This article was downloaded by: [Professor O.N. Ulenikov]

On: 18 October 2011, At: 01:23

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Molecular Physics

Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/tmph20

On the ‘expanded local mode’ approach applied to the
methane molecule: isotopic substitution CH,D, <—CH,4

0.N. Ulenikov ®, A.L. Fomchenko 2 , E.S. Bekhtereva ? , 0.V. Gromova *° & C. Leroy °

% Laboratory of Molecular Spectroscopy, Physics Department, National Research Tomsk State
University, Tomsk, 634050, Russia

b Department of Theoretical and Experimental Physics, Institute of Physics and Technology,
National Research Tomsk Polytechnic University, Tomsk, 634050, Russia

¢ Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR CNRS 5209, Université de
Bourgogne, av. A. Savary, 21078, Dijon, France

Available online: 17 Oct 2011

To cite this article: O.N. Ulenikov, A.L. Fomchenko, E.S. Bekhtereva, O.V. Gromova & C. Leroy (2011): On the ‘expanded
local mode’ approach applied to the methane molecule: isotopic substitution CH,D, <—CH, , Molecular Physics, 109:17-18,
2111-2130

To link to this article: http://dx.doi.org/10.1080/00268976.2011.611479

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand, or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.



http://www.tandfonline.com/loi/tmph20
http://dx.doi.org/10.1080/00268976.2011.611479
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Professor O.N. Ulenikov] at 01:23 18 October 2011

Molecular Physics

Vol. 109, Nos. 17-18, 10 September—20 September 2011, 2111-2130

Taylor &Francis
Taylor & Francis Group

INVITED ARTICLE

On the ‘expanded local mode’ approach applied to the methane molecule:
isotopic substitution CH,D, <—CH,4
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Tomsk Polytechnic University, Tomsk, 634050, Russia, ‘Laboratoire Interdisciplinaire Carnot de Bourgogne,

UMR CNRS 5209, Université de Bourgogne, av. A. Savary, 21078, Dijon, France

(Received 4 May 2011; final version received 2 August 2011)

On the basis of a compilation of the ‘expanded local mode’ model and the general isotopic substitution theory,
sets of simple analytical relations between different spectroscopic parameters (harmonic frequencies, w;,
anharmonic coefficients, x;,, ro-vibrational coefficients, otf, different kinds of Fermi- and Coriolis-type
interaction parameters) of the CH,D, molecule are derived. All of them are expressed as simple functions of a few
initial spectroscopic parameters of the mother, CH4, molecule. Test calculations with the derived isotopic
relations show that, in spite of a total absence of initial information about the CH,D, species, the numerical
results of the calculations have a very good correlation both with experimental data, and results of ab initio

calculations.
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1. Introduction

Among numerous problems of chemical physics, the
problem of as correct as possible extraction of physical
information is one of the most fundamental. This type
of information is strongly requested for the precise
determination of intramolecular multi-dimensional
potential surfaces (the last, in its turn, can be used
in numerous applied problems of chemical physics), in
different problems of astrophysics and planetology,
the study of Earth atmosphere and environmental
problems, etc. Reciprocally, the solution for a problem
of correct extraction of physical information from high
resolution spectra is based on the realization of two
closely connected problems: mathematical modelling
of intramolecular effects and interactions (first of all,
again, the intramolecular potential function), and
methods of assignments of spectral lines in experimen-
tally recorded spectra. It should be mentioned that the
latter (assignments of spectral lines), in many cases, is a
very complicated problem, especially for the highly
excited vibrational states with the presence of numer-
ous accidental interactions.

As an illustration of such typical situations, the
methane molecule and its different deuterated species
can be mentioned. In spite of the fact there is a strong
requirement for high accurate information about their

high resolution spectra in the short wave region, on the
one hand, and many-years extensive spectroscopic
studies of both methane, CH,, and its deuterated
species, CH;D, CH,D,, CHDj (see, e.g. [1, 2] where
extensive references can be found — a complete list is
not reproduced here), on the other hand, only the
region below 6000cm ™" was studied in details. Up to
now the study of the shorter wave region has been
laborious, first of all, owing to the absence of the
possibility to fulfill correct assignments of extremely
complicated spectra for both methane, CHy, itself, and
any of its deuterated isotopomers (up to 2009, only
some separate small wave regions above 6000 cm ™' had
been analysed with high resolution in [3-5] for the CHy4
molecule, and chromophore bands of the CHD; and
CH;D isotopomer were analysed in [6-11]; only
recently, systematic investigations of the high resolu-
tion spectra in the region above 6000cm~' of both
methane, CHy, and its three deuterated isotopomers
have begun [12-21]). 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). At the same time, the
number of spectroscopic parameters in the
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Hamiltonian model is so high 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. As a
consequence, there is only one possibility to solve the
problem of correct assignment of spectral lines in the
short wave region. It is the reduction of the number of
spectroscopic parameters in the Hamiltonian model to
a minimum possible number. This can be done, for
example, by the determination of relations between
spectroscopic parameters of both the mother species,
and relations between spectroscopic parameters of the
mother and its different isotopic modifications.

In our recent publications (see, e.g. [22,23]) we have
shown that the problem of determination of both the
relations between spectroscopic parameters of a
mother molecule, and of isotopic relations between
spectroscopic parameters of different isotopic species
of a molecule can be successfully solved for some types
of polyatomic molecules as a result of compilation of
the ‘expanded local mode’ approach (see [24-26]) and
isotopic substitution theory [27,28]. In the present
communication we apply the scheme used in [22,23] to
derive isotopic relations for different spectroscopic
parameters to the substitution XH->D,<«XH, in meth-
ane type molecules.

The methane molecule is considered here for two
reasons. Firstly, as mentioned above, it is an important
object of study in a large number of both pure scientific,
and applied problems. On the other hand, methane is
the prototypical hydrocarbon, and one can expect that
the scheme discussed in the present paper may be
successfully applied to more complicated molecules and
corresponding results can be considered as a good basis
both in assignments of transitions in their, as a rule, very
complicated high-resolution spectra, and in extraction
of physical information from such spectra.

In Section 2 we reproduce briefly some results
obtained recently for the CH4 molecule which are the
basis for further consideration. Section 3 gives some
necessary information from the general isotopic sub-
stitution theory [27,28]. In Section 4, on the basis of the
compilation of the ‘expanded local mode approach’
and isotopic substitution theory, we derive a set of
simple enough isotopic relations between different
spectroscopic parameters of the CH,; mother and
CH,D, substituted species.

2. ‘Expanded local mode’ approach applied to the
CH, molecule

The local mode ideas (the first extensive reviews of this
method can be found in [29,30]; in [31], Lukka and

Halonen presented an exhaustive review of more recent
papers on the subject; therefore we do not propose to
carry out the same level of review in this paper) were
successfully applied to the determination of connec-
tions between different spectroscopic parameters of
some polyatomic molecules in a number of studies (see,
e.g. [31-35]), etc. It should be mentioned that the
traditional Local Mode approach only deals with
stretching modes in a molecule and does not take into
account the presence of bending modes. This circum-
stance considerably limits the possibilities of the Local
Mode approach.

Earlier, in [24-26], the ‘Expanded Local Mode’
approach was derived which considerably extended the
edges of the Local Mode approach and provided the
possibility to take into account the presence of bending
modes, as well. As was shown in [24-26], the clue point
of the ‘Expanded Local Mode’ approach is the
possibility to present the transformation coefficients,
Inay (see, e.g. [36]), of a molecule in the form of simple
analytical expressions. In its turn, as follows from
general vibrational-rotational theory [37], all the
spectroscopic parameters of a molecule depend on
the values of the transformation coefficients, /ygy,.
It means that if it would be possible to express all the
transformation coefficients, /yq,, in as simple a form as
possible, then one may expect that any spectroscopic
parameter of a molecule can be presented in a simple
form also.

Such a procedure was realized in [23] by the authors
of the present paper for the CH4 molecule on the basis
of an analysis of the Coriolis coefficients and the
properties of the intramolecular potential function of
methane. It was shown in [23] that the values of the
Iney coefficients of the CH4 molecule can be approx-
imated with good accuracy (with less than 2% error)
by a very simple form (see Table 1, which is reproduced
from [23]). Analogously, it was shown in [23]) that the
following relations between parameters F; ; of the
intramolecular potential function of the CH,4 molecule
are fulfilled also with good accuracy:

Fy3s  Fi _4Fn  3Fyu . 2Fy

267 272 9702 6702 19p. M
2 7 2 4p.
Py = —=Frp = — = Fag = peFras = —<F
3 244 3 222 3 444 Pel'144 5 122
Pe

= —pcF3s = 2pFa44 = = Fr33 = p§F334

2
3 3
P, P,
= 2P Fu=Cep,, =R
Pel'134 90 111 90 333
3 2
Pe Pe
=-—"F|33 = —=—=F, 2
90 133 30 11, (2
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and
13p
Fyaaa00) = 2F4a4a01) = 2F0440) = 4F2000 = -
390 19,05
- - lep
7 7 P
5702 2 402
7 Fsan = — Fosa = 7 s
12,05 1803 1803
= — F =_"¢F = CF
7 Fane) - P - P
ot o o
F Pe F =_LF
= o i =50 Fuss = 20 Fisss
o o
F = F 3
= 70 P30y = 5 Fasm0)- (3)

All the other F;, parameters have been taken equal to
zero. The value p. in Equations (1)—(3) is the equilib-
rium distance between the nuclei C and H.

On that basis, the following very simple, but, at the
same time, correct enough relations can be derived, for
example, between anharmonic, tetrahedral splitting,
and ro-vibrational coefficients of CHy:

21 4 28 13
Xl = 35X = 560 = 80x14 = 80x2 =553 =5 Yu
11 9 23 21
=55 Y3 =XM== —28Gyn = —%Gw
13
=13G3y = —?G44 =20834 = —307T53 =25T4
19 7 h 7
5% 44 32 memp p? 37
4)
and
10 17 4 ) 6 o 17 .
—Y=——YV=13YY=v v\ =—vy
R Vi 2 1 5
_ e N_Hﬂ;i__ﬁﬁ
16nc,o§(mf{F11)l/2 3 ws 49 w3
®)

Notations in Equations (4) and (5) correspond to
notations of [38]. In relations (4) the values x;,, are
anharmonic coefﬁcients; Gzz, G33, G34, G44, S34, T23,
T>4, T3, and Ty4 are different vibrational tetrahedral
splitting parameters. In relations (5) the values Y,, are
rotational-vibrational coefficients; the superscript ")
marks parameters obtained in the model that neglects
resonance interaction between the states (v;v,v3v4) and
(viva & 1v3vy F 1). The superscript @ marks parame-
ters obtained in the model that takes into account such
types of resonance interaction.

3. Some extraction from the isotopic
substitution theory

Because the main goal of the present study is to derive
simple isotopic relations between parameters of the
mother, CH,4, and di-deuterated, CH,D,, methane
isotopic species, it is suitable to make use of results of
the general isotopic substitution theory. As was shown
n [27], the following three relations are valid for an
arbitrary isotopic substitution in any polyatomic
molecule:

(1) A set of equations which allow one to deter-

mine all harmonic frequencies, w|, of any
isotopic substituted molecule as functions of
harmonic frequencies, w,, of a mother molecule
and a set of coefficients 4,,,; or, conversely, to
determine coefficients A4;, as functions of
harmonic frequencies of the mother and sub-

stituted molecule:
ZA/M‘U,Z\“M) = alwa);z. (6)
y

Here the «,, are additional coefficients which
also are determined from a solution of a set of
Equations (6) and additional relations:

AMJ. = Zamaw. (7)

(2) From the above-mentioned relations, the
second have the following form (my and my
are the masses of atoms before and after
isotopic substitution):

my —m
Aw = ‘SML - Z(Nmi//v)[NallNaM’ (8)
Na N

and they determine the A4,, coefficients via
transformation coefficients, /yy,, of a mother
isotopomer. Usually these transformation coef-
ficients are known for any mother isotopomer.
(3) The third type of relations can be written as:

172
Nyk - Z ( ) lNall- (C(_ : ))\/L (9)

and they provide the possibility of calculating
transformation coefficients of a substituted
isotopomer as functions of characteristics of a
mother species. Here Ki, is the matrix that
provides a rotation of the molecular equilib-
rium coordinate axes from a mother species to a
substituted one under isotopic substitution.
In Equations (6)-(9), «, B, y=x,y,z and
A, i, v number the vibrational modes.
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Table 1. Transformation coefficients, /y,;, of CHy in the ‘expanded local mode’ model.

N a/i 1 2 2, 3y 3, 3. 4, 4, 4,
1x 2124 A 3124 33'")B  —4Q2"»HB  —4Q'"»B 4(3'%)B 32'*B 32'?)B
2x —2124 —A —3124 33"5HB  —4(2'?)B 42" B 43'%)B 32'»HB —3(2'2)B
3x —2124 —A —3124 33'%)B 42'1HB —42"B 43'HB =302'*B 32'%)B
4x 21224 A 3124 33'%)B 42'*B 42" B 4318 —32YHB —3(2'?)B
5x 0 0 0 —6B 0 0 —8B 0 0
ly —21224 —A 3124 —4(2'*B 33'"%)B 42" B 32"*)B 43'»HB —3(2"*B
2y 21224 A —3124 —402"»B 33)B  —42'"*B 32'%)B 4(3'*)B 32'%)B
3y —21224 —A 3124 42" B 33")B  —4'"B =32'?)B 43'»B 32'*)B
4y 21224 A —3124 42" B 33VHB 42'"HB =32"HB 43" B =3(2'?)B
5y 0 0 0 0 —6B 0 0 —8B 0
1z —21224 2A 0 —42"»B 42'»B 33'*)B 32"HB —322'?)B 43" B
2z —21224 2A 0 42VHB  —42')B 33)B  —302"»B 32'%)B 43" B
3z 21224 —24 0 —42'"»B —42'*B 33'%)B 32'%)B 32*B 43" B
4z 21724 —24 0 4(2'%)B 42'*B 33"HB -3 B =302YHB 4(3'%)B
5z 0 0 0 0 0 —6B 0 0 —8B

Note: *Here A4 =1/2(6"%), B=1/20

It is important, that the relations, Equations
(6)—(9), allow one to obtain l&yk-transformation coef-
ficients of any substituted molecule if one knows the
corresponding /y,, coefficients of a mother isotopic
species. Unfortunately, because of the complexity, in
the general case, results can be obtained only in a
numerical form. On the other hand, if /n,, coefficients
of a mother molecule and (a")w coefficients on the
right-hand side of Equation (9) are more or less simple
values, one may expect that the transformation coef-
ficients /y,; of a substituted molecule also can be
obtained in a simple form.

4. Transformation, Coriolis, and ro-vibrational
coefficients of the CH,D, isotopomer

As was mentioned before, the presence of simple
expressions for the /y,,-coefficients and F;_; potential
parameters of the CH4 molecule gives one the possi-
bility to expect that analogous simple results can be
obtained for the CH,D, species as well.

As the first step of our analysis, transformation
coefficients, /y,,, of the CH,D; species were calculated.
In this case, as was discussed in Section 3, Equations
(9) were used, where /y,,, on the right-hand side should
be taken from Table 1; the values (ofl),w are obtained
from the solution of Equations (6)—(8); elements of the
rotational matrix, Kgy, in our case are determined in
the following way:

K?cx Kiy Ki‘z 1/21/2 _1/21/2 0
K, K5, K. |=|-122 —12"2 0
KK, K 0 -

(10)

The results for the /,,, coefficients of the CH,D,
molecule obtained in this way are presented in Table 2.
In its turn, knowledge of the 7/}, values allows one to
determine two sets of values which depend on /y,,,
namely, Coriolis coefficients, {f;, and ro-vibratonal
coefficients, @, [36,37):

glﬁt = Z €apy Z l;Vﬁ?»l;Vw (11)
By N

and

afﬁ =2 Z €ayi€psic Z mle/z’”fry ;vax- (12)
V8K N
In our case, if one will take into account data from
Table 2, the ¢, and a* coefficients will have the form
presented in Tables 3 and 4 (in those tables only
non-zero values are presented).

5. Normal mode force parameters of CH,D,

As the next step, the obtained results can be used in
formulas for different spectroscopic parameters which
are both known in the general vibrational-rotational
theory (see e.g. [39]), or can be derived on the basis of
operator perturbation theory (see e.g. [37, 39—41]). As a
consequence, in addition to the previous results
obtained in Section 4, it is necessary to have informa-
tion about harmonic frequencies, w,, and, at least,
cubic, kj,v, and quartic, ke, normal mode force
parameters. All these values can be derived on the basis
of the knowledge of the parameters of an intramolec-
ular potential function, V, which for the methane
molecule has the form [42]:

V=v@4p®py®y (13)
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Table 2. Transformation coefficients, /y,,, of CH,D, in the frame of the ‘expanded local mode’ model.”

N a/r 1 2 3 4 5 6 7 8 9
1x -C -33C 13C —40C 0 0 0 -32C -23C
2x -C -33C 13C —40C 0 0 0 32C 23C
3x -33C 5C —47C -3C 0 -35C -32C 0 0
4x -33C 5C —47C -3C 0 35C 32C 0 0
5x 20C 24C 17C 35C 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 =31C 0 0
4y -50C 6C 35C 8C 0 47C =31C 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 0 0 50C 0 0 C 52C
4z 0 0 0 0 —-50C 0 0 C 52C
5z 0 0 0 0 0 0 0 36C —33C

Note: “Here C=1/50(3'7).

Table 3. Non-zero values of Coriolis coefficients, ISPl of the
CH,D; molecule.?

arp value ai value arp value
x15 35D y18 —4D z17 33D
x25 18D y19 28D z26 —4D
x35 —-21D y28 -5D z27 21D
x45 —23D 29 18D z36 —49D
x51 —-35D y38 6D z37 —-9D
x52 —18D 39 38D z46 —11D
x53 21D y48 —48D z47 28D
x54 23D 56 -23D z58 15D
x68 —5D y57 -21D z59 11D
x69 38D y65 23D z62 4D
x78 35D y715 21D z63 49D
x79 —20D y81 4D z64 11D
x86 5D y82 5D z71 -33D
x87 —-35D y83 —6D z72 —21D
x96 —38D y84 48D z73 9D
x97 20D 91 —28D z74 —28D

y92 —18D z85 —15D

93 —38D z95 —11D

Note: “Here D =1/50.

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

1 1 1
V(z) = EFHS% +§F22(S§a + S%b) + §F33(S§X + Sg) + S%z)

+ F34(S3Sax + 53,84y + 53-542)
1
+ §F44(Sﬁx + 83, + S5 (14)

We do not present here the cubic, 1Y and quartic,
V@, parts of the function, Equation (13), because they
are cumbersome. However, the reader can find them in
Equations (10) and Table 4 of [42].

Table 4. Non-zero values of the aﬁﬁ-coefﬁcients of CH,D,.*

afr value affh value
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 —4F
221 —60F 334 I5F

Note: *Here F =32(F)"% FF =8mp? is the equilibrium
moment of inertia of the CH4 molecule.

To obtain the analytical form of relations between
the parameters Fy;, Fyy, Fyx; of Equations (13) and (14),
on the one hand, and normal mode force parameters,
., kv, ke, on the other hand, one can

(1) take into account connections between the
parameters Fl] Fijka Fijkl and f).'ra f;'ot’ f(.wta f;‘l‘ra
etc., which can be obtained on the basis of
known relations from, e.g. [42]:

1
N 25(1’1 +r+r34ry),

Sy, = m(zalz — o3 — 04 — 03 — o4 + 2034),

1
Sy, = 5(0!13 — a4 — a3 + o4),

1
Sz = E(Vl — 13 —ry),
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1
S3y =§(1’1 — 1y =13+ 14),

1
S3; = E(Vl +ry—r3—14),
1
Sax = W(“z‘* —ai3),

1
Sy = W(Om — ai4),

1
Sy, = W(om —a); (15)

(2) use corresponding general formulas which were
derived in [43] and connect Ary/Aayg vibra-
tional coordinates of a molecule with its normal
mode coordinates, Q;:

1
Ary =Y CYO; + EZ CY,0.0,
s Al

1
+EZ Cr0.0.00+. .. (16)

Apv
and

1
AO{NK = Z CiVKQ)‘ +§Z C)IL\[;I{{Q)LQIL

A s

1
+62CﬁﬁQ,\QuQu+..., (17)

Ay

where the coefficients CV and CY¥ have com-
plicated enough forms, and we do not present
them here. However, the reader can find them
in [43].

If one takes into account Equations (13)—-(17), data
from Table 2, and relations (1)—(3), then one can
obtain two sets of simple relations between normal
mode force parameters, cji/cjw, of the mother, CHy,
and k;/k/k;/,d, of the substituted, CH,D,, species which
are presented in Appendix 1.

6. Isotopic relations between spectroscopic
parameters o/, x;”, B}f, oc/f of the CH4 and CH,D,
species
Let us now use the results from Appendix 1 and Table 3
and 4 to derive isotopic relations between different
spectroscopic parameters under substitution CH,D»
«CHy. First of all we consider harmonic frequencies,
w;, anharmonic coefficients, x;,,, equilibrium rotational
parameters, B%, and ro-vibrational coefficients, ozf, ie.
values presented in the unperturbed vibrational energies

(18)

and in the formula for an effective rotational
parameter:

V Vi 1
By QZB%_ZO[§<VA+2)+... (19)
A

In Equations (18) and (19), A, u =1, ....9; 0 = x, y, z.

_— . ,
6.1. Harmonic frequencies, o),

As follows from Equation (6), harmonic frequencies,
o}, of the CH,D, species can be obtained from the
equation:

det(AW — E) =0, (20)

where A is the matrix with elements 4, defined in
Equation (8); W is the diagonal matrix with elements
Wiy = a)i; and E is the unit matrix. In this case, if one
takes into account Equations (13) from [43] and data
from Table 1 of the present paper, then the following
relations can be obtained from the solution of
Equation (20):

o _of w5 _of  of
120~ 125 18+27(3'/2) — 28 ~ 23— 5(3172)
B w’SZ - w/62 - w’72
62 —22(3172) ~ 129 — 49 — 19(3172)
wgd wg

69+ 3127 194312 @D
Numerical values of the harmonic frequencies, o}, of
CH-»D, obtained on the basis of derived relations,
Equation (21), with the use of only one initial
parameter, w;, of the CH4 molecule from [23] are
shown in column 7 of Table 5. For comparison, values
of the same harmonic frequencies obtained from
analysis of experimental data [13], and from ab initio
calculations [44] are presented in columns I/ and 1],
respectively. It should be mentioned that, as is seen
from comparison of data in columns /, on the one
hand, and II-III, on the other hand, the calculated
values are systematically (-4 cm™') smaller than those
from experiments or ab initio calculations. The reason
is in the fact, that we used, in estimations with formula
(21), the harmonic frequency, w;, of the CH4 species
from [23], as an initial value. Of course, the corre-
spondence between data in columns 7 and //-111 can be
easily improved by simply shifting the initial CH4 w;
value to a fewem ™' higher, see Equation (21). In any
case, if one remembers that frequencies ) were
obtained without any information about the CH,D»
molecule, the results used for comparison can be
considered as quite satisfactory.
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Table 5. Harmonic frequencies of the CH,D, molecule
(in ecm™h).

Parameter I? I° I¢

o 3103.07 3104.42 3102.5
) 2233.62 2237.99 2236.9
o 1468.64 1472.31 1470.9
o) 1051.01 1054.44 1053.1
s 1356.72 1361.24 1360.1
), 3152.33 3159.79 3156.5
i 1113.34 1117.78 1116.2
w} 2334.24 2339.57 2337.1
) 1263.74 1267.46 1265.7

Notes 4Calculated on the basis of Equation (21).
®Taken from analysis of experimental data [13].
“Taken from ab initio calculation [44].

o . ,
6.2. Anharmonic coefficients, x;,

To derive isotopic relations between anharmonic
coefficients, X} ,, one can use corresponding general
formulas, Equation (IV.20), from [39]. In this case,
Equations (16), (17), (21) and data from Table 3 should
be taken into account. As the result, one obtains the
following:

7 9 ,

A= _§Be 20x11 10x), = 26x13 Xy = lels
1, 3, , 1 23 , ,
=9t =71 = 900x}5 = 25x19 752 = 7323
v, _9 6, 5, ,
YR 5x25 = —10xy = 527 T3t = 3x%

_ 56 2 19 ,
=73 — X33 = Tx3 = 50x35 = 5x§6 =Ty = 5x3
= —17xy = 41x), = —29x}5 = 12x4, = —7x};
23 28, 12, / /
=55 S Xy =Xy = 5 ¥ss =576 = 70x57 = 578
2 33 , 3, 32,
=—Tx59 = gx%ﬁ = %X/m = —dxgy = 57%60 = 5 7
21 13 3 ,
= Exlm = —5x39 = Exés = Exéf) = —10xg
7 h
=—cz—. 22
32 nemp? (22)

It is important to note that while using the general
formulas 1V.20 from [39], we took into account the
presence of possible Fermi-type resonance interactions
between the following pairs of vibrational states:

(..Vz..V4..)/(..V2 + 1.y F 2), (..V2..V7..)/(..V2 +1..vy
F2..),  (ovpevs)/(ovp £l F 20, (oveve) /(v
+l.vgF2.), (.v3.06..v7..)/(viEL.vg Fl.vs£1.),
(..V5..V6..V9..)/(..V5 + 1..V6 F 1..V9 + 1..), (..V4..V8..V9..)/
(..V4 + 1..Vg F l.vg £ 1), and (..V5..V7..V8..)/(..V5:|:
L.ovy £ 1..vg + 1)

In Table 6 (column /) one can see results of
calculation with the relations of Equation (22). In this
case, as in the previous subsection, only the single
initial parameter, x;;, of the CH4 species was taken
from [23]. For comparison, values of corresponding
X}, -parameters obtained on the basis of ab initio
calculations from [44] are shown in column I/ of
Table 6. If one takes into account that the values of the
x;,-parameters in column / were calculated without
any information about the CH,D, species, and using
only one x;; parameter of the CH4 mother molecule,
one can state a more than satisfactory correlation
between values in both columns, with the exception of
parameters X3, Xjg, Xy, X33, X365 X37, X4 X565 Xs0, Xg7,
Xg9» Xgg. and xge. Discrepancies in the values of the
mentioned parameters can be explained very easily if
one takes into account the following circumstance: to
produce the isotopic relations, Equation (22), we used
the above-mentioned set of vibrational resonance
interactions. At the same time, the values of the
parameters in column I/ (which are reproduced from
[44]) were calculated from ab initio F; ; force param-
eters by taking into account only two types of
vibrational interactions: (..v7..v7..)/(.v2 £ 1..v; F2..)
and (..V4..Vg..V9..)/(..V4 + ]..Vg F 1..\19 + ]) To illus-
trate the quality of the approach discussed in the
present paper, we calculated the xjm-parameters on the
basis of the same ab initio F; ; force parameters from
[44], but we took into account all eight above-
mentioned resonance interactions. The results of that
calculation are presented in column 717 of Table 6. One
can see more than satisfactory correlations between the
corresponding values in columns /I and [. This
circumstance can be considered as a good confirmation
of the correctness and efficiency of the derived isotopic
relations, Equation (22).

Also for comparison, column [V of Table 6
presents experimental values of the xj, anharmonic
coefficients from [13]. Again, discrepancies between
values of some parameters in columns 7/ and 7V can be
explained by the fact that the analysis of experimental
data in [13] was made by taking into account consid-
erably smaller number of pairs of vibrationally inter-
acting states than was made in our present analysis.

6.3. Equilibrium rotational parameters, B;’, and ro-vi-
brational coefficients, a;”

Equilibrium rotational parameters, By, of CH,D, can
be easily determined if one uses the known formula:

/e __ h
Bﬂ <4ncl/e )’ (23)
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Table 6. Anharmonic Parameters of the CH,D, Molecule (in cm™").

Parameter I? i’ 1€ w4 Parameter & r° 1€ e
X}, —27.82 —27.34 —27.34 —25.30 ¥ 0.74 0.65 0.65 —0.18
X} —1.25 —0.83 —0.83 —3.29 Xy —0.31 —4.49 —0.05 —5.21
X3 —29.59 —7.25 —30.07 —15.23 ¥)s 0.43 0.51 0.51 1.47
X, ~1.79 —2.05 —2.05 —2.42 X —1.04 —1.41 —1.41 —1.14
¥ —10.43 —11.75 —11.75 —11.75¢ X 1.79 0.73 0.73 —0.87
Xl —112.66 —115.08 —115.08 —114.11 xgg —13.61 —15.62 —14.99 —15.62¢
¥, —8.35 —8.79 —8.79 -7.77 x49 —1.39 -1.91 -1.91 —2.57
Xig —0.01 0.40 0.40 —9.22 x55 —2.24 -2.21 -2.21 —2.65
X)o —28.45 —6.14 —28.22 —0.62 Vi —21.91 —12.87 —22.72 —11.91
Xhy —13.61 —14.13 —14.13 —10.45 x5y —0.18 0.39 —0.15 0.39°
xhs —1.79 —2.07 —2.07 —3.61 i —7.82 —9.66 —8.79 —9.66°
xh, —16.47 0.85 —16.93 —0.57 x5 1.79 —8.76 2.43 -9.67
¥hs —6.95 -7.32 -7.32 —7.32¢ Vg —31.30 —31.64 —31.64 —31.57
xhe 1.25 —0.51 1.81 —0.51¢ X —18.97 —11.27 —18.29 —11.06
xhy —10.43 —8.02 —10.33 -1.75 X 3.13 3.72 3.72 3.72¢
xhe —60.09 —59.73 —59.74 —58.07 Xio —20.86 —10.82 —22.01 —12.73
¥h —4.17 —4.34 —4.34 -7.67 puAS —1.96 —1.88 —1.88 —6.59
X% -1.12 —6.73 —1.03 —5.19 ¥ —5.96 —7.00 —6.97 —7.00°
x5y —1.79 —1.54 —1.54 —1.98 xho 2.50 3.59 3.59 2.46
x%s —0.25 —0.45 —0.45 —0.45° Y —18.30 —18.58 —18.58 —15.26
xhe —31.30 —22.15 —32.35 —21.51 Xho —8.35 —15.62 —-7.78 —-9.15
x5y 2.63 —7.53 2.68 -7.31 Xho 1.25 —4.35 1.17 5.26
xhe —3.50 —3.07 —3.07 —3.90

Notes: *Calculated on the basis of Equation (22).
"Taken from ab initio calculation [44].

“Calculated on the basis of ab initio F; ; parameters from [44], but with taking into account the same set of resonance interactions,

those were used in deriving of isotopic relations, Equation (22).

9Taken from analysis of experimental data [13].

“Was fixed in [13] to the value of corresponding parameter from [44].

where

I, = ZmN |:Z(r ) — (g } (24)

The values ry, (y = x, y, z) are equilibrium coordinates
of nuclei of the CH,D, molecule, that can be obtained
from values of corresponding equilibrium coordinates,
yy» of CHy with the help of Equation (10). As a
consequence, one obtains:

3 31 11 3n
e _~ pe_ e _ e __
B = 2B —183 9 B! = remp? (25)

Numerical values of the B}? parameters, obtained with
relations (25) and using the initial value, 5.29986cm ™",
of the CH4 molecule, are: B} =3.53324cm -
B*® =3.07734cm™"; B® = 4.33625 em.

’ To derive isotopic relations for the ro-vibrational
coefficients, o/f , one can use general formulas from
[39], Equations (16), (17) and (21) of the present paper,

and data from Table 4. As a result, the following
relations can be derived:

10 3.6 19, .
Y3 =HY1=_§aiX:_§ 46!3 10 —2(15
’ 37 ’ 12 ! 63 ! 24 "
= —2(16)( = —EO[% = —?OlgC = 70[9‘“ = —?Oll}
2y 3, 13, 3, 56,

y

R SR O A T B I T
= 40(,7’1" = —%ag = —505,9y = _%Q,IZ = —%a;

2
:—%a'g:h’;:—m' (26)

It should be mentioned that we took into account the
presence of resonance interactions between all defor-
mational states, and also interactions between the
pairs of states (..vi..ve..)/(.vi £ 1..v¢ F1..) and

(..Vz..Vg..)/(..Vz + 1..vg F 1)
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Table 7. Ro-vibrational coefficients, a,f, of the CH,D, molecule (in 1072 cmfl).

B P Ir IIF B P v IF B P v I

xl1 2.23 2.01 2.38 yl 0.70 1.99 0.70 1 2.98 3.51 3.46
x2 2.78 2.70 2.97 2 2.61 2.70 3.18 22 0.79 0.94 0.81
x3 —0.84 -1.02 —8.76 ¥3 —0.86 -1.02 —11.07 23 4.18 3.63 3.38
x4 —1.76 —~1.49 1.68 v4 2.60 1.50 2.51 4 —~3.80 —4.14 3.46
X5 1.67 0.66 6.17 ¥5 —0.49 0.64 —-3.39 5 —0.84 —1.18 —4.98
x6 1.67 1.84 1.79 6 1.49 1.85 1.52 6 2.23 2.37 2.19
x7 0.90 1.02 6.40 V7 —0.84 1.02 2.01 z7 1.39 1.75 —3.60
x8 1.39 1.80 1.57 8 2.30 1.80 1.91 8 3.71 3.46 3.94
X9 —0.11 0.08 —5.57 19 0.67 0.80 10.90 9 —1.11 —1.00 2.84

Notes: “Calculated on the basis of Equation (26).
"Taken from analysis of experimental data [45].
“Taken from Table 11 of [46].

Table 8. Parameters of vibrational interactions in the CH,D, molecule (in cm ™).

Type of Interaction Parameter I? Equation P

(V1ev6.)/ (v £ 200 F 2.) (11.66) 7 —123.44 (30) —125.84
(vav7.)/(ovs £ 2,07 F2.) (4477 pr —6.18 (30) —13.67
(V3.04.99.)/(v3 £ Loy & Lvg F2.) (3499) 7 ~1.34 (33) 1.75
(..V]..V4..V5..V7..)/(..V1 + 1..V4 F 1..V6 F ]..V7 + ]..) (17’46)17(') —7.54 (35) —7.03
(cv3..95.97.v9..) /(vs £ Lvs Flivy £ 1wy F1.)) G190 —15.70 (35 —17.42
(..V3..V5..V7..V9..)/(..V3 + 1..V5 F 1..V7 F ]..VL) + ]..) (39’57)1*—6 24.58 (35) 23.02
(-.v5..v5..v7..v9..) /(.va £ 1ovs £ Lvy F livg F 1.) (4579)1‘6 8.31 (35 7.44
(..V4..V5..V7..V9..)/(..V4 + 1..V5 F 1..V7 F 1..V9 + 1) (49’57)17(') 20.19 (35) 19.86
(V1ev9.)/ (v 2 1wy F2.) (199 —164.96 (47) —158.02
(..V]..V3..)/(..V1 + 1.y F 2) (1‘33)}76 —87.98 (47) —95.50
(v2.v8.)/(v2 £ 204 F2.) @4 67.68 (47) 72.75
(2.v7.)/(va £ 2,97 F2.) @mp 67.68 (47) 65.01
(V3.96..v7.)/(v3 £ Lvg F Lvy £ 1.) 637 ~219.95 (47) —218.61
(..Vs..v6..V9..)/(..V5 + 1..V6 F 1..V9 + ]..) (6‘59)}76 —219.96 (47) —229.11
(va.vg.v9.)/(va £ Lvg F Lvg £ 1..) 349 73.32 (47) 68.45
(..V5..V7..Vg..)/(..V5 + 1..V7 + 1..Vg + 1) (8‘57)% —20.95 (47) —33.31

Notes: “Calculated on the basis of isotopic relations.
®Obtained from analysis of experimental data [45].

In column 7 of Table 7 one can see results
of estimations of the ro-vibrational coefficients, of ,
on the basis of Equation (26) using only one
parameter Y3 of the CHy species. Columns I/ of
Table 7 presents, for comparison, values of the
corresponding parameters obtained from the fit of
experimental data [45]. One can see more than
satisfactory correlations between all pairs of numer-
ical values. Also for comparison, values of «,-
coefficients from Table 11 of [46] are shown in
column 7/l of Table 7. Large enough differences
between the values of the af—coefficients (with
2=3,5,7,9) in column /I, on the one hand, and
in columns I and 7/, on the other hand, appeared
because in [46] resonance interactions were not taken
into account in «,.

7. Isotopic relations between spectroscopic
parameters of the CH4 and CH,D, species:
Fermi-type interactions

As is known, any Fermi-type resonance interaction in
the C,,-symmetry molecules (the CH,D, is just a
molecule of such type symmetry) is described by an
operator of the following form (see, e.g. [47]):

Hy;=""Fo+ " Fx > + " F1.P + " FggJ* + " Fy 2
+Fplt A T Fy (= T)
+ o A (e = I +2 TE g (= T+
27)

Here the first term is the pure vibrational part of the
interaction; the other terms describe different types of
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rotational dependencies of the Fermi-type interaction
caused by the presence in a molecule of rotation—
vibration interactions.

Our analysis of the ro-vibrational spectra of
CH,D, shows [13,14,45], at least, the following
six types of pure vibrational resonance interac-
tions should be taken into account if one wants to
correctly describe high resolution spectra of that
molecule:

(1) interaction of the type (v|...[V) = (vi...v,]
2000y, F2), with A=4, u=7, or
A=1, u=06;

(2) interaction  of  the  type ...y =
Voo vpoonloocmx 20 vy FLoovF D,
with A=9, u=3, v=4;

(3) interaction of the type (v|...|v)=(v;...
Voo Voo vl Ly, £y F L
ve F 1), where (a) A=4, u=5,v="7, £€=9; (b)
A=3, u=7,v=5£&=9;(c)r=4, n=9,v=>5,
E=T; (d) A=3, =9, v=S5, £=7; (e) A=1,
uw=7,v=4£=6.

(4) interaction of the type (v|...[V) = (vi...v,]
o El.oov,F1), where =3 and u=4;
(5) interaction of the type (v|...[V) = (vi...v,]
ol v, F2), where (a) A=1, =3, or

9,(b) A=2, u=4,0r7;

(6) interaction of the type (v[...|[V) = (vi...v,
wleomE ooy, F1,F 1), where (a)
A=6, u=3, v=7, or u=5,v=9, (b) A=38,
u=4,v=9 oru=>5v="7.

7.1. Darling—Dennison interaction (v; ...v,|...|v,
£2...v,F2)

To discuss the main (pure vibrational) part of the
Darling-Dennison interaction, the following formula
was derived on the basis of the operator perturbation
theory from [41]:

eyl 200 v, =2y =+ 2.0, =2 vy

= v+ 1\ (v, +2 1/2<V_ﬂ)1/2 v —1 1/2(M,uu>F/
2 2 2 2 0

(28)

where

/ /
(AA./LM)F(/) :kﬁ\/\uu +kx,u§xw (L_ﬁ_ 3w}, /2)

/ 2
) 4a)M ok

K, K

1 30/
+ LY + I _ k/z
2 o, 4af? — a);f Ahu

1, 1 p (L, !
wf o~ ) _ Sy
w, 20, —a), ML o, 20, —

K 1 1
Ak
+Z 4 (a)’x—a)/—a)/g—kw’—w;—wé

EFA 0 w
_ Z kl\*ék;mé 1 + 1
v 4 20, + a)’E 20);1 + a)/é

kek,

1 1
npnE
+ Z 4 (2w3~ — wé + 20, — wé)

§Fh 1 "
2
2(a)ﬁx+a);t)
Y () ) 2
Zﬁj 5 () (29)

"

In Equation (29), if §é=1, and A or =3 and/or 9, then
the whole sum (1/(2¢) — w}) +1/Q2w), — )) in the
next to last term should be omitted. Also, if §=2, and A
or u=4 and/or 7, then the whole sum (1/(2w; — )+
1/(2w,, — @))) in the next to last term should be omitted.

Now, taking into account Equations (16), (17),
(21), (25), and data from Table 3, one obtains:

32 e 101 gy 23 (ieey D

3B Tl Fo= 50 Fo_ncm,oz'

(30)
The results of the estimation with isotopic relations
(30) are shown in the first two lines of column 7 of
Table 8. For comparison, column /7 presents the values
of the same parameters obtained from an analysis of
experimental rotation—vibration spectra [45]. One can
see good correspondence of both results.

As the analysis shows, to derive formulas (analo-
gous to Equations (28) and (29)) for the higher order
interaction parameters, Fy, F), etc., in Equation (27), it
is necessary to take into account, at least, fourth order
perturbation theory. Because, 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, **#% F/ parameters,
we do not make an attempt here to discuss isotopic
relations for these Fy, [}, etc., parameters.

7.2. Interaction of the (v, ...v,...v,|...["F
2.y, £1...v, £1) type

It is possible to show using the operator perturbation
theory, that the resonance interaction of the type
Vaeevpeew| o F2y, Loy £ T is
described by the following expression:

T L I A U S R T S )

=W =2y + Lo v+ 1oy oow)

_ <v_)\)1/2 v, — 1 172 Vi +1 12 v+ 1 I/Z(AA,/L\))F/
2 2 2 2 0

(31
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where
Odv) ot 10 3K 3k |1 W)
FO_k)L)\uu_i_ 2 3 /+ , 2 B
0 (0, + o))" — o}
k:\/mki\w a);L + o,
2 i (0, — @), — w))
+ 30);/- — a):J k;»vuk;»p.v
(0} + 0, — 0 )& —20),) 2
W), + @),
wj (0, — @, — W)
30, — o)
+ = ] + K, K
(o), + ), — w;)(w; —2w) Ay

/

/
| 1 KK
4/ — a):f o, (20, + o)) VoY

/ /
X a)U + w\)
2 _ 2 / / /
4ol — o a)u(2wv + a)ﬂ)

w w
o 2k/ k/ A A
[w;(zw; o)) " 0l ef, — )

! ’ /
s K ke [ W
2
by 2 L@ —w) —of
/ / /
TN SR P
(w/ _w/)2_w/2 4
A v & EFN L,
|: 20, + w, + o, — 20

Lo}, — a)é)(a);L + o, — a)g)

20, + v, + o, + 20 ]
(20}, + wp)(w), + o, + o)
| (@} + @) (@ + o)
—23 By(¢8,,4)
B

wﬁ\(a);ta)())l/z

(32)
In Equation (32), the first term in the last square
bracket should be omitted in the presence of resonance
situations.

Now, we take again into account Equations (16),
(17), (21), (25), and data from Table 3 in Equation (32),
and obtain the following simple isotopic relation for
the resonance interaction parameter ®*3¥F;, that is
essential in the CH,D, molecule:

2Be _ 85 99.34) 1 _ h

3 2
As before, the result of the numerical estimation with
relation (33) and comparison with the result obtained
from experimental data are presented in Table 8.
If one takes into account a small absolute value
of the parameter @Y F/, the result of the theoretical

estimation can be considered as more than

D= (33)

satisfactory, in spite of the difference in signs of the
calculated and experimental values. For the same
reason as in the previous subsection, we do not consider
here higher order interaction parameters, Fy., F}, etc.

7.3. Interaction of the (v;.v,..v,.vel. |v, F1.v,F
1.vy, £1.ve £ 1) type
Analogous to Subsection 7.2, it is possible to show that
the resonance interaction of the type (vi...v,...
VyooVelomFL oy, FLooov L v 2D is
described by the following expression:
(A7 P VN U I L VU I )
—l..ov+1.0v:+1)
=m—-l..vy—=1...vy+1...

S | P | NP P USRI )

B <E>1/2(v_u>1/2 vy + 1 12 Ve + 1 1/2()%])5)}7/
-G G)() () e
(34)
where the formula for parameters **"F; is presented
in the first subsection of Appendix 2.

As in the previous subsections, using Equation (64)
from Appendix 2, Equations (16), (17), (21), (25), and
data from Table 3 allows one to obtain the following
simple isotopic relations for essential interaction
parameters of the CH,D, molecule:

32 B — 34 4s79) F = 18 (3759 F :E 49.57) g
3 5 0 5 075 0

23 15 /]

_22 s — 12 40 pr _ 35

10 0 2 07 nemp? (33)
Results of estimations of the values of interaction
parameters, STOF) GTOEr @SN p (OSVE - and
(740 Fr " are presented in Table 8 (column 7) together
with the values of corresponding parameters obtained
from analysis of experimental data (reproduced in
column 17 from [45]).

7.4. Fermi-type interaction, (v, ...v,|...|v, £

1...vp F1)
7.4.1. Pure vibrational interaction coefficient, (“‘)Fé
The formula for the ** F}-coefficient was obtained on

the basis of operator perturbation theory in the
following form:

(L7 U7 I L U S B A )
=m+Lovy =11 vovy)
AN N2
() e oo
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where again the formula for parameters *WF) is
presented in the second subsection of Appendix 2.

7.4.2. Ro-vibrational interaction coefficient, (’\’“)F}(,
(ML)F} and MW F’
, Xy

Formulas for the corresponding ** F’ -coefficient were
obtained in the following form:

(Vaoovulom+1000v, = 1)
=W+l vy =11 vy
[t 1 1/2(11“)1/2(/\’“)1:/ (37)
B 2 2 -
where ) F' — () Fy, (D) F), or () F(},
2(?»,M)F1/< — 2(%#)1:; _ (?»,M)E; _ (}»-M)F}/” (38)
z(k,M)F} — (%M)F)’C + (A»M)F}c’ (39)
2(K,M)F;y — (/\,M)F;C _ (ML)F;’ (40)

and the formula for parameters *WF! (a = x,y,2) is
presented in Appendix 2.

In the CH,D, molecule, such kinds of resonance
interaction correspond to only one situation, namely,
A=3 and u=4. In this case, isotopic relations were
derived in the following form:

_%V6+?(9)V7+157V8+;(1)V9:| (41)
and
Y3 :g (3’4)E;=—§ (3,4)F}(:g (3,4)FZ/
2
:_m- (42)

Numerical calculations with relations (42) give the
following result: G4YF. = —0.0134em™", C9F] =
0.0209cm ™", and GHF/ = —-0.0278cm~'. Again as
earlier, only one parameter (parameter Y3 of the CHy
molecule) was used as the initial one. Values of
corresponding parameters taken from analysis of
experimental data [45] are: CYF/ = —0.0163cm ™",
GHF =0.0159cm™!, and CHF =-0.0327cm ™.
If one takes into account that the predicted values
were obtained without any information, at all, about
CH,D,, one can mark a more than satisfactory
correspondence  between  the  predicted and
experimental values.

7.5. Interaction of the (v;..v,..|..|v; £ 1..v, F2..) and
Wivpvy v, 1w, F1...0v, F1..) types

It is very well known, that the main parts of

such kinds of interactions are proportional to the

corresponding cubic anharmonic parameters, £k;,,.

Namely,

-vpel v+ Ly, =2.) =

(VA + 1"VM — 2||VAV;,L) =

n 41\ v\ (v =1 1ﬂ()»,mt) /
) () e

2
where
I FS = Ky (44)
and
Vvl + 1y, =Ly, = 1.) =
4+ Lo, = Loy, = Lo vy =
1/2
() &)@ o
where
CIIFy =K, (46)

On that basis, isotopic relations can be obtained easily
in the following form:

17 8 , ;13 ,
_?(BCC%)I/Z =3 9 5 O~ - 4 pr
— _E (2,77)F(/) ) (6,37)F(/) ) (6,59)F6
2
15
- —6 (8’49)Fé -1 (8,57)F6 _ > (6’27)F6.
(47)

Results of numerical estimations of the interaction
parameters with relation (50) can be found in column /
of Table 3 together with the corresponding values
obtained from an analysis of the experimental data
(column /7). One can see good correlations of both sets
of parameters.

8. Isotopic relations between spectroscopic
parameters of the CH4 and CH,D, species:
Coriolis-type interactions

As was discussed in [47], Coriolis-type interactions in
an arbitrary asymmetric top molecule of the C,,
symmetry group can be described by the three types
of coupling operators A", (v # 7). In this case, if the
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product I' =TIV @ I'” of the symmetry species of the
states v and v is equal to By, then the states v and v are
connected by a Coriolis resonance interaction of
the form:

Hy= iJzHE,I;) + {‘],\‘9']}’}+H(V%) + H(V?{Jm Jy}+
+ T (= IV H + HOUT (= T+
(48)

where {4, B} denotes the anticommutator, (4B + BA).
When I' = B,, then the following Coriolis interac-
tion is allowed:

Hyy=iJ,H) + HiT, + U Y HE + H U )

{0y (= IV HY A+ H (= T))
(49)

Finally, when I' = A,, a Coriolis interaction of the
following type is possible:

Hy;=iJ HY + HYiJ, + (1, ) HY + HO (0.0,

{1 (S = TV H 4 HOHT 0 (= T+
(50)

The operators H(V?, i=1,2,3,..., in Equations
(48)—(50) have the form:

A R 1. o
H) =3 O O 45 O 4 Cl
o 1. o
+ WCIKJJEJZ + E WC.[IJJ4 + " CIKKK‘]S
- - |
+WC1KKJJ§J2+WCIKJJJ§J4+§ TC

(1)

As in the previous section, analysis of the
ro-vibrational spectra of the CH,D, molecule
[13,14,45], showed that the following three types of
Coriolis interactions are mostly important when high
resolution ro-vibrational analysis is fulfilled:

(1) interaction of the type (v|...|V) = (vi...v,|...
vy £1...v, F1), with different combinations
of indexes A, u=3,4,57,9 A#pu, or A=1,
u=6,or A=2, u=_28;

(2) interaction of the type (v|...[V) = (vi...v,]
... v E£1...v, F2);in this case, u=3,4, 5,9,
ifA=6,0or u=3,4,57,if A=8;

(3) interaction of the type (v|...|V) = (vi...v,...
wl.ooommEl. v, FLo v F 1), with
u/v=3/9 and A=1, 6, or u/v=4/7,4/9 and
A=2,0r u/v=4/5"7/9 and L =8.

Physics 2123
8.1. Coriolis interaction (v|...|V) = (v;...v,|...
viEl...vyF1)

In this case, the main interaction operators in
Equations (48)—(51) have the following form:

iyl + 1y, = 1)

= (m+ Loy, — 1 vy

1\ 12 1
:iJa<”+> (%) " 49C, + g+ Jp)

2 2

v+ 1 172 Vi\ 260
) e @

where

/ /
a)ﬂ—i—a),\

Gl = 2(85{;{2) W’ (53)
@),

and

3 BleB,g B,e 4mc ’ ’ ' ’
A, v a BTy ay B
( M)Caﬂ ——*2 E (771 )(afyaf”—l—aﬂyax y)

RCTh

Vi (410 [ 4K 0l 0 =20
+ o B T 7 ' W Q0. —
i W), wﬂa))\( o8 a)ﬂ)

a/ﬁﬂk/xw (o + a);L)2 —2w?
W, w,,Qw, —o))
N L L N G
/ h § g / /2 / Y
E2hp |20 w; [a)g — (o —w),) ]
= 3 [(Be) (ie) + (micie) (B5¢h)
EFA
y (), — W) (), — &) 1 1
20}/ @, w, to ot

+§;ﬂ[(3;§'§fs) (B/g{ﬁ) + (B;fg“;‘g) (ng;fg)]

y (0 + W) (), + @) 1 1
2a)/§, /a)&a);l ), — wé ), — wé

(54)
In the last formula, if a)’é A W), or a)é ~ a);t, then the
last line should be omitted.
As earlier, corresponding isotopic relations
obtained on the basis of Equations (52)—(54) have the
following form:

32 e _9909¢ = _4309¢ = _1009¢]
3 z ¥ X

_ 88 BN 22 B — 43 @9
z y X

5 5 5
28 54
_=° 4D = (€ P A ) P2
=5 “Dc =854, = -2 B¢
76 I
- (5,9) C/ =1 0(7,9) C/ _ 55
5 : X memp? (5)
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Table 9. Coriolis interaction parameters of the (viv,|...

[vy + v, — 1) -type resonance interactions (in em™h).

o A % I Nl o B A " r i’

z 1 6 —0.57 —0.73 X y 1 6 —0.019 —0.018
y 2 8 —1.32 —1.38 X z 2 8 0.033 0.034
X 3 5 —5.68 —6.15 v z 3 5 —0.024 —0.024
z 3 7 —-3.23 -3.16 X v 3 7 —-0.017 —0.016
v 3 9 9.16 9.07 X z 3 9 —0.030 —0.028
X 4 5 —6.60 —6.53 v z 4 5 0.020 0.020
z 4 7 10.14 10.11 X y 4 7 0.033 0.030
y 4 9 0.20 —0.11 X z 4 9 0.006 0.005
y 5 7 —5.26 —-5.32 X z 5 7 —0.056 —0.054
z 5 9 3.74 3.76 X v 5 9 —0.039 —0.039
X 7 9 —5.68 —5.75 y z 7 9 —0.018 —0.017

Notes: “Calculated on the basis of Equation (55).
"Taken from analysis of experimental data [45].
“Calculated on the basis of Equation (56).

and
Y; = % Y :% e, =9, :% e
_ _% (3,4)CU % G g (3,5)(;;:
— 267 = % G = _% (4~5)C;:
—(4’7)C;y _ —6(4’9)C;Z _ % (5’7)C;: — % (S’Q)C;)r
19 i
=10 <7’9)c;,; = W. (56)

Calculations with Equations (55) and (56) give the
results which are presented in columns / of Table 9. For
comparison, columns /7 present values of correspond-
ing interaction parameters obtained from analysis of
experimental dada from Ref. [45]. One can see good
correspondence between these two sets of results.

2. Coriolis interaction (v|...|V) =
Wiooovul 2L v, F2)

If one uses the operator perturbation theory (e.g. from

[41]), then it is possible to show that the resonance

interaction of the type (v...[¥)= (vi...v]
..y x£1...v, F2) can be obtained as:

Wiyl + Ly, =2y = (i + Loy, =2 vivy)®

_i vi+1 1/2<v#)1/2 v, —1 m“’”’”C’
e W) 2 2 @

v\ 12 (v, — 1\
s ) ()

(57)

where
drne\'?
(W“)C/ 22(21/2)8 Bﬂg“m< ) a:ﬂ

/ /
wx+wﬂ

1/2
) ()"

3 (B’eé.’a ) k;lllﬂ ZCOQ\CU;L + 20);1 + 0);\
aShp (a)/ W )1/2 (,()/2 — w2 36()/
A A o

+2(Bcs,) b | 2000 | o
a Sk (a)/ ' )1/2 w/)LZ _ w’i wﬁt(zw}» _ w;L)

o — ol
+ Z(B st)z( , /)1/2|:a)k~|—w§

EFN 1L
a)k+a)g j|

/ /
W), — W}
/o /
20, — o

a)A -l—a)é

Za)/’L—f—a)g ), — a)é

we | Pem @ @,
+Z(B§Mg)2 p ’1/2|:a)—|—a) +a)’+a)’—a)/
EFN ( ) A 3 2
W+ o W + o
| (58)
w, — ;o — (o, +wp)

In Equation (58) the following conditions should be taken
intoaccount: (a)ifé=1and A =6;orifé=2and A =8; or
ifée=land u=3,0r9;orifé=2and u =4, or 7, then the
two last terms in the before the last square bracket should
be omitted; (b)ifw; = 3,4,5,7,0r9; orif 0, ~ (v, + wy),
then the two last terms in the last line should be omitted.
As in the above section, we do not give here the formula
for the *+WC!, s Interaction coefficients because to realize
this, one would have to take into account fourth-order
perturbation theory corrections.

Again, the using of the same information, as in the
before situation, allowed us to obtain simple isotopic
relations:

1/2
(_236 Y ) / =§ (6,33)C/ :g (6,55)C/ — 18(8,33)C/
3 5

_ 9 (844)C’ 24 BT = 93 (899)C/A
5o S ¥ 25 y

= . 59)
. i3 (
drepdm/AF)|
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Table 10. Some Coriolis interaction parameters, (W”)C(’x, of
the CH,D- molecule (in cm ™).

o A " v I I’

v 8 3 3 0.077 0.084
v 8 4 4 —0.077 —0.069
y 8 7 7 0.287 0.333
v 8 9 9 0.370 0.405
z 6 3 3 0.383 0.367
z 6 5 5 0.164 0.171
X 8 4 7 0.626 0.591
v 1 3 9 —0.383 —0.317
y 2 4 9 0.370 0.327
z 2 4 7 0.689 0.763
z 8 4 5 0.834 0.906
z 8 7 9 1.013 0.825

Notes: *Calculated on the basis of Equation (59) or (61).
"Taken from analysis of experimental data [45].

In the columns 7 of Table 10 one can find values of
Coriolis-interaction parameters, **YC/, that were
obtained on the basis of Equation (59). For compar-
ison, values of corresponding parameters from [45] are
shown in column /7 of Table 10.

8.3. Coriolis interaction (v|.|V) = (v;.vu.v,|.|v,£
lv,F1v,F1)
For a description of the (v]..]v) = (vi..v .0l
vy £ 1..v, F 1.y, F1) type Coriolis interactions, the
following formula was obtained:
vl + 1y, =1y, = 1)
=+l =L, =1 v.ven)*

1N /2 12 jp\1/2
() ) e

Vi INY2 v\ 12 oz 12
+(JaJﬁ+JﬁJa)( )L2 ) (é) (E) (ot )C;ﬁ,

(60)

where the form of parameter **C, is presented in
Appendix 3.

Analogous to the previous subsection, we do not
consider here the »*"(C/ -parameters. As regards the
isotopic relations for the **"C/, coefficients, they were
derived in the following form:

32 12 18 93
_2C By _ (1.39) " _ Q@4 _ (2,49)
( 3 3> s c, Cl=1% c,

33 11 34
_ 20 g4 M gan 2% ®79)
= GTs  GTxn G
h3/2
B 47tcp3m5/4F:{4 .

(61)

Results of numerical estimations with formula (61) are
given in Column 7 of Table 10. Column II presents
values of corresponding parameters obtained from
experimental data [45]. Taking into account that
calculated values were determined without any infor-
mation about characters of the CH,D, molecule (only
two parameters, B, and Y3, of the CHy species were
used as the initial value), correspondence between
predicted values and those obtained from analysis of
experimental data can be considered as quite
satisfactory.

9. Discussion

The general simple scheme used in the present paper
together with the results of [23] gives us the possibility
to expect that

(a) analogous results can be derived for more
complicated molecules for which the methane
is the prototype molecule;

(b) the obtained results can be useful in the study
of complicated ro-vibrational structures of
high excited vibrational states of the CH,D,
molecule because they can provide a good
prediction of, at least, the qualitative picture of
spectra. As an illustration of such possibility,
on Figure 1, trace 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 shown on Figure 1,
trace IV is a compilation of three individual
synthetic spectra of the bands v4 4+ 2v9, Figure
1, trace I, v, + vy, Figure 1, trace II, and
v3 + 2vy, Figure 1, trace III (these three bands
are the strongest bands located in the region of
3450-3460cm ™). An experimental spectrum,
recorded in the same region at a temperature of
78 K in [13,45] is shown on the upper part of
Figure 1 (see Figure 1, trace V).

Some remarks concerning a construction of the
synthetic spectra should be made.

(a) From comparison of the synthetic spectra on
Figure 1, traces I-IV one can see that the
spectra of separate bands are moved with
respect to each other by values of 2-4cm™'.
At the same time, the relative line positions in
all three bands are correct, more or less.
It would appear that the isotopic relations
derived in the present paper give values of good
relative accuracy for all predicted spectroscopic
parameters (both vibrational, and rotational
and resonance ones) of the CH,D, molecule
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Figure 1. A small part of the high-resolution spectrum of CH,D, in the region 3450-3460 cm™'. The four bottom traces (I-IV)
present simulated spectra. Traces [-III show the lines belonging to the bands, vs + 2vg, V3 4 v, and v3 + 2v4, respectively. The
sum of simulated spectra (I-III) is given by trace IV. The top trace (V) shows the experimentally recorded spectrum [13].
Experimental conditions: absorption path length, 10 m; sample pressure, 3mbar; instrumental resolution, 0.0027cm™';
temperature 78 K.

(b)

(mistakes are the values of the order of some
percents), but considerably worse absolute
values for vibrational parameters (errors up
to some cm™') in comparison with absolute
errors in predicted values for rotational ones.

From a comparison of experimental and syn-
thetic spectra on Figure 1, traces V and IV, one
can see that the correspondence of line posi-
tions between the two mentioned spectra is
better than the correspondence in line
strengths. It is an appearance of the following
fact. When we calculated the line positions, we
took into account the presence of the resonance
interactions between the discussed bands,
V4 +2v9, V2 +1v9, and vz + 214, on the one
hand, and some of the ‘dark’ bands (i.c.
V4 +v7 +v9, 2v7 + vy, Vs + Vs +v7, and some
others), on the other hand. At the same time,
because only transitions with low values of
quantum number J are presented in the exper-
imental low-temperature spectrum, the line
strengths in the synthetic spectrum were esti-
mated on the basis of only three main dipole
moment parameters (one dipole moment
parameter for one band; in this case, the ratio
of absolute values of the mentioned main

dipole moment parameters was taken as
1:1.8:1/5'% for the bands v4 + 2v9, vy + o,
and v; + 2vy, respectively). Moreover, because
of the absence of information about ‘dark’
bands, all their dipole moment parameters
were taken as zero.

(c) Because the experimental spectrum (Figure 1,
trace V) was recorded [13,45] at a pressure of
3mbar, the Doppler profile for the line shape
was used in the construction of the synthetic
spectra.

In any case, in spite of the fact of the total absence
of initial information about the CH,D, molecule (since
only two parameters of the CH4 molecule were used as
the initial information in the derived isotopic rela-
tions), 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 results for the present paper.

10. Conclusion

We showed in the present study by using the CH,D»
molecule, as an example, that a compilation of the
isotopic substitution theory [27,28], and the ‘expanded
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local mode’ model [24-26], allows one to derive
numerous simple isotopic relations which give us the
possibility to make predictions of spectroscopic char-
acteristics of CH,D, without information about that
species (in this case, only a very limited quantity of
experimental information about the mother, CHy,
species can be used). The quality of the derived
relations is confirmed by a comparison of the results
of predictions with isotopic relations and results of
analysis of experimental data. In this case, the majority
of situations show good correlations between the
predicted and ‘experimental’ results.

Up to now high resolution spectroscopy is an
unique source of precise quantitative information
about internal properties of polyatomic molecules.
Such information can be provided by an analysis of
the corresponding vibrational-rotational spectra.
However, very often, for molecules with a large
number of atoms (even 8-10), the possibility of analysis
is very limited, first of all, because of the large number
of necessary parameters in the hamiltonian. It is
especially important for situations when accidental
resonances appear in the spectra. The only way to
improve the situation is to reduce the number of free
parameters (deriving more or less correct relations
between different parameters). If we take into account
that methane is the prototypical hydrocarbon for a
large number of more complicated organic molecules, it
is possible to expect that the approach derived in the
present paper will be helpful in future studies of such
molecules.
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Appendix 1

Here we present relations between normal mode force
parameters, c;i/cji, of the mother, CHy, and qu/k;,kl’ of
the substituted, CH,D,, species:
9 (W’F
36¢i11 = ——( 3”
woc \ m
—285k},4 = 135k, = 137k!,; = =355k}, = 62k|;

174
) = 24K}, = 118K}, = 410Kk}

= 65K 5, = 700K, ,, = 71K} 55 = — 12 Te Kigs = 58Kig7
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= 143k = 90Ky = —T8ky; = i klzss = — 147k

= —2050k)g, = 445K}5; = 910K, = 722K},

4
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3 23 n 92 ., 1, 7., 11,
Edml:m?pz”% _gkml:_gkmz:_?klm
/ / 22 / / 7 /
= 7km4 = 9k1122 = _2_5k1123 = _2k1124 = _5_1k1133
6 9 , l ,
__Ek/1134:_§k/1144:_52k1155 19k1166
1 / 8 / / 9 /
= _§k1167 39k1177 = =70k} g5 = 20k1189
/ 3 / 2 / /
= _mk1199 = iklzzz = _k1223 == k1224 = 2k1233
13 , , 11 , 3 , 3,
10k1234 =~k = — k1255 = _7]‘1266 = _§k1267
9 9

?k/1277 = Zk,IZSS k/1289 - 2klZ‘)9 - _Zk/1333

gk/1334 = _gk/1344 = gk,1355 = 27516/1366 = _275k,1367

9 / / 4 / 14 / /

= ﬁk1377 = 14k)35 = gk1389 = _25k1399 = —13k\ 44
/ ’ / 9 / /

gkmss = Ekmas = _§k1467 = Ek1477 = _3k1488
/ / 7 ’ / 12 /

= —Kyyg9 = —*k1499 = 751568 = _%kl%‘) = 75 /t1578

/ ’ 7 ’ ’
25k1579 - k2222 - 7k2223 - gk2224 = _12k2233

/ ’ / / 6 /
= 3k2234 == gk2244 = —gkzzss = _7Ok2266 = gkzzm

3 / / / /
T 02 = Ekmg = —mk2289 = _§k2299

/ / / / 7 /
= 6k2333 = 6k2334 = _6k2344 = _14k2355 = _mk2366
= k/2367 = 9k2377 = 4k 2388 — 3k2389 = k/2399 = _7k,2444

= 4k/2455 = _3k,2466 = gk/2467 = _gk,2477 = Zk,2488

7 9 / ’ / 7
_Ek/2489 = mk2499 = _k2568 = 4k2569 = %k/zsns
= _4k/2579 = 181‘3333 = 4k/3334 = 10k/3344 = 17k§355

L, 7 ,
9 3366 — 9km7 = 10k3377 = 14k/3388 = _3k3389

= 2yy00 = Thiygag = 55 = _gk/me = —5Kie7

1, 9 6 ,
= 23477 = 10 2488 = 3k34s9 = 513499 = Ekéssx
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/ / 7 / / /
_gk%éf) = _3k3578 = Ek3579 = 10"4444 = —5k4455

= =5 kiaes = —2Kiser = skiar = kimss = 3kiago

/ / 4 / /
= 15K4a90 = —2Kys63 = _9k4569 = 3kiysys = 10k4579 = 10kssss

gk,ss«) k/5567 = 40k5577 = _k,5588 = _k/5589 = gk/ssw

4 / / / / /
= Bk6666 = _5k6667 = gk6677 = _5k6688 = gk6689

k/6699 = k6777 = 10k/6788 = gk/6789 = mkém

/ 7 / / /
= 5k7777 25 k77sx = 3k7789 3k7799 20 ksxss = 24k8889

7 / /
= _§k8899 = 3k8999 = 10k9999 (63)

Appendix 2. Parameters of Fermi-type (vibrational)
interactions

In this appendix we present formulas used in the present
paper for resonance interaction parameters of the Fermi-type
(interactions between vibrational states of the same symme-
try) as functions of fundamental characters of a methane-
type molecule.

2.1. Interaction of the (v;..v,..v,.ve|..lv, F1.v F 1
vy £ Love £ 1) type:

1
(A, uE)F — K KK@ KUE
e+ 2T we+w;+wé—w2

KO=hpt
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_ 1 + 1 _ Z Z k;/(;mkll(ﬁr
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When p =6, or 8, then a resonance situation can be produced
in the first parentheses of the fourth line from the end. In this
case, parentheses should be omitted.

2 [(Ckvgué) (o), + w;)(w;l + @)

2.2. Fermi-type interaction, (v;...v,|...|v; :l:ﬁl. v
pure vibrational interaction coefficient, *" F:

3
Gy — SKinVat3 kaV + ) KV
EF£hu
A 3Kk, 3kjkiy [ 10 1 60 + o] V,
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2 N i#] ’op

W, + oW K.k
& )P g g

X ———— Ve —
Z Z 4

127¢
w’S <w/xa);t) ij=hoft ED L

3w+ w;. — Za)’E i# k;zsk;ﬁ
N — D@ +a—ap| T w;ﬂ S;M g
3w+ wj/- — Zwé . k;éuk/;év
X (2/_ /)(/+ ;o /) V’+Z Z 8
W; — W W; T W — W EAIgL VI LE
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X1 + et DY
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Kk
*5”8 Hav { ! + : . } V. (65)

/ o / /
Wy T, —w ), + o, — o

V,‘+17,' 1
I/l': Py K
(37+3)

and v; and ¥; are the vibrational quantum numbers in the left
and right wave functions of Equation (36). When i=3 and
=1 or i=4 and £=2, then the third and fourth lines from
the end in Equation (65) should be omitted because of
resonance interactions between corresponding vibrational
states. For the same reason, when §=7 and v=6 or £=9 and
v=3_8, then the next to last line should be omitted.
Analogously, when v=7 and §€=6 or v=9 and £=28, then
the last line should be omitted.

Here

2.3. Fermi-type interaction, (v ---vy|---|v, 1.

vy F 1): ro-vibrational interaction coefficient,
(% F)FK) (4, #)FJ and Uull)F;y'-

(B/e) B/(

47
(A, /L)F Z < )a/aya/ay
v e
( ,L,) <4nc>l/2awk/ (a)/ +a);)2 — 2(1)’2
w0l = (0] = of)
( ,e) 4nc 1/zamk/ (w’A + “’2)2 — 20}
o), TR gy o), — (2w, — o)

(By) (4me\'2 oy, 20F = (0 — o))
! E; 2w, h) % T 2 [w/z — (0, — )2]

S 3 e | Ve 8 0
= Y (BicE)BLSE)

E£M 1L
(w,\ + W) (@), + wy) < 1 1 )
eNzen W — @), W~
X e )
SNCTA

E£M 1L

1 1
x| ——+——) (66)
W+, W+,

In Equation (66), @ =x,y, or z; if a)/é ~ W), or a)é 5 wlt, then
the before last line in Equation (66) should be put to zero.

"

Appendix 3. Parameters of Coriolis interactions of
the (v|.[¥) = (vi.vpvyl. vy £ 1y, F 1y, F 1) type
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Here, if ), ~ @/, then the square bracket lines 4 and 5 of
Equation (67) should be totally omitted. If A=1, and u =3,
or 9; orif =2, and =4, or 7, then the fourth line should
be omitted. Analogously, if A=1, and v=3, or 9; or if A =2,
and v=4, or 7, then the fifth line should be omitted. If §=3,
4, 5,7, or 9, then the first parentheses of line 11 and the
second parentheses of line 12 should be omitted. For the

resonance situations (A=1 and £é=6; A=6 and £§=1; A =2
and £=8; L =8 and £=2) in the last line should be omitted.




