaTe/IbHO-BPaIaTe/ TIbHOM
CIIEKTPOCKOIINH, & TAKZKe IMPAKTUIeCKasi 3HAYMMOCTh JIJIsi MHOTOYHMC/IEHHBIX 33189 acTpohu3n-
KU, aTMOC(EPHON ONTUKN, XUMAU MOJIEKY/T U T.J., ONPEJIEISIOT aKTyaJbHOCTh MCCJIeI0Ba-
HUIA, BBLIIIOJHEHHBIX B JAHHON padore.

Hannas pabora IOCBSIEHa UCCJIEI0BAHIIO P ()EKTa N30TOM03aMEIeHN B MHOIOATOMHBIX
MOJIEKYJIaX, Y/IOBJIETBOPSIONUX "pacimmperHoMy" mpubOIMKEeHUIO JTOKAJIbHBIX MO/I.

B coorBercTBuE ¢ BBINIECKA3aAHHBIM neJjJadaMmn HaCTOﬂIJ_[eﬁ pa6OTI:)I ABJIAIOTCA:

® JICCJICcJ0BaHue S(b(beKTa MN30TOII03aMeENIeHN A B MHOI'OQTOMHBIX MOJIEKYJIaX, YIOBJIETBODA-

omux "pacmupenHoit" Momen JIOKAJIbHBIX MO/I, UYTO B JAJIbHEHIIIEM ITO3BOJISIET UCIIOIB30-



BaTb JOIIOJIHUTEJIbHYIO I/IH(bOpMaLH/HO O Pa3J/IMYHbIX N30TOII0O3aMEIIEeHHbIX MO,HI/I(bI/IKaL[I/IHX

MOJIEKYJI JIJI PeIIeHnsT OOPATHBIX CIEKTPOCKOIIMIECKIX 3a,1a;

e pazpaboTka 3P PEKTUBHOIO, IPUMEHUMOI0 K MOJIEKYJ/IaM C ITPOU3BOJILHBIM YHCJIOM aTOMOB

U pa3/IMYHOIl cuMMeTpueil MeToJla Oolpe/le/IeHIns BHYTPUMOJIEKYIAPHON MOTEeHIIMAJIbLHOMN

bynxmY;

[} pa3pa60TKa AJITOPUTMOB U CO3aHUE ITPOT'PpaMM JiJid OCYIIECTBJICHUA Pa3BUTLIX IIO/IXO/10B

JJId PA3/JIMYIHOI'O TUIIa MHOT'OQATOMHBIX MOJICKYJI.
KOHerTHaH peaan3anusd IOCTaBJEHHON [eJim 3aKJI049aeTCd B pelIeHnn CJICAYIOMUX 3a1a4:

e Momudukamus 1 pacupocTpaHeHne Pa3BUTHIX PaHee TEOPUN M30TOMO3aMEIIeHusT 1 "pac-
IIAPEHHOro" MeTOa JIOKAJIbHBIX MOJ, Ha MOJIEKYJIbl Thuia XY, cumMerpun Tg, XYoZs

cummerpun Co, u XYZ3 cummerpun Cs,;

e Ha ocHoBe orepaTopHoil TeOpur BO3MYIIEHUN U TEOPUU HEITPUBOJINMBIX TEH30PHBIX OIle-
paTopoB ToJIydeHue o0ImMX (HPOPMYJI, MO3BOJAIOININX CBA3ATH CIIEKTPOCKOIINYECKHAE TIa-

paMeTpbl UCCIELYEMBIX MOJICKYJI C ITapaMeTpaMi BHYTPUMOJICKYAAPHONA IMOTEHIMAIBLHONR

ymKym;

e OmpeneneHne KOOPANHATHOIO IIPEICTaBICHUS FaMUJIbTOHIAHA IIPOU3BOJILHON MHOI0ATOM-
HOI MOJIEKYJIbI, KOTOPBI MTO3BOJIUJI ObI TIOCTPOUTH TOYHBIHN OllepaTop KUHETHICCKON YacTu
TaKuM 00pa30M, 4TOOBI OH ObL/I TPUMEHUM K MOJIEKYJIaM C TPOM3BOIbHBIM YHCIOM ATOMOB,
ObLI TIPOCT TIPU MPAKTUIECKUX pacdeTax (110 CPABHEHUIO C YK€ M3BECTHBIMU OlepaToOpa-

MU) 1 OBLT IPUMEHUM K JIFO0OH M30TOMNIECKOH MOTUMUKAIINN UCCTEYeMOl MOJIEKYJIb;

OcHOBHBIE METObI UCCe0BaHus. [ penieHns mepednc/eHHbIX 3a/1a4 [IPUMEHSIIach
Teopusl HENPUBOJMMbBIX TEH30DHBIX OIIEPATOPOB, OllepaTOpHAasl Teopusl BO3MYIIEHUIl, Teopus
M30TONIO3aMelleHnsd, "pacipenbiii" MeTo TIOKAIbHBIX MOJ, BBIYUC/IATEIbLHBIE METOILI C HC-
mostb3oBaHneM s3bIKoB mporpammupoBanus FORTRAN n MAPLE.

Haquble IMOJIO2KEHMU <, BbIHOCUMbI€ Ha 3alllUTYy:

e Bosnukaroriast B pamkax "pacruimpenHoit" Moeu JJOKaIbHBIX MOJT BO3MOKHOCTD OTIPe/Ie-
JINTh B IPOCTOH aHAJMTUIECKON opMe KOHCTAHTBI (POPM KOJeOaHMIT OT/I€JIbHBIX THUIIOB
MHOT'OATOMHBIX MOJIEKYJI ITO3BOJISIET, UCIIOJIB3Ys PE3Y/IbTATHI O0INEHl TeOPUN N30TOTIO3aMe-
IIeHNsT, OIPeIe/INTh TaKXKe B MPOCTON aHATUTUIECKON (hopMe KOHCTaHTHI hopM Kojeba-

HU JIIOOBIX HN30TOIIOIIPOU3BOAHDBIX ,[LaHHOfI MOJIEKYJIBI.

o Hajmume anauTUIecKOil 3aBUCHMOCTU MEXKJIy KOHCTaHTamMu (hopM KOJjeOaHmil pas/imd-
HBIX H30TOIIOMEPOB MOJIEKYJI, YIOBJIETBOPSIOMMX "paCIIupeHHoOl" MOIean JIOKAJIbHBIX
MOJI, JIA€T BO3MOYKHOCTD TOJIYYUTh B aHAJIUTHYCCKON (hopMe MPOCTbIe COOTHOIIEHUA KaK
MEKJIy Pa3/IMYHBbIMU CIEKTPOCKOIIMYECKUMU ITapaMeTpaMi MaTEePUHCKONH MOJIEKYJIbI, TaK

n MExKAY CIIEKTPOCKOIIMYECKNMU ITapaMeTpaMi Pa3/IMYHbIX M30TOIIOMEPOB.



e Pazpaboranublii B JUCCEPTAIIIN METOJ] OIPeIeICHUS BHYTPUMOJIEKYIAPHBIX MHOTOMED-
HBIX ITOTEHIIMAJIbHBIX IIOBEPXHOCTEH HOPMAJbHBIX MOJIEKYJI Ha OCHOBE CHEIUAJILHOIO KO-
OPIMHATHOTIO IIPEJICTaBJICHUA OTKPBIBACT BO3MOXKHOCTB KaK CYIICCTBEHHO YIIPOCTUTDH Pe-
IeHne Tpoo/IeMbl OTTUCAHUS BHYTPEHHEH JIMHAMUKU MOJIEKYJI, TAK U PACIIMPUTH KJIACC U
YHUCJIO UCCJIeJIyeMbIX MOJIEKYJ IO CPABHEHMUIO C U3BECTHBIMHU B TEOPETUYECKOI CIIEKTPO-

CKOIINM METOJIaMH.
JlocToBEpHOCTH PE3YJIBTATOB, ITOJIyIEeHHBIX B PabOTe, TOITBEPIK/IaeTCs:

® CTPOI'OCTBIO NUCIIOJIb3YEMbIX MO,ZLGJIeﬁ 1 MaTeEMaTUIECKUX METO/I0B, HEIIPOTUBOPEIUBOCTBHIO
PE3YJIBTATOB U BBIBO/IOB, UX COTJIACOBAHHOCTBLIO C pE3YJibTaTaMMt JIPYT'UX aBTOPOB U COI'Jla-

CHEeM C pe3yJibTaTaMU COOTBETCTBYIONINX SKCIEPUMEHTAJTLHBIX MCCJIEIOBAHUIM.

® XOPOIINM COBHIJIEHNEM Pe3y/IbTaTOB PACUYETOB 110 MOJYYEHHBIM U30TONUYECKUM COOTHO-
IIEHUSIM C Pe3yJIbTaTaMU PACIETOB MapaMeTPOB KakK ab initio-MeTo/laMu, TaK U IOJIYyIM-

MAPUIECKUMI METO/IaMHU.
Hayuynass HoBu3Ha pabOThI OpeIesieTcst Cae Ay oM (hakKTOpaMT:

e B pesysbrare KOMIMIAINN TOJIOZKEHUI 1 PE3YILTATOB TEOPUU U30TOIIO3aMeIeHus 1 "' pac-
MIUPEHHOr0" METO/Ia JIOKAJIHHBIX MOJL TIOJIYY€eH Pl HOBBIX, PaHee HeM3BECTHBIX M30TOIN-
YECKUX COOTHOIICHUN MEK/y Pa3JINYHBIMU CIICKTPOCKOINYECCKUMUA ITapaMeTpaMy pa3and-

HbIX N30TOIINYCCKUX MO,ILHCbHKaHHﬁ MOJIEKYJIBI M€TaHa.

e PazpaboraHHbIil HOBBII OJX0J1 K IIPOOJIEME OIpe/Ie/ICHUs BHYTPUMOJIEKY/ISIPHOI TTOTEH-
[IAJIBHON (DYHKINH XapaKTEePU3YETCs MIPOCTOTOH 1 3(Pp(DEKTUBHOCTHIO peaTH3aIluu 1 ITPH-

MEHUM JJId MOJIEKYJI C IIPOU3BOJIBHBIM YUCJIOM aTOMOB U HpOHSBOJ’IbHOﬁ CUMMETPUH.
Haquaﬂ HEHHOCTDb 3aKJ/II09aeTCA B CJIEYIOIIEeM:

e PasBuras m ampobOupoBaHHasd Ha MOJIEKYJIe MeTaHa KOMITHJISIUS TEOPUU M30TOIO3aMe-
menns u "pacimpeHHoro”  mpubIMKeHnsT TOKAIbHBIX MO, IIO3BOJIAET MOy IUTh MHOIO-
YUCJICHHBIE, paHee He U3BECTHBIE U30TOMMIECKHE COOTHOIIEHUS MEXK /LY Pa3JINIHBIMU CIIEK-
TPOCKOITUIECKUMU TIapAMETPAMU PA3IUIHBIX N30TOIIOMEPOB MOJIEKY/IBI METaHa, M Ha, ITOMH
OCHOBE IPEACKA3bIBATh IIapaMeTPhbl CIUEKTPAJIbHBIX JUHUI TONH MU UHONH U30TONUYIECKON

MOJTU(PUKAIINN JIaKe B YCJOBUSX TTOJIHOI'O OTCYTCTBUA MHMOPMAIUU O TOCIeTHE.

e PazBuThle B JuccepTaIii METOJIbI MO3BOJISIOT Pa3pPeNIuTh IEeJblil psii TPodeM, BO3-
HUKAIONIUX TIPU WHTEPIIPETAIINN CIIEKTPOB CUJILHO B3aUMOJIEHCTBYIONNX KOJebaTe/ IbHO-
BpaIllaTeJIbHBIX [IOJIOC U30TOIIOMEPOB MeTaHa, CBA3AHHBIX ¢ HEOJJHOZHAYHOCTAMU U CAJIb-

HOU KOppeJIsiiieil ClIeKTPOCKOTTNYECKUX TTapaMeTPOB.

° PeByJIbTaTbI uccJjeJ0BaHusd 1MO3BOJIAIOT PACIIPOCTPaHUTDL paSBI/ITbeI II0X01 Ha aHaJIOT'M4-

HbIe UCCJIeI0BaHusA 6ojiee CJIOKHBIX MOJIeKyT, B dactaoctu Mosieky1 CoHy u CH3XY.

IIpakTnyeckass 3HAUMMOCThb PabOThI: pa3zpaboTaHHbIE MOJIEH U METO/Ibl, & TaK:Ke pe-

3yJIbTaTbl, IIOJIYy9Y€HHbIC Ha HX OCHOBE, IIO3BOJIAIOT YIIPOCTUTDL IIPOLEAYPY OIIMCaHUA CJIOXKHBIX



KoJtebaTe/IbHO - BPAIATEIbHBIX CIIEKTPOB U30TOIMOMEPOB MeTaHa B BBICOKOBO30YIKIEHHBIX KO-
J1e6aTE/TIbHBIX COCTOSTHUSIX.

Bueapenue pesyisibTaToB. PesysibraThl 110 TeMe JUCCEPTAINN MCIIOJIb30BAJUCH TIPUA BbI-
[TOJTHEHUH COBMECTHBIX HAYIHBIX UCCIeI0BaHU TOMCKOTO rocyapCcTBEHHOIO YHUBEPCUTETA U
yuusepcuteroB Bypryuaun (®Opannus), Oyiny (Puwanstaans), Hopuxa ([seitiapust), a Takxke
[peJICTaBICHHBIE B JIUCCEPTAIMOHHON pPaboTe Pe3ysIbTaThl UCIOIB3YIOTCH NP YTEHUN KYPCOB
sekruit "CoBpeMeHHBbIE TTPOOIEMbI MOJIEKY/ISIpHOI criekTpockonuu' u "dusnka aTroMoOB U MO-
qgekyn" B TomckoMm rocymapcrBeHHOM yHHBepcuTere. [loiydeHHble pe3yabTaTbl MOTYT OBbITH
UCTIOJIb30BAHbI B OPTaHU3AINAX, 3AaHUMAIOIIIXCA CIIEKTPOCKOINEH BBICOKOTO Pa3pEIIeHus, ra-
30aHAJIM30M aTMOCGEDPHI U T.JI., TAKUX KakK: TOMCKHUIl TocyiapcTBeHHbIN yHuBepcuTeT, HcTHTY T
ontuku armocdeper CO PAH (1. Tomek), Uucturyr npukiaagaunoit dusukn PAH (r. Huxunii
Hogsropon), Mucruryr cekrpockonuu PAH (r. Tpounk, MockoBckasi 06/1acTh).

Anpobarus paborbl. Marepuasibl, BOIIEINNE B JUCCEPTAIUIO, JIOKIA IBIBAIUCH 1 00CY K-

JaJIMCh Ha CJIEJYIOIMUX HAYYIHbIX KOHCbepeHHI/IHXI

e 21-om MexkyHAPOTHOM KOJIJIOKBIYME IO MOJIEKYJIAPHON CIIEKTPOCKOINN BBICOKOT'O Pa3-

perernst (Kacremmamapa mu Crabust, Uramus, 2009).

e 16-oit Beepoccuiickoit HaydIHONW KOH(DEPEHITUN CTYACHTOB - (DPU3UKOB U MOJIOJIBIX YUEHBIX

(Boarrorpa, Poccust, 2010).

e 21-oit Mexk1yHapOIHOM KOHMEPEHITUN IO MOJIEKY/ISIPHON CIEKTPOCKOITNU BBICOKOI'O Pas3-

pemienus (Ilosnans, [osbma, 2010).

e 17-oit Beepoccuiickoii Hay9IHON KOH(EPEHITUN CTYAEHTOB - (DPU3UKOB U MOJIOJIBIX YUEHBIX

(Exkarepunbypr, Poccus, 2011).

e 22-oM MexKIyHApOTHOM KOJJIOKBIYME TI0 MOJIEKYJIAPHON CIIEKTPOCKOIIUN BBICOKOT'O Pas-

perternst (uzkon, @pannums, 2011).

e 22-oit MexkyHapoHOM KOH(EPEHITUN 110 MOJIEKY/ISIPHON CIEKTPOCKOITMU BBICOKOI'O Pa3-

perrernst (IIpara, Yexus, 2012).

e 23-oM MexKIyHApOTHOM KOJIJIOKBHYME TI0 MOJIEKYJIAPHON CIIEKTPOCKOIINN BBICOKOT'O Pa3-

pemenus (Bymnanemr, Benrpusi, 2013).

Pabora BbmiosHsAack npu (pUHAHCOBOI MO/I/IepIKKE:

['panT dpaHIry3cKoro mpaBUTEIbCTBA Ha HAIMCAHUE JIUCCEPTAIMH 110 COBMECTHBIM Ha-
yunbiM pykoBojicrBoM (Tomckuit ocymapersennstit Yuusepcurer, Tomck, Poccust - Yuu-

Bepcurer Bypryuuauu, uxon, @pannus, 2011 - 2014).

Crunenuun nHekommepueckoro ¢donmga " lunactusa" (2011, 2013, 2014).
e Crunenjus [IpaBuresnbersa Poccuiickoit @eneparun (npukas Ne 935 or 19 Hostopst 2012).

e Coswmectnsiii rpantT POOU-CNRS (Poccus - @pannus) Ne 07-02-92164.



e ['pant PODIT Ne 09-02-09533.
Bkuaapa aBTOpa 11pu nostydeHnn pe3ysibTaToOB HACTOAIIECH pabOThl COCTOUT B CJIE/IYIONIEM:

e coBmecTHO ¢ 11pod., A.¢.-m.H. E. C. Bexreperoii, n.d.-m.u. O. H. VienekoBbim u mpod.

K. Jlepya ydacTue B mocTaHOBKe 3a/a4;

e coMmectHO ¢ 1. B. BosioToBoit pazpaboTka MareMaTH4decKoro airapaTra Ha OCHOBE TEOPUU
BOSMYH_LQHI/II';I, a TaK2Ke I10oJIydeHue COOTHOIIEHUN U CBA3EN MEXKAY Ppa3/JIMIYHbIMU CIIEKTPO-

ckormaeckumu napamverpamu st mosekyin CHy, CHyDo, CH3D, CHD3;

e coBMecTHO ¢ ipod., m1.¢p.-m.H. E. C. Bexrepesoit u mpod. K. Jlepya paszpaborka aaropur-

MOB U cO3jaHue mporpamMm Ha si3bike MAPLE.

e coBMecTHO ¢ 1pod., a.¢d.-m.H. E. C. Bexrepesoit u m.¢p.-m.u. O. H. VienekoBbiM pas-
paboTKa HOBOTO MeTO/a OIpejesleHnsT BHYTPUMOJIEKY/ISPHON TTOTEHIINAIBLHON (PyHKINN,
IPUMEHIMOI'0 K MOJIEKYJIaM C IIPOM3BOJIBHBIM YHCJIOM ATOMOB U IIPOU3BOJIBHON CHMMET-

pun.

ITyoaukamuu. OcHOBHBIE Pe3yJbTaThl JIMCCEPTAIMK OIyOJMKOBAHBI B 12 MeYaTHBIX pa-
6orax (m3 HUX D craTeil B m3JaHusAX, pekomergyeMbix BAK u 7 Te3mcoB BCepOCCHICKUX U
MEZK Y HAPOIHBIX KOH(MEPEHIIHit ).

CrpykTtypa u oobem auccepranuu. lucceprammontas pabora COCTOUT U3 BBEJIEHHUSI,
IATU TJIaB, [MATU TPUIOKEHWI W 3aKJII0YeHUsd OOmmuM o0beMoM 142 cTpaHUIbl, B TOM YHCJIE
COJIEPKUT 9 PUCYHKOB, 29 TabJIMI] U CIIMCOK ITUTHPYEMOi JuTepaTyphbl n3 134 HauMeHOBAHMIA.

OcHoBHOe cojiep2kaHue paboThI.

Bo BBegeHuu obocHOBaHa aKTYaJILHOCTH TEMbI, KDATKO U3JI0KEHbI IIPEJIMET UCC/IeI0BAHUIT
U CTPYKTypa Juccepraiuu, copMyIUpOBaHbI e/l pabOThI, 3aIUIIAEMbIe TOJIOKEHUS, HAY Y-
Hagd W MpaKTHYecKasi 3HAYUMOCTH PAOOTHI.

IlepBag ritaBa juccepTalini IOCBSINEHA OIMMCAHUIO HEOOXOIUMBIX JIJIs TIOHUMAHUS OPHU-
IUHAJbHONW YacTU PabOThl MPUHIMIIOB U HEKOTOPBIX METOJIOB KOJIe0ATETbHO - BpallaTe/IbHOM
TEOpPUH, BKJTIOYAIONINX CIIOCOO MMOCTPOEHUsT KBAHTOBO - MEXAHUIECKOT'O TAMUJIBTOHUAHA BO BHYT-
PUMOJIEK YIS PHBIX KOOPJIWHATAX JIJIsI ITPOU3BOJILHON MHOTOATOMHOM MOJIEKYJ/IBI; METO/I PEIIEHUS
KOoJ1e0aTe/IbHO - BpaIaTe/IbHOM 3a/1aui ¢ MCIOJIL30BaHEeM 3(MMEKTUBHBIX BpaIlaTe/IbHBIX Olle-
paTOPOB; OCHOBHbBIE CBEJICHUS W3 OTIEPATOPHON TEOPUU BO3ZMYIIEHUSI.

Bropas riiaBa jguccepTaliiy MOCBSIEHA TEOPETUIECKOMY HccejoBannio MoseKyabl CHy u
Ha ocHOBe "pacimmpenHoro" mpubIMKeHNsT JTOKAJIBHBIX MO, ITOJIY I€HUTO TPOCTBIX COOTHOIIIEHUI
MEXKJTy Pa3JIUYHBbIMU CIIEKTPOCKOIIMYECKUMU TTapaMeTPaMyu MCCJIeyeMON MOJIEKYJIbI.

B Tpetbeii riiaBe juccepraiiun pacCcMaTpUBaOTCA POOJIEMbI, CBI3aHHBIE ¢ ITPUMEHEHHEM
TEOpPUU U30TONO3aMelleHns u "pacimmpenHoro" npubInKeHns JOKAJIBHBIX MOJI K OJHON W3
M30TOIO3aMeIeHHbIX Moaudukauit Mmoaekyabl Mmerana CHyDo.

B gerBepTOil ri1aBe jucceprauu paccCMaTPUBAIOTCS BOIPOCHI, CBA3AHHBIE C JIBYMS JIPY-
ruMu m3orornoMepamu Mojtekysabl Metana CHsD m CHD3. s mccregyeMbIix MOJIEKYTT ObLIH
MOJIyYeHbl paHee HEM3BECTHBIE B JINTEPAType Pe3y/IbTaThl JIjId CIIEKTPOCKOINYIECKUX MapaMeT-

POB, MHOT'OYUCJIEHHBIX PE30HAHCHBIX aPaMETPOB.



B nisiToii ritaBe muccepTaui pacCMaTpPUBAIOTCA BOIIPOCHI, CBA3aHHbBIE ¢ KOPPEKTHBIM OIlpe-
JleJIeHHEeM BHYTPUMOJIEKYJIAPHON MOTEHIINAIbHON (DYHKIIUA MHOI'OATOMHON MOJIEKYJIbI.

BruiBosipr 110 pabote chopMy/IMpoBaHbl B 3aKJIIOYEHUN.

Pabora BbIlIo/IHEHA B beiepaabHOM IOCyIapCTBEHHOM OO/ 2KeTHOM 00pa30BaTeIbHOM yUape-
JKJIEHUH BBICIIIErO IpodeccrnoHaIbHoro obpasobanus "HanpronaabHbIi ncciegoBaTe/ ibeKuit Tom-
CKUil rocyapcTBeHHbI yHuBepcuTeT" | beiepaibHOM rocy1apCcTBEHHOM OI0I?KETHOM 00pa3oBa-
TeJIBHOM YUPEXKIEHUN BBICIIEro MpodeCcCHoHaIbHOr0 obpasoBanus "HarmoHa bHBIN HCCIemn0-
Barebcknit ToMcKuil otuTexHndecknit yausepeuter" u YHuBepcurere Byprynauu 3a mepuos

¢ 2008 mo 2014 rr. OcHOBHOE Cojiep:KaHUe JHCCepTAllii U3JI0XKeHo B paborax [21, 22, 75, 76,
77, 84, 85, 86, 87, 80, 109, 110].
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I'maBa 1

Hekoropbie MeToabI TEOPETUYECKOIO

nccjieJ0BaHnd CIIEKTPOB MOJIEKYJI

Jlannas ryiaBa HOCUT OO30pPHBIN XapaKTep, IO9TOMY B Hell KOPOTKO 0OCY2KIAI0TCS HEKOTO-
pble CcBejleHns U3 00IIeil Teopun KoJiebaTeTbHO-BPAIATeTbHBIX B3aUMOJIENCTBUI B MOJIEKYJTaX

[1, 2, 3], KoTOpBIE HEOOXOMUMBIE /I M3JIOKEHUST M TIOHUMAHWST OPUTHHAJIBHON 9acTH PabOTHI.

1.1 KouaebarenbHo-BpalnaTeJbHbIA raMIJILTOHIAH

Heobxoumoe ycioBue KOPPEKTHOIO TEOPETHIECKOT'O OIMMCAHUs TTPUPOIHBIX SABJICHUI - 9TO
[IOCTPOEHNE MaTeMAaTUIEeCKUX MoJjiesieil JaHHbIX sBienuit. OHAKO, MAaTeMaTUYECKas MOJIE/Ib
MOZKET OBITH TIOCTPOEHA TIO-PA3HOMY, C YUYETOM PEAJIbHO ITPOUCXOJIAIINX B IIPUPOJIE MTPOIIECCOB.
CiietoBaTeIbHO, BO3HUKAET MPobhIeMa BHIOOPa (pU3nIecKn 0O0CHOBAHHBIX MATEMATHIECKUX MO-
Jiesieit 00 bEeKTOB, KOTOpble Mbl udydaeM. [locTpoenue u masibHeiinee UCIIOIBL30BAHNIE HEAEK-
BaTHBIX MOJIeJIell TPUBOIUT B MOSBJIEHUIO OIMMUOOK, MPUYEM HE TOJBKO KOJTMYECTBEHHBIX, HO 1
KavyeCcTBEHHBIX. B 3aj1auax MOJIEKYIAPHOI CIIEKTPOCKONNN JIaHHAdA MpobJieMa CBOIUTCS K TI0-
CTPOEHUIO KOPPEKTHOT'O TaMUJIbTOHUAHA MOJIeKyJibl. Pemtenus ypasuenusi [IIpénunrepa Oy/ryT
3aBHCETh OT TOr'O, B KAKOM BH/Ie BbIOMpaeTcs onepaTop l'amuinbrona H uccie/ryeMoil MOJIEKYJIBL.

[Ipu paccMmorpenun ¢ pU3MIECKON TOUKN 3pEHUS, MOJIEKYJIA IIPEJCTABIISIET U3 CeOsd CUCTEMY,
COCTOZAIIYIO U3 @TOMHBIX fJIep U 3JIEKTPOHOB. TakuMm 0bpa3oM, Jjig TOro, YTOObI TOYHO OIMUCKI-
BaTh YPOBHU SHEPIUU MOJIEKYJIbI, HY?KHO penmuTh ypasuenue [IIpémuarepa ¢ raMubTOHRIAHOM,
KOTODPBIH 3aBUCUT OT KOOP/JMHAT U CIIMHOB BCEX YACTHUII, BXOJANINX B MOJIEKYITy, & TaKyKe KO-
TOPBINl YYUTHIBAET BCE BUJIbI B3AMMOJIENCTBUI MexK Iy 3TuMH 4dactuniamu. llocTpoenmne takoro
raMuJIbTOHMAaHA - 9TO HelpocTas 3ajada. Tounoe perenne ypapHenud [IIpémunrepa ¢ Takum
raMUJIbTOHUAHOM - Hepelaemas 3ajada. [loaTomy i1t TeopeTndecKoro onmmcanus CHEKTPOB
MOJIEKYJT HEOOXOIMMO MCIOJIH30BATH PA3JIMIHOIO PO MPUOINKEHNS B TOCTPOEHUN TaMIIBTO-
HUAHOB MOJIEKY/I.

B MoJtekynsipHOit CIIEKTPOCKOIINH Jallle BCETO UCIOIB3YIOTCH HEPEIATUBUCTCKIE TaMUIbTO-

HUaHbIl, NI, APYTUMU CJIOBaMU, 'aMUJIbTOHHUAHbI CJICAYIONIECr'0 BUIA:

HZTnucl"'Tel_‘_‘/v (]-]-)
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e Ty 1 Ty - onepaTopbl KHUHETUYECKONW SHEPIUH sijiep W JIEKTPOHOB; V - omeparop IIo-
TGHHI/I&J’II)HOIU/I QHEPI'un MOJIEKYJIbI, BKJ’[IO‘I&IOH.LGI'?'I OQHEPI'UIO NIPUTAXKEHNA IJICKTPOHOB K AJpaM U
SHEPIUIO MEXKIJIEKTPOHHOIO ¥ MEXK'bsiAepHOro oTTajakuanus. Omeparopsl 1), 1o 1 V umeror

BUJI;

h? 1 0? 0? 0?
Tnuc = 5 + + )
: 2 %: my (896?\, dy3; 8212\,)

h? 1 0? 0? 0?
=N (L2 7)),
: 2 zz: My (53?@2 * oy} * 3312) (1.2)
62 ZNZNI €ZN
eyl y By
igsi W NNeN NN N N

[JIe My U Mg - MACCHI sIJIEP U 3JIEKTPOHOB; Z N U € - 3apsiJibl SJIEP U JIEKTPOHA; Tgp, - PACCTOSTHIE
MeXKy a-it 1 b-it yacTunamu. OTMETUM, 9TO Ty U X; - 9TO KOOPAUHATHI SJIep U 3JIEKTPOHOB B
JIEKapTOBOIi MPOCTPAHCTBEHHO - (hukcnpoBanHoii cucreme (I1OC).

Hapsiy ¢ M m3BectHO, 9To 6oJiee yio0HO (K 9TO dalle BCero MCIOJIb3YeTCsl) OMUCHIBATD
COCTOSIHUSI MOJIEKYJIbI, KOT/Ia (DYHKIIMU COCTOSTHUIT 3aBUCSIT OT OPUEHTAIINE MOJIEKYJIbI (Bpalia-
resibHbIe TiepeMenHbie) B [IOC u 0T OTHOCHTEIHLHOTO PACIIOIOKEHHS sep MOJIEKYJIbl (Koeba-
TeJIbHbIE TIepeMeHHble). T.e. UCIOIb3YI0T CBsI3aHHbIE C MOJIEKYJION KOODJINHATHBIE CUCTEMBbI.

B cBsi3u co cKa3aHHBIM BbIIIE, IPU UCCAEIOBAHINA MOJIEKY/T BO3HUKAET 3ajada, 3aK/H0uaro-
MAsICST B TOM, YTOOBI, HA OCHOBE KJIACCHYECKOT0 MM KBAHTOBOrO raMuyibToHrana (1.1), 3anmcan-
noro B I[IOC, nepeiiTn K KBAHTOBO-MEXaHUIECKOMY T'aMUJILTOHUAHY B CBA3AHHON ¢ MOJIEKYJION
cucreme KoopauHat. /laiee KOpOTKO omuieM IporeIypy nepexoja ot omeparopa (1.1) - (1.2) k
OIIEPATOPY, 3ABUCAIIEMY OT TPAHC/ISIIIMOHHBIX, BpaIlaTeIbHbIX 1 KOJIe0aTe/IbHbIX [IePEMEHHBIX.

FaMuIbTOHMAH MOJIEKYJ/IBI 3aBUCUT OT CHCTEMBI 000DIIEHHBIX KOOPAUHAT Ty, U UX IIPOU3BOJI-
HBIX O0/0,, 1 ero MOXKHO MpeoOpPa30BaTh K CHCTEME HOBBIX OOOOIEHHBIX KOODIMHAT (y,, €CJIH

U3BECTEH 3aKOH Hp606pa3OBaHI/IH JJIdd KOOpAMHAT U UX ITPOU3BO/HDBIX:

Ln = fn(Qm)a 9/0x,, = frlz(qma a/a(ﬂ) (1‘?’)

UsgectHo, uT0, ecau npeobpasoBanue (1.3) He ocobernoe (siKOOHaH Mpeobpa3oBaHUs HE PDABEH
HyJ10) TO coorHortenus (1.3) /i MPOM3BOIHBIX MOI'YT OBITH HANJIEHBI, U TOJBKO €IMHCTBEH-
HBIM 00pa3oM. 3aMeTHuM, UTO B IIPOIEcce Iepexojia K HOBBIM KOOPJIUHATAM MOXKHO IOJIYIHUTD
OEeCKOHETHO MHOTO OKOHYATETbHBIX BhIPAKEHUIT /I TAMUJIBTOHUAHA, TTIOCKOJIBKY (DOPMYJIBI TIe-
pexojia MOXKHO 33J1aTh OECKOHEYTHBIM YHUCJ/IOM CIOCOOOB, HO BCE IMOJIYUE€HHBIE IaMUJIbTOHUAHDI,
OJIHAKO, JIOJI?KHBI IMETh COBITaJIAI0Ne HabOPbl COOCTBEHHBIX 3HAUECHUN U IIePEeXO/IAline IPyT B
JIpyra npu mpeoOpa3oBaHuAX HAOOPbI cOOCTBEHHBIX (DyHKIMIA. BriOop mnpeobpazoBanus KOOp-
JIMHAT OIPEIeJeHHOTO BUJA 3aBUCHUT OT TOI'O, HACKOJBKO Oy/eT y/I00eH HOBBIH raMUIbTOHUAH
B OTJIMYHME OT UCXOJHOIO C TOYKU 3PEHUs] MATEMATHKU WU (PUSHKH.

Hawnbostee yiaqubiM cauTaeTcs caejyolee Ipeodpa3oBaHnii KOOPIMHAT, ITIOCKOJIBLKY OHO 1103~
BOJIIET PA3JIE/IUTh PA3IUIHbIE BUJIbI JIBUKEHUS B MOJIEKYJIE:

TNa = Ra + ZIC(XBT?\W)
B

(1.4)
Tia = Ra + Z ’Caﬁrgﬁa
B
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IJI€ TNo U T - KOMIIOHEHTBI BEKTOPOB, OIIUCHIBAIOIINX ITOJIOXKEHUA [N-T0 sijipa 1 i-I'0 3JeKTPOHA
B IIPOCTPAHCTBEHHO# cucTemMe KoopjauHar; R, - KOMIIOHEHTHI BEKTOpa HadaJia MOJIEKY/ISIPHOM
CUCTEMbI KOOD/IMHAT OTHOCUTEIHLHO ITPOCTPAHCTBEHHOM; K - MaTpuiia HallpaB/ISONUX KOCUHY-
COB YIJIOB MEKJIy OCSIMH MCXOJIHON M HOBOIT cucteM. Tak:ke BBOJIUTCS YCJIOBHE, YTO HAYAJO

MOJIEKY/ISIPHON CHCTEMbI KOOD/IMHAT HAXOIUTCS B IIEHTPE MAcC BCEH MOJIEKYJIBL:
/ /
E myTyg + E mearig =0, (1.5)
N i

IJIe T} - KOMIOHEHTBI KOODJIMHAT 7-TO 3JIeKTPOHA B MOJICKY/ISPHOM crcTeMe; KoopmHaThl N-ro
AIPA Ty 5 UMEIOT BILJL;
/ . /e —1/2
TNg =TNngt ZmN INgA@, (1.6)
A

’
L€ TNg U [Ngx B OOImIEM cilydae IIPOU3BOJILHBI; QM) - KosebaTenbHbIE KOOPIHHATEL. Boibepem

I
e .
Txg M [N TAK, YTOOBI BBITOJIHAIICE CJIEJIyIONIHE YCIOBHA:
/ e .
[ ] TNﬁ COBIIaJa€eT C TNB’ KOoTr'Jla dJpa HaXOAATCA B ITOJIOZKEHUAX DAaBHOBECHULI,

® OCHu MOJIeKyJ'IHpHOI';I CUCTEMBI COBIIaJal0T C INITaBHBIMK OCAMHU MHEPHHUU MOJIEKYJIbI, KOT'Jda

SJIpa HAXOJATCS B IOJIOXKEHUSAX PABHOBECUS;
e KoJebaHUs ABJIAIOTCH HOpMAJIbHBIMA [3, 4];
® BBIIOJHAOTCS YCJIOBHs JKKapra |2, 3, 5.

,Z[aHHbIe YCJI0OBHA MOZKHO 3allMCaTb MaTeéMaTHUY€eCKH B CJIeJlylIolmeM Buiae C y4eTOM TOro, 4TO

KoJiebaTeIbHbIe KOOp/JUnHaTBhI QA ABJIAIOTCA HE3aBUCHUMbBIMU:

Z 8amm%2rﬁﬁlz\zw\ =0, (1.7)
N.Byy
Z lNaAlNau = 6)\,u7 (18>
N,
0?V )
Wy = o —0, A#pu 1.9
Al <0Q)\8Qp 00 7£ H ( )
ZmNr;\efar;\e/,B :07 ()é?éﬁ, (11())
N
ov
A —0, 1.11
o). (111)

e V - IIoreHnaJibHad (bYHKHI/IH MOJIEKYJIBI; €qpy - IOJIHOCTBIO aHTI/ICI/IMMeTpI/I‘{HI)Iﬁ TEH30D.

Hobasum k coornomenusm (1.7)— (1.11) ycmosue (1.5), KOTOpoe MOKHO IIPEICTABATH B BUJIE

D mars+ Y maris =0, (1.12)
N A

> my e, = 0. (1.13)
N

(DKoopmuuarer Qx nmeor pasmepuocts cv-r/2. Yacro UCIIOJIB3YIOTCA 6e3pa3MepHbIE KOODIWHATBL ) =

(27rcw>\

1/2
F ) / @». Bemmanner [y gy — 6e3pa3sMepHBL.
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[pusenénneie 3N yemosnit (1.10) - (1.12) onpenensior 3N mapamerpos 'y, a 3N (3N — 6)
coornomtenuit (1.7) - (1.9) u (1.13) - 3N (3N — 6) xoucrant dopm Kosrebanuii [ygy. T. e. MoxxHO
3a1aTh TpeobpasoBanue KoopauHatr (1.4) B sIBHOM BH/IE.

Onnako, Gosee yaoGHOI ABJIETCS Ipyras cXeMa BBeJICeHHs HOBBIX KOODIMHAT, KOTOPYIO MbI
PACCMOTPHM HUZKe, IIOCKOJILKY JaHHAas CXeMa 00/1a1aeT CyIIeCTBeHHBIM HeJIOCTATKOM, a UMEHHO,
JIJISE OIIPEAEJICHIS KOOPAMHAT 3JIEKTPOHOB HEOOXOAMMO 3HATH PACIIOIOXKEHNE BCEX 3JIEKTPOHOB
OTHOCHUTECJIbHO A1€epP B Ka)K,ILbIﬁ MOMEHT BpPEMEHHU, 9YTO CYIIECTBEHHO YCJ/IO2KHAET 3a/1a9y.

Terepn onpesiesnM HOBbIE KOODJMHATBI TAKHM 0OPA30M, YTOOBI Ty M 755 OTCUATBIBAIICDH
OT IIEHTPa MacC He BCeil MOJIEKYJIbI, & TOJILKO CUCTEMBI aep. B TakoM ciiydae MoJIOXKEeHUs aaep
MOKeT OBITh BCETJia JIETKO omnpejeneHo. B pabore [6] mokazaHo, 910 B 9TOM cirydae hOPMYJIbI

HpeO6pa30BaHI/IH KoopJuHaT UMEIOT BU/I:

_ ¢ Ingy el ‘
TNa = Ra—i_;lcaﬂ rNﬁ’*'; \/m_NQ)\ M ;Tzﬂ ’

(1.14)

J

IL’m:Ra—FZ’Ca@ Tiﬁ_%zrjﬂ s
B

rje Tng U Tig - IOJIOXKEHUS f/lep B 3JeKTPOHOB B CHCTeMe, Hadajo KOTOpoil (pUKCHpOBaHO B

M:ZmN—i—Zmel
N i

- TIOJIHAsT MAcCa MOJIEKYJIbL. Y DaBHEHUs I OPEJIeJIeHUs IapAMEeTPOB IPe0dPasOBaHus 'y 5 U

IEHTPe Macc sijIep;

Ingx mveroT Takoit we Buj, Kak u (1.7) - (1.11), (1.13) (BMecTO 7{5 W Tj5 CTOAT TR U Tig).

Yeaosue Ha nieHTp Mace (1.12) mpumer HEMHOrO JIpyToOil BUJI:

> myrys =0 (1.15)
N
Ha ocHore nipeobpazoBanust koopuHat (1.14), MOXKHO OIIpeie/uTh 3aKOH TPeobpa30BaHus Olle-
paropoB Py, = _ihaafv u B, = —ih 85_ . B [3, 6] mokazano, uto oHE OymyT BBINIAIETDH

CJIeTYIONIUM 00Pa30oM:

Mep
-Pia - W_Pa + %KQBR’B,
N . (1.16)
N e -1 el
Pyno, = VPQ + g Kags ; VmnInga Py — %mNgﬁwer'y];a N5 — M_N ; Pis |5

rae My = ) ymy - CyMMapHas Macca sfep; P, - COUPsiKEHHBIN MMILYJIbC KOOPJIUHATE II0-

) . . "
CTYIIATEJILHOTO JIBUXKEHUsT MOJIEKYJIbI KaK IeJ0r0; Py - HUMIIYJIbC, CONPSKEHHBIN ()) 1 Iis -
9JIEMEHTBI TE€H30pa MOMEHTa WHEPINH, 3aBucaiine or koopanaar ()y. Omeparopsr N, mMmeroT
BU/I

Na:Ja_Ga_La7

rie .J, - KOMIIOHEHTHI TIOJIHOI'O;

Ga - Z CS\CMQ)\PM
A
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- KoJiebaTesIbHOrO U
o= capy ) TisPn
By (

- 9JIEKTPOHHOT'O YTJIOBBIX MOMEHTOB.
B pesysibrare ciioxKHBIX TpeoOpa30BaHuil, YIIPOIIEHIi, HOPMUPOBKHU BOJTHOBBIX (DYHKITUI B

HOBBIX KOOpAMHAaTax raMUILTOHUAH IIPUMET BT [3, 6]:
2
H=3 gt g DRt g (SR ) +52R
—2M  2me 4 2MN “ 247

- h? -
+5 (Joz_Ga_La)Maﬁ(Jﬁ_Gﬂ_Lﬁ)+V_ gz#aav

(1.17)

LJIE [log - SJIEMEHTBI MAaTPUIBI OOPATHBIX MOMEHTOB HHepluu. JlaHHoe BeIpazKeHue [IPeICTaBIdeT
raMIJIBTOHUAH MHOTOATOMHON HEJTMHENHON MOJIEKY/IbI BO BHY TPUMOJIEKY/ISIPHBIX KOOD/IMHATAX.
[Tepsoe ciaraemoe B (1.17) onpeessier HocTynaTeIbHOE JBUZKEHIE MOJIEKYIIbI KaK IEeJI0T0; BTO-
poe ciaraemMoe - KMHeTUYeCcKas SHEPIrusi 3JIeKTPOHOB; TPEThe CJIaraeMoe OTBETCTBEHHO 3a TaK
HA3bIBAEMBIII MaCCOBBIA M30TONMYECKUN CJABUT, BBI3BAHHBIA pa3/InuueM IEHTPa MacC dJIiep u
BCeil MOJIEKYJIbI; YeTBEPTOe U IATOE CJaraeMble ONMUCHIBAIOT KoJiebaTebHOe JIBUXKEHUE siJIep-
HOIO OCTOBA U €ro BpAIlleHHe B IPOCTPaHCTBE; oneparop V - moreHnuaibHas dyHKus (1.2)
u mocsenaee caaraeMoe —(h?/8) Y. Moo - TAK Ha3bIBaeMas yOTCOHOBCKad 1o0aBKa K Koseba-
TeJIbHOI TIoTeHInaIbHON GyHKInm |7].

SaMeTuM, 4TO IPeCTaBICHHOE ITPeodpasoBaHue raMUJIBTOHUAHA CIIPABEJIUBO JIUIIb JIIs
HEJIMHEHBIX MOJIeKYJ/I. TakKe, JaHHBIH 110/1X0/T K KOOPJIMHATHBIM ITPe0Opa30BaAHUAM OIIEPATOPa,
FaMI/IJIbTOHa MO2KHO paCHINPUTDL Ha BbIPpazKE€HUA 60ﬂee CJIO2KHOI'O BUia, HaIIpUMEP Y4UTbIBalO-

e Pa3JIMIHOrO POJIa MArHUTHBIE W CIIMHOBBIE 9(D(DEKTHI.

1.2 IIpmbmmxkxenue bopna - Onnenreiimepa

[TockoJIbKY B JJaHHOIT paboTe NCCIeIyeTCss BHY TPUMOJIEKY/IsipHAas IOTeHInaIbHas (DY HKITA
mosteky. bl (BMIT®) MHOr0ATOMHO# MOJIEKYJIBI, TO CJIeIyeT KPATKO olucaTh npub/mkerne Bop-
Ha - Onmenreiimepa [4], TOCKOJIBKY B paMKaX JAHHOTO TPUOJINZKEHNST BO3HUKAET CaMO TTOHSITHE
o BMII®, a Ttakxke 0 paBHOBECHOI CTPYKType MOJeKysbl. Kak yzke ObLIO IMOKa3aHO B IPEIbI-
JgymeM naparpade, orneparop l'aMuibToHA J71sT CBOOOIHON MOJIEKYJIBI IIPU OTCYTCTBUU BHEIII-
HUX TI0JIell 3aIuChIBaeTCsl B BUjie Bbipaxkenus (1.1), T. e. cyMMbl KHHETHIECKON SHEPIUH sijep U
9JIEKTPOHOB ¥ TOTEHIINAIBHON SHEPIUN UX MPUTSKEHUs U OTTaJkuBanusd. s 3a1a4, paccmar-
pUBaeMbIX B KOJIEOATEIHHO - BPAIATETbHON CIIEKTPOCKOINH, MaJIble JI00aBKU, 00YCIOBICHHBIE
CIIUH - CIIMHOBBIMU, CIIUH - OPOUTAJILHBIMU B3AMMOJCHCTBUSAME, PA3IUIHOIO POJA KBA3UPEIs-
TUBUCTCKUMHE dDdeKTaMu, Ipu HEOOXOJIUMOCTH MOTYT OBITh YITEHbI 110 TEOPUU BO3MYIIEHUIA.
Taxzke BbIITe OBLIIO OTMEYEHO, ITO TOUHOE perenne ypasHerus [IIpéaunrepa ¢ Takum raMu/ib-
TOHMAHOM HeBO3MO:KHO. Heobxoaumo mpeobpasoBaTh oneparop l'aMuiabTOHA TaKuM 0Opa3oM,
4TOOBI TIOIBITAThCA pemuTh ypapHenue [Ipeaunrepa ¢ uum. [lepeiigem K raMu/IibTOHUAHY BU/IA
(1.17). Uzeectro [2], uro ramuasronnan (1.17) MOXKHO pasbUTh Ha TPH YaCTH, PA3JIUIHBIX IO
MOPSIIKY MAJIOCTH:

H=H,+ AH, +AH,,
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rjae

1

H, = P2 +V, 1.18

l 277%1%; za_'_ ? ( )

AH, = ZP3+1ZP2+1Z~ (Jo — Ga)(Js — Gp) (1.19)
1 — - 2M 2 - A 2 e /.,Laﬁ (o3 (63 B B/ .

2

1 -~
API2 = 2MN Z Z]Dwz + 5 QZIBM&,B(LaLB - (Ja - Ga)L,B - La(‘]ﬂ - Gﬁ))<120)

Takum obpaszom, B npubmmkenun Bopua - Onmnenreiimepa pemtenne ypasuenus [IIpénunrepa

pa36I/IBaeTCH Ha JABE€ 9aCTH:

® O JIBU?KEHHU IJIEKTPOHOB B I10JI€ MEJJIEHHO JABUZKYHIINUXCA AJIEP;

® U O JIBUKEHUU s7ep B 3PPHEKTUBHOM T10JI€ 3JIEKTPOHOB.

MareMaTrdecKu MEpPBYIO 3aJa4dy MOYXKHO 3aIlMCATh KaK pEeIIeHre CTAIMOHAPHOTO YPaBHEHUS

[MIpémunarepa ¢ raMmuibTOHNaHOM H,; B CJIeIyIONEM BUJIC:

Heﬂﬂzl(ATNK) = En(AT'NK)@ZJZl(ATNK) = Vn(AT’NK)@DZl(ATNK). (121)

3aMeTuM, UTO COOCTBEHHBbIE 3HAUYECHHS IaMUIbTOHMaHa H,, mapaMeTpudyecKu 3aBUCSIIIHIE OT
PaCCTOTHIH MeXK Ty siapaMu A7y i, Ha3bIBAIOTCS BHY TPUMOJIEKYISIPHON TOTEHITUATBHON (DYHK-
UEen.

s pelrenust 9/IEKTPOHHON 3aJ1a4u UCHONB3YIoTcss ab initio metonbl. Ho, Kak yxke OBLIO
3aMEYEHO BO BBEJICHUU, ab initio METOJbI 110 TOYHOCTUA XYK€ Ha IMATb-NIECTh MOPSIKOB dKCIIe-
pUMeHTaJIbHBIX ToOYHOCTel B BuaumoM u K nunanazonax. U 10 Tex mop, moka TouHocTu ab initio
METOJIOB He OyJIeT Y/IydIeHbl JOCTATOYHO /I PACCMOTPEHUH XOTsI ObI TPEX-, YeThIPEX-ATOMHBIX
MmoJiekys1, BMII® Oyner onpeeaTbes MoTyIMIMPUICCKUMEA METOIaMU, OCHOBAHHBIMU Ha Pe-
mennu ypasHenusi [lIpeaunrepa ¢ rammibrornanom Buaa (3¢ ek TUBHBINA raMIIbTOHIAH H30-

JIMPOBaHHOI'O 3JIEKTPOHHOI'O COCTOHHI/IH) .

HIT = Vo(Aryg) + @Y AH W) + (| AH |y
Z (W AH + AHo ey (e | AHy + AHzWel)
E,—E,,

N (1.22)

m#n
[Tepsoe ciaraemoe B Bbipazkeruu (1.22) coorsercrByer npubsmxkenuto bopua - Onnenreiivmepa,
BTOPOE M TPEThE CjaraeMble COOTBETCTBYIOT & Ma0aTUIeCKOMY MPUOJINKEHUIO U HeanadaTu-
YeCKUM TIOIIpaBKaM K Ipuosmkennio bopra - Onnenreiimepa. Mozkuo mokaszats [2|, 1To mocse

4

y‘{éTa 9TUX IIOIIPaBOK ITOABJIAIOTCA MaJlbIe rILO6ELBKI/I IopddKa K~ K IIapaMeTpaM KoJiebaTeILHO-

BpAIaTeILHOr0 raMuibTonnana (1.22)
1 1
H = §ZPA2+QZMa,B(Ja—Ga)(JB—Gﬁ)JFW (1.23)
A af

LJIe [lo3 - DJIEMEHTBI MaTPUIBl 0OPATHBIX MOMEHTOB MHEPIUH, YCPEIHEHHBIE IO 3JIeKTPOHHBIM

Mel

1/4 .
IIepeMeHHbIM; K = (7) A napameTp majoctu Bopua - Onnenreiimepa, M - cpemnss macca

AJeP MOJIEKYJIBL, M - MacCCa 9JIEKTPOHA.
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B npubnmxernnun Bopra - Omnmenreiimepa moteHImabHast GYHKIAS OCTAETCS OTHON U TOM
JKe JJI BCEX M30TONMMYECKUX MOAUMUKAIUN MOJEKY/Ibl, 9TO OYEHb BAaYKHO, IIOTOMY YTO 3TO
JIaeT BO3MOXKHOCTD UCI0JIH30BaTh SKCIIEPUMEHTAIbHbIE IAHHBIE O KOJIe0aTe TbHO-BPAIaTeIbHBIX

CIIEKTPaxX BCEX BO3MOXKHBIX M30TOIOMEPOB PaCCMaTPUBACMOI MOJIEKYJIBI.

1.3 Teopusa n3ororo3amMeIeHuns:

B macrosmee BpeMs CJIOKWIICS OIIPENIEJIEHHBIN KPYT 3a/1a9 KOJaeOaTeIbHO-BPAIaTeIbHON
CHEKTPOCKOIINH, B KOTOPBIX UCHOIL3YIOTCSA N30TONMUYECKUE CBOMCTBA MOJIEKYJI, HAIIPUMED, JIJIsI
OTIpeJieJIEHNsT CTPYKTYPBI MOJIEKYJ, MTapaMeTPOB MOTeHIINaIbHON (DYyHKIUHU, JIUITOJIBLHOTO MO-
MeHTa MOJIEKYJI U T.J. B jannom maparpade ob6CcyzK1aioTcs OCHOBHBIE COOTHOIIEHUS U3 OOIIIeit
TEOPUU M30TONO3aMeleHust 8], CBA3bIBAIOIINE MOJIEKYJISIPHBIE U CIHEKTPOCKOIMYECKHE TTOCTO-
sSIHHBbIE MAaTEPUHCKON MOJIEKYJ/IbI U €€ MPOU3BOJILHON N30TOTO3aMEIMIEHHON MOIU(DUKAIIIH.

B obmem cirydae ecTb BO3SMOXKHOCTD OIIPEJIEINTH N30TOINNYECKNE COOTHOIIEHN IS CIIeK-
TPOCKOIMUYIECKUX [TaPAMETPOB Pa3/IMIHBIX U30TOMOMEPOB. 1. K. HOpMaJIbHbIe KOOD/IMHATHI 3aBH-
CSIT OT MaCcC ATOMOB, TO CIIEKTPOCKOIIMIECKHUEe TTapaMeTphl (HalpuMep, FrapMOHIIeCKHe YacTOThI,
napamMeTpbl AaHFAPMOHUYHOCTH) TOXKE, B CBOIO OYEPE/lh, 3aBUCSIT OT Macc aroMoB. Ecjm 3HATH
CBSI3b MeK/Ty HaDOpaMy KOOPJAMHAT PacCMaTPUBAEMbBIX H30TOIIOMEDPOB, TO MOYKHO B OOITIEM BU/IE
IIOJIYIUTD U30TOIMNYICCKUE COOTHOIIEHUA JIJId CIIEKTPOCKOIINYICCKUX ITapaMEeTPOB 3THUX U30TOIIO-
MEPOB.

BBe,ZLeM TraMMnJIbTOHNAaHBI M&TepHHCKOﬁ MOJIEKYJIBI 1 €€ IIPOU3BOJIbHOT'O U30TOIIOMEPA B CJIE-

JIYIOIIEM BU/JIE:

P2
H(z) = No 4 Vi ng 1.24
(@)= 2 gy + Vo) (1.24)
n
P2
H'(z) = N+ Vi(zwa), (1.25)
2m'y
Na
IJie Tnq - KoopauHaThl N-TO siipa B MOJieKyse ¢ Maccoil my; Py, = —ihd/0xy,. Amoctpod

OTHOCUTCSI K BEJIMYMHAM, OIMCHLIBAIOIIAM H30TOIIO3aMEMICHHYIO MOJICKYJIY.

BazKHo oTMeTUTDb, YTO IpPeJCTaBAeHHbIe TaMIJILTOHUAHBI OTJIMYAIOTCA TOJILKO 3HAYCHUAMU
Mace 1ep B 3HAMEHATE/ISX IePBBIX CJIAraeMbIX, a IIOTeHIMAIbHAs (DYHKIWA, 3alMCAHHAA B IPH-
6smzxenun Bopna-OnnenreiiMepa, ocraerca HemsMeHHoll. Kax ciencrsue, HETPYIHO ITOKA3aTh,
YTO raMHJILTOHUAH M30TOINO3aMENEHHOI MOJICKY/Ibl MOYKHO 3allicaTh B CJICLYIONIeM BH/JIE:
my —

my o
— P . 1.26
2m§va Na ( )

H'(zx)=H(z) =)
Na
B JaHHOM BbIPpazK€HNUN BTOPOE CJlara€Mo€ OIIMCbhbIBAET 3(1)CbeKTbI, O6yCﬂOBﬂeHHbl€ HN30TOII0O3aMe-
IIEHUEM.
aJtee HEOOXOIMMO TIEPENTH OT JIEKAPTOBBIX KOOPAUHAT T N, TPOCTPAHCTBEHHO-(DUKCUPOBAHHOM
CHUCTEMDBI K I\IOHGKYHHPHOﬁ CUCTEME KOOpAMUHAT. ].—IpI/I‘{eM7 BBeJICHHbIE€ BHYTPUMOJICKYJIZAPHBIE KO-

OpZIMHATBhI AO0JI2KHBI YJIOBJIETBOPATL YCJIOBUAM SKKapTa 1 yCJIOBUIO HOPMHPOBKH KoJrebaTesIb-
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HbIX KoopauHaT (cMm. [aparpad 1.1). Ussectro [7], aro mepexon ot koopuHat B [IOC K BHYT-
PUMOJIEKY/ISITPHBIM KOOP/JIMHATAM [EPEBOJIUT FAMUJIBTOHUAH MATEPUHCKON MOJIEKYJ/IbI B TaMUJIb-
TOHHAH YOTCOHA.

[Ipr TakoM KOOpJAMHATHOM ITPeOOPA30BAHUN TAMUJIBTOHUAH M30TOIA TaKXKe MEePEeXONT B
raMUJIBTOHUAH YOTCOHA, IPU 9TOM BHYTPHUMOJIEKYJIsIDHBIE KOOPUHATHI TAKXKE Y/IOBJIETBOPSIET
YCJIOBUSAM DKKapTa U YCJIOBUIO HOPMUPOBKH KOJIEOATETbHBIX KOOD/INHAT.

O/ tHako, CymecTByeT HEKOTOPasi HEOIHO3HATHOCTH B ONPEJIEICHIN KOOPJIMHATHOTO Mpeod-
pas3oBaHusl, BEJIYIIErO K YOTCOHOBCKOMY BU/Iy TaMUJILTOHUAHA U30TOIIOMEpPA, & UMEHHO, TAKOTO
poja IpeoOpa3oBaHne He ABJIAETCS €IMHCTBEHHBIM. Kcam BBecTHm J1r0b0e HEOCODEHHOE KOOp-
JIMHATHOE TIpeobpa3oBaHme U 3anmcaTh raMusibronnan H'(x) B 9TUX KoopAWHATAX, TO JAHHBII
ravuabrornan H' (x) 6ymer "mpomexkyrounbiv. MI3BecTHO TaKzKe, 9TO COBOKYITHOCTH HEOCOOEH-
HBIX KOODJMHATHBIX IIpeobpasoBanuii obpasyer rpyiiy [9]. 3HauuT MoKHO HalTH Mpeobpaso-
BaHUE, OCYIIECTBJISIONIee epexo/l OT "TPOMEKYTOUHBIX" K KOOP/MHATAM, YIOBIETBOPSIONINM
YCJIOBHSAM DKKAPTa JIJIsi N30TOMO3AMEIIEHHOM MOJIEKYJ/Ibl. [Ipn 9TOM IPOMEXKYTOUHBIN TaMUIITb-
TOHUAH M30TOMIOMEpPA MOYKeT OBITh IMPUBEJIEH K YOTCOHOBCKOMY BHIy. T.e. MOXKHO mepeiiTu orT
oneparopa H! K omeparopy yOTCOHOBCKOTO BHJa HECKOJILKHMH criocobamu depe3 "IpoMery-
TOUYHBI" omeparop.

Brenenue "mpomekyrounoro” omeparopa BayKHO B CBSI3U CO CJIEIYIONTUM (DAKTOM: U3BECTHO

[8], 9TO I'aMUJIBTOHHAH U30TOIIOMEPa MO2KHO ITPEACTaBUTL B BUJIC:
H'(x) = H(z) + h. (1.27)

EC.HI/I HOPpMaJIbHBbIE KOOPpAWHATDBI OCHOBHOTI1 MOJIEKYJIbL BbI6paTb KaK IIPOMe>KYTOYHbIE, TO OIIEpa-
TOp h Gy/ieT 3aBUCETh OT MacC aTOMOB U IMOCTOSTHHBIX OCHOBHOMN MOJIeKyJbl. [lpu ompeenennn
BTOPOTO 1TPE0OPa30BaHUs MOYKHO CPa3y MOJIYIUTh OIEPaTOpP B YOTCOHOBCKOM BHJIE, UTO HEIO-
CPEJICTBEHHO MO3BOJISIET TOJYUIUTh U30TOINMIECKNE COOTHOIICHUS MEYKJy MapaMeTpaMu MaTe-
PUHCKOI MOJIEKYJ/IBI U PACCMATPUBAEMOTO U30TOIIOMEDA.

B nepByto odepe/ib HEOOXOMMO ONPEIESUTh [ yq -TTapamMeTpbl. B pabore (8] mokaszano, 4ro
B 001IeM cllydyae KoHcTauTbl hopm Kosiebanmit [y \ M30TONOMEpa MOXKHO BbIDA3UTDL B BUJIE:

1/2

e [ MN
?V'y)\ = Z Ka'y lNa,uﬁ)\;u (128)
ol

!
my

rae K7, - 97eMeHTBl MaTPUIIBL, OLPEE/ISONell IOBOPOT MOJIEKYJISPHON CHCTEMBI KOOD/MHAT
IpH Iepexo/ie 0T UCXOIHON K W30ToHno3aMelnénnoil Mmoaudukanyuy; uajaekesl N u K obosnaga-
IOT ATOMBI MOJIEKYJIBI; IIAPAMETPBI, OTHOCAIIIECd K N30TOHO3aMEeIIEHHON MOJICKYJIe 0603HAYCHDI
arocrpodom ('); a, 7y 0603HAYAIOT T, Y WM 2 KOMIIOHEHTBI; A U (i HyMEPYIOT COOTBETCTBYIOIINE
HOPMAaJIbHbIE KOODJUHATHI; My U M’y - MACCh fJ1ep MATEPUHCKON MOJIEKYJIbI U €€ U30TOIOMEDA;
Bxu - STEMEHTBI MaTPHIbl, 00paTHON K Marpuie {a,,}, IpudeM MaTpuia {a,,} ompenesnser
mepexoa, OT HOPpMaJIbHbIX KOOPAHMHAT MaTepI/IHCKOﬁ MOJIEKYJIbI K KOOp/HHaTaM H30TOIIOMEpa.
Matrpuansie s1eMenThl {(vy, } ONpPeIe/ISIoTCs U3 PelleHns JaHHON HeJIMHEHHON CHCTeMBI ypaB-

HeHwil [8]:

m
Z ANy = A/\,u = Z m_,]]:lNa)\lNoa;m (129)

Na
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Z A)\VWuauu - Z Oz)\VW;; (130)
IIPUBOJLAINIIMMU K BEKOBOMY YPaBHEHHIO
det{ AW — W'} =0, (1.31)

rjae A - marpuna c siaemerramu Ay, ; W u W’ - quaronanbnbie marpulisl, npudem Wy, = wié v
u W, = wd),; wy 1 w) - rapMOHNYECKNE TACTOTHI MATEPHHCKO MOJIEKYJ/Ibl U €€ M30TONO3a-
MEIIEHHON MOTU(MUKAIIN.

e e o
DJIEMEHTBI Kaﬁ MOXKHO HAaWTH M3 CJICAYIOIINX YCJIOBUM:

Z Ko Ke, = Z K K5, =g, (1.32)

Z o KG, = I KL, (1.33)

rJe [% - PABHOBECHBIE MOMEHTBI HHEDIUI U30TOLOMEPa; J 5 ONPEJENISIOTCs CIIe/lyomuM o6pa-

30M:
Jzﬁ = 2800,56555]',?5 (134)
76§
u
) } ZK M T ZL myres
5 =05 = Y mNTR T — S o , (1.35)
N NN

rae 14, - AeKapTOBbl KOOPJAUHATHI f1ep MaTepPUHCKON MOJIEKYJIbl B IIOJIO’KeHUM DaBHOBECUS B
MOJIEKYJISIPHOI crcTeMe KOOPIUHAT.

Taxzke U3BeCTHBI [8] M30TONMUYECKIE COOTHOIIEHHsI MEK Iy aHIaPMOHMYIECKUMIE TTapaMeTpa-
MU:

WHrw,w 1/2
/ AWy
Nyl = E E T k)\uVaA)\’Oépu’auu’ —+

WHyw,, W
)\<,u<l/ (N, ") AT pTv

h
+(— E E apval, (1.36
2 : (wiw)w )1/ 2 W' )
i (W)
rze ky..,, - IapaMeTPhl aHFAPMOHUYHOCTH B IIOTEHINAIBHOIT (DYHKINY, 3aIIICAHHON B Oe3pasMep-
. i

HBIX HOPMaJIbHBIX KOODIMHATAX () ; BETMIUHbI (), TIPEJICTABIIAIOT W3 cebd JOBOTLHO CIOKHDIE
DyHKIN MOJIEKYIISIPHBIX apaMeTpoB (popMyIIbl Jjist HUX npuBejieHbl B padoTax (8], [10]). Sua~
K1 Z( Moy B Z(M ) COOTBETCTBYIOT CYMMMPOBAHMIO 110 BCEM IIEPECTAHOBKAM DA3/IMTHBIX
uHekcoB u3 Habopa { N p/'v'} (11 uHIeKCcoB, He pas3jie/ieHHbIX 3allsTol, BhinosHstercst (1 < vV').
Taxum 06pa3oM, UCIOJIB3Y$ BBIIIEOICAHHbBIE (DOPMYJIbI, MOYKHO TIOJIy YUTh TEJIBIA Psijl HETPH-
BUAJIBHBIX COOTHONIEHUI MEXKy Pa3JIMIHBIME CIEKTPOCKOIUIECKUMU ¥ MOJIEKYIAPHBIME I1a-
pamMeTpaMu pasIMIHbIX U30TOIOMEPOB. JIjist TOro HEOOXOAUMO ONPEIETUTh KOHCTAHTHI (hOopM
KOJIeOaHNIl, a 3HAYUT U MPOAHATM3UPOBATE [TAPAMETPhI HEOJHO3HATHOCTH (TTOAPOOHBIN aHaII3

MOXKHO HaiiTu B paborax [11, 12]), u npumenuTs K 10/1ydeHHBIM pesyJibrataM dbopmyist (1.29)

~(1.35).
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1.4 OmneparopHasi TeOpusd BO3MYIIEHUS

Ha pas/JuMYHbIX CTaJusX UCCICIOBAHUSA MOJIEKYJIbl HEOOXOIUMO BCECTOPOHHEE MCCIIeI0Ba-
HHUE ee KaK KBaHTOBOrO o0bLeKTa. Il 31ech mcceienoBaTeb CTAJIKABACTCS C IIPOOJIEMOIL - 3TO
pemenue ypasaenus 1Ipémunrepa. Ilonydennnie Ha ocHose pemmenns ypasuenns LIpeaunrepa
cOOCTBEHHBIE 3HAYECHUS U COOCTBEHHBIE (DYHKIINKA OY€Hb BayKHbBI IIPU OITUCAHUY MTPOIECCOB, MIPO-
UCXOJIAIINX B MOJIEKYJIC, IIOCKOJILKY IIePBbIE OIPEIC/ISIOT BO3MOXKHBIC SHEPIUU PACCMaTPUBAE-
MOT'0 00bEKTa, BTOPBIE K€ OIIPeICIAI0T BepOATHOCTHU MIEPEX00B, CPEIHIC 3HAUCHHI Pa3IMIHbIX
dusnaeckux Besimann. OHako, ToUHOE pertenne ypasuenus [Ipénunarepa n3BeCTHO TOIBKO JI/Tst
CaMBIX IIPOCTBIX MOJIEKY/IAPHBIX cHcTeM (HanpuMmep, Jid MoJekyspaoro nona Hy ). Kak yxe
ObLIO CKA3aHO, JIJIS IPOU3BOJILHOI MHOMOATOMHON MOJIEKY/Ibl pemuTh ypasHenne [Ipeaunrepa
HEBO3MOZKHO. ZL.HH pemenue HO,Z[O6HBIX 3aJa49 Jalle BCEro MHCIIOJIb3YyETCdA TeOpHu:d BOSMyLLLeHI/IfI
[4] (mpuuem, cymiecTByIOT pasindnbie ee BapuanThl). Oneparop amuabrona paccMaTpuBaeMoit
CUCTEMBI BLIOUPAIOT B BUJIE CyMMBI OIIEPATOPA HYJIEBOrO Mpub/ImKenus H, perenne ypaBHeHHS

[[Ipeaunrepa ¢ KOTOPBIM U3BECTHO, U MaJioil nobaBku h:
H = Hy+ h. (1.37)

[Tpu sTOM B KJIaccu4eckoil Teopun Bo3myIenuii [4] orneparopbl Hy n h 3aBUCAT OT OIHUX U TEX
JKe MepeMEeHHBIX. B TO Ke BpeMsi, TaMIJIbTOHHAH MOXKHO 3aIlMCATh B BHUJIE CYMMbI CJIAraeMbIX
PA3IUIHOTO TOPSA/IKA MATOCTH:
oo
H=Hy+ Y Hy(x"). (1.38)
n=1

B Boipazkenun (1.38) omeparop H,, sBJsleTcsl MaJIbIM [0 CpaBHEHUIO ¢ Hy, mpuyeM mopsi-
J0K MajiocTu pasen k", rae £ = (me/M)Y* [2]; m, - macca snexrpona; M - cpeimss Macca
syep MosieKyJibl. MoxKHO 1epeobosnadnTh onepatop » . H, (k™) Kak h u pemarh ypaBHEHHE
[Ipénunrepa B COOTBETCTBUH € KJIACCHIECKOI Teopueit BoaMytienuit. OHAKO, B KJIACCHIECKOM
[IO/IX0JIe OIIepaToOp BO3MYIIEHUS h JIOJIKeH ObITH (DYHKIIMEH TeX »Ke IMepeMEeHHbIX, YTO U Olle-
parop Hy. Ho mnpu ucciesioBaniu MOJIEKy/T OKa3bIBaeTcs, 9To oneparopbl H, (k") 3aBucar He
TOJIBKO OT IEPEMEHHBIX Ol€PATOpa HYJIEBOTO NMPUOJIMKEHUsI, a TaKXKe U OT JIPYTHX IIepeMeH-
ubix. Hampumep, B Kosiebare/ibHO-BpaIaTeIbHON 3a/1ae HadaIbHBIM IPUOTNKEHIEM SBJISIETCS
IUCTO KoJiebaTeIbHbIH onepaTop Hy, a BO3MYIIEHNE 3aBUCAT HE TOJBKO OT KOJIeOaTeTbHBIH, HO
U OT YIJIOBBIX IIepeMeHHbIX. B Kiiaccuiaeckoit Teopun BoaMmyIenuii [4] pesysibrar npejcrassier
u3 cebst CYMMbBI Pa3IUIHBIX KOMOUHAIMI MATPUIHBIX 3JIEMEHTOB, T.e. yuces. Kcam ke mocan-
TATh MATPUIHBIE JIEMEHTHI ONEPATOPOB BO3MYIIEHHUS Ha COOCTBEHHBIX (PYHKIHAX OIEPATOPA
HYJIEBOT'O TIPUOJIMKEHNsI, TO TOJYINM yrKe He UNC/Ia, a OlEePATOPBI, KOTOpPbIE B OOIEM Cirydae
He KoMMyTupyioT. T.e. B pe3ysbrare MOsIBJIAIOTCH HEIPMHUTOBBI BKJIAJIbI B OIEPATOD SHEPTUU.
[Tosromy wmcrosib30BaHne KJIACCUYIECKON TEOPUN BO3MYIIEHUN HEBO3MOYKHO JI/IT PACCMOTPEHUsT
PeaJIbHBIX 3a/1a9 TEOPUH MOJIEKYI.

Jtst pertiennst 1o106HOTO POJIa 331a4 ObLITH pazpaboTaHbl PA3/INIHbIE BADUAIINN TAK Ha3bIBa-
emoro "merosa addexrunbix onepaTopos” [3|. Ou 3akioUaeTcst B CJIEYIOMEM: €CIH PENTiTh
ypasuenue [lIpéaunrepa ¢ ncxoaHbIM raMuIbTOHNAHOM H 110 KAKUM-TO MPUYUHAM HEBO3MOXK-
HO, TIBITAIOTCS MOCTPOUTH (IO OIPEIETIEHHBIX CXeMaM) HEKOTOPBINA JPYroii SPMUTOB OIIEepaTop

H’, xoTopblii ObI 0OJIaga IBYMs BasKHBIMU CBOCTBAMU:
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ABHCHUA éIMHrepa ¢ HOBBIM OIIEPATOPOM MOZKHO PEIINTHb B ABHOM BHJIC;
1)y HIpén H’ Ba(cH

2) muOXKecTBO B’ Beex perennii ypasuenus: [Ipéaunrepa ¢ omeparopom H' TOXKI€CTBEHHO
COBIIAJIAET C HEKOTOPBIM MOJIMHOKeCTBOM B MuoxkecTBa A permennit ypapaenns [1Ipéun-

repa c omeparopom H.

Omneparop H', ynosserBopsomuii yciousiM (1) - (2), HazbBaioT 9)hhOEKTHBHBIM OIIEPATOPOM
Ha MOJMHOXKECTBe B.

B pabore [3]| 6bur pasBuT ofuH U3 CHOCOOOB MOCTPOeHHsT F(DHEKTUBHOIO BPAIATEbHOTO
orepaTopa, OCHOBAHHBIII Ha HCIIOJIB30BAHUN OIepaTopoB IpoekTupoBanus |2, 3|. Ilosyuenubie
pesyJibTaThl B pabore [3| mo3BosAI0T HOCTPOUTH 3(DMOEKTUBHBIN OIEPATOP B CUMMETPU30BAHHOM
BHJIE, & TaKyKe BbIPA3UTh MapaMeTPhbl CUMMETPU30BAHHOIO MaMIJITOHNAHA B BUJIE aHAJIUTHYIE-
cKUX (PYyHKIHUI apaMeTpoB UCXOIHOIO KoJiebaTebHO-BPaIlaTe/ IbHOr0 TaMUILTOHUAHA.

[TpeoI0KuM, 9T0 TaMUJIBTOHUAH PACCMATPUBAEMOI0 KBAHTOBOTO O0LEKTa ABJIIeTCs (DyHK-

HI/Ieﬁ ABYX THUIIOB HepeMeHHbIX, HpI/Iqu €ero MO2KHO HperHCTaBI/ITb B BHUJIEC:
H = Hy(a) + h(a,b), (1.39)

rie Hy(a) - oneparop HyseBoro npubsmkenust (T.e. pemienne ypasaenusi [[peaunrepa ¢ HuM
M3BECTHO), @ U b - TmepeMeHHble, OT KOTODBIX 3aBUCHT MCXOAHBIH ramuibronuan H; h(a,b) -
omepaTop BO3MYIIEHNUS, 3aBUCAIINI HE TOJHKO OT IIEPEMEHHBIX @ OIlepaTOpa HYJIEBOIO MpUOIn-
JKeHUsi, HO TakxKe u oT repeMmeHHbIX b. T.k. perrenune ypasuenus Illpeaunrepa ¢ onepatopom
HYJIEBOTO MIPUO/IMZKEHNsT M3BECTHO, TO F, 1 |a) - cOOCTBeHHBIE 3HAYEHNST U COOCTBEHHBIE (DYHK-
muu orepatopa Hy, mpu 3ToM |«) 06pa3yroT HOJIHBI OPTOHOPMUPOBAHHBIH HAOOD (DYHKIHI,
3aBUCAIIUX OT MEPEMEHHBIX a. Bo3bMeM MPOU3BOJILHBIN MOJTHBIE U OPTOHOPMHUPOBAHHBIN Ha-
6op dyukiwmii |i), 3apucsamux or mepemenubix b. Torga dyukmm |a, i) = |a)|i) GyayT obpa-
30BBIBATH IOJIHBI ¥ OPTOHOPMHUPOBAHHBIN HabOp (YHKINN B r'MILOEPTOBOM IIPOCTPAHCTBE, B
KOTOpOM JielicTByeT oreparop H = Hy + h, 1 UX MOXKHO paccMaTpuBaTh B KadecTBe Das3nca
9TOrO MPOCTpaHCTBa. Tenepb, JUid TOro, 4ToObl HAMTH COOCTBEHHBIE 3HAYEHUS U COOCTBEHHBIE
dbyukImu nexognoro ramuiabronnana H uz (1.38), HEOOXOMMO OCTPOUTH MATPUILY OIIEPATOPA

H na dysaximax ]oz, z'>, a 3aTeM JIMaroHaJu30BaTh ee, IPoJie/laB YHUTapHOe IIpeodpa3oBaHue
H— H =A"H A (1.40)

Y4auThiBasg CBOWCTBa YHUTAPHOI'O IIPEOOPa30BaHUsI, MOKHO CJeJIaTh BBIBOJ, UTO JIEMEHThI
JIMaroHaIbHON MaTpuilbl H' gBjIsioTcss cOOCTBEHHBIME 3HAYEHUsIMU oniepaTopa H, a cobcTBeH-

uble pyHKIMHU onepaTopa H MOXKHO OIPEJIEINTh Ha OCHOBE COOTHOIIICHMI:
Us(a,b) =Y Agaila,i), (1.41)
at

riae Agqi - 9JIEMEHTBI YHUTApHO# MaTpulbl A, KoTopas IUaroHajn3yeT MaTPHILy HCXOIHOI'O
omeparopa. OTcroma ciieyer, 9To 3a74a9y MOXKHO PeIdTh, BHIOPAB COOTBETCTBYIOMNN HAOOD
dbyuxmwmii |i). Tem He MeHee onmcanHas BBIIIE CXeMa He TTOJXOIUT JIst IIPAKTHIECKON peasn3a-
I B 3aJla9aX MOJIEKYJIAPHON CIIEKTPOCKOIINU, TIOCKOJIbKY COOCTBEHHBIE (DYHKIMH OIlepaTopa

HyJIEBOTO TTpuOnmzKenns Hy oOpa3yioT OeCKOHETHOMEPHBIH 6a31uc. ITO MPUBOIUT K TOMY, UTO
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BCE MaTPUIIbI CTAHOBSATCS GECKOHETHOMEPHBIMU, & 3HAYUT MbI He MOYKEM JIHATOHAJIN30BATH MAT-
PHILy raMHJIBTOHHAHA II0 CXEMe, OIMCAHHON BHIIIIE.

Pacemorpum apyroit myTh peneHns TpobieMbl HOCTPOCHNUST 1 JTAJIbHEIIell TnaroHaIin3aumn
MAaTPUIBl FAMIJIBTOHIAHA. B KadecTBe mepBoro mara nocrponM Marpuity (| H |3) #a dyHKImsx
|a). CreroBaTesbHO MaTPHIHBIE SJieMeHThI (| H | 5) Oy Iy T omlepaTopaMu, 3aBUCSIIIMHA OT Hepe-
MeHHBIX b. BropbiM marom moctpoum u nornpobyem juaronaiusosarsh Mmarpuity (il («|H|5)|j). B
obrem ciydae oreparopHast marpuria («a|H|5) 6yaer nmoaHOCTHIO 3amoaHeHa. Takum obpazom,
nocTpous Jyist oneparopuoit Mmarpunsl («|H|5) wucaosyio (i|(a|H|B)|j), MoxkHO oupemenursb
cOOCTBEHHBIE 3HAYEHUs U COOCTBEHHBIE (DYHKIUN UCXOTHOrO onepaTropa H ¢ IMOMOIIBIO MpoIie-
JIypBl IHATOHAJIM3AIIN, ONMCAHHO B Bhipazkenusx (1.40), (1.41).

Ho cymiecrByer u apyrast BOSMOXKHOCTB. MozKHO 3aMeHHUTE oiepaTop H JApYruM OmepaTopoM

BUIA:
H =G'HG, (1.42)

rje GG - NPOM3BOJIBHBIN YHUTAPHBII OMEpaTop, JIUIIb ¢ OJHUM orpaHudenuem: omeparop (G — 1)
SABJIFAETCA MAJIBIM 10 CPABHEHUIO C €JIMHUYHBIM orepaTopoM. Jlannoe ycjioBre BBITIOJTHSIETCH,

€CJIn oIlepaTop G uMeer BUI:

G = exp Z'Zgn(/in) : (1.43)
n=1

rje g, = gn(a,b) - Masble 3pMUTOBBI OllepaTOphI MopsaKa K. st BBeeHHOTO Omeparopa H'
[OBTOPSIETCS Ta YK€ HPOLEAypa, 9TO U JIJIs UCXOAHOIO raMUuIbLTOHMaHa H, a MMEHHO, CTPOUT-
cst marpuna (o H'|3). T.k. onepatop G MPOU3BOJIbHBIIN, 3TO JaeT BO3MOXKHOCTH BbIOPATH €ro
TaKUM 06pa30M, ITOOBI OIIpe/Ie/IeHHbIE dJIeMeHThl MaTputibl (| H'|3) obparuiuck B Hynb. s
9TOTO TPOCTPAHCTBO L, BOJTHOBLIX (bYyHKIMI |v) pasbuBaeTcst Ha JiBa MPOU3BOJILHBIX TOIIPO-
crpanctBa Lyo u Ly Tak, ato L, = Lao + L., npudeM HEOOXOJAUMO, ITOOBI TPOCTPAHCTBO
Lo 661710 KOHEUHOMepHBIM. Torya Bce Marpuanble sjeMenTsl (| H'|5) pazobbioTcst Ha deTbipe

COBOKYITHOCTH 3JIEMEHTOB:
(a®[H'|8°), (a®[H'|8), (o | H'|B), o | H'| B')..

[esecoobpasno BeibpaTh onepatop G B TakoMm Buje, 4Tobbl Bee saementol (a’|H'|3') wm
(o/|H'|3°) obparumuch B Hy/m.

Ecu Terieps moctponts dncsoByio marpuiy (il (o|H'|3)|7), To oHa mpumer Taxoii e BuU,
kak u marpura {(«|H'|3). Yrobsl onpegesuTs cobcTBeHHbIe 3HaUeHUst oneparopa H' (u, coor-
BETCTBEHHO, orteparopa H ), HeoOXOANMO JHaroHaJIn30BaTh OCTPOEHHYIO MaTpuily. V3BecTHO,
9TO ONPEEJINTE]b MATPHUIBI HE MEHSACTCS MPH ME€PECTAHOBKE €€ CTPOK U CTOJIOIOB, TOITOMY
MOKHO Tipusectr Matpuity {(«|H'|3) k 610uHo-uaronasibaoMy BuLy. TakuM 06pasom, MaTpu-
na (i[{a|H'|B)|j) pasobbercs Ha He3aBUCHMBbIE TIOIMATPUIIBI, JTUATOHATM3AINST KOTOPBIX MOXKET
BBITIOTHATECs Hesapucnmo. OTMernm, uTo noamarpuna (il HY ;,|j) sBisercs KoneaHOMEpPHOI 110
unjiekcam « u 3. Iepeo6oznaunm oneparophyto marpuity (a°|H'|3°%) kak H] ;. Torma, ecrm
paccMaTpUBaTh TOJILKO YPOBHHU 3HEPIUH, TIOPOZKIaeMbIME cocTosgHusME |a), To HeT Heo6Xo -
MOCTH JIMaroHajm3osarsb Bcio marpuity (i|(«|H'|S)|j), mocTarodso JuaroHaj n30BaTh JIUIIb ee

nonmatputy (i|Hl,.[j) (Pucymok 1.1).
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N

Puc. 1.1: I'paduueckoe mpejcraBienne MaTPUIbI TAMIJIBTOHUAHA ¢ BBIJICJICHHON MTOIMATPUTICH

PE30HUPYIONINX COCTOAHUN

! s 0 0
Omneparop H;; HazbBAIOT 3P PeKTHBHBIM O1epaTopoM cucrembl N coCTOAHMI lad),|as), . ..
,|a;). Pacemorpun camblii ipocToii cirydait, Korja MaTpuia 3hGeKTHBHOrO ollepaTopa BhIPOK-
JlaeTcs B ollepaTopHyio Marpuily pasmepaoctu 1 x 1. Tora scddekTuBHbIil oniepaTop Ha3bIBAIOT

9bdEKTUBHBIM OIIEPATOPOM BBIJIEJIEHHOIO COCTOSIHUS W OH NPUHUMAET Buj |3]:

H = Ey + (0[h]0) + > (Olhlog alhl0) |

a#0 EO_Ea
Olhla (alh|B){B[h|0)
- Z — E.)(Eo — E)
a7#0,8#0
1 0|h|0){0lh|la) (cx|Rh|0) + (O|h|a) {cx|R|0){0|R|0O
1~ {00 Ol |(|EO>_]§|)2| alhlo) 0lpl0) | "

a#0

rie E, - cobCTBEeHHBIE 3HAYEHUsI COCTOSTHUS (V.
B kauecTBe Ipyroro mpmmepa, daiie BCTPEYAIONIErocs Ha MPaKTHKE, MOKHO PACCMOTPEThH
CUTYAINIO ¢ HAJIMINEM JIBYX 1 00Jiee Pe3OHUPYIONIUX COCTOsTHU. DPDHEKTUBHBIN OlIepaTop Ipu
HAJIMYUK PE30HAHCOB 3aluchiBaeTcd B cieytomeM suje (3], [13], [14] (¢ Tounocrsio g0 3-ro

HOPSA/IKA TEOPUU BO3MYIIEHUIH):
H;y = H,,(0) + Hyy(1) + Hyy(2) + Hyy(3) + . . -, (1.45)
e oneparopsl Hy,(n) mpencraisior coboit
H,,(0) = E,04y,

Hoy(1) = (z[hly),

Haof2) = 5 S lolhlaalth) (52 + 2 )

ag)

1

1 1
H,,(3) = 5a%g(x\h\aﬂ&\h\ﬁ)(ﬂ\h\w { (E» —E.)(E, —E5) ' (B, — E)(E, — E5) } B
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(z|h|a)(a|h|z") ('|h (z|h|z") (x| h|a) (| h
__ZZ | | |)(|E>/<—| ly) __ZZ |h|z") a)|(|E$/><—|EB>’ (1.46)

2 €Q agQ 2 €Q agQ By
() - IPOCTPAHCTBO PE3OHUPYIOMINX COCTOSIHUI. BbIpazkeHusi, MpuBe/IeHHBIE BBIIIE, TTO3BOJISIOT
IIOJIYIUTDHb COOTHOIIEHUA MEXKITY IapaMeETpaMu KOJI€6aTeJIbHO—BpamaTeﬂbHOI‘O raMUJIbTOHNaHaQ
n d)YH,HaMeHTaJIbeIMI/I XapaKTEPUCTUKAMU MOJIEKYJIBI.
Ncnonb3yst BbIpazkeHust (1.46) MOXKHO TIOJTyYUTH BBIPAXKEHUs JIJIs JIUAroHaJIbHBIX OJIOKOB
s dexTuBHOrO raMuIbToHNaHa H ;x Omneparop Bosmytnenust h = H — Hy, T.e., B COOTBETCTBUU
CO CKa3aHHBbIM BbIIIE€, MO2KET 6bITb 3alliCaH B BU/I€ Pa3JIOZKeHU I 110 CTCIIeHAM MaJIOoT'o ITapaMeTpa

h= i B (K"). (1.47)

JList MOJIEKYJ/T PA3HONl CUMMETPUU sIBHBIH BUJI O1IepaTopoB h, OyJieT pa3/ndHbIM.

1.5 "PacmmpenHoe" npubimKeHne JOKAJIbHBIX MOJI

B nanmnoit guccepraiiun MpOBONTCS UCCIICIOBAHUE MOJICKYJI, YIOBJIETBOPSAIONUX "paciiu-
perroMy " mpuOIMKeHUO JIoKaIbHBIX Mog [11, 12]. [TosTomy xoresock Gbl cKa3aTh HECKOJIBKO
cioB 00 sToM mpubskenun. Ho juis Havasia ciefyer oObsCHUTD, YTO TAKOe TPAIUIIMOHHAS
MO/IeJIb JIOKaJIBHBIX MOJ [15, 16].

B rpagurmonnoit Mojie/in JJOKAJIbHBIX MOJT /I OTJEIbHBIX KJIACCOB MOJIEKYJI, KOTOPbIE Y10~
BJIETBOPSAIOT OIPEJIEJIEHHBIM YCJIOBUAM, MOYKHO BBECTH JIOKAJIM30BAHHbBIE BJIOJTb BAJIEHTHDBIX CBSI-
3eit KosiebaTe/IbHbIe KOOPAUHATHI, IIPUYEM TaKue, 9TO BO3MOXKHO CYIIECTBEHHO YIIPOCTHUTD, IO
CPaBHEHUIO C OOBIYHOI Teopueil Kosiedare bHO-BpallaTeIbHbBIX B3aUMOJICHCTBU, TTPOIIECcC OIu-
caHus Pa3aInIHoro Tuna 3(pdeKToB B MOJIEKY/IaX MOUTH 0e3 KAKOT0-JI00 Ka4eCTBEHHOTO U JIazKe
KOJIMIECTBEHHOT'O YXY/IIIEHUs Pe3y/IbTaTOB.

[Tpu ucnob30BaHUN TPAJUIIMOHHON MO/ JIOKAJIbHBIX MO/ [15, 16] cranoBuTCs BO3MOK-
HBIM TOJTyYUTD IEJbII PSJT CBA3eil MeK/ly Pas3/IMIHBIMEI CIEKTPOCKOIIMYECKUMI XapPaKTePUCTH-
KaMU MOJIEKYJI, UTO IO3BOJISIET C BBICOKON TOYHOCTBIO IPEJICKA3BIBATH XapPAKTEPUCTUKHU CIIEK-
TPOB BBICOKOT'O pa3pelieHus B BbICOKOBO30YKJIEHHBIX KOJIeDATE/IbHBIX cocTosinuAx. [Ipeacka-
3bIBaeMble BEJTMIMHBI 3aT€M MOTYT OBITh MCIIOJIL30BAHBI B PEIIEHNN PA3INIHBIX 33784 (DU3UKH,
XUMUH, acTPOPU3NKN (HAIIPUMED, [IPH UCCIEOBAHUN MEXaHIU3MOB XUMUIECKIX DEaKITHil, OIr-
CaHNUU BHYTPEHHE JMHAMUKN UCCJIETYeMBIX MOJIEKYJ U T.1I.).

O/HaKo, Tpa UIMOHHOE TTPUOJIHAKEHIE JIOKAIHLHBIX MO/ HEJIb3s TPUMEHATH JJIs ITPOU3BOJIb-
HOI'O TUIIA MOJIEKYJI, IIOCKOJIbKY CYIIIECTBYIOT HEKOTOPHIE orpanunvenusd. s mosekyr tura XY o
cummerpun Cy, (acummerpuunbiii Bowdok), XY3 cummerpun Cs, (CUMMETPUYHBIN BOJUOK) U
XYy cummverpun Ty (cdepudeckuii BOIIOK ), pACCMOTPEHHBIX B paboTe [17] 10/2KHBI BBITIOITHATD

CJIEJLYIOINIE YCIIOBHSL:
1) my/mx — 0 (T.e. oTHOImIEHIE MaCC - MaJIas BEJIMINHA);

2) paBHOBECHBI yTroJI XY = 7 /2 (st mostekyat tuna XYy (Coy) 1 XY3 (Csy));
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3) B MOJEJIN PACCMATPUBAIOTCS TOJTBKO BAJEHTHBIE KostebaHust, a jedopMaImoHHble Koreba-

HKA IIOJIHOCTBIO OTCYTCTBYIOT.

JlanHble yCIOBUSA FBJIAIOTCS JOCTATOYHO KECTKUMH, IOCKOJIBLKY OHU HE IO3BOJIAIOT Pac-
CMaTpPUBATh 3HAYUTEILHOE YHCIO MOJIEKYJI, a TAKKe He yUYUTBIBAIOT HAPSJLY C BAJCHTHLIMH U
nedopmannonnbie kosebanus. [losromy asropamu pador [11, 12| 610 paspaborano "pacrm-
pennoe" mnpubsmkenne JoKaabHbIX Mo, Ha mpumepe mosekyrn tuma XYs (Cog,) [11] m XY
(Cs,) [12], mokazano, 4TO Pe3yabTATHI TPAIUIUOHHON MOJETH JIOKATBHBIX MOJ MOTYT ObITh
[IOJIy9eHbl Ha OCHOBE CBOMCTB TaK HA3BIBACMBIX IAPAMETPOB HEOJIHO3HAYHOCTH B KOHCTAHTAX
dopm komebannmit Mosiekys1. Takzke ObLI HOIydYeH CIOCOO ONpeAeIeHns 3THX IapaMeTPoB, 9TO
HO3BOJINJIO PACHIMPUTH I'PAHUILI IPUMEHUMOCTH MOJEIH JOKAILHBIX Mo, Cremyer OTMeTHTD,
YTO KJIIOYEBLIM MOMEHTOM PACIIMPEHHOIO METOJa JIOKAJILHBIX MO/ ABJIAeTCS MHGPOPMAIUI O
TaK Ha3bIBAEMbBIX KOHCTaHTaxX (bOpM KoJeGaHUil MOJIEKYJ/IbI, a MMEHHO BO3MOMKHOCTH IIPEICTa-
BUTH UX B BIJIE IPOCTHIX aHAJIUTUYCCKNX BhIpazkeHnil. Takzke n3 KojebaTesbHO-BpaliaTe IbHOM
TEOPUU M3BECTHO, UTO BCE CIIEKTPOCKOIMYECKNE HMAPAMETPhI ABJIAIOTCA (DYHKIUAMU KOHCTAHT
dbopm konebanuii. Cireg0BaTEILHO, MOXKHO IIOJIYYUTh IIPOCTHIE BHIPAYKEHHA JIJISI BCEX CIIEKTPO-
CKOIIMYECKHUX IIapaMeTPOB.

Taxkum obpaszom, "pacmmuperHoe” npubszkerne JokaJabHBIX Mog [11, 12], pazpaboranHoe

Kak 06oJjiee o0t METO/I, /1aJ10 BO3MOYKHOCTD:

1) IIOJIYYUTDb O6H_H/Ie cooTHomenud JiJjid CHEKTPOCKOIIMYIECKUX ITapaMe€TPOB MOJIEKYJI, CBA3aH-

HBIX C JepOPMaIlMOHHBIMI KOJIEOAHUSIMIA;
2) UpUHATH BO BHUMAHHUE HE TOJIKO BaJIEHTHBIE, HO U JeOPMAIOHHBIE KOJIeOAHNUST;

3) HOIyYIUTH PEe3yJIbTAThI, TO3BOJIAIONINE OMUCHIBATEL IEHTPOOEKHDIE IDDEKTHI.

1.6 Teopuss HeNpUBOANMMBIX TEH30PHBIX ONEPATOPOB

[TousiTus orepaTopoB (HU3NUECKUX BEJMINH U BOJTHOBBIX (DYHKITHI OU€Hb YACTO UCIIOJIb-
3yI0TCsd B (PU3UKE, B TOM YUCJIE W JJIsI OIUCAHUSA IOBEJEHUsI MOJIEKYJIbl KaK KBAHTOBOH CH-
crembl. I3BeCTHO, 9TO MOXKHO TIOCTPOUTD JINHEITHbIE KOMOUHATINE MCXOHBIX OMEPATOPOB (BOJI-
HOBBIX (QYHKIWIT), TaK, YTO OHU OYJIyT IIPeoOpa30BBIBATHCS IIPU OMEPAIUAX U3 TPYIIIBI CHM-
METPHUU CUCTEMBI 110 HEIPUBOJIUMBIM IIPEJICTABICHUSIM 3TOW T'PYIIIBI, T.€. IPEJCTaBUTH Ollepa-
TOPBI U BOJIHOBBIE (DYHKIIUU B CHMMETPU30BaHHON (hopme. CuMMeTpU30BaHHBIE KOMOUHAIIAN
OIIePaTOPOB Ha3BIBAIOTCS HENPUBOJANMBIMU TEH30PHBIME OIIEPATOPAME, 8 CHMMETPU30BAHHBIE
KOMOWHAIINKA BOJTHOBBIX (DYHKITHI - HEIIPUBOIUMBIMU TEH30PHLIME Habopamu (yHkinii. B aJ-
redpe HEIPUBOIUMBIX TEH30POB UCIIOJIb3YIOTCH TaKHhe MOHATHUd, KaK Kodddurmentor Kiredira-
lopnana, 3I'—, 61'-cuMmBoJIBI, TPUBEIEHHBIE MATPUYHDBIE 3JIEMEHTBI, N30CKAJISIPHBIE MHOXKUTETN
u 1ip. MbI pacemoTpuM Janabie TOHATHS HUKe. OHU TO3BOJISIIOT CYIIECTBEHHO YIIPOCTUTDH 0OJTb-

HNINHCTBa KBaAaHTOBO-MEXaHUYIECKHUX PAaCYeTOB.
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HemnpuBoanmbie T€H30PHI.

Habop u3 n oproHOpMuUpOBaHHBIX (DYHKITNI MOXKHO PACCMATPUBATH KAK BEKTOD B N-MEPHOM
BeKTOpHOM TIpocTpancTse L,. [Ipu oneparusax g uz rpymmnst G THHEHHBIX TPEOOPA30BAHU ITPO-
cTpaHcTBa L MPOM3BOJIBHBIA BEKTOD & ¢ KoMmoHeHTamu x; (i = 1,2,...,n) npeobpasyercsa B
JIPYroii BEKTOp &' = ¢ ¢ KOMIIOHEHTAMM, KOTOPbIE MOXKHO CBSA3aTh C MUCXOJIHBIM BEKTOPOM C

OMOIIBIO CJIEIYIONIEro IIPeodPA30BAHNI:
T =gr; = ZTJZ(g)x] (1.48)
J

W3 xkoMmoHeHnT T; 1Y; ABYX IIPOU3BOJIBHBIX BEKTOPOB T 1 Y IIPOCTPAHCTBA Ln MOZKHO IIOCTPOUTDL

IPOMU3BEIEHN Z;Y;, KOTOpBIe IpH onepanuax g € G OyayT IpeoOpa30BBIBATHCS IO MIPABIILY:

vy = g(Tiy;) = Z Ti(9)T15(9)xhy = ZTkl,z‘j (9)zry: (1.49)
ol Kl

rae Tiii(9) = Tki(g) X T1;(g). BBemem onpenesenue: TeH30poM BTOPOro mopsiika A;; Ha3bIBAETCS
COBOKYITHOCTH N BEJMYUH, NPeodpasylomuxces Hoj1 JgeficTBueM ornepaiuu g (110 aHAJOIHHA ¢ N2
IPOU3BEIEHUN 7;; KOOPAUHAT [BYX HPOU3BOJIBHBIX BEKTOPOB & U Y U3 Ly).

Ecmu A;; = Aji, To A;; - cummerpudeckuit Tensop, ecim A;; = —Aj;, 10 A;; - anTHCHMMET-
pudeckuit Tensop. Jlioboit TeHzop A;; BTOporo mopsjka MOMXKHO IPEJICTaBUTb KaK CyMMy €ro

CUMMETPUYECKONH U aHTUCUMMETPUYICCKON JacTeil:

1 1
Ay = 5[ Ay + Azl + {4y — Az (1.50)
Ananornyno MOXKHO BBeCTH TeH30D [-T0 nopsiaxa A; ;, i, KOTODBIN SIBJISIETCA COBOKYIIHO-
T®
croio n! Bemmann A, s = [] ;. , IpeobpasylouXcs Mo JAeficTEueM ornepanuiil g (Kax moka-
k=1

3ano B BoIpazkenuu (1.48)) cieayrommm o6pazoM:

!
A’Iiliz...il = Z Tjklk (g) Aj1j2-~~jz (1'51)
Jije--Ji \k=1
CoBOKyIIHOCTH MaTpuly npeobpasoBanns u3 Bbipaykenus (1.51) aist pazmuaabix g € G Ha-
3BIBAIOT IpejicTaBaeHneM rpyiibl (. Takke ero Ha3bIBAIOT TEH30PHBIM IIPEJICTABICHUEM [-T'0
[OpsIIKA. DTO IpeJicTaBIeHne, B 00IeM cjydae, IIPUBOJINMO, T.K. SIBJISETCS IPOU3BEICHUEM [
n-MepHBIX TpejacTaBiennii (1.48).
Ckajsgp sBJIeTCd TEH30POM HYJIEBOrO TOpsIKa. BEeKTOp - TEeH30p MepBOro IMOPsJIKa, I10-
CKOJIBKY OH Tipeobpasyercs no (1.48).
Henpusoaumbrtit Tenzop cummverpuu I rpynmnsl G TnHEHHBIX Tpe0OPA30BAHMIL - 9TO COBOKYTI-

HOCTb [F](2) pemmaun V! npeobpasyiomuxca IpH omepanuax ¢ Tpymnsl G M0 HEIPHBOIIMOMY

72

npescrasiaennio 1 rpymms G:

J

Ul = O = S Th(g) (1.52)
J

(?) pasmeprocts mpescTaBienmns I
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[Ton unymekcamu ¢ 1 J B OOIEM cJIydae MOHUMAIOT HAOOPHI UHJIEKCOB § = 11,19, ... U ] = J1, J2, ----
Taxzke MOYXKHO BBECTH IOHSTUE HEIIPUBOIUMOIO TEH30PHOTO Habopa (DyHKIUH KaK COBOKYIIHO-
cru I pestmuun Wl

Hanpumep, s rpynist patienuit SO(3) nabop uz (2J+1) semann U npeobpaszyiomuxcst
10 HempHBOIIMOMY HpecTasienuio DU) | sapisercs cdeprdaecknM TenzopoM panra J. JIpyrimvm
CJIOBAMU, €CJIN PacCMATPUBATH ITPOU3BOJIBLHBIN HAOOD 0A3MCHBIX (DYHKIINI, TTPEOOPA3YIONIIXCS
10 HEIIPUBOUMOMY IIPEJICTABICHUIO, TO 3TOT HAOOP (POPMUPYET KOMIIOHEHTHI HEITPUBOIMMOTO
TeH30pa.

PaccmorpuMm anrebpandeckue omneparii, KOTOpbIe OlpeaeseHbl i HeIPUBOIUMBIX TEH30-

pOB:

e Omnepanust ciozkeHust TeH30poB. Ecn cioxuTh 1Ba Tenzopa ¢ u Wi | npeobpasyiomuxcst
110 OJIHOMY M TOMY sKe Herpusojumomy tpesjcrasiennio D) rpymmsr G, o mosydnm
HEITPUBOMMbIH TEH30D, TPE0OPA3YIONIHIC IO TOMY K€ HEIIPUBOIUMOMY ITPE/ICTABICHIIO
D(T") B Buge:

o)+l =, (1.53)

e Oneparnus cBsi3biBaHusi (UJIM CBEPTKHU) TeH30poB. Ecsm cBg3aTh jBa renzopa ¢, u W)°,
TO B PE3Y/IbTATe MOy YMM HEIIPUBOIUMBIN T€H30D, IPe00Pa3yIONIUiiCs 110 HETPUBOIMOMY

npejcrasiennio D) € DV x D2 B Buge:

Xh = [p0) x wh2]E Z o W e (1.54)

rae Fip 71”” - kosppunmentor Knedbma-T'oprana.

Ananornano (1.51), MOXKHO BBeCTH OIpe/ie/ieHIe TEH30PHOTO OTlepaTopa, Kak Habopa onepa-
TOPOB, MPEOOPA3YIONINXCA JIPYT depe3 JIpyra MPH JUHEHHBIX IpeoOpa30BaHUAX MPOCTPAHCTBA,
B KOTOPOM JIECTBYIOT 3TU OIEPATOPHI.

. . r

HenpuBoguMbrii T€H30pHBIN omepaTop - HAOOP OllepaTopoB PZ-( ), IpeobpasyIoNuxCs MMPU

onepanugax R rpyIirbl CHMMETPUHU ITPOCTPAHCTBA M0 HEITPUBOIUMOMY TTPEJICTABIEHIIO DM 3roii

I'PYIIIbI:

R'POR=>"[DO(R)ER. (1.55)

Kak u 1 HenpuBOAMMBIX TEH30POB, JI/Isi HEIPUBOIUMBIX TEH30PHBIX OIEPATOPOB TaKKe
ompeJiesIeHbl aaredpandecKre oepany CI0XKEeHNA U cBsa3biBaHusi. OHM UMEIOT BHJI, aHAJIOI Y-

Hblil BeipazkenusMm (1.53), (1.54), eciu B HUX 3aMeHUTH BeJuauHbl @7, U7 1 X7 Ha OlEpATOPDI.

Kosddurmnentsr Kaebnia-I'opjana ToUeYHbIX I'PYIINT CUMMETPUU.

UsBectHo [18], 9T0 MOKHO IOCTPOUTH MPOU3BEICHNE JBYX HEIPUBOMMBIX [PEICTABICHUN
rpynnbl (G, KOTOpoe B OOIIEM Cilydae sBJIAeTCS TPUBOIUMBIM, T.€. MOXKET OBITH IPEJICTABIEHO

KaK CyMMa HEeIPUBOJUMBIX TIpejicTaBiienuii (B Bume psiga Kiebma-Topaana):

DI x DT =3 “n()D®. (1.56)

v
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Koaddunuentsr psaa (1.56) MoryT 6bITh HOTyYeHbI Ha OCHOBE Teopun xapakTepos |5, 18, 19).

Kosdpdpunumentor Knebma-T'oppana F, (7711133]2]2 - K03 PUIUEHTBI, KOTOPbIE OCYINECTBIAIOT JIMHET-

HOe IpeobOpa3oBaHue Gasuca \I/Zf \I/Z; npsvoro npomssenennst mapeacrasiennii DT x DT2) g

Habopy 6asucos ‘Il§"r) = (W) x \11(71)]§"F) Ha mernpusoguMele dacta D)

WO x \1;(71) (nI') Z Friyziz gl 71)\1/(72), (1.57)

(nT')j 02
1112

rie n = n(l).

Kosdpdunmentor Kirebmma-l'oprana Tak:ke 9acTo 0003HAYAIOT T0-/IPYTOMY:

nk > . (1.58)

Y1 V2

1 G| ]

F&Svm =< fylilfygjz]nl“j >= (

T.x. obiee KoymmyecTBO (OYHKITUI \IJ?F JIOJIZKHO OBITH PABHO ODIIEMY KOJIMYECTBY ITPOU3BEJICHIIT
WU, o kosdduumentsr Kiebura-Topuana < 71417252/nl'j > obpasyior marpuiy (n72) A
MOPAJIKA My, My, C DJIEMEHTAMU (7172)Ai1,-2,npj = < 71172 32|nI‘j >.
Yo Y2 N3
Burnep [20] BBest Apyrue BeJIMYMHBI, Tak Has3biBaeMble 3[-cuMBOJIbI ST , KOTO-
1 2 13
pbIe SIBJISIIOTCSI DOJiee CUMMETPUIHBIME 110 cpaBHeHnio ¢ Kodddunnentamu Kiebma-l'oprana,

1 OTJIMYalonjuecd OT HUX JIMIIb 9MCJIOBbIM MHOXKHUTEJIEM:

Yo Y2 | Vs T Y2 73
( S >= m]“z( ST ) (1.59)
11 12 |13 11 19 13

[Tonarator, uro 3Havenue 3I'-cuMBoJIa He UBMEHAETCS IPU ITUKJINIECKOIT ITepecTaHOBKe CTOJIO-

(-G (160
i1 49 1 2 1 1 o %2

Buauenne 3[-cumBosia Mensiercs Ha Bequauny (—1)"121Y npu HenukmIeckoil nepectaHoBKe

OB

CTOJIOIIOB:

(71ﬁ7>=«wwmﬂ<ﬁ717>:ewmw«717ﬁ) (1.61)
1 12 1 2 11 1 21 1 19

B jannom coorromenun (—1)71772 = (—1)7(—1)", npudem obbruno nosaraot, uyro (—1)I =

—1, eciu T - Hewernoe npescrasienne, (—1)1 = 1, ecoiu ' - wernoe npejcrasienne uwim I - ou
YeTHOe, HU HEeYeTHOe IPEeJICTaBIeHNUE.

Ecan B 3['-cuMBOJI BXOAUT XOTS OBI OJIHO MOJTHOCHMMETPHUIHOE IIPeJIcTaBIeHne, TO 3HadeHe
Takoro 3I-cuMBOJIa BBIYHCIIAETCSI CIIEYIOIUM 06PA30M:

A T T
( b .,>:5rrff5z‘i/[r]_1/2 (1.62)

7 1

UsgectHo [20], 1To

> ( bl F) = §(I1T2T) (1.63)

gF\ L gk
rie §(ITel") = 1, ecom npeacrasiaenus I, 'y u [y yinoBieTBopsAoT ycaoBuio TpeyrojbHUKA,

re. I' € (I'1 ® I'y). Ecan mannoe yenosue ne Boinosasercs:, 1o 0(F1TeI) = 0.
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61'- u 9'-cuMBOJIbBI.

N3 cymMmbr iponsBejiernii 4eTbipex 31'-CUMMBOJIOB MOXKHO MTOCTPOUTH 61'-cuMBOJI 110 CiieTy-

IOIeMy IIpaBUJLY:

I I's I's Z I I'n I's I'h I's T

F4 F5 FG 010203040506 91 02 O3 o1 95 96 (164)
Iy Ty Ty Iy I's Iy

04 O3 O0g 04 05 O3

JJIT KPUCTAJLIOrpapUIecKuX TOYEIHBIX IPYIIIL.

Ha ocnose cBoiicTB cumMeTpun 31'-CUMBOJIOB MOYKHO TIOKa3aTh, YTO 61'-cuMBOJIBI TOXKE 0018~
JTIAIOT CBOMCTBAMU CUMMETPHH, & UMEHHO OHU HE MEHSIIOTCS MPH JI000I ITepecTaHOBKe CTOJIOIOB
U TP OJITHOBPEMEHHOM II€PEBOPAYMBAHUU JIIOOBIX JIBYX CTOJIOIOB.

EC.HI/I 6F—CI/H\IBOJI CONEPZKUT ITOJTHOCUMMETPUYIHOE IIpEJACTaB/JICHUE, TO SHaAYCHUE JaHHOI'O CUM-

BOJIa MO2KHO BbIYUCJ/IUTH TaK:

Fl F2 F3 :(_1)F1+F2+F35F2F65F3F5 (1 65)
Ay TI's T [To]V/2[5]1/2 '

N3 cymmbl mpousBeaennii mectu 31'-cuMBOJIOB MOXKHO MTOCTPOUTHL 9['-cuMBOJT ciietyomnmm

obpazoM:
T Ta T r, I'ny T Iy Ts T I, Ts T
1 12 13 4 s 1l 7 Lg 1Ly
P4 F5 F@ - Z
01.09....0 01 02 03 04 05 O0Og 07 08 Oy
F7 Fg Fg 192079 (166)
Iy I'y I'z Iy T's Ty I's T's Iy
01 04 O7 09 Oy O3y 03 0Og O9g

Ucnonwb3ys onpejesieane 61'-cumBosia, MOXKHO ToKazaTh, 9To 9['-cuMBOJT BbIpaxkaeTcs B BHU/IE

koMmOunanuu 61'-cuMBOJIOB:

o be 1y r, I, T r, I- T . I's T
1 2 3 4 5 6 7 8 9
Iy Ts T | =) [T : (1.67)
- Ty Ty T I, T Ts r I, T,
I'y I's T
e ['y, 'y, I's, ... - HEIPUBOIMMBIE TIPEJICTABIEHUS TOUYEYHBIX I'PYIIT CUMMETPUNA MOJIEKY.I.

Ecan cJe/JaTh 9eTHOE€ KOJIMYECTBO II€PEeCTaHOBOK CTPOK MJIN CTOH6HOB n 3aTeM TpPaHCIIO-

HUPOBaTb 9F—CI/IMBO.HI)I, TO €ro 3HadYeHUue He U3MeHHuTcd. JHadenue 9I'-cuMBoJIa M3MEHATCA Ha

9

pesmunny (—1)% rne R = . T, ecin coBepmuTh HeueTHOE KOJMYECTBO HePecTaHOBOK CTPOK
=1

I CTOJIOIOB. CJIeLLOBaTeJHiHO, CBOWCTBA CUMMETPHH ITO3BOJISIIOT Oy IuTh 3! X 3! X 2 = 72 9I'-

CHMBOJIOB U3 OJHOI'O M3BECTHOro. Takske Ha OCHOBE CBOHCTB cummerpun 9I'-CUMBOJIOB MOXKHO

c/le/IaTh BBIBOJL, 9TO ecim 9[-CUMBOJI UMeeT JBe OJ[MHAKOBble CTPOKHU uau cTojona u (—1)f =

—1, To on paBeH HyJIIO.
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Anrebpa HEIIPUBOJMMBIX TEH30POB.

Kax yzke roBOpHIIOCH, sl HETPUBOIMMBIX TEH30POB (TEH30PHBIX OIEPATOPOB) MOYKHO BBE-
cru ajirebpanyuecKue Olepalii, TaKhe KakK CJIOYKEHHe TEeH30POB OJIMHAKOBOTO PaHra (OJMHaKO-
BOIl cUMMeTpHN), B pe3yJbTaTe KOTOPOW IMOJIy9aeTcsi TeH30p TAKOTO Ke paHra (CHMMETPUH),
YMHOXKEHUE HEIPUBOAMMOrO TEH30pa Ha IPOU3BOIHLHOE KOMILIEKCHOE YUC/IO U CBA3LIBAHKME TEH-
30pOB pa3JMYHOro panra (cummerpun). Pacemorpum 6oJiee OAPOGHO OMEPAIHIO CBI3bIBAHUS
HEIIPUBOIUMBIX TEH30POB.

Iloy omeparueii cBA3bIBaHUS JBYX HenpuBomuMbix Terzopos A0V u BO2) mnpeobpaszyio-
IUXCA 110 HeIpUBOAMMBIM Tpejcrasienusaym DOV u DO2) rpynmer G, nonumaercs jmHeiinas

KOMOMHAISA ZF(}I;]Z” A0 BO2) y3 kommonent i u j temsopos A u BO2) ¢ kosddunnen-
]

tamu Knebma-T'oppana F (VFI)Z,;Y” . Jannas nuneiinas kombunarys, (popMUPYIOIAsd KOMIIOHEHTDI

tenzopa [A0) @ B(W)],(CF), KOTODBIil Ipeobpasyercs 1o HermpusouMoMy npejcrasienuio DT
rpymibl G, Ha3bIBAETCS HEITPUBOINMBIM T€H30PHBIM MTPOW3BEICHIEM:
(A0 @ BRI =y~ it AP B2, (1.68)
ij
T.k. B G0JIbIIIHCTBE CJTydaes (st KpUCTaLI0rpadIecKuX TOYeTHbIX MDY ) KO3 duineH-
1ol Kiiebma-T'opana MoryT ObITh BBIOPAHDBI BEIIIECTBEHHBIMU, TO JIJIsi TEH30POB, HEITPUBOIMMBIX

OTHOCUTEJILHO KPUCTAIOrpaduIecKuX TOUEUHBIX TPYII, cooTHOIenus (1.68) npumyT BuI:

rir,
[A @ B0 =%~ AN BO2), (1.69)

o109 o | 01 09

B obmem ciayqae [ATY) @ BI2)]Is) £ [BU2) @ ATD)I3) pre Ty Ty, T'3 - HempupommMbIe
IPEJICTABICHNS IPOU3BOILHON IPYIIILI, T.K. HEIPUBOANMBIC TEH30PHBIE OIIEPATOPHI HE KOMMY-
TUPYIOT.

C apyroii CTOpPOHBI, MOXKHO IIOCTPOUTEL TEH30PHOE IIPOU3BEICHIE He TOILKO U3 JIBYX, HO TaK-
K€ U3 TPEX, YeThIPex 1 00JIee HEIPUBOAMMBIX TeH30poB. Ho B JaHHOM cilydae CyIIecTByeT MHO-
ro Bo3MozKHOCTei. Hanpumep, n3 Tpex HeIpUBOIMMBIX TEH30POB MOXKHO IIOCTPOUTH PA3IMIHBIC
tenzopubie npousseenns: [[A@ @ BO|d g @]/ [ADg[BOgC@]D]f [[AWxC@]dgC )
u T.7. Bece aTH npousseneHns MOXKHO CBA3ATHL JIPYT € APYTOM, €CJIM OHH MMEIOT OJMHAKOBYIO

cuMMeTpuio (paHr).

Teopema Burunepa-kkapra.

Teopema Burnepa-9kkapra roBOpUT, YTO MATPUIHBIA 3JIEMEHT OT OIepaTopa, b0l pusu-
YeCKOI BEJIMIUHBI MOXKHO Pa3J/Ie/INTh Ha JIBa COMHOXKUTENA - Koaddunnent Kiebma-I'opaana,
KOTOPBII COMEeP:KUT MH(MOPMAIUIO O CAMMETPHN 3aJ1a91, 1 TaK Ha3bIBAEMbII ITPUBEIEHHBIN MaT-

PUYHBII 3JIEMEHT, 3aBUCATINN OT KOHKPETHOIO BUJIa Dasuca M ONepaTopoOB:
7 Lo 72 — Mol 1| PL ] 0/y72
< U10'1|PS |77Z)'U20'2> - ’yQUQFS(q?Z)'Ul ||P ||77Z}v2>7 (17O>
TJIe vy, Vo - MHJIEKCHI, XapaKTepusylonme pYyHKIUIO 1), KpOMe UHJIEKCOB CUMMETPUH 7Y WA O

(W2 PT|[¢22) - upuBeA@HHBIH MATPHUHDI SJIEMEHT - 9TO XapaKTepHas BeJIHYHHa HAOOPa MaT-

PUYHBIX 3JIEMEHTOB (ero 3HaueHne He 3aBUCUT OT BbIGOpa Oas3uca mpeacTaBiennii rpymmbt). s
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1OJIy IeHIs] IPUBEICHHOr0 MaTpudHoro sjiementa (Y7 || P ||¢)?) HeoGXoauMO BBIMUCAUTD 1IPO-

crefimmuii (¢ TOUKM 3peHUst BbIUUCICHU) MaTpuaHbiil smement ()| P72

g 02,,)- Toraa, ncrosn-

3ys koaddunmentsr Kiebma-Topiana n seipaxkenue (1.70) MOXKHO paccuuTaTh BCe OCTAJIbHbBIE
MaTpUYHbIE 3JIEMEHTBI C JaHHBIMU 3HAYCHUAMU UHJIEKCOB Y1, Y2 U F

N3 teopembl Burnepa-9kKapra BHIHO IIPEUMYIIECTBO UCIOJIB30BaHUs (DOPMAII3Ma HEIIPHU-
BOJIMMBIX TEH30PHBIX OIEPATOPOB IPHU OINKMCAHUNA KBAHTOBBIX ABJIEHUN, T.K. OHO 3HAYUTE/IHHO
yipomaeT oIIpe/ie/ieHne MaTPpUYIHBIX 3JIEMEHTOB, CBOJA I3TY IPOIECAYPY K BBIYHUCJICHUIO CTaH-
JApTHBIX cyMM IpousBeeHuit kosddunuenros Kiebma-I'oprana.

Taxke cjieyeT IPUBECTU CJIEYIONIEE COOTHOIIEHHE, KOTOPOE MOXKET OBITH TOJIE3HBIM JIJIst

pacdeToOB CJIOZKHBIX IIPHUBCICHHBIX MAaTPUYIHbBIX 9JIEMCHTOB!

a b c

di| Aa||.)€ e by, d
d d (ol A |05 ) (W | B ||y (1.71)

Wil [A* @ B Jug) = (=) /[ )

1.7 Heomno3nagHocTh onpeesieans 3 HEKTUBHOTO TaMUJIb-

Tounana. Peagyknus

JL1st M30IMPOBAHHOTO KOJIe0aTeIbHOTO COCTOAHUS (P DEKTUBHBIN MaMUILTOHUAH IIPUMET
BUJI;

H' T = o) (o] H, (1.72)

CriestyeT 3aMeTHTD, ITO IPH 3amuch 3 HEKTUBHOIO BpaIlaTe/ IbHOr0 raMIIbTOHNAHA BOSHUKAET
HEOJTHOBHAYHOCTH, MTOTOMY YTO OH OIPe/e/ieH C TOYHOCTHIO JIO YHUTAPHOI'O MPeoOpa30BaAHU.

CJIe,ZLOBaTGJIbHO, 9TO MOXKHO 3alliCaTb TakK:

rYyYz zY%y"x zYyYz zY%y"x

HO =N " Ao (JETLTL + JLILTE) = PH I~ A (JPJLTL + JLJLTE) o P = PTHIIP
pgr par

(1.73)

SameTnm, 9TO

1. Omeparoper H /W) u H/f2) ormmaarores Tombko kosddummentamu A, n Al

2. Onepatop P - yHUTApHBIH, 3aBUCIIUI OT BpaIIaTeIbHBIX OIEPaTOPOB J,, MOXKET OBbIThH
3alKcal B BHU/IE:

z%y“x

P = exp[zz Spar(JEILIL + JLJLID)]
par

rjie Spqr - IPOU3BOIBHBIE KOIPPUITUEHTHI.

Ha ocnoBe BBIIIECKa3aHHOIO MOYKHO CJIeIaTh BBIBOJ: T.K. KO(DMUIMEHTEI Sy, BHIONPAIOT-
¢ MPOM3BOJIBHBIM 00pa30M, TO HEOJIHO3HAYHOCTH B HX OIPEIEJIEeHHH MOXKHO HCIIOJIH30BATH
JIst yiporreHust 3¢pOeKTUBHOIO BpaliaTeIbHOro raMuibToHnana. B gacraocTt, B 1968 roay
Jx K. 2K . Yorcon [16] mokasas, 9T0 MOKHO BBIGPATH IapaMeTpPhbl Sy, TAKAM 00pPa30M, 4TOObI
CYIIECTBEHHO YIIPOCTUTH ITOCTPOEHHBIN HA OCHOBE CBOMCTB CUMMETPUN S (PEKTUBHBIH TaMUIb-
TOHMAH MOJIEKYJI TUIIA AaCUMMETPUIHOTO BOJTIKA JIJII N30JTMPOBAHHOIO KOJ1e0aTe/THHOIO COCTOSI-

mng (Tak nHassBaeMasg A pemykrus). [Iponsson B BEIGOpe HapaMeTPOB Sy, 1a€T BO3MOKHOCTD
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yoparh n3 3(pHEKTUBHOIO raMUJILTOHUAHA, I MOJICKYJ/T THIa X Yo OJIMH U3 IIECTH KBAPTHIHBIX
[IEHTPOOEKHBIX IMapamMeTpoB, 3 u3 10 ceKCTUIHBIX, 5 U3 14 OKTHIHBIX ITOCTOSIHHBIX U T.J. Torma

s dexTuBHBII BpamaTe/bHblil orepaTop IpUHUMAaEeT cieyrommii Bu [16]:

1 1 1
H=FE+[A- 5B+ aJ? + 5B+ C)J? + 5(B— C)J2, —
—AgJ} = N2 — A g Tt = 6|2 T2 ) — 26,0207, +
+HyJ? + Hyy J}J? + Hyg J2J* + HypJ® + hi[ 7, T2+ + ..

+ L%+ Lk JoJ* + Ly JiJ + ... (1.74)

Jlannoe BeIpazkenue i 3PHEKTUBHOTO BpaIaTeIbHONO TaMUJIBTOHUAHA /IO CUX TIOP OY€HDb Ya-

CTO HUCIIOJIB3YETCA B MHOT'OYHCJIECHHBIX 3a/la9aX K0J1ebaTeIbHO - BpaHLaTeJIbHOﬁ CIIEKTPOCKOIINHA.
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I's1aBa 2

"Pacmmpennoe" npubim>keHne JIOKaJIbHbBIX

MO/ IIpMMEHNTE/IbHO K MOJIEKYJIE METaHa

JanHas ryiaBa JuccepTaluu OIKMCHIBAET METOJI, U3BECTHbIH Kak "pacimupentoe" mpubiin-
JKEHME JIOKAJIbHBIX MOJI, IPUMEHUTEIHHO K MOJIEKyJsie MeTaHa. Pe3ysbrarhl, IpeIcTaBIeHHbIe B
JIAHHOM TvIaBe, oIyO/ImKoBaHbl B paborax [21, 22|.

Meran (CHy) stBisieTcst MOJIEKYJIO# - MIPOTOTUIIOM 17Tt GOJIBIIIONO YHC/Ia OPIaHUIECKUX CO-
eJINHEeHW{l, 1, KaK CJIeJICTBUE, UT'PAET BaXKHYIO POJIb B 3ajladax dusndeckoit xumun. Nudopma-
sl O CIEKTPaxX MeTaHa IPEeJICTAB/ISIeT MHTEePeC TaKykKe JJIs POOJIeM Ie0JIOTHH, acTpPOMU3NKY,
IJTAHETOIOI N, aTMOC(HEPHON ONTUKU U MHOTUX ApPYruX. I1o 3Toil npudnie B TeUeHHe MHOIMX
JieT KojiebaTeIbHO - BpallaTe/IbHbIe CIIEKTPhI BLICOKOI'O Pa3peIleHns MeTaHa siBJISIUCH U JIO CHX
HOP ABJSIOTCS 0ObEKTOM MHOTOYHCICHHBIX nccaeoBanuii (cM. nanpumep 23] - [52]).

Cirtelyer OTMETUTD, 9TO HECMOTPsI HA MHOTOYNC/IEHHBIE YCUJIHMs B TedeHune yike Oojee H0-Tu
JIeT 1IeJIOrO Psijia HAyUHBIX KOJIJIEKTUBOB, 3aHUMAIONIUXCS CIHEKTPOCKOIMEl BBICOKOIO pa3pe-
[IEHUsI METaHa, €ro CIIEKTPBI JIO IIOCJEIHEr0 BPpEMEHU ObLIM MHTEPIPETUPOBAHBI TOJBKO JI10
6000 cm~!. Mmeromasica BEICOKOTOUHAA SKCHEPUMEHTAIbHAA MHMOPMAIINA O CIEKTPaX MeTa-
Ha B 60Jiee KOPOTKOBOJIHOBOM JMAlla30He y¥Ke B TedeHue 0ojiee U4eM JIECATH JIeT He HMOJIAeTCsl
UHTEPIPETAINN U aHATH3y (TOJBKO OTJEe/IbHBIE HEOOJIbIINE JUAA30HbI KOPOTKUX JJIMH BOJIH
Boime 6000 cm™! GbLIM poMHTEpIIpeTHPOBaHBI JeTaabho [23, 24]). Hemarno [53| 6buim skcre-
PUMEHTAJbLHO 3apPEeruCTPUPOBAHBI M TaKKe IIPEABAPUTEIHLHO TEOPETUIECKH TPOAHAJIU3UPOBa-
HBI CIIEKTPBI BBICOKOTO Pa3peIleHnst MOJIEKYJIbI MeTaHa B IMIMPOKOM CIEKTPAILHOM JIUAIIa30He
ot 6000 cm~! 10 12000 cm~t. IIpoBemenHbIil anaam3 MO3BOJMII, C OJHOH CTOPOHBI, HOIYIHTD
C BBICOKOIT TO4YHOCTBIO (6osiee wem 0,001 CM*I) IEHTPHI JABEHAIIATH HOBBIX KOJIeOATEeIbHO-
BpalaTeJbHbIX M0JI0C¢ U (Ha OCHOBe aHajn3a 95 3KCHEPUMEHTAIbHBIX IEHTPOB II0JIOC MOJIe-
kysiel CHy) HAaBop KoJIe6aTEIBHBIX CIIEKTPOCKOIIMYIECKUX HapaMeTpoB. ToIbKO B HOC/IEHIE TO-
JIbl HaYaJIICh CHCTeMaTHdecKhe HCCIeJoBaHUd CIIeKTPOB MeTaHa B paiione csbime 6000 cm™!
[36], [54] - [56]. Bmecte ¢ Tem, orcyTcTBHE KOPPEKTHON SKCIEPUMEHTAIbHON HHGOPMAIUT O
HEKOTOPBIX BayKHBIX JIJIS TAKOT'O BHJIA aHAJM3a KoJebaTebHBIX 110J0caX (HAIpuMep vy + Uy 1
V1 + V3) IPUBOJAUT K HEOJHO3HAYHOCTH B BEJIMUMHAX CIIEKTPOCKOINYECKUX MapaMeTpoB. AHa-
JIOTHYHAs CUTYaIlsl BO3HUKACT NPpH paccMorpenun nzorornomepos Metana CHaDy [57] - [59]

CH3D/CHDj [60]. Onua u3 myTeit HCKIIOYeHHsT TO0OHOTO pojia HEOMTHO3HAYHOCTE - BBIBOJ
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COOTHOIITEHUI MEXKIY IapaMeTpaMn UCIoJib3yemoit Mojesn. C OgHONH CTOPOHBI, 3TO MO3BOJISIET
YMEHBIIUTh KOJUYECTBO BAPbUPYEMbBIX IapaMeTpPOB U, C JIPYroii CTOPOHBI, cjlejilaTh IapaMeTphbl

OoJiee CTaOUJIBHBIMUA U KOPPEKTHBIME C TOUKU 3PEHUs (PU3UKU MOJIEKYJIbI.

2.1 Komnmiasgnmsa Teopuu HN30TOIIO3aMelleHus 1 '"paciinm-

peHHOro" npuoIAMMKeHns JIOKAJbHBIX MO/

Kaxk y:ke orMedasoch Bbllle, YTOOBI HCKJIIOYUTH HEOJHO3HAYHOCTU B BEJIMYNHAX CIHEKTPO-
CKOIIIIECKUX TTApaMEeTPOB U CIeIaTh WX 0oJiee CTaOMIbHBIME, HEOOXOIUMO TOJTYIUTH COOTHO-
IMeHUsT MKy rapamMerpamu. [[puMeHnTe/IbHO K MOJIEKYJe MeTaHa, HEKOTOPbIE U3 OJ00HOr0
POJIa COOTHOMIEHUH U3BeCTHBI B jinTeparype [61]. Onu ObLau moJryYeHsbl Ha OCHOBE TaK HA3bIBa-
emoro "meroma jokaabHBIX MOA". Ho, Kak y»Ke OBLIO CKa3aHO paHee, B KJIACCHIECKONW MOJIe/N
JIOKAJIbHBIX MOJI PaCcCMATPHUBAIOTCS TOJILKO BaJIEHTHBIE KOJIeOaHUs, B TO BpeMs Kak jedop-
MaIMOHHBbIE KOJIeOaHNs TaKyKe UI'PAIOT YPE3BbIYAHO BaXKHYIO POJIb B MOHMMAHUU IIPOIECCOB,
[IPOMCXOAIINAX B MOJIEKYJIE.

PaccmarpuBarh JieopMariionnbie KojiebaHus Hapsly ¢ BAJEHTHBIMU 1103BOJisieT "paciiu-
pennoe" npubIMZKeHNe JIOKAJIbHBIX MO/, KOTOPOe GbLIO TOApOoOHO omucano (62| u npumMeneno
K MOJIEKYJIaM THIa CHMMETPHYHOIO U acuMMerprdaHoro Bosraka |11, 12|, [63, 64]. Kak ussecr-
Ho [11, 12|, ocHOBO#i "pacimupernoro” MpUOINKEHUs JIOKATBHBIX MOJI SIBJIAETCS BOZMOXKHOCTD
[IPEJICTABUTDH KOHCTAHTHI (DOPM KOJIEOAHUI MOJIEKYJBI [y,\ B BHUJE MPOCTHIX AHAJTUTHICCKIX
BhIpazkenuii. U, Kak ObLIO MMOKA3aHO B JINTEpAType, OCOOEHHOCTH HEKOTOPLIX MOJIEKYJI THUIIA
XYy cummerpun Co, 1 XY3 cummerpun Cg, TMO3BOJIAIOT MOJYUATH 0I0OHOTO THIIA ITPOCTHIE
BbIpazKeHns. B TO ke camoe BpeMsl, eC/I BCIIOMHUTD, UTO BCE CIEKTPOCKOTIMIECKNE TTapaMeTPhl
MHOT'OATOMHON MOJIEKYJIbI SBJIAIOTCA (DYHKIUAMU KOHCTAHT POpPM KoJjiedaHuii, TO MOXKHO Ha-
JIeSATBCH, 9TO 9TH MapaMeTPhl TaKxKe MOTYT OBITH HOJIyYeHbI B BHJIE MPOCTHIX aHAJTUTUIECKIX
BhIpazkeHnuit. Kak cjeictBue, MOTyT OBITH MOJTy9IeHBI TTPOCTHIE COOTHOIEHHUS MKy Pa3JIid-
HBIMU CIIEKTPOCKOIIMYECKUMU TTapaMEeTPaAMHU.

B nannoit riraBe paccmaTpuBaeTcss MOJIEKY/Ia MeTaHa. DTa MOJIEKY/Ia MPUHAJJIEKUT K MO-
JlekyaM Tuna chepudaeckoro Boraka. CTpyKTypa MoJeKy bl m300parkena na Pucynke 2.1.

['pynrma cummerpun mosiekyiist CHy nzomopdna Toueunoit rpymme cummerpun Ty DTa rpy1i-

I1a IMEET TITh HeIIPUBOIUMBIX IIPEJICTaB/ICHU, XapaKTepbl KOTOPLIX puBeIeHbI B Taduie 2.1.

Tabnuma 2.1. XapakTepbl HENPUBOAUMBIX —IIpejcTaBiaeHuil  rpynnbl  Ty.

T, E 8C; 3C, 60, 65,
A, 1 1 1 1 1

A, 1 1 1 -1 -1

E 2 1 2 0 0

£ 3 1 1

j28 3 -1 1 -1

MoKHO OTMETHUTD, ITO MOJIEKY/Ia MeTaHa 00/1a/IaeT BHICOKOW cUMMeTpueil. 9To 06CToATe b
CTBO IIPUBOJUT K HACTOJILKO CJIOYKHOII CTPYKTYype CIIEKTPOB MeTaHa, 4TO, 3a4acTyI0, OKa3blBa-

€TCd 3aTPYJAHUTECIIbHBIM JTazKe Ka9€CTBEHHOE OIIMCaHne CIICKTPOB.
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Puc. 2.1: Pasnosecnas kouduryparus mosekyib CHy.

2.2 Konctantsl dpopM KoJsiebaHWii MHOTOATOMHOM MOJIEKY-

JIbl

Kak m3BectHo, koncrauTsl hopm Kojedanuii [,y - 9TO TaKue BEJIMYUHDBI, OT KOTOPBIX 3a-
BUCAT TPAKTUYECKU BCE BEJIMYMHBI B KOJIEOATEIbHO - BpallaTeabHol Teopun (T.e. B TOH uu
HHON Mepe sIBJISIIOTCs (DYHKIMSIMI 9TUX BesindnH). 13 Teopnn KoebaTelbHO - BpAIATeIbHBIX
B3aMMOJIeHicTBHil [2] U3BECTHO, YTO KOHCTAHTHI (DOPM KOJICOAHUI OIPEIEIAIOTCS KAK [apaMer-
PBbI KOODJMHATHBIX TPeo0Pa30BaHuii OT JIEKAPTOBBIX MMPOCTPAHCTBEHHO - (PUKCHPOBAHHDBIX KO-
Op/IMHAT K BHYTPHUMOJIEKY/ISIDHBIM KOoOpauHaTaM. [[ocKo/IbKY B jJaHHOI paboTe UCIOJIb3yeTcs
npubsmkenue Bopua - Onnenreiimepa, To 910 npeodpazoBanue HanboJIee Pa3yMHO BbIOPATH B

CJIETYIOIIEM BUJIE:

Tna = Ry + Z Kaﬁ(rjevlg + Zm_1/2lNﬁ)\Q/\)a (2.1)
3 A

e [Na) ONPEIe/IdeTCsS U3 PeleHns CaeyIoNeil CHCTeMbl yPaBHEHNIA:

> mying =0, (2.2)
N
> Eapniiy Tieslnan = 0, (2.3)

Ny
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Z th)c)\lNozu = 5)\u (24)
Nao

0?V
m)q=o =0, A#p (2.5)
OTMeTuM, 9TO YKUCJIO yPaBHEHUI B TOYHOCTH PABHO UHCJIY IAPAMETPOB [na), 3HAUAT CHCTEMA
umeer perterre. OQHAKO, T.K. HEKOTOPbIE YpaBHEHUs He sIBJIAIOTCS JTUHEHHBIMU, TO BOSHUKAET
BOIPOC 00 OJTHOZHAYHOCTH HAallIeHHOrO periernst. TakyKe CTOUT OTMETHTb, 9TO (2.5) 3a/aH0 B
HesiBHOI opme n TpebyeT 3a1aHns MOTeHINAIbHON DYHKIIUNA MOJIEKYJIbL.

Bo-1iepBbIX, OTHOCUTE/IHHO HEOJMHO3ZHAYHOCTH OIPEIeIeHUsT KOHCTAHT (DOpM KoJebaHuil u3
[IPUBEJIEHHO BBIIE CUCTEMbI ypaBHeHuit. MOKHO MOKa3aTh, ITO JJjIs PA3HBIX MOJIEKYJ HEOJI-
HO3HAYHOCTD IPOABJISIETCs JIMIIL B JBYX (bopMmax: m3MeHeHns a3 KoJjiebaHuii U n3MeHeHne
HyMepanun KojiebaHuil B COBOKYITHOCTH KoJiedaTe/IbHbIX KOOPAWHAT OHOo# cuMmMerpun. OqHa-
KO 9TO He BJIUSET Ha Pe3yJbTaThl PAcieToB (DyHIAMEHTAJIbHBIX BEJMIUH (MOMKET MOSBUTHCS
HEOJTHO3HAYHOCTh B BbIOOpE (a3 KojgebaHuil u/wjinm WHIEKCOB Y MapaMeTpPOB IIOTEHIHAIbHON
dbyuKIHN).

ITo moBoy BTOpOro 3aMedaHns MOXKHO CKa3aTh CJIEAyIoiee: T.K. MOTeHINAJIbHAA DYHKIIS
MOKET OBITH IIpeJICTaBIeHa KaK (PYHKIMs Pa3IuIHbIX KOJe0aTeIbHbIX KOOPIAWHAT, M, B TOXKE
BpeMs, HaM HEOOXOIUMO YINTBIBATH PA3JINIHBIE M30TOMUIECKIEe MOMMMDUKAIINN MOJEKYIbI, TO
cJIeJlyeT UCIOh30BATh M30TOIMYECK MHBAPHAHTHBIN HAGOP KOOPIMHAT (HAIIOMHHM, UTO PAC-
CMOTpeHUe B JJaHHOI pabore BejieTcs B paMKax npubmzkenust bopra - Onmnenreitmepa). B kaue-
CTBe IpUMepPa pacCMOTPUM ecTecTBeHHbIe KoopanHaThel Ar u Aa. Bostee Touno Oyer 3anucarh

NK _ ,.NK _ .NK
Artt =8 — ]

r - UI3MEHCHUA IOJIMH BaJICHTHBIX CBﬂBGfI, IpuiemM

1/2

NE Z(TNa — rra)? . (2.6)

o
Busno, uto ArME gpigerca dbynkimeil paBHOBECHBIX KOOPJMHAT siep 75, 1 1apaMeTpoB [ yax.

Usmenenus yriioB Mexkay casamu Ao’ MOryT GBITH OIpeieIens! Cie IyIommM 06pasoM:

AL = arccos(cos oV EE) — oV KL (2.7)
rae cos o’V 5L onpenensercs Kak
cos o NEL _ 2oa(TKa = TNa)(TKa — T1a) (2.8)

rR[rR]
[IpuBeiennbie POPMYIIBI ABIAIOTCA OOIIMMHU W MPUMEHUMBI JIJIsd JIIOOOHT MHOTOATOMHOM MOJIe-
KYJIBI.

Jlastee HamM HEOOXOIUMO 3a/1aTh IMOTEHIHUAIBLHYIO (DYHKIIMIO MOJIEKYJIbI, IPUIEM JIJIsi OIIpe-
JIeJIEHUST TTapPaMeTPOB [yq) OY/IeT J0CTaTOIHO ee KBaIpaTUdIHONW dacThu. B camom obmem Buje

€€ MO2KHO 3alliCaTb KakK:
1
Ve = 5 E VISISE (2.9)
ij

rie & = Ao 5L wm ArVE,
YuuThIBas BCE BBINECKA3aHHOE, MOYKHO JIEMKO MOCTPOUTDH CHCTEMY YPABHEHU B SBHOM BHUJIE.
[Ipuuem, marHas cxema paboTaeT JJist IPOM3BOIBLHON MHOTOATOMHOM MOJIEKYJIbI, HE3ABHCUMO OT

4ucJjia aToMOB B HEM.
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2.3 IlapameTp HEO/IHO3HAYHOCTHU Sin7y AJS MOJEKYJbl Me-

TaHA

Kaxk y»ke oTMeYIaJI0Ch BBIIIE, BECbMa BaXKHBIM sIBJISIETCs 3HAHUE ITapaMeTPOB HEOTHO3HAT-
noctu siny. i mosekysr cuvmmerpun Ty cyIecTByeT JIUITb OJIMH TaKOM IapamMeTp.
Tounbrit By KoHCTaHT (GOpM KoJebaHUt Jjisi MOJIEKYJIbl Tuiia XY, cumMerpun Ty mpe-
craBien B Tabsmure 2.2 [65]. Bee [yaa-tapaMeTpbl gBIsIOTCS (DYHKIUSAME OJJHOTO HapaMeTpa
HEOTHO3BHAYHOCTH Sin7y. HeobxoamMo onpeie/iuTh mapaMeTp siny B KAK MOYKHO 0oJiee TTPOCTOi

U yJIOOHOM JIJIst JaIbHENIIEro UCII0JIb30BaHus (hopMe.

Tabmma 2.2. Koncrantsr dopm Kommebammit [yqy Momexyasr CHy.®

Na/A 1 24 2 3z 3y 3. 4, 4, 4,
lz D Ch Cs As —Bs; —Bs Ay By By
2x -D —-Cy —-Cy As —Bs B3 Ay By —By
3x -D —-Cy —-C As Bs; —Bj Ay —By By
4x D Ch Cs Az B3 B3 Ay —By, —B
bx 0 0 0 F 0 0 E 0 0
1y -D - Cy —DBs Az B3 By Ay —By
2y D C: —Cy —Bj A3 —Bj By Ay By
3y -D —-C4 Cs B3 A3 —Bs —By Ay By
4y D C:, —Cy B3 Az Bs —B, Ay —By
5y 0 0
1z -D 20
2z -D 20,
3z D 204
4z D -2C4
5z 0 0

o O O O O O

%) 3necy D = ﬁg, C, = ﬁé, Cy = ﬁﬁ, Az = %sz’n% /mLH, Ay = %cosv1 /#, Bs = cosy/2V/2,
By = siny /22, E = —2cosv, /mic, F = —2sinry, /mic, w=mygme/(dmg + me).

B smteparype 110/100HBIE ITapaMeTPhl HEOTHO3HAYHOCTH OIEHUBAIOTCS N3 aHAJIM3a CJIe/IyIo-

IIETr0 YCJIOBUs HA MOTEHIUAIBHYIO (DYHKIWO (pu A # f1):

0?V
(—8@8@“)@_0 — 0, (2.10)

9YTO COOTBETCTBYeT TpeboBaHmio "HopMasbHOCTH" KoJIeOaTebHBIX KoopauHaT Q) (31ech V' -
BHYTPUMOJIEKYJIsIDHAS TIOTEHIMAIbHAsT QYHKIWsI ). B cirydae MOJIEKyIbI MEeTaHA BEJIMIMHA TTapa-
MeTpa $iny OblIa OlleHeHa M3 aHAJM3a: a) COOTHOIIEHUH MeXKJIy MapMOHUYECKUME YaCTOTAME
wy moseryn CHy [53, 66|, CHyDy [57], CH3D, CHDj3 [60] u 6) skcmepuMeHTaJIbHBIX 3HAte-

uuit koaddurmenros Kopuosuca [35]. Heobxoumo ormeruts, uro kKoddduimentsr Kopuosmca
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IIPOU3BOJILHON MHOI'OATOMHON MOJIEKYJIbl UMEIOT B/

o= Caprlnplv, (2.11)
NBv
rie o, B = x,y,2;\, 10 = 1,21,29,3;, 3y, 32,44, 4y, 4, XapaKTepu3yIOT pasaHIHble KolebaTellb-
HbI€ MO/IbI; € - IIOJIHOCTBIO aHTHCHMMeTquHblﬁ TEH30D.
Kak y»ke 0b1710 cKa3aHO, CyIIECTBYET JIBE BO3MOKHOCTH:
1) Heobxomaumast maGOpMaIis O 3HAYEHUN [TapaMeTpa Sin‘y MOKET ObITh MOJTy9IeHa Ha OCHOBE

coorHomIeHuit Teopun u3oronozamenienus [10]:

D Ayl = ayw,” (2.12)
A
n
Z Ap\Qyy = A)\;u (213)
rie
Ay, =0y, — ZMZN A (2‘14)
L L < m,N [e} [e77%)

1 [nox - KoHCTaHTBI popM Kojiebanuii "marepunckoir”

MOJIEKYJIBI, TIpejicTaBieHnbie B Tabm-
e 2.2. Pemas ypasuenns (2.12) u (2.13) mosyauM cBsA3b MKy TapMOHUICCKIMHU YaCTOTAME
PA3INIHBIX U30TOMUYECKUX MOudUKAIUi Kak (PYHKIUU apamMeTpa HEOTHOZHAYHOCTU Siny.
Jlasiee Ha OCHOBE IKCIIEPUMEHTAJIBHBIX 3HAYEHUIT TADMOHMIECKUX YACTOT MOXKHO HAWTH Iapa-
METp Siny B AHAJUTHIECKON (bOpMe MU IUCIEHHO.

2) Ilapamerp sin7y MOKeT ObITH OIEHEH HA OCHOBE IKCIIEPUMEHTAJILHBIX 3HaUeHUil K03(hdu-
nmuertos Kopuosnca B coorBercrBun ¢ Boipazkeruem (2.11). TanHas BOBMOXKHOCTH OCYIIECTB-
JISIETCsI TIPOIIE 10 CPABHEHMIO C IEPBOii, MOCKOIBKY B MOJIEKYJIe MeTaHa BEJTUINHA OJHOIO W3
kosdburuentos Koprnosuca, a umenno (g, 3,, 04eHb 6JusKa K Hyj0. 9TO JaeT BO3MOKHOCTD
(mockosibky Bee koaddunnentsr Kopnosuca sipiistiorest byHKIUSIMUA TOJBKO KOHCTAHT (hOpM
KoJTe0aHmit) PACCMAaTPUBATh COOTHOMIEHUS (5, 3, = 0 B KauecTBe ypaBHEHUs JIJIs OTIPe;Ie IeHIsT
[IPOU3BOJILHOIO TTapaMeTpa siny. Pelasi 370 ypaBHeHHE, MOXKHO MOKA3aTh, 4TO:

siny = % (2.15)

Takoe npocToe 3HaYEHNE SiNY TO3BOJISET MOJIYIUTh YPE3BLIYANHO IPOCTHIE PE3YJILTATHI JIJIs
KOHCTaHT (popM KosiebaHuil, pejacTraBieHnble B Tadbmume 2.3.
B cBoto ouepesib, 9T0 103BOJISAET MOJIYIUTh OU€Hb [IPOCThIE PE3YIBTATHI 11 KOI(MDUITUECHTOB

Kopuosuca (Y, (2.11) u kosebaTesbHO-BpaNATEILHBIX KO3(hDMUINEHTOB:

af\‘ﬁ =2 Z €avr€Bon Z m]l\;Qr]ewlNV,\, (2.16)
Yk N

riae T'JeVA/ - paBHOBECHbIEC KOODAUHATHI AA€P MOJIEKYJIbI.
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Tabmura 2.3. KoncranTsr popMm Komedbanuii, {yqy, MA1sa motekyasr CHy.

Na/)\ 1 21 29 3z Sy 3. 4, 4y 4,
1z _1 _1 _1 1 1 __1 _1 _1 _1
2V/3 26 2v/2 4 2V/3 2V/3 2V/2 26 2v6
2 - 1 __1 1 _ 1 1 1 S
2V/3 26 2v/2 4 2V/3 2V/3 22 26 26
3 - 1 __1 1 1 1 1 1 _1
2v/3 26 22 4 243 243 2v/2 26 2v6
4 1 1 1 1 1 1 1 1 1
2V/3 26 2v/2 4 2V/3 2V/3 2v/2 2v/6 26
1 1
5x 0 0 0 Ve 0 0 7 0 0
ly 1 1 1 1 1 1 1 1 1
2V/3 26 22 2V/3 4 2V/3 26 22 26
2y _1 1 1 __1 1 __1 _1 _1 _1
2V/3 26 2v/2 23 4 243 26 2v/2 2v6
3y 1 1 1 1 1 1 1 1 1
2V/3 26 2v/2 2V/3 4 2V/3 26 22 26
4y _1 1 1 _1 1 1 1 1 1
2v/3 26 2v/2 23 4 243 26 2v/2 2V6
1 1
oY 0 0 0 0 53 0 0 7 0
12 __1 1 0 __1 _1 1 1 1 _1
2V/3 NG 2v/3 2V/3 4 2V/6 2v/6 2v/2
24 __1 1 0 1 1 1 __1 1 1
2v/3 V6 2V3 2V3 4 2v6 2v6 2v2
3z 1 1 0 1 __1 1 _1 _1 _1
2V/3 NG 2V/3 2V/3 4 2v6 2v6 2v/2
4z 1 1 0 1 1 1 1 1 1
2V3 V6 2V/3 2V3 4 2v6 2v6 2v2
1 1
5z 0 0 0 0 0 N 0 0 7

2.4 CooTHollleHnsd M€Ky CUJIOBBIMU IIapaMeTpaMud MoJie-

KYyJIbl ME€TaHa

UsBectHo [33], uro Bce BpamareabHble U KOJeHOATEIbHBIE CIIEKTPOCKOINIECKUE TapaMeT-
pbl (kpome koadbdunuentos Kopuoiica) 3aBucsiT 0T rapMOHUIECKUX 9aCTOT Wy U HAPAMETPOB
aHTaPMOHUIHOCTH (c)\w u d/\w/§)' [To »Toit mpuvurHEe HEOOXOIUMO OIEHUTH OTHOCHTEJILHBIE Be-
JIMYUHBL W), Cayy U dype W TOJIYYUTH COOTBETCTBYIONINE aHAIUTUICCKIE COOTHOIICHUS MEK Ly
auMu. Mbl ¢jie1aim 9To Ha OCHOBE aHAJIN3a KBaJPATUIHBIX Fj;, KyOUIHbBIX Fjj; 1 KBAPTUIHBIX

F}jki, mapaMeTpoB BHYTPUMOJIEKYIAPHON IIOTEHINAIBHON QYHKIMN V' MOJIEKY/Ibl MeTaHa!
Vo v® Ly @ (2.17)
I'Zle KBaJpaTudHasd 9aCTb V(2) nMeeT BU/g (B CHUMMETPHU30BaHHbIX KOOpLLI/IHaTaX):
Ve = %FHS% + %FQQ(SQZa +.5) + %F33(S§x + 83, + Ss.)
F(SsaSie + SoySay + S5:512) + 5 Fua(Sh + 5%, + %), (218)

B soipazkennu (2.18) mpejicrasiiena TombKo KpajpaTnanas dactb V (2, Kybuamas V@ ksap-
tranas V@ u 1.1 gacTH BHYTPUMOJIEKYISPHON ITOTEHIMATBHON (DYHKIMH IPUBEIeHbl B 11pu-
JlozkeHun 1.

g mosrydeHuss COOTHOIIEHU MEYK/Iy CUJIOBBIMU ITapaMeTpaMy MOTEHITUAIBLHON (DyHKINN
OBLIN UCIIOJIB30BAHBL JIAHHbIE O PA3IHIHBIX Habopax F; ; mapamerpos [67] - [69]. B pesymnbra-

Te OBLIN IIOJIYyY€HbI CJIeAYIOIIUE IIPOCThbIE COOTHOMICHUA MEXKJITY E] ITapaMeTpaMn, KOTOPLIE
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IPUMEHUMBI JIJIsi BOCIIPOM3BE/ICHUs C YIOBJIeTBOpHUTEIbHON TouHOCTRIO (1-1,5%) mapamerpos

AHTAPMOHUYHOCTH Cy s ()¢ M PASIMYIHBIX CIIEKTPOCKOINYIECKUX HapaMeTpos MojieKyibl CHy:

Fs3 _ Fiy _ 4F5 _ 34 _ _2F34 (2 19)
267 272 97p2 672 19p,. '
2 7 2 4p? P>
“Fous = —=Fyo = —=Fuuy = peFraa = —%Fipg = —peFazy = 20 Fsuq = 2 F.
3 244 3 222 3 444 Pel'144 5 122 Pel234 Pel344 9 233
3 3 3 2
2 2 pe pe pe pe
= p2F5334 = —2p°F|34 = —Fj11 = —F333 = —=F|33 = ——F 2.20
Pel'334 Pel'134 90 111 90 333 90 133 30 11, ( )
bi
13p, 39p,
F4444(2) = 2F4444(1) = 2F2244(2) = 4[5 = — P F3444(1) = - 7p F3444(2)
19p2 57p? 24> 24>
= — eF = — EF - eF - - CF
7 3344(3) 7 3344(1) 7 2334 7 2233(1)
12p? 18p? 1802 pl s
= — ¢ F. = ¢ F. = ¢ F =K =rep
7 2233(2) 7 3334(1) 7 3334(2) 70 1111 70 1133
4 p4 p4
= e .. =2 m =cF 2.21
70 1333 70 3333(1) 70 3333(2)» ( )

BCe JIpyTue ImapaMeTpel Fjjj; TOJIOXKeHBI PAaBHBIME HyJIIO. Benmanna p, - paBHOBECHOE PacCTOs-
une mexk iy siapavu C u H.
U3 ypasuenus (2.19) ciemryror COOTHONIEHUST J1Jisi TapMOHIUIECKUX dacToT Mostekysabl CHy:
2 2 2 2
Wi Wy w3 Wy

Wi _ W _ . 2.22
120 32 814283 T72—28/3 (2:22)

Takxe aHagu3 gaHHbIX 13 pabot [67] - [69] moKa3BIBAET, ITO MOXKHO HCIOIB30BATE CJIE/YIOIINe

COOTHOIIIEHUST MeK Iy napamerpamu Fiqp, Fijp n Fiyq; norennmanbuoit dyakmnm (2.17):

3
Fin~——Fn (2.23)

e

8
Fon = <. (2.24)

e

Ecau yuects erme u Boipaxkenus (2.19) - (2.24), To moay<amuMm cieyomue nprOJInzKeHHbIe

COOTHOIIECHUA MEXKJTY KY6I/I‘{HBIMI/I Caxpr 1 KBaPpTUIHBIMHI dA#Vg IIapaMeTpaMi aHI'apMOHUYIHOCTU:

360111 = —1776122 = 110133 = 268C134 = —516144 = 585C222 = —1370233

26 9 [(RF,\"*
= —4lcozy = —205¢o44 = 30333 = 45¢334 = 43c4a4 = —ch ( m311) (2.25)
e H
u
2 10 1 10 10 5
—di111 = ——di190 = —dj133 = ——=dijaa = —10da9999 = ——d = ——d
3 591122 = 70133 7P 2222 17 “2233, 59 12233
10 2 10
= ddaoaa, = 20d2244, = §d33335 = —§d3333t = _6_9d33445“ = —d3344,,
10 23 h 184
= —d = —d = —10d =———=—B8,. 2.26
3344, = 5 Caada, 4444 = 55 p——" 5 ( )
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2.5 CooTHolLIeHUd Mez2K/1y CIIEKTPOCKOIIM9E€ECKUMMU 11apaMeT-

paMu MOJIEKYJIbI METaHA

B kadecTBe 3aBepIIAIONIErO ITAlA JAHHOTO HCCIEIOBAHUS, HCIOIb3Ys IIOJIyIeHHbIE IIPO-
CTBble COOTHOIIEHHs MexK 1y Koaddurmentamn Kopuosmca, rapMOHIYECKIME 9aCTOTaMH, ¢— I
d—mapaMeTpaMu, ObLIN IIOJIYYeHbl COOTHOIIEHHST MEXK/Y CIEKTPOCKOIUIECKIMH ITapaMeTPaM
mostekyinsl CHy. B nmamnOM ciiydae ocHOBHBIE (DOPMYJIBI JIIsl CIIEKTPOCKOIHMYECKUX IapaMer-
poB ObLIH B3ATE U3 Jiureparypsl [33], [67] - [71]. B pesynbrare ObLin mOJIydeHDbI IPOCTHIE CO-
OTHOIIIEHNUSI, CBSI3BIBAIOIINE PA3INIHbIE KOJleOATeIbHBIE L), KOJeOaTeIbHO-BPAIlATe/IbHbIE Yy

napaMeTphbl U IapaMeTPhl TETPa3IPUUECKUX PACIIENJICHAH, B CJIEIYIONMEM BU/IE:

21 4 0 %0 28 13 11 9
X = —T = =X = xXr = x = — = —X = — = =T
11 32 12 17 13 14 22 25 23 5 24 25 33 5 34
23 21 13
= —Tyq4 = —28G22 = ——G33 = 13034 = ——G44 = 20534 = —30T23 = 25T24
10 20 5
19 7h 7
= "Iy =-21Ty=——~—DB, 2.27
5% T 32mempp? 3 (2.27)
n
10 17,0 ©) 6 v _ 17,0 h
Yy =——y WY o13y¥ oy, = vy = vy = _
11 ° 4472 2 TR 54 16mcpt(m3, Fip )12
11B%  33a%
~ e Dol 2.28
3 ws 49 w3 ( )

B coorrommenusx (2.28) BepxHUil HHJEKC 1) oBosnaaer rapaMeTphbl, TOJIy4YeHHbIE Ha OCHOBE
MOJIEJIH, He YUUTBHIBAIONIEH PE30HAHCHOE B3aWMOJEHCTBHE MEXKIy COCTOSHUSIMU (V1Volsly) U
(1o % 1vsy F1). Bepxumit magexc 2 o6osHadgaeT mapaMeTpsl, TTOTydeHHbIe Ha OCHOBE MOJIEIH,
YUYUTBIBAIONIECH JTAHHBIA TUIl PE3OHAHCA.

Y100BI TPOMJLIIOCTPUPOBATH KOPPEKTHOCTH ITPEJICTABIEHHBIX Pe3yIbTaroB, B Tabymiax 2.4
u 2.5 Tpe/ICTaB/IeHbl YUCJIEHHBIE De3YIIbTaThl, MOJIyYeHHble Ha ocHOBe dopmyd (2.27) u (2.28).
Curetyer moT4epKHYTh, 9TO B JAHHBIX BHIYUCJIEHUSIX OBLIO UCIIOIB30BAHO TOJIBKO JIBA HE3ABUCH-
MbIX "HaganabHBIX" Tapamerpa - p, u Fi win wy u B,. BewdauHbl Bcex oCTaIbHBIX TapaMeTpOB
OBbLIIN OIleHEHBI TOJILKO Ha OCHOBE 3TUX JBYX. B KadecTBe cpaBHeHMs, B KOJIOHKaxX 3 u 4 Tabsur
2.4 u 2.5 NPUBEJIEHBI BEJIMIMHBI COOTBETCTBYIONIUX KOJIEOATE/ILHBIX [TAPAMETPOB U3 pabor [67] u
[53] n KoEebaTeIBPHO-BpAIATEIBHBIX TapaMeTpoB u3 pabot [35] u [72]. B GosnbmuncTse cayvaes
MOYKHO BHJIETh XOPOIIYI0 KOPPEJISIIIIO MEXKJIy Pe3y/IbTaTaMu, IOy YeHHBIMI Ha OCHOBE aHAJIN-
THUYIECKUX COOTHOIIEHU, U pe3ysIbTaTaMu, IOy YeHHBIMHI, ¢ OJHOI CTOPOHBI, Ha OCHOBE ab initio
Bbrancaenuit (67| u, ¢ apyroii cropousl, "durnara" sKCIEpUMEHTATIBHBIX JaHHBIX [35, 53, 72].
Hekotoprble paznudusi B 3HaYEHUAX, IpeJicTaB/IeHHbIX B Tabiunax 2.4 u 2.5 MOXKHO BHJIETH
JIAIIB MEXKTY BBIYUCIEHHBIMEU U "9KCIIepUMeHTAIbHBIMI" 3HaYeHNsIME TTapaMeTPOB YQ(Q) u Y4(2)

(pasauma cocrasager +0.0040 ev—! u -0.0080 cm™! cooTBeTcTBEHHO).
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Tabmuia 2.4. KosebareabHble crieKTpocKommyecKue mapaMmerpsbl Mojekyisl 2CHy (B em™t).

[Tapamerp ns ns ns [TapameTp ns ns ns

(2.22), (2.27) [67] [53] (2.22), (2.27) 67| [53]
1 2 3 4 1 2 3 4
w 3040.38 3036.2 3040.38 T34 -6.954 -8.243 -8.212
W 1570.05 1570.4 1569.87 Ta4 -5.443 -5.854  -6.508
w3 3158.40 3157.1 3153.38 Gao 0.447 -0.426  0.366
Wy 1345.53 1345.3 1346.10 Gz 11.922 11.544  9.406
1% -12.518 -12.476  -12.560 Gy -0.962 -0.742  -0.715
212 -19.075 -18.485  -14.453 e 4.815 5.020  5.026
13 -53.202 -52.487  -52.562 Ty 0.416 0.406  0.357
14 - 0.156 -0.706 - 3.516 Toy -0.501 -0.907 -0.906
o2 - 0.156 -0.295 - 1.159 Ts3 3.294 3.246  3.332
x93 -11.176 -12.847  -11.907 m 0.463 0.535 0.545
To4 - 4.815 -5.207 - 5.571 Ss4 -0.625 0.016 -0.022
33 -28.450 -28.336 -25.615

@) "OCHOBHOE

b)

nn

SKCIIepUMEeHTaIbHOe" 3HaUeHne TTapamMerpa wy ObLIo B3ATO U3 [73].

Heobxoumoe jyist Boraucsienuii 3nadenue napamerpa p. = 1.0855 A 6bu10 B39TO U3 [59].

Tabsuma 2.5. Konebare/ibHO - BpaliaTebHbIe CIEKTPOCKOITMYECKUE TTapaMeTPhl MOJIEKYJIbI

2CH, (B em™1).

[TapameTp s Uz s
(228) 35  [72

1 2 3 4

Y30 -0.0334 -0.0357 -0.0434

Y -0.0367 -0.0377

Y, 0.0864 0.0879

Y Be -0.0026  -0.0066

y Wb -0.0612 -0.0648

yPe -0.0098 -0.0018

4

® PaccunTaHbl Ha OCHOBE mapamerpa wq, B3dToro u3 pabors! [73] u p. u3 paborsr [59]. Bee

oCTaJIbHbIE TIAPAMETPBI [IOJIYUEHbI Ha OCHOBE COOTHOIIEeHHiT (2.25) ¢ UCI0/Ib30BAHIEM [IEPBOHA-

JaJIbHOTO 3HAYEHUd IMapaMeTpa Ys.

b PesonancHOe B3aMMOJICHCTBIE MEeXKJIy COCTOSTHUAME (U1 Uy v3 vy) ¥ (v va £ 1 v3 vy F 1) He

IIPUHHUMaJIX BO BHUMaHUE.

¢ YUUTBIBAIN PE30HAHCHOE B3AUMOJIEICTBIE MEXKLY COCTOSTHUAME (V102030,4) U (v1v9E lugugF1).

O,ZLH&KO JaHHO€ HEeCOOTBETCTBHEC MOXKET OBLITH JIETKO O6’bHCHeHO, €CJI1 IIPpUHATHL BO BHUMAa-

HI€, 9TO B COOTBETCTBUU C OCHOBAMHU KOJIeOATEIHHO - BpallaTesbHOM Teopun (CM. HAIpHMED
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[2]), cymecTByeT, ¢ OIHON CTOPOHBI, YKECTKas CBsI3b MEXKJY BpalllaTeJbHBIME MapaMeTpaMu
CUTBHOB3AMMOJICHCTBYIOIMUX KostebaTe/IbHBIX cocTosiHuil (B HameMm cirydae cocrosguuii (0100) n

(0001)) u, ¢ apyroit cTOpOHBI, pe30HAHCHOE B3auMojeiicTBre Tuia Kopuosnca ¢ mapamMerpom

1(1,F2) -1

X pr = —9.63 cm [35]. OmHako, ciaeayer OTMETHTD, UTO YHCIEHHOE 3HAYEHHE MapaMeTpa
1(1,F .

X E( P 2) 6B110 BocHpousseieHo B pabore [35] uz Gosee panneii mybsmkanuu 74|, riae 3nauenue

napamerpa X;{;QFZ) = (—9.63 £ 0.42) cm™'. MoKHO BUIETH, YTO yMEHbIIEHHE abCOTIOTHOTO

3HaAYEHUS ITapaMeTpa X;%QFQ) Ha 0.42 cM~ ! MeHser 3HaveHne "SKCIEPIMEHTATBHBIX" BeJmdInH
mapamMeTpoB Yz(z) 51 Y4(2) 10 -0.0016 cm~ ! 1 -0.0068 em~! cooTBercrenno. B cBoro ouepepb, 3Tu
BEJIMYIUHDI y2Ke OJTU3KU K BEJTUIHHAM Y'2(2) u Y4(2), MpeCKa3aHABIMIA Ha OCHOBE COOTHOIIIEHUH.

B kauecTBe pe3iome ciieyeT OTMETUTD, UTO IOJIyUeHHBIE ITPOCThIE COOTHOIIEHUsT AT KOP-
PEKTHYIO Ka4eCTBEHHYIO KapTHUHY, HOMOTAIONLYIO OIMUCATH OCOOEHHOCTH B CJIOYKHBIX CIIEKTpax
MOJIEKYJIBI MeTaHa. B To ke BpeMsd, He JIOJIZKHO Ka3aThCAd CTPAHHBIM, UYTO OINUCAHHAs ITPOCTAS
MOJIEJIb TOJIBKO C JIBYMsI CBOOOTHBIMU BXOJIHBIMU IIapaMeTpaMiu JIaeT He O9eHb XOpOIlee KOJIude-
CTBEHHOE COOTBETCTBUE IPEICKA3BIBAEMBIX BEJIMYUH C BHICOKOTOYHBIMH SKCIEPUMEHTATHLHBIMI
nmaaabiMu. OIHAKO, KaK IMOKa3bIBaeT aHAJM3, JaykKe TaKasl IPOoCTas ABYXIapaMeTPpUIecKas MO-
JleJTb MOXKeT obecrieduBaTh 060J1€e UeM yIOBJIETBOPUTEIbHOE KOJMIeCTBEHHOE TIpeicKasanue. B
KaJdecTBe WJLTIOCTpaIuu B KoJionke 4 Tabiurbl 2.6 npuBe/IeHbl 9KCIEPUMEHTAIbHbIE 3HATCHUS
LIEHTPOB IOJIOC [Isl TPEX MoJHaL MOseKybl Metata [37] (N = 5, 1u 3, rne N = 1+ 2+ 15+ %
U V1, Vs, V3, Vy - KOJIEOATE IbHbIE KBAHTOBBIE YNCJIa PACCMATPUBAEMBIX COCTOsAHMIT). Pe3yabrarsr,
[IPEJICKA3BIBAIONINE TE YKE€ CaMbIe IEHTPHI MOJI0OC Ha OCHOBE IPOCTBIX COOTHOICHUM, ObLIN T0-
JIydeHbI, UCHOJIb3ys 4uCIeHHbIe 3Hadennsd w; = 3040.38 em™! [73] u z1; = —12.518 com!
[59]. Ouu npencrasienst B Koouke 2 Tabuipt 2.6. MoKHO BUJIETD, YTO COOTBETCTBHE MEXKLY
JIaHHBIMU B KOJIOHKax 2 n 4 Tabmumer 2.6 He ovensb xoporree. OHAKO CATyaIldsi MOXKET OBITH
3HAYUTEJILHO YJIYUIIIEHA, €CJIM UCIIOIH30BaTh ITapaMeTpPhl Wi U T11; HE U3 JIUTEPATYPHI, & B3AThIE
13 SKCITEPUMEHTATbHBIX JTAHHBIX.

B kadectBe npumepa B KoJioHKax 3 Tabsmiel 2.6 mpejicTaBieHbl pe3y/ibTaThl, MOy YeHHbIe
upu 3Hadenuax w; = 3016.215 em™! u 21, = —10.546 cm~ !, paccunTaHHBIX Ha ocHoBe "duTHH-
ra" naru neHTpoB 1oJoc: 2uo(Aq), 2vs(F), 2v4( A1), 2v4(E) u 2v4(Fy). MoxKHO BujieTh 3HAYM-
TEeJIbHO JIydIllee COOTBETCTBUE MEXKJIy IPeICKa3aHHBIMUA U SKCIIEPUMEHTAJILHBIMU JTaHHBIMH 110
CPaBHEHUIO C IEPBBIM CJIyYacM.

[Tonmy4uennble pe3ybTaTbl MOTYT OBITH MCIOJbL30BaHbI NIPU aHaju3e KoJiedaTeIbHO - Bpa-
ATEJIbHBIX CIIEKTPOB MOJIEKYJIbI METaHa B BBICOKOBO3OYXKJIEHHBIX KOJIEOATEIbHBIX COCTOSTHU-
gax. Takke MOXKHO 0XKHUJIaTh, 9TO MOJyUeHHbIE PE3YIbTaThl MO3BOJIAT MOJYIYUTH aHAJIOTHIHbIE
[IPOCTBIE COOTHOIIECHUST MEYK/Iy PA3/IMIHBIMU CIEKTPOCKOIMYECKIMU TTapaMeTpaMu U30TOIIOMe-
POB MeTaHa, a TaKzKe MOJIyIUTh COOTHOIIIEHNUSI, CBA3BIBAIOIINE CIIEKTPOCKOIIMYECKUE ITapaMeTPhbl
M30TOIOMEpa ¢ mapaMerpaMu "MareprHCKO" MOJIEKYJIBI B BHJIE€ MPOCTHIX (DYHKITHI OTHOTO -
JIByX CIIEKTPOCKOIIYIeCKNX mapaMeTpoB MoseKyabl CHy. B 3T0it ¢BsI3M CIIOXKHO ITEpEOIieHNTh
BasKHOCTh TaKOI'0 TUIIA PE3YJILTATOB B UCCIETOBAHUN KOJIEOATEIHHO - BPAIlaTe/IbHbIX CIIEKTPOB
M30TONO3aMEIEHHBIX MOIMMPUKAIIUI MOJIEKY/IbI MeTaHa, OCOOCHHO B BBICOKOYACTOTHOM JIHATIA-
3oHe. Takyke ciieyeT 3aMeTUTb, 9TO KOJUYECTBEHHAsi TOYHOCTH COOTHOIIEHUil MOXKeT ObIThb

yJjydiieHa, €CJInu yBEJIMYUTb 9UCJIO CBO60,HHI)IX HapaMeTpoB 10 TPEX - Y€ThIPEX.
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Tabmuia 2.6. Hentpsl nooc Tpex nosma Mosexyabl CHy (B em™t).

[Tosoca Pacaer Pacuer Dxkci.
(v1 vg V3 vg; Iy 13 ly; T) IR e 3]

1 2 3 4
(0001;001; Fy) 1318.06 1311.70 1310.76
(0100; 100; E) 1537.01 1528.55 1533.33
(0002; 000; Ay) 2605.98 2598.01 2587.04
(0002; 002; Fy) 2631.17 2627.03 2614.26
(0002; 002; E) 2640.43 2619.22 2624.62
(0101;101; Fy) 2845.25 2832.82 2830.32
(0101;101; Fy) 2854.26  2839.57 2846.07
(1000; 000; Ay) 2917.23 2911.69 2916.48
(0010;010; Fy) 3020.24 3016.90 3019.49
(0200; 000; Ay) 3072.80 3056.01 3063.65
(02005 200; E) 3074.59 3057.52 3065.14
(0003;001; Fy) 3900.78 3889.11 3870.49
(0003; 003; A4) 3939.31 3922.18 3909.20

(0003; 003; FY) 3948.57 3930.36 3920.51
(0003;003; Fy) 3957.47 3937.88 3930.92
(0102; 102; F}) 4154.54 4137.04 4128.76
(0102;102; Ay) 4159.79 4141.48 4132.86

(0102;102; Fy) 4162.55 4143.79 4142.86
(0102;102; E) 4169.58 4149.72 4151.21
(0102;102; A,) 4175.82 4155.01 4161.85
(1001;001; Fy) 4235.14 422326 4223.46
(0011;011; Fy) 4329.97 4320.70 4319.21
(0011;011; E) 4329.97 432290 4322.18

4334.39 4325.31 4322.59
4329.10 4320.85 4322.70
) 4374.07 4353.57 4348.72
(0201;201; F}) 4383.03 4361.11 4363.61
(0201;201; Fy) 4390.20 4367.15 4378.95
1100; 100; E) 4435.16 4424.17 4435.12

)

)

)

(0011;011; F}
(0011;011; A4
(0201;001; F

)
)

(
(0110; 110; F} 4542.74 4533.22 4537.55
(01105 110; F 4549.39 4538.84 4543.76

(0300; 100; E 4609.19 4587.55 4592.03
(0300; 300; As) 4612.76 4590.57 4595.27
(0300; 300; A;) 4612.76  4590.57 4595.50
@) Paccunrano ¢ wy = 3040.38 em w217 = —12.518 em L.
b Paccumrano ¢ wy = 3016.215 em™* u zq1; = —10.546 cm .
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I'taBa 3

"Pacompennoe" mnpubanmxkenne
JIOKAJIBHBIX MOJ ITPUMEHUTEJIBHO K

MoJiekyJje metaHa: CHoDo<+—CHy

JlanHas raBa QECCepTAINN OIMCHIBAET PACCMOTPEHHOE Bhile "paciupennoe’ mpubimke-
HI€ JIOKAJIbHBIX MO/, IPUMEHUTEILHO K M30TOI03aMeNIeHHON MOANMUKAIINA MOJIEKYJ/Ibl MeTaHa,
CH3yDs. Pesynbrarsl ganHoro ncceseoBanus Obun omyoinkoBanbl B paborax: [75] - [77].

Cpe/ii MHOTOYHUC/IEHHBIX TIPODJIEM XUMUIECKOH (DU3NKM, OIHON n3 Hambojiee BaXKHBIX SB-
JisieTcsd pobJieMa KOPPEKTHOI'O U3BJIedeHUsT HH(MOPMAIIUKA U3 CIEKTPOB BBHICOKOI'O pa3peIleHHs
MoJiekyJl. Jlaaubiit Tun nndopManm HeoOXOIUM JIid 00Jiee TOYHOTO OIIpeIeIeHUs MHOIOMEP-
HBIX BHYTPUMOJIEKY/ISIPHBIX TIOTEHIINAIBHBIX [TOBEPXHOCTEH, TTOCKOJIbKY HCIIOIb3YeTCsI B MHOTO-
YUC/IEHHBIX 33/1a49aX acTPOMU3UKI U IJIAHETOJIOTHH, U3y YeHUs 3eMHOI aTMocdepbl, mpobiemax
OKPYyZKaloIeit cpebl u T.j1. Pertenne jgaHHOM TPOOEeMbIl OCHOBAHO Ha PEAM3AIlUU JIBYX CBSI-
BAaHHBIX JIPYT C JAPYIOM 3aJIad: MATeMaTHIeCKOM MOJIETUPOBAHUN BHYTPUMOJIEKYISAPHBIX MIPO-
1I€CCOB U METOJOB MHTEPIIPETAIINN CIIEKTPOB BBICOKOTO pasperieHus. VHTepriperalus clieKTpoB
SIBJISIETCSI JIOBOJTBHO CJIOYKHOM 3a/1a4eil, 0COOEHHO JJIsT BBICOKOBO3DY K/ IEHHBIX COCTOSTHUI ¢ pa3-
JINIHBIMU TUIIAME B3aUMOIEHCTBUIA.

Kak y»ke ObL10 CKa3aHO B NPEIbLIYINEH IJIaBe JUCCEPTAIINU, HHPOPMAIAA 0 MOJIEKYJ/Ie Me-
TaHa U €€ PA3JIMIHBIX U30TOMMIECKUX MOIUMDUKAIUIX STBIISIETCS IPE3BhITANHO BAXKHON U MHTE-
pecHoii 1t MHOrEX obsacteil Hayku. Ho, B TO ke BpeMsi, CIIEKTPbI MeTaHa SIBJISIOTCST IPE3BbI-
JaifiHO CJIOKHBIMH, OCOOEHHO B KOPOTKOBOJIHOBOM JIMAIla30He, MMO3TOMY HEOOXO/MMO HCIIOJIH30-
BaTh JIPYIOil IyTh JIJI IIOJIyYIe€HUsI TOYHOM mHMOPMaIMU O JAHHON MoJiekysie. EuHCcTBeHHbIM
IIyTh PeIIeHus JaHHOW ITPOOJIeMbl - KaueCTBEHHOE IIPeJICKa3aHue MOJIOXKEeHNH JIMHUI B KOPOT-
KOBOJIHOBOM JTHalla30He HA OCHOBE 3HAHUS CHEKTPOCKOIMYECKHUX MapaMeTPOB (BpaIlaTebHbIX
KO3 DUINEHTOB, TAPMOHUYECKUX YACTOT U KOIMDPUIIMEHTOB aHapMOHUIHOCTU, PA3THIHOTO
poJia Pe30HAHCHBIX TapamerpoB). OJHAKO, YUCJIO apaMeTPOB B TaMUJILTOHUAHE TaK BEJHUKO,
YTO UX KOPPEKTHOE OIpeJieieHre U JaJibHefilee UCIOIb30BAHNEe B MTPEICKA3AHNN JINHUAN CIIeK-
Tpa IpaKTHIECKH HEBO3MOXKHO. UTOOBI paspemnTh JaHHYO IPobIeMy, HEOOXOINMO YMEHbIINTD
YUCJIO CIIEKTPOCKOIUYIECKUX ITapaMeTPOB B TaMUJILTOHHAHE JI0 MUHUMAJILHO BO3MOYKHOI'O HAOO-

pa. DTo MOXKeT OBITh peajM30BaHO, HAIIPUMED, KaK 3a CUYeT MOJIYyIeHUs] COOTHOIIEHUNH MEK Ty
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CIIEKTPOCKOIMYECKIMHE [IapaMeTPaMU MATEPUHCKOM MOJIEKYJIBI, TaK U MEXK/Ly lapaMeTpaMu Ma-
TEPUHCKOI MOJIEKYJII U €€ U30TON03aMEIIEHHBIX MOIU(MDUKAIUIA.

B upespiayineit riaase aucceprain 00Cy K Ia10Ch penlenne MpobieMbl ONPeIeIeHIsT COOT-
HOIIEHUH MeXKy HapaMeTpaMy MaTePUHCKONH MOJIEKYJIBbl Ha, OCHOBE KOMIIUJIAIUU TEOPUN U30-
Toro3aMeIeHns 1 "paciupeHHoro” mpubInKeHus JIOKaIbHBIX MOJI. B JIaHHOM TyiaBe, Kak yiKe
ObLIO CKAa3aHO BBIIIE, Ha OCHOBE KOMIHJISIIIUU PE3YJILTATOB TPAIUIMOHHON TEOPUH W30TOIIO-
samerrenusd, |8, 10|, u "pacumperHoro” npubimKennst JOKaJIbHbIX Mo, |12, 62|, paspaboran
HOJIXO/T, MTO3BOJIAIONINI ¢ TIOMOIIBIO TOJIBKO JIBYX IPOU3BOJIBHBIX MAPAMETPOB (OIpe/Ie/IsieMbIX,
HAIIPHMED, U3 SKCIEPUMEHTAIBHBIX CIEKTPOB) MPe/ICKa3bIBATH 3HAUEHNUS TOABIISIIONIET0 OOJIb-
MIMHCTBA CIHEKTPOCKOIMYECKUX TTAPAMETPOB (IIEHTPOB MOJIOC U AHMAPMOHUYECKUX KOJiebaTe ib-
HBIX TIOCTOSIHHBIX, PE30HAHCHBIX MAPAMETPOB, BPAIATETHLHBIX MOCTOIHHBIX 1 KO3(DMDUIIMEHTOB
[EHTPOOEKHOIO MCKAXKEeHWsI U T.J.) BayKHOW C TOYKH 3PEHUsT MHOIOYUCJICHHBIX PUJIOKEHUIT

moJtekysibl MeTana CHy u ee nBaxkinl peiirepupoBantoit moandukamun CHyDs.

3.1 KoncTanTbl popMm Kosebanuii, kojgedaTreIbHO - Bpalla-

TeJibHble 1 KopuoancoBbl KO3 PUITMEHTHI MOJIEKYJIbI

CHsD,

Mounekyna CHyDy ipunajiieskut K MOJIEKY/1aM THIIA AaCUMMETPUIHOTO BoTdKa. CTpyKTypa

MOJIEKYJIBI n300pazkeHa Ha Pucynke 3.1.

AX

H3

Puc. 3.1: PaBrnosecnast kouduryparust mostekysisr CHyDo.
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I'pynma cummerpun mostekysisl CHy Dy m3omopdaa Todeuanoit rpymme cummerpun Co,,.

Eciu ucnonbzoBaTh MOJIe/Ib JIOKAJBHBIX MOJI U IIOJIXO/I, KOTOPBI OBLI OIKCAH BO BTOPOit
rJ1aBe JAaHHOW JIMCCepTaIlU, TO JIJIg MOJIEKYJIbI MeTaHa, B COOTBETCTBUE C OCHOBHBIMU II0JIO-
JKEeHUSIMU TEOPUH M30TOIMO3aMEIeH s, BCe BEJIMYUHbI B IIpaBoii dactu dhopmyssl (1.28) MOKHO
MOJIYYUTh B Ype3BBbIYAiHO IpocToM BHje. Kak ciejicTBue, ecTb HaJIeXkKJa, YTO U KOHCTAHTBI
dopM KoIebaHUl N30TOIMO3AMEIIEHHOW MOJIEKYJIbI TaKKe OyJLyT IOJIyYeHbl B IPOCTOM BH/IE.

Cremyer orMeTuTh, 9T0 B (hopMmyiry (1.28) BXOAAT CIIe/yIONIE BETMIHHBL: KOHCTAHTHI (DOPM
kostebanmit mosiekyiel CHy (Tabsura 2.3), onpesesisieMble U3 pelieHnst HEJTMHEHHON CUCTEMBbI
ypasuennit (1.29) - (1.31) MaTpUYHbIE SJEMEHTEI (vy, U JTEMEHTBI MATPHUIILI, OIPeIeIsIONneil
ITIOBOPOT MOJIEKYJ/ISIPHOMN CUCTEMBI KOOPJIMHAT IIPH IIEPEX0/ie OT UCXOIHON K N30TOIO3aMEIECHHOM

MOTUMpUKAIINN, 33 IAHHON CJIeYIONUM 00pa30M:

Kxex Kaiy K;z 1/\/§ _]'/\/§ 0
Kg, Ko, Ko |=1 —-1/vV2 —-1/v2 0 (3.1)
Kt K& K, 0 0 -1

[TosToMy, HCITOIB3Ys BCE, ITO YKa3aHO BBIIIE, IOJyYaeM KOHCTAHTBHI (popM KojaebaHuii Mo-
nexkynsl CHyDoy, KoTOphIe peacrasiensr B Tabumie 3.1.

Tabmuma 3.1. Koncranrst dopm kosebanuit Uy, 11t mostexyast CHyDo.

Na/A 1 2 3 4 6 7 8 9
1z -C -33C 13C -40C 0 0 -32C -23C
2 -C -33C 13C  -40C 0 0 320 23C

5
0
0
3z -33C 5C -47C  -3C 0 -35C -32C
0
0

4z -33C 5C  -47C  -3C 35C  32C

Sx 20C  24C 17C  35C 0 0

0 0

0 0

0 0
ly 0 0 0 0 35C -C 410 0 0
2y 0 0 0 0 -35C -C 410 0 0
3y 50C -6C -35C  -8C 0 47C -13C 0 0
4y  -50C 6C  35C 8C 0 47C -13C 0 0
oy 0 0 0 0 0 -26C 41C 0 0
1z -3C° -48C  -5C  38C 0 0 0 -45C 4C
2z 3C  48C 5C -38C 0 0 0 -45C 4C
3z 0 0 50C 0 0 C  52C
4z 0 0 -50C 0 0 C  52C
oz 0 0 0 0 0 36C -33C

_ _1
B,Z[er C = m

3Has KOHCTAHTBI (opM Kostebanuit [y, MOKHO OIPE/EUTh 3aBUCSIIAE OT HUX BEJIUIHHBL,
/
nanpumep, Kopunosmcosst koaddunuentst (), 1 KosiebaTeIbHO - Bpararenbable Koadduuuen-

o1 |2, 6]:
G = Z Capfy Z l?\fﬁxlﬁvw (3:2)
By N
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a/\aﬁ =2 Z €arym€Bon

YOK

N

1/2 e

/

My TNyUNSA

[Tonyuennble pe3ysbTarsl npejcTaBiensl B Tadbmumax 3.2 u 3.3.

(3.3)

!
Tabmuna 3.2. Ormanbte ot Hyna Kopuosmcosst koaddunpentsr ¢, mosexyasr CHyDo.

1
Bnech D = £

adp Gy e G8 adp (8
x15 35D y18 -4D =z17 33D
x25 18D y19 28D z26 -4D
x35 -21D y28 -5D =z27 21D
x45 23D y29 18D z36 -49D
xb1l -35D y38 6D =z37 -9D
xb2 -18D y39 38D =z46 -11D
xb3 21D y48 -48D z47 28D
x4 23D y56 -23D z58 15D
x68 5D yb57 -21D z59 11D
x69 38D y65 23D z62 4D
x78 35D y75 21D z63 49D
x79 -200 y81 4D 264 11D
x86 5D y82 HD z71 -33D
x87 -35D y83 -6D =zT72 -21D
x96 -38D y84 48D =z73 9D
x97 200 y91 -28D =z74 -28D

y92 -18D z85 -15D

v93 -38D 295 -11D

/
A
Tabmuna 3.3. OT/mambe OT Hy/Is1 KoslebaTesbHO - BpalnaTeabHble KOd(hMUIMEHTDI a5 MO-

sexybl CHyDs.

3aece F' = \2/—55(1 2 e = §me§ - PABHOBECHBINT MOMEHT MHepIH MoseKyabl CHy.

A

afB a;f‘ﬁ aBA  ags
111 -15F 222 35F
112 25F 223 -13F
113 14F 224 -5F
114 -15F 325 17F
216 -12F 138 -15F
217 -11F 139 -11F
318 -156F 235 17F
319 -11F 331 -24F
126 -12F 332 14F
127 -11F 333 -A4F
221 -60F 334 15F
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3.2 CunoBble mapaMeTpbl BHYyTPUMOJIEKYJIAPHOII MOTEHIIN-
anabHoil dysknun g mojiekyiabl CHsDs B HOpMaJb-

HbIX KOOpJAMHaTaXx

Cule/IyIoImuM IaroM, Ha OCHOBE Y2Ke IOJIYYEHHBIX Pe3yJIbTaTOB, TEOPHUU KOJIEOATETHLHO -
BpallaTeIbHbIX B3auMoeiicTBuil (cM. Harpumep |78]), r7e ecTh hOPMYJIBI /11T HEKOTOPBIX CIIEK-
TPOCKOIIMYECKUX ITapaMeTPOB, TaKUX KaK KO(PMUIMEHTH aHrapMOHUIHOCTH, KOJIe0aTeIbHO -
BpalarebHbie Ko3hMUINEHTH! U T.J1. U (POPMYJI, TIOJYIEHHBIX Ha OCHOBE OIEPATOPHON Teopun
BO3MYyTIeHuit (cM. Harmpumep [2, 71, 78, 79]), MOXKHO MOy InUTh B AHAJIUTHIECKOl (hOpMe IPE3BbI-
YaifHO TPOCTHIE CBA3M MEXK/Y PA3IUIHBIME CIHEKTPOCKOMMIECKUMU HMOCTOSHHBIME. [Ipu sToM,
KaK I[OKa3bIBaeT aHaJIN3, HeOOXOIMMO UMETh TaKyKe HHMOPMAIMIO O TADMOHUYECKUX TaCcTOTaX
Wy, Kyondecknx ky,, 1 KBapTHIHBIX ky,¢ napamerpax mosekyiasl CHyD,. Bee Boimenepeunc-
JIEHHbIE BEJIMYMHBI MOI'YT OBbITh HailIeHbl Ha OCHOBE 3HAHUS [1aPAMETPOB BHY TPUMOJIEK Y ISIPHO

OTeHIMAIbHOM DyHKIMN V| KoTopas JiJid MOJIEKYJIbl MeTaHa BBITJISIUT CJIEYIONIUM 00pa30M

[70]:

rae KBaJpaTuiHasd 9aCTb V(2) nMeeT BUg (B 0003HaICHIT CUMMETPU30BaHHBIX KOOp,ZLI/IHaT)I

1 1 1
V@ = B 115%1 + §F22 (522(1 + S%b) + §F33 (ng + S?%y - ng)
1
+F34 (S3554z + S5y Say + S5.51,) + = Fua (Siv + Siy + Siz) . (3.5)

2

Brech He mpencrasiensl Kyomanas V) u ksaprmanas V® gacrti BHYTPUMOIEKYIIAPHOH I10-
TeHIMaIbHOM byHKIMN (3.4), TOTOMY YTO OHM MMEIOT OY€Hb I'POMO3JKUII BHJ, HO YHTATE]b
MozkeT Haiitu ux B [Ipumoxenun 1 |70].

YT00bl HAWTH COOTHOLIEHUS MeXkKJIy Hapamerpamu Fj;, Fijp u Fij B ypasuenusax (3.4) u
(3.5) B aHAIMTUIECKOM BHJE, C OJHOM CTOPOHBL, U Wy, kxuw, Kauwe, C APYTOil CTOPOHBI, HyZKHO:
1) OpUHATE BO BHUMAHHE CBA3M MeXKIy napamverpamu Fij, Fix, Fiju w0 frr, fras faas frrr, B T,

KOTOPBIE MOXKHO HOJIyYUTh U3 CJEYIOMuX cooTHomenuit [70]:

1
51:§(T1—|-7"2+7’3+7“4),

Sy, = %(20412 — i3 — Qg — Qigg — Qag + 20i34)
S2, :%(0613—0414 — Qup3 + Qi)
531.:%(7“1—T2+7”3—7“4),
Sgy:%<7‘1—7’2—7"3+7’4),
ngZ%(T1+T2—T3—7"4),

1
54,8 = E (0424 - 0413) )
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S4y = 7 (0623 - 0414) )

(@34 - 0412) ) (3-6)

I
SR
[\] (\]

2) UCIIOIB30BATH CBSI3b €CTECTBEHHBIX KOOPIUHAT A1y /Acy MOJEKYIBI ¢ HOPMATBHBIMUA KO-

opaunaramu Q) [80]:

Ary = Z CYQx+ ZOMQAQM + = ZOAW@AQNQV (3.7)
/\,uu
nu
Ak =3 Qx4 Z O QAQu+ = S B0 + - (3.5)
Apv

rae xkosbdumuenter CY u CVE umeror nocrarouno cioxmbii Buj. UuTareh MOyKeT HalTH UX
B pabote [80].

Ecin npunsrs Bo BunManue ypasuenus (3.4) - (3.8), ganmsie Tabsuner 3.1 u cooTHOIEHNS
(2.19) - (2.21), TO HETPYJHO MOJYUYUTH JiBa HAOOPA MPOCTHIX COOTHOIIEHUT MEXKJy CHUJIOBBI-
MU TIOCTOSTHHBIMH Cjj), /Cijp1 MaTepunckoit Monexymbt CHy n cunmosbivu moctosuubivm ki /Ky

Mosteky1bl CHoDo:

9 (R2Fy\"! , ,

TpeC \ My

125
87

49

= — 122Kk} = T80k} = — 157k}ge = 167K}y = —952K/,, = 314k/ss = — 162Kk}
614

3 23 h 92 . 1 7
5 1111 = %ﬂ__pg ~ 7_5 = gkhn = _6%112 = - 5 k1113 = 7]<7/114 - 9k1122
22 7 11 6 9
= _2_5k1123 = _Zk,1124 = _5_1k1133 50%134 = _gk11144 = _5_2k1155 = 1_9k1166
1 8 9 3 22
_gk/u@'? = _Ek/n?? = _70]51188 = 2_0%189 - _1_0191199 - 5%222 - 3%223
7 13 11 3 3
= _gk/1224 = 21{7/1233 = 5%234 = _%244 = _3%255 = _?ki%ﬁ = _gk/1267
11 9 7 6
k£277 29 k/mss - k/1289 - 2k71299 - _Zk/1333 = _5%334 = ——%344

7 13 1 9 4 14
= gk/1355 = 2_5 1366 - _%%367 24k/1377 = 14k1388 - 5]53389 25 ]{4399
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7/ 6/ ]'/

9

= 131“31444 — T ghass = 10 1466 = T glaeT = 10 1477 — 3k1488 = I1489
= _gk’ﬁgg = 2_75]{1568 = _%ki%Q = % /1578 = 2_5]?3579 = 2%222 7k2223
= _gk/2224 = _12%233 - 3k2234 265 5244 = _gk/2255 70k2266 g 5267
_1_30 5277 = %25 é288 = _%%289 = _gk’/mgg = 0kys53 = 6k’2334 = —6%344
= —14k355 = — Ok5366 = ke = —9kigry = dkiges = 3kl = 3]‘5/2399 = — Tk
6, 6, 3, T, 9

= 4%455 = 3k2466 = 5k2467 = _gkzzm =

7

Zk2488 =

_%k2489 = 1_0%499 = _%568

1
4ké569 - 50 k;578 - 4k:;579 - 18k3333 - 4k3334 - 10k3344 - 17k3355 - _§ké366

= _9k3367 = 1_70 §,377 = _14ké388 = 3k3389 = 2/‘33399 = 7k3444 = 4/‘33455 = _é 3466
= _5k§467 = % 5477 = %%488 3k3489 5 V3499 = %ké%&% = _2_5]{55569
—3kis7s = 270 Ksrg = 10Kyyyy = —5kiyss = _gkfme —2K7 = ; Jarr
—%%488 = 3]{;1489 = 15k£1499 = _2/‘521568 = _§k4/1569 = 31{2578 = %kﬁmg = 10%555
= _ékg566 = ;k/5567 = 40k5577 = —kyses = —kizs9 = ?kéwg = 143 koo = —Dkggsr
= _%ké@*?? = _5ké688 = %kéGSQ 10k6699 k6777 13%788 = %%789 = %%799
= Skigyy = 275 krss = 3k7rsg = 3Kirgg = 20 késss = 24kgggg = _gké&z%

3k8999 - 10ké999 (31())

3.3 MWM3oTonmyeckue COOTHOINEHUsI MeEXKJIy CHEKTPOCKOIIN-
T, e B CH
9eCKUMU MapaMeTpaMu w), & , by, &, MOJIEKyIbI 4

n moJiekyibl CHyDo

(3.10) u Tabuum 3.2 u 3.3,

MOXKHO IIOJIyYUTH HU30TOIIMYECKNE COOTHOIIECHUA MEXKAY Pa3/IMYHbIMU CIEKTPOCKOIIMYECCKUMU

B kadecTBe cje/IyIomero mara, Ha OCHOBe pe3ysbraros (3.9) -

mapamerpamu upu 3ameriennn CHyDsy < CH,. CrHaganma paccMoTpuM rapMOHHYECKHE JaCTO-
TBI W), KOI(MUIMEHThI aHraDMOHUIHOCTH T, PABHOBECHDBIE BpallaTeJbHble MOCTOAHHbIE B
1 KojiebaTeIbHO - BpalaTeabHble KoM MOUIITEHTHI af , T.e. BeJIMIUHBI, IPUCYTCTBYIOIINE B BbI-

paxkKeHnun J1jigd HEBO3MYIICHHBIX K0JIe0aTeILHBIX ypOBHefII

1
B VQ—ZWA (VA%— )J“Z“ﬂ (V,\+ ) ( +2) + ... (3.11)
U B BhIpaxKeHuu Jiid 3(pOEKTUBHOIO BPaIATE/IHLHOIO TapaMeTpa:
1% 1% e 1
By =B5—> ol (l/)\—i-§) + ... (3.12)
A

e \,u=1,....9%a=uz,y,2
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FapMoHMYecKue JacTOThI W)

U3 ypasrenus (2.12) caeyer, aro rapmorndeckne qactorbl Mosekyibl CHaDy MoryT 66ITH

HalJIecHbl U3 pelleHns CJIeyIOoNell CuCTeMbl YpaBHEeHNH:
det(AW — w”E) = 0, (3.13)

rae A - marpuia ¢ sreMentamu Ay, oupe/ernsemble Ha ocHose ypasienus (2.14), W - muaro-
HaJIbHAg MaTpHIa ¢ smeMentamu Wy, = w}, E - equanmanas marpuna. Ecu Takzke IpuHATH BO
BHIMaHMe Jannble Tabmaunst 2.2, ypasaenne (13) u3 21| u permuts cucremy ypasuennii (3.13),

TO IIOJIy4daeM:

wf . wllz . w/22 . wgf . wf . w/52 . wg
120 125  18+4-27v3 28  23—5v3  62—22v3 129
w? wg wg?

49 —19v3  69++3 19++/3 (3.14)

HucsteHnble 3HAMEHUA TapMOHHYECKHX dacToT w) Mosekynsl CHyDs, mosyuenmsie Ha oc-
HOBe coorHorennii (3.14) ¢ nucmoap30BaHUEM JIUITh OJHOIO MIEPBOHAYAILHOIO Mapamerpa wq
moJstekyssl CHy u3 paborsr [21], upegcrasienst B kosonke 1 Tabuumpr 3.4. st cpaBHeHust, B
Tabmure 3.4 TakzKe TpeCTaBIEHbl 3HAYEHNs] TADMOHUYECKUX YaCTOT, MOJYUYEHHBIX U3 aHAJIM-

3a 9KCIIEPUMEHTAJIBHBIX JTaHHbIX [57] (komouka I1) u u3 ab initio Beraucienuii [67] (komonka I11).

Tabsuna 3.4. lapmonndeckue gactorsl Mosiekynbl CHaDy (B CM_l).

[Tapamerp I® 119 I11¢)
wi 3103.07 3104.42 3102.5
wh 2233.62 2237.99 2236.9
wh 1468.64 1472.31 1470.9
wy 1051.01 1054.44 1053.1
wi 1356.72 1361.24 1360.1
wy 3152.33 3159.79 3156.5
wh 1113.34 1117.78 1116.2
wh 2334.24 2339.57 2337.1
wy 1263.74 1267.46 1265.7

) BeramcieHs! Ha OCHOBE COOTHOTIeHMI (3.14).
%) B3asiThl 13 aHaIN3a SKCIIEPUMEHTAJBHBIX JTAHHBIX [57].

) Baarel u3 ab initio Berancienmit [67].

Crestyer oTMETUTh, YTO, KAK BUJ/IHO U3 CPDABHEHUS JIAHHBIX B KOJIOHKE I, ¢ OJTHOI CTOPOHBI,
n kosjonok II - III, ¢ apyroit cTopoHbl, paccuynTaHHbIE BEJIUIUHBI CUCTEMATHIECKH MEHbIIIE
(npumepno Ha 2-4 cM™'), deM mosiydeHHbIe HA OCHOBE SKCIEPHMEHTAIBHBIX JaHHBIX WA ab
initio pacaeroB. [Janubiil hakT MOXKHO OOBSICHUTD TEM, YTO B IPUOJINKEHHBIX (hopmyJiax (3.14)

B Ka4deCTBe UCXO/IHOI'O ITapaMeTpa NCIOJIb3YEeTCA 'apMOHUYECKasd 9aCTOTa W1 MOJIEKYJIbL CH4 us3
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[21]. KonedHO MOYKHO yJIy9IUTh COOTBETCTBIE MeXK Ty JaHHbIMU B KostoHKax | u IT - 111 3a cuer
yBeJIMYeHns Wi Ha HEeCKOJIbKO cM L. OJiHaKO, ec/ld MPUHATH BO BHUMAHKE, YTO TapMOHUYECKHE
qacToThl why MosteKy/1bl CHyDy 6b11n 1oty aeHs! 63 nerosb30Baisd Kakoi-/1n0o0 nHdopMamm o
camoii mostekysie CHoDo, ToO cortacue mex /1y pe3ysibraramMy MOXKHO PACCMATPUBATH KAK BIIOJIHE

YAOBJIETBOPUTEJILHOE.

/
KosdduimueHTs aHTapMOHUYIHOCTH T i

IT0ObI MOJYUATH M30TONUIECKHAE COOTHOIICHHA MEXKIy KOd(DdHUIMEHTaMI aHrapMOHUY-
HOCTH T ,, HY?KHO TIDHHATH BO BHMManue dbopmyist (IV.20) us paborsr (78], dopmymsr (3.7),
(3.8), (3.14) u manubie Tabmunpr 3.2. Kak caecrsue, MOXKHO MOJTYIATh CJIEIYOMITE TPOCTHIE

CoOTHOLIECHUA ME2KAY T-IIapaMeTpaMn:

o= 2B = ooty = 100, = 2ty = Tafy = 2ol = ol

= ;1’/17 = 90025 = ;_El)fllg = %x/m = Tahy = %%4 = §$/25 = — 105 = 255/27

= 25_4xlzs = 31y = %%3 = 79534 = 50245 = ;x;ﬁ = _14_9%7 = 5x§8 = —17x’39
=41z, = 292}, = 122}y = — T/}, = ;—iwgs = Ozl = ?x'% = ga{% = 70z,

= 21‘38 = —Tayy = gxlﬁﬁ = %%7 = —dugy = gxég = %x/w = %I/ﬁ; = —ba7g

= gxgg = ;xgg = —10zgy = —312#[{,02 (3.15)

BaxkHO OTMETHUTB, YTO IIPU MOJIYUYEHUH JIAHHOTO Pe3y/ibTara ObLIN yUTeHbI pe3oHaHChl Pepmu-

TUIla ME2KAY CJIEeAYIOINNMU ITapaMn KoJ1ebaTeIbHBIX COCTOSHUM:

LU V4. ) /(g 1 vy F2.0),

.. Ug..U7..

)

)
)
vt 1..U3 + 2),
)

(

(..UQ + 1..'1)7 + 2.
..01..03.. (
(

v £ 1vg F 2. R

(
(
(
(..v1..09..
(
(
(
(

L 3..06..07..) [ (g £ Lovg F 1vg £ 1..),
. U5..06..09..) [ (.v5 £ 1.vg F Lovg £ 1..),
V4. 08..09..) [ (vg £ Lovg F Lvg £ 1.0),
Us..07..08..) /(o5 £ Lovr £ Lvg F 1.0).

B kadecTBe M/UTIOCTpAIMN KOPPEKTHOCTH MOJIyYeHHbIX cooTHommenuit B Tabmauie 3.5 (Ko-
nouka 1) mpejcraBiensbr pesybraThl Bhraucaeruit mo dpopmyaam (3.15). 37ech, Tak ke Kak u
BBIIIIE JIJIsT TAPMOHUYIECKUX FacTOT, JJIsi PACIETOB HCIOJIb30BaJICA TOJBKO OJIUH ITapaMeTp X1y
mostekyibl CHy [21]. st cpaBrenust, B kostouke 11 Tabmuipt 3.5 npuBeieHbI BEJIMIHHBI COOTBET-
CTBYIOITUX :v’/\u-napaMeTpOB, MOJIyYEeHHBIX HAa OCHOBE ab initio-Bbraucsenuii [67]. Ecau yaecrs,
9TO BEJIMIUHBI KOI(MDUITNEHTOB x’)\u B KoJioHKe | ObLIm ompejenennl 0e3 Kakoi-1nbo mHdOop-

marun o mosekyine CHyDo, a ¢ ucrosb3oBanmeM JIUIIL OJIHOTO HApaMeTpa T1p MaTEePHHCKON
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MOJIEKYJIbI CI‘I47 TO MOXKHO CIeJiaThb BBIBOJ O XOPOIIEM COOTBETCTBHUU ME2KAY SKCIICpHMEHTAaJIb-

HBIMU 1 IIPpEJCKa3aHHbIMU TCOPETUYICCKU BEJIMYIHMHAMU, 3a UCKJ/IIOYEHUEM IIapaMETpPOB ZL'/13, l’llg,

! ! ! ! / / / / / ! /
Toys T3z, L36y L37s Tags Tseyr L9y Lers Tggs Tgg U Lgg-

Tabmuna 3.5. Koaddunuentsr anrapmonunanoctu mostekyasl CHyDy (B em™1).

[Mapamerp 1% I 1119 VY [Mapamerp  I% I 1119 vy
T11 22782 2734 -27.34  -25.30 T30 0.74 0.65 065 -0.18
T12 -1.25  -0.83  -0.83  -3.29 Taa -0.31  -449 -0.05 -5.21
T13 -29.59  -7.25  -30.07 -15.23 Tas 043 051 051  1.47
T1a -1.79 =205 -2.05  -2.42 Tag -1.04  -1.41  -141 -1.14
T15 -10.43  -11.75  -11.75  -11.75% Tar .79  0.73  0.73 -0.87
T1g -112.66 -115.08 -115.08 -114.11 Tug -13.61 -15.62 -14.99 -15.62°)
T17 835  -879 879  -7.77 Tag -1.39 -1.91  -1.91  -257
T1s -0.01 0.40 040  -9.22 Ts5 2224 -221 221 -2.65
T1g 22845  -6.14 -2822  -0.62 Tsg -21.91 -12.87 -22.72 -11.91
Too -13.61  -14.13 -14.13  -10.45 Ts7 -0.18 039 -0.15  0.399
T3 -1.79 207 -2.07  -3.61 Tsg 782 -966 -8.79 -9.66°
Toy -16.47 0.85 -16.93  -0.57 Tso 1.79 -8.76 243 -9.67
Tos -6.95  -7.32  -7.32  -7.32% Teg -31.30 -31.64 -31.64 -31.57
Tag 1.25  -0.51 1.81  -0.51¢ Ter -18.97 -11.27 -18.29 -11.06
To7 -10.43  -8.02 -10.33  -1.75 Tes 313 372 372  3.729
Tog -60.09 -59.73  -59.74  -58.07 Teo -20.86 -10.82 -22.01 -12.73
Tag 417 -434 434 -7.67 T -1.96 -1.88 -1.88 -6.59
T33 -1.12 -6.73  -1.03  -5.19 T7g -5.96 -7.00 -6.97 -7.00°
T3y 2179 -1.54  -1.54  -1.98 Trg 250  3.59 359 246
T35 -0.25  -0.45  -0.45  -0.45% Tss -18.30 -18.58 -18.58 -15.26
T3g 23130 -22.15  -32.35  -21.51 Tsg -8.35 -15.62 -7.78 -9.15
T3z 2.63  -7.53 2.68  -7.31 Tog 125 -435 117  5.26
T3g 2350 -3.07  -3.07  -3.90

%) Bprunciiensl na ocHoBe ypapaenns (3.15).
%) Baarer us ab initio sorancaenmii, [67).

°) BpIumciIeHbl Ha OCHOBE ab initio F;.; cnnoBbIx mapaMeTpos u3 paboTsl [67], HO ¢ yaeToM TOro
’Ke Habopa PEe30HAHCHBIX B3aMMOJICHCTBUIl, YTO U MPH MOJYYEHUH U30TOMUIECKUX COOTHOIIIE-
uuii, ypasuenue (3.15).

4) BaaThl U3 aHAIM3a IKCIEPUMEHTATLHBIX JTAHHBIX, [57).

¢) QUKCUPOBAHDI 3HAYEHHSIM COOTBETCTBYIONINX TAPAMETPOB U3 PAGOTHI [57].
Paznuna B 3navenugx 3TUX HapaMeTpoB OOYCJIOBJIEHA T€M, YTO MPU MOJyIEeHUN COOTHOIIECHMIT

(3.15) Hamu ObLIN PUHSTH BO BHUMAaHUE YKa3aHHBIE BBIIIE PE3OHAHCHbBIE B3aMMOJIeHCTBIA. B

TO K€ BpeMs, IPU OIEHKaxX MapamMeTpoB, crodmux B KoJoHke 11 (koropble B3sThl U3 paboThI
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[67]), 611 ncnob30BaHEL ab initio F;; CHIOBbIE HAPAMETPBI C YI€TOM TOJIBKO JIBYX PE30HAHCOB!

(..UQ..’U7..)/(..U2 +1.v7F 2),
(..114..7)8..1}9..)/(..’04 +1..vs Fl.vg £ ].)

YroObI TPOUJITIOCTPUPOBATH KAYeCTBO OIMCHLIBAEMOTO B JIAHHOM TJIaBe MeToja, ObLIH Paccdu-
Tanbl Ko3bUIMenTs Ty, Ha OCHOBE TeX e caMblX ab initio Fj; cuiosbx napamerpos us [67],
HO C yYeTOM yrKe BCeX YKa3aHHBIX BBIIIe De30HAHCHBIX B3amMo/ieiicTBuil. Pe3yiaprar maHHBIX
BbIUKc/IeHnit npejcrasied B kosionke I[II Tabmumer 3.5. MoxkHO Buierb 0oJjiee deM yI0BJie-
TBOPUTEILHOE COIVIACHE MKy COOTBETCTBYIOIIMMHU 3HAYEHHsAMHU I1apaMeTPOB B KOJIOHKaX |
u III. Jlaunubiilt paxT sIBASIeTCA XOPOIINM IIOATBEPXKIEHIEM KOPPEKTHOCTH U 3P HEeKTUBHOCTH
HOJTy9eHHBIX H30TOnImIecKnx coorrorernuii (3.15). Takxke B KadecTBe cpaBHeHHs B KOJIOHKe [V
Tabmmpr 3.5 HpUBeIeHb! SKCTIePUMEHTAbHbIE BeTHIuHb Kosddurmentos r), u3 paboTsr [67].
HecoorBeTcTBrsa MeKIy BeIMIUHAME HEKOTOPBIX KOI(MMUIMEHTOB aHTADMOHIYHOCTH B KOJIOH-
kax [ u [V MOKHO 06BICHUTH T€M, 94TO aHAIN3 SKCIEPUMEHTATBHBIX JaHHBIX B [67] Takxke ObLT
IIPOBEJIEH C yYeTOM MEHBIIIEro YUCJIa Iap Pe30HAHCHBIX B3aWMOJIENICTBUM, YeM B IIPOBEIEHHOM

BbBIIIIEC aHaJIN3E.

/!
PaBHoBecHble BpalaTesbHble IOCTOsSIHHbIE B 1 KoJjiebaTeIbHO - Bpa-
!/
maresbHble KO3 UIUEeHTHI a,

!
PaBHOBecHbIe BpalaTe/ibHbIe TTIOCTOTHHBIE B ; MoJtekyJsibl CHoDy MOXKHO J1€rKO OIpeieinThb

0 CJIeJYIOIel n3BecTHO hopMmyire:
Bﬁe = (3.16)

e

‘e § ' ! § ‘e \2 ‘e \2

N Y
‘e

Bemuunnt 1y (v = z,y, 2) - paBHOBecHble KoopuHaThl step Moekysl CHyDy, nomydennbre

Ha OCHOBE PaBHOBECHBIX KOODJHMHAT 7., Mosekyabl CHy n coornomenns (3.1). B pesyubrare

OBLIO TIOJTYYeHO:

/ 11 _, 3h
Be—""_RBe_ e __

B = 2B e
18 Y 9 32mwempy p?

3 .. 31
: (3.18)

Pesybrarhl OlleHKN BpalaTeJbHbIX TOCTOSHHBIX, TIOJIyYeHHbIEe Ha OCHOBE cooTHOIIeHui (3.18)
C WCIIOBb30BAHIEeM BpalaTe bHoil mocTogunoit Momekynsl CHy B¢ = 5.29986 cm~ ! B xauecTse

Ha4daJIbHOI'O ITapaMe€Tpa UMEIOT CJICAYIOIIUE 3HaYCHUA:

Bl =3.53324 cm™
By =3.07734 cm 1
B = 4.33625 cm .
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B 10 ke Bpems, B pabore [59]| ObLIM MOy UeHBI CJIeIyTolne 3HAUeHnsT TapaMeTpoB BLe:

B =3.53333 cm™
By =3.09718 cm™
B =4.37215cm .

MozkHO BIIETH XOPOIIee COrIacue MeK/Ty TEOPETHIECKIMHI U SKCIEPIMEHTAJTbHBIMI Pe3yIbTa-
TaMHu.

s Toro, 4ToObI MOIYYUTH U30TONMUYECKNE COOTHOIIEHUS MeXK/Iy KoJebaTeTbHO - Bpalla-
TeJTbHBIMU KO3 DUImenTaMm al/\ﬁ MBI BOCIIOJTb30BaJINCh U3BeCTHBIME popmystamu [V.18 u3 pa-
6orer 78|, ypasuenusmu (3.7), (3.8), (3.14) u manusimu Tabsunpsr 3.3. B pesynbrare Gbuin

IIOJIYY€HbI CJIeAYIoIIne COOTHOIIECHMA:

10 3., 6., . 19, "
YE}, = ﬁYi = —Eal = —ECYQ = 4043 = EO&4 = —2045
. 37T, 12, 63, = 24, 32, 39 13

A T A Rl A ) A T

34 / 56 / / 29 / / 28 > 17 ! 4 >
=50 T Tt T ed = g = Thay = mggar = m ey = gy

22 / ’ 3 ! ].2 / 9 / / hQ
=—of =4do = —af = ——a; = ——ag =3ay = — . (3.19)

25 ’ 27 57 10°° ? 167r,0§cm?;1/2F111/2

Caeryer orMerutb, 9To 1pu BbeiBoge dopmyr (3.19) ObLia mpuHsATAa BO BHUMaHUE OJIM30CTH
JAPYT K JApyry 3HaYeHUIl rapMOHUYECKUX HaCTOT W3, W4, Ws, W7 U Wy, & TaKKe yUTEHO HaJINIHUe

PE30HaHCa MEXK/Y COCTOAHUAMU:

(..Ul..UG..)/(..Ul + 1..v5 F ].),
(..UQ..Ug..)/(..UQ + 1..v8 F ].)

B kostonke I Tabsumper 3.6 mpejcraBiieHbl pe3ysibTaThl pacdera KojiedbaTebHO - BpalllaTe b
HBIX KO3 PUITUEHTOB oz,f , BBIIIOJIHEHHOTO Ha OCHOBe coorHorenuii (3.19) ¢ ucnosbzoBaHuem
TOJIBKO OjfHOTO Trapamerpa Y3 mosekynbl CHy. [lna cpaBuenus B komonke I mpesacraBiens:
3HAYEHUs] COOTBETCTBYIOMNX KOI(DMUIIMEHTOB, TOJYIEHHBIX U3 aHAIN3a IKCIEPUMEHTATHHBIX
JaHHbIX, [81]. MoxKHO BUeTH XOpoIiee COOTBETCTBUE MEXKY 0OOUMU COBOKYITHOCTSIMU Pe3yJib-
tatoB. Takxke jyist cpaBHeHnst B Kosiouke 111 mpusenensr gantble u3 paborer [72]. PasHuier
B BeJIMYNHAX a:\ﬁ -koaddunmentos (¢ A = 3,5,7,9) uz konouku I, ¢ oxHoit cToponsl, u U3
koyioHOK | u II, ¢ apyroit cTopoHbI, 0OYCIOBIEHBI TeM, YTO aBTOPbI paboThl |72] BOOGIIE He

YUYUTBHIBAJINA PE30OHAHCHBIX B3aUMOICHCTBUI.
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Tabmmuna 3.6. KosiebarenbHo - BpaliaTe/bHble KO3(DOUITUEHTHI af MosteKyrbl CHoDo

(B 1072 cm ).
IR A § R 0 2 RN A | A 10 CR N A | A 0 2
rl 223 201 238 yl 070 1.99 0.70 z1 298 351 3.46
x2 278 270 297 y2 261 270 3.18 22 079 094 081
3 -0.84 -1.02 -8.76 y3 -0.86 -1.02 -11.07 z3 418 3.63 3.38
x4 -1.76 -1.49 1.68 y4 260 1.50 2.51 z4 -3.80 -4.14 3.46
x5 1.67 0.66 6.17 yo -049 0.64 -3.39 zb -0.84 -1.18 -4.98
6 1.67 1.84 1.79 y6 149 1.85 1.52 26 223 237 219
7 090 1.02 6.40 y7 -0.84 1.02 2.01 27139 1.75 -3.60
x8 139 1.80 1.57 y8 230 1.80 1.91 28 3.71 346 3.94
9 -0.11 0.08 -5.57 y9 0.67 080 10.90 29 -1.11 -1.00 2.84

%) Bpruncyiensl na ocHose ypapmenns (3.19).

%) BaaThl 03 anamm3a SKCIEePUMEHTATBHBIX JaHHbX, [81].

%) Baarer us Tabmumpr 11 pabotsr [72].

3.4 N3oTonmyecKne COOTHOIIEHHSI MeXKJIy CIEeKTPOCKOIIU-
qeckuMu mnapamerpamu moJiekyiibl CHy; m Mosiekysibl

CH;Ds: BzanmopaeiictBusas ®epmu-Tuiia

UsBectro, uTo pesonanchl Tuna Pepmu B Mosekyse cummerpun Co, (Mosekyna CHoDog

HNMeeT NMEHHO TaKOI THII CI/IMMeTpI/II/I) OIIMCBIBaIOTCdA OIlepaToOpOM, MMEIOIIHNM CJIG,ILYIOIH,I/H'/)I BUJI

[82]:

va) :vﬁF0+v17FKJ3 +U6FJJ2+M~)FKKJ§+M~}FKJJZ2J2 +U6FJJJ4+
Py (J2 = J3) 4 " Freay{J2, (J2 = T} 4+ 2 P F ey (2 — J2) + ... (3.20)

Bech mepBoe ciraraeMoe OIUCHIBAET YHUCTO KojiebaTeIbHOEe B3aMMOJIEHCTBUE, OCTAJIbHbIE CJla-
raeMble OIHCHIBAIOT PA3IMIHBIC THIIBI BPAIATEILHBIX 3aBucuMocTeil B3anmozeiicTeus Pepmu-
THUIa, 00YCIOBICHHOIO IPUCYTCTBAEM B MOJIEKYJIE KOJIeHATETBHO - BPAIATEIbHBIX B3aNMOIeli-
CTBUI.

Ananmus KosebaTesibHO - BpamaTe bHbIX crekTpoB Mosekyabl CHaDo mokaszan 67, 81, 83],

9TO /I KOPPEKTHOI'O OIMCAHUST CIIEKTPOB BBICOKOI'O DA3PEIICHUs HY?KHO YUIECTh CJIC/IYIOIIHe
[IECTH TUIIOB YMCTO KOJIeOATEIBHBIX PE3OHAHCHBIX B3aUMOCHCTBHIL:
1). B3anmozeiicraue tuna (v|...|0) = (vx...v,|...|ox£2..0, F2), c A =4, p=Twm A =1, u = 6;
2). B3aumozeiictre tuma (v|...[0) =(va..vu. U] Jun £2.0, Flou, Fl),cA=9, u=3,v=4;
3). B3ammogeiicTBue Tuna (vl...|0) =(Vy...v,... 0. 0¢|...Juy £ 1.0, £ 1v, F lve F 1), rre (a)
A=4, u=5v="7,6=9, b)A=3, u="T,v=5E=9,(c) \=4, p=9,v=>5 =17, (d)
A=3,u=9v=5¢=T7(e)A\=1,u="7v=4£§=06.

4). B3anmozeiicTue tuma (v|...|0) = (vy..v,]...Jun 1.0, F2), tme () A=1, p =3 uwm 9, (b)
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A=2, up=4wnmT,
5). Baumozeiicreue Tuna (v|...|0) =(vx...v,...0 ). Jux £ 1.0, Fl..v, F1), re (a) A =6, p =3,
v=Tump=5v=9 b)A=8 u=4,v=9wmpu=5v="r,

6). B3anmozeiicTue tuna (v|...[0) = (vx...v,|...lon £ 1..v, F1), tne A =3 u p=4.

BzaunmogeiicrBue Jdapiaunra-ennucona (vy...v,|...|vy £ 2..v, F 2)

YrobbI omrcaTh TIAaBHYIO (YHCTO KoslebaTe/ibHy o) YacTh B3anMoeiicrsust Japsunra - Jlen-
HICOHA, HA OCHOBE OIepaTOpHOil Teopun Bo3MyteHuil (cM. maparpad 1.4) 6bLI0 MOy IeHO Cie-

JIyIoIee BhIparkKeHue:

(Un..vy].Joa + 2.0, — 2) = (ux + 2.0, — 2| Jor.v,)

1/2 1/2 1/2
_ (1) ()Y (@)”2 %=1\ o (3.21)
2 2 2 2 0’ '

NN 1 R L 1 3w,
i) [ = Ky + 4 22 <_ + 2 ) 4 SRR (_ 1 —_ﬂ>

/ 2 12
2 wy 4w — Wy

1 1 n (1 1
ko (w’ * 2w — w! ) gy (w_ * 2w;, — w&)
w

rie

: : / / / : : / / /
g W, W W, Wy W sy 4 2wy twe 2wy, +we
/ / / 2
1 2 (wh +w)
MM g B < ) (WAtw) 3.22
+£§ﬂ 4 2wy, — wg i 2w, — wi Z Wy, (3:22)

B Boipazkenun (3.22) ecoim £ = 1 u A wim g = 3 w/uam 9, T0 Beg cymMma, (2%1*% + 2w,17w3>

B IIPEJIIIOCTIE/IHEM CJIaraeMoM JIOJIzKHa ObITH ITOJIOXKeHa paBHOM HyJs0. Tak:ke, ecinm £= 2 u A

_ 1 1
wi j = 4 u/umu 7, TO Best cymma (2%7“,2 + 2%7%) B IIPEJIIIOCTIETHEM CIaraeMOM TOJIaraeTcs
paBHOI HYJIIO.

Ecin npunsars Bo BunMmanue Boipazkenns (3.7), (3.8), (3.14), (3.18) u mannsre Tabuumer 3.2,
TO HETPY/IHO MOJIYUUTH CJIEIYIONINE IIPOCThIE COOTHOIIEHMS:

gBe - _1od (44’77)F(; - _23 (11’66)F6 — _n (3.23)

5 .

3 11 50 TCMp P
HT100B! IPOUJLTIOCTPUPOBATH KOPPEKTHOCTD TIOJIyYeHHBIX Pe3yIbTaToB (3.23), 6bLIN IPOBE/ICHBI
pacyerbl, Pe3yJbTaThl KOTOPHIX MPHUBEIEHBI B MEPBBIX JABYX cTpokax Tabsurpl 3.7 (KoJOHKA
). Jns cpaBHenusi B KoJoHKe 11 mpuBejieHbl BEJIMYUHbBI TX Ke MapaMeTpOB, MOJIYyYeHHBIX U3
aHaJIN3a SKCIEPUMEHTATIBHOIO KOJIebaTeIbHO - BpamaTeapHoro crekrpa [81]. Moxkuo Buaersh
XOpOoIIlee COOTBETCTBUE 0ODOMX PE3YIHTATOB.

Kak nokaspiBaeT aHa m3, 9TOOBI MOTyIUTh (DOPMYJIBI (aHAJOIUIHbIE BhIpazKkeHUsaM (3.21),
(3.22)) mist mapaMeTpoB B3aMMOJEHCTBUA O0jiee BBICOKHUX MOPAAKOB Fi., F' u 1.1, HeoOxo/m-
MO B BbIpaxkenuu (3.20) ydecTb 4eTBepTHIN MOPAIOK Teopuu Bo3MymieHuid. C OJHON CTOPOHBI,
IOI00HOTO pOjia PAcYeThl JJid MATUATOMHON MOJIEKYJIbI JOBOJILHO I'POMO3/IKHU U, C JIPYTOil CTO-
POHBI, BeJIMINHEI 9THX I1apaMeTpos B 10 —10° pas MeHbIIIe BeImYnH IIaBHLIX BK/IAI0B (”"““)Fé,

IIO3TOMY MBI HE paCcCMaTpuBaeM 3/1€Cb U30TOIMNYIECCKUE COOTHOUMICHUA JJIdAd 3TUX ITapaMeTPOB.
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Tabmna 3.7. IlapameTpsl KosebaTe bHbIX pesonancos B Mojekyae CHyDy (B em™1).

Tun B3anmoeiicTBuA [Tapamerp I? YpaBuenue 1%

(v1.v6..) /(v £ 2.0 F 2..) (11,66) gt -123.44 (3.23) -126.44

(vg.v7..) ) (vg £ 2,07 F 2..) (44,77 ! - 6.18 (3.23) -14.23

(.v3..04..09..) /(g & Tovg & 1w F 2..) (34,99) ! -1.34 (3.26) 1.75

(-v1.04.06..07..) /(o1 £ Loy F Lovg F Ly £ 1..) AT 754 (3.29) -7.03

(.v3..05..07.09..) /(s £ Lvs F Loy £ 1vg F1..) CTEY -15.70 (3.29) -17.42

(.v3..05..07.09..) /(L3 £ 1ovs F Loy Flovg £1..) CWDEY 24.58 (3.29) 23.02

(.v5..05..07.09..) /(g £ Lvs £ Loy Flvg F1..) TR 8.31 (3.29) 7.44

(.4.05..07.09..) /(g £ Lovs F Loy Flvg £1..) @SN EY 20.19 (3.29) 19.86

(v1.v9..) /(v £ 1wy F2..) (1,99) gy -164.96 (3.45) -158.02

(.vr.v3.)/(op £ 1vs F2.)) (1,33) v -87.98 (3.45) -95.50
0

(v9.04..)/ (vg £ 2.0 F 2..) (244 gy 67.68 (3.45) 72.75
0

9.7 ) (Lvg £ 2,07 F 2. @10 Y 67.68 3.45 65.01
0

3.06..07..) /(v3 £ 1.vg F 1vg £ 1..) (6,37) Fr -219.95 (3.45) -218.61
0

(.v5..06..09..) /(.5 £ 1vg F 1.vg £ 1..) (6,59 g -219.96 (3.45) -229.11

(-v4..08..09..) /(g £ 1ovg F lovg £ 1..) (8,49) v 73.32 (3.45) 68.45
0

(.vs..v7..08..) /(vs £ 1wy £ 1vg F 1..) (857 py -20.95 (3.45) -33.31
0

a) Brraucienns! Ha ocHOBE M30TOINNYECKAX COOTHOIIEHUI.

%) Tloydenn! U3 aHaIM3a SKCHEPUMEHTAIBHLIX JAHHBIX, [81].

BzaunmogeiictBue tina (vy...v,...v,|...|va F2..v, £ 1.1, £ 1)

Ncnonb3ys orepaTopHyIo TEOPUIO BOZMYIIEHUN, MOXKHO IOKa3aTh, YTO PE30HAHCHOE B3au-

MozeiicTae Tuta (V... Uy...U|...|ux F2...v, £1...v, £ 1) onmcbIBaeTCs CIeIyIOMUM BbIPAZKEHIEM:

(Un.. vy ) on — 200, + 1w, + 1) = (uy — 2.0, + 1vy, + 1] osvy.00)

1/2 1/2 1/2
_ <%)1/2 o= N2 (o + 1\ (0, + 1\ () ot (3.24)
2 2 2 2 v

e
()\)\“LLV)F/ — i BkS\A)\kS\MV 1 I w;\
07 M 2 3wy (W, Fw)? = Wi
+k’AWk:ﬁ\W wy, + W, N 3wy, — wy,
2 W) @, — ) — 2
+kﬁ\wkf\w wL + w), N 3w, — wL
2 |~ ) | (@t e, — e — 24
w! w' W' W'
+k, k/ M + 13 + k/ k/ v v
S Lw'f —p g, ay| e (om0 T G )
w W
_2kl k/ A + A
Lg@w; —w) w20 — )
s Fauekive we N w
W (Wi —wp)? —w?  (Wh —w))® —wf



5 fne ;W,S[ 2wh + W, + wl, — 2w} 2w} + w!, + wl, + 2w}

v 4 (2w — wé)(wL +w!, — wé) B (2w + Wé)(%& + w4+ wé)

(Wi + ) (Wi +wy)
—QZ B (o) WSW . (3.25)

B Beipakennu (3.25) mepBoe ciraraeMoe B IIPEJIIOCTIEHE CTPOKe OIYCKAeTCs B CIydae pe3o-

HAHCa, KOIJIa 3HAYCHUS 2w) U wé OJIN3KH.

Ecim crnoa ydvects Beipaxkenust (3.8), (3.8), (3.14), (3.18) u mamnsre Tabmuusr 3.2, To,
UCHOJIb3Ysl BhIpazkeHne (3.25), MOXKHO MOJIY9IHUTh CJIEYOIIee IPOCTOe N30TOMUIECKOe COOTHO-
nenne 11 pesonancHoro napamerpa (%3 F! paccmaTpuBaemoro Thma, KOTOphIi ABIseTca cy-

mecTBeHHBIM 1711 MOJteKyIbl CHoDag:

32 85 h
B¢ = — (99,34)F/ — ] 3.26
3 2 0 Tempy p? ( )

Kaxk u panbIie, pe3y/IbTar, oJIy deHHbIil Ha OCHOBE BhIpazkeHus (3.26) 1 pe3ysIbTart, moJIy deHHbIi
Ha OCHOBE SKCIICPUMEHTAJLHBIX JIAHHBIX, IIpejicTaBicHbl B Tabmume 3.7. Ecim yuecTs MaiocThb
abcomoTHol Bemuauabl apamerpa (O3 Y 1o pesyibTaT TeopeTmuecKoi OIMeHKH MOYKHO pac-
CMaTpHuBaTb KaK BIIOJIHE y,ZLOBJIeTBOpI/ITeJIbeII/UI, HECMOTpPA Ha pal3/indue B SHaKaxX BBIYUCJIEHHON
U IIPeJICKa3aHHOIl TeOPeTNIeCcKH BeJImIrHbI. 110 TOi 7Ke IpUYmHe, YTO U B IPE/IBLIYIIEM ITyHKTE,

MBI He PACCMaTPHBAJIN IIaAPAMeTPhI O0jiee BBICOKUX NMOPAIAKOB Fi, F u T.1.

BzaumogeiictBust Tuna (vy..v,..v,..0¢|.. oy F 1.v, F L., £ 1o £ 1)

AH&.HOI‘I/I‘-IHO PaCCMOTPEHHBIM BBIIIIE€ CUTYyalludAM, MO2KHO IIOKa3aTb, 9TO B3aI/IMO,ILeI7'ICTBI/IH

THIA (U)...Vp... Uy Vg|.. JuxF Lv, F Lo, £ 1.0 £ 1) onmchIBAIOTCH CITeLyIOMNM BBIPAZKEHIEM:

(Uxeo Uy Uy Vg oy — Loy, — Lo, + 1w + 1)
= (vy—1.v, — 1., + 1ve + 1. |ox vy 0,.00)

1/2 1/2
— <%)1/2 <U_“) V2l vetl (Au,v€) ot (3.27)
2 2 2 2 o

rJe BbIpakKeHue Jjisd ITapaMeTpPOB (A“’”f)Fé AMeEET CJICAYIOMUNA BUJT:

54 1 1 1 1
(ML,V&)F k' § ’“‘”9 ’Wf el S
Mg T wé+w,’j+wé—w; 2w;+wé+w,’£+wl’/+w2

&9 Xu
RK' RUT 1 ]- ]- 1
_Z ZU—9{<_/+ / / /)+( / ;T / /)}
T = 2 wy Wy Wy —wy 2w,{—w77 Wi, + Wi — wy
(k#0) (71#7)
- 1 1 1 1
+Z 7777 Ti)‘:“ |:(_/+ / / />_(2/ ;T ; />}
Bt Wy Wy tw, —w, wy twr Wy twy +w,
(n#7)

nkr 1 1 1 1
-y e (G grg) e )
”O=X\,;u 1, T=0,£ wlﬂ W,,7+CL)7.—CU0 wn_wlﬁ WQ+W77—CUT

(r#6)  (n#T)
Py ’%p vep 1 N 1 B 1 N 1
w/+w/_w/ w/+w1_w/ w/+w/_w/ w’+w/—i—w’
PENE A M p v 13 p v 13 p A M p
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k - 1 1 1 1
Sy el ) ()]
Wy —w, —w Wy — W, — Wy W, —Wr —Ww, W, —w,tuw,

pEINVE M, ‘F¢ V)f n P

2B

X T [(602) (= ) (e =)

2B
=Y [(GE0) (o + k) + ) + (GGE) (h+el) (h+el)] . (3:28)
\/ WAW, Wi, Wi
Kak u B mpempiaymem cirydae, ucrnosb3ys Boipaxkenns (3.28), (3.7), (3.8), (3.14), (3.18)
u nanubie Tabuuipl 3.2, MOKHO MOJLY AT CJIEJYIOIHE IPOCThIE H30TONMIECKUE COOTHOIIEHUS

1JId BECbMa BaKHBIX ITapaMeTpPOB BSaHMO,ZLefICTBHH B MOJIEKYJIE CHQDQZ

32 . 34 43 14 23
2% pge — 2% @) pv _ 290 (3759 pv _ 1% (4957 pr _ 22 (39’57)F6

3 5 0790 "7 5 "7 10
15 17,46) 1 h
= (1746) pr — p——et (3.29)

Pesybrarsl onenkn semuaun mapaMerpon (1979 [ (37:59) prr - (49,57) o 1 (39,57) o gy (1746) [ e
HO BHJeTh B Tabsune 3.7 (kosonka I) BMecTe ¢ BeJIMUUHAMU COOTBETCTBYIONIUX MAPAMETPOB,
[OJIyY€HHBIX Ha OCHOBE aHAJM3a YKCIEePUMEHTAJbHBIX JIAHHBIX 13 paboTel [81] (mpemcraBiienbr

B koJiouke 11 Tabumer 3.7).

BzanmogeiictBust @epmu-Tumna (vy...v,|...|vy £ 1.0, F 1)

a) Kosdpuyuernm wucmo xoarebamenvnozo esaumodeticmeus M .
Dopuyna st M) F—xoacdbdunuenTa oTyuena Ha OCHOBe OIEPATOPHOIT TEOPUH BO3MYTIEHHT

1 uMeeT BU/I:

(Un..vy]Jun + 1o, — 1) = (vy + 1w, — 1. Jur...0,)

1/2 1 1/2
-3 () -

IJle BbIpazKeHue JijIs napamerpa (M) F{j npencrasiiser coboii:

i#] I, / /
3 3 Skuz kzz 0 ]- 6&1 + w
<Wm$—mmﬂ+gawn+§jaﬂﬁ—§ _IJ{_““_+_7_7}W

/ / .
=W il Swi Wy AWl v
N f ;w i 2w 6w) +w;  dw; + W "
= 4w —w; 2 4w/.2 — wl-z wfw’- !
/ / D) / / 1\2
-y Bhuehece 20¢ — (wh — Y Y "%w e 2w, — (W — w},) "
20" 9 / W2 / N2 ¢
oW & W (WA - wu) EEN Y VEN w? = (wh =)
1#] I /
Z’Lj §§ 1 1 wf wf
§,J = EFN Wi J i £ Wy’ £ p ¢
kY wr + w! wh + W'
su e e TW, g T W
€M AL Wi = (wptw)”  wE— (wgtw)

—ffz:w”ﬁ QM—%)_+ 3w} + W + 2w} y
( 2_2 0 urel) (W Wi W) f

I o
i J=A E£Ap Wi %) We
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B § Z Mgk”g 4 (w) — w;)2 — Swf N 3wj + wj + 2w; v
) B g )]

4,J=A 1 EFA
i#£] / / /
W +ww 3w: + W — 2w
e I3 A zz ZJE ) 7 I3
P X e A 3y et Sl Ly
#n B W/ WA, L=t €20t (2wf = we) (wi+wj = w)
i#£j / / /
F s,
/ / / / / g
N ore) (Qwi—wg) (wi—kwj—wg)
kY 1 1
EV Mfl’
by oy Seelo
vt w/\—i—wg—w,’j cuL+w£—w,’j
k,]//]/ 1 1
Sy Y Mk {ww_wmw_m v 1
EFNVEN,E A v ¢ 0 v

rae V; = (% + %), v; U U; - KoJiebaTeIbHbIe KBAHTOBBIE YHCJIa B JIEBOI W IIPABOI BOJTHOBBIX
dbyurimax B Beipaxkennu (3.30). Korma ¢ = 3 u § = 1 wm i = 4 uw £ = 2, T0 Tperbe U
YeTBEpPTOE CJaraeMble ¢ KOHIA B BhipaykeHuu (3.31) cieiyer OMycTHTH M3-3a PE30HAHCHOIO
B3aUMOJIECHCTBUS MEYK /Iy COOTBETCTBYIONUME KojiebaTe/IbHBIMU cocTostHusAME. 1o Toii ke camoit
npuanHe tpu { = 7Tuv =6 mm { =9nuv =8 umpurv =7u =6wm v =9 u £ = 8 caemayer
OILYCTUTH MIPEJIIOCIIE/IHEE U [IOC/Ie/IHee cyaraemble B Bbipaykenuu (3.31).

b) Koapduyuernmovr xorebamesvro - 8pausamesvHozo 63aumoleticmeus (’\7“)FI’(, (’\’“)F} u
(Am) Fl,.

DopMyJIbI JIJTT COOTBETCTBYIONINX (M) F' —koaddurmenToB OB IOy I€HBI B BUJIE:

(Un..vy]Jun + 1w, — 1) = (vy + Lo.v, — 1. Jus...0,)

1/2
vy +1 (vu)lﬂ(w) ,
= — HE 3.32
(25) (4 (3.32)
rie (A,u)p{ — (/\H)Fl’{’ (A )F’ wim X “)F;y;
2(/\7M)FI’( — 2()\7M)F; _ (/\,M)F; _ (MA)F;7 (3.33)
Q(A,M)Ff] — (/\’“)Fglc + (Avu)ng7 (3.34)
)t (A / A, !
o(Au Fl, = ( M)Fx _( M)Fw (3.35)
U BBIpayKEHUe JI/Ist HapaMeTpa MW F! (o = @, y, 2) nMeeT Bu:
4c / ’ 2 ' N\2 (4me 1/2 / (w/ + W/ )2 - 2W’2
(/\#)F’ — 3 ay oy “ (B e> e aa gt I A n
“ Z w/\w ( h )a/\ G wh \E I IR whwh (2wh — )

+ <><—>

’ [N TN o
W, h wiw,, (2w, — wh)

are\'? L, 208 = (WA — W)
+Z < ) (¢ kf)\u /[ 2 / 7\2

wilwe® — (W) —wi,)?]

o e ot (w’ ’)(w’ + wi) 1 1
- (BO‘ CEA) (Ba Cf“) Wiw, Wy — W) * Wy — W

£ B
e oy le oy (UJS\_CU/)(UJ/ —(.A.)/) 1 1
o Z (BO! C@\) (Ba CEM) : X Z) : W+ W + wh+w | (3'36)
EF A A 3 A 13 W
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I~y !~ o
B seipaskennn (3.36), e/ wi &~ w) WM wf & w),, TO TIPEJITOCTIEIHAS CTPOKa BhIpazkenus (3.36)
noJiaraeTcd paBHON HYJIIO.
B monekyne CHyDy Takoit Tun pesoHanca cOOTBETCTBYET TOJBKO OJHOMY CJIyUaro: A = 3 U

n = 4. CJIe,HOBaTe.HbHO, N30TOIINYECCKUE COOTHONICHNA MMEIOT BU/I:

92 1. 23 13 2 27 5739 17 11
GO = ZB |- Vi+ Vo= — Vo= —Vi— — Vs — — Ve + Vi + — Vs + —Vi
0T 2T T T 00 10 T T T
(3.37)
n
5 8 6 h?
Yi== G — — GHpr — _ GHpr — _ : (3.38)
2 5 75 167Tcp§F111/2m?}1{2

Yucsenusle Pe3yJbTaThbl, IIOJIY9€HHbIC B COOTBETCTBUN C COOTHOIICHUAMMN (338) MMEIOT BUI:
GHE = —0.0134 e !
G F = 0.0209 cv !
GHE = —0.0278 cn! (3.39)
B kadecTBe MCXOJIHOIO, KaK M paHbIlle, OBbLI MCIOJH30BaH JIUIIb OJUH ITapaMeTp (HapaMeTp

}/3 MOJIEKYJIbL CH4) l[JIH CpaBHEHN{, 3J1€Ch IIPUBOJATCA TaK2Ke BEJIMYNHBI COOTBETCTBYIOIINX

IIapaMeTpOB, B34ATHIX N3 aHaJIN3a IKCIIEPUMEHTAJIbHBIX JaHHBIX, [81]
BHE = —0.0163 cm!
GHF = 0.0159 cv !
BHE = —0.0327 em~! (3.40)

Ecnu ydects, 4To npe/icka3aHHble BEJTUIUHBI ObLIU IOy YeHbl 0e3 Kakoii-11ub0 nndopMalum o
mostekysie CHyDo, TO MOXKHO oTMeTHTB 60JIe€ UeM YIO0BJIETBOPUTEIHLHOE COOTBETCTBUAE MEKTY

npeJacKa3aHHbIMU U 9KCIICPUMEHTAJIbHBIMUA BEJIMYMHAMMU.

BzanmogeiictBust Tumna (vy..v,..|...[uaE1..0,F2..) B (U)..0,..0,..|...|oaEL. 0, F
l.v, F1..)

XOpOIIO U3BECTHO, YTO IJIaBHBIE YaCTU B3aMMOIAEHCTBUII TAKOTO THUIIA ITPOIOPIINOHAIbHBI

COOTBETCTBYIONUM KyOUYIeCKUM IIapaMeTpaM aHTapMOHUYHOCTHU K, , & UMEHHO,

(Ux..vy ] Jon + 1w, —2.) =

o+ 1\ fo\V2 (v, — 1\
(uy +1.v, — 2. Jua.v,..) = ( /\2 ) <§H> “2 W S, (3.41)

riue

Aom) v — K (3.42)

(Ux.vp. 0y oy + 1y, — Lo, — 1) =

1\ V2 1/2 /9,\1/2
(or + 1oy, — Lu, — 1| |uy.v,.0,..) = (U/\ i ) <%> (U—> Aow) B,

2 2 2
(3.43)
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e
) S (3.44)

Ha 3T0i1 ocHoBe M30TONMYECKHE COOTHOIIEHUA JIETKO MOTYT OBITH IOJIyYEHBbI B BUJIE:

17 8 13 13
Be w3 _ (1, 99)F =5 (1,33)F6 _ __° (2,44)F6 _ _° (2,77)F6
5 3 2 2
-9 (6,37)F6 -9 (6,59)F6 — 6 (8,49)F6
15
=21 By = 51 629 py. (3.45)

Pesysibrarbl 4UC/IEHHBIX OIEHOK IAPAMETPOB B3aUMOJIEHCTBHSI 110 COOTHOIIEHUsIM (3.45) MOKHO
yBugerb B Tabsune 3.7 (kosonka ), BMecTe ¢ COOTBETCTBYIONIUME BEJIMIMHAMHU, TI0JIy YeHHBIME
Ha OCHOBE 9KCIIEPUMEHTAJIbHBIX JTAHHBIX (KosToHKa I1). MOKHO OTMETHTE XOPOIITY 10 KOPPEJISIIIIIO

obonx HADOPOB IMapaMeTpPOB.

3.5 I3oTonuyecKue COOTHOIIEHHSI MeEXKJIy CIIEKTPOCKOIIU-
qecKnMu Iapamerpamu moJiekyiabl CHy; m MosekyJib

CH;Ds: BzanmogeiictBue tTuna Kopuoanca

UsBectHo, [82], uro B3aumoseiicTeue Tuna Kopuosmca jijis IpoOU3BOIbHON MOJIEKYJIbI THIIA
ACUMMETPUIHOT'O BOJIYKa CUMMETPUN sz MO2KHO OIIMCaTb TpeMsdA THUIlaMM CBA3aHHBIX OIIepaTo-
pos H'? (v # ). B aToMm cityuae, ecoiu ipoussesienue I' = 'V @ TV tunos cummerpun cocTognuii

U M U paBHO B, TO COCTOSHUA v U U CBA3aHBI pe3oHaHcoM Kopuosmca cieayionero Buaa:

Hy = iJ.H + {Jp )} HY + HE T Iy}
F{ido, (2= TN HY + HO G, (J2 = T2} + . (3.46)

x x

riae {A, B}, = (AB + BA) - aHTHKOMMYTATOD.

Korma I' = By, TO IpUMEHAIOT JaHHBIN B OllepaTopa:

Hy = iJ,HY) +HYiJ, +{J$,J}+H2)+H(2 {Jo, J.} 4
H{idy, (J2 = IO} H + H {idy, (2 = )} + - (3.47)

N ecnu I' = Ay, To nmeem B3anmoeiicreue Kopunosmca JaHHOTO BHIA:
Hi = WLHD +HDiT, Uy JLHS + H U )+
{(ide, (J2 = IO} HE + BT, (J2 = T} + . (3.48)

Omneparopbl Hg}), i=1,2,3,... B ypaBHenusx (3.46) - (3.48) umeror Bu:

; 1 1 . o . 1 .
Héﬁ) = 3 WO O T2+ ””C§J2 + O +””C’}(JJZ2J2 + 3 ””C}Jﬂ
1
+vv 2 KJG V0 z JJ4J2 V0 Y JJ2J4+§ VO Y JJ6 (349)
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Kaxk u B mpepiaymmem naparpade, aHaims KoaebaTebHO - BPAIATEIbHBIX CIIEKTPOB MOJIE-
kyset CHyDo [57, 81, 83| mokaszaii, 9ro mepednciieHHbIe BBIIIe TPH THIA pe3onanca Kopunosmca
CcJIeJlyeT IPUHATH BO BHUMAHUE B CJIEYIONINX Hapax B3ANMOJIEHCTBYIOMINX COCTOAHMIL:

1). B3aumozeiictBust Tuna (v|...|0) = (Uy...v,]...Jvn £ 1...v, F 1) ¢ pa3iInIHbBIME KOMOMHAIMAMN
uHJIEKCOB A\, it = 3,4, 5, 7,9, A A pmwm A=1, p=1wm A =2, 4 =3§;

2). B3anmogeiicrus tuia (v|...|0) = (vy...v,]...|ux £ 1...v, F 2), B nannoM cirydae p = 3,4,5,9,
ecmu A =6 wmm pu = 3,4,5,7, ectu A = §;

3). B3aumozeiicTBus THna (v|...|0) =(vy...vy.. 0| JoaEt 1l v, Flo v, Fl) cp/rv =3/9u ) =1,6
win p/v=4/7,4/9m A =2 wm pu/v=4/5,7/9 1 X =8.

Bzanmogeiicrsust Kopnosmaca (v|...|0) = (vy...v,|...|on £ 1.0, F 1)

MoKHO MOKa3aTh, 9YTO B JAHHOM CJIydae, IVIABHBIN BKJaJ B ypaBHeHusx (3.46) - (3.49)

nmMeeT BUI:

(Un.vy|.Jux + 1w, — 1) = (vy + 1ov, — 1. |uy.v,)"

1/2 1/2
) vy +1 ( )1/2 (gt) o vy + 1 V2 )
i WO 1 (T + Ja, <_> et

(3.50)
rie
! _"_ (JJ/
Aol — 9 (B’e ’a) il it 351
« « C)\u \/m ’ ( )
"

eB%eB’e

4re oy !
o) ot <a ﬂv_i_acwa ﬁ“/)
PV v (F) (s +aimal

+\/§B’eB'e 4LC 2 ﬁk}\)\}t (w + w/\) - 2&)/2 alBk)\;L,u, (w)\ +tw ) - 2('0/)\2
*7F N\ h wh wwh (2w — w’) Wi, whwr (2w, — wh)

5 [(mee) (o
(5

20 [(Bec)

EF A

) W\ (e8] (W — W) (W, — we)
B, > < u£> (Bﬁfxsﬂ = 2%\/@% (wLJlrwéjLw&iaé)

o (W) + wi) (W), + wg) 1 1
B CA{ Q‘g Sug 2%« =en W), — Wi + Wy — Wi
(3.52)

B nocaieaneit gpopmyite, ecim wi & wy mim wi & w,, N0CIEJIHEE CJIaraeMoe 1oJIaraeTcst paBHbIM
HYJIIO.

[Tosyuennsie Ha ocHoBe BbIpazkenuii (3.50) - (3.52) m3oTOMMYECKNE COOTHOIIECHNS MMEIOT

BULIL:
gBe _ 99(1 G)C 43(2 8)0 10(3,5)0/ _ @ (3,7)0/ _ _E (3,9)0{/ _ 9 (4,5)0/
3 5 ? ) D *
28 54 76 h
_ _= (4,7)0/ _ _285(479)0/ _ o= (5,7)0/ __r (5,9)0/ _ 10(7,9)0/ -
5 ? v 5 v 5 i T mempyp?
(3.53)
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10 9 9 9
Vie 2y =2 00 — _@ocr 2 Bocr — 2 B4
T 115 e o5 T 5 vy
22 7 28 17
—_ (374)0/ [ (3’5)0/ — 2(3’7)0/ —_ (379) ! _ (475)0/
25 zz 5 Yyz xry 25 xz 10 Yyz
3 17 19
_ _(4,7)0/ _ —6(4’9)0/ _ 2 (5,7)0/ _ - (5,9)0/ _ - (7,9)0/
Ty Tz 5 Tz 20 Ty 10 yz
h2
. . (3.54)
167rcp§F111/2m?}I/2

Pacuersl B coorBercTBrE ¢ Bhipakenusmu (3.53) - (3.54) jmator pesysibrarhl, IpeICTaBIeH-
wble B KoJsionke [ Tabnunpr 3.8. B kadecTBe cpaBuenusi, B Koyionke I mpejcTaBieHbl BeTUIHTHBI
COOTBETCTBYIOIIUX I1apaMeTPOB, IIOJIYYEeHHbIX Ha OCHOBE aHa/IM3a 9KCIIEPUMEHTAIbHbBIX JaHHBIX

[81]. MozkHO BHJIETH XOPOIIIee COrIACHe MPEICTABIEHHBIX PE3YJIbTATOB.

Tabsuma 3.8. [TapameTpsl pe3oHancHBIX B3amMmojieiicTsuit Kopuosmca

(VAvy|...lva + 1y, — 1)-Tuna (B em 1),

a A op 19 m o g X pu 19 I

z 1 6 -057 -073|z y 1 6 -0.019 -0.018
y 2 8 -132 -138|2 =z 2 8 0.033 0.034
r 3 5 -568 -615|y z 3 5 -0.024 -0.024
z 3 7 -323 -316|2 y 3 7 -0.017 -0.016
y 3 9 916 907z z 3 9 -0.030 -0.028
r 4 5 -660 -653|y z 4 5 0.020 0.020
z 4 7 1014 1011 |2 y 4 7 0.033 0.030
y 4 9 020 -011|2 =z 4 9 0.006 0.005
y 5 7 -526 -532|xz z 5 7 -0.056 -0.054
z 5 9 374 37|z y 5 9 -0.039 -0.039
r 7 9 -568 575 |y z 7 9 -0.018 -0.017

) Beramcyiensl Ha OCHOBe ypapHenus (3.53).

%) BasiThl M3 aHAIN3a SKCIEPUMEHTAIBHBIX JIAHHBIX, [81].

©) BLIYmC/IeHbl Ha OCHOBE ypasHenus (3.54).

Bzanmopeiicrsust Kopuonuca (v|...|[0) = (vy...v,|...Jux £ 1...v, F 2)

JIjist B3aMMOJIEHCTBUS yKA3AHHOTO THUIIA, HAMU OBLIO MOKA3aHO, UTO:
(Un.vu.Jux + 1w, — 2) = (v + Lov, — 2| |uy.v,)"
1/2 1/2
g vy +1 (U_“)1/2 v, — 1 i)
“ 2 2 2 @

L\ /2 1/2 1\ /2
+(Jads + JaJu) (”2 ) (%) ('”“2 ) Sle/ (3.55)
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rjae

Are\ V2, Wb+ W, o ot K 2wiw! 2w, + w)
oy = VA B (FE) B (v e | 0 2
3 wy, Wiy, Wy — w; W,
/ / / /2
v (Brcy) o | A%y
")l W W w, (2w — W)
+ (B CA&) Fupe  |h—=wWe | Whwe whtwe Whtw ]
/ / / o ; /
Y 2, Jwiwg [Wr T We 2w, +wp Wy —wp 2w, — g
/ / / / !/ / !/ !/ /
o (i) o[, ot v e ]
£ oome 24 /Wy we wg tw,  wytwe—w, W, —wp wh — (WL + wé)

B ypasuenun (3.56) Hy2KHO yuecTb ciejytomue ycaosus: 1) ecom £= 1 u A= 6; win ecjm £= 2 u
A=8 umecin E= 1 u p= 3 wim 9; wm econ E= 2 u = 4 wim 7, TO JIBa MOCJIE/IHAX CJIAraeMbIX
B IIPEJIIIOCIe/IHEN KBaIPATHO CKOOKE CJIe/lyeT MOJOKUTh PABHBIMU HYJIO; 2) eCim wé =3,4,5,
7, wm 9; mim econ W) ~ (W), + Wg), TO JBa MOC/IEJHUX ClaraeMblX B 1OC/Ie/Hell CTPOKe TaKzke
CJIeTyeT MOJIOYKUTH paBHBIMU HY/TI0. Kak u B mpeibltymnem naparpade, Mbl He MOIydaeM 3/1eCh
bopmytel 11st k03D DHUIMERTOB B3anMoeiicTBmst M) C&B’ MIOTOMY UTO JIJI Peain3aIii 3TOr0
HEOOXO/IMMO MPUHATH BO BHUMAHUE YETBEPTHIHM MOPsIOK TEOPUU BO3MYIIECHUIA.

Wcnons3ys Ty ke nHMOPMAIIIO, 9TO U B IPEBIAYIINEM pas/iese, MoIydaeM H30TOMNIeCKre

COOTHOIIIECHNM A :

3 5
24 g B3/2
5

32 V2R 42 9
(__Beyg) _ g (6,33)0; _ -~ (6,55)0; _ 18(8’33)0; _ _5 (8,44)03//

93
)C/ _ 72 (8,99)0/ _ ‘
vy~ 95 y dmepdm 5/4F111/4

(3.57)

B komonke I Tabaunpr 3.9 BbI MOxKeTe BuUIETh ITapaMeTpbl B3ammoeiicTBus Kopuosmca
M) C! | mosryuennble Ha ocHose Bhpazkenua (3.57). CooTBeTCTBYIONMIHE TApAMETPHI U3 PabOThI

[81] npeacrasiens: B kosonke 11 Tabmumpr 3.9.
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. . A '
Tabmumna 3.9. Hekoropsie mapanmerps! B3anmoeiicTsmii Kopuosmea M) C! B Mozekyie
CH5D, (B CMil).

a AN u v IR I

y 8 3 3 0.077 0.084
y 8 4 4 -0.077 -0.069
y 8 7 7 0287 0.259
y 8 9 9 0370 0.405
z 6 3 3 0383 0.367
z 6 5 5 0164 0.171
x 8 4 7 0.626 0.591
y 1 3 9 -0.383 -0.317
y 2 4 9 0370 0.327
z 2 4 7 0689 0.763
z 8 4 5 083 0.906
z 8 7 9 1.013 0.825

) Brramcyiens! Ha ocHoBe ypapHenwit (3.57) wm (3.60).

%) BasiThl n3 aHAIN3a SKCIEPUMEHTAIBHBIX JIAHHBIX, [81].

BzaunmogeiicrBust Kopuosnca (v|...|[0) =(vy...v,..0,|...Jlux£ 1.0, F1l..0,F1)

Jist onucanue B3aumoseiictsust Kopuosuca tuna (v|..|0) =(vx..v,..0,]..|Joa£l.v,F1..0,F1)

OBLIO MOJIy9IEeHO BLIPAZKEHUE:
(Un.vp. vy Jun + 1oy, — Lo, — 1) = (uy + Lov, — Lo, — 1 |usv,..0,)"
1/2
o () () () sy
2 2 2 @

ox+ 1\ fu,\1/2 U \Y2 (3 )
+(JaJ5+J5Ja)( - ) (5“) (5) G (3.58)

rie

(634 7 / h

4 1/2
oo — 2V2Bd (47“‘) /
w/\wuw{,
x 3 [ (BEGE) (wh = ) +aie? (BECE) (@ +w) +aie? (B (wh + )|
B

wy, +w, o 1 1 o 1 1
M v e o / e o /
* w! w! {(Ba ””) Awps (wl’, —w * wh — 2w/ ) * (Ba ’“’) K (wL —w! * wh — 2w! )}

v v
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+ (Bece " 4w\ w), 2w, (wﬁ\ +w! —w! )
oW o w2 — w2 w! (2w’ — w’)
Ay A v 1 A m |
B/e "oy k;,/LL,LLV 4&);&); 2(,()‘; (WS\ -+ w; -+ wllj)
RS Wl | w? — w? wl, (20!, + W)
A A 1 v n v
_(Bera K 4wlw!, 2w, (wh + w), + w,)
a S\ 77 w/z_w/2 /(2 I 4 /)
WrW, [ “x v wy, (2w, + wy,
s (BaGg) Kye [ [wei—wy ! wtwl,  wtu )
/ / / I - I r_ /
£ v 2 w’ywé We tw, Wetwy,—w, We —w, W —wy +w,
‘e / / / / / / ’ , ,
+ Z (Ba }Lﬁ) Avg (JJ£ B WM _|_ w£ _ W’u - w£ + wu + (.Ug + wu
osyR Y (R we Twp, W twy —wy w — W, wp—wh
o
fy ) B [(i dou ) (e s ),
/ / / / / r / ;o .
E£ w’Awg wy twe w,tw, +we Wy — W wy, Hwy, —wg

31ech, ecu w;, A W, TO CKOOKM B 4eTBepToil CTPOKe BhIpazenus (3.59) ceyeT MOOKATH

pasnoit nyso. Een A= 1 u p=3 wim 9; win ecim A= 2 u p=4 wim 7, TO 11epBoe cjaraemMoe B
YETBEPTOIl CTPOKE MOJIATAIOT PABHBIM HYJ/I0. AHAJIOIMIHO, eciu A= 1 n v=3 wim 9; win ecim
A= 2 u v=4 wmm 7, TO BTOPOe cJjIaraeMoe B YeTBEPTOI CTPOKE CJIeyeT TOJIOKUTH PABHBIM HYJTIO.
Ecmm & = 3,4, 5, 7 unun 9, To Bropble CKOOKM BO BTOPOI U TpeTeil CTPOKaxX ¢ KOHIA CJIe/IyeT
HOJIOKUTh PaBHBIMEU HyJ0. B ciydae pesonanca (A = 1ué =6 A =6ué =1 A=2u¢ =
8; A\ = 8 u & = 2) Bropble CKOOKH B IOCJIEHEIl CTPOKE TOJIAral0T PABHBIMU HYJTIO.

Kak 1 B HpeIbLIyIeM IyHKTe, Mbl He paccMarpuBaeM M4 C!z—napamerpel. ITo Kacaercs

U30TONMUYIECKUX COOTHOIICHUN 11 KO DUIIMEHTOB (’\’F“’)C&, OHM OBLIIN TIOJIYYCHBI B BUJIE:

32 1/2 18 93 33
_ % B¢y _ _ - (1,39)0/ _ 2(2,47)0/ _ 72 (2,49)0/ e (8,45)0/
( 3 3) 5 y 2725 v 20 :
B R X Y R

5 t25 T dmepimy 'R

(3.60)

HucjieHHbIE Pe3yJIbTaThI, HOJIyYeHHbe Ha ocHOBe (3.60), mokasanbl B Kosonke | Tabsumbr 3.9.
Kononka II comepkuT BeTMINHBI COOTBETCTBYIONINX TAPAMETPOB, PACCUUTAHHBIX HA OCHOBE 9KC-
HepPUMEHTATbHBIX JaHHbIX, [81]. Ciiemyer 3aMeTUTh, YTO BBIUNCJICHHBIC BEJIMINHBI OBLIN OMpe-
JiesieHbl 6e3 Kakoii-imbo nadopMmarn o mosekyste CHyDy (Tosibko memosib3yst J1Ba mapamerpa
B. u Y3 monekynsl CHy). Takum o6pasom, cOOTBETCTBHE MeXKJY IMPe/CKA3AHHBIMU BEJITIU-
HaMU U BeJIMYMHAMU, ITOJyY€HHBIMU HA OCHOBE aHaJIN3a dKCIIEPUMEHTAJIbHBIX JIAHHBIX, MOXKET

pacCMaTpPpUBaTbCA KaK BIIOJIHE Y/IOBJIE€TBOPUTEJILHOCE.
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3.6 Cunrerudeckmii criekTp MoJiekyasl CHy;Ds, mocTpoen-
HbIA HA OCHOBE Pe3YyJIbTATOB MCCJIEJOBAHUS M30TOIINYIE-

CKOIl 3aBUCUMOCTHU

PeByJII)TaTbI, IIOJIYHEHHBIE B IIPEABLAYIITUX Haparpa(bax ,H‘aHHOﬂ I'JIaBbl, IIO3BOJIAIOT HaM

OPEIOJIOKATD, YTO:

1. amamormvunbie pe3yjabTaTbl MOT'YT OLITD IIOJIyY€HbI JJId bostee CIIOXKHBIX MOJIEKYJI, OJid

KOTOPBIX MOJIEKYJIa Me€TaHa ABJIACTCA ITPOTOTUIIOM;

2. TOJIyYeHHBIC PEe3y/IbTaThl MOT'YT OBITH ITOJIE3HbI IIPU U3YUEHUU CJIOXKHBIX KOJ1e0aTe/IHHO -
BpAIATE/IbHBIX CTPYKTYD BBICOKOBO30Y?K/IEHHBIX KOJIEOATE/IbHBIX COCTOSTHUN MOJIEKYJIbI

CHQDQ, T.K. OHA Jal0T BO3MOXKHOCTH Ka4€CTBEHHO IIPE/ICKA3bIBaTh CIIEKTPbLI MOJIEKYJI.

B kauecTBe nimiocTpaun KOppeKTHOCTH U pabOTOCIIOCOOHOCTU TIOJIyYEHHBIX PE3Y/ILTATOB, Ha-
MU OBLTT ITOCTPOEH CHHTETHYIECKWiT KOebaTeIbHO - BpamaTeabHbiil crekTp Mosekyabl CHoDag,
He6o/IbIag YacTh KOTOPOro mpejcrasiena Ha Pucynke 3.2.I1V (B paitone 3450 - 3460 cm™!).
Cunrernueckuii criekrp (Pucynok 3.2.1V) npejcrasisier u3 cebst KOMIUIIAIMIO TPEX OTIEIbHBIX
CUHTETHIECKUX CIEKTPOB T0J0C Vg + 2vy (Pucynok 3.2.1), vy + vy (Pucynok 3.2.11) u v3 + 214
(Pucynox 3.2.111). Yka3aHHbIe TPU HOJIOCHI SIBJISIIOTCST HAMOOJI€E CUILHBIMU, PACIIOIOKEHHBIMI
B paitone 3450 - 3460 cm !, DKcrnepuMeHTAJLHBII CIIEKTD, 3aperuCTPUPOBAHHBI B TOM Ke
mmarasone npu remieparype 78 K maa @ypoe cnekrpomerpe Bruker IFS 125 B ®enepasibrom
Yuusepcurere Bbicokux rexuosioruit (Iliopux, Iseitnapus) [57, 81|, npeacrasien na Pucynke
3.2.V.

CHGILyeT CJe/JIaTb HEKOTOPbIE 3aMedYaHnud OTHOCUTEJIbHO JJaHHBIX CUHTETUYICCKUX CIICKTPOB:

1. U3 cpaBuenus crektpoB Ha Pucynkax 3.2.1 - 3.2.IV M0XKHO BUJETH, YTO CIHEKTPHI OT-
JIeJIbHBIX 110JI0C CMEIAIOTCs OTHOCUTEILHO JIPYT IpyTa Ha 3HadeHHs IIopaika 2 - 4 e L.
B 1o ke camoe BpeMmsi, OTHOCUTEIbHOE TOJIOXKEHHE JIMTHUU BO BCEX TPeX I0Jocax OoJiee
WJIM MEHee MMPaBUJIHLHO. DTO 00YC/IOBJIEHO TeM, UTO MTOJIyIeHHbIE B JJAHHON T/IaBe Juccepra-
MY M30TOTTNYECKUE COOTHOIIEHUS JAI0OT XOPOIITYI0 OTHOCUTEILHYIO TOUYHOCTD B BEJTNIMHAX
BCEX CIIEKTPOCKOMMIECKUX apaMeTpoB (Kak KoJiebaTeIbHbIX i BPAIATEbHBIX, TaK U Pe-
30HaHCHBIX HapamerpoB) mosiekysibl CHyDy (ommbka cocrapiisier mopsijika HECKOJIbKUX
IPOIIEHTOB), HO Xy?Ke MPH OIEHKAaX abCOIOTHBIX 3HAYEHUIT KOJIeOATeIbHBIX TapaMeTPOB
(ommbKa B 1-2 poIeHTa COOTBETCTBYET HECKOJILKUM CM ™ 1) 110 CPaBHEHHIO ¢ abCOJIOTHO

OImuOKON B Ipe/ICKA3bIBAEMBIX BpaIllaTe/IbHBIX TapaMeTpax.

2. N3 cpaBHeHHsI SKCIIEPUMEHTAJIbHBIX M CUHTETUYECKUX CIIEKTPOB Ha pUCYHKax 3.2.V u
3.2.IV MOXKHO BHJIETH, YTO COOTBETCTBHUE ITOJIOKEHUI JIMHUN B YIOMSHYTBIX CIIEKTpax
JIydIlie, 9eM COOTBETCTBHE B MHTEHCUBHOCTAX JIMHWUI. DTO BBI3BAHO CJIEIYIONUM (DAaKTOM:
KOTJIa MbI BBIYUCJIAIN TIOJIOXKEHUS JIMHUN, Mbl yUUTHIBAJIN IPUCYTCTBUE PE30HAHCHBIX B3a-
UMOJIENCTBUMN MEXK /Ly OJI0CaMU V4 + 2V, Vo + Vg U V3+ 2V, , C OJIHON CTOPOHBI, 1 HEKOTOPHIE

"remubre" mosockt (v + V7 + vy, 207 + Vg, vy + Vs + 17 1 T.11.), € APYTOii CTOPOHBL. B TO Ke

71



g

= 0.2 v
=

» \

% 0.4 | ‘

g 1 A | |:J_I ||I.. oglih. LJ | 1

‘5 0.0_,....._-—%...,-7-..‘.._,----\—»\..’_7-' —-—-.LJM-'—“\I--. o IMMWL.TM-A.—-—-«HTmum' - | :
T 350 3451 3452 3453 3454 3455 3456 3457 3458 3459 3460
3 v
T

E ] | | |

g

P

g 1 | ! | |

£ ] ] . N L F )

L=} T T T T T T T T T 1
= 3450 3451 3452 3453 3454 3455 3456 3457 3458 3459 3460
i

£ IIT
2

T

:

@

g 4

£ ! L o

— ] 3453 3454 3455 3456 3457 3458 3459 3460 3481 3462
-3 Bl

: ] 1 |

o

R

i |

P

g . . | ' . !

2 3446 3447 3dd8 3449 3450 3451 3452 3453 3454 3455

g I

I

E

T

T

% 1 | | I | || I I . | a1 1

£ = T T T — T — T T T

= 3448 3449 3450 3451 3452 3453 3454 3455 3456 3457

OnuHa BonHbl, cm™!

Puc. 3.2: CpaBHenue sKcriepuMeHTaIbHOIO U CUHTETUIEeCKOro criekTpa Mojiekysibl CHoDo B ina-
nazone 3450 - 3460 cm .

BpeMs, T.K. B 9KCIIEPUMEHTATLHOM HU3KOTEMIIEPATYPHOM CIIEKTPE HMPUCYTCTBYIOT TOJIb-
KO TIePeXOJIbl ¢ MaJbIMU 3HAYEHUSIMU KBAHTOBOI'O YHCIa J, TO MHTEHCUBHOCTU JIMHWUI B
CHHTETUIECKOM CIIeKTpe OBILIN OIEHEHBI Ha OCHOBE ydeTa TOJBKO OJHOrO TJIABHOTO Ia-
pameTpa JUIOJIbHOIO0 MOMEHTa JIJIst KayKJIO# I0JIOCKI; OTHOIIeHUE abCOIOTHBIX BEIUYINH
9THUX MapamMeTpoB ObLI0 oreHeHo Kak 1: 1.8 : 1/ V5 IJI IOJIOC Vg4 + 21, Vo + Vg U V3 + 214,
cooTBeTcTBeHHO. Kpome Toro, nz-3a orcyrcreus nadopmarun o "teMubix" mostocax, Bce

ux lmapaMeTpbl JUIIOJIbHOI'O MOMEHTA ObLIN HIPUHATBI paBHBIMUA HYJIIO.

3. T.k. sxcnepumenTtaspublii cuekTp (Pucynoxk 3.2.V) 6bur cuar [57, 81| upu jgaBieHnn
3 M6ap, TO IPK MOCTPOEHUN CHHTETUIECKUX CIIEKTPOB UCIIOJIB30BAJICS JIOTLIEPOBCKUN KOH-

TYyp JIMHUU.

B sakmodenne cieayer orMeTuTh 60JIee 9eM YIOBIETBOPUTENBHYIO KOPPETSITIHIO MEK Ty
9KCIEPUMEHTAJILHBIM U CHHTETUIECKUAM CIIEKTPAMU, HECMOTPSI Ha, TOT (paKT, 9TO CHHTETUIECKIIT
crekTp ObLI mocTpoeH 06e3 Kakoit b0 undopmanuu o mosiekyiae CHoDs, a Tosibko Ha ocHOBe

3HAHWSA JIBYX ITapaMeTpoB MaTepuHCKON Mostekyibl CHy.
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I's1aBa 4

"Pacompennoe" mnpubanmxkenne
JIOKAJIBHBIX MOJ ITPUMEHUTEJIBHO K

MoJiekysae metana: CH3D<+CH, n
CHDg%CHKL

Jannag riaaBa JUcCepTalii OIKMCHLIBACT PACCMOTPEHHOE Bhime "pacmmpennoe mpubiin-
JKCHHE JIOKAJBHBIX MOJI, IPUMEHUTENHLHO K M30TOINO3aMEINEeHHBIM MOAN(MUKAIUAM MOJICKYJIbI
merana CH3D u CHDj. Pesynbrarsr 6putn onybsmkosanst: [84] - [87].

B manmnoii rnase auccepTanym paccMaTpPUBACTCA 3a1a4a OIPEJE/ICHUA COOTHOINEHM, 1M03-
BOJISIONINX Ha OCHOBE (DyHIAMEHTAIBLHBIX TIAPAMETPOB (IIapaMeTPOB BHY TPUMOJIEKYJISIPHOMN T10-
TeHIMAIbHOM (PYHKIUYM U CTPYKTYPHBIX ITAPAMETPOB MOJIEKYJIbI) OIPEJIEIUTh PA3TUIHbIE CIIEK-
TPOCKOIIMYECKNE XapPaKTEPUCTUKN MOJIEKYJ/IbI TUIIA CHMMETPUIHOTO BOJIKA U TEM CAMBIM CyIIe-
CTBEHHO OOJIEIYUThL PEIIeHNe 3aa9 MHTEPIPETANN CIOXKHBIX KOJIeOATeIbHO - BpaIlaTeIbHBIX
CIIGKTPOB B BBICOKOBO30Y2KJICHHBIX cOCTOAHMAX. OCHOBOI [JIsl pelleHns 3a/1a49i ABJISeTCS Olle-
paTopHast Teopust BO3MYIIeHuUil (B HAIlIeM CJIydae UCIOIhb30BAJIACH TAK HA3bIBAeMasi MATPUIHAS
dbopmympoBKa orepaTopHOil Teopun Bo3MyIeHuit, [71]), obmuit Buj KosebaTesbHO - Bpalia-
TEJILHOIO FaMUJIBTOHIAHA TPOU3BOILHOI MHOIOTOMHOI MOJIEKYJIbI, II0JTy YeHHLI panee B paboTe

[6], TeopembI U pe3ysbTATHl TEOPUN HEMPUBOJAUMBIX TEH30pHBIX cucreM, [88] - [90].

4.1 CummeTrpu3oBaHHBIE OIIEPATOPHI 1 CUMMETPU30BaHHbIE
BOJIHOBBIE PYHKIINHT MOJIeKYJIbl Tuma XY Z3 B IIpeJcTaB-

JICHIN HEIIPpUBOAMMbIX TE€H3OPHbIX OIIEpPAaTOPOB

Moutexkyna tuna XYZs (Cs,) - 9T0 CHMMETPHYHBIN BOJIYOK, KOTOPBIi nMeer 9 Kojiebare ib-
HBIX cTereHeil ¢cBoboabl cummerpun A, wim . B 1aHHOM ciiydae, TpU HEBBIPOZK ICHHBIE MOJIBI ¢
(7 =1,2,3) € Ay u Tpu ABazK bl BBIPOK IEHHBIE MOJIBI @), ¥ ¢y, (A = 4, 5, 6) € E. [Ipucyrcreue
JIBAK/Ibl BBIPOKJICHHBIX MOJI B MOJIEKYJIe TUIA CUMMETPUIHOIO BOJIIKA IMPUBOJIUT K CJIOYKHOI

KapThuHEe KoJiebaTe/IbHO — BpalllaTe/IbHbIX CIIEKTPOB HCCIeyeMoil MoJieKyibl. [1o sToit npudane,
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nauboJsiee 3pHEKTUBHDBIN TOJIXO/T TPU U3YYEHUH TAKOTO BHUJIa MOJIEKYJI - UCIIOTH30BAHUE CBOMCTB

CUMMETPHHN Ha OCHOBE PE3YJ/IbTaTOB TEOPHUU HEIIPHUBOJIMMDBIX TE€H30PHBIX OII€PaTOPOB.

BpamaTeﬂmee HelIpuBOAMMbIE OIlepaTOpPbI

QK
OOBIMHO 3/IEMEHTAPHBIE HEIIPUBOIUMBIE BPAIATE/IbHBIE OITEPATOPbI Rm( ) IPYIIIBI Bpalle-

uuit SO(3) Gepyres B craemyromeM suje, 3], [88] - [90]:
1
V2

1
RY = —(J,+i,) = J_,
\/§( y)
R =, = J. (4.1)

RW = ——(J,—iJ,) = —J.,

|
R
|

311ech NCHOMB3YIOTCA CaeayIomue obo3nadenus: §) — MoHasd CTeeHb BPAINATEILHOrO Orepa-
Topa Jo, @ = x,y,z (manpumep, aia Q = 1, R ~ J, ama Q = 2, R*) ~ J,J5 u T.01.);
ungexcsl K 1 m obosnadaior nenpusoaumoe mpescrasienne D) rpymmnr cuvverpun SO(3) u

. QK .
€ro KOMIIOHEHTY, B COOTBETCTBHUU C KOTOPOIi ortepaTopbl Ry, ) smensores OJ1, JIefiCTBUEM OT1e-

. Q+1(K+1
paruit rpymnet SO(3). B srom ciryuae, HenpuBoJuMble BpalliaTesbHbIE OlepaTopbl R )
MOTYT OBITH TIOCTPOEHBI, MCIIOJIB3Ys COOTBETCTBYIOIINE HEIIPUBOIMMbBIE BpPAIATE/ILHBIE OIIepa-

Topst R ™) (n=0,+1,... £ K) u Ri" (1=0,£1), [3]:

R = N T ok R T RS R Y, (4.2)

I=-1,0,1

rie C’fg P “ , U3BECTHBIC B JII/ITepaType kosdburmentsr Kiebma-Topaana, [90]. Hempusou-
Mble BpalllaTeJbHbIe OIepaTOPhI Rm c K < (B manHOM Cciayvae 9eTHOCTD §) u K JTOJIKHBI

OBITH OJIMHAKOBBI, |3]) onpejessoTest Kak

ROUK) = RO=K(K)(R2(0))(Q-K)/2, (4.3)
rae
o _ L J2+1(JJ +JJ)) ——L(J2+J2+J2) (4.4)
= \/§ 0 5 +J— —J4 = \/g x Yy z/ ’

Q(K,nl
Pazumanbie BpalaTe/bHbIe OlepaToOpbl Rg( . ), CUMMETPU30BAHHBIE B COOTBETCTBUM C HETIPU-

BOIUMBIME TipejicTaBierHusyMu [ rpymmbr cuvmverpun Cs,, MOTYT OBITH JIETKO TIOCTPOEHBI M3

(K)

Q
PACCMOTPEHHBIX BbIIIIE OLEPATOPOB Ry, , UCIOJIB3Ys Cllieflyiolue obiue cooTHoinenust, |3, 91],

R?(K,HF) = Z( nFaRQ (45>

m

K)

Tak HasbIBa€MBIE 9JIEMEHTEI MaTpulbl peJyKIIUU ( JJIA TPYIIIBI Cgv MoryT OBITH B3ATDI 13

m

nl'o
[3] (omm mpeacrasaensr B [lpunoxkennu 2). Ecan yanteiBars ypasaenns (4.1) - (4.5) u qjannbe
[Ipunoxenust 2, TO MOXKHO JIEFKO IIOCTPOUTH BCE BO3ZMOXKHBIE HEIPUBOIUMBIE BpAIlATe/IbHbIE
onepatopbl rpymmbl cumMerprun Cs,. B KadecTBe miLIIOCTpanuy HEKOTOPbIe U3 HUX (KaK s

rpyunbl cumMmerpun SOs, tak u st Cs,) npusejenst B [Ipuioxenun 3.
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CumMmMmeTpu3oBaHHbIE KoJiebaTeabHbIE OIIEPATOPbI

[TockoJIbKY OLEpaTOpPBl KOOPIUHATHL ¢; B COOTBETCTBYIOINIHAE OLEPATOPBI UMILYJILCOB P; =
—ihd/0q; (j = 1, 2, 3) HEBBIPOXKIEHHDIE, OHHU, KaK CJIEJICTBHE, OTHOCATCS K MOJTHOCHMMETDH -
HOMY HEHpHBOAMMOMY upeacTtasiaennio A;. IlosTomy Mbl 00CyIMM B JAHHOM pas3jese JIUIIb
JIBAZK/IbI BBIPOZKJICHHBIE Kostebanus ¢y, (A = 4,5,6 u s = 1,2) U COOTBETCTBYIOINTHE UM M-
IyJILCBI Py,. B 9TOM ciiydae, eciu IPUHSITH BO BHUMAHUE CBOWCTBA 9THX OLEPATOPOB (CMOTpH,
Harnpumep, [3, 78]), TO BOBMOXKHO HOCTPOUTH Hapbl KOOPIUHAT ¢y g, = (i, = %(q; +¢) m
Dop =~ = 2(q — ) (A =4,5,6), KoTopbIe IPeOOPasYIOTC B COOTBETCTBHE C IICPBBIMI 1
BTOPBIMHU CTPOKAMK HEIIPUBOIUMOrO IpecTasienust £ rpymmsr cummerpun Cs,, COOTBETCTBEH-
HO. AHAJIOTMYHO MOZKHO IOCTPOMTH TIAPBI ONIEPATOPOB MMILYIILCOB P g, = Pa, = 3(Py + Py) H
PAE, = —Dxy = %(pj\’ — py ). 3xech oneparopsl ¢, /py 1 gy /py ABIAIOTCS ONEPATOPAMH POXK-
JIeHWsT U YHUITOXKEHWsI, KOTOPbIe YBEIUIMBAIOT WJIM YMEHBIAIOT 3HAYeHNe KBAHTOBOTO YUC/Ia
[ B xonebarenpubix GyHrnuax |v ) (|v ) - cobecrBeHHble DYHKIMU JBAXK/BI BHIPOKICHHOTO

TrapMOHNYECKOI'O OCHHJIJIHTOpa)Z

2

i(vﬂFl)m,
5

+1+4+2\2
(v+1li1\qi|vl>::|:(u) ,

(v—11%+1g"|v )

(4.6)
nu
(v+ 11+ 1p*|v 1) = Fih (#)1/2,
(0 —11+1|p*|o 1) = Fik (U * l>1/2,
(4.7)

CpoiicTBa CHMMETPUH 3JIEMEHTAPHBIX (IIEPBOTO MOPsIKA) KOJebaTeIbHBIX OMEPATOPOB MO3-
BOJIAIOT HAaM CTPOUTH CHMMETPU30BAHHBIE OIIEPATOPBI BTOPOT'0, TPETHEro U T.J. MOPSAIKOB. HTo-

ObI TIOCTPOUTD OTEPATOPBI TAKOIO THIA, MOXKHO UCIOJIb30BaTh 0011ee cooTHoieHue (88, 89]:

(A" B = VI, ( v o r > A'BY (4.8)

o s s
rae [y] - pasmepHocTs HenpuBoauMmoro npezcrasiaenus v (s rpynnet Cs, [Ay] = [As] = 1 u
rr
[E] = 2). 7 - Tak Ha3blBaeMble 3'-CHMBOJIBI TOUEUHOl rpynibl cummMeTpun (Gosee

o s s
JIeTaabHO cM. (3, 88]), KOTOpBIE yIOBIETBOPSIOT YCJIOBUSAM:

~ I TV _ r 1« _ I ~ T _ (_1)7+F+F/ r ~ 1’ _
o s s s § o s o s s o s
— (_1)"/+F+F, 7 F/ F — (_1>'Y+F+F, F/ F ,y . (49)
o s s s s o
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Buecs (=) = (=1)F = — (=1)™ = 1; cumBon ® o6osnauaeT TensopHOE NpoU3BeAeHHe. T8

rpytibl Cg, HE paBHBIE HYJIO ciejyiomnme 31'-cuMBOJIbL:

Al Al Al _(Al A2 A2

=1

Y

A, E E A, E E A, E E Ay E B\
11) ( 22>:< 12>:_< 21)75’

E E E\ EEE\ ,

1 2 2>__<1 1 1)5'

CkazaHHOe BBIIIIE TI03BOJIIET HaM CTPOUTH JII000i KOJiedaTeIbHbIN OlEPATOD, KOTOPBIi Oy1eT

IIpUHAJJIE?KaTh K TOMY MJIM UHOMY HEIIPUBOJUMOMY IPEACTABJIECHUIO I'PDYIIIIbLI Cgv .

KoaebaTenbHo - BpamiarejibHbII TaMIJIBTOHUAH B CUMMETPU30BAHHOM
dbopme

Nudopmarius, n3joxKeHHas B IPeIbLIyIeM Haparpade, mo3BojgeT HaM OIHcaTh KoJjeda-
TEJIbHO - BpalllaTe/IbHbI TaMUJIBTOHHAH MOJIEKYJIbI B (hbopMe, KoTopas Oy/IeT aJalTupoBaHa K
CBOICTBAM CHMMeTPUM MOJIEKYJ/Ibl. [Ipesk e 1eMm mpecTaBUTh TaMUJIBTOHUAH B TaKoil gpopme,
MBI XOT€JIN ObI OTMETHUThH, YTO B COOTBETCTBUM C OOIIEH KoJiedaTeIbHO - BpalllaTeIbHON TeopHeit

(em. [2, 6, 62]), TaMHJIBTOHHAH MOJIEKY/IBI MOKET OBITH IIPEJICTABIIEH B CJeIyIONel dhopme:
. 1 1
vib.—rot. _ 2 2 _ _
H /he D) Ea wa(P, +q;) + 2 Eﬁ tap(Joa — Ga)(Js — Gp)

+ 3 KabeGale + Y Kabedda@sleda + --- (4.10)
abc abed

Omnepatopsl Gy, 1 i3 B Bopazkenun (4.10) mveror ciremyiontyio $hopmy:

W, 1/2 W, 1/2
a = Z ab (—) qaPb — (—) GvPa (4.11)
Wq Wy
Ap

u
1 1
has =35 tap + Z Hapda + Z /Lagq(z% + .
B:B
B\ ~a
- aﬁ_\/_z< 1/2) Bqa+
3 B, B;BS o ~76
§Z< 172, 1/2 a @y Gady + - (4.12)
b
rie
Cgb = Z Z Eaﬁ'le,BalN’yb (413)
N By
(€apy - ITO MOJHOCTBIO AHTHCUMMETPUUHBI TEH30D, €ryr = €ysy = €rpy = —€ypz = —€pzy =
_Ezyac)v
N A 1/2
a;" = ay” (%C) , (4.14)
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05" =237 (03 — Bapdon) 3 MY Tislvrs (4.15)
By N
a)f = —QZm}V/QlNabrfw, a # B, (4.16)
N

B = ijga - {%j [(r552) + (riwz)]} | (4.17)

HerpynHo nokazarh, 9T0 raMuyibTOHHAH B BbipazkeHun (4.10), mpuBeseHHBI K CHMMETPH30-

BaHHOIT popme (110 cxeme, ONUCAHHON BBIIIE), OyJIeT UMETh CJIeLy IOl BI/I:

Hvib.—rot./hc _ \/[21—‘_a] ;wa {(pa ®pa>A1 + (qa ® Qa)Al}

1 / / ~ ~ ™y A
— nyy v Y v Y
Y @ (7 =)o (7 =) 4V, (@18)
nm yy'y
AHrapMoOHIYECKasT YaCTh BHYTPUMOJIEKY/IAPHON MOTEHITUAIBHON SHEPTreTUIEeCKON TTOBEPXHOCTH

JI MoJieKysIbl Tuna XY Zg npejicrasiena B [Ipunoxenun 4.

CumMmeTpu3oBaHHBIE KoJiebaTebHble (DYyHKITAU

B cooTBercTBUM ¢ OCHOBHBIMU IPHUHIUIIAME TEOPUU HENPUBOIMMBIX TEH30PHBIX OIEPATO-
poB, KosiebarebHble DYyHKIMU [v7,0) 1 mosekyst tuna ZXY3 (Cs,) MOryT ObITH HOCTPOEHBI

B CJIEJIYIONIEM BHJIE:

[vy,0) = (v1 v2 v3) {[(va Ly 74) ® (v5 15 ’75)]745 ® (ve lg 76)}2' (4.19)

[ne (v1 vg v3) - BostHOBast (DYHKIINST HEBBIPOXK IEHHBIX KOJIEOATEIbHBIX MO/ ¢1, ¢ U G3. BoJHOBBIE
DyHKIWN, KOTOPBIE 3aBUCST OT JIBAKJIbI BBIPOXKIEHHBIX KOJIEOATETBHBIX MO (40, (50 U (6o (0 =
1,2) ompesenstorcss KaKk TEH30PHOE MPOU3BEJIEHIE CUMMETPU30BAHHBIX (DYHKIIUI OTIE/IbHBIX
HEBBIPOXKJIEHHBIX MOJ (Vg Iy 7v4), (vs I5 v5) u (v lg Y6) (cuMMerpu3oBaHHOE KOJIEGATEIBLHBIE
dbyuxiwm (vy Iy va), A = 4,5,6 npencrasienst B [Ipunokenun 5). Ecin ucrnosnb3oBars 06111yT0
dbopmyiy (4.8), TO MOXKHO TOKa3aTh, 4T0 cuMMmerpusoBanHbie (yHkiun (4.19) mMoryT ObITH
[IpeJICTaBIeHbl B BUJAE OJHON M3 YeThIPEX KOMOMHAIWIA:

(—7)

v, IL) = 7 (v1 vo vs) [|oaly > |vul, > vl > £ oy — 1 > v, — 1, > v, — 1, >];
(—¥)
v, [1L) = 7 (v1 V3 v3) [Jlun — Iy > |Vl > ol > £ Jualy > |v, — 1, > |v, — 1, >];
(=%
o, IT1y) = 7 (v1 vg v3) [|oAly > |v, — 1 > |vly, > £ oy — 1 > vl > v, — 1, >];
(—=i%)
|, IVy) = W(vl vy v3) [|ualy > |vuly > v, — 1, > £ oy — 1 > |v, — 1, > |vl, >]
(4.20)
®aspl MoryT 6bITh paBHBI +i win +1; mapbl GyHKumit [... £ ...] co 3Hakamu + mpeobpasy-

IOTCS B COOTBETCTBUH ¢ F HEIIPpUBOJAUMBIM IIPEACTaBJICHUEM I'DYIIIILI C3v NJIN 2K€ OTHOCATCA K

HEPUBOJAUMBIM TpejicTaBieHusM Aj /Ay, COOTBETCTBEHHO.
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4.2 Marpuna 3¢dpdHeKTIUBHOIO BpaliaTe/JibHOIo raMuJabTOHN-

aHa: CBOICTBa CUMMETPUU

B coorBercTBun ¢ obIeil KosebaTesbHO - BpalaTebHOl Teopueil (cM., Hampumep, [2, 3,
78|), raMuIBTOHHAH MOJIEKYJIBI MOXKET OBITh 3allCaH B BHJEe Habopa TaK Ha3bIBAEMBIX (-
dexkTuBHBIX onepaTopoB [amuiabroHa, wim, B OoJiee o0IIeM ciydae, MaTpul] 3(phEeKTUBHOTO

oriepaTopa:

FJvib-—rot. _ Z |a) (b| H*?, (4.21)

rae |a) u (b| - KonmeGarenbuble bynKuy; onepaTopbl H* 3aBucAT TOMBKO OT BpallaTeJbHbIX
OIIepaTopoB J,, CYMMUPOBAHUE BBITIOJIHSIETCS 10 BCEM BBIPOXKJICHHBIM U /UJIM B3aHMOJICHCTBY-
IOIINM KOJ1e0aTe/IbHBIM COCTOSIHUSM. B HalreM cirydae, IIOCKOIbKY MoJIeKysta XY Zs UMeeT CHUM-
C Hb 0 b
merpuio Cs,, Kak BpallaTeabHble OepaTOpbI , TaK ¥ KoJebarenbnbie pynkmn |a) n {(b], B
ypasaenunn (4.19) mo/KHBL 06/1a7aTh CBORCTBAMHI HEIIPHUBOJMMBIX TEH30PHBIX HAOOPOB, OTHO-
camuxcsa K rpymne cummerpun Cs,. JIpyruMu coBaMu, OHE MOI'YT OBITH 3allUCAHBI C YIETOM
CBOMCTB CUMMETPHUHU BpPAIATE/ILHBIX OIEPATOPOB U KOJebaTe/bHbIX (DYHKIUN B CJIE/LYIONEM

BUJIE:
Hmb —rot. Z Z ‘U l 'Y ’U l/ ,_)//DnI‘ ®H A /]AI, (422)
vlyv'l'y" nll

i€, B COOTBETCTBHUY C HAJIMYIUEM TPEX HEIPUBOIUMBIX IpejicTaBiennii rpymibl Cs,, HHIEKCHI 7,
~" u I moryT npunumars 3Hadenust Ay, Ay win E. B sTom cirydae, pa3inaable KOMOUHAIUN TH-

JiekcoB v, v, ' B Boipazkennu (4.22) npuBOAAT K PA3JINIHOMY BHJLy BPAIATEIbHBIX OIIEPATOPOB

nl’
vly, 'l

Huaronanbubie 6710ku A; u/uimm Ay cummerpuun

OcHoBubie cBoiicTBa cumMmerpun Mosiekysbl Tura ZXYs (Cs,) MO3BOJINIM HAM IOJYIUTH

OIepaToOpbl MarOHAJIbHBIX OJI0KOB Ay u/mim As CUMMETPHE B CJIEIYIOIIEM BH/IE:

Hya, v, =

AN (VAN{ B + AN (2 + J2) + BN J2 — DY It — DY J2 T2 — Dy g2
+H§A* T+ Hy2 JU T2 + Hyp TP T+ Hp J8 + LY I8 +

HIGE + e+ G024, (2 = )

+(e ’“A*J + gL '”AAJ;‘ ) (JR T RS 0 ) (4.23)

Biece BUAN OV, D;AA, D;’?@, D}’(A*,HﬁA*, H;]A}A,H}J(’?}A, H})(A*,LQ}AA, ... - BpalljarejibHbIE MTapa-
METPBI U IapaMeTphl EeHTPpobeKHOro uckazkenus. Oueparopst (J? 4 J?) cBaspiBalor Bpala-
tespble cocrognud |Jk) u |JE) (—J < k, k' < J) ¢ pasupiMu 3HAYECHUSIMU KBAHTOBBIX THCEJT
k, a umenno, Ak = k — k' = + 3. OHu oTBeTCTBEHHBI 32 a1/ay paciielnieHne yposHeit ¢ K =3
(K = |k|). Tlapamerpsi €7 /7, ex* /i ... omucpBaior J - n K - 3aBHCHMOCTH TJIABHOTO

e /¢\ mapamerpa. Boipaskenne [, ...]+ obosHaYAET AHTHKOMMYTATOD.
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mnarounanbHblie 0Jioku [/ cummeTpun

JLnnst iBaXKIbl BBIPOXKJIEHHBIX KOJIe0aTe/IbHBIX COCTOSHUI oneparop H vEVE pveer BT

H'UE,'UE = Hz()z)‘,vE + Hz(JZE),vE + Hﬁ?,vE’ (424>
rje
H) = (0E) (B + |vEs) (B ) { E'F + AYE(J2 4 J?) + B*E.J?
—DYE gt — DYE 272 — DVE L 4 HYE O + HYE g g2
HHGPT + Hi IS+ LYP TS +
1 1
HIGET + 56"+ G2+ ), (= )]s +
[(e ’”EJ +FPLI P2 ), (L + )], (4.25)
Hz()2E),vE =
([WE V(v Ey| — [vE) (B {0 E T + n5E T J? + nsE I3 4+ B I J* + s J3 T
03 ds + 055 T A e T+ 0k T2 T 4 0k I+ ) (4.26)
n
HS) = (WE) (0Ey| — [vE) (B ){[iA", (J4 — J)|4 + [B"F, (1 + J_))
HCP (TE 4 TP + D (2 = Ty + [F°F, (JE 4+ I + (G, (T = TD)4 )
([0 E) (0Es| + [vEs) (vE ){[A™, (J4 + J)]4 + [iBY, (J- — T4
( [

+H[CP (JF = T2 + [DYE (T2 + T2 + [GFF, (T — T + [GYF, (T + T)]4

1 1 1
A = Sat+ 5al P al Sl 4 sl @l S a2+

+a g T A QY e ST+
B = BT+ BY L+ By 4 BTN+ By ST+

1 1 1
cvF = 57” + 57}72 + % J2 + §7§JJ4 A TP TR A Y TR+
DYE U 4 SN T 4 SUT 4 84 T+ 84 T2+

1 1 1
P = Sl 5/4}Jf + Ky J2 + §/<:§JJ4 + K ST+

G = 0T+ 0T+ 05T+ 04 T T+ 04 TP TR+

(4.27)

(4.28)

B Boipaskenun (4.25) E°F BYE .. €"F napamerpbl nmeioT To e 3HaueHHe, KaK U COOT-

BETCTBYIOIINE TapaMeTpbl B BbipazkeHun (4.23) ¢ TOil JIUIb PasHUIEH, YTO XOTS ONEPATOPBI

(J? + J?) cBasbiBaor Bpamatrensusle cocrosuus |Jk) u [JK') ¢ Ak = k — k' = + 3, onu ne

PACIIEILISIOT a1 /ay yposuu. Oneparop Hyo'F

onuckiBaeT k — [ paciierieHus; orepaTopbl JIPy-

roro Tumna (J? £ J") cassiBaioT Bpamarejabnsle cocroanus |Jk) u [JK'), rne Ak = k — k' =

+ n. [Ipuyem onepaTopsl ¢ n = 2m OOYCJIABIUBAIOT G - Gy PACHIEIUIEHUS YPOBHEN SHEPrun ¢

K =m.
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Baoku BzanmogeiictBus Kopmuosmca A, — E, nian A, — E tuna

OmepaTopsl, onuceiBatoIue B3anmoeiicreue Kopuosinca, cBA3bIBalOT KoJiedaTe/IbHbIE CO-

crosinust Ay /Ay n E cummerpuu, 1 UMEIOT CJIe/TyIOMmuil BT

Hyp v =

A W B {[A™ 0, (T = T+ B (o o)+ [CVE (T 4 )]
D AE (T2 = T A [FE (T I G (T = T )
HvA) (O By {[A™ (T Ty + B (T — J)]y + FOYME (T2 — T2,

HDUAE (2 ) 4 [FFPE (T = T (G (T T (4.20)
n

HvAg,v’E =

—oAg) (v Ex|{[iA VP (Jy = S )y + [B 2V (Jy 4+ )]y 4+ (O (S 4 )]

H[EDUAE (T2 = T A [FAE (T 4 TN+ BGUTE (T = T4}

oAy (0 By [{[A2YE (T + )|y 4 [iBY2YE (T — T 4 [iC 2 E (2 — )],

DA E (D + TP A TFE (T = T A [GE (T 4 T (4.30)

Omneparopsr A4 V'E BvAi V'E -y MOXKHO HOJIy9nTh Ha ocHOBe (4.28) 3aMeHOl mapa-

MeTpoB ¥, (Y, ... ma a%ve prenve g (i = 1,2).

Baoku BzanmoneiicrBus Kopunoauca A; — Ay Tuna

Omnepatop B3ammojeiicteus Kopuosmmca Ay — A, Tuna uMeeT BUI:

Hyp 04, =
|UA1><U A |{7]v141,v A2J + nvz‘h,v A2J J2 _|_771)A1,v A2J3 + ,r]'UAlﬂ) Azj J4 vA1,v A2J3J2

+771,A1;U A2J5 + JJ}]'U AQJ J6 + 3?}(,1; A2J3J4 3?{1}(11 A2J5J2 %%%Aa]? —+ } (431)

BzaumoneiictBue ®epmu A — Ay, Ay — Ay mam E — E tuna

B coorBercTBHEM €O CBOHCTBAMU CHUMMETPHUU, OI€paTOPbI B3ammojielicTBusd Tura Pepmu

UMEIOT TOYHO Takyio ke hopMy, Kak 1 JuaroHajibHbie oneparopsb (4.23) - (4.28). Koneuno, Bee

CIIEKTPOCKOIIMIECKTe TTapaMeTphl, Takue Kak BV, A, ... n*F ... a’,... u T.71., JOIKHBI OLITDH
/ / /
3aMeHeHBI Ha, COOTBETCTBYIOIINE HapaMeTphl B3amMoeiicTeus FUYV Y nvBEVE - qvv'  n
T.JIL.:
H’UA)\,’U/A)\ -

|UA)\><U/A)\|{FUAA’UIA’\ + FZA)\,’U/A)\(JQ% + J;) + FEA)”U/AAJZQ o ngj)\,UIAA(]ll
—Fp AN R I g g AN g6 A g g2

gy R Bt TS P

+[(F3A>\7UIA)\JZ + FSJA,\,U’A,\JZJQ + FS:NU/A,\JS + )’ (J.?_ + Ji)]—i—

LA S g0y Y, (4.32)
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rie A = 1 wm 2; u

rie

HUEW’E = HiEIE),v’E + H1()2E),U’E' + H1E3E),U/E’ (433>

H o = (0B (0 By | + [WE) (0 By ) {FYEV'E 4 PV (12 4 J2) 4 FpPE 2
SEPE - FR R I F 4 E
FESR T ST

H(F PP 4 Fa PP LT+ Fu PPUE IR ) (T2 + T4, (4.34)

(2)
Hva’E -
(|0E1><U E2| . |UE2><U Ell){nvaEJ +nvaEJ J2 vaEJ3 + zjﬁvEJZ(]
B B g3 2 g B E g5y e B0TE g g6y e BuE g3 g | eBE g5 g2

il R (4.35)

HS) i = ([0B2) (v Ba| — [0Ex) (' Ex|){[iA"P'E, (T4 — )4 + [BBP (J + T4
HCEYE (J2 4+ T2y + GDUEVE (T2 = T+ [P (T 4 T,

G (T = )]}

(0B Ba| + [0 En) (0 By ){[A"PVE, (T4 + T + iB*2YE, (J- = T4

+

+[Z.CUE’U E7 (Ji - Jg)]ﬂL =+ [DUEKU/E’ (‘]?F + JE)]+ + [?:F’UEW/E7 (’]i - Ji)]Jr
HGEYE (T4 TN (4.36)
vEV'E 1 vv’ 1 2 2 4 2 72 w74

+ay e AT+ +aJKKJ2J4

BUEVE = g 4 B LI 4 B TR 4 B J4J + By TS+
1 1

CVEVE va _1_5% J2_'_7 J2+ ;7 J4+7 J2J2+ .+ JJKJ4J2

DYEVE g g T 4 6 TR 4 6 LT 4 6 IR 4

FUEVE — %/@“”/+%r€}”'ﬁ+ YT+ 3 JJJ4+ G2+

GUEW'E = g T g T g2 4 v g3 4 0 T T J2J§’+.... (4.37)

4.3 Matrpuna 3¢ppeKTuBHOro BparnaTeJibHOTrO TaMIJIbLTOHU-

aHa: Teopud BO3MYILEHUN

B nannowm maparpade 1mpejicraBieHbl OCHOBHBIE (DOPMYJIbI OIIEPATOPHOH TEOPUU BO3MYIIIE-

Huit, 71|, KoTOpble 3aTeM GY/IyT HMCIIOJB30BATHCS JJIsi BBIYUCJICHUS DPA3IUIHBIX CIEKTPOCKO-

nIIecKuX napaMerpos sbdexTusHoro rammisrornana (4.21) - (4.37). B coorBercTBum € Orme-

paTopHOil Teopueil BO3MYIIeHHil, BpalaTe/bHble onepaTopbl H%/ B npaBoil 4acTu ypaBHEHUs
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(4.21) MoryT GBITH IPEJCTABIEHBI B CIEIYIONEM BUJIE:

g 1 1 1
i,j — F05. iRl g Z ] ]
I LS + (ilhl) + 5 k;ﬂﬂ@lh!kﬂkmlﬁ {E? i E0— Eg}

+ ) (i) (k[ (12 5) {(EQ_E]?;(EQ—E?) +( )1E E} )}

k1825

Ep)(
ilh|m) mhk: k|h 1 i|h|k) (k|hlm){m|h
__ZH H><HJ) Z(H)(\H(\m

- = +...0(K%Y).
), —BY) 2 4t () ED)(EG, — EY)
mesz me;;
(4.38)
Buech EY u |i) - cobersennble 3Havenns u cobcTBennble hyHkun oneparopa Lamusbrona Hy:
Holi) = E7li); (4.39)

Hj - omeparop HymeBOro nmpubmKeHus (MpecTaBageT u3 cebsi CyMMy MapMOHUIECKUX OCITHII-

JIHTopOB) KOJIe0aTeJIbHO - BPAIaTeIbHOIO TaMIJIbTOHUAHA (4.10),
HY®—rot = Hy + h, (4.40)

(2;; - IPOCTPAHCTBO PE3OHUPYIONIUX COCTOAHHMA.

Wcnonmp3oBanne CHIMMETPU30BAHHBIX OIEPATOPOB W CHMMETPH30BAHHBIX BOJTHOBBIX (DYHK-
it B hopmyiie (4.38) gBiseTcs CI0KHOM 3aatieit gazxke Jijist pacdera BTOPOTo MOPSIKA TCOPUH
BO3MYIIEHUI, He TOBOPS y2Ke O TpeTbeM U OoJjiee BBICOKHX MopsakaxX. [lo sToit nmpuunne, BbI-
quCIeHnsT OBLIN pean30BaHbl HA OCHOBE aHAJTUTUIECKUX SI3bIKOB porpammvupoBarus MAPLE
u MATHEMATICA. B ciemyromnux maparpadax JUCCEPTAIIT [IPEICTABICHBI PE3YIbTAThl BbI-

YUCJIEHUH J1j1d HanboJiee BayKHbBIX CIEKTPOCKOIIMYIECKUX ITapaMeTpOB MOJIEKYIbl Tuma XY Zs.

4.4 CroekTpocKolmiecKnue napaMeTpbl MOJIeKYJIbl Tutia XY 73
(Csp) KakK QYHKIMU CTPYKTYPHBIX apaMeTPOB U mapa-
METPOB BHYTPHUMOJIEKYJISIPHOI IOTeHIIAJbHOI (PyHK-

1

B nannom maparpade, UCIOIb3ys YIOMSIHYTYIO BbIIe NH(MOPMAIIIO, OIICaHa CXeMa, I10-
JIydeHUsi OCHOBHBIX PE3Y/IbTaTOB, OIPEJIe/ISIONNUX Hanbojiee BazKHble CIIEKTPOCKOIIMYECKHUE I1a-
pameTpbl ramuibTornana HYY mostekyisl tuma XYZs (Cs,), Kak GyHKIMI CTPYKTYPHBIX Tapa-
METPOB (rSy, I'yy, Oy z U aniYZj) U 11apaMeTpoB K, . BHYTPUMOJIEKYIAPHOI OTEHITAIbHOI

dbyuknun (emorpu [punoxenne 4).

KosddunuenTs! aHrapMOHIYHOCTH Tqp/ 11,

Uszsectno |2, 78|, uto komebarenvnas sueprus (B wmn EYF B popamenusx (4.23),

(4.25)) MOJIEKYJIBI THIIA CHMMETPHIHOTO BOTIKA OIPEIENSICTCS CAC/YIONNM BHIPAYKEHUEM:

= Z Wa(vg + =) + Z Zap(Va + —)(vp —l— ) + Z ziy0, I+ (4.41)

a<b A<p
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e d = 1 Juid HeBBIPOXKIEHHBIX KoJiebaHuil ¢ u d = 2 JJjisi JIBaXKJIbl BBIPOXKIEHHBIX KOJIeOaHUi
A

Ucnosb3oBanue orepaTopHoil Teopun Bo3MyIeHuii ¢ oneparopoM (4.10) u cuMMeTpru30BaH-
HBIX BOJTHOBBIX dyHKImii (4.20) (bazosbrit koadduimenT byHKIMN TaKKe JOKEeH YINThIBATb-
csl, Kak Moka3aHo B IIpuioxkeHnu 5) MO3BOJIMIO HAM HOJIYYIUTH CJIEIYIONINE BBIPAXKEHUS JIJIsI

K03 DUIUEHTOB aHIapMOHUIHOCTH:

3 15 k‘2 k2.
2 ]751 Wi £ CU] + 20&)@ i S(CL)] — 2(4_}2)
Ty = kiijj B 3kiZ@ijj . 3/@‘;]"]%1]‘ . Z kiizdkjﬂ
v J I£i,j 1
2 9 ) )
_ kz]] + kn] 4 kzy] n k'“]
Q(Wz + 2an) 2(% + 2w;) 2(w; — ij) 2(w w; — 2w;)
l 1 1 1
- Z ; { - - + } . (4.43)
3kiiik; kiiiks k2 L2
Tix = Kiiax — DRI Z JIAN 5 AN + iIAN

Wi i Wj (CUZ‘ + 2(,0)\) 2(&)2 — 2&.))\)

1 1 1 1
_ i + —
;}\ 8 {wi—l—w)\—i-wu Wi +wy—w, W — Wyt wy, wi—w,\—wu}

2 2
Lwited

Wi

B3 (Ch,)% (4.44)

T = §k>\)\>\)\ _ Z Koo 15K Z R _ Z ki
2 i 2w; 4wy QWu w +2w)\

n#
D PR D i P DE v (.8
8(w, + 2wy) - 8(w; — 2wy ) = 8(w, — 2wy)’
2 2
0 Lo 3 FiKips Ko R
Aup =9 T Ay - wj 2wy 4+ 2wy)  2(wy, — 2wy)
_ k/\uu + k/\uu . Z kw\u 1 + 1
2wy +2w,)  2(wy —2w,,) 16 "witwy+tw, w+wy—w,
1 1 k3., 1 1
w; —wy+w +w'—w —w}_z 8#{01 tw, +w, wyt+w, —w
[ A “w ) A n VMU A “w v A w v
1 1 W} + W , B¢ )
— BE((Y —Z((% 4.46
CLJ)\ o w'LL +CL)Z, W)\ _ (U“ o wl/} + w}\w” { I(C)\lug) + 2 (C)\l/JQ) }’ ( )

. :—lk: +21k/\M+Zk§AM+Z ki _ZL
Il Mt w e 2w, : 8(w; + 2w)) =~ 8(wy + 2wy)

k?
z/\)\ Ay el z 2

— 2(,(.])\ W 2(4.))\)
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2
S -8 S S S S
Am - 16 (witwy+w, wi+wy—w, w—wy+w, w—wyx—w,

K 2 1 1 K . 2 1 1
R P - R -
2 Wy Wyt 2wy w, — 2wy Wi+ 2w,  wx— 2w,

ZkAW 1 1 1 . 1
b 8 Wy tw,+w, wWatw,—w, Wyx—WwW,tw, Wyx—W,— Wy

+B§(C§1u2)2 - QB;(Cflp,z) + 236C>\1>\2 w12 (448)

Cretyer OTMETUTh, ITO MOJIYIeHHBIE (DOPMYJIBI JIJIST Xqp XOPOIIO COTVIACYIOTCS C aHAJIOTUU-
HBIME pe3y/ibratamu u3 [78]. B To ke Bpems, CyIIeCTBYIOT HEKOTOPbIE PA3JINIUsl B BHIDAYKEHUAX

JUT T7,1,, OOyCIOBJICHHbIC PACHICIIICHUAMEI KOJIeOaTe/IbHbIX YPOBHe SHEePIHuu.

KoJsebareabHo - BpaliaTebHble KO3 UIMEeHTbI ozf

KonebaTembHo - BpamaTeibabie KoaDOUIMEHTH o - 9T0 MapaMeTphl, KOTOPBIe OTHCHIBAIOT

IJIABHBII BKJIa/I B KO.He6aTeJIbHyIO 3aBUCUMOCTDb BpalllaTCJIbHBIX ITOCTOAHHDBIX BE

d
BY = BS — Z%%+p+. (4.49)

Yrobbl PaCcCInuTaTh ITapaMeTPbI 0457 HeO6XO,ZLI/IMO IIPUHATH BO BHUMaHUE, 9TO JJId MOJIEKYJI THUIIa

XYZs (Cs,) Tombko crenyiomue kosbdummentsr af’ (cm. ypasmenus (4.15) - (4.16)) ormmaemb

oYY 2z ([, T2 g2 Y% RY TTr __ vy __ _
or myna: ai® = a}’, af* (i = 1, 2 mm 3); afF = aif = ay, = a,,, w a3y = —ay, = —a,) = —aj,
(A = 4, 5 wmm 6), kpome Toro, BS = Bj. Ecin y4ectb JaHHbIE COOTHOIIEHUsI U OCHOBHBIE

dbopmysbr (4.11) - (4.17), 3aTeM NPUMEHUTH OMEPATOPHYIO TEOPHIO BO3MYIIEHUI, TO MOKHO

MIOJIYYUTD CJIEJYIONME BbhIpazkKeHns Jjid I1apaMeTpOB af :

3(B5)° 3V2, ioe V2 N
aﬁ _ _2\78 (aﬁﬂ) 36)2 Bﬂkm o Z (BB>2 Bﬁk“]

i A i 3/2( 3/2
2 w; w; j#i Wi
BeCE )2 ) 2 R 2
Sy B el el ) (1.50)
W;Wy Wi — Wy Wi + W
. y 3 (Be) e[/ ~xTx e Nxz e 2~xm
of = of = I (2B (ag)? + BEaR)?) - Z 3/23 Fia
_ Z (B; fwz)z {(w/\ +wu)2 _ (= w“) }
A AW WA — Wy Wit Wy
B Z (BSCh,)? { (Wr+wi)?  (wa— Cdi)Q} ’ (4.51)
— 2w Wy — W; Wi + w;
u
z 3B;(Bz6)2 ~xz\2 \/§ € 2~$I
- (@quvw+wf_wrwﬁ} (4.52)
A AW Wx — Wy Wx Wy
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PaBHOBecHBIE BpalaTebHble TTOCTOTHHbBIE Bg 1 K03 DUImeHThHI a?ﬁ OIIpeIe/IAIOTCS Ha OCHOBE

BeIpazkenuit (4.14) - (4.17).

ITapamerpbl nenTpobexkHoro uckaxkeuust Dy, D, D n napamerp ¢

[Tapamerpsr nieaTpobe:kHOrO ncKaxkerus Dy, D, Di u napamerp €, OTBETCTBEHHBIE 3a
a1 /as paciierienne BpalaTe/bHbIx ypoBHeil ¢ (K = 3) xosebaTesbHbIX cocTostHuil A; or Ay
CUMMETPHH, UMEIOT CJIeTyIONTIil BUJ;:

DAA*DE—Z{

Be 2~zx 2"’1’90

Z{ Ty (4.53)

D}y =D = Z (B — (BY) ) +

Z%if){we) @) — (B @), 450

A “x

D = DE—Z{ LA B Z{—m @Y (BTN, (455)

1 o~

b=t =) (B BT (4.56)
P

ITapamerpsl pacuienyieaus KopuoJsiica n”E , IapaMeTpPbl B3aUMOIEACTBUA

vA1, vnEomE

Kopwuosuca 1414 y napamerpsl B3aumoeiicteust ®epmu 7

Eciu ucnosnbzosats oneparop (—2B¢G,.J,), KOTODbIii ABISETCS 9aCThIO KOJIEOATETHHO -
BpaIaTeIbHOTO TaMIIbTOHIaHa, H V-~ (4.10), TO, UCIIOIIB3YsI IEPBBIil TTOPSIIOK OIIEPATOPHOM
TEOPUU BO3MYIIEHHI, MOXKHO IMOJIyYUTh IVIABHBIE YaCTU TPEX PA3JIMIHOIO TUIA CHEKTPOCKOIIH-
YeCKUX MapaMeTpoB: IapameTpbl Kopuosucosa paciierienus VY (soipaskenue (4.26)), napa-

MeTpsl Kopuosmcosa, B3anmosieiictust 741042 (

Beipazkenue (4.31)) u @epmu B3anmMo/eiicTBIS
purEvmE (pom =1,2,... u n # m) (Beipaxenue (4.35)), KOTOpbIE OMUCHLIBAIOT B3aUMOJIEHCTBHIE
MEXKIy KOJIeOATeIbHBIME COCTOSTHUSIMU, UMEIOIIUMU OJMHAKOBBII HA00P KBAHTOBBIX YHCEN Ug,

HO pa3/IMYHbl€ KBaAHTOBbIC YHCJIa l/\. Pe?)y.HbTaT MOXKET OBITh 3aIIUCAaH B cjleayronem BUJIe:

nvF,vF = _QiB§<CAC§1A2lA + CMC;LUQZH + CVleVQZV)' (457>
Buecy nT = ptBvE = pvE | papamerp k — | paciiemieHnsi B BHIPAsKEHIH (4.26); petel’ =
nUAtvA2 - mapamerp Kopuosmcosa zamMoieiictsua B Boipazkennn (4.31); nUtwl = gpunlomE

napamerp Pepmu B3anmoseiicteus B Boipazkeruu (4.35); A, i, v IpuHUMaOT 3HaueHus 4, 5 uin
6; 1,1, 1 l, - KosrebaTebHBIE KBAHTOBBIE THCJIA BOJTHOBBIX (DYHKIWIL (v1, U2, Us, U4, L4, Us, I, Vg, lg);
Kosdbdunuenrsr ¢y, s 6osee obmux ciaydaen npeacrapieHbl B Tabsmie 4.1. BaxkHO oTMeTUTb,
9TO, BO-IIEPBBIX, 3aBUCHMOCTH 1IaDAMETPOB 1) OT 3HAYEHUI KBaHTOBBIX uucesn [y /[, /l, ne Tpu-

BHUAJIbHBI, BO-BTOPLIX, JaHHOE€ COOTHOIICHNE HE 3aBUCUT OT KBaAHTOBBLIX YHCEJI U/\/’UM/UV. Tak ke
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sTa 001Ias hopMyIa MO3BOIsAeT OObETMHUTD JIPYT € APYTOM He TOIBKO apaMeTpsl k—[ pacriern-
JIEHUsI B KOJIEDATE/IbHBIX COCTOSHUSX cuMMeTpun £ HO u HeKoTophle napameTpsl KopuoJincosa

u PepMu B3aUMOIEHCTBUS.

Tabsuna 4.1. Herysieble 3Hauenns koabunneHTos ¢, Beipaxkenne (4.57), ucrnoab3yemble JIst

OIIpeJIcJIEHNA ITapaMEeTPOB 7).

iyl ex ¢ ¢ e Nl l, o ¢ o e
100 1 E| 220 1 -1 A1/Ay
200 -1 E|l 130 1 1E
300 -1 A1JAs | 130 1 2F
400 1 E|l 130 1 1E/2F
500 -1 E| 230 -1 1E
600 -1 A JAs | 230 -1 2F
110 -1 -1 E| 230 1 1E/2F
110 -1 1 AjJAs | 111 1 1 -1 1E
120 -1 1 EF|l 111 1 -1 1 2F
120 -1 -1 A JAy 111 -1 1 1 3E
220 1 1 E|l 111 1 1 1 A/A

%) B nanuoii KoJoHKe ormcan Tun napamerpa: I'I' = E coorsercrsyer n'F - mapamerpam k — |

pacmenenns (4.26); TT = Ay /Ay coorBercrryer pvAtvA2

vEvE

- napamerpam Kopuosncosa B3an-
mozeiicrsust (4.31); IT = E/E coorsercrsyer 1)
(4.35).

B kaugectBe WJIJIIOCTPallu KOPPEKTHOCTHU IIOJIYyYEHHBIX PE3YJ/IbTaTOB, Mbl NCIIOJIL30BaJIA PeE-

- mapamerpaMm Pepmu B3auMoIeiiCTBU

3y/JIbTaThl HE3ABUCUMOTO aHAJIM3a T0JI0C V5 1 215 Mosiekysibl CHD3, npejcraBienssie B paborax
[92] u [93]. B gamnom ciyuae, n=1E = 3.565753 e~ uz [92] u n»=2EF=(-2 x 3.596929) cm~*
u3 [93]. MoxkHO BHETH XOpOIee COOTBETCTBIE Pe3yJIbTaToOB. B KadecTBe eIe OJHOTO MpuMe-
pa MOXKHO PACCMOTPETh PE3Y/ILTAThI IPEJIBAPUTEIHLHOIO aHAIN3a IOJOCHI Vs + Vg MOJIEKYJIbI
13CH3D, [94], koTOpble MOXKHO CPABHUTH ¢ pe3yJbTaTaMy aHaIu3a (yHJIAMEHTAJLHBIX MOJIOC
vs 1 Vg, [95]. B mannom ciayuae, napamerp k — [ pacmerienns [95]: ns=F = - 2.643331 cm~!
u nU=1 — 1 6.283671 cm~!. B coorsercrun ¢ Tabumeii 4.1 MOXKHO PACCUNTATL HAPAMETPEL:
pUs=ve=lArvs=ve=142 — 1.8 927002 cm~ ! m ns=*6=1F — _3.640340 cm~!. IlapameTpsl, HoIyUeH-
HbIE U3 TIPEIBAPUTETHHON MOJIIOHKN SKCIIEPUMEHTAIbHBIX JIAHHBIX JJIsI MOJIOCHI Vs + Vg, TMEIOT

caetytomue 3nadenns: +8.82 cm~! u -3.53 em~!, coorsercTBeHHO. MOYKHO BHJIETH XOpOIIIee

COOTBETCTBUE MEXKIY obenMn ITapaMi BEJIMYINH.

ITapamMeTpbl BpallaTejbHOro pacuienenus a;/ax(K = 1)7'F, napamer-

vANOE

pbI B3anmoieiictBuss KopuoJsmca vy U IapaMeTpbl B3anMO/IeiicTBUS

q)epMI/I ,yvnE,va
[Tapamerpsr v°F (omucwiBaloT Bpamarenbo pacierienne a; /ay (K = 1) B KonebaTe bHbIX

vAN,vE

cocrostHustx cumMerpun E), mapamerpsr Koprosmcosa B3anmopeiicrsus -y " TIapaMeTphl
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®epmn B3anmozeiicreus 7" E croar nepex oneparopamu (J3 + J2)/(JE — J2) (cm. BBI-

paxxenus (4.27) - (4.28), (4.29) - (4.30) u (4.36) - (4.37), coorBercTBeHHO). MOXKHO HOKA3aTh,
ucrnosb3ys Boipaxkenust (4.10) - (4.17) aya ramumiasronnana n dopmyrty (4.38), 4ro Bce TH

3 DEKTHI ONMUCHIBAIOTCA CJIEIYIONUMEI TTapaMeTPaMU:

ST df\v)%\ i dLv)%L +dV),, (4.58)
re A, ji, V pa3JInydHbl U
3 (Be)QBe ~rz 3 e\2~rx k/\A/\ e 2~J:ac k)\)\,u
N=7g wh (a/\1) - \/E(B ) ax] wi{\/Q Z \/— (By) ay; i’/Q
5 ; 1+ 2 P — 2
4wlw)\ Wi — Wa w; + wy

(715t 7, U 7y, MHIEKC A B IpaBoil dacTu ypasHenus (4.59) mosKeH OBITH 3aMEHEH Ha [i WIH U CO-
orBercTBeHHO). 15t vy + v, +v, < 4 HeHysIeBble 3HAYEHUA KOIDDUIHIEHTOB d,(.'.") IIpeICTaBIEHBI
B Tabsume 4.2.

Tak ke, Kak u B npejbiayineM naparpade, ypapaenus (4.58) - (4.59) mo3BossiroT HAM TIpe/T-
CKa3bIBATh PA3JINIHBIE MTAPAMETPHI HA OCHOBE M3BECTHBIX Yy2Ke HamboJ/iee KOPPEKTHO OIpese-
JIEHHBIX napaMeTpos Y~ dynnamentanbabx nosoc. OcobeHHO BazKeH IOy YeHHBIH Pesyilb-
TaT [T MIPEJICKA3aHNsa PE30HAHCHBIX MapaMeTpPOB, KOTOPbIE OYEeHb YACTO OIPeIe/IA0TCd U3
"durunara" ¢ Huskoit rounocteio. U3 Tabmunbt 4.2 BuguM, uro napamerpbl aq/as (K = 1)
pacimertenns Y'F oTmmaabl or myng naa GyHIAMEHTATBHBIX MOJI0C Yy, HO PABHBI HYJIO JJIs
KOMOMHAIIMOHHEIX TI0JIOC V) + V,. B KadecTBe MITIOCTpAITIN KOPPEKTHOCTH HOJIyY€HHBIX BBI-
vs=1F n ,yvgzlE
CHD3 na ocHoBe mH(MOpMaInu 0 HMapaMeTpax BHYTPUMOJEKYIAPHON MOTEHIAIbHON (DyHK-
muu u3 [67]. Boutu nostydenst ciejyiomue pesyabTarhl: Y E = _1.03x 1073 em™t, 4veTIE =
-16.9x107% em ! g monekyant CHsD u 4vs=1F = -5.87x107% em !, 4%6=1F = 12.1x107% em !

qst Mosiekysibl CHD3 (citetyer orMeruThb, 9To B JaHHOM cJiydae ObLIM IPUHSTHl BO BHUMAHHE

pakenuit (4.59) HaMu ObLIM pACCUYUTAHBI HAPAMETPHI 7Y st mosiekysn CH3D u

BO3MOYKHBIE DE30HAHCHBIe B3anMo/ieiicTust). Te ke camble mapamerpsl paccautanbl B (92, 96):
A=E = 0.723x1073 em™t, Av=E = 117.53x107% em~! goa mosekynanr CHsD m 495~ —
-5.948x1073 em™ L, 4veTE = 16.8x 1073 em~! s mostexyner CHD3. MoxKHO OTMETHTH XOPO-
Iee COOTBETCTBUE MEXKJY PACCIYMTAHHBIMU U SKCIIEPUMEHTAIbHBIMU 3HAYEHUSAMU [1APAMETPOB
yv6=1E (CH3D) u vv»=!'¥ (CHD3). CooTBeTcTBUE ¥Ke MeKLy PACCINTAHHBIMU U SKCIIEPUMEHTATh-
HBIME BejlnauHaMu napamerpos 75=1F (CH3D) u 4= (CHD3) xyske. OnHako, ero MOxKHO

pacCMaTpuBaTb KaK YAOBJICTBOPUTE/IbHOE, €CJIN IPUHATH BO BHUMaHKE CJIEIYIONIeEC:

1. B mocsieaueii cuTyanuy pasHUIl COCTaBJIAET IPUMEePHO 25 % 0T abCOMIOTHON BEININHDL

napamerpa =¥ (CHDj3);

2. B cayuae napamerpa v~ (CH3D) pasnuia cpaBHEMa ¢ pasHUIEH B JABYX JPYIUX CIIy-

dagx jyisg napamerpos 76=E (CH3D) u 4v=1# (CHD3).
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Tabmuma 4.2. Henysessie snadenus kosbdunuentos d, (Bopazkenus (4.59), (4.60)),

/! /
HCIIOJIL3YeMbIe /I onpesenenns mapamerpos Vvl g golel’,

oy valy v, T | Oy O, o, T | d) dy) db)
11 0 00 FE|[11 0 0 E 2

20 00 00 A |22 00 00 £E 4

11 11 00 E |11 11 00 A4 2 2
11 11 00 E [ 11 11 00 A, 2 -2
31 00 00 E |31 00 00 E 4

31 00 00 E |33 00 00 A | 2V3

31 00 00 E |33 00 00 A | 2V3

11 20 00 E |11 20 00 E 2
1122 00 E |11 22 00 A 2

11 22 00 E |11 22 00 A 2

11 11 11 1E| 11 11 11 2E 2

11 11 11 1F | 11 11 11 3F 2
11 11 11 2FE | 11 11 11 3F
11 11 11 1FE | 11 11 11 A

11 11 11 1E| 11 11 11 A -2
11 11 11 2F| 11 11 11 A 2
11 11 11 28| 11 11 11 A -2
11 11 11 3E| 11 11 11 A 2

11 11 11 3E| 11 11 11 A -2

40 00 00 A, | 42 00 00 E | —4v3

42 00 00 FE | 4 00 00 F 4

20 20 00 A; | 22 20 00 E 4

20 22 00 E | 22 22 00 E | 2V2

20 22 00 E | 22 22 00 A | 2v2

20 22 00 E | 22 22 00 A, | —2v2

11 3 00 E |11 31 00 4 2 4
11 31 00 E | 11 31 00 A, 2 4
11 31 00 E | 11 33 00 1E V6
11 3 00 E |11 33 00 2E NG
11 31 00 A, | 11 33 00 1E V6
11 31 00 A, | 11 33 00 1E V6
11 31 00 A, | 11 33 00 2E —/6
11 31 00 Ay, | 11 33 00 2FE —/6
11 33 00 1E| 11 33 00 1E 2

11 33 00 2E| 11 33 00 2E -2

CrielyeT OTMETHTH TaKzKe, YTO B HAIIMX BBIYUCIEHUAX OBLIM UCIOJIH30BAHBI ITAPAMETPHI
HOTEHIUATBHON (DYHKIINM, OIpeieieHHble ¢ TTOMOIIbI0 ab initio metonos [67]. U1 eciin mepBona-

YaJIbHbIE ITapaMETPBI IIOTeHIa/Ia U3MEHATCA, TO PE3YJ/IbTAaThbl pacdeTa TO2KE USMEHATCI.
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Iapamerps! 5°F, mapamerps! B3anmoneiicteus Kopuomuca 84V u na-

paMerpsl B3auMoeiicteusa Pepmu [0 vmE

[Mapamerpsr 3°F, orparxkennsa (4.27) - (4.28), napamerpnr Kopuommcosa B3anmoseiicTus
BUANE | priparkenns (4.29) - (4.30) u nmapamerpnl ®epmu BzaumoseiicTeusa [UEYmE | pripa-
xkennust (4.36) - (4.37), croar B ramusbronuane mepes oneparopamu [(Jy + J_), J,]+. Moxkwuo

IIOKa3aThb, 9YTO 3TU IIapaMETPbl UMCIOT CﬂeﬂyIOHH/HU/I BHU:
BvF,vF’ _ d&v)g}\ + d,EJ,v)ﬂM + dl(/v)ﬁm (460)

rJie HeHyJ/ieBble KO3 DUINEHTHI d.(;.") UMEIOT TOT Ke BUJI, Kak u B ypaBuenuu (4.59). Tlapamerpsl

[ OIpeIestoTcs Caeayomeir hpopMyIoii:

3V2(BS)?BS .. 3 2 B 1 ~pz B
_ x z (SwT Tz 2(B)(B%a** Z(B°)(B%a*® H®
6/\ 8 Wy, (a)q&)\l) + 2( x)( z)a/\l w;}g\/g + ; 2( x)( z)aul (JJE/Q

+Z (B; l:fl)\z) (B; ;1>\2) {(Wu + O‘))\)Q 4 (wﬂ _ UJ)\)2 } . (461)

s 2\/§w,\wu Wy — Wx Wy + wx

Caenyet ciiesilaTh BaxKHOe 3aMevanue. Bee mosydeHHbie pe3yabTaThl IPUMEHUMBI JIJTs JTI000i
MOJIEKYJ/TBI THIIA cuMMeTprdHOro Boidka XYZs (Cs,). Bosee Toro, oHM HpuMeHMMBI TakzKe
Juist Jiioboit mostekysibl Tuna XYs (Cs,) eciim OpuHATH BO BHUMaHUE, YTO B MoOJieKyje XY

IPUCYTCTBYIOT TPpHU ABa2KJAbl BBIPOZKAECHHDBIX KoJreOaHms.

4.5 MHN3z3oronmyeckue coorHoineHusi Jjiss MoJjiekya CHsD n

CHD;

B nmamnom naparpade Ha ocHOBe y2Ke nMeroneiics nadopMaIun OyayT MOy dYeHbl TPOCThIe
U30TONUYECKNE COOTHOIEHUA JIII HAanboJIee BayKHbBIX CIIEKTPOCKOIIMYECKUX [TapaMeTPOB U30TO-
no3amertienubix Mojudukaruit CH3D u CHD3 kak dbyHKIINN ClIEKTPOCKOTTMYECKIX TAPAMETPOB
MaTepuHcKoit Mosiekysbl CHy. YToOBI MOTyYnTh TAKOrO POjia COOTHOIIEHUS, HEOOXOIUMO JIJIst
Havasa PacCMOTpeTh KoHcTauTbl popm kosebannit Uy, ,, Kopnosmcosst (5, kosebaTesbo - Bpa-
marenbubie a/*° koadgdurments! 1 cuosble napamerpsl Mojtekya CHsD u CHD3 B HopMa/ibHBIX

KoOopauHaTaX.

KoucranTbl bopM KojiebaHMil, TfapMOHUYECKNE YaCTOThI 1 PABHOBECHbBIE
BpamiarejbHble mocTogHHbIE g MoJiekysl CHzD u CHDj;
Kak yxe Obu1o ckasano, mosekynabl CHsD um CHD3 npunajjie:kuT K MOJEKyJIaM THIIA
CUMMETPHIHOTO BoTdKa. CTpyKTypa MOJIeKys n3obpaxkena na Pucynke 4.1.
B katecTBe mepBoro mara pacCMOTPHM (B COOTBETCTBHE ¢ BhIpakenueM (1.28)) u ompegesnnm

KOHCTaHTHI (pOpM KoJieOaHmii l?vw nzorono3amereHubix Moandukamuiit CHzD n CHDs;.

Y0066l peam30BaTh 3TO, HEOOXOIMMO:

1. pemurs cucremy ypasuennit (1.29) - (1.30) u
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Puc. 4.1: Pasrnosecnas crpykrypa mosekyn CH3D u CHD3.

e Y] o
2. TOJIYYUTH 3JIEMEHTHI KCw MaTpPUIbL, OLPEJICJIAIONICH BpallleHue PABHOBECHOU MOJIEKYJIdp-
HOIT CHCTeMbI KOOD/IMHAT IIPHU IIepexXoje OT MCXOHONW K M30TOIN03aMEIEeHHON MOTU(UKa-

[UH.

DTa mnpobiieMa peraeTcs JT0BOJIBHO TPOcTO. COOTBETCTBYIONMAS MATPHUIA ObLIa IOJIydueHa B

CJIETYIONIEM BUJIE:

K¢, Kt KC, V273 —\/1/6 —/1/6
Ke, Ke Ko | = 0 =172 /1)2 (4.62)
K¢, Kg, KE VI3 /13 J1/3

kak jyra moJtekysibl CHsD, tak u st mostekynst CHD3. Takum o6pas3om, 3 perrennsi CHCTeMbI

ypasaenwuit (1.29) - (1.30) 6bw1H MOy YEHBI TADMOHUIECKUE YACTOTHI Wq, KOIPMOUIUEHTHI (v U,
o 7/

KaK CJIeJICTBHe, KOHCTaHThl popM Kosebanmuit [y, u3 Beipazkenns (1.28). Humke npesicrapiensr

IIOJIYY€HHbIC PE3YJIbTAThI JJIsd TaPMOHUYCCKUX TaCTOT:

wi W wE wd w)f
120 119+2v3 66++3 6+10v/3 119+ 63
I S S (4.63)
119+ 6v3  14+9v3 1+10V3
qutst mostekysibl CH3D n
R R S S
120 122+43V3  52+46vV3 5+5V3 64+43
le w/2
5 8 (4.64)

T 14453 11+2v3

a1t Mostexysibl CHD3. Koncrantor dopm konebanuit Uy, aist monexyn CHzD u CHD3 npen-

crasjieHnl B Tabsmnax 4.3 u 4.4 cOOTBETCTBEHHO.
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Tabsuna 4.3. Koncranter dhopm kosebannit Iy, , Mosekynsr CHsD B pamkax

"pacIpeHHoro” MeTo A JIOKATLHBIX MO,

Na/\ 1 2 3 4 5 6 7 8 9
la  -47C" -5C 17C  63C 0 14C 0 5C 0
2z 23C 3¢ -9C 15C  28C -40C 31C 24C -11C
3T 23C 3¢ -9C 15C -28C -40C -31C° 24C° 11C

4z 0 0 0 -C 0 18C 0 51C 0
T 0 0 0 -26C 0 11C 0 -36C 0
ly 0 0 0 0 -2C 0 -58C 0 30C

2y 40C 5C  -156C  28C 47C  31C -4C -11C 11C
3y -40C  -5C'"  15C' -28C 4vC -31C -4C 11C 11C
4y 0 0 0 0 -C 0 18C 0 51C
oy 0 0 0 0 -26C 0 11C 0 -36C
1z 16C 2C  43C -23C 0 34C 0 38C 0
2z 16C 2C 43¢ 11C  20C -17C -29C -19C' -33C
3z 16C 2C 43¢ 11C -20C -17C 29C -19C' -33C
4z 5C  -80C -12C 0 0 0 0 0 0
5z  -15C  31C -32C 0 0 0 0 0 0

@ Bnecs C' = 503

Tabsuna 4.4. Koncranter dhopm kosebanuit [y, , Mosekynsr CHD3 B pamkax

"pacimpeHHoro” MeTo/a JIOKAILHBIX MO,

Na/\ 1 2 3 4 > 6 7 8 9
1z 2C -46C  20C  60C 0 6C 0 16C 0
2x -C 23C -10C 15C 26C  -6C 7C -42C  34C
3x -C 23C -10C°  15C  -26C  -6C  -7C -42C -34C
4z 0 0 0 -0.7C 0 70C 0 -14C 0
T 0 0 0 -37C 0 -18C 0 32C 0
ly 0 0 0 0 -04C 0 -10C 0 -62C

2y -2C 40C -17C 26C 45C C 2C  34C -4C
3y 2C -40C 17C  -26C  45C  -7C 2C -34C  -4C

4y 0 0 0 0 -0.7C 0 70C 0 -14C
oYy 0 0 0 0 -37C 0 -18C 0 32C
1z 0.1C" 16C 38C -22C 0 37C 0 9C 0

2z 0.1C" 16C 38C 11C 19C -18C -32C -3C -8C
3z 0.1C" 16C 38C 11C' -19C -18C 32C -5C 8C
4z  -83C -9C -11C 0 0 0 0 0
oz 24C -17C  -44C 0 0 0 0 0

@ 3npecy C' = —501/3
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PaBroBecHBIE BpamaTeabHbIe TapaMeTphl BY TakKe MOXKHO JIETKO OIPEJIEINTh Ha OCHOBE

BeIpazkenus (4.62):

23Bl¢ = 23Bl° = 17B* = 17B° (4.65)

61B = 61B!° = T6B* = 38B° (4.66)

st mostekysr CH3D u CHD3, coorBercTBeHHO.

B kauecTBe MILIIOCTpAINU MTPABUJILHOCTH ITOJIYYEHHBIX pPe3yJsibraToB, B Tadsmuie 4.5 npej-
CTaBJIEHBbI YHCICHHBIE 3HaYeHUsT TapMoHndeckux dactor mojekysn CHzD u CHDj3, paccunran-
Hble HA OCHOBE M30TONHMYeCKHX coorHormmenuit (4.63) - (4.64) (Bropas kosonka). B kauectse
HAYATBHOIO "9KCIIepUMeHTAIBHOrO" apaMeTpa wy OBLIO B3ATO 3HadeHue u3 paborsr [80]. s
CpaBHEHUS, B TpeTheil KOJoHKe Tabuib! 4.5 mpecTaB/ieHbl BeJTHIMHBI COOTBETCTBYIONUX Tap-
MOHUYECKUX YacTOT, MOJIYIeHHbIX Ha OCHOBe ab initio Beraucienuii, [67]. Ciaemyer ormMeTuTh,
YTO HECMOTPSI HA TO, UYTO FAPMOHMYECKHE YaCTOTHI BO BTOPOI KOJIOHKE OBLIN ITOJIyYeHBbI 0e3
Kkakoit 6o madopmarun o mosekynax CHzD u CHD3, MoxkHO BHgeTh XOpoIiee COOTBETCTBHE

CpaBHHUBAa€MbIX BEJIMYIMH.

Tabmuna 4.5. Tapmonnueckue actorst Mosiekya CHzD u CHD3 (B em™1),

[TapameTp IR ®
CH3D
wj 3071.44 3071.4
wh 2284.20 2285.2
wh 1340.31 1339.8
W) 3157.12  3156.8
wi 1509.73 1508.1
wy 1187.97 1188.1
CHDj;
Wi 3130.22 3130.5
wh 2192.31 2191.3
wh 1025.81 1025.4
W) 2337.47 2337.0
wi 1321.20 13214
Wy 1055.56  1055.5

) Berancyiens! Ha ocHOBe BhIpazkenmit (4.63) - (4.64).

%) Tlomywennt na octose ab initio Berancienwui, [67].

KoadbdunmenTsr aHrapmMOHUYHOCTH T, /7] ; 1 KoJiebaTesIbHO - Bpalla-
i

TeJIbHbIe KO3 duiimeHThI oz/bﬁ aag moaekya CHsD nu CHDg

[Tonyuenusie B [Taparpade 4.4 dbopMyIis, ¢ OIHON CTOPOHBI, a TaKKe BhipaykeHwus (2.19) -

(2.21) u nannwre Tabmum 4.3 u 4.4, ¢ APyTOit CTOPOHBI, MO3BOJISIIOT TOJIYYUTH HAGOD CJIETYOIIIX
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NPpUOJIMZKEHHBIX COOTHOIMICHUN MeXK Ty KO3 PUITMEHTAMU aHTaPMOHUIHOCTH:

o g T A T, 34, 1, 3, _ 1,
N 3T 32mempp? T 1071 5 TI2T 98 T gt T 907
11 9 15 14 9 6
= 337/16 = %xlm = 21'/23 = _737/24 = Z$,25 = %:LJQG = 355?53 = 33%4
2 2 3
= Saly; = By = 5@14 = 5@15 = 533:16 = Tals = dwyg = —92a%,
5
= —l';4l4 = 7$;415 = 511‘;416 = —341';5[5 = 51';5[6 = _181.;6[6 (467)
u
7 7 h 1, 6o 32, 28 , 3,
T~ -—-—-B,=————— =2, =02y = —Ze = ——X, = —Z
R 327wempp? 5 127 95713 5T 107
7 4 8 6 7 3
= 2521 = gxlm = —595/23 = %56124 = 3wy; = 555/26 = ;lxéz = 55554
7 3
7 27
— —51’24[4 — —65:L’;4l5 — 17%24[6 — _401‘2515 — —?ZEQS% — 25.T;616 (468)

Breipazkenne (4.67) cupasemmuBo mias mosekynsl CHsD, Beipaxkenne (4.68) crpasemnBo st

MOJIEKYJIbI CHD3 Anasiornannle PE3YJIbTAThI OBLIN IIOJIy49€eHbl JIJIA K0J1e0aTe ILHO - BpalltaTeJIb-

HBIX KO3 DUIIEHTOB ag ;

. 12 e 22 e 42, 2,
= — = —ZC = — = (8% = — = —Q
’ 167Tp§cm?}1{2F111/2 ' 25 2 ’ 25 4 257
].9 /x 3 /Z /Z 7 /Z IZ /Z 21 /Z
56 = T = —3ay = £0s = 3o, = —a = = % (4.69)
s CHsD
. 2 39 4 g Mo 42, 13,
= — = —— = —ZC = — = ——Q = —Q
P 16mptemPE2 200! 2 50 254 200
25 , 18 . 8, 10 ., L4429
=50 = 0 = 0y = oy = —Taf = 5% = T 5% (4.70)

st CH3D, coorsercrsenno. [Ipu nosyuennu coornomennii (4.67) - (4.70) 6bum yareHbl pe3o-

HaHCHBIE B3AMMOJIEHCTBUAA MEXKJLY CJIE/IYIOIUMU TapaMi KojiebaTe/IbHbIX COCTOSHMI:

(Lv1.v5..)/(vg £ Lovs F 2.0),
(.vs.v5..)/(v3 £ 1vs F 1..) (4.71)

qtst moJtekysibl CH3D u

L1.05..) /(Log £ Lowg F 2.0),
L 9..06..) [ (Lvg £ 1vg F 2..),
3..06..) [ (vg £ 1ovg F 1..),
. U30405..) /(.03 £ 1oy F 1oy £ 1..) (4.72)

qutst mostekysibl CHD3.
Tabsuna 4.6 (KOJIOHKEH 2 U 5) W/UTIOCTPUPYIOT KOPPEKTHOCTH MOJIYIEHHBIX COOTHOINCHUT
(4.67) - (4.70). B mannom ciaydae, Tak:Ke Kak U B IPEIBIIAYIIEM, ObLIT MCIOIb30BaAH JIUIIb OJUH

HaJYaIbHBI apamerp x1; Mosekyasl CHy, B3saThIit 13 paborsr [80].

94



Tabmma 4.6. Kosddummenter anrapmomnmanoctn z , (B em ).

CHsD CHD4
[Tapamerp Brraucr.®  [96]Y) ke Borauen.?  [96]%) ke,
x, -17.883 -17.197 -5.321 -62.590 -59.221 -58.994
Ty -1.841 -1.878 -2.555 -2.086 -2.204 -2.905
T -1.669 -0.981 4.884 -9.780 -9.731 -9.193
Ty -75.108 -72.771 -99.022 2.235 2.184 2.337
s -19.258 -19.016 -9.179 -41.727 -21.111 -21.367
Tl -5.690 -5.612 -7.233 -0.501 -0.309 -1.406
Thy -34.772 -31.167 -27.944 -8.941 -8.826 1.139
Ths -6.259 -6.739 -7.312 15.648 15.727 3.096
Thy 1.788 1.639 -7.730 -39.118 -37.352 -42.7727
The -3.338 -3.331 -3.522 -4.173 -4.017 -5.220
The -22.354 -22.266 -17.587 -10.432 4.674 -2.489
Ths -6.954 -6.802 -7.759 -7.153 -7.230 -6.188
xhy -10.431 - 9.440 -10.517 -8.345 -8.449 -6.977
The -2.504 -2.033 -2.908 -1.391 -1.029 -2.795
T -2.086 -1.091 -3.073 1.043 1.638 3.445
Ty -31.295 -31.611 -32.402 -20.863 -18.601 -16.349
s -18.777 -14.611 -8.373 -7.153 -7.195 -8.454
T -8.345 -7.686 -9.304 -8.345 -8.402 -11.044
Ths -1.788 -1.874 -4.417 0.417 -4.604 -4.552
Tk -3.130 -4.068 -5.090 0.051 0.055 4.919
Ty 0.136 0.261 0.261 -1.788 -5.500 -5.306
7, 12518 12636 28.539 8.941 8.252 8.560
T, -1.788 -1.721 -7.062 0.193 -0.060 3.584
)0 -0.245 -0.230 3.160 -0.736 -0.729 1.143
T 0.368 0.384 2.380 0.313 5.403 5.095
T -5.007 -5.056 -4.684 0.927 0.921 5.894
T, 0.695 0.645 1.516 -0.501 3.251 2.871

) Brramcyiensl Ha OcHOBe BhIpaskenus (4.67).

b)

Bssater u3 paborsr [96].

) B3aTHI N3 aHaju3a SKCIePHMEHTATLHBIX JaHHBIX 13 paboTs [60].

9) Bobrumcsiennl Ha ocHOBe Bhpazkenust (4.68).

B kauecTse CpaBHEHUA B KOJIOHKaX 416 Ta6JIHHJ:;I 4.6 npuBEAEHbI BEJIMYUHbBI COOTBETCTBY-

IOIUX KO3hUINEHTOB Ty ,i» TIOJTYI€HHBIX Ha OCHOBe ab initio BHIMUC/IEHUI, [67]. Ecn npussaTh

BO BHUMaHUE, UTO BEJUYIUHBI KOIDPUIMEHTOB x’M B KOJIOHKaxX 2 m H ObumM paccuuTaHbl 6e3

Kakoit 6o nadopmarun o mosekyaax CHzD u CHD3, ucnonb3ys jumib oinH HadYaIbHBIN 11a-

pameTp 1, MaTepuHCKOit MoseKy/abl CHy, TO MOXKHO TOBOPUTH O XOPOIIEil KOPPETATINNA MEK LY
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BeJTTIMHAMY, UCKIII0Uas apaMeTPhbl 5, The, Ths, Lag, L)y, U 1y, Mosekymbl CHD3. Hecosmna-
JIEHUST JTAHHBIX BEJUIUH MOYKHO OObSICHUTD, €CJIM IPUHATH BO BHUMAHUE CJIEYIOIINe (PaKTh:
[PU TIOJIyYeHUH U30TONUYECKUX COOTHOIIeHu (4.67) ObLIN yITeHbl PE30HAHCHBIE B3aUMOJIeli-
crBus ciemymomero tuna (..vy..vs5..) /(.o £ Lvs F 2..) u (..v2..06..) /(.02 £ 1.vg F 2..). B 10
XKe camoe Bpems, B pabore [67] 9TH TUIBI PE30HAHCHBIX B3aUMOJEHCTBUI HEe ObLIN yUTEHDI.
st cpaBuenns: koyionku 4 u 7 Tabnunpr 4.6 coep:KaT SKCIepUMeHTaIbHbIE BEJTUIUHBI KOID-
dpuIMEeHTOB aHrapMOHUYIHOCTH :1:’/\H u3 paborsl [60]. VI cHOBa MOXKHO BHJIETH XOPOIIIEe COTJIACHE
Jiutst GostbimuHCTBa mapaMeTpoB. OJIHAKO, €CTh PA3/JINYIUs MEXK/Iy MPEJICKA3aHHBIMU U IKCIIEPU-
MEHTA/IbHBIMI BeTUIUHAMA Ty, Thy, L5, Tass Ty, Lhy, 1A Mosteynbl CHzD 1 x5y, 193, 2,
T5g, Ty, A Monexyal CHD3. B manmom ciygae HeCOOTBETCTBHE MOYKHO OOLACHATDL OTCYT-
CTBHEM yueTa B3auMojeicTsuii Tuma (..vs..vg..)/(..va = 1..vg F 2..) B pabore [60]. Cocrasisier
TPY/IHOCTB TIOHATH PACXOKJICHUA B BEIMUUHAX apaMeTPOB Tys, Ty, U 1y, Mojexkyabl CHzD.
O/HOI U3 BO3MOXKHBIX IPUYUH MOXKET OBbITh CHUJIBHOE B3aWMOJIEHCTBAE MEXKLY YIIOMSIHYTHIMU
BBIIIIE ITapaMeTpaMU, YTO MOXKET BbI3BaTh HEKOPPEKTHOCTHU B mporecce "durunra'.

Y1o0bl TPOUJITIOCTPUPOBATE KOPPEKTHOCTD MOJIYUEHHBIX COOTHOIIEHU i KoJiebaTe IbHO
- BpAIlaTe/IbHBIX KO3(DPUINEHTOB agﬁ , PACCMOTPHM PE3y/IbTAThl aHAIN3a CIIEKTPOB BBICOKOI'O
paspelleHust oJIocC V3, Vs U Vg, [92]. B komonke 2 Tabuuier 4.7 npejcraBieHbl HapaMeTphl a;ﬂ
(8 =z,2;b = 3,5,6), paccauransble Ha ocHOBe cooTHomeHuit (4.70). Beanaunbr coorBeTcTBY-
IOIUX (‘—IAPAMETPOB, TOJIyYeHHbIe Ha OCHOBe "durunra'" sKcnepuMeHTalIbLHBIX JaHHbIX, [92],
pejcTaBaeHbl B Koonke 3. MoxkHO BueTh 60siee 9eM yI0BIETBOPUTEILHOE COTTIACHE MEXKTY
[PEJICKA3aHHBIMI U 9KCIIEPUMEHTAJIBHBIMI 3HAYCHUSIMU JIJIST TTADAMETPOB e, o, of m . B
TO K€ BpeMs, IpeJICKa3aHble 3HAUCHUA [apaMeTPOB (5 U (f 3HAYUTEIHLHO OTIMIAIOTCSA OT

IKCIIEpUMEHTaJIbHBIX BEJIMYMH.

Tabsmna 4.7. Hekoropble 3HaUeHUS TApaMETPOB agﬁ movtekyssl CHD3 (B em™1).

[Mapamerp Boramea.® Dken?) ke

1 2 3 4
o 0.0152 0.0788  0.0194
o -0.0100 -0.0104
al -0.0051 -0.0046
o -0.0190 -0.0207
o -0.0027 -0.0343  -0.0036
g 0.0288 0.0284

) BrramcyieHs! Ha OCHOBE COOTHOTIeHMi (4.70).
%) DKkcrepuMenTaIbHbBIe BEIMYUHBI 13 PaGoTh [92].

°) "DxcrnepuMeHTaIbHbIE" BEIMUHHDI, CKOPPEKTUPOBAHHBIE B COOTBETCTBHE ¢ Pucynkom 4.2.

ZL.HH JIyduiero IoHMMaHHus CUTyallunu H€O6XO,ZLI/IMO IIPUHATHL BO BHUMaHKE, 9TO:

1. Tonoca vs paccmarpusasack B pabore 92| kak m3ommpoanHoe cocrosinue. [Ipu mosy-
gennu cootHorenuii (4.70) Takyke OTCyTCTBOBAIM KaKue-THO0 PE30HAHCHBIE B3aUMOJIECH-

CTBHUS JIJIsI IIADAMETPOB (v U (.

96



2. Tlomocer v3 U vg B pabote 92| paccMaTpuBaINCh KaK B3aUMOJEHCTBYIONHE COCTOSHUS.
Kak ciiegyer u3 cpoiicts cummerpun MoJjiekyibl Tuiia XY Zz (Cs, ), B3aumoeiicreue om-
cbiBaercs oneparopom (4.29). Takum 06pazom, B3auMojeiicTBIe, ¢ OJHONH CTOPOHBI, He
Bimger na napamerpsr C(3=1 g C6=1) (1, kak ciemcTBue, Ha af U o), HO, C JAPYTOIl

CTOPOHBI, TECHO CBA3BIBACT APYT ¢ Apyrom mapamerpbl BW=Y u BWs=1 (off i o/F).

YT100BI MPOUJLTIOCTPUPOBATH CKa3aHHOE BbIle, Ha Pucynke 4.2 moka3aHa 3aBUCUMOCTb 9KC-
HepUMEHTAIbHBIX BesmanH o5 (rpaduk A) n o (rpaduk B) or Besmuannbr mapamerpa peso-
HancHoro 3amMogeiicTsust o (cM. Boipakenue (4.29)). IllTpuxoBble ropu3oHTAIBHbIC JTHHAN
(1) u (2) cOOTBETCTBYIOT 3HAYCHUSIM [APAMETPOB (f U  , IPEJCKA3AHHBIM HA OCHOBE COOT-
nomennii (4.70). [IrpuxoBas BepTHUKaAIbHAS JUHASA | OTMeEUaeT SKCIepuMeHTaIbHOe 3HAUCHUE
nmapameTpa BauMojeiicTsug Kopumomica o = & =1.701 e !, B3aToro uz Tabmuns 9 B padore
[92]. TTepeceuenne smaun I u rpadukos A u B naer nam 3HaYeHUs SKCIIEPUMEHTAILHBIX BEJIH-
YUH napaMeTpoB o u ag u3 paborsl [92]. [Tpu nocrpoenun rpadukos A u B, ucnons3osasmch
SKCIIEPUMEHTAJIbHBIE KOJIe6ATeIbHO - BpalllaTeIbHble YPOBHIU SHEPIUU COCTOAHUN (vz = 1) u
(v = 1) u3 paborsr [92]. BareMm U3MeHsIOCH 3HAYEHNE TTAPAMETPA B3aUMOJIEHCTBUS (@ C IIArOM
0.01 et u, 17191 Kazk10ro (PUKCHPOBAHHOTO 3HAYMEHMS MapaMeTpa, &, 6611 mposeseH "duranr"

TOrO 2Ke caMoro Habopa CIHEeKTPOCKOIMYecKuX mnapamerpoB. Kak mokasan axaims, (1, Kak u

a'E/cm

-0.04 —

T
1.65 1.70 1.75 1.80 1.85 1.90

/ /
Puc. 4.2: 3aBucrIMOCTb SKCIIEPIMEHTAJIBHBIX BEJIMIUH (5 U (' OT BEJIMYUHBI IapAMETPa Pe30-

HaHCHOT'O B3anMOJIeHcTBHA o .

CJIEJIOBAJIO OXKIJIATH, BCJIEJCTBUE CHJILHOIO B3aUMOJIEHCTBHS MeKy IapaMeTpamMu oy Hu g,
C OJIHOM CTOPOHBI, U TTApAMeTpPa PE30HAHCHOIO B3aMMOJEHCTBUS (&, C JIPYTOil CTOPOHBI), Kade-

crBo "durunra" (cpesHEKBaJIPATHIHOE OTKJIOHEHHE) ObLIO MPAKTUIECKU HEU3MEHHO, HO IIPU
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9TOM 3HAYEHHs ITAPAMETPOB (5 W (yf , TIOIy9IeHHBIX Ha ocHose "dwurnnra , m3MeHnIncL B Co-
orBercTBEe ¢ rpadurkavu A u B. Cremyer 3aMeruThb, 9TO MITPUXOBasi BepTHKAJIbHAsT JuHUs 11
Ha Pucynke 4.2 cooTBeTCTBYeT 3HaUEHUIO TapaMeTpa Pe30HAHCHOTO B3anMo;ieiicTBusa & =1.836
cM ™!, KOTOPBIit GBI TEOPETHIeCKH IMPeICKa3al Ha OCHOBE M30TOMHYECKIX COOTHOIICHHI.
Mozkuo BujieTh, uro rpacdukn A u B nepecekator suanu (1) u (2) ouens 6u3ko K juann 1.
D10 o3Hauaer, 9o "duTuHr" | TPOBEIEHHBIN Ha OCHOBE TEOPETUIECKH MTPEJICKA3aHHON BeIMIN-
HBI ITapaMeTpa Pe30HAHCHOTO B3aUMOJIEHCTBUS (v, TIO3BOJISET MOJIYIUTh "9KCcIepuMenTabube"
BEJIMYNHBI ITADAMETPOB (V5 U O , IPUYIeM OY€Hb OJIM3KIE K TEOPETHIECKN TIpeicKa3anibiM. [1o-
JIydIeHHbIe 3HAUEHNsI [IapaMeTpoB o U «f upejcraBiensl B Kosonke 4 Tabsmrer 4.7. Moxkuo

BUETH OYCHDb XOpoHiee COOTBETCTBUE ME2K/1Y BEJIMINHAMU Oé/ BO BTOpOfI n quBepToﬁ KOJIOHKaX.

ITapameTpsl neHTpobekHOro uckaxkenus D', D', .. D). n nmapamerp €

113 Boipazkenwit (4.14) - (4.17) caeayer, 1To K0o3DGUINEHTH ¢ TPONOPIHOHATILHEL 1/4/ Be.
CiesroBaresibHO napamerpsl nenTpobexknoro uckaxkenust Dy, Dy, Dy, u napamerp € mpo-
noprponabuel (B¢)? /w2, JleficTBUTENBHO, €C/IH UCIOIb30BaTh cooTHOeHus (4.63) - (4.66) B

dbopmyrax (4.53) - (4.56), To moIyUaEM CIIEAYIONMN Pe3yIbTAT:

B 8 13 11 27

Be _8p By _ WUp 27, 4.73

W2 95 ) T gTIK T TRtk T 5 (4.73)
n

B 42 54 31,

€

= D = - —— = 3¢ 4.74
W2 125 7 T 125 7K T T K T (4.74)

g mostekyan CHsD u CHD3, coorBeTcrBento. 3nechk B, u wq - TapaMeTpbl MATEPUHCKON MOJTe-
kyabl CHy. Benuauasl, obo3HadeHHBIE IITPUXOM, OTHOCSITCH K M30TOIO3aMEeNIeHHBIM MO (-
karuaMm. Tabsuna 4.8 MLIocTpupyeT KOPPEKTHOCTH TOJIYUYEHHBIX COOTHOIEHuit. Pe3ynbrars

BBIYUCJICHUIN TI0 U30TOIMNYECKUM COOTHOIIIEHUSAM TIPEJICTaB/IeHbl B Kojionke 2 u 4 Tabunpr 4.8.

Tabmuna 4.8. [lapamerpsl nenTpobexuoro uckaxenust D'y, D'y, Db n mapamerp € (B cm™1).

CH3D CHDg
[TapameTp Borancsn.” ket Boramcen.®  Dker.?
D10 0.503 0.526 0.479 0.495
L 10t 1.189 1.264 -0.372 -0.383
D10 -0.761 -0.790 0.130 0.134
€10 0.030 0.032 0.054 -0.289

@) BEIMIC/IeHBI HA OCHOBE BhIpazkenus (4.73).
%) BaaThl 03 anamm3a SKCIEePUMEHTATBHBIX JaHABX [97).
¢) BLIYHC/ICHb! HA OCHOBE BhIpasKerus (4.74).
) BaaTbl U3 aHaIM3a SKCIEPUMEHTAIBHLIX JaHHbIX [98].
Kosorku 3 1 5 cofiepzkaT COOTBETCTBYOIINE SKCIIEPUMEHTATbHbBIE BEJIMUNHBI /1T OCHOBHOT'O

KoJIe6aTe/ILHOrO cocTosiHust n3 pabor [97] u [98]. MoxkHO BUIETD YI0BIETBOPUTEIHHOE COIIACUST
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[IOJIyYEHHBIX PE3Y/IbTATOB, 38 UCKIYeHneM napamerpa € mosekyasl CHD3. Ommbka B BeIUnc-
JIEHHOM 1 "3KcriepuMeHTaabHOM" 3HaUeHur mapaMerpa € MOXKHO 00bSICHUTD TeM (haKTOM, YTO
B pabore [98| mapamerp €' He BapbupoBasics, a ObLT 3adukcupoBan. BapbupoBasics ke mapa-
metp hj. B 1o ke Bpems (cum [98]), mapamerp € u hj, onpenensiemble u3 "dburnnara , cuabHO
CBSA3AHBI JIPYT C JPYIOM. DTO O3HAYAET, YTO [IPU U3MEHEHUHU Iapamerpa €, Oy1erT U3MeHsSThCs
napamerp hj 6e3 Kakoro jubo yxysiieHus: Kadecrsa "dburunra'. B nrore cienyer oTMeTHTb,
YTO €CJIU MPUHSITH BO BHUMAHUE XOPOIIIee COOTBETCTBUE MEXKIY BBIUNCICHHBIMU U IKCIIEPUMEH-
TAJIBLHBIMI BEJIMIUHAMHI BCEX OCTAJIBHBIX TapaMeTpoB B Taburie 4.8, To MOKHO CJIe/IATh BBIBO/I,

470 3Hadenue mapamerpa € = 0.0000054 cv~! gBIgeTCaS KOPPEKTHELIM.

/ /! / / / !/
vl vl vl n /BUF,UF

N30oTOonmyeckme COOTHOIIEHMS AJId IIapaMeTpPoOB 1) s 7Y

Takke, Kak U B IPEJbILYIIEM CIydae, UCIOIb30BaHue cooTHomenuii (4.63) - (4.66) B BbI-

paxkenusx (4.57) - (4.61) O3BOJISIET MOIYIUTH CJICIYIONINE IPOCTHIE COOTHOIIEHMS JIJIs Tapa-

ol ol ol Tl
; uf :

METPOB 1) 0
95 17
B, = —10n, = —n. = ——, 4.
0ny 49775 207767 (4.75)
h2
}/3 = — =
167‘(’,036?71%2[7111/2
28
= =387 =329 = 25 = 150, = =805 = —f (4.76)
qtst mostekysibl CH3D u
37 89
B = — / = — — / = — / 4
e 6774 25775 207767 ( 77)
h2
}/3 = — =
167Tp§cm?;{2F111/2
28
= —187) = —75 = —429; = 188, = 75; = 305; (4.78)

5

qtst moJtekysibl CHD3.
B kadecTBe mitocTpanuu KOppeKTHOCTH TTOJIYI€HHBIX COOTHONIEHU, CPABHUM DPE3Y/IbTATHI

BBIIHCJICHUI HA OCHOBE COOTHOIICHMUIT C 9KCIEPUMEHTAIBHBIME JaHHbIMI u3 pador [96] u [92].

7\ calc.
("—?) — 2281
5

7\ erp.
("-?) = 2310
Ui

7\ calc.
("—?) — —3.007
6

B uacroocru:

st moJiekystel CHsD u



qutst mosiekysisl CHDj.

Ciiestyer OTMETUTD, ITO HA OCHOBE OIEPATOPHO TEOPUU BO3ZMYIIEHUN U CBOMCTB CUMMETPUHI
AKCUAJIBHO - CHMMETPUYHBIX MOJIEKYJI, V/IAJI0Ch MOJIYYUTh HAOOP COOTHOIIEHUI, CBA3BIBAIOIINX
pasJIMdHbIe CIIEKTPOCKOIUYECKIE MapaMeTphl (apaMeTpbl AUaroHaAJbHBIX 0s0KOB, Kopuosm-
coBbl 1 Pepmu mapamerpbl B3auMoJieiicTBus) MosieKysl Tuna XYZz u/mwim XYs (Cs,). Bouin
BBIBEJIEHBI PA3JINYHbIE M30TONNYECKIEe COOTHOIIEHNUS I CJEYIONIIX CUTYaInil M30TOmo3aMe-
mennst B Mosiekysie Mmerana: CH3D <+—CHy u CHD3 «+—CHy,.

Bakno ynomMsgHyTb, 9TO MpPU HCCJIEOBAHUNA BHICOKOBO30YKIECHHBIX KOJIEOATEIHHBIX COCTO-
SHUM, O9eHb 9aCTO HEOOXOMNMO YUIUTHIBATH OOJIBITIOE YHCJIO PA3INIHBIX B3aUMOJEHCTBYIOMIIX
cocroguuii. B aToM cirydae mogB/isieTcss O9eHb MHOTO CBA3€Hl MEXKJIy Pa3/IMIHbIMU ITapaMeTpa-
MU JIHArOHAJIBHBIX M PE3OHAHCHBIX 6JI0KOB 3ddekrusHoro ramuiasronnana (4.10) - (4.37). B
pe3yJibTaTe, OKa3bIBAETCS HEBO3MOYKHO OJIHOBPEMEHHOE OIpeJIe/IeHIE BCeX mapaMeTpoB dddek-
TUBHOI'O TaMUJIbTOHUAHA u3 mporeaypbl "durnnra" skcnepumeHTaBHBIX JaHHbIX. [losyden-
Hble U30TONNYECKIEe COOTHOIIEHNS MeXK/ 1y MapaMeTpaMi MO3BOJISIIOT TEOPETHIECKNU MTPeJICKA3bI-

BaTb BEJINYNHDLI OOJILIITMHCTBA ITapaMeTpoB C y,HOB,HQTBOpI/ITe.HbHOﬁ TOYHOCTBIO.
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I's1aBa b

Onpejeiienne nmapaMeTpoB NOTEeHIIUAJILHOI

PYHKITI MHOT'OATOMHBIX MOJIEKY.I

OpHoit n3 HamboJiee BayKHBIX IIPOOJIEM MOJIEKY/ISPHON (DU3NKHU, BO3HUKAIONIEH IPU U3Y-
YeHUN KOJIebaTe/IbHO - BpAIlaTeIbHbIX CBOWCTB MHOIOATOMHBIX MOJIEKYJI, sIBJISIeTCsI Po0IeMa
ompejiesieHns BHY TPUMOJIEKYIISIpHOI noTentmaabaoii dbyskimn (BMII®) npoussosbHOil MoJte-
KYJIbl JIJI JIAHHOTO 3JIEKTPOHHOrO cocTtosnust. /lanHas mpobsieMa BarkKHa, MOCKOJIbKY 3HAHUE
HOTEHIMAIBHOM (PYHKIMN HO3BOJISET KOPPEKTHO MOCTPOUTH FAMUIBTOHUAH MOJIEKYJIBI, a 3Ha-
YUT, KaK CJIEJCTBHUE, PENIUTh KojebaTe/bHO - Bpainareabnoe ypasuenue llIpeaunrepa u orpe-
JIEJTUTH COOCTBEHHBbIE 3HaUYeHu:A F, u cobcTBeHHbIe DYHKINN 1),. [lociiename MoryT 3aTeM ObIThH
UCIIOJIB30BAHbl B PA3JIUIHBIX 00JIACTIX KaK YMCTO aKaJIeMUICCKUX, TAK U MPUKJIAIHBIX 3a/ad.

Cy1ecTByeT JiBe OCHOBHBIE TPYIIILI MeTOI0B onpeseenus BMII® mosekyibl. Bo-niepBbix,
MOZKHO HCIOJIB30BaTh psiMble ab initio MeTost [67, 99|, [100] - [103]. Onu m03BOMILIOT HOITYYUTD
BBICOKOKAQYECTBEHHYIO KOH(MUI'YPALIMIO MHOTOMEPHOM MOTEHIAILHON MOBEPXHOCTH MOJIEKYJIbI.
B 10 ke camoe BpeMs, B MOJIEKYJISPHON (PU3KMKE CYIIECTBYET MHOMKECTBO MPOOJIEM, HYKIA0-
IUXCsT HE TOJIBKO B KAYECTBEHHBIX, HO U B BBICOKOTOYHBIX KOJTMIECTBEHHBIX JIAHHBIX O TIapaMeT-
pax norennuaabHoi Gpyrknuu. [To3ToMy BBIIEIAIOT BTOPYIO IPYIILY METOIOB - TaK Ha3blBaeMble
"BapuanuoHHble" METOIbI, TIOCKOJIBLKY OHU MCIOJIB3YIOT BEICOKOTOUHbIE SKCIIEPUMEHTAIbHbIE KO-
nebaTebHO - BpallaTe/lbHble JaHHble KaK HadaJbHbIE JaHHBIE B BAPbUPOBAHUH MAPAMETPOB
norennmaabaont dbyuxiwn [104] - [108]. Ho maxke sydmune cpenm coBpeMeHHBIX MOaubUKAIIit
BapUAIMOHHBIX METOJIOB HE CBOOOJIHBI OT HECOBEPIIIEHCTB, KOTOPbIE ONPAHMYNBAIOT UX ITPHMEHE-
HHE K MOJIEKYJIaM ¢ 00J1ee 9eM TpeMsi-4eThIpbMs aToMaMu. [Ipobiiema 3aKII09aeTcs B OrPOMHBIX
Pa3MEPHOCTSIX MATPUIL TAMUJIBTOHUAHA, KOTOPBIE 3aTeM MHOIOKPATHO JIMArOHAU3YIOTCs (pas-
Mep MaTPUIIbI YBEJUUUBAECTCS C yBEJMYeHneM KOJMIecTBa aroMoB). Bropas npobiieMa cBsizana
¢ BBIOOPOM KOJ1€0aTeIbHBIX KOOPAMHAT, NCIOIb3YEMbIX IIPU MOCTPOCHUN FaMUIbLTOHUAHA, MOJIE-
KyJbl. B KauecTBe TaKMX KOOPMHAT MOYKHO BBIOPATH, HAIIPUMED, HOPMaJIbHbIE KOOPJMHATHI (),
ecrecTBeHHBIE KOOpAUHATHI AT 1 Aq, CMMMeTPU30BaHHBIE KOOPAUHATHI S, KoopauHaThl Mopse
y = (1 — exp(—aAr)) u ap. Ilpu smoM, HOpMATbHBIE KOODIHHATHI [TO3BOJISIIOT MPEJICTABATH B
BechbMa YJI06HOM U IIPOCTOM BHUJIe KHHETUYECKYIO YaCTh raMUIbTOHIHAaHA MOJIeKY/Ibl. OcTajbHble
YIIOMSIHY TBIE BBIIIIE TPU TUIA KOOPIUHAT ABJISIIOTCS M30TOMMIECKN WHBAPUAHTHBIME U XOPOIIIO

ONHUCHIBAIOT "TOTEHIMAIBHYIO" 9acTh TaMUIBTOHNAHA. B ¢BA3M ¢ BBINIECKA3aHHBIM, BO3HHUKA-
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eT 3ajlava TMOCTPOCHUSA MaMUJILTOHMAHA MOJIEKYJIbI B KaK MOYKHO OoJjiee ImpocToii opme, 9To
TpebyeT yCTaHOBJICHUS CBA3CH MEXKJIy Pa3/JUIHOTO THUIA KOJIeOATETbHBIMUA KOOP/IMHATAMA.

Pesysbrarsl, npejcraBieHHble B JaHHON TyiaBe, ObLI omyGJnKoBaHbl B padorax: [80, 109,
110]

5.1 CBs3b ecTeCTBEHHBIX KOOPAWMHAT C HOPMAaJbHBIMU KO-

opAayHaTaMu MHOI'OQTOMHOI MOJIEKY/JIbI

OrmeruM, uto Habop ecrectBenubix KoopauHat ArXY = ArYN u Aa™XX = Aaygk, uc-
[IOJIb3YEMBIX JIJIs 3aIIUCH [TOTEHIMATBLHON PYHKIH, MOXKET ObITh CBSA3aH ¢ HOPMAJIbHBIMU KO-
opauHaTaMu (Qy, MCIOJIL3YEMBIMU I OoJiee yI0OHON 3almch KMHeTHYecKoil dactu. B gan-
HOM Iaparpade IpuBeIeHa cxeMa JaHHbIX KOOPAMHATHBIX IPeobpasoBaHuil st IPOU3BOJILHOT
MHOTOAQTOMHO# MoJieKyJIbl. [l ya1o0cTBa pacCMOTPUM TPeX - IATH aTOMHBIE MOJIEKYJIbI THIIA,
XY,(n =2,3,4) cimmerpun Csy,, Cs, u Ty coorBeTCTBEHHO.

Ucnonw3ys Beipazxenns (2.2), (2.3), (2.4), (2.5) MOXKHO HOJIYyIUTD CJIELYIOIIIE COOTHOIICHS:

Z(JA Qx+ = ZCMQAQM + = ZCWQAQMQV (5.1)
)\uu
riae
1 _ _
C/J\V = T_e Z(T?Va - r;a)(le/QlNaA - myl/zlYoz)\)7 (5.2)
1
cy, = T-@(bgvu —cyel, (5.3)
1
N, = ﬁ(30§V cNel — oo, — CNoY, — VoY) (5.4)
n
0N, = > (myZlvan — myPlyax) My Ivay — my Plyag)- (5.5)

(07

Sneck Ty - gauHaA CBsI3u X - Y, My - Macca siapa Y, Mo - Macca siapa X, I, - PaBHOBECHAS

JuiHa cBasu X - Y, 1z U 'y - PABHOBECHDIE JIEKAPTOBBI KOOP/IMHATBI s1JIEP B CBA3aHHOI ¢ MOJIe-

KyJIOiT CHCTeMe KOOp,ZLI/IHaT. Kosddummentsr OV umeror cieytomue pazmepuoctn: [CF] = 17 1/2,
[Cﬁ] =1 [C/\/w] — 1 3/2 cm2,
J11e M3MEHeHNUil YIJI0B MEe¥K/Iy BAJeHTHBIME CBA3AME MMEEM CJICLYIONIIe BhIPArKeHMUS:
Z CY Qs+ 5 Z CNEQAQy + Z CANAQuQu + .., (5.6)
)\,ul/
rie
1
O = —— { MO+ CF) = AR ) (5.7)

Sin e Te
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3xecn

. 1
]NK - ﬁ Z(T?Va - Tffa)(rg(a - T?’a)
e

«

1 _ _
AiVK - T_ z :{(le/lea)\ - mY1/2lYa)\)<r;{a - T?’a) +
e

«

(ml_{l/QlKo&\ - m)_/l/QlYOt)\)Oq?Va - r;'a):'ﬁ

rIe (e - BEeJIMYMHA PaBHOBECHOI'O YIVla MEXKJY CBA3AMU.

NK
Kosddurmentsr a5t 00s1ee BBICOKHX HOPAAKOB pasyoxkenns Cy° 1 C’/\W

xkenne (5.6)) umeror Gostee CIOKHBII BHI:

ONK — __ 1 P){\LK _ COSSOée P){VKPNK
sin o, sin® o,
n
1 cos o
CNK - _ PNK _ € P PNK PNKPNK PNKPNK
Apv sin Q, Apv Sin3 ae( pv + Av + v Ap )
_1+2 cos” a PNK pNK pNK
sin® oy, Aotk Tvoo
rie
P)\]VK ANK+T NKFNK
Pyl = b + e (AVRENT 4 AR RN 42N ERE
n
Pow = (ONEEYS 00N ENE 4 b R Y +
NK NK NK i7nNK NK hNK 2
Te(A)\ Fw/ Au F/\V +AI/ F)\u ) F)\;u/‘
3xecn

bf\VuK = Z(mj_\fl/2lNaA - m;l/QlYa/\XmI_(l/QlKau - m}_fl/QlYau)7

«

1
Y% = —(DY + DY),

e

1
ko= (Divu + DY) + (DYDY + DY DY),

1
F)\MV = T_(Dﬁ\\;u/_l_DﬁV)_l_
(DY DL, + DYDY, + DY Dy, + DI DY, + DYDY, + D DY)
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(5.9)

(cMmoTpu BBIpa-

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)

(5.18)



1
DY = ——5C%, (5.19)
py —_Lew + 2eNeN (5.20)
Ap T r2 Ap 743/\ I )
1 2 6

Dy, = —ﬁ(]ﬁw - ﬁ(CivCﬁf, +cyey, +eles) — ﬁoivcjfciv. (5.21)
Kaxk u BbIle, MOXKHO yBUJIETH, 9YTO KO3 duimerTsl C = UMEIOT CJIeIyIoIe Pa3MepHOCTH:

[ONK] = p=1/2 em !, [CNEl =17 e m [CF] = r3/2 en3.

Baxkno ormeTnTh, UTO MOJIyUeHHbIE B JJaHHOM mHaparpade hopMysbl, HECMOTPs Ha UX JIO-
BOJIBHO CJIOZKHBIN BU/T, MOT'YT OBITH JIETKO MCIIOJIb30BAHBI JIJIs IOy YeHNs PE3YIHTATOB B YUCTIEH-
HoM BujIe. Takzke, ecam MOJIeKyJ/1a 00/1a/1aeT KAKOH-TO CUMMETPHEi, 3TO TPUBOIUT K CUMMETPHUHI

B Habopax C-Ko3pDUImeHTos.

5.2 TaMuJIbTOHMAH MHOTOATOMHOII MOJIEKYJIbI B KOOPJIMHA-

tax R,

Kak yke ormedasioch BBIIIE, YCIIEITHOE ITOCTPOEHUE U JMArOHAIN3AIN MaTPHUIL TaMUIb-
TOHMaHA OOJIBIION Pa3MEPHOCTH HAIPIMYIO 3aBHCHT OT BbIOOpa KOJI€OATETbHBIX KOOD/IMHAT.
Harmpumep, ecnn 3anmcaTh raMUJIbTOHUAH B HOPMaJIbHBIX KOOP/IMHATAX, TO KMHETHYIECKAS €TI0
JacTh OYJIET UMEeTh JOBOJILHO IIPOCTOM BU/I, B TO BpeMs KaK B IOTEHIINAIBHON (DYHKIIH OY/IyT
[IPUCYTCTBOBATH OOJIBITIIE TIO ADCOTIOTHOMY 3HAYECHUIO TTapaMeTPhl aHTAPMOHUIHOCTH, KOTOPHIE
CO3/IaI0T MPOOJIEMBI IIPpH pacdeTax. TakzKe HOpMaJbHbIE KOOP/IMHATHI HE ABJISIIOTCA U30TOITIYE-
CKU MHBAPUAHTHBIME, IT09TOMY HEYI00HBI IIPH PACCMOTPEHUN PA3/IMIHBIX N30TOIIOMepOoB. Ecim
»Ke MCIIOJIb30BaTh raMUJIBTOHUAH, 3aIIUCAHHBIA B M30TOINMMYIECKN MHBAPUAHTHBIX €CTECTBEHHBIX
Ar u Ao wim cuMMeTPU30BaHHBIX KOOPAMHATAX S;, TO €ro KMHETHYEeCKas 4acThb OyJIeT UMeTh
CJIOZKHBIN BU/I, HO TTOTEHIINaIbHas (DYHKIUs, B CBOIO OY€pe/ib, OYJIET UMETh OUY€Hb IIPOCTOM BU/I.

Hamnpumep, morerimaibaas (hyHKIMA MOJIEKYIbI TUIA X Yo cuMMerpun Co, MMEET BUL:
Vo= ShSr 4 A 4 S faadda® 4 o ArAr, £ fro(Ar + Ary)Aa
—|—éfMT(Ar:f + Ar) + %famAa3 + %fTTT/(AT’%ATg + AriAry)
—I—%me(Arf + AT)AQ+ fraa(AT + Ar3)A? + frmaAriArsAa + ... (5.22)

[TosTomy marmeit 3a1ateit 66110 pazpadboOTATh MOXO0/1, KOTOPBIil TO3BOJIUT MTOCTPOUTH TOUHBIH
raMUJIBTOHUAH MOJIEKYJIbI, IPUYEM, C OJIHOW CTOPOHBI, OY/IEeT MPOCTBIM W, C JPYIOil CTOPOHDI,
Oy/ileT TPUMEHNM K IIPOM3BOJILHOTO TUIIA MOJIEKY/IAM.

B kauecTBe mpumepa paccMOTPHUM TpexaTOMHbIE MOJIeKy bl cuMmMerpun Cay, (B mociiemry-
IOIEM TIPU HEOOXOJIMMOCTHU OINUCHIBAEMBIH IOJIXOJ] MOYKHO PACIIUPUTH JIJI ONMUCAHUS JIPYTIHX

THUIIOB MOJIEKYJT).
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UsBectHO [2], 9T0 raMUIIBTOHIAH MHOTOATOMHO# MOJIEKYJIbI B Tpub/izkennn bopha - Omnen-

FeﬁMepa MO2KHO Pa3J€/IMTb Ha /JIBC 9aCTHU: KHHETUYIECKYIO 9aCTb U IIOTCHINAJIbHYIO (byHKIlI/HOI

H=T+YV, (5.23)
puIeM
H:T+T+V—Zi§+lz GuGs+ V. (5.24)
=1 2 - - 5 9 — Haplalap . .
Snech Q) u Py = —ih% - oIepaTopbl KoJ1ebaTe IbHbIX KOOPAUHAT U UMITYJIHCOB;
Go =) (5P, (5.25)
Al

- OIepaToOpPhl Koj1ebaTe/IbHOrO YIJIOBOIO MOMEHTa, 3aBucsdiie or KopromcoBbix Koahuimen-

TOB,
Gu = Z €apy Z IngrlNyu (5.26)
By N

- Kopuosmcosbl K0adduimenTsr, KOTOpble ABIAI0TCA (PYHKIUAMU KOHCTAHT (POPM KOJIeOAHMIA.

U3 Beipazxkenus (5.24) BUHO, 9TO ONMEPATOP KHMHETHYIECKON SHEPIMU UMeEeT YPEe3BbIYaifHO
upoctoii Bui. lorenmuanbaas GpyHKIms MOXKeT ObITH B3sTa B Bujie yHKIUN JII0O0r0 Habopa
KoJsiebaTenbHbIX Koopanaat. OiHako, HanboJiee yI00HBIMU SIBJIAIOTCS KoopauHaTbl Mop3e Tura,
ITOCKOJILKY OHH TIO3BOJIAIOT 3(DPEKTUBHO OMUCHIBATEH BAJICHTHDBIE KojieOanusg MojiekyJt. [loaTomy
MBI OYJIEM CTPEMUTCS K TAKOMY BUJLY FAMUIJIBTOHUAHA, YTOOBI B JAJIbHEIIIeM ObLIO BO3BMOXKHO B
Ka4decTBe HAYaJIbHOI'O MPUOJIMKEHNs NUCIOJIH30BaTh ramMuibronnan tuna Mopsze. Takum obpa-
30M, €CJIM MOTeHIabHag (PYHKIUA 3alucana B KoopauHatax Mop3se, a KuHeTndeckas 4acTb
B HOPMAJIbHBIX KOODJMHATAX, TO HEOOXOJUMO MPUBECTH 00 YACTH IaMUJILTOHUAHA K OJHOMY

Habopy koopjuaat. CyIecTByeT jiBe BO3MOKHOCTH:

1. zamucars norennuanpuyio dyakmuio B Buge V = V(y1, ys, Aa) (yy = 1 — exp(—aAry),

N =1,3), a B KHHETUIECKOI JacTy MepeiTu K KoopjuHaTam Y1, ys u A« ujim

2. 3amucaTh KMHETHYIECKYI0 YacTh B mpoctoM Buje (5.24) m B MOTEHIUATIBHON (DYHKIHN

TaKKe MepeiiTn K HOPMAJIbHBIM KoopJuHaTaMm ().

[TepBas BO3MOXKHOCTD ObLiia peanusoBana B pabore [111]. B coorBercrBum co croiicTBamu
CUMMETPHUH MOJIEKYJIBI M C TOYHOCTBIO JO YEeTBEPTHIX CTeleHell Ko1e0aTebHBIX KOODJINHAT,

IoTeHIna/IbHast (PYHKIUA ObLIa B3sTa B cjeaylomeil (hopme:

V= Vi(y1,y3) + Va(Q2) + Va(y1, y3, Q2), (5.27)

rJie 9acTh HOTEHIUAIBHON (DYHKITHI

1 1
Vilyr,ys) = D(yi +y3) + aam(yi’ +y3) + ﬂann(yf + y3) + a13yiys

1 1 1
+§a113(yfy3 +11y3) + Z—lanasyfyg + 6@1113(yf’y3 +y1y;s) + ...

(5.28)
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- OIIIChIBaET KO.He6aHI/I$I, CBd3aHHbIC C USMCHCHUAMU JIJINH BaJICHTHBIX CBH3€IU/I;

27 cws)? 1 1
V2(Q2) = (2mewn)” Q3 + =0222Q5 + 7= 0229Q5 + ... (5.29)
2 6 24
- 9acTh, CBA3aHHA C U3MECHEHNEM YIVIa MEXKJLy CBSA3SIMU, U

1 1
Va(y1,ys,Q2) = a12(y1 +ys3)Q2 + §a112(yf + yi)Qz + §a122(y1 + y3)@§

1 1
+a123y1y3Q2 + 6%112(9% + y§)Q2 + Za1122(y% + y§)Q§

1 1 1
+6a1222(y1 + ys)Q§’ + 5%123@%3/3 + yl!/:?)Qz + 5%223%193@3 + ..
(5.30)

- 9aCTh, OIHCHIBAIONIAA B3aUMOJEUCTBIE BAJCHTHBIX 1 JedOPMAIMOHHbIX Kosnebanmit. [lepsoe
caaraemoe B (5.28) - 910 moreHmagbHas QyHKIuA AByX ocnmuistopoB Mopse. B paborax
[111, 112] 6buI0 MOKA3aHO, YTO €M B KMHETUYECKON JacTu ramusibronnana (5.24) nepeitu K
KOODJMHATAaM ¥1,Ys U Aq 1 1oKa3aThb, YTO IVIABHBIN BK/aJ OyJeT IPH 3TOM HMeTb BUJ K-
HETUYIECKON YaCTH JIBYX HECBA3AHHBIX ocHMLIATOPOB Mopse u OyaeT M30IMpOBaH OT KUHETH-
JecKOil JacTu J1epOPMaIMOHHOIO KojieOaHUs, TO B Ha4a/IbHOM IPHOJIIZKEHHN 3a/1a98 MOXKET
OBITH pellleHa I JBYX HE3aBHCHUMBIX OCIHUJIATOPOB MoOp3e W rapMOHMYECKOTO OCIHJLISATO-
pa g JedopMaIoHHOro Kosebanus. /Ipyrumum caoBaMu, MOXKHO OIPEIE/IUTh BHYTPUMOJIE-
KYJIAPHYIO ITOTEHIINAIBHYIO (DYHKITIO IPOM3BOILHOM MHOIOATOMHOI MoseKy/bl. HemocraTkom
JIAHHOTO TIOJIX0/Ia ABJIAETCS TO, IYTO OIlepaTOp KMHETHIECKOH SHePIUH NMeeT HeyT0OHBIH U IPo-
MO3/IKUil BUJ, JJI IPAKTUIEeCKOI'O UCI0/Ib30Banusd. [losToMy paccMOTpUM BTOPYIO BO3MOXKHOCTD
HOCTPOCHNS FaMUJIbTOHHAHA, & IMEHHO HoJ0epeM TaKoit HabOp KOOPAMHAT, KOTOPBIN TO3BOJIAT
COXPAHUTH IIPOCTOTY KaK KHHETHIECKOH YacTH, TaK U IOTeHIUaIbHON (yHKIMH. /1 sroro

cJej1aeM IIPOCTOoE Hp€O6pa30BaHI/I€Z

@ = axQy, (5.31)

1/2 1/2

rae ay =y = (mymx/(my +mx))

A A = 2 (edopmarmonubie Kosebamus). Torga KnHeTndeckas 9acTh raMuabronnana (5.24)

st A = 1 nim 3 (BasieHTHBIE KOJlebaHust) U ay = 1

IIpuMeT BUI:

R [ 0? 02 n* [ 9?

— + =~ —
20y \0QT Q3 2 \0Q3

H=— (5.32)

BI/I,Z[‘I/IM, YTO II€pBbIC JIBa CJlaracMbIX OIIMCBIBAIOT KMHCTHYICCKYIO SHEPIUIO JABYX HECBA3aAHHDbIX
ocuyLIsITOpoB Mopze. 3aMeTuM, 9T0 KOO IMHATHI @1 u @3 HOPMAJIbHBIMU y2Ke He ABJISIOTCH,
[O3TOMY MOIYT PACCMATPUBATHCS KaK KOOPAMHATEI Ar 5Tux ocnmiaropos [113]. Ecau remepnb
Pa3JI0KUTh MOTEHIIMAJIBHYIO (DYHKIIUIO 110 TePEMEHHBIM @1 n @3 Mop3se Tuna m KoopjumHATE
()2, CBsI3aHHOI ¢ J1e(DOPMAITMOHHBIM KOJIeOaHUEM, TO IOJIHBI raMUJIBTOHUAH Oy/IeT UMETh IIPO-
cToi BHJI. A 3TO TIO3BOJISIET, B CBOIO OY€PeIh, IIOCTPOUTH MATPHUILy TaMIJIBTOHHAHA B JOBOJIBHO
pocToM Buje Ha (pyHKIudAX Tuiia Mop3e /i BaJIeHTHBIX KoJjiebaHuil n Ha (DYHKIUAX rapMo-
HUYECKOT'O OCIMJLIATOPA JjIst gedpopMmalrimorHoro Kosebanus. OiHako, Jijisi 00bIero yoocTsa

BBeJIEM CJIe/IyOoIe KOMOMHAIINNA KOOPTUHAT:
Ry = Q1+ Qs (5.33)
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R2 - @1 - @3. (534)

B TakoMm Bujie KOOp/IMHATHI UMEIOT CMBIC]T U3MEHEHUs JIJTMH BaJIeHTHBIX cBsA3eil X-Y, n X-Yo u
OHU YITPOIIAIOT UCIIOJIb30BaHUE CBONCTB CUMMETPUU MOJIEKYJIBI.

B obrmiem Bujie paccMOTpeHHOE BhIIe Tpeobpa3oBaHie KOOPIMHAT MOYKHO 3alncaTh TakK:
Q)\ - E a)\,uR;u (535)
o

TJIe JIjI MOJIEKYJIbI Tuma XY o!

Qg = Qg1 = (g3 = aizp = 0,
agy =1,

11 — (V13 = (33 — — Q31 — (Cll — Cg)_l . (536)

Crenxyer 3aMeTUTh, YTO HOBBIE KOOPJMHATHI R) COXPAHAIOT MPOCTON BUJI IJIABHOTO BKJIaJa

Ty KuHEeTHIEeCKOH YacTu raMuibroHnana (5.24):

292 R 92 R B2
S 2u OR? 2u3 OR2 2 ORY

T, = (5.37)

311ech 41 U Jig - IPUBEJIEHHBIE Macchl (bparmMeHToB X-Y1 1 X-Ys coorBeTCcTBEeHHO. BTOpOe ciia-
raemoe Ty B KMHETHIECKOIT YacTi BbipaykeHus (5.24) Takzke MOXKeT ObITh JIETKO IIPE0OPA30BAHO
K HOBOMY HabOpPY KOODIUHAT.

Taxzke BO3MOKHO OIIPeIe/INTh CBA3b MEXKJIY eCTeCTBeHHbIMU KoopanHatamu Ar, Aa u HO-

BBIMH KOODJUHaTaM# FT)y:

Ar =Ry + Fx(Ry, Ry, R3) = Ry + Y fVRa+ > fLRR, + .., (5.38)
A Al
nu
Aa = CyRy+ F(Ry, Ry, Rs) = CoRo + > AR+ > fuBR, + ... (5.39)
A Al

rie (R, Ry, R3) u F(Ry, Ry, R3) - MaJible 106aBKHI; aOCOTIOTHBIE BEJIMINHBI KObDMUIIEHTOB
f... B Boipakenusx (5.38), (5.39) 6bicTpo yOBIBAIOT ¢ BO3pACTAHUEM CTENEHU KOODIMHATHI K.
Bamernm, uto Bee koabpunmenTor fi¥ ,, MOYKHO IIOJIYUTb B aHAJIMTHIECKON (hopMe Ha OCHOBE
Beipazkenuit (5.2) - (5.5) u (5.7) - (5.21), ogHAKO OHM UMEIOT JOCTATOYHO T'POMO3JIKUIN BHJ U
XpaHATCAd B HaMATH KOMIIbIOTEpA.

CrietytoruM miaroM BBEJIEM eIlle OJIMH HAOOp KOOPJWHAT U IHepefijeM B TaMUJIBTOHUAHE OT

koopiaunat 1 u R3 k koopjaunaram Mopae tuna 1o ciemyomieit hopmysie:
1 1
R, =— —y, 5.40

rae ¢ = 1, 3. Takxke BBeseM obo3HaueHne Ry = ()s.
B kadecTBe emie oJHOr0 BaxKHOI'O MOMEHTa HEOOXOIUMO PACCMOTPETh CUMMETPHUIO HOBDBIX

BBEJIEHHBIX KoopauHaT. Hamomuum, 4To moJjiekysia tuna X Yo OTHOCUTCA K TOUYEYHON TPYyIIIe
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cummerpun Cay,. [Ipu omeparuu "Cy" u orTpakeHnn B IJIOCKOCTH, TEPITEHINKYJISIPHOM I1IOC-
KOCTHU MOJIEKYJIbI, Koopyunara Ry nepexogut B R3 u naobopot. [Ipu orpakenun B mjiockocTu
MOJIEKYJIBI U TOXKJIECTBEHHOM ITpeoOpa3oBannu KoopauHaThl 71 n R3 ne mensrorces. Koopannara
Ry cuMmMeTputHA OTHOCHTEIBHO JTI0O0TO TpeobpaszoBanust n3 rpymibl Cy,. Tem ke cBoiicTBam
cuMMeTpun 00J1a/TaI0T U IPOU3BO/IHBIE 110 BBE/IEHHBIM KoopauuaTaMm. Ciie/loBaTeIbHO, KOMOUHA-
n (ylys + yiyy) n (y’fyg”a%L1 + yf"”yga%r)) MHBApPUAHTHBI OTHOCUTEIBHO ONEPAITNil U3 T'PYIIIBI
CHUMMETPUHU MOJIEKYJIBI, & KoMOuHarmu (yiys' — yi'ys) u (y?y?aim - yqf‘y:?a;f%) IpeobpasyoTest
[0 AHTUCUMMETPUIHOMY IIPEJICTABIECHUIO TPYIIILI CUMMETPUN MOJIeKyJsibl. Ha ocHoBanHuM BBI-

MIeCKa3aHHOI'O0 MOXKHO 3alliCaTb IIOTEHIHNAJIbHYIO beHKHI/IIO MOJIEKYJIBI B CJIEIYIOIIEM BUIE:

V =W+ Vi(y1,ys) + Va(R2) + Va(y1,ys3, R2), (5.41)
rie
2wy )?
Vo = DG+ )+ Ty (5.42)
1 3 3 1 4 4 1 2 2
Vilyr,ys) = gam(?/l +y3) + ﬂann(% +y3) + a13y1ys + §a113(y1y3 + y193)
1 1
+Za1133y%y§ + 6&1113@?93 + ylyi’) + .. (5.43)
1,1 y
‘/Q(RQ) = 6@222R2 —+ ﬁa2222R2 + ceey (544)
n

1 1
Vi(yr, Ra,y3) = aia(yr +y3)Ra + 5@112(3;? +y3) Ry + 5@122(% + y3)R3

1 1
+ai2311Yy3 R + 6%112(3/:13 +y3) Ry + Z—lanzz(y% + y3)R3

1 1 1
+6a1222(y1 + y3) Ry + §a1123(y%?/3 + yly?%)RQ + §a1223y1y3R§ + ..
(5.45)

[Mapamerpbt D, aq11, ..., 1223 B Bbipazkerusix (5.42) - (5.45) MoryT GbITh JIErKO 3aIlUCaHbl KAK
dyHKIIMN mapaMeTpoB ITepBOHAYAIBLHOTO BBIPAXKEHUS 71 HMOTEHIMAIbHON (DYHKIINI B ecTe-
CTBEHHBIX KoopjnHaTax (5.22).

B pesynbrare u3 Boipaxkenuit (5.37) u (5.42) MOXKHO yBHJETH, 9TO TaMUJIBTOHUAH B HyJIe-
BOM Tpubmkenun H rpejcraBiageT coboit cyMMy JIBYX OCHULIATOpoB Mop3e /1j1d BaJIeHTHBIX
KoJsiebanuit Ry n R3 U rapMOHUYIECKOTO OCIUJLIATOPA s JIepOPMAIIMOHHOrO Kosiebanus Ra:

R 0? R 0% (2mcws)?
Hy = - Dy —— 2. 4
0 N2;3< Sy ORE yN) * ( 2or: T 2 RQ) (5.46)

Pemmenne ypasuenust [llpennnrepa ¢ oneparopom (5.46) xopomio ussectro [113, 114]. Co6-

CTBEHHbIEC 3HaAYECHUA I'aPMOHNYIECKOI'0 OCHUJIJIATOPA JIJIsI KOOPANHATDHI Rg NMEIOT BUI:

By /he = w, (v + %) | (5.47)
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CobcTBennble 3HadYeHUs ocrmigTopa Mopse s koopaunar Ry n Rz UMeoT BUI:

2D 1\ D 1\’
E,=— o -, 5.48
el z s (5.48)
_ V2uD
rae k = 4=, CooTeercTByionue cobCTBeHHbIC (DYHKIIUU - 3TO MOJHMHOMBI DPMUTa U (DYHKIUH

Mopse [113, 114|. [Tosyuennbie cobcTBEHHBIE 3HAYCHUST M COOCTBEHHBIE (DYHKIIUH TIO3BOJISIIOT
JIETKO MTOCTPOUTH MATPHILY MTOJIHOTO TAMUJIBTOHUAHA MOJIEKY/IbI. 3AMETHM TaKKe, ITO MOy ICH-
HBIII TAMUJIBTOHUAH SABJISIETCS TOYHBIM U B pe3ysibrare HeOOIbINX MOIUMUKAIINT MOXKET OBITDH
UCIIOJIB30BaH JIjIst aHAJIM3a [IPOU3BOJILHOI U30TONUYIECKON MOuduKaIuu J000ii MHON0aTOMHOI
HOPMAJILHON MOJIEKYJIbl. TakyKe JIAaHHBII METO/I SIBJIE€TCH JOBOJBHO IMPOCTBIM M YAOOHBIM TS

IPaKTUIE€CKOI'O UCIIOJIb30BaHUA.

5.3 IIpumenenue pazpaboTaHHOTr0O METO/1a K MOJIEKYJIaM THU-

na XYs3 1 ZXY3 ¢ TpeMsd 3KBUBaAJEHTHBIMUI CBA3AMU

B mpeapiynem naparpade paccmarpusasiach mosiekysia tuna XYs (Co,). Ognako, pas-
paboTaHHBI 19 Hee TOXO0J MOYKHO PacIIPOCTPAHUTh Ha JIIOOYI0 MHOTOATOMHYIO MOJIEKYILY C
HECKOJTbKIMI 9KBUBAJIEHTHBIMHI CBA3sIMU (KaK, HAIPUMED, CBs3U X - Y B MoJieKyse Trma XYs).
BazkHBIM B JIAHHOM CJIydae sIBJISIeTCSI IIPABUIIBHBINA BLIOOp Ko3ddurmentos ay, B (5.35). Onu

JIOJI2KHBI OBITh BBIOpAHBI B TAKOM BHJIE, ITOOBI:

1. mpejicTaBuUTH OonIEepaTOP KMHETUYECKOH SHEPruu 1] B IPOCTOM U yIOOHOM BUJIE U

2. He HApyMIATDH CIPABEJIMBOCTh KOOPIMHATHBIX npeobpazosanuii (5.38), (5.39).

Kak mokasbiBaeT aHa/n3, JaHHBIE YCJIOBHUS BBIIOJIHSIOTCI JJIs TIEJI0TO PsIjia MHOTOATOMHBIX
MOJIEKYJT (HE TOJILKO C JIByMsI, HO U C GOJIBIIUM KOJIMIECTBOM SKBUBAJICHTHBIX CBsI3€ii), MpHUIeM
JIAaHHBIA BBIBOJL CJIE/IyeT U3 CBOMCTBA CUMMETPHUN MOJIEKYJI, KOTOPBIE OIPEIE/ISIIOT COOTHOIIEHUST
mexk ity Kosddurmentamu CY u Cy.

B namnom nmaparpade paccMaTpuBaeTcss KOOPAUHATHOE IIpeodpa3oBaHue /It MOJIEKYJT TUIIA,
XY3 u ZXY3 cummerpun Csz, ¢ TpeMsl S5KBUBAJEHTHBIMIA CBA3SIMU X - Y Ha IPUMEpE FeThI-
pexaromubix mosiekya1 PHs, AsH3 u naruaromusix mosekyn CH3D, CHD3. B kadectse miro-
cTpanun 6bLT IpoBe/ieH pacuer Kosdduiuentos CY s pacemarpusaembix Mosiekys1 (Tabiuia
5.1).

Ucnonwaytores cieayroriue obo3HatdeHus: A = 1 - MOJITHOCUMMETPUIHOE BaJIEHTHOE KOJj1e0a-
Hre, A = 2,3 - JBaXKJbl BBIPOXKJIEHHOE BaJIeHTHOE KoJsiebanue, A = 4 - kojebanue cBa3u Y - 7
B M30TOIIOMepax MeTaHa. Bee ocrabable A 0b03Ha4a0T jedopmalimonHbie Kosrebanusi. MoxKHO
[I0OKa3aTh, 9TO, KaK M JJIsI MOJEKY/bl THIA X Yg, CBOMCTBA CUMMETPUH HCCJIEIYEMBIX MOJIEKYJI

JIAI0T BO3MOZKHOCTD TIOCTPOUTHL HAGOp cooTHOmeHuit Mexk 1y koaddurmentamu CY :
Cl=0C?=C}=c,
Cl = =202 = —208 =~ £V2C} = +V/2¢,
C3 =0,

3 3
C2 = —C3 =~ O 5= F\5 (5.49)
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Ta6mmma 5.1. Yucaennble snadenus (B a.e.m.”/2) xosddumnmentos C' mepBoro mopsKa JIIs

AKCUAJIbHO CUMMETPUYIHBIX MO.HeKy.H.a

HapaMeTp PH3 ASH3 CHgD CHD3

1

2 3 4 5

Ci
ct
Y
Cy
Cy
3
3
c;
Cs
Cy
3
Cy
Cy
3
3
Ci

-0.58259 -0.57799 -0.58211 -0.4156
-0.58259 -0.57799 -0.58211 -0.4156
-0.58259 -0.57799 -0.58211 -0.4156

0.08926 -0.0440

CHy
6
8 0.49806
8 0.49806
8 0.49806
8 0.49806

-0.82718 -0.63549  0.85723  0.63642  0.52488

0.41359 0.40945 -0.42863 -0.3182
0.41359 0.40945 -0.42862 -0.3182
0.00000  0.0000

0.00000  0.00000  0.00000  0.0000
0.71636  0.70919 -0.74239 -0.5511
-0.71636 -0.70919  0.74239  0.5511

1 -0.52488
1 -0.52488
0 0.52488
0 -0.52488
5 0.52488
5 -0.52488

0.00000  0.00000  0.52488

-0.03211  0.0444
-0.03211  0.0444
-0.03211  0.0444

7 -0.52488
7 -0.52488
7 0.52488

-0.75617 -1.03592  0.52488

%) B mammoii Tabimie IpeicTaBIeHbl TOMLKO Koddbdumuments Of, CBA3aHHBIE C BAJCHTHBIMMI

KOJIe6aHI/ISIMI/I, ITOCKOJIbKY OHH ABJIAIOTCHA HanboJjiee BaXKHBIMI IIpU BBIBO/IE KOS(lDCbI/IHI/IeHTOB 0%

B (5.50) u (5.56). Snadenus Beex ocTambHBIX KoaddummenTos Cy MHOTO MeHbITe TIPeCTaBIeH-

HBbIX.

MozKkHO TOKa3aTh, 9TO €CJIM BBECTH HOBBII HAOOp KojebaTe/TbHBIX KOOP/IMHAT B COOTBET-

crBun ¢ BbipakeHueM (5.35), TO pACCMOTPEHHBIE BHIIIE YCJIOBUS OYJYT BBINOJTHITHCS, €CIIH

BLIOPAThL HeHyJIeBble KOI(P@UIMEHTDI vy, B CIIEJyIOIeM BUje:

-1
3
11 = 19 = i3 = <Oll + \/5022 + \/;Og)

1 1

Qg = Qg3 = — Qg1 = —=017,
2 V2

31 = 07

3
Qg = —Q33 = \/20117

u, ponosHuTesbHO Jiyist Mojiekyn CHzD/CHDj:

1
Qg4 = —7.
“ o

= q =

1
3c’

(5.50)

(5.51)

Koaddurmentsr ayy = 1, tie A = 4 — 6 jyist mostekyn PH3/AsHs u A = 5 — 9 jyia mosiexy

CH;D/CHD;.

MoxkHO moKa3aTh, ITO:
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e Jl11 MOJIEKY/T ¢ TpeMs SKBUBAJEHTHLIMU CBA3dME OIEPATOP KUHETUYECKO# sueprum T
(5.37), 3anucaHHbIil B HOBBIX KOODJIUHATAX, IPUMET BU/I:
m2 2 n? o
n--Y 2yt (5.52)
P2 2 :
— 2p; OR; = 2 OR;

rae
3 -2
1=y = pi3 = 3 (C} +202 - \/;C§> : (5.53)

o CBs3b MeXKJy eCTeCTBeHHBIMI KoopauHaTaMu Ar /A« 1 HOBBIMU BBEJIEHHBIME KOOD/HHA~
tamu R; Gyjer umersh Takyto ke ¢opmy, uTo u B Beipaxenusax (5.38), (5.39). Kounewno,
ko3 durmentTsr fy ,, OyLyT APyTHME, HO BCe PACCyZKIEHU, CAETaHHBIE B IIPEIbIIYIIEM

naparpade, OCTaloTCs BEPHBIMH.

Beipazkenue (5.54) BepHO Jmiib Jijist MoJieKyJl Tumia XY 3. OHAKO, MOXKHO JIEFKO TOKA3aTh,
qr0 jiyis ngaruaroMubix Mosiekyar CH3D /CHDg3 (uu B o6imiem ciygae jiist MmoJiekyst tura ZXYs)

JaHHOE BbIpazKE€HHE IIPpUMET BUI:

RS 32 R 92 =R P
T, = — - N 5.54
YT oy ; OR2  2u, OR? ; 2 ORY’ (5:54)

e py = p; w3 (5.53) mpy = (CH 77

5.4 Ilpumenenme pazpaboTaHHOTO MeTOda K MOJIEKYJIaM TH-

na XY, ¢ 4eTbIPpbMS 3KBUBAJIEHTHBIMHI CBS3IMU

B pannom naparpade paccMOTPUM MOJIEKYJIBI C Y€ThIPbMs SKBUBAJEHTHBIMU CBA3AMUI HA
npumepe Mostekysasl CHy. /st pacemarpuBaeMoit MOJIEKYIIBI aHAJIATHIECKE BhIPAYKEHUS JIJIs
koabdurnmentos C UMeeT OUeHb CJIOXKHBIA BHUJI, TIOSTOMY JJIs aHAJIN3a BOCIOIb3yeMcs UX
qucaeHHbIMU 3HadenusaMu. Creayer oTMeTUTh, 9YTo cuMMerpus Mosekyasl CHy mo3sostser mo-
JyIUTD CIIE/TyIOMIe COOTHOIEeHNs MesK Ty Kosdbdumuentamu C7y (WX qmuCIeHHBIC 3HAYCHUST TTPH-

BesieHbl B 6 Kostorke Tabmuier 5.1):

cl=ci=ci=ci.
Ch=—Ci=—Cl=-C}=Ci= (3= —C}= —C§=Ci = C} = G = €,
Cl~ CL. (5.55)

Toryna coorsercrBytomue Ko3bduImenTsl o B Bhipazkenuu (5.35) ciiejtyer B3sATh B CJEYIO-

IeM BHJIE:
Q1 = 012 = (Y13 = Q4 = (g1 = —Qigg = —Qi3 = (igg = — (31 = (32
1 1\ —1
= —Q33 = Qi34 = —Qy] = —Oyp = OYy3 = Oyq = (Cl + 304) ,
)\ — 1, )\:5,6, 7,8,9. (556)
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Bce ocrasbnbie oy, odpamaloTes B HOJb.
MoxkHO 1OKa3aTh, YTO OIepaTop KMHETUIECKOM SHeprun 17 B JIAaHHOM CJIydae IPUMET IIPo-
CTOM BHI:
4 9
T AN o s (5.57)
1= — = N =0 e .
2u “~ OR? 4~ 2 OR%’
=1 1 ]:5 J
rjie

p=4(Ct+3cH™. (5.58)

5.5 Penyknus MmaTpuiibl raMUJIbTOHNAHA 00JIbINOI pa3Mep-

HOCTN

Kaxk yke ObLIO yHOMSIHYTO, IIPU OIPEJCICHUN MOTEHITUAJILHON (DYHKIIUU MHOIOATOMHOI
MOJIEKYJIbI BOZHUKAET eIlle OHa MpodJjeMa, a IMEHHO, HeOOXOIMMOCTh MHOTOKPATHOTO ITIOCTPO-
eHUs U JIUATOHATIN3AINNA MATPHUIl TAMUJIBTOHUAHA OOJIBITON Pa3MEPHOCTH. DTO TPEeOYET OrpoOM-
HBIX 3aTpaT BPEMEHU U MAaIMHHBIX PECyPCOB, C OJHOW CTOPOHBI, ¥ OIPDAHMYMBAET OObBEKTHI
MCCTIeJOBaHUS MOJIEKYJIAMHU C MaJIbIM YUCJIOM aTOMOB, C JIpyToil cTopoHbl. [losToMmy B amHOM
naparpade IpuBeeHbl pacdeTHble (DOPMYJIbI, KOTOPbIe MOI'YT ObIThH IOJIyY€Hbl HA OCHOBE W3-
BeCTHBIX npeobpasoBannii Bau-Dieka [79], aist yrpomenus mpolie/[ypbl JUaroHajn3ann MaT-
putr, 6oJIBITIUX pa3dMepHocTeii. /laHHas cxeMa OCHOBaHA Ha ONEPATOPHONW TEOPUU BO3ZMYIIEHUIA.

[IpenosioykuM, YTO HeIMArOHAJBHBIE JIEMEHTHI MaTPUITHl TAMUJILTOHUAHA MHOTO MEHbIIe
9eM ee JIMaroHaJIbHbIe 9JIeMeHThI (KOOpMHATHbIE TPEeOOPa30BaHsl, OIIUCAHHBIE B IPE/IBILY IIEM
naparpade, MOo3BOJISIIOT MOJIYIUTh MATPUILy TAMUJIBTOHHAHA UMEHHO B TakoM Buje). O6o3Ha-
9UM 3JIEMEHThI MATPHILI Kak f;;. Takum 06pasoM, JumaroHa bHbIE 3JeMEeHThl hj; mopsauka kP,
He/[aroHaJIbHbIe 31eMeHTl h;; (1 # j) nopsiika k' (K - mopsiok MastocTn). Beegem B paceMot-

penne MaTpuIly by, CBA3aHHYIO C TIEPBOl YHUTAPHBIM ITPEOOPA30OBAHUEM:
bt = (G hG1)w, (5.59)

rje yHUTapHBIA omeparop G = exp(ig;) sIBIsIeTCs MAJBIM TI0 CDABHEHWIO C €MHUYHBIM Olle-
paTopoM M IO3BOJISET IepeifiTh OT MepBOHAYAILHON MaTPUILI TaMUJIBTOHUAHA OOJIBINON pa3-
MEPHOCTH K HOBOII MaTpure B ¢ sjieMenTamu b;;. 371eCh g1 - IPOU3BOIBHBIN SPMUTOB OIEPATOP
[IEPBOrO TOPSJIKA MAJIOCTU 110 OTHOIIEHUIO K ramusibronuany. llompoOyem ompenaenTsb 3ToT
orepaTop UCXoJId U3 TpeboBaHUs OOPaIeHNs B HYJIb CAMBIX OOJIBIIIX BKJIAJIOB B HEIUATOHAIb-
HBIX 9J1eMeHTax npeobpazoBanuoil MaTpuisl (5.59). st sroro pasnoxum oneparop G B psij u
[IOJICTABUM B BbIpaxKeHue Jijist by

_ 1, . . . 1.
b =Y <kH{l—ig+ 5(091)° i > iy < {1 +igy + 5(i91)° + - HI > (5.60)
is

[Torpebyem, 9TOOBI ¢ TOYHOCTHIO J0 BKJIAI0B BTOPOI'O MOPsIJIKa MaJIOCTU HeuaroHa/IbHbIE MaT-
pUYHBIE 3JIeMEHTHI by, obpalajinch B HyJb. JlanHoe TpeboBaHue O3HAYAET, YTO BBIITOJIHAIOTCS

CJIEJTYTOTINE YCJIOBU:

hie < /{Z|Zg1|l > — < /{Z|Zg1|l > hy + hy = 0. (561)
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[Tony4uaem HeauaroHabHble MATPUIHBIC 3JIEMEHTHI OTIEPATOpa 471
(5.62)

Hunaronasbhble 31eMeHThl < k|igi|k > MOXKHO MOJIOXKUTH PABHBIMU HYJIIO.

Crestyer ciienaTh BaKHOE 3aMevdanue: T.K. 3a/1a49a PeriaeTcs MPU YCJIOBUHU, UTO OIEPATOD
g1 - BEJIMYMHA [IEPBOTO TIOPsJIKA MAJIOCTH, TO, B 001IeM ciiydae (Korja hgy << hyy) MaTpudHbe
ssieMeHThI (5.62) JefcTBUTEIbHO ABIAIOTCS BEJIMYUHAMU TIEPBOTO TOpsIKa MajocTu. OJHAKO,
B HEKOTODPBIX CHTyaIlMsX (TaK Ha3blBaeMble DE30HAHCHI) DA3HUIA B 3HAMEHATE]IE BbIPAYKEHUSI
(5.62) mozkeT okazarbcs Masoit Bemannoii. Torga < klig|l > yxke He Oyjer MaJoiil BeJIMINHOI,
YTO IPOTUBOPEYNT HAYAJIBHBIM YCJIOBUAM.

B coorBeTcTBUM € BBINIECKA3aHHBIM, HECKOJIBKO N3MEHNM HadaIbHbIE YCJIOBHS JIJIT MATPUIIBI
br; - He OyjeMm TpeboBaTh OOpAIEHUs B HYJIb €€ 3JIEMEHTOB, COOTBETCTBYIOIINX PE30HAHCHBIM

cutyaruaM. Torga oHa OyJeT yI0BIeTBOPsET CIEAYIOMNUM CBOMCTBaM:

1. marpuna by MoxkeT ObITH paszdUTa Ha MOJMATPHUIILI, ITPUYEM B OTJIE/IbHbIE OJIOKU OY/IyT

00beIMHEHbl PE3OHUPYIONTUE COCTOTHUS;

2. JauaroHaJjibHbBIE 3JIEMEHTBI IPEOOPA30BAHHON MaTPUIILI OY/IYT UMETh BU/I:

hiih;
biw = hir + Z hk—k
iy,

) 5.63
Kk — N ( )

e Q - HIPOCTPAaHCTBO PE3OHUPYIOIINX COCTOSHU. HeﬂHaFOHaﬂbeIe 9JIEMEHTBI B PE30-

HAHCHBIX OJioKax OyayT umersb Buf (k,l € §):

1 n 1
P — hii g — hyy

1
bri = hi + 3 Z hiihi (5.64)

120

laiee yxke HEOOXOJMMO JUATOHATU30BATH KAXKIbII 13 OJIOKOB IO OTJIETLHOCTH.

Ormnmcannasi BBIIIE IPOIE/Lypa TO3BOJISET IPUBECTH MATPUILY K OJIOUHO-IMArOHAIHLHOMY BHLY
U BIOCJIEJCTBUAN OIIPEJIEISITh COOCTBEHHBIE 3HAUEHNS MaMUJIBTOHUAHA C TOYHOCTBIO 10 BEJIUUNH
TPEeThero mopsjika MajocTu 1o k. OJHaKo, KakK BUJIHO U3 BhipaxkeHus (5.60), B MATPUYHBIX
9JIEMEHTaX HeJIMaroHaJbHbIX OJIOKOB ITOMUMO CAMbBIX OOJIBINNX BKJIAJIOB, OCTAIOTCH BKJIAJIBI OT
BTOpPBIX 1 OoJiee crereneit oneparopa ig;. CiieoBaTeIbHO, PACCMOTPEHHOE MpeodpasoBaHme
MaTPHILBI TaMUJIBTOHIaHA HEOOXOMUMO IIPOIEIATh ellle pas3, HO yKe ¢ JPYTUM YHUTAPHBIM OIle-
paropom G = exp(igs), IJie igs - OEPATOP BTOPOIO MOPSIKA MAJIOCTHU 110 CPABHEHUIO C €/ [IHIY-
HbIM. [0 aHAIOTHN MOXKHO OIIPeJIe/INTh J0OABKU B JIMarOHaJIbHbIE U HEIMarOHAJIbHBIE JIEMEHThI
PE30HAHCHBIX OJIOKOB M BKJIaJIbI B 9JIEMEHTHI HeJ uaroHaJbHbIX 0/10KOB. [Ipm momobHoro poja

pacdeTax HeO6XOJII/IMO TIHIaTEJbHO CJICJUTDL 3a BBLIIIOJTHECHHNEM Ha4daJIbHBIX yCJIOBHﬁI

1. < kligi|l >= h”fi—’“,llkk MaJjIbl MJIM HE MaJIbl II0 CPaBHEHUIO C eJIUHUIEH. DJIEMEHTBI, s
KOTODPBIX HE BBIIOJIHAETCA YCI0BHUE
B
—— <K (5.65)
by — higk

HY?KHO 00BbeUHATD B pe3oHancuble 6okn (Pucynok 5.1).
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H(h.)=

Puc. 5.1: Cxema pemyKiiusi MaTpUIlbl TaMUJILTOHUAHA OOJIBINON PA3MEPHOCTH IIOCJIE TPOBEPKU

yeaous (5.65).

2. HpI/I BBITIOJIHEHUKU BTOPOI'O Hp606pa30BaHI/IH JJId HeAnaroHaJIbHbIX OJIOKOB HeO6XO,HI/IMO

y4ecThb, 9TO

hijhji hiihi 1 1 5
b=y 7=t > ( - ><I<J, (5.66)
o (u=hy) g 20 Nhu—ha g — hi

Ecim JaHHOMY YCJIOBHUIO YJIOBJIETBODAIOT BCE 3JIEMEHTHI HEJIUAl'OHAJIbHBIX 6JIOKOB7 TO Ha
JaHHOM 3dTalle H606XO,HI/IMO JINIIb ,H‘O6aBI/ITb IIOIIPpaBKMU B 3JIEMEHTBLI P€30HaHCHBIX OJIOKOB.
Ecim ke JJId KaKUX-TO MaTPUYIHBIX 3JIEMEHTOB 9TO YCJIOBUE HE BBIIIOJIHACTCHA, TO HE0OX0-

JIMIMO CTPOMTH PE30HAHCHBIE OJI0KU yKe Ha BTopoM starne (Pucynok 5.2).

Tak>ke nMeeT CMBICII IIpUBECTU 3E€Chb BbIpazKE€HNA JJId MaTPUIHBIX 9JIEMEHTOB PE3OHAaAHCHbIX

OJIOKOB.

hiihi hiihihag,
b, = hw +
Kk Wk Z hip — hy leﬂzk:z;ﬁl) (e — hig) (Poge — har)

- Y sz,}%hik_h..) ...... + O, (5.67)
mMEQ (m£k) ig, mm i kk X
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L 1 1 hihighi
by = hkl‘i'_zhkihil( + )_|_ Z 7%
2 Pk — hii - har — b s (hik — hai) (hy — hjj)

_1 Z P Pomilvig
i@ mEQy (mtk (P = Pig) (Parim. — i)

2 Z (h —;L--)(h k_ hi) +O(k"). (5.68)
1€, mEQE (M#AL) kk w/\"*mm i

B urore, nocje peajim3anuy ONuCcaHHbIN BBIIIE CXeMbI pacdeTa, MoIydaeM cOOCTBEHHbBIE 3HA-

YEHHA NCXOJHOI'O raMHUJIbTOHHaHa C TOYHOCTBIO JIO IIOIIPAaBOK ITOPAJIKA /434.

Puc. 5.2: Cxema pemyKiinst MaTpUIlbl TaMIIBTOHUAHA OOJIBINON Pa3MEPHOCTH MOC/Ie TPOBEPKI

ycsosus (5.66).
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5.6 IIpoBepka 3¢ dpekTuBHOCTH pa3zpaboTAHHOIO MOIXO0A
Ha IPUMeEpPe TPEeXaTOMHOI (CepOBOJIOPO/I) U HYeThIpeX-

aTOMHOI (popMaJIbIEeru/) MOJIEKYI

Y100bI 11poBEpUTH 3P HEKTUBHOCTH pa3pabOTaAaHHOIO MOIX0/a, C OJHON CTOPOHBI, U CpaB-
HUTH €ro ¢ TPaJUIMOHHBbIMU MeTojamu orpejeseranss BMII®, Ob1in BbITOJIHEHB! BHITUCIEHUS

qutst tpexaromuoit HoS u wersipexaromuoit HoCO mostexyit.

TpexaromHass MoJIEKYJIa

B kauecTBe mcxomHo#t nndopmanun ObLI UCHONb30BaH 141 menTp mosioc ¢ vpny = 4 n
nher . = 7 u3 paborsl [115]. Vcnonb3oBanne TOMBKO IIECTH HapaMeTPOB B pa3pabOTaHHOI
mojesn (a uMeHHo, D, a, a3, ws, 122, G1122) TO3BOJISET BocpousBectu 141 meHTp moJoc Mosie-
Kyl HoS co cpennmum kpaaparuanbiv oTKaonenueM 0.96 cm~!. Takoit pesynbrar Gosee dem
YJIOBJIETBOPUTEJIHHBI, €CJIN yYeCcThb, UTO TOJIXO0/ ObLIT pa3padboTan B paMKax npubJmkenus Bop-
Ha - Onmnenreiivepa, a cpejiHee KBaJJPATUIHOE OTKJIOHEHNE B 9TOM MPUOIMKEHNUN JIJIsT TAKOTO
THUIIA MOJIEKYJI, KaK CepoBoJopo, MoxkeT jgocturarh 0.5 - 2.0 e~ !, AHasorndnas mporeaypa
"durunra" | BeimosHeHHas Jyisi 141 meHTpa mosoc Mosekysabl DoS u3 paborsr [115] ¢ Tem ke
caMbIM HabOPOM WX IIECTU MMapaMeTpPoB, JaJja elle 60jiee XOPOIIre Pe3yabTaThl CO CPETHUM
KBaIpaTudnbiM oTKjIonenneM (.58 cm 1. TecToBble BLIMUCICHUS TAKOTO THIIA, ITOKA3BIBAIOT, YTO
pa3paboOTaHHBIN TOXOJ MO3BOJISIET BOCIIPOU3BO/IUTEL PEIYIBTATHI ¢ TOYHOCTBIO HE XYKe, deM
TOYHOCTB JIPYTHUX, OOJIee CJIOKHBIX METOJIOB.

B kauecTBe erre oHO HJLTIOCTPAIIME BO3MOYKHOCTEH 00CY2KIaeMOr0 MOJIX0/a, PACCMOTPUM
po0JIeMy OIIpe/ie/IeHNs] BHY TPIMOJIEKYISPHOI MOTEHITNAIBHON (DYHKITNI MOJIEKYJIBI CEPOBOJIO-
posa. IocKoMbKY JIaHHBIN METOJ, TO3BOJISIET UCIOIB30BATH IKCIEPUMEHTAIHHYIO TH(MOPMAIIAIO
0 BCEX BO3MOXKHBIX U30TONUIECKIX MOIUMUKAIUAK MOJEKY/IbI, TO PACCMOTPUM TPU OCHOBHBIX
nzotonomepa cepoBoiopoa: HaS, DoS u HDS. Tlosryuennbie pe3yibTaThl CpaBHUBAJIUCH C aHA-
JIOTHYHBIMI pe3y/bratamu u3 pador [99], [115] - [118]. Cieayer ormeruThb, UTO B TECTOBBIX
BBIUNCJIEHUSIX, IPUBEJIEHHBIX HUXKe, He ObLIO Iesbio BociponsBectu mnapamerpbl BMIID cepo-
BOJIOpPO/Ia. JIydIlle, YeM CaMble TOUYHbIE YK€ M3BECTHBbIE pe3ysbraThl (Hampumep, u3 [117| wau
[118]). B mamem ciyuae npesyiaraercs npuOIMKEHHBI METO/I, TOYHOCTh KOTOPOTO CPaBHUMA C
BeJIMYMHAMU MTOIPABOK, 00YCJIOBJIEHHBIMI aINadaTHIeCKUMI TToIIpaBKaMu. B To ke camoe Bpe-
M, MOXKHO 0e3 KaKux-Tu00 TPYTHOCTEH MPUMEHUTD JIAHHLI MeTOJI K MOJIEKY/I1aM 60Jiee 4eM C
TPEMsI - 9eThIPbMsI aATOMAMHU.

Cretyer ciesnaTh ere oJHO HeOOJIBbIToe 3aMevuaHue: OJUH U3 U30TOIOMEPOB MOJIEKYJIbI Ce-
posomoposa (a mmenno, HDS) we mmeer skBuBasieHTHBIX CBst3eil. [1o 9T0it npuaunne, B cooTBeT-

CTBHH € pa3pabOTaHHbIM MOJIX0/I0M, KO3hduIumenTsr oy, u3 (5.35) ais mosekysst HDS ciemyer

117



BBIOpATH B CJICIYIONIEM BUJIEC:

OéAM:O, )\7&,“7

agy =1,
1
a1 0—117
1
Q33 cr (5.69)

B kauectBe nexoanoit nudopMaun ObLIN HCIIOJIH30BaHbl SKCIIEPUMEHTAIbHBIE JaHHbBIE O 88
[EHTPax IM0JIOC TPeX M30TOMMYeCKUX MojuduKanmii uceaeryeMoil Mosiekysbl 13 pador [119] -
[133]. B mporiecce BapbupoBanust 6bLIN TOJIyUeHbl 16 TapaMeTpoB MOTEHIAIbHON DyHKINT 13
(5.22), koTopbie npejcrasiensl B Tabaune 5.2 (B ckobkax yKazaH 1o crarucruveckuii joBepu-

TeJIbHBI HHTEPBAI).

Ta6sumna 5.2. IlapaMeTps! HOTEHIMAIBHON (BDYHKIME MOJIEKYIIBI CEPOBOIOPOIA.Y)

[Tapamerp Enu. usmep. SHaueHne

1 2 3

ol A1) 1.71729(896)
aP A1) 1.75556(904)
allng ) 1.9554(648)
aPpg ) 1.42589(805)
frr aJA~? 4.2860587(924)
o aJ A2 -0.233600(740)
fra aJA-! 0.10217(661)
foo aJ 0.758639(636)
Frrr aJA~3 -20.6047(839)
frrra aJA—2 -1.0400(457)
fraa aJA~! -0.61012(912)
Jaoa aJ 0.21301(741)
- aJA—* 71.091(849)
Frrrive aJ A~ 0.38381(759)
frrao aJA—2 0.44713(672)
Yi1122 em o) 0.03414(747)
Te A9 1.3356

Qe rpaji.? 92.12

%) B cKoOKaxX yKazaHbl HEOJHO3HAYHOCTH, PABHBIC CTAHIAPTHBIM OIMHOKAM.

%) Tlapamerpsr a st mosekyst HoS n DyS obosmatuenst ol i aP, coorsercrBenno. Axamorndaso,
s Mostexysibl HDS, napamerpot a st ceszeit S - H u S - D oboznavuennt aling u ahpg, cOOT-
BETCTBEHHO.

°) TIapaMeTp Y1122 U3 (5.45) mcnosb3oBasics b B MoJiekyse HoS. B manHoM cirydae, pacdaers
ObLIN IPUBEJIEHBI ¢ Oe3pa3MepHOil KOOPJAUHATON y.

4) Baar uz paborsr [115].
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Citestyer ciesiaTh JiBa 3aMevaHUst: BO-IEPBLIX, a-MAPAMETPbI /I PA3JIUIHBIX M30TOTIOMEDPOB 1
JUTS pa3IMIHBIX CBA3eil MosieKysabsl HDS BapbupoBaich OT/1e/IbHO; BO-BTOPBIX, JOMOJTHATETHHO
K HAOOPY CHJIOBBIX mapameTpoB [ ObLI HCHOJIB30BAH €Ille OJIMH HapaMeTp Y1122 U3 (5.45). Dror
napamMeTrp ObLT BBEJIEH JIJIsi TOIO, YTOOBI yJIYUIIUTD OMUCAHNIE BHICOKOBO30Y K IEHHBIX COCTOSHUIA
mostekysbl HoS. Konedno, mapaMerp yq1122 SBIsieTCs (PYHKIMEH MapaMeTpoB MOTEHITUATbHOMN
dbyuxmpm fu3 (5.22). OxHako, 9ncio mapaMerpoB f, OT KOTODPBIX 3aBUCHUT Y1122 HACTOJIb-
KO BEJIMKO, |TO JIydIlle He MepeobO3HAYATh JAHHBIN [TapaMeTp, a OCTABUTH B MEPBOHAYAILHOM
BHJIE.

CriestyeT OTMETHTD, ITO BEJUYUUHBI [IAPAMETPOB IMOTEHIINAILHON (DYHKINHU, MTOJyICHHBIE B
[IpOIecce BapbUPOBaHUs, XOPOIIO COTJIACYIOTCS C COOTBETCTBYIONIUMU BEJIUINHAMU ITapaMeT-
POB, U3BECTHBIX B JuTeparype (Hampumep, [99], [115] - [118]).

B kononkax 2 Tabsmi 5.3 - 5.5 npejicTaBieHbl BEJIUINHBI SKCIIEPUMEHTAIbHBIX IEHTPOB
[I0JIOC TPEX M30TONUYIECKUX MOJIUMUKAIINI MOJIEKYJIbI cepoBojiopoja. B kosionke 3 Tabymiisr
5.3 yKazaHbl UCTOYHUKHU JINTEPATYPbI, U3 KOTOPBIX B3ATHI 3TN jaHHble. KadectBo "durunra
wunoctpupyer Kosjouka 4 Tabsumnst 5.3 u kosonku 3 Tabmuiy 5.4 u 5.5, MOCKOJIBKY B HHUX
HPEJICTABICHBI PA3HOCTH A = Ueyp — Ucqle. MEKJLY SKCIIEPUMEHTAJIBHBIMEI YPOBHAME SHEPTUH 1
BBIUUCJIEHHBIMU C TIapamerpamu u3 KojoHku 2 Tabsmibl 5.2. [TockoabKy JaHHOe ncciaeoBaHnue
BBITIOJIHSIJIOCH B ipubmmkennn bopua - Onnenreiivepa, 3nadenns A WLIIOCTPUPYIOT GoJtee demM
YJIOBJIETBOPUTEILHOE coriacue pazpaboTanHoro mMeroja. Komonku 5 - 7 Tabymrsr 5.3, KOJTOHKH
4 - 5 Tabmurpt 5.4 u kostonka 4 Tabaursr 5.5 coepKaT aHATOTUIHBIE Pe3yJIbTaThl 13 pabor [99),

[115] - [117]. MoKHO BHJIETH XOPOIIee COITIACHe MEXK/Iy IIPE/ICTABICHHBIMUA HAOOpAMU BEJIMYIHH.

Ta6muana 5.3. Hentpsl nostoc Mosiekysbl HoS (B em™1).

[Tonoca  3mavenume Werounuk A, Berumen. A, [115] A, [116] A, [117] A, [99]

1 2 3 4 5 6 7 8
vy 1182.5769  [119] 0.41 -0.6 014  -0.33 -8.82
20, 2353.9655 [120] 0.02 -1.0 014  -019  -21.43
" 2614.4074 [120] 0.61 0.2 -0.25 0.02 -5.64
Vs 2628.4552 [120] -0.59 0.4 010  -0.34 -2.19
3, 3513.7909 [121] -0.50 1.6 0.62 0.05  -3851
v+ 3779.1667 [121] 1.44 1.3 0.12 0.13  -15.78
vy + s 3789.2693  [121] -0.50 0.0 -0.39 0.08  -10.88
Ay 4661.6770 [122] -0.36 2.8 2.20 011  -60.32
v+ 20y 4932.6992  [122] 1.21 3.0 -0.21 0.35  -29.95
2y + s 4939.1044 [122] -0.68 0.2 -0.72 044  -23.35
2, 5144.9862 [122] 0.61 0.6 053 -0.31 -7.77
v 4y 5147.2205  [122] -1.47 0.5 0.10  -0.05 -6.78
20 5243.1014 [122 -0.19 -0.3 028 -0.43 -7.34
Bus 5797.2372  [123] 1.09 5.41 0.61  -87.26
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[Tosroca Buadenne Mcrounnmk A, Berames. A, [115] A, [116] A, [117] A, [99]
1 2 3 4 ) 6 7 8

vy + 31 6074.5824 [123| 0.15 5.0 0.08 -0.11 -48.57
3y + vy 6077.5942 [123] -0.46 0.7 -046 034  -39.96
2v1 + 1y 6288.1456  [123| 1.29 1.3 -0.22 0.25 -18.58
vy + vy + s 6289.1741 [123] -0.96 0.9 0.18 0.47 -17.93
vy + 2 6385.1381 [123] 0.32 10 -0.75 17.53
2v1 4 219 7419.9184 [124] 0.90 3.3 -0.11 -32.98
vy + 205 + 13 7420.0930 [124] -1.07 2.1 0.17 0.46 -32.91
vy 7576.3833  [124] -0.09 1.0 -0.07 -0.04 -8.96
2v1 + 13 7576.5466 [124| -0.59 1.0 0.13 0.06 -8.86
vy + 2u3 7752.2638 [124] -1.71 -1.3 -0.14 -0.39 -14.29
B2 7779.3208 [124] 0.92 -0.7 -0.28 -0.48 -7.97
vy + 1 8697.142  [125] -0.24 0.5 0.56 0.39 -22.56
2v1 + 1+ 13 8697.155  [125] -0.56 0.5 0.68 0.44 -22.55
2v1 4+ 4vs 9647.167  [126] -0.27 7.3 2.10 -74.66
v+ Avs + vy 9647167 [126] -0.41 73 210 76.00
21 + 2v5 + 3 9806.667  [126] -0.78 2.3 1.31 -39.93
vy + 21, 9806.773  [126] -0.70 2.4 1.27 -39.83
vy + 13 9911.023  [126] 0.27 1.3 0.27 0.32 -9.80
4, 9911.023  [126] 0.39 1.3 0.25 0.33 -9.50
4vy) + 19 11008.696  [127] -0.56 1.9 -0.18 -27.02
3v1 + v+ 3 11008.696  [127] 0.66 1.9 -0.17 -27.02
v+ 3up + 20y 11097.161  [127] 0.51 0.4 -65.66
oy 12149.458  [128] 1.51 -0.3 -9.45
vy + vy 12149.458  [128] 1.49 0.3 -9.45
3v1 + 2v3 12524.637  [129] 0.47 -1.6 -15.14
2v1 + 3vs 12525.214  [129] -1.05 -1.6 -14.80
611 14284.705  [130] 0.72 6.0 115.82
vy + 3 14284.705  [130] 0.68 6.0 -15.82
Sv1 + 219 14291.122  [130] 0.49 -20.2 -52.53
Av + 200ty 14201122 [130] 0.49 120.3 152.53
Ty 16334.162  [131] -1.09 6.7 -11.23
6v1 + 13 16334.162  [131] -1.09 6.7 -11.23

HawnboJstee BayKHBIM pe3yJIbTATOM pa3pabOTAHHOIO IOJIXO0/A ABJIAETCA BO3MOXKHOCTD TIPE/I-

CTaBUTh MHOTIOMEPHYIO MATPHUIy TaMHJIBTOHHAHA B KBa3WIHArOHAJIHLHOM BHJIE, T.e. Pa3dOUTDH
OOJIBIITYIO MATPHUILY Ha HAOOP MOJIMATPHUIL 3HAYUTE/THLHO MeHbIell pa3mepHocTu. Kak ciencrsue,

9TO IIO3BOJIAET 3HAYUTE/IbHO YMEHBIINTL BPpEMA BBIYUCJIEHUIA.
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Tabmuana 5.4. HenTpsr mosoc Moexytsl DS (B ev™t).%)

ITostoca Buavtenme A, Boramea. A, [115] A, [116]
1 2 3 4 d
Vo 855.40416  0.34 -0.4 -0.02
2 1896.43154  0.38 -0.5 0.58
V3 1910.18375 -0.23 0.3 0.05
31 2549.07336  0.29 -0.4 -0.33
v+ 1 2742.66570  0.86 -0.2 0.33
Vo + 13 2754.45192  0.03 0.1 -0.26
2vy + 13 3593.12888  0.23 -0.3 -0.72
21, 3753.470 -0.63 -0.7 0.67
v+ 3 3757.45948 -0.38 -0.1 0.85
2v3 3809.154 0.01 -0.4 0.36
V1 + 3y 4417.95894  0.44 1.7 -0.56
vy + 13 4426.08293  0.58 0.9 -1.08
2v1 + vy 4589.226 0.56 -0.2 0.36
v +1e+rv3 459218104 -0.34 0.0 0.45
vy + 2u3 4643.477 0.40 0.1 -0.08
v + 219 + 13 5421.3007  -0.53 0.9 -0.11
3y 9560.15 0.11 -0.5 1.00
2v1 + 13 5560.74 -0.14 -0.4 1.14
v+ 2u3 5647.13 -0.43 -0.9 1.64
3 5672.89 0.82 -0.9 0.15
vy + 1 6384.63 -0.47 -0.4 0.75
2v1 + vy + 3 6384.99 -0.71 -0.3 0.87

) DKcrepuMeHTaIbHBIE TIEHTPBI MOJIOC B3SATHI U3 PAGOTEI [132].

Tabmuana 5.5. Hentpsr mosoc mMoexyirsr HDS (B ev—t).%)

[Tomoca  3mauenme A, Beramen. A, [116]
1 2 3 4
Vo 1032.71556  0.19 0.06
21 1902.85624  0.01 0.15
215 2056.96580 -0.36 0.10
V3 2621.45594  0.17 -0.33
vty 292497773 -0.14 0.10
31y 3072.49232 -0.70 0.52
vo +v3  3634.33224  0.73 -1.14
211 3756.32989 -0.28 0.31
v+ 2v5  3938.63701 -0.60 0.03
v +vy  4522.65030 0.85 -0.55
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[Tosoca Buavdenne A, Berames. A, [116]
1 2 3 4
29 + 13 4638.86437 -2.09 -1.78
2v1 + 1 4767.69431 -1.83 -0.59
2v3 5147.35539  0.13 -0.61
vy + s+ vy 552526664  2.16 -1.01
31 5560.54225 -0.87 0.59
vy + 213 6139.73928 2.54 1.56
vy + 23 7047.15309  0.83 -0.73
2v9 + 2u3 7123.89641 -1.29 -2.36
3v3 7577.84009 -0.04 -0.38
vy + 3 8548.90007  0.94 -1.28

@) JKCIIePUMEHTAIbHbIE TIEHTPHI TI0JI0C B3ATHI U3 PAbOTHI [133].

YeT1bipexaToMHasT MOJIEKYJIa

B kadectBe ciieyrorero mara pacCMOTPUM YEThIPEXATOMHYIO MOJIEKYJTY (DOPMaJIbIEeruIa.
T.x. HAM BaXHO IPOJIEMOHCTPUPOBATH I(PPHEKTUBHOCTL Pa3spabOTaAHHOTO I0IX0/a, TO OyJ/ieM
HCIIOJIB30BATE MOTeHImanbHyIo dbynknmo Mosaekyasl HoCO B Buze (5.41) - (5.45) (ame B (5.22)),
IIOCKOJIBKY TaKoit BuJ 60j1ee y00€eH Mpu OTJACTbHOM PACCMOTPEHUN PA3JIMIHBIX U30TOMUICCKIX
MO IPUKAIII MOJIEKYJIBI.

[Tockonbky B Mosekyite HoCO 1mects KosebaTe/IbHBIX KOO IMHAT:

1. aBa 9KBUBaJIEHTHBIX BaJIeHTHBIX Kojebanus H - C,
2. oxno BasjeHTHoe Kosebanne C = O,
3. JBa 9KBHBAJEHTHBIX JAedopMaiinoHHbIX Koaebanus H - C - O B II0CKOCTH MOJIEKYJIBI,

4. onHo BHertockocTHOe nedbopmarmontoe kosebarue (H - C - H) - O,

TO KHUHETHNYICCKad 9aCTb I'aMUJIbTOHNaHa& 6y,Z[‘eT NMETb BUI:.

h? 02 R 02 B2 92
== - - EWTTR 5.70
1 74;5 2,UC-H aR? 2/LC_O aR% j:3246 2 aR]Q ( )

B j1aHHOM BBIpasKeHUN MHJIEKCHI 1 U 5 COOTBETCTBYIOT BaJIeHTHBIM Kojiebanusim cBszeit C - H,
nHeKC 2 - BajeHTHOMY KoJstebanuto cBsasu C - O, napekcsr 3, 6 u 4 - gedopMannoHHbIM Kosieba-
HUSIM B IIJIOCKOCTH MOJIEKYJIbI U BHEILJIOCKOCTHOMY KOJIEOAHUIO, COOTBETCTBEHHO. KOOpInHATHI
Ry, R3 v kombGunanus (R + Rs) gBJstiorcst oJHOCHMMeTpuaIHbIME (A7), KoopauHara Ry uMeer
cummerpuio By, kKoopimHata Rg n kombunaims (Ry — Rs) - cummerpuio By (B cooTBeTCTBUE
¢ rpymnoit cummerpun Cy, Mosekyiasl HoCO). YaursiBasi cBoiicTBa CHMMETPHUE HUCCJIELyeMOit
MOJIEKYJTBI MOZKHO JIETKO TOCTPOUTH MOTEHIHATBHYIO (DYHKITUIO B COOTBETCTBUU C BBIPAYKEHU-
sivu (5.41) - (5.45). st TeCcTOBBIX BBIMUCICHHN HE OyJIeM 371eCh yIUTHIBATH KyOHIHYIO IacTh

HOTGHI_[I/IaJIbHOﬁ (b}/'HKHI/II/I, yqTeM JIMIb KBaJAPAaTUIHYIO, KBAaPTUYIHYIO U CEKCTUIHYIO JaCTU:

V =Vo+ Vi(y1,95, y2) + Va(Rs, Ry, Re) + Va(y1, s, y2, Rs, R4, Re), (5.71)
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rjae

2mew; 2
Vo = Du.c (yi + v5) + Dc.oys + Z %R?a (5.72)

1 1 1
Vi(yr, ys,y2) = ﬂann (yi‘ + y?) + Za115sy%y§ + 6@1115y1y5 (yf + y?)

1 1 1 1
+ﬁa2222y3 + gz (Zﬁ + yéf) Y2 + 5011524195 (Y1 +ys)y2 + 7022 (y% + y?,) Ya

1 2 1 3, 1 2 2\ 4 L 1
—|—2a1522y1y5y2 + 6a1222 (Y1 +ys) Y5 + 48a112222 (y1 + y5) Yo + 5 “152222Y1Y5Y2 +
(5.73)

34,6
1 4 I pepe, L 6
Va(R3, Ry, Rg) = o1 Z @il + 1 Z RIR; + al Z igigii LY
i=3,4,6 1,]>1 1=3,4,6

4,j=3,4,6

L
48

3,4,6
1

1
V‘s(ybym Y2, R3, Ry, RG) = E Z Q114445 (yf + y?,) R? + g Z A11iijj (y% + y?,) R?R§

i=3,4,6 i,j>i
3,4,6
1

+o Z it ys Ry + 1 Z a15iijjy1y5R@2R32' + 3 Z anzzi (V7 +95) v Ry
i=3,4,6 ij>i i=3,4,6
3,4,6

1 1 1
+Z Z a1522iiyly5y§R? + 13 Z 223 (y% + y?) R? + 3 Z a22iijjy§R?Rj2'

3,4,6 i=3,4,6 i,j>i

1
T Z agaz2ii Ry R; + .. (5.75)

Y10o0B! peamn3oBaTh pa3pabOTAHHBIN B JJAHHOM Haparpade MeTo1 OlpeIe/IeHIs BHY TPIMO-
JIEKYJISIPHOI MTOTEHITNAILHON (DYHKITNN, HeOOXO/IMMO UMETh B KauecTBe HauaJIbHON nH(OopMaIun
9KCIIEpUMEHTaJIbHbIE JTaHHbIE O KOJIE0ATEHbHBIX IeHTPaxX IMoJoc. B 1aHHOl cuTyar UcioJIb-
30BasnCh 279 TEHTPOB 10JI0C U3 paboThl [134], GOJBITUHCTBO W3 KOTOPBIX OBLIH MOJIYYeHbI U3
crekTpoB (ryopeciieHmu ¢ TouHocThio 1.0 - 2.0 em™!. B aToM cityuae, MaKcuMaIbHbIe 3HAYCHUS
KOJIe0aTeIbHBIX KBAHTOBBIX unces: vy'* = 10, v5'" = 6, v5'* = 3, 05" = 5, "™ = vy"** = 2.

B pesysbrare mporeaypbl BapbUpoBaHUs OBLI MOJIyYUeH HA0OP U3 35 mapamMeTrpoB, KOTOPbIE
npejcrasiensl B Tadbmune 5.6. lannbrii Habop mapaMeTpoB BOCIHPOM3BOJIUT HaYaIbHBIE KC-
HepUMEHTAIbHBIC JAHHbIe CO CPEeTHEKBAIPATHIHBIM OTKIOHeHHeM 1.8 cM™!, 9To cpaBHEMO C
9KCIIEPUMEHTAJIbHBIMA TOUYHOCTSIMU.

B zaksrouenun ciiefyer ckasaTh, 9TO pa3pabOTaHHBIN B JAHHOI IVIaBe JIUCCEPTAIIMI METO]]
[TOCTPOEHNUsI TAMIIBTOHMAHA MHOTOATOMHOM MOJIEKYJIbI ITO3BOJISIET BBECTH OA3UC, yIOOHBIN 115
[IOCTPOEHUs W JINArOHAJIM3AINN MaTPUIl OOJIBIION Pa3MEPHOCTH, YTO B JlajIbHEHIeM BeJeT K
3HAYNTEHHOMY VIIPOIIEHUIO MPOIEAYPhl OIpeeIeHnsl BHY TPUMOJIEKYISPHON TOTEHITNATHHON
dyHKIINN 10 cpaBHEHNUIO ¢ H0OJIee TPOMO3IKIMEI CTaHIAPTHRIMEU MeToaMu. JlaHubril momaxo; maer
PEe3YIbTATHI UyTh XY2Ke, UeM yKe U3BECTHDbIE METO/IbI JIJI TPEX- U YeThIPEXATOMHBIX MOJIEKYJI,

HO 3aTO OH IIO3BOJIZET YCIEHIHO peliaThb 3aJda4u AJId MOJIEKYJI C OOJILINIAM YKCJIOM aTOMOB.
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Ta6suma 5.6. Ilapamerpsl noreHmatbHoil dyHKIn Mosekynsl HyCO.?

[Tapamerp Eu. usmep. Suadenne [Tapamerp Em. usmep. Suadenne
1 2 3 1 2 2

ax.c At 1.964(50)  assss al -0.000030(14)
aco At 1.985(22)  aszu aJ 0.000026(23)
Dy ¢ aJ 0.60496(71) assss aJ -0.00503(96)
D¢ o aJ 1.71507(84)  asses aJ -0.000490(49)
ws em ! 1533.5(49) (4444 aJ 0.00000(38)
Wy em ! 1178.3(12) Q4455 aJ -0.00312(62)
We cm! 1258.7(40) 4466 aJ 0.000222(53)
1111 aJ 0.140(37) as5555 aJ 0.141(15)
a11922 aJ -0.442(65) 5566 aJ 0.00057(20)
a1133 aJ -0.00503(53)  agee6 aJ -0.000026(12)
1144 aJ -0.00306(32)  as333344 aJ 0.000002(2)
a1155 aJ -0.1057(86)  ass3se6 aJ 0.000025(11)
2233 aJ -0.0126(33)  ass4466 aJ -0.000131(14)
2244 aJ -0.01333(82  assec66 aJ -0.000011(10)
2255 aJ -0.443(78) (444444 aJ -0.000032(10)
2266 aJ 0.00710(58)  @444466 aJ -0.000012(3)
ek A 1.1033

o AV 1.2096

Qe I‘pa,IL.b) 116.19

a) Bemmunnn! B ckobKax - 1o cTaTHCTHYECKIE JOBEpUTEJIbHbIE MHTEPBAJILI.

%) Basiro u3 paborsr [100].
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SaKJ/II04YeHue

B nuccepranuonnoit pabore pacCMOTPEH PsiJi BaXKHBIX BOIIPOCOB, CBS3aHHBIX C TEOPETH-
YeCKUM HCCJIEJIOBAHUEM MHOIOATOMHBIX MOJIEKYJT Tua XY oZy cummerpun Cop,, XYZ3 cuMmer-
pun Cs,, XY, cummerpun Ty, Ha ocHOBe omepaTopHOii Teopuu BO3MYIIEHUI 1 TEOPUU HEIPH-
BOJMMBIX TEH30PHBIX OIEPaTOPOB OBLIN TOJIyUYeHBI 00Iue (hOPMYJIbI, TTO3BOJISIONINE CBA3ATD
CIIEKTPOCKOIMYECKNE TTapaMeTPhl HCCJIelyeMbIX MOJIEKYJI € TapaMeTpaMyu BHYTPUMOJEKYIISIP-
HO¥ oTennuabHoM yukmun. Ha ocrose "pacmupennoro" mpubimkeHus JOKAJIbHBIX MOJ, U
TEOPUHU U30TOIIO3AMEIIEHUS OBLIO OMPEJIEIEHO OOJIBITIOE KOJIMYECTBO PaHee He N3BECTHBIX CB3ei
MeZK/Ty Pa3JIMIHBIMI CIIEKTPOCKOMMYECKNMH XapaKTePUCTHKAMI KaK OCHOBHON M30TOIITYIECKO
MOIU(PUKAIIUN MHOTOATOMHOM MOJIEKYJIbI, TAK M MEXKJTY CIEKTPOCKOIMYECKUMU XapaKTePUCTH-
KaM# OCHOBHOIl 1 Ji00OI M3 ee M30TOINO3aMeIlleHHbIX Mojundukamnuii. B kadecrse usocTpa-
mn paccmarpuBauck Mosekyasl CHoDo, CH3D, CHy, CHDj3, st koTopbix cdhopmymmpoBaHa
MOJIEJTb, TTO3BOJIAIONIAA C BBICOKON TOYHOCTHIO TEOPETHUYECKU ITPEJICKA3bIBATH CBOICTBA Iapa-
METPOB CIEKTPAJIbHBIX JTHHUH ((HaKTUIECKN - CTPOUTH CHHTETHYIECKHE CIIEKTPbI) P MTOJHOM
OTCYTCTBUU Kakoil b0 mHopManuu 06 3Toil Mojekyse (TOJBKO JBa HapaMeTpa OCHOBHOI
MOJIMDUKAIIINE UCTIOJB3YIOTCs TIpU 3TOoM). Paspaboran mpocToii, IPUMEHUMBIA K MOJIEKY/IaM
C TPOU3BOJILHBIM YHCJIOM ATOMOB W PAa3JIUYHONU CUMMETPUHU METOJ ONpeJieIeHIs BHY TPUMOJIe-
KYJISAPHOI MOTEHITUAJIBLHON PyHKINHN, 3PDEKTUBHOCTL KOTOPOTO ObLIa MpOBEpeHa Ha ITpUMe-
peé TPexXaTOMHON MOJIEKYJIbI CEPOBOJOPO/Ia U UETHIPEXATOMHONW MOJIEKYJIbI (hOPMABIETHIA, &
MMEHHO, Ha OCHOBE IKCIIEPUMEHTATbHBIX JAHHBIX OBLIN OIIpeJie/IeHbl TapaMeTPhl MTOTEHITHAb-
HOM (pyHKIMM i1 3TUX MOJIEKY/. B Jimccepranuu OBbLIN TOCTABJIEHBI U PEIIEHBI CJIeTYIOIIIe

3a/Ja491:

1. PazBuTne Teopum M30TONO3aMEINEHUA /I MOJIEKY/I, Y/IOBIETBOPAIONINX PACITHPEHHOM
MOJIEJIN JIOKAJIBHBIX MOJI IIPUMEHUTEIbHO K METaHy W €ro JeHTeprupOBaHHBIM U30TOINYE-

CKUM MOJIU(DUKAIIAAM;

2. IMonyuenne B aHAJIMTUIECKOM BUJIE 3aBUCUMOCTH CIIEKTPOCKOIMYECKUX MTOCTOSHHBIX (KaK
PA3JIMYHBIX [TAPaMeTPOB JUArOHAJIBHBIX OJTOKOB 3 MEKTUBHON BpamaTeIbHO MaTpPHUIIH,
TaK U PE30HAHCHBIX MAPaAMETPOB) OT (DYHIAMEHTATBHBIX XapaKTEPUCTUK MOJIEKYT XY Z3
cummerpun Cg,, XYoZo cummerpuu Co,, XY, cummerpun Ty. Ha sToit ocnose mosyte-
HBI TIPOCTHIE CBA3W KaK MEXKJIy Pa3/JNYHBIMU CHEKTPOCKOIMYECKUMH IMTapaMeTpaMi Ma-
TepuHCKOit Mosieky/ibl CHy, Tak @ MHOrOYMC/IEHHBIE U30TOMUYIECKHE COOTHOIICHUS JIJIst

JelirepupoBanubix Moaudukaruit merana, CHyDy, CH3D u CHDg;

3. Pa3pa60TKa MeTOLa oIIpe/ie/icHnd BHYTPUMOJIEKYJ/IAPDHBIX MHOT'OMEPHBIX ITOTEHIINAJIbHBIX

HOBerHOCTeﬁ HOPpMaJIbHBIX MOJIEKYJI Ha OCHOBE CII€EIUaJIbHOI'O KOOPJAWMHATHOI'O IIpeJCcTaB-
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JIEHUs, KOTOPBIN MO3BOJIAET KAaK CYNIECTBEHHO YIIPOCTUTH PEIieHue MpoO/IeMbl ONUCAHUS
BHYTPEHHEN JUHAMUKU MOJIEKYJI, TAK U PACIIUPUTDH KJIACC U YUCJIO UCCIEyeMbIX MOJIEKYJI

110 CpaBHEHUIO C USBECTHLIMU B TeOpeTH‘{eCKOﬁ CIIEKTPOCKOIIMAU MeTOJaMU.
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ITpunaoxkenue 1
BuyTrpumoJiekysisipHas moTeHInaJabHadg PyHKII

MOJIEKYJIbl M€TaHa

1 1 1
V(?’) = gFlllsf + §F12281(S§a + 522b) + §F13581(S§x + S?%y + S:%z)

1
+F13451 (83$S4$ + S3yS4y + S3ZS4Z> + §F14481(SZm + Szy + Szz)

1 1 1 V3 V3

+6FQQQSQQ(S —352,) + 2F233 <52a53z Sgang — §S2a5;fy Snggx -5 S%S?y)
1 1 V3

+Fo3 (SQaS3zS4z — §SQQS3JS4:C - §S2as3ys4y + 75217531;5433 — _S2bS3yS4y>

1 1 1 3 3
+§F244 <S2asi~, - §S2asix — 552(15%3, + \/7_3217521' - \/7_521;52@,)

+F33353,55, 53, + F334(S5553yS4: + S3y55: Sz + S34:53:54y)
+F544( 55554y Saz + S3yS42S4s + S3.54554y ) + Fu44.54254y 5142,

1 1 1
v — ﬂFHHS + 4F11225 (S5, 4+ S%,) + ZFm,gSf(ng + S§y + S2)
1

1
+§F113451 (S32S4z + S3ySay + 53.54.) + ZF1144S%(SZ:E + Sfy + SZZ)
1 V3
+6F122251<S:23a — 352(15221)) + TF123351 (Sgb(ng — Sgy) —

V3
+7F123451 (SQb(SSxS4x — S3ySay) — 7

V3 1
+TF124451 (SQb(SiC —S3,) — %5211(52:5 + 53, — QSiz)) + Fi133351.532:53y53-
+F1334sl (S3xS3yS4z + S3xS3zS4y + SByS3zS4x) + F1344Sl(53x54y54z + S3yS4:L‘S4z + S3z54x54y)

1 1 1
— F999(S3, + S%)° + 4F2233(1)52a53z + 4F2233 Szb532.

1
TSl + 5, - 2S§Z>)

1
SQa(S3:cS4z + SSyS4y - 283254z))

+F144451 54054y Sa +

24
1 1
+1—6(F2233( ) + 3F2233 )Sga(sgy + ng) ‘|‘ 1_6(3F2233( ) + F2233 )S (S2 + 532:5)
V3 1 1
?(F2233(1) — F2233(2))52a52b(5 —S3)+ 4F2244 (152,51, + 4F2244 253,51,
1 1
+1—6(F2244(1) + 3F2244(2))S§a(52y + Six) + = 16 (3F2244( 1)+ F2244(2))522b(52y + SZI)

V3 1 1
+—= 3 (Faaa1y — Fooua(2) )S2a52b(5 —Sh) + 2F2234 1)52a53z54z + 2F2234(2 SQbS3zS4Z

1
+§(F2234( )y + 3F5234 2))Sga(53y54y + S3454z) + §(3F2234(1) + F2234(2))S225(S3y54y + S3454z)

V3
T<F2234(1) - F2234(2))S2a82b(s3y54y — S3:54z)

1 1 V3
+F2334 (SQa <S3x53ys4z - §S3ys3zs4x - §S3x53zs4y) + TSQb(SSyS3zS4x - S3xS3zS4y))

128



1 1 3
+F2344 (SQa <S3zs4xs4y - §S3z54ys4z - §S3ys4z84z) + \/T_SQb(S3xS4yS4z - S3yS4;tS4z))

1 1
+ﬂF3333(1)(S§I + Sgy + Séz) + ﬂF4444(1) (Sjllm + Sjlly + Siz)
1 1

+ZF3333(2) (ngsgy + Sgccsgz + Sgysgz) + ZF4444(2)(Sszzy + SZszz + Szyszz)
1 1

+6F3334(1)(53?154m + S§’y54y + 53?2542) + 6F3444(1)(S3z52x + S3ysi’y + 53255;)
1

+§F3334(2) (S5, + S3.)S3ySay + (S5, + 593,) 93254 + (S5, + 55.)S3054a)

1
+§F3444(2) (S3JJS4LB(S§y + Szz) + S3yS4y(Sza: + Szz) + S3zS4Z(Six + SZy))

1
+ZF3344(1)(S§szx + Sg%yszy + 53.5%.) + F3314(2) (53053 S4aSay + S30:55:540Saz + SsyS3:51,S4z)

1
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ITpniaoxkenue 2

JIeMEeHTbI MaTpuL peayKinnm G AJIA T'PYIIIIBI CUMMETPpUNn

C3U

(1+ 5N,0)71/2(5m,3N + <_1)(J+3N)§m,73N>
_Z')JJrl
NA2 = \/§

N\J
—1
(J)G%El — u(émﬁ]\f—‘rl + (_1)(J+3N+1)5m,7(3N+1)),

NG
(J) (—i)*!

NE2 — T
(J)Gm _ (_Z)J((S + (_1>(J+3N)5
(N1H{-n/snEL = T Oman+2 m,—(3N+2))

m (_i)J_l
DG (-1y/3m2 = T((sm,BNJJ + (=)UTNEDS  aniy)

—~

(1 = 2650)(1 + 6n0) 2 (Oman + (=1)VFNTIS an)

(Bman1+ (=16, ani)

Nugeke N npuHUMAET CJIeAyIOIIne 3HATCHUSL:
N =0,1,...,{J/3} nna cocrosiauit A; u Ay cummerpuu;
N=0,1,....{(J —1)/3} mua cocrosuuit F cummMeTpun.

Homenknarypa BpalaTebHbIX COCTOSIHUI 1MOKa3zaHa Ha Pucynke 5.3.
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(a) (b) (¢ ) —X=N nrvmE

— K=N mE .
—K=N sy (N33A, : K=4 |g
. K=4 g
K=4 g — K=3 1A/1A,
— K=3 1a/14,
— K=2 [I+{{-1)3}E
— K=3 1a/1A ~
s _ K=2 [I+{N-DB)E K=1 o8
J=Np~ K=0 0A,(0A;)
K=1 (g
K=2 [1+{(N-1)/3}]E JENPZ K=0  0A404) .
K=1 ¢ : .
J= K=0 o0ay04)) . :
E 1E 1E
1A{/1A, 1A,/1A,
. 2E 2E
E OE OE
0A¢ 0A;
1A{/1A, 1A/1A, 1A4/1A,
1E 1E 1E
OE 0E OE
0y 04, 0A,

1E
O0E
0A;
K=1 K=1 K=1
OE O0E O0E
J=1/" K=0_ =1 K=0 =1 K=0
02 0A, 0A,
J=0 K=0 0A, J=0 K=0 04 J=0 K=0 oA,

Puc. 5.3: Homenkarypa BpalaTe/IbHbIX COCTOSHUIM.

131



ITpnaoxkenue 3
CuMmMeTpu3oBaHHBIE BpalllaTe/IbHBIE OEPATOPLI

B JaHHOM IIPUJIO2KEHUU ITPEACTaB/JIE€HbI HEHYJIEBbIE HEIIPUBOAUMbBIE BpalllaTe/IbHbIE OII€PaTOPbI

(crenens 2 < 3) SO(3) u C3, rpyIi CHMMETDHH.

Bpamiaresibable onepaTopbl, cuMMeTpu3oBaHHbie B rpyime SO(3)

B coorBercrBun ¢ Boipazkerusivu (4.1) - (4.3), cumMeTpu3oBaHHBIE BpalaTebHble OePATOPBI
Rﬁ} (K) (0<Q<3u0<K <3)0yuyT uMerh CJIEIYIONIIii BII:

Ry = J, JolJk >= k| Jk >

1 ,
R = —J = ——(Ja—id) Ju|Jk>=—(J(J+1)—k(k+1)2|Jk+1>

1
VoA N

1 1
R =J_ = Uiy Tk >= (4 1)~ k(= D) Tk — 1>,
Ry = \[ J3 ——J2
Rj:(lg) - :F\/§ [J()v J:t]

B =
1
R(2)(0) = _%J27
3 5
R = 2Py /20+ —
’ J_O tT V2T \/_
V15 3
R =+ " _J %1 JeJ2+ JRJ) £ ——J
+1 2\/_ + 4 ( + 0 0 :t) 4\/1—5 +
V3
R = "5 (Wt + T2 )
R = 7
1
RY =+—J%J
+1 \/g +
1
Ryt = ——= ",

V3
rie J? = Y}
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BpamaTeﬂbele oriepaTopbl, CUMMETPpU30BaHHbIE€ B I'DYIIIIE C3v

Ucnonp3yst npeapbliyiyme pe3yabTaTsl U cooTHOIeHne (4.5), MbI MOXKeM OIpeJIe/INTh Bpallia-

TeJIbHBIC OII€PAaTOPbI, CUMMETPU30BaHHbIE B I'DYIIIIE Cgvl

R = Jy = J,

ROH _ L yy_
1 \/§< +> Y
1
RE = —(J ) =1,
2 \/5( -‘r)
R2(07A1) _ J?

RA21E) _ % ([Jo, J-]+ + [Jo, J4]4)
- ) s
RA228) _ _% (J2 + %)
R2228) _ % (Jr=J3),

V6
1
B = = P (T )
R3GA _ % (J2 = J%)

1
R G (2 +J})
3 5 1
R3(3 2A2) — —J2J . —J3 -
07" V2o U1

0
i 3 V15
RIGIE) _ 1 {—(J+ — ) = S (e = TS+ S J)]}

2V15
(Jy +J2)

RBIE) - 1{ ; (Jo 4 J_)J? = {[(J++J_)J§+J§(J++J_)]}

4\/_
Ril"(:i 2F) Z\/_ {JO )

, V3
R;,(s,zE) _ _2\/5 {JO(JJQF +J%) + (J?L + JE)JD} :

+ (2T}
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ITpnaoxkenue 4
AHrapmMoHn4deckasi YacThb BHYTPUMOJIEKYJISAPHOI
MMOTEHITNAJIbHON (PYHKIINM MOJEKYJIbl TUIa XY Z;

AnrapMoHIYecKast 4aCTh BHYTPUMOJIEKY/ISTPHOM MOTEHITNAIBHON DYHKITHH MOJIEKYJ/IbI TUTa X Y Z3

B CUMMETPHU30BAHHON (pOpMe UMeeT BU/I:
(3) (4)
V;znh. - ‘/anh + ‘/anh. +
rae

3
VD = kpaiasa + > kiei(@n G + Dalee) Y Fng (@0 G G —

1<j<lI A< ALu<v

D Do Qrs — DoBua@or — Doy Q)

1
v = Z Kijim@iq;Qudm + Z Kijnuidi (O Gy + o ps)
i<j<I<m 1<j,A<p

+ 0 w00 GG — O Gusos — Dolaon — Drayn Do)

LA U<y
+ Z k}\)\MM q)\l + q)\g)(q;u + q,uz + Z k}\)\MM X, q#2 s q#l )2
A<p A<u

+ Z k)\)\uy q>\1 +Qx, )(q/—L1QV1 + q#zqw) + kA)\;U/(q/\lqM q)\Qqﬂl)(q)\1QV2 - q>\2qv1)
A u<A

+ Z ko (63, +a3,)% + Z o (@ + 00”) (@0 G + Droua)-
A UFEA
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ITpnaoxkenue 5
CuMMeTpu30oBaHHBIE BOJIHOBbIEe (DYHKIINN JIBAXK/IbI
BBIPOYK/I€HHOT'O TAPMOHUYECKOTO OCITULJIATOPA

(v 0ay)=|v0)
(v 6p #0 a1) = (v 6p) + [v —6p)),
(v 6p az) = —J5(|v 6p) — [v — 6p));

(v6p+1e) %(|v 6p+1) —|v — (6p+1))),

(v 6p+1e)=J5(vbp+1)+v —(6p+1)));

[\

Sl

(vbp+2e)=5(vbp+2)+v —(6p+2))),
(v6p+2e) =—T5(lv6p+2) —[v — (6p+2)));
(v6p+3a)=J5(jvbp+3) —[v — (6p+3))),
(v 6p+3 ax) = —5(Jv 6p+3) + v — (6p+3)));
(v6p+4de)=5(lvbp+4)+Jv —(6p+4))),

(v6p+4e)=TF(lvbp+4) —|v —(6p+4))),

Sl

)

(v 6p+5e) %(|v 6p+5) — v — (6p+5)))

(v6p+5e2) =—5(v6p+5)+[v —(6p+5))).

B cummerpusoBanubix dyskimax (v [ ) [ > 0. B To ke camoe Bpewmsi, pyHKIuu |v [) sBis-
10TCsT COOCTBEHHBIMU (DYHKIUSMU JBAZK/bl BBIPOZKIEHHOTO MapMOHIYECKOIO OCIIUJLISTOPa (CM,

nanpumep, soipazkenns (I11.9) - (II1.10) B pabotre [78]) u —v <1 < wv.
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Title: "Expanded" local mode approach and isotopic effect in polyatomic molecules.

Abstract: In this thesis, on the base of the "expanded" local mode approach and general
isotopic substitution theory we obtain sets of simple analytical relations between spectroscopic
parameters (harmonic frequencies, anharmonic coefficients, ro-vibrational parameters, different
kinds of Fermi and Coriolis-type interaction parameters) of the CHyDs, CH3D and CHDj3
molecules. All of them are expressed as simple functions of spectroscopic parameters of the
mother CH, molecule. Test calculations with the isotopic relations show that even without
including prior informations about the isotopic species, numerical results of calculations are in
a good agreement both with experimental data and results of ab initio calculations. On the base
of operators perturbation theory and the symmetry properties of the axially symmetric XYZ3
(Cs,) type molecules, we derive general formulae for the determination of the spectroscopic
parameters in the form of functions of structural parameters and parameters of the intramolecular
potential function. We present also an approach for determination of the Hamiltonian of
polyatomic molecules that allows to solve the problem of potential energy surface determination

via the construction and the diagonalization of a Hamiltonian matrix of large dimension.

Key words: Molecular spectroscopy, methane molecule, deuterated species, local mode model,

isotopic relations, rotational and vibrational parameters, intramolecular potential function.

Titre : Approche du mode local "étendu" et effet isotopique dans des molécules

polyatomiques.

Résumé : Dans cette these, sur la base de I'approche du mode local "étendu" et de la théorie
générale de la substitution isotopique, nous obtenons un ensemble de relations analytiques
simples entre les parametres spectrocopiques (fréquences harmoniques, coefficients d’anharmonicité,
parametres rovibrationnels, différents types de parametres d’interaction de Fermi et de Coriolis)
des molécules de CHyDs, CH3D et CHD3. Tous ces parametres sont exprimés en termes de
relations simples a partir des parametres spectroscopiques de la molécule mere CHy. Des calculs
tests avec des relations isotopiques montrent que méme sans introduire d’informations majeures
sur les especes isotopiques, les résultats numériques de ces calculs sont en bon accord avec
les données expérimentales et les calculs ab initio. A partir de le théorie des opérateurs de
perturbation et des propriétés de symétrie des molécules axiales XYZ3 (Cs,), nous déterminons
des formules générales permettant la détermination des parameétres spectroscopiques sous la
forme de fonctions des parametres structuraux et des parametres de la fonction potentiel
intramoléculaire. Nous présentons aussi une approche permettant la détermination du hamiltonien
de molécules polyatomiques qui permet de résoudre le probleme de la description de la surface
d’énergie potentielle via la construction et la diagonalisation d’une matrice hamiltonienne de

grande dimension.

Mots clefs : Spectroscopie moléculaire, molécule de méthane, especes deutérées, le modele
mode local, relations isotopiques, parametres rotationels et vibrationnels, fonction potentiel

intramoléculaire.



