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We report infrared spectra of CH3D and CHD3 in the range 2900 to 9000 cm�1 measured with the Zürich high
resolution Fourier transform infrared (FTIR) interferometer Bruker IFS 125 prototype (ZP 2001) at 80K in a
collisional-cooling cell with optical paths ranging from 5 to 10m. In all, 57 new ro-vibrational bands of CH3D
and 40 for CHD3 were assigned and analysed. Using a strategy of the direct assignment of the J¼ 0 states of
excited vibrational levels, precise experimental values of the band centres with uncertainties in the range of about
0.0001 to 0.0003 cm�1 were obtained. Including 15 previously known band centres of CH3D and 12 previously
known band centres of CHD3, these data were used as the initial information for the determination of the
harmonic frequencies, anharmonic coefficients, and vibrational resonance interaction parameters in an effective
hamiltonian. A joint set of 64 parameters reproduces the 124 experimental vibrational energies of both molecules
up to 6500 cm�1 with a root mean deviation of drms¼ 0.73 cm�1. The results are discussed in relation to
intramolecular dynamics on a global potential hypersurface of methane, intramolecular vibrational redistribu-
tion, and the spectroscopy of the atmospheres of the earth and planetary systems.

Keywords: infrared spectroscopy; vibration–rotation spectra; CH3D; CHD3; overtone and combination bands;
spectroscopic parameters; isotopes; methane; FTIR; intramolecular quantum dynamics; potential hypersurfaces;
resonances

1. Introduction

Methane is the prototypical hydrocarbon with funda-
mental importance ranging from the theory of chem-
ical bonding [1,2], rotational dynamics in symmetrical
molecules [3], our understanding of the structure of
potential hypersurfaces [4–9], unimolecular reaction
rate theory [10,11], fundamental bimolecular reaction
dynamics [12–15], to even the fundamental physics of
chirality and parity violation [16–19]. Methane has also
been studied in the context of accurate multidimen-
sional calculations of vibrational dynamics [4,20–25].
Apart from these fundamental aspects methane plays a
central role in various fields of science and technology.
We might mention here combustion and environmen-
tal processes, atmospheric chemistry in the context of
the greenhouse effect, planetary science and astrophys-
ics. In all these contexts the understanding of the
methane spectra is essential.

The present work is part of a large effort to unravel
methane’s rovibrational spectra and dynamics up to

high vibrational excitations. Our recent work on the

spherical top isotopomers 12CH4 and 13CH4 provides

also a guide to the extensive literature impossible to

cite in completeness here [26–29]. Recently, we have

provided high resolution analyses for the isotopomer

CD2H2 giving a rather complete picture of vibrational

state dynamics covering the spectral range from low

excitations to about 6500 cm�1 [30–32]. This asymmet-

ric top molecule has many advantages for such an

initial study of deutero isotopomers. Here we turn our

attention to the symmetric top isotopomers CH3D and

CD3H. These isotopomers are of interest for a number

of reasons. CH3D is obviously the most abundant

deutero isotopomer in natural environments allowing

for its detection in the Earth’s atmosphere and also in

an astrophysical context. CD3H has been a prototype

for anharmonic intramolecular quantum dynamics

arising from the strong and very selective coupling

between the CH stretching and CH bending modes

[33,34]. The isolated CH chromophore in this molecule
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provides a spectroscopic window to this mode selective
dynamics by allowing analyses extending to excitations
exceeding 2 eV (18,500 cm�1), achieved already more
than two decades ago [7,20], similar to the case of
CF3H [35,36]. However, these early results were mostly
limited to the levels of the CH chromophore itself,
excluding other modes. In addition, the spectra taken
then were of limited resolution. Recent progress has
allowed us to derive highly accurate vibrational level
positions including excitation of all modes. The exper-
imental approach involves spectra recorded at suffi-
ciently low temperature either in supersonic jet
expansions [29,37] or collisional-cooling cells [32] in
such a way that a correct and precise assignment of
transitions to the J¼ 0 rotational level of the excited
state checked by combination differences in the lower
state is possible. By adding the known rotational
energy of the lower level of the transition in the
vibrational ground state, one obtains a direct and
precise result depending on the resolution of the
spectra and the signal-to-noise level in the spectra for
the excited vibrational level energies. The main advan-
tage of this strategy is to avoid a complete global
rovibrational analysis of large numbers of interacting
levels. Such a complete global analysis has been done
successfully for the main isotopomer 12CH4 only
recently up to the octad region around 4500 cm�1

consisting of 35 interacting levels [26]. We are able now
to present correct and precise assignments using our
direct approach for 57 newly observed vibrational
levels of CH3D in addition to 15 previously known
band centres and for 37 vibrational levels of CD3H in
addition to 10 band centres previously analysed. Our
new results extending to 6500 cm�1 and beyond will
provide benchmarks for the understanding of the
vibrational dynamics of these isotopomers. A prelim-
inary account of some of our results has been presented
in [38,39]. A few bands of CH3D were subsequently
also analysed in [40].

2. Experimental

The Fourier transform infrared (FTIR) spectra of
CH3D and CD3H have been recorded in the

wavenumber range from 2800 to 9000 cm�1 with the
Zürich FTIR spectrometer Bruker IFS 125 prototype
2001 [41–43]. The nominal instrumental resolution,
defined by 1/dMPOD (maximum optical path difference)
ranged from 0.0027 to 0.0048 cm�1 resulting in essen-
tially Doppler limited spectra. The Doppler widths at
80K range from about 0.004 cm�1 at 2800 to
0.0096 cm�1 at 6600 cm�1. About 100 spectra were
typically co-added in each spectral region. A multi-
reflection collisional cooling cell based on White optics
and embedded in a Dewar was used for recording
the cold spectra [43] similar to the design described in
[44–46]. Optical path lengths ranging from 5 to 10m
were used for the measurements. More details of
the experimental setup and procedures can be found
in [43].

Most of the CH3D and CD3H spectra were taken at
about 80K. The total sample pressure of a mixture of
CH3D/CD3H and He in the cell ranged from 2.8 to
3.5mbar in most cases. In addition, spectra with a
pressure of 0.5mbar were recorded in order to measure
the strong lines without saturation. Pressure broaden-
ing can be neglected under these conditions. All spectra
were self-apodised. The aperture used was 1mm.
Table 1 summarises the experimental parameters. The
wavenumbers were calibrated with OCS at room
temperature (2900 to 3600 cm�1) [47] and with 12CH4

from 3000 to 6000 cm�1 [26,48]. The deuterated sam-
ples were purchased from Cambridge Isotope
Laboratories. The identity, chemical and isotopic
purity (specified to be better than 98%) was obvious
from the spectra.

The absolute wavenumber accuracy of non-
blended, unsaturated and not too weak lines (about
10,100 assignments) can be estimated to be better than
10�4 cm�1 in the range from 2800 to 6600 cm�1.

3. Theoretical background: symmetry and

Hamiltonian model

3.1. Point group and molecular symmetry group for
the C3v isotopomers of methane

CH3D is a prolate symmetric top and CHD3 is an
oblate symmetric top with an equilibrium geometry

Table 1. Experimental setup for the regions 2900–6500 cm�1 of the infrared spectrum of CH3D and CHD3.

Region Resolution Opt. filter Aperture �mirror Electr. filter
/cm�1 /cm�1 Windows Source Detector Beamsplitter /cm�1 /mm /(kHz) /cm�1 Calib. gas

2800–3700 0.0027 KBr Globar InSb CaF2 3000–3600 1.0 40 2600–3700 OCS [47]
3300–4300 0.0033 KBr Tungsten InSb CaF2 3400–4400 1.0 40 2800–5500
4100–6000 0.0033 KBr Tungsten InSb CaF2 4100–6000 1.0 40 3200–6300 12CH4 [26,48]
5100–6500 0.0048 KBr Tungsten InSb CaF2 5500–6200 1.0 40 3600–7800
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corresponding to the C3v point group of order 6

(Figure 1).
This point group is isomorphous to the molecular

symmetry group MS6, which is a subgroup of the

permutation inversion group S �3 applicable to both

isotopomers of methane if the tunnelling substructure

of the levels of methane and parity are considered

explicitly [49,50].
Table 2 provides the character table for C3v and

MS6 as well as the induced representation �m " S
�
3

generated by the motional species �m in MS6. This is

thus the structure of sublevels of A1, A2, and E in C3v

(MS6) including tunnelling, motional and parity assign-

ment for S �3 (letter symbol with exponent þ for positive

parity, � for negative parity providing the symmetry

property under the space inversion operation, P̂ or E �).
At the resolution of our experiments the tunnelling
substructure cannot be observed and thus one might
usually label all rovibronic levels by the species A1, A2,
E in C3v. However, because of the generalised Pauli
principle and approximate separability of rovibrational
and nuclear spin wavefunctions, the total allowed
symmetry species are the product of the ‘motional’
(rovibronic or rovibrational) species �m and nuclear
spin species �ns with �m � �ns ¼ A�2 for the protons
(Fermions), say in CH3D. The 23 nuclear spin func-
tions for the three protons form a reducible represen-
tation DR ¼ 4Aþ1 þ 2Eþ, where the four Aþ1 functions
correspond to total (H3) nuclear spin I¼ 3/2
(�3/2TMI4þ3/2) and the two Eþ functions to
total (H3)-nuclear spin I¼ 1/2 (with MI¼�1/2). One
can write the (H3)-nuclear spin multiplets as 4A1 and
2E. Thus the motional (rovibronic) wave functions of
species Aþ2 and A�2 occur combined with nuclear spin
species Aþ1 and total (H3)-nuclear spin (I¼ 3/2) and the
motional species Eþ and E� occur with nuclear spin
species Eþ (and I¼ 1/2). The A�1 motional species have
no Pauli-allowed partner among the nuclear spin
functions and thus are forbidden by the generalised
Pauli principle in the case of CH3D. This is indicated
by the parentheses in �m " S

�
3 in Table 2. From this

consideration one sees that assigning a symmetry
species in S �3 to the levels of the C3v molecule, CH3D
provides actually additional information. A1 levels (in
C3v) are actually pure A�2 in S �3 , with well-defined
negative parity, and similarly A2 levels in C3v result in
Aþ2 with pure positive parity and no tunnelling doublet
structure. For levels of symmetry species E in C3v one
finds a non-resolved tunnelling doublet Eþ and E�

with levels of different parity (and both combining
with (H3)-nuclear spin I¼ 1/2 and thus an extra
degeneracy of 2 from mI¼�1). Of course, in all cases
the further nuclear spin from the one deuteron in
CH3D (with ID¼ 1) has to be added to the
considerations.

Completely analogous considerations apply to
CHD3 where the 33 nuclear spin functions of (D3)
form a reducible representation corresponding to the
(D3)-nuclear spin multiplet notation 7Aþ1 ðI¼ 3Þþ
3Aþ1 ðI¼ 1Þ þ 1Aþ2 ðI¼ 0Þ þ 5EþðI¼ 2Þ þ 3EþðI¼ 1Þ [49].
These spin functions for the boson D combine with the
motional functions to give Pauli-allowed overall totally
symmetric symmetry species A�1 . Thus all levels in C3v

(A1,A2,E ) result in tunnelling doublets of different
parity A�1 , A�2 and E� in S �3 and a more complex
D3-nuclear spin multiplet structures as given by the
reducible representation indicated above. Again, the
extra nuclear spin (1/2) from the single H has to be
considered in addition.

C

m

H

H

H

H

n

n

n

xy

z

Figure 1. Equilibrium structure of the CH3D molecule and
axes definitions used in the present work (n¼ 1, m¼ 2 für
CH3D, a similar definition applies to CHD3 with n¼ 2,
m¼ 1, but a shift of the centre of mass).

Table 2. Character table for C3v and the isomorphous group
MS6 with the induced representations �ðMS6Þ " S

�
3 : The

point group operations C3, �v follow standard notation [51]
and for the permutations the common cyclic notation is used
[49,50,52] with a star indicating space inversion operations.
For the irreducible representations the conventional point
group labels are used, whereas the species in S �3 indicate pure
permutational species by the letter symbol and parity by the
exponent þ or � (see [49,50,52,53] for this convention).

�(C3v) E 2C3 3�v
�(MS6) E 2(123) 3(12)� �m " S

�
3

A1 1 1 1 ðAþ1 Þ þ A�2
A2 1 1 �1 Aþ2 þ ðA

�
1 Þ

E 2 �1 0 EþþE�

Molecular Physics 1211
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In practice in assigning symmetry species, one uses
first the conventional C3v symmetry species for both
CH3D and CD3H and then derives the substructure of
the almost degenerate levels and the corresponding
nuclear spin statistical weights from the induced repre-
sentation in Table 2 and the considerations given above.

The electric dipole selection rules take a very simple
form in S �3 : conservation of nuclear spin symmetry and
change of parity in the optical transition, thus

Aþ1 $ A�1 ðIaÞ

Aþ2 $ A�2 ðIbÞ

Eþ $ E� ðIcÞ

with all other transitions being electric dipole forbid-
den with the approximation of nuclear spin symmetry
conservation [49,50,52,53]. For magnetic dipole tran-
sitions one has no change of parity in the transition,
but these are extremely weak in the infrared spectra
and not analysed here.

3.2. The effective rotational–vibrational Hamiltonian

The nine vibrational normal modes q� of both mole-
cules have the symmetry species A1 or E in C3v, three
nondegenerate modes q� (�¼ 1, 2, 3)2A1 and three
doubly degenerate modes q�1

and q�2
(�¼ 4, 5, 6)2E.

Tables 3 and 4 summarise the six vibrational funda-
mentals as known today for the CH3D and CHD3

isotopomers.
The presence of degenerate modes in the C3v

symmetric methane isotopomers leads to a more
complicated picture of ro-vibrational spectra than for
CH2D2 [32], especially in excited overtone and combi-
nation bands largely governed by symmetry. It is
therefore suitable to make use of the symmetry
properties of these molecules [3], applying theorems
and results of the theory of irreducible tensorial sets,
[57,58], for the construction of the molecular hamilto-
nian, ro-vibrational eigenfunctions, and the various
matrix elements as adapted to the C3v type molecules,
see e.g. [58,59].

On the other hand, the presence of numerous and
strong resonance interactions between different vibra-
tional states of both CH3D and CHD3 leads to the
necessity to use even in a preliminary analysis of
infrared spectroscopic data a Hamiltonian model
which takes into account explicitly all strong resonance
interactions. Using C3v symmetry, the Hamiltonian
takes the following form [59]

Hv:�r: ¼
X

v�,v 0� 0

Hv�,v 0� 0 , ð1Þ

where the summation extends over all interacting
vibrational states; �¼A1,A2,E is the symmetry
species of the vibrational state. The diagonal operators
Hv�,v� describe the rotational structures of the corre-
sponding vibrational state and can be written in the
following form:

Hdiag: ¼
X
v

HvA1, vA1 þ
X
v

HvA2, vA2 þ
X
v

HvE,vE: ð2Þ

The operators HvAi,vAi (i¼ 1, 2) which describe the
rotational–vibrational structures of nondegenerate
vibrational states have the form:

HvAi,vAi

¼ jvAiihvAijfE
vai þBvaiðJ2

x þ J2
y Þ þCvaiJ2

z �Dvai
J J4

�Dvai
JKJ

2J2
z �Dvai

K J4
z þHvai

J J6þHvai
JKJ

4J2
z

þHvai
KJJ

2J4
z þHvai

K J6
z þLvai

J J8þ � � �

þ ½ð� 0vaiJzþ �
0vai
J JzJ

2þ � 0vaiK J3
z þ � � �Þ, ðJ

3
þ þ J3

�Þ�þ

þ h 0vaiðJ6
þ þ J6

�Þþ � � �g: ð3Þ

Here Bvai , Cvai , Dvai
J , Dvai

JK, D
vai
K , Hvai

J , Hvai
JK, H

vai
KJ, H

vai
K ,

Lvai
J , . . . are the rotational constants and centrifugal

distortion parameters, respectively (it should be men-
tioned that the notations B and C for the rotational
parameters are used in the spectroscopic literature for
the oblate symmetric top molecules, like CHD3; for
the prolate symmetric top molecules, like CH3D, the

Table 3. Values of the fundamental band centres of the
CH3D molecule (in cm�1).

� � �exp:0 /cm�1 Ref. Assignment

�1 A1 2969.512 [25] CH3 s-stretch
�2 A1 2200.041 [25] CD stretch
�3 A1 1306.848 [54] CH3 s-deform
�4 E 3016.713 [25] CH3 d-stretch
�5 E 1472.022 [54] CH3 d-deform
�6 E 1166.103 [54] CH3 rock

Table 4. Values of the fundamental band centres of the
CHD3 Molecule (in cm�1).

� � �exp:0 /cm�1 Ref. Assignment

�1 A1 2992.786 [This work]a CH stretch
�2 A1 2142.583 [56] CD3 s-stretch
�3 A1 1004.548 [55] CD3 s-deform
�4 E 2250.828 [56] CD3 d-stretch
�5 E 1292.500 [55] CD3 rock
�6 E 1035.920 [55] CD3 d-deform

Note: aRef. [20] gave 2992.75 cm�1 with an estimated
measurement (and calibration) uncertainty of 0.02 cm�1, in
essential agreement with the present much more accurate
result.
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notation A is used instead of C ). The operators

ðJ 3
þ þ J 3

�Þ connect rotational states jJK i and jJK 0i

with different values of the quantum numbers K,

namely DK¼K�K 0 ¼�3. They account, in particular,

for the A1/A2 splittings of K¼ 3 levels, and the

operators Jþ and J� have the form of J�¼ Jx� iJy.

The parameters � 0aJ and � 0aK describe the J and K

dependence of the main �0a parameter. The expression

[. . ., . . .]þ denotes an anticommutator.
For doubly degenerate vibrational states the HvE,vE

operator is

HvE,vE ¼ HvE,vE
1 þHvE,vE

2 þHvE,vE
3 , ð4Þ

where

HvE,vE
1

¼ ðjvE1ihvE1jþ jvE2ihvE2jÞ
�
EveþBveðJ2

xþJ2
y ÞþCveJ2

z

�Dve
J J

4�Dve
JKJ

2J2
z �Dve

K J
4
z þHve

J J
6þHve

JKJ
4J2

z

þHve
KJJ

2J4
z þHve

K J
6
z þLve

J J
8þ�� �

þ ½ð� 0veJzþ �
0ve
J JzJ

2þ � 0veK J3
z þ�� �Þ,ðJ

3
þþJ3

�Þ�þ
�
, ð5Þ

HvE,vE
2 ¼ ðjvE1ihvE2j � jvE2ihvE1jÞf2ðC�Þ

veJz þ �
ve
J JzJ

2

þ �veK J
3
z þ �

ve
JJJzJ

4 þ �veJKJ
3
z J

2

þ �veKKJ
5
z þ �

ve
JJJJzJ

6 þ �veJJKJ
3
z J

4

þ �veJKKJ
5
zJ

2 þ �veKKKJ
7
z þ � � �g, ð6Þ

and

HvE,vE
3 ¼ ðjvE2ihvE2j � jvE1ihvE1jÞf½iA

ve, ðJþ � J�Þ�þ

þ ½Bve, ðJþ þ J�Þ�þ þ ½C
ve, ðJ 2

þ þ J 2
�Þ�þ

þ ½iDve, ðJ 2
� � J 2

þÞ�þ þ ½F
ve, ðJ 4

þ þ J 4
�Þ�þ

þ ½iGve, ðJ 4
� � J 4

þÞ�þg

þ ðjvE1ihvE2j þ jvE2ihvE1jÞf½A
ve, ðJþ þ J�Þ�þ

þ ½iBve, ðJ� � JþÞ�þ þ ½iC
ve, ðJ 2

þ � J 2
�Þ�þ

þ ½Dve, ðJ 2
þ þ J 2

�Þ�þ þ ½iF
ve, ðJ 4

þ � J 4
�Þ�þ

þ ½Gve, ðJ 4
þ þ J 4

�Þ�þg, ð7Þ

Ave¼
1

2
	veþ

1

2
	veJ J

2þ	veK J
2
z þ

1

2
	veJJJ

4

þ	veJKJ
2J2

z þ	
ve
KKJ

4
z þ�� �

þ	veJJKJ
4J2

z þþ	
ve
JKKJ

2J4
z þ�� � ,

Bve¼
veJzþ

ve
J JzJ

2þ
veK J
3
z þ


ve
JJJ

4Jzþ

ve
JKJ

2J3
z þ�� � ,

Cve¼
1

2
�veþ

1

2
�veJ J2þ�veK J2

z þ
1

2
�veJJJ

4þ�veJKJ
2J2

z þ�� �

þ�veJJKJ
4J2

z þ�� � ,

Dve¼ �veJzþ �
ve
J JzJ

2þ �veK J
3
z þ �

ve
JJJzJ

4þ �veJKJ
2J3

z þ�� � ,

Fve¼
1

2

veþ

1

2

veJ J

2
z þ


ve
K J

2
z þ

1

2

veJJJ

4þ
veJKJ
2J2

z þ�� � ,

Gve¼ �veJzþ �
ve
J JzJ

2þ �veK J
3
z þ �

ve
JJJzJ

4þ �veJKJ
2J3

z þ�� � :

ð8Þ

In Equation (5) the Eve,Bve, . . . , "0ve parameters

have the same meaning as the corresponding ones in

Equation (3) with only one exception: although the

operators ðJ 3
þ þ J 3

�Þ connect rotational states jJK i and

jJK 0i with DK¼K�K 0 ¼�3, they do not split A1/A2

levels. The operatorHvE,vE
2 describes the k� l splittings;

other types of operators, ðJn
þ � Jn

�Þ, connect rotational

states jJK i and jJK 0i where DK¼K�K 0 ¼�n. Of

these, the operators with n¼ 2m provide the A1�A2

splittings of energy levels with K¼m.
The Fermi-type resonance operators Hv�,v0� con-

nect vibrational states of the same symmetries and

formally have the same form as expressions (3)–(8).

However, the vibrational operators jv��ihv��0j in these

formulae should be exchanged by jv��ihv
0��0j, and the

parameters Evai,Bvai, . . . , �veJK, . . . in Equations (3)–(8)

should be exchanged by the corresponding resonance

operators Evai,v
0ai,Bvai,v

0ai, . . . , �ve,v
0e

JK , . . . .
Finally, the Coriolis-type interaction operators

which connect vibrational states of different symme-

tries, have the following form:

HvA1, v
0E

¼ jvA1ihv
0E1jf½iA

va1,v
0e, ðJþ � J�Þ�þ

þ ½Bva1,v
0e, ðJþ þ J�Þ�þ

þ ½Cva1,v
0e, ðJ 2

þ þ J 2
�Þ�þ þ ½iD

va1,v
0e, ðJ 2

� � J 2
þÞ�þ

þ ½Fva1,v
0e, ðJ 4

þ þ J 4
�Þ�þ þ ½iG

va1,v
0e, ðJ 4

� � J 4
þÞ�þg

þ jvA1ihv
0E2jf½A

va1,v
0e, ðJþ þ J�Þ�þ

þ ½iBva1,v
0e, ðJ� � JþÞ�þ

þ ½iCva1,v
0e, ðJ 2

þ � J 2
�Þ�þ þ ½D

va1,v
0e, ðJ 2

þ þ J 2
�Þ�þ

þ ½iFva1,v
0e, ðJ 4

þ � J 4
�Þ�þ þ ½G

va1,v
0e, ðJ 4

þ þ J 4
�Þ�þg:

ð9Þ

and

HvA2, v
0E

¼ �jvA2ihv
0E2jf½iA

va2,v
0e, ðJþ � J�Þ�þ

þ ½Bva2,v
0e, ðJþ þ J�Þ�þ

þ ½Cva2,v
0e, ðJ 2

þ þ J 2
�Þ�þ þ ½iD

va2,v
0e, ðJ 2

� � J 2
þÞ�þ

þ ½Fva2,v
0e, ðJ 4

þ þ J 4
�Þ�þ þ ½iG

va2,v
0e, ðJ 4

� � J 4
þÞ�þg

þ jvA2ihv
0E1jf½A

va2,v
0e, ðJþ þ J�Þ�þ

þ ½iBva2,v
0e, ðJ� � JþÞ�þ

þ ½iCva2,v
0e, ðJ 2

þ � J 2
�Þ�þ þ ½D

va2,v
0e, ðJ 2

þ þ J 2
�Þ�þ

þ ½iFva2,v
0e, ðJ 4

þ � J 4
�Þ�þ þ ½G

va2,v
0e, ðJ 4

þ þ J 4
�Þ�þg:

ð10Þ

The operators Avaiv
0e,Bvaiv

0e, . . . , etc., can be

derived from Equation (8) by replacing the parameters
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	,
, . . . by 	vai,v
0e, 
vai,v

0e, . . . , etc. (i¼ 1, 2). The last

type of Coriolis resonance interactions has the follow-
ing form:

HvA1,v
0A2

¼jvA1ihv
0A2jf2ðC�Þ

va1,v
0a2Jz

þ�va1,v
0a2

J JzJ
2þ�va1,v

0a2
K J3

z þ�
va1,v

0a2
JJ JzJ

4þ�va1,v
0a2

JK J3
z J

2

þ�va1,v
0a2

KK J5zþ�
va1,v

0a2
JJJ JzJ

6þ�va1,v
0a2

JJK J3
z J

4

þ�va1,v
0a2

JKK J5zJ
2þ�va1,v

0a2
KKK J7zþ���g: ð11Þ

3.3. Symmetrised rotational–vibrational functions

Since the C3v symmetry group has three irreducible

representations A1, A2, and E (with the two compo-
nents E1 and E2), every vibration–rotation wave

functions should be symmetric (A1), antisymmetric
(A2), or be transformed under symmetry operations
according to one from two lines (E1 or E2) of the

irreducible representation E. Thus every vibration–
rotation state function should have the form [58,59]

jv�v, JK�r,m�si 	 ðjv�vi � jJK�riÞ
�
s : ð12Þ

It should be mentioned that the sets of indices v�v,
JK�r, and m�s are single valued and determine every
vibration–rotation state function. In Equation (12) �v,
�r, and � denote symmetries of vibrational, rotational,

and vibrational–rotational states, respectively; s is the
line of the irreducible representation �. The index m
distinguishes between the vibrational–rotational states

of the same symmetry; 0
K
 J with total angular
momentum quantum number J; the symbol � denotes

a direct tensorial product.

In accordance with [58,59], the pure rotational
functions jJk�r�i can be written with the help of
elements of the so-called G-reduction matrix (for the
C3v point symmetry group they are presented in
Table 5) in the form

jJk�r�i ¼
X
k

ðJÞGk
�rsjJki: ð13Þ

Here the index s denotes the line of the ‘rotational’
irreducible representation �r; jJki denotes the (m¼ 0)
part of the usual well-known rotational functions [3,60]

jJkmi ¼ expð�ik’Þd j
kmð#Þ expð�im Þ: ð14Þ

In Equations (13) and (14), J� k��J. Since for a free
molecule the index m in the functions (14) is nones-
sential, we omitted it both in Equation (13) and further
on in this paper.

For molecules belonging to the C3v symmetry
group, using the data from Table 5, one can write
the rotational functions (13) in an explicit form as

21=2jJK�r�i ¼ Cl
JK�r�
fjJK i þ ð�1Þlð�1ÞJþKjJ� K ig,

ð15Þ

where the coefficients Cl
JK�r�

are presented in Table 6.
In order to take into account the definition of the

so-called tensorial product of two irreducible tensorial
values [57,61], we write

ðA� � B� 0 Þ
�
� ¼ ð½��Þ

1=2
X
ss 0

� � � 0

� s s 0

� �
A�

s B
� 0

s 0 , ð16Þ

and using Equation (15), the symmetrised vibrational–
rotational functions (12) can be written in a more
traditional form. In this case:

(1) For the A1- (or A2)-type vibrational states the
ro-vibrational wavefunctions have the simple
form of the usual products of vibrational

Table 5. Elements of the G-reduction matrix for the C3v point group.
a

Element Value

ðJ ÞGm
NA1

ð�iÞJ

21=2
ð1þ �N,0Þ

�1=2
ð�m,3N þ ð�1Þ

ðJþ3N Þ�m,�3NÞ

ðJ ÞGm
NA2

ð�iÞJþ1

21=2
ð1� 2�N,0Þð1þ �N,0Þ

�1=2
ð�m,3N þ ð�1Þ

ðJþ3Nþ1Þ�m,�3NÞ

ðJ ÞGm
NE1

ð�iÞJ

21=2
ð�m,3Nþ1 þ ð�1Þ

ðJþ3Nþ1Þ�m,�ð3Nþ1ÞÞ

ðJ ÞGm
NE2

ð�iÞJþ1

21=2
ð�m,3Nþ1 þ ð�1Þ

ðJþ3NÞ�m,�ð3Nþ1ÞÞ

ðJ ÞGm
ðNþ1þ ðJ�1Þ=3f gÞE1

ð�iÞJ

21=2
ð�m,3Nþ2 þ ð�1Þ

ðJþ3NÞ�m,�ð3Nþ2ÞÞ

ðJ ÞGm
ðNþ1þ ðJ�1Þ=3f gÞE2

ð�iÞJ�1

21=2
ð�m,3Nþ2 þ ð�1Þ

ðJþ3Nþ1Þ�m,�ð3Nþ2ÞÞ

Note: aThe index N takes the following values: N¼ 0, 1, . . . , {J/3} for the states of A1 and A2 symmetry; N¼ 0, 1, . . . , {(J� 1)/3}
for the states of E symmetry. The nomenclature of the rotational states is illustrated also in Figure 2.
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functions jvA1i (or jvA2i) and pure rotational

functions (15),

jvA1, JK, ��i ¼ jvA1ijJK�r�i, ð17Þ

or

jvA2, JK, ��i ¼ jvA2ijJK�r�
0i, ð18Þ

respectively. In Equation (18), �r¼A1 when

� ¼A2 and �r¼A2 when �¼A1; furthermore

one has �r �¼E1 when ��¼E2 and �r�¼E2

when ��¼E1.
(2) For the E-type vibrational states ro-vibrational

functions have a more complicated form,

21=2jvE, JK,m�rsi ¼
X
�r�

A�r�JKm�sjvE1ijJK�r�i

þ
X
�r�

B�r�JKm�sjvE2ijJK�r�i, ð19Þ

where the coefficients A�r�JKm�s and B�r�JKm�s are
presented in Table 7. In Equation (16) [�]
denotes the dimension of the irreducible repre-
sentation �, namely [A1]¼ [A2]¼ 1 and [E ]¼ 2;

� � � 0

� s s 0

� �

are 3� symbols of the corresponding symmetry
group. Table 8 presents non-zero 3� symbols
for the C3v symmetry group.

4. Analysis of the experimental data

The spectra of both the CH3D and CHD3 species were
measured in the region of 2900–9000 cm�1. The corre-
sponding overviews of the recorded spectra are shown
in Figures 3 and 4. The regions of very strong
absorbance in both figures correspond to the funda-
mental bands. In Figure 3, the bands �1 and �4 are
clearly pronounced near 3000 cm�1. Similarly, the
fundamental band �1 is clearly seen in Figure 4. The
weaker, but, as a rule, also well-recognised bands
belong to doubly excited first overtone and combina-
tional bands (they are marked on Figures 3 and 4). The
total number of such bands as seen in absorption is 21
(27 if one takes into account the presence of both
allowed subbands of symmetries A1 and E in the bands
2�4, 2�5, 2�6, �4þ �5, �4þ �6, and �5þ �6) for any of the
two symmetric top methane isotopomers. A number of
weak bands, belonging to triple excitations of vibra-
tional quanta and appearing, as a rule, by strong
resonance interactions with stronger first overtone and
combinational bands, also can be seen in the pictures
of the overview spectra. As is well known, at higher
excitations the Fermi resonance polyad system of the
CH chromophore in CHD3 (involving �1 and �5)
becomes dominant in absorption [20]. In total, we were

Table 6. Coefficients Cl
JK�r�

of symmetrised rotational
functions.

�1�1 �2�2 �3�3 Value �1�1

even 0 A1 0 (�i)J21/2

odd 0 A2 1 �(�i)Jþ121/2

any 3, 6, 9, . . . A1 0 (�1)J

A2 1 (�1)Jþ1

1, 4, 7, . . . E1 0 (�1)J

E2 1 (�1)Jþ1

2, 5, 8, . . . E1 0 (�1)J

E2 1 (�1)J�1

Table 7. Coefficients A�r�JKm�s and B�r�JKm�s of symmetrised
rotational–vibrational functions.

J K m�s �r� A�r�JKm�s B�r�JKm�s

any k 6¼ 0, 3, 6, 9, . . . A1 E1 1
E2 1

A2 E1 �1
E2 1

E1 E1 �1
E2 1

E2 E1 1
E2 1

any k¼ 3, 6, 9, . . . 1E1 A1 1
A2 1

1E2 A1 �1
A2 1

2E1 A1 1
A2 1

2E2 A1 1
A2 �1

even k¼ 0 E1 A1 21/2

E1 A1 21/2

odd k¼ 0 E2 A2 21/2

E2 A2 �21/2

Table 8. Non-zero 3� symbols
�1 �2 �3
�1 �2 �3

� �
of the C3v

symmetry group.a

�1�1 �2�2 �3�3 Value �1�1 �2�2 �3�3 Value

A1 A1 A1 1 A2 E1 E2 1/21/2

A1 A2 A2 1 E1 E1 E1 �1/2
A1 E1 E1 1/21/2 E1 E2 E2 1/2
A1 E2 E2 1/21/2

Note: aOther non-zero 3� symbols are connected with the
values given in the table by the relations

�1 �2 �3
�1 �2 �3

� �
¼

�2 �3 �1
�2 �3 �1

� �
¼ ð�1Þ�1þ�2þ�3

�1 �3 �2
�1 �3 �2

� �
,

where (�1)A1¼ (�1)E¼þ1; (�1)A2¼�1.
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able to assign ro-vibrational transitions to 57 (for
CH3D) and 40 (for CHD3) previously unknown bands.
Transitions with values of the quantum number J
 8
to 12 for the strong bands and J
 5 to 6 for the weak

bands were assigned in the spectra recorded at a
temperature of about 80K.

As in our previous analysis of the CH2D2 low
temperature ro-vibrational spectra [32], a line

(a) (b) (c)

Figure 2. Nomenclature of states of different rotational symmetry species in C3v for a given value of quantum number J: (a) J is
divisible by 3; (b) J� 1 is divisible by 3; (c) Jþ 1 is divisible by 3. It should be noted that the indices n� determine uniquely the K
index and vice versa; for nA indices K¼ 3n at 0
 n
 {J/3}; for nE indices K¼ 3nþ 1 at 0
 n
 {(J� 1)/3}, or K¼ 3(n� [(J� 1)/
3])� 1 at n� 1þ {(J� 1)/3}. The symbol {B} above denotes the integer part of the number B.
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assignment in the low temperature spectra was much
easier than the assignment of ‘room temperature’
spectra because of the smaller number of lines in the
cold spectra. As an illustration, Figure 5 presents a
small part of the spectrum of CH3D recorded at
80K in the region of 4128.50 to 4129.75 cm�1 (upper
trace). For comparison, a spectrum in the same
region previously recorded with our BOMEM FTIR
spectrometer at room temperature is shown in the
lower trace of Figure 5. The great improvement in
the new data is clearly visible. On the basis of our
new experimental data, more than 5700 transitions

were assigned to 57 newly identified bands of CH3D,
and more than 4400 transitions were assigned to 40
newly identified bands of CHD3. The rotational
assignment was confirmed with the help of the
Ground State Combination Differences (GSCD)
method, and the ground state energies were taken
from [62] for CH3D and [63] for CHD3 (Table 9).
Because of numerous and strong resonance interac-
tions, an effective Hamiltonian of the form defined
by Equations (1)–(11) was used for the calculation
and preliminary prediction of line positions for both
molecules.

(a)

(b)

Figure 3. Survey spectrum as decadic absorbance lg(I0/I ) of CH3D in the region of 2900–6500 cm�1. Experimental conditions
are presented in Table 1.
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To make a vibrational assignment, some additional
criteria were used. Firstly, preliminary estimates of the
band centres were made on the basis of the methane
intramolecular potential functions determined earlier
from analysis of 94 experimental band centres of

CH2D2 (see [32] and references cited therein). The
second criterion for the vibrational symmetry assign-
ment arose from the analysis of pronounced sets of P
transitions in the experimental spectra. One of them is

the set of transitions of the type

hv�v, J K, ej  hvground, J
0 ¼ Jþ 1 K 0 ¼ 1, ej, ð20Þ

where notations of the upper and lower ro-vibrational

states correspond to Equation (12); K¼ 1 for the A1-,

and K¼ 0 for the E-type vibrational bands. In this

case, if the set of transitions with Jþ 1¼ . . . , 6, 5, 4, . . . ,

Equation (20), is limited by the value Jþ 1¼ 2, one can

expect that a corresponding set of transitions belongs

to a band of the A1 symmetry. When the set of

transitions is limited by the value Jþ 1¼ 1, one can be

sure that a corresponding set of transitions belongs to

the DK¼�1 subband of an E-type vibrational band.
Similarly, if a set of transitions Jþ 1¼ . . . , 6, 5,

4, . . . with

hv�v, J K, a2=a1j  hvground, J
0 ¼ Jþ 1 K 0 ¼ 3, a1=a2j,

ð21Þ

(c)

(d)

Figure 3. Continued.
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is limited by the value Jþ 1¼ 3, 4, or 2, one can expect

that a corresponding set of transitions belongs to a

vibrational band of the A1 symmetry, or to a DK¼þ1,
or DK¼�1 subband of an E-type vibrational band,

respectively. As an additional criterion, the set of

transitions

hv�v, J K, a2=a1j  hvground, J
0 ¼ Jþ 1 K 0 ¼ 0, a1=a2j,

ð22Þ

can be used as well. This assignment procedure is

illustrated by Figures 6 and 7. Tables 10 and 11

provide examples of numerical results in the procedure.

It is thus important to stress that the band centres of

practically all bands were found from an experimental
transition assigned in the spectrum. The total list of
experimental band centres is presented in column 5 of
Table 12 for CH3D.

The same assignment procedure was used also for
the analysis of the experimental spectrum of CHD3.
The list of band centres for the bands analysed is
presented in column 5 of Table 13.

5. Results of the vibrational analysis

As a first step in the theoretical analysis of high-
resolution spectra of the C3v symmetric isotopomers of

(a)

(b)

Figure 4. Survey spectrum as decadic absorbance lg(I0/I ) of CHD3 in the region of 2900–6500 cm�1. Experimental conditions
are presented in Table 1.
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methane, we present here a pure vibrational analysis of

all band centres of CH3D and CHD3 as known now up

to about 9000 cm�1. The analysis was carried out with

the Hamiltonian model of Section 3.2 which takes

into account both the anharmonicity of vibrations,

and some types of pure vibrational resonance

interactions:

Hvib: ¼
X

vl�v, ~v ~l�v

jvl�vih ~v ~l�vjHvl�v ~v ~l�v
:

ð23Þ

Here the summation includes all vibrational states

studied.

As mentioned in Section 4, the use of the
symmetrised wave functions is suitable in the theoret-
ical study of symmetric top molecules. Following this
strategy, we used symmetrised vibrational functions of
the type

jv1 v2 v3ij½ðv4 l4 �4Þ�ðv5 l5 �5Þ�
�45�ðv6 l6 �6Þi

� , ð24Þ

in the construction of the elements Hvl� ~v ~l� , Equation
(23) where �� denotes the symmetry of the elementary
vibrational functions jv� l�i, and �45 denotes a
symmetry of that part of the full vibrational wave
function, which depends on the doubly degenerate
coordinates q4s and q5s (s¼ 1, 2).

(c)

(d)

Figure 4. Continued.
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In our present analysis we used two types of matrix

elements in Equation (23):

(a) diagonal elements Hvl�vl�. It is possible to

show that all diagonal elements Hvl�vl� have

the form

Hvl� vl� ¼
X
�

!� v�þ
d�
2

� �
þ
X
�,���

x�� v�þ
d�
2

� �
v�þ

d�
2

� �

þ
X

�,���,���

y��� v�þ
d�
2

� �
v�þ

d�
2

� �
v�þ

d�
2

� �

þ
X
�

g��l
2
�þ

X
�,�4�

g��l�l�, ð25Þ

where d�¼ 1 for the nondegenerate modes

q�¼ 1, 2, 3, and d�¼ 2 for the doubly degener-

ate vibrational modes q�¼ 4, 5, 6.
(b) ‘resonance interaction’ elements of the type

Hvl� ~v ~l� ðvl 6¼ ~v ~lÞ. Because of numerous pertur-

bations even in ‘pure vibrational’ spectra of

both molecules, a correct analysis has to take

into account resonance interactions between

the corresponding interacting vibrational

states. In order to decide which type of

vibrational states should be connected by

resonance interactions, we firstly made calcu-

lations of the absolute values of ratios

hv�jk���fðq� � q�Þ � q�gjv
0�i

ðEv � Ev 0 Þ
ð26Þ

and

hv�jk����fðq� � q�Þ � ðq� � q�Þgjv
0�i

ðEv � Ev 0 Þ
: ð27Þ

Figure 5. Small portion of the spectrum of the CH3D molecule. Upper trace: Bruker IFS 125 Zürich prototype (ZP 2001)
spectrum at 80K. Lines belonging to the �1þ �6, �4þ �6(A1), and �4þ �6(E ) bands are marked by dark triangles, dark circles, and
open circles, respectively. Lower trace: Bomem DA002 spectrum at 293K (conditions commonly used in [20]).

Table 9. Ground state parameters of the CH3D and CHD3

isotopomers of methane (in cm�1).a

Parameter CH3D [62] CHD3 [63]

1 2 3

A(C ) 3.880193378 2.6289695
B 5.25082109 3.2791847
DJ/10

4 0.5262994 0.49494
DJK/10

4 1.264339 �0.38315
DK/10

4
�0.7896593 0.13391

HJ/10
8 0.143479 0.2127

HJK/10
8 1.214490 �0.3298

HKJ/10
8

�0.67214 0.1874
HK/10

8
�0.16436 �0.0178

LJ/10
12 – �0.134

LJJK/10
12

�0.1836 0.171
LJK/10

12 – –
LKKJ/10

12 1.490 –
LK/10

12 – –
~�=105 0.32 �0.289
~h3=10

10 0.32503 1.0191

Note: aThese parameters were determined from ground state
combination differences. Direct measurements of the far
infrared spectrum exist as well [4] (pressure broadened).
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The latter have been calculated with the meth-
ane potential function estimated on the basis
of highly accurate experimental CH2D2

data in [32].

Both the harmonic frequencies !�, and the param-
eters k�. . .� (effective anharmonic coupling constants in
normal mode notations) are quite different for CH3D
and CHD3. Therefore the vibrational resonance inter-
actions are also quite different for these molecules. As
the analysis shows, for our present investigation the
resonance interactions are important, as follows:

ð1Þ Hvl�, ~v ~l� ¼
ki��

2ð21=2Þ

2vi � 1þ 1

4

� �1=2

ðqþ� q
�
� þ q�� q

þ
� Þ,

ð28Þ

if jvl�i ¼ (. . . , vi, . . . , v�l���, . . .) and j ~v ~l�i ¼ (. . . , vi� 1,

. . . , v�� 2l���, . . .). In this case, we took into account

vi¼ v1 and v�¼ v5 for CH3D and CHD3.

ð2Þ Hvl�, ~v ~l� ¼
Fii,��

21=2
vi � 1þ 1

2

� �1=2
vi � 1

2

� �1=2

� ðqþ� q
�
� þ q�� q

þ
� Þ, ð29Þ

if jvl�i ¼ (. . . , vi, . . . , v�l���, . . .) and j ~v ~l�i ¼ (. . . , vi� 2,
. . . , v�� 2l���, . . .). For CH3D one should take vi¼ v1
and v�¼ v4; and for CHD3 one should take vi¼ v3 and

v�¼ v6. For the CHD3 isotopomer one has:

ð3Þ Hvl�, ~v ~l� ¼ H ~v ~l�, vl� ¼
k345
4

v3 þ 1ð Þ
1=2
ðqþ4 q

�
5 þ q�4 q

þ
5 Þ:

ð30Þ

Here ~v1 ¼ v1, ~v2 ¼ v2, ~v3 ¼ v3 þ 1, ~v4 ¼ v4 � 1, ~v5 ¼

v5 þ 1, ~v6 ¼ v6.
For the CH3D isotopomer one has:

ð4Þ Hvl�, ~v ~l� ¼ H ~v ~l�, vl� ¼
F3356

4ð21=2Þ
v3ðv3 � 1Þ
� �1=2

�ðqþ5 q
�
6 þ q�5 q

þ
6 Þ ð31Þ

Figure 6. Set of transitions, QP0(J ), for the A1-type band,
�5þ 3�6, of the CH3D isotopomer. The first line of the
progression, which corresponds to the transition QP0(1) with
Jupper¼ 0, can be recognised beyond doubt. The lower part of
the Figure 6 shows in more detail the section of the spectrum
close to the transition QP0(1). Assigned lines of some other
bands also indicated. See also Figure 8.

Figure 7. Analogous set of transitions, QP0(J ), for the
E-type band, �3þ 3�5 of the CHD3 isotopomer. The first
line of the progression, which corresponds to the transition
PP1(1) with Jupper¼ 0, again can be recognised beyond
doubt (see also the lower part of the Figure 7 and caption
to Figure 6). See also Figure 9.
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Table 10. Line positions and levels for the transitions [J0 ¼ 0](upper vibr.
st.) [J00 ¼ 1](gr. vibr. st.) for some absorption bands of CH3D (in cm�1).

Band Transition J 00 K 00 � 00r E 00rot:=hc E 0vib:=hc

�3þ �3þ �3 (A1) 3927.4877 1 0 a2 7.7602 3935.2479
2�5þ �6 (1E ) 4049.5611 1 1 e 9.1306 4058.6917
2�3þ �5 (E ) 4058.7280 1 1 e 9.1306 4067.8586
2�5þ �6 (A1) 4073.1815 1 0 a2 7.7602 4080.9417
2�5þ �6 (2E ) 4093.3113 1 1 e 9.1306 4102.4419
�1þ �6 (E ) 4113.4594 1 1 e 9.1306 4122.5901
�4þ �6 (A1) 4155.7331 1 0 a2 7.7602 4163.4933
�4þ �6 (E ) 4161.2319 1 1 e 9.1306 4170.3625
�3þ 2�5 (A1) 4207.5285 1 0 a2 7.7602 4215.2887
�3þ 2�5 (E ) 4232.6136 1 1 e 9.1306 4241.7442

Table 11. Line positions and levels for the transitions [J0 ¼ 0](upper vibr.
st.) [J00 ¼ 1](gr. vibr. st.) for some absorption bands of CHD3 (in cm

�1).

Band Transition J 00 K 00 � 00r E 00rot:=hc E 0vib:=hc

2�3þ �4 (E ) 4206.4244 1 1 e 5.9080 4212.3324
�1þ �5 (E ) 4255.7536 1 1 e 5.9080 4261.6616
�2þ �4 (E ) 4350.6155 1 1 e 5.9080 4356.5235
2�4 (A1) 4451.2228 1 0 a2 6.5582 4457.7810
�2þ �5þ �6 (A1) 4456.4283 1 0 a2 6.5582 4462.9865
2�4 (E ) 4480.4003 1 1 e 5.9080 4486.3083
�3þ �4þ �5 (E ) 4523.1538 1 1 e 5.9080 4529.0618
�4þ �5þ �6 (1E ) 4552.0213 1 1 e 5.9080 4557.9293
�2þ 2�5 (A1) 4692.3241 1 0 a2 6.5582 4698.8823
�3þ 3�5 (E ) 4849.3922 1 1 e 5.9080 4855.3003

CH D “parallel” band3 v v A5 6 1

J’’ K’’ A=0, =0, r”

J’’ K’’ A=1, =0, r’’

J’’ K’’ E=1, =1, r’’

J’ K’ A=0, =0, r’

7.
76

01
8

9.
13

06
3

49
26

.5
94

14

4934.35432

Figure 8. Level scheme relating to Figure 6.

J’’ K’’ A=0, =0, r”

J’’ K’’ A=1, =0, r’’

J’’ K’’ E=1, =1, r’’

J’ K’ E=0, =0, r’

5.
90

80
2

6.
55

81
7

48
49

.3
92

23

4855.30025

CHD “perpendicular” 3 band653 v v E

Figure 9. Level scheme relating to Figure 7.
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Table 12. Values of the experimental band centres of CH3D (in cm�1).a

Centre Centre Centre Centre Centre Centre Centre Centre
Band [64] calc., I calc., II exp. Ref. Band [64] calc., I calc., II exp. Ref.

1 2 3 4 5 6 1 2 3 4 5 6

�6, E 1163.29 1160.89 1160.74 1161.103 [54] �2þ �3þ �6, E 4637.57 4639.30 4639.33
�3, A1 1309.77 1307.34 1307.48 1306.848 [54] 4�6, 2E 4664.03 4643.18 4643.49
�5, E 1471.99 1472.14 1472.16 1472.022 [54] �3þ 3�6, E 4796.64 4769.91 4769.92
�2, A1 2194.60 2199.34 2199.08 2200.041 [25] �3þ 3�6, A1 4787.06 4781.90 4782.04 4781.529 tw
2�6, A1 2325.81 2316.62 2316.37 2316.273 [25] �2þ 2�3, A1 4801.80 4782.83 4782.83
2�6, E 2328.39 2322.61 2322.44 2323.289 [25] �2þ �5þ �6, E 4795.16 4801.06 4801.10
�3þ �6, E 2471.97 2465.14 2465.14 2465.458 [25] �2þ �5þ �6, A1 4805.27 4811.54 4811.54 4811.172 tw
2�3, A1 2605.94 2598.43 2598.57 2597.681 [25] 2�3þ 2�6, A1 4927.39 4901.65 4901.65 4901.422 tw
�5þ �6, E 2626.16 2623.17 2623.13 2623.433 [25] 2�3þ 2�6, E 4929.97 4907.66 4907.72
�5þ �6, A1 2636.27 2633.43 2633.37 2633.155 [25] �5þ 3�6, 1E 4939.93 4924.69 4924.76
�3þ �5, E 2779.73 2776.61 2776.73 2776.287 [25] �5þ 3�6, 2E 4944.88 4926.39 4926.63
2�5, A1 2938.18 2910.14 2910.01 2910.120 [25] �5þ 3�6, A1 4954.99 4935.08 4935.11 4934.354 tw
2�5, E 2941.01 2940.22 2940.25 2940.098 [25] �5þ 3�6, 3E 4970.26 4955.49 4955.70
�1, A1 2939.47 2969.61 2969.49 2969.512 [25] �2þ �3þ �5, E 4964.26 4964.94 4964.98
�4, E 3012.02 3015.80 3015.90 3016.713 [25] 3�3þ �6, E 5048.52 5027.63 5027.40
�2þ �6, E 3335.62 3342.42 3342.24 3342.573 tw �3þ �5þ 2�6, A1 5087.69 5073.33 5073.48
3�6, E 3490.14 3471.84 3471.66 3471.465 tw �3þ �5þ 2�6, 1E 5095.23 5077.52 5077.57
3�6, A1 3495.30 3483.83 3483.79 3482.240 tw �3þ �5þ 2�6, 2E 5107.92 5093.52 5093.61
�2þ �3, A1 3497.63 3499.31 3499.25 3499.718 tw �2þ 2�5, A1 5127.41 5103.61 5103.53 5103.572 tw
�3þ 2�6, A1 3633.40 3617.78 3617.71 3616.793 tw �2þ 2�5, E 5128.94 5132.28 5132.29 5132.103 tw
�3þ 2�6, E 3635.98 3623.78 3623.77 3625.011 tw 4�3, A1 5157.46 5135.13 5134.70
�2þ �5, E 3663.26 3667.83 3667.72 3668.078 tw �1þ �2, A1 5130.90 5164.61 5164.53 5165.046 tw
2�3þ �6, E 3767.05 3752.70 3752.74 3753.889 tw 2�5þ 2�6, 1A1 5249.01 5206.46 5206.55
�5þ 2�6, A1 3782.14 3775.03 3775.05 2�3þ �5þ �6, E 5225.85 5206.50 5206.68
�5þ 2�6, 1E 3789.67 3778.97 3778.91 3779.769 tw �2þ �4, E 5232.90 5207.26 5207.25
�5þ 2�6, 2E 3802.36 3794.54 3794.53 2�5þ 2�6, 1E 5208.26 5216.66 5216.66 5215.206 tw
3�3, A1 3888.50 3874.44 3874.39 3874.741 tw 2�3þ �5þ �6, A1 5235.96 5221.92 5221.83
�3þ �5þ �6, E 3932.81 3924.55 3924.62 2�5þ 2�6, 2E 5250.55 5223.41 5223.60
�3þ �5þ �6, A1 3942.92 3935.47 3935.48 3935.248 tw 2�5þ 2�6, 3E 5251.59 5237.32 5237.40
2�5þ �6, 1E 4094.62 4059.64 4059.68 4058.692 tw 2�5þ 2�6, 2A1 5273.35 5262.33 5262.47
2�3þ �5, E 4073.87 4066.77 4066.73 4067.859 tw �1þ 2�6, A1 5252.76 5269.72 5269.69
2�5þ �6, A1 4086.05 4081.40 4081.44 4080.942 tw �1þ 2�6, E 5255.34 5275.64 5275.68 5276.520 tw
2�5þ �6, 2E 4106.27 4101.00 4101.02 4102.442 tw �4þ 2�6, 1E 5322.46 5313.31 5313.41
�1þ �6, E 4095.86 4122.20 4122.10 4122.590 tw �4þ 2�6, 2E 5325.50 5313.66 5313.67 5314.220 tw
�4þ �6, A1 4167.85 4164.13 4164.18 4163.493 tw �4þ 2�6, A1 5324.58 5325.99 5326.05 5325.677 tw
�4þ �6, E 4167.39 4170.47 4170.50 4170.363 tw 3�3þ �5, E 5354.40 5336.62 5336.54
�3þ 2�5, A1 4245.18 4215.16 4214.98 4215.289 tw �3þ 2�5þ �6, 1E 5399.24 5364.60 5364.43
�3þ 2�5, E 4246.71 4241.83 4241.92 4241.744 tw �3þ 2�5þ �6, A1 5390.66 5379.92 5380.03
�1þ �3, A1 4246.97 4279.17 4278.54 �3þ 2�5þ �6, 2E 5410.89 5400.18 5400.24
�3þ �4, E 4312.35 4312.78 4312.86 4313.422 tw �1þ �3þ �6, E 5403.56 5428.93 5428.32
2�2, A1 4326.87 4342.50 4342.27 4344.123 tw �3þ �4þ �6, A1 5467.09 5458.03 5458.07 5456.630 tw
3�5, E 4403.97 4356.14 4356.27 4356.890 tw �3þ �4þ �6, E 5466.63 5464.37 5464.39 5464.627 tw
3�5, A1 4407.04 4404.27 4404.27 4404.366 tw 2�2þ �6, E 5445.62 5467.76 5467.84
�1þ �5, E 4391.15 4440.42 4440.71 4439.733 tw 3�5þ �6, 1E 5542.96 5497.43 5497.71
�4þ �5, E 4467.68 4472.68 4472.63 4472.657 tw 2�3þ 2�5, A1 5537.28 5498.22 5498.28
�2þ 2�6, A1 4475.88 4480.34 4480.28 3�5þ �6, A1 5560.11 5512.94 5512.82
�2þ 2�6, E 4478.46 4486.33 4486.34 4486.893 tw 2�3þ 2�5, E 5538.82 5527.10 5527.11
�4þ �5, A1 4471.12 4486.84 4486.76 4484.820 tw 3�5þ �6, 2E 5549.99 5535.59 5535.69
4�6, A1 4653.71 4619.20 4619.24 4618.447 tw 3�5þ �6, 3E 5573.29 5564.92 5564.85
4�6, 1E 4656.29 4625.20 4625.31 4626.909 tw �1þ �5þ �6, E 5539.71 5583.15 5583.55
�1þ 2�3, A1 5542.16 5572.34 5571.13 �3þ �5þ 3�6, 2E 6249.40 6221.60 6221.98
2�3þ �4, E 5599.08 5593.53 5593.45 5593.699 tw �3þ �5þ 3�6, A1 6259.52 6231.56 6231.65
�1þ �5þ �6, A1 5549.82 5594.30 5594.51 �2þ 2�5þ �6, 1E 6260.30 6236.08 6236.32 6236.184 tw
�4þ �5þ �6, A1 5613.93 5617.51 5617.45 �2þ 2�3þ �5, E 6251.80 6246.67 6246.70
�2þ 3�6, E 5617.95 5617.74 5617.98 �3þ �5þ 3�6, 3E 6274.79 6251.66 6251.96

(continued )
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Table 12. Continued.

Centre Centre Centre Centre Centre Centre Centre Centre
Band [64] calc., I calc., II exp. Ref. Band [64] calc., I calc., II exp. Ref.

1 2 3 4 5 6 1 2 3 4 5 6

�4þ �5þ �6, 1E 5617.83 5621.09 5621.04 �2þ 2�5þ �6, A1 6251.81 6255.65 6255.90
�4þ �5þ �6, 2E 5624.50 5625.33 5625.26 5627.609 tw �2þ 2�5þ �6, 2E 6272.03 6275.45 6275.65
�2þ 3�6, A1 5623.11 5629.73 5630.11 4�3þ �6, E 6316.52 6282.61 6282.14
2�2þ �3, A1 5623.16 5635.10 5635.13 5635.975 tw �1þ �2þ �6, E 6266.31 6299.47 6299.64 6298.488 tw
�4þ �5þ �6, 3E 5627.48 5641.37 5641.27 �2þ �4þ �6, A1 6341.83 6337.79 6337.95 6337.064 tw
�3þ 3�5, E 5707.64 5658.39 5658.40 �2þ �4þ �6, E 6341.47 6344.13 6344.26
�3þ 3�5, A1 5710.71 5703.00 5703.03 2�3þ �5þ 2�6, 1E 6387.26 6346.99 6347.41
�1þ �3þ �5, E 5697.91 5747.02 5746.79 2�3þ �5þ 2�6, A1 6379.73 6352.08 6352.39
5�6, 1E 5819.09 5763.38 5763.88 2�5þ 3�6, 1E 6381.60 6364.91 6365.40
�3þ �4þ �5, E 5765.98 5766.80 5766.68 5767.069 tw 2�5þ 3�6, 2E 6405.24 6365.90 6365.83
�2þ �3þ 2�6, A1 5776.73 5774.13 5774.30 2�5þ 3�6, 1A1 6396.67 6367.40 6367.76
5�6, A1 5824.25 5775.37 5776.00 2�5þ 3�6, 2A1 6410.40 6373.88 6374.11
4�5, A1 5863.95 5775.85 5775.10 2�3þ �5þ 2�6, 2E 6399.95 6375.02 6375.12
�2þ �3þ 2�6, E 5779.31 5780.12 5780.36 5�3, A1 6412.97 6380.48 6379.50
�3þ �4þ �5, A1 5769.42 5780.96 5780.81 2�5þ 3�6, 3E 6416.89 6390.36 6390.74
5�6, 2E 5834.57 5799.35 5800.26 �2þ �3þ 2�5, A1 6424.49 6400.94 6400.88
4�5, 1E 5841.15 5800.65 5801.04 �1þ 3�6, E 6411.55 6417.14 6417.34
2�2þ �5, E 5792.20 5807.34 5807.39 2�5þ 3�6, 4E 6442.28 6423.10 6423.52
�1þ 2�5, A1 5839.62 5829.74 5822.83 �2þ �3þ 2�5, 2E 6428.03 6426.52 6426.64
�1þ �4, E 5877.43 5855.01 5854.93 5855.063 tw �1þ 3�6, A1 6416.71 6428.61 6428.96
�1þ 2�5, E 5865.48 5864.26 5864.22 5864.066 tw 3�2, A1 6396.80 6429.44 6429.58 6428.364 tw
2�1, A1 5841.96 5903.96 5903.74 5904.157 tw �4þ 3�6, A1 6479.38 6456.32 6456.49
4�5, 2E 5870.09 5904.62 5905.27 �4þ 3�6, 1E 6478.92 6461.98 6462.30
�3þ 4�6, A1 5959.12 5914.19 5914.43 �4þ 3�6, 2E 6483.62 6462.67 6462.81
�2þ 2�3þ �6, E 5925.90 5919.16 5919.30 �1þ �2þ �3, A1 6433.09 6467.13 6467.58
�3þ 4�6, 1E 5961.70 5920.19 5920.49 3�3þ �5þ �6, E 6505.40 6477.36 6477.31
�4þ 2�5, A1 5920.36 5925.52 5925.28 �4þ 3�6, 3E 6485.00 6481.00 6481.26
�2þ �5þ 2�6, A1 5928.87 5935.11 5935.44 3�3þ �5þ �6, A1 6515.51 6487.03 6486.98
�3þ 4�6, 2E 5969.44 5938.17 5938.68 �2þ �3þ �4, E 6501.98 6496.87 6496.90
�2þ �5þ 2�6, 1E 5936.40 5939.23 5939.46 �3þ 2�5þ 2�6, 1A1 6552.60 6509.74 6509.58
�4þ 2�5, 1E 5922.27 5940.46 5940.61 5940.240 tw �3þ 2�5þ 2�6, 1E 6536.49 6514.18 6514.18
�4þ 2�5, 2E 5927.25 5953.85 5953.54 �3þ 2�5þ 2�6, 2E 6554.13 6518.84 6519.11
�2þ �5þ 2�6, 2E 5949.10 5954.77 5955.06 �3þ 2�5þ 2�6, 3E 6555.18 6533.45 6533.56
2�4, A1 5935.55 5980.41 5980.42 5980.416 tw �2þ 3�5, E 6588.67 6545.98 6546.27
2�4, E 5986.09 6022.14 6022.08 6022.214 tw �3þ 2�5þ 2�6, 2A1 6576.94 6559.06 6559.21
2�3þ 3�6, E 6089.62 6047.35 6047.62 �1þ �3þ 2�6, A1 6559.46 6573.62 6573.10
�2þ 3�3, A1 6063.04 6051.50 6051.36 �1þ �3þ 2�6, E 6562.04 6579.53 6579.08
2�3þ 3�6, A1 6094.78 6061.00 6061.35 2�2þ 2�6, A1 6563.76 6587.87 6588.30
�5þ 4�6, 1A1 6101.93 6069.67 6069.99 �2þ 3�5, A1 6591.74 6592.69 6592.79
�5þ 4�6, 1E 6099.56 6075.89 6076.09 2�2þ 2�6, E 6566.34 6593.86 6593.76
�5þ 4�6, 2E 6109.47 6075.94 6076.56 4�3þ �5, E 6621.46 6594.24 6594.36
�5þ 4�6, 3E 6122.16 6085.99 6086.48 �3þ �4þ 2�6, 1E 6620.68 6604.12 6604.23
�2þ �3þ �5þ �6, E 6095.18 6095.08 6095.28 �3þ �4þ 2�6, 2E 6623.72 6604.47 6604.48
�2þ �3þ �5þ �6, A1 6105.30 6106.19 6106.32 �3þ �4þ 2�6, A1 6622.80 6616.80 6616.86
�5þ 4�6, 2A1 6140.01 6114.58 6115.21 �1þ �2þ �5, E 6580.67 6631.77 6632.23
3�3þ 2�6, A1 6207.88 6170.88 6170.75 2�3þ 2�5þ �6, 1E 6690.34 6636.08 6636.49
3�3þ 2�6, E 6210.46 6177.08 6177.01 2�3þ 2�5þ �6, A1 6681.76 6636.80 6637.41
�3þ �5þ 3�6, 1E 6244.45 6220.01 6220.21 3�5þ 2�6, 1E 6680.73 6650.99 6651.19
�2þ �4þ �5, E 6660.69 6660.50 6660.46 4�5þ �6, 3E 7022.66 6985.72 6985.86
3�5þ 2�6, 1A1 6697.88 6664.24 6664.26 �1þ �4þ �6, A1 7027.73 6995.48 6995.56
3�5þ 2�6, 2E 6705.41 6665.11 6665.18 �1þ �4þ �6, E 7027.27 7001.80 7001.86
3�5þ 2�6, 3E 6718.10 6667.74 6667.76 4�5þ �6, 2A1 7037.38 7024.77 7024.85
�2þ �4þ �5, A1 6664.13 6674.67 6674.59 �1þ 2�3þ �5, E 6991.18 7032.76 7032.24
2�3þ 2�5þ �6, 2E 6701.99 6681.82 6681.84 �1þ 2�5þ �6, A1 6980.65 7037.53 7038.38
3�5þ 2�6, 2A1 6708.48 6691.49 6691.69 2�3þ �4þ �5, E 7050.77 7041.40 7041.23
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Table 12. Continued.

Centre Centre Centre Centre Centre Centre Centre Centre
Band [64] calc., I calc., II exp. Ref. Band [64] calc., I calc., II exp. Ref.

1 2 3 4 5 6 1 2 3 4 5 6

�1þ 2�3þ �6, E 6697.76 6715.55 6714.73 �1þ 2�5þ �6, 1E 6989.23 7047.67 7047.65
3�5þ 2�6, 4E 6741.40 6726.03 6726.30 �2þ 2�3þ 2�6, A1 7064.12 7050.15 7050.49
�1þ �5þ 2�6, A1 6690.14 6727.18 6727.79 �3þ 5�6, 1E 7123.47 7055.28 7055.99
�1þ �5þ 2�6, 1E 6697.67 6732.00 6732.41 �2þ 2�3þ 2�6, E 7066.70 7055.93 7056.36
2�3þ �4þ �6, A1 6752.83 6732.82 6732.84 2�3þ �4þ �5, A1 7054.22 7056.74 7056.48
2�3þ �4þ �6, E 6752.37 6739.97 6739.93 �4þ 2�5þ �6, 1E 7057.54 7060.49 7060.33
�2þ 4�6, A1 6759.34 6747.30 6747.98 �1þ 2�5þ �6, 2E 7000.87 7061.02 7061.35
�1þ �5þ 2�6, 2E 6710.36 6749.24 6749.49 �3þ 5�6, A1 7128.63 7067.27 7068.12
�2þ 4�6, 1E 6761.92 6753.30 6754.04 �2þ �5þ 3�6, 1E 7064.49 7067.50 7068.05
2�2þ �3þ �6, E 6741.00 6757.28 6757.62 �2þ �5þ 3�6, 2E 7069.44 7068.66 7069.43
�4þ �5þ 2�6, 1E 6762.04 6760.91 6760.90 �4þ 2�5þ �6, 2E 7064.88 7076.66 7076.38
�4þ �5þ 2�6, 2E 6766.40 6763.16 6763.23 �3þ 4�5, A1 7144.43 7077.40 7076.66
�4þ �5þ 2�6, 3E 6770.03 6764.65 6764.72 �2þ �5þ 3�6, A1 7079.56 7077.84 7078.35
�2þ 4�6, 2E 6769.66 6771.28 6772.23 �4þ 2�5þ �6, 1A1 7070.02 7079.38 7079.61
�4þ �5þ 2�6, 1A1 6773.48 6772.12 6772.12 �4þ 2�5þ �6, 3E 7069.56 7082.48 7082.26
3�3þ 2�5, A1 6815.89 6772.21 6771.88 �4þ 2�5þ �6, 4E 7078.22 7085.60 7085.81
�4þ �5þ 2�6, 2A1 6783.19 6775.21 6775.14 �3þ 5�6, 2E 7138.95 7091.25 7092.37
3�3þ 2�5, E 6817.42 6791.00 6791.11 2�2þ �3þ �5, E 7086.63 7097.09 7097.34
�4þ �5þ 2�6, 4E 6785.71 6798.30 6798.24 �2þ �5þ 3�6, 3E 7094.83 7097.93 7097.53
�3þ 3�5þ �6, 1E 6845.60 6802.44 6802.25 �3þ 4�5, 1E 7167.19 7099.99 7100.20
�3þ 3�5þ �6, A1 6862.76 6810.87 6810.74 �4þ 2�5þ �6, 2A1 7084.65 7110.02 7109.69
�3þ 3�5þ �6, 2E 6852.64 6831.24 6831.37 2�4þ �6, 1E 7083.52 7124.34 7124.51
�1þ 3�3, A1 6823.88 6852.03 6849.83 �3þ 2�4, A1 7149.89 7132.12 7131.50
3�3þ �4, E 6872.33 6859.21 6858.78 �1þ �3þ �4, 1E 7176.88 7156.01 7155.27
�3þ 3�5þ �6, 3E 6875.94 6861.54 6861.59 2�4þ �6, 2E 7134.53 7157.93 7157.89
�1þ �3þ �5þ �6, E 6845.47 6886.88 6886.76 �3þ 4�5, 2E 7171.80 7160.13 7160.06
6�6, 1A1 6983.74 6897.01 6898.21 2�4þ �6, A1 7133.61 7170.61 7170.53
�1þ �3þ �5þ �6, A1 6855.58 6898.60 6898.30 �2þ 3�3þ �6, E 7200.80 7184.50 7184.52
6�6, 1E 6986.32 6903.10 6904.28 2�3þ 4�6, A1 7251.01 7190.03 7190.52
�2þ �3þ 3�6, E 6917.82 6908.46 6908.93 2�3þ 4�6, 1E 7253.59 7195.16 7195.80
�3þ �4þ �5þ �6, A1 6911.21 6908.53 6908.43 5�5, 1E 7321.00 7199.91 7199.88
2�2þ 2�3, A1 6906.04 6910.91 6911.09 �1þ �3þ 2�5, A1 7165.66 7204.53 7204.06
�3þ �4þ �5þ �6, 1E 6915.11 6912.41 6912.30 �1þ �3þ 2�5, E 7145.97 7208.40 7208.51
4�5þ �6, 1E 6996.93 6915.22 6915.09 �5þ 5�6, 1E 7260.77 7206.11 7207.19
�3þ �4þ �5þ �6, 2E 6921.78 6916.36 6916.24 �5þ 5�6, 2E 7265.73 7207.94 7208.69
�2þ �3þ 3�6, A1 6922.98 6920.45 6921.06 �3þ �4þ 2�5, A1 7216.71 7216.77 7216.43
6�6, 2E 6994.06 6920.99 6922.46 2�3þ 4�6, 2E 7261.33 7217.83 7218.35
2�2þ �5þ �6, E 6901.98 6922.76 6923.19 �5þ 5�6, 1A1 7260.98 7218.13 7218.85
4�5þ �6, 1A1 7002.43 6932.22 6932.82 �5þ 5�6, 2A1 7275.84 7222.20 7223.55
�3þ �4þ �5þ �6, 3E 6924.77 6932.72 6932.56 �2þ �3þ �5þ 2�6, A1 7227.81 7226.05 7226.55
2�2þ �5þ �6, A1 6912.09 6933.58 6933.93 �2þ �3þ �5þ 2�6, 1E 7235.34 7230.34 7230.74
2�3þ 3�5, E 6997.80 6940.78 6940.64 �3þ �4þ 2�5, 1E 7218.61 7233.30 7233.25
6�6, 2A1 7006.96 6950.97 6952.78 �5þ 5�6, 3E 7291.11 7237.35 7238.36
4�5þ �6, 2E 7011.01 6956.58 6956.46 2�2þ 2�5, A1 7253.16 7240.76 7241.03
2�1þ �6, E 6994.12 6973.88 6967.38 5�5, A1 7324.07 7242.41 7243.04
2�3þ 3�5, A1 7000.87 6984.90 6984.83 �3þ �4þ 2�5, 2E 7223.59 7245.10 7244.68
�2þ �3þ �5þ 2�6, 2E 7248.03 7246.40 7246.83 2�3þ �5þ 3�6, 3E 7565.68 7530.35 7530.67
2�2þ 2�5, E 7254.70 7268.16 7268.44 �2þ �3þ 2�5þ �6, 1E 7558.29 7532.84 7532.97
�5þ 5�6, 4E 7311.54 7270.48 7271.78 2�5þ 4�6, 3A1 7585.02 7545.40 7546.08
2�1þ �5, E 7276.02 7278.79 7272.77 �2þ �3þ 2�5þ �6, A1 7549.72 7546.80 7547.17
2�1þ �3, A1 7226.52 7284.26 7283.59 �1þ 4�6, A1 7569.51 7556.01 7556.61
�1þ �4þ �5, E 7314.15 7292.20 7292.25 �1þ 4�6, 1E 7572.09 7561.89 7562.57
�1þ 2�2, A1 7261.46 7303.55 7303.82 �2þ �3þ 2�5þ �6, 2E 7569.94 7567.26 7567.55
�2þ 4�3, A1 7325.30 7304.82 7304.36 �1þ 4�6, 2E 7579.83 7579.77 7580.65
�1þ �4þ �5, A1 7317.59 7306.37 7306.37 2�5þ 4�6, 5E 7612.98 7581.91 7582.83
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Table 12. Continued.

Centre Centre Centre Centre Centre Centre Centre Centre
Band [64] calc., I calc., II exp. Ref. Band [64] calc., I calc., II exp. Ref.

1 2 3 4 5 6 1 2 3 4 5 6

�3þ 2�4, E 7277.07 7308.76 7308.52 �4þ 4�6, 1E 7635.04 7597.14 7597.67
3�3þ 3�6, E 7368.94 7315.85 7315.90 �4þ 4�6, 2E 7638.08 7597.49 7597.93
5�5, 2E 7330.21 7320.21 7320.09 �1þ �2þ �3þ �6, E 7567.42 7599.14 7598.85
3�3þ 3�6, A1 7374.10 7330.45 7330.51 �4þ 4�6, 1A1 7637.16 7608.79 7609.54
2�2þ �4, E 7342.32 7342.53 7342.72 �4þ 4�6, 2A1 7646.28 7609.82 7610.31
�1þ 3�5, E 7285.17 7359.80 7359.05 6�3, A1 7654.76 7610.51 7608.78
�3þ �5þ 4�6, 1A1 7405.34 7360.99 7361.52 3�3þ �5þ 2�6, A1 7658.11 7618.98 7619.10
�1þ 3�5, A1 7288.24 7363.48 7364.47 3�3þ �5þ 2�6, 1E 7665.64 7622.82 7622.85
�3þ �5þ 4�6, 1E 7402.97 7364.46 7364.94 �2þ �3þ �4þ �6, A1 7634.46 7624.32 7624.52
�2þ 2�5þ 2�6, 1A1 7416.85 7364.49 7365.05 �2þ �3þ �4þ �6, E 7633.99 7630.66 7630.84
�2þ 2�3þ �5þ �6, E 7381.52 7367.24 7367.79 �4þ 4�6, 3E 7644.44 7634.15 7634.82
�3þ �5þ 4�6, 2E 7412.87 7368.02 7368.84 3�3þ �5þ 2�6, 2E 7678.34 7638.54 7638.64
�4þ 3�5, 1E 7370.12 7374.31 7373.87 �3þ 2�5þ 3�6, 1E 7684.07 7654.03 7654.04
�2þ 2�5þ 2�6, 1E 7376.40 7376.39 7376.72 �3þ 2�5þ 3�6, 2E 7707.71 7657.25 7657.84
�2þ 2�5þ 2�6, 2E 7394.05 7379.85 7380.46 �3þ 2�5þ 3�6, 1A1 7699.13 7662.02 7662.44
�3þ �5þ 4�6, 3E 7425.56 7380.62 7381.11 �3þ 2�5þ 3�6, 2A1 7712.86 7667.36 7667.59
�2þ 2�3þ �5þ �6, A1 7391.63 7384.62 7383.32 �2þ 3�5þ �6, 1E 7705.40 7669.44 7670.09
�4þ 3�5, 2E 7370.48 7389.54 7389.90 �2þ 2�3þ 2�5, A1 7711.89 7673.24 7673.73
�2þ 2�5þ 2�6, 3E 7395.09 7394.15 7394.61 �3þ 2�5þ 3�6, 3E 7719.36 7686.00 7686.29
�4þ 3�5, A1 7373.93 7403.71 7404.02 �2þ 3�5þ �6, A1 7722.55 7688.05 7688.05
�3þ �5þ 4�6, 2A1 7443.42 7405.46 7406.31 �2þ 2�3þ 2�5, E 7713.42 7704.12 7704.24
�4þ 3�5, 3E 7380.44 7416.81 7416.24 �2þ 3�5þ �6, 2E 7712.44 7706.20 7706.62
�2þ 2�5þ 2�6, 2A1 7392.51 7419.07 7419.61 �3þ 2�5þ 3�6, 4E 7744.74 7716.73 7718.28
4�3þ 2�6, A1 7474.69 7424.74 7424.30 �1þ �3þ 3�6, E 7717.10 7718.26 7716.86
�1þ �2þ 2�6, A1 7401.08 7429.26 7429.73 �1þ �3þ 3�6, A1 7722.26 7729.64 7729.50
4�3þ 2�6, E 7477.27 7431.00 7430.62 4�3þ �5þ �6, E 7771.27 7731.58 7731.17
�1þ �2þ 2�6, E 7403.66 7435.18 7435.72 �2þ 3�5þ �6, 3E 7735.73 7735.80 7736.16
2�4þ �5, 1E 7378.38 7441.28 7441.74 4�3þ �5þ �6, A1 7781.38 7741.91 7741.47
2�4þ �5, A1 7425.48 7463.77 7463.37 �3þ �4þ 3�6, A1 7776.47 7744.04 7744.23
�2þ �4þ 2�6, 1E 7474.27 7469.15 7469.59 �3þ �4þ 3�6, 1E 7776.01 7749.70 7750.04
�2þ �4þ 2�6, 2E 7477.31 7469.50 7469.84 �3þ �4þ 3�6, 2E 7780.71 7750.38 7750.55
�2þ �4þ 2�6, A1 7476.39 7481.83 7482.23 �1þ �2þ 2�3, A1 7721.57 7752.36 7751.48
2�5þ 4�6, 1A1 7532.09 7489.43 7490.18 �1þ �2þ �5þ �6, E 7706.96 7756.75 7757.54
2�3þ �5þ 3�6, 1E 7535.35 7491.82 7492.48 �3þ �4þ 3�6, 3E 7782.09 7768.72 7768.99
2�4þ �5, 2E 7432.37 7492.10 7491.62 �1þ �2þ �5þ �6, A1 7717.07 7768.73 7769.15
2�3þ �5þ 3�6, 2E 7540.30 7495.73 7496.41 �2þ 2�3þ �4, E 7782.00 7770.02 7769.96
2�5þ 4�6, 1E 7544.57 7502.12 7502.60 2�3þ 2�5þ 2�6, 1E 7826.44 7777.67 7778.47
2�5þ 4�6, 2A1 7560.68 7504.56 7505.56 3�5þ 3�6, 1E 7845.45 7780.20 7781.15
2�5þ 4�6, 2E 7562.21 7507.77 7508.49 2�3þ 2�5þ 2�6, 1A1 7842.55 7780.54 7781.05
�2þ 3�3þ �5, E 7525.62 7509.70 7509.69 �2þ �4þ �5þ �6, A1 7784.68 7787.52 7787.70
2�3þ �5þ 3�6, A1 7550.41 7511.62 7511.75 �2þ �4þ �5þ �6, 1E 7788.58 7791.28 7791.44
2�5þ 4�6, 3E 7563.26 7518.46 7519.20 3�5þ 3�6, 2E 7847.54 7793.47 7793.72
2�5þ 4�6, 4E 7571.00 7521.02 7521.59 �2þ �4þ �5þ �6, 2E 7795.25 7795.34 7795.50
5�3þ �6, E 7570.82 7524.58 7523.59 2�3þ 2�5þ 2�6, 2E 7844.08 7798.12 7798.43
3�5þ 3�6, 1A1 7820.28 7799.38 7800.09 �3þ �4þ �5þ 2�6, 1E 8058.19 8049.14 8049.09
3�5þ 3�6, 2A1 7862.60 7799.82 7799.84 �3þ �4þ �5þ 2�6, 2E 8062.55 8051.11 8051.14
�2þ �4þ �5þ �6, 3E 7798.24 7811.05 7811.19 �3þ �4þ �5þ 2�6, 3E 8066.18 8052.59 8052.62
2�3þ 2�5þ 2�6, 3E 7845.13 7811.55 7811.79 4�5þ 2�6, 1A1 8125.54 8054.29 8054.33
3�5þ 3�6, 3E 7852.49 7815.13 7815.58 4�3þ 2�5, E 8082.35 8054.63 8053.79
3�5þ 3�6, 4E 7875.79 7817.99 7818.44 �3þ �4þ �5þ 2�6, 1A1 8069.62 8058.46 8058.48
5�3þ �5, E 7874.82 7836.54 7835.47 4�5þ 2�6, 1E 8141.16 8060.28 8060.39
2�3þ 2�5þ 2�6, 2A1 7866.89 7837.79 7837.91 �3þ �4þ �5þ 2�6, 2A1 8079.33 8063.26 8063.15
�2þ �3þ 3�5, E 7885.63 7840.63 7840.85 4�5þ 2�6, 2E 8158.80 8064.97 8065.90
3�5þ 3�6, 5E 7877.88 7846.36 7846.82 4�5þ 2�6, 3E 8159.85 8077.70 8078.58
�1þ 2�3þ 2�6, A1 7852.50 7858.66 7857.90 �3þ �4þ �5þ 2�6, 4E 8081.86 8085.18 8085.13
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Table 12. Continued.

Centre Centre Centre Centre Centre Centre Centre Centre
Band [64] calc., I calc., II exp. Ref. Band [64] calc., I calc., II exp. Ref.

1 2 3 4 5 6 1 2 3 4 5 6

�1þ �5þ 3�6, 1E 7842.32 7862.88 7862.75 �1þ �2þ 2�5, A1 8025.80 8090.96 8091.01
�1þ �5þ 3�6, 2E 7847.28 7869.80 7870.83 �1þ �2þ 2�5, E 8027.34 8092.37 8093.31
�1þ 2�3þ 2�6, E 7855.08 7871.22 7871.24 2�3þ 3�5þ �6, 1E 8134.61 8101.25 8101.86
2�3þ �4þ 2�6, 1E 7905.26 7878.40 7878.40 4�5þ 2�6, 2A1 8157.27 8102.42 8103.38
2�3þ �4þ 2�6, 2E 7908.30 7878.63 7878.55 4�5þ 2�6, 3A1 8181.61 8108.02 8108.46
�1þ �5þ 3�6, A1 7857.39 7880.58 7881.01 4�3þ �4, E 8131.88 8109.55 8108.59
�2þ �3þ 3�5, A1 7888.71 7884.06 7884.22 �2þ �4þ 2�5, A1 8110.05 8109.70 8109.60
3�5þ 3�6, 3A1 7911.28 7886.61 7887.23 2�3þ 3�5þ �6, A1 8151.77 8110.61 8111.22
2�3þ �4þ 2�6, A1 7907.38 7889.88 7889.91 2�3þ 3�5þ �6, 2E 8141.65 8111.55 8111.53
�1þ �5þ 3�6, 3E 7872.66 7899.55 7900.43 2�1þ 2�6, A1 8145.43 8111.67 8104.82
�4þ �5þ 3�6, 1A1 7917.33 7900.95 7901.09 2�1þ 2�6, E 8148.01 8117.67 8110.87
�4þ �5þ 3�6, 2A1 7945.70 7903.46 7903.83 �1þ 4�3, A1 8091.89 8119.83 8116.26
�4þ �5þ 3�6, 1E 7911.92 7903.66 7903.86 �2þ �4þ 2�5, 1E 8111.96 8125.21 8125.50
�4þ �5þ 3�6, 2E 7921.24 7907.17 7907.39 �1þ �4þ 2�6, 1E 8176.73 8136.78 8137.11
�4þ �5þ 3�6, 3E 7927.91 7908.31 7908.66 �1þ �4þ 2�6, 2E 8179.77 8137.13 8137.38
3�3þ 2�5þ �6, 1E 7967.78 7913.41 7913.21 �2þ �4þ 2�5, 2E 8116.93 8138.03 8137.84
�4þ �5þ 3�6, 4E 7930.89 7918.56 7918.93 4�5þ 2�6, 4E 8163.41 8139.47 8139.87
�4þ �5þ 3�6, 5E 7943.64 7922.87 7923.08 2�3þ 3�5þ �6, 3E 8164.95 8139.64 8139.64
3�3þ 2�5þ �6, A1 7959.20 7923.05 7923.24 �1þ �4þ 2�6, A1 8178.84 8149.41 8149.70
�1þ �2þ �3þ �5, E 7880.72 7931.24 7931.23 �1þ 2�3þ �5þ �6, E 8137.56 8154.27 8152.73
3�3þ 2�5þ �6, 2E 7979.42 7938.34 7938.60 �1þ 2�3þ �5þ �6, A1 8147.67 8163.63 8162.10
�3þ 3�5þ 2�6, 1A1 7999.40 7941.01 7941.10 �2þ 2�4, A1 8133.54 8168.88 8169.24
�2þ �3þ �4þ �5, E 7952.29 7947.25 7947.20 �1þ 2�5þ 2�6, 1E 8121.90 8171.09 8172.27
�4þ �5þ 3�6, 3A1 7916.74 7951.35 7951.64 2�3þ �4þ �5þ �6, A1 8194.85 8182.30 8182.08
�3þ 3�5þ 2�6, 1E 7982.25 7951.41 7951.23 4�5þ 2�6, 5E 8206.44 8182.91 8183.41
�3þ 3�5þ 2�6, 2E 8006.93 7959.44 7959.53 �1þ 2�5þ 2�6, 1A1 8138.01 8183.12 8183.24
�3þ 3�5þ 2�6, 3E 8019.63 7960.30 7960.67 �1þ 2�5þ 2�6, 2E 8139.54 8183.82 8184.94
�2þ �3þ �4þ �5, A1 7955.72 7961.42 7961.33 2�3þ �4þ �5þ �6, 1E 8198.75 8186.31 8186.06
�2þ 4�5, A1 8045.33 7963.00 7962.72 �1þ 2�5þ 2�6, 3E 8140.59 8189.11 8189.30
�3þ 3�5þ 2�6, 2A1 8010.01 7985.00 7985.19 2�3þ �4þ �5þ �6, 2E 8205.42 8190.41 8190.16
�2þ 4�5, 1E 8046.86 7986.82 7987.48 �4þ 2�5þ 2�6, 1E 8196.48 8196.29 8196.34
�1þ 3�3þ �6, E 7978.29 7994.80 7992.76 �4þ 2�5þ 2�6, 1A1 8204.29 8204.16 8204.10
3�3þ �4þ �6, A1 8024.89 7997.54 7997.13 3�3þ 3�5, E 8274.30 8205.33 8205.24
3�3þ �4þ �6, E 8024.43 8003.95 8003.51 �2þ 2�4, E 8184.09 8205.72 8205.70
2�1þ �2, A1 8032.96 8018.11 8011.18 2�3þ �4þ �5þ �6, 3E 8208.40 8206.53 8206.27
�3þ 3�5þ 2�6, 4E 8042.92 8020.46 8020.66 �1þ 2�5þ 2�6, 2A1 8162.35 8208.54 8209.74
�1þ �3þ �5þ 2�6, A1 7994.75 8027.56 8027.69 �4þ 2�5þ 2�6, 2A1 8214.59 8211.94 8211.95
�1þ �3þ �5þ 2�6, 1E 8002.28 8032.18 8032.15 �4þ 2�5þ 2�6, 2E 8216.49 8218.94 8219.38
4�3þ 2�5, A1 8080.81 8034.21 8033.11 �4þ 2�5þ 2�6, 3E 8219.53 8219.65 8219.94
�1þ �2þ �4, E 8071.93 8042.95 8043.14 �3þ 4�5þ �6, 1E 8297.51 8221.82 8221.14
�1þ �3þ �5þ 2�6, 2E 8014.97 8048.38 8048.34 �4þ 2�5þ 2�6, 4E 8221.47 8223.04 8223.06
�2þ 4�5, 2E 8051.47 8049.04 8049.21 �3þ 4�5þ �6, 1A1 8303.01 8227.19 8227.65
�4þ 2�5þ 2�6, 3A1 8218.61 8231.30 8231.72 �4þ 3�5þ �6, 1E 8498.13 8499.42 8499.15
�4þ 2�5þ 2�6, 5E 8237.85 8231.82 8231.72 �1þ 3�5þ �6, A1 8435.71 8502.45 8501.81
�3þ 4�5þ �6, 2E 8311.59 8250.95 8251.09 2�3þ �4þ 2�5, 1E 8501.30 8509.12 8508.80
3�3þ 3�5, A1 8277.37 8252.78 8252.41 �1þ 3�5þ �6, 3E 8448.89 8517.14 8518.12
2�4þ 2�6, 1A1 8230.68 8263.10 8263.50 2�3þ �4þ 2�5, 2E 8506.28 8519.24 8519.68
�4þ 2�5þ 2�6, 6E 8243.82 8263.20 8263.14 �4þ 3�5þ �6, 1A1 8508.61 8522.48 8522.23
2�4þ 2�6, 1E 8233.26 8269.10 8269.56 �4þ 3�5þ �6, 2A1 8508.91 8525.22 8525.66
�3þ 2�4þ �6, 1E 8373.36 8272.50 8264.39 �4þ 3�5þ �6, 2E 8512.51 8529.09 8529.53
�3þ 4�5þ �6, 3E 8323.24 8278.51 8278.63 �4þ 3�5þ �6, 3E 8519.18 8533.36 8533.77
�1þ �3þ �4þ �6, A1 8326.02 8293.08 8292.51 �4þ 3�5þ �6, 3A1 8528.92 8535.58 8535.20
2�4þ 2�6, 2A1 8284.72 8294.56 8294.66 �3þ 5�5, A1 8623.71 8538.81 8539.21
�1þ �3þ �4þ �6, E 8325.56 8298.75 8298.18 �4þ 3�5þ �6, 4E 8522.16 8548.93 8549.38
2�4þ 2�6, 2E 8281.22 8301.24 8301.24 �4þ 3�5þ �6, 5E 8538.79 8570.93 8570.51
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if ~v1 ¼ v1, ~v2 ¼ v2, ~v3 ¼ v3 � 2, ~v4 ¼ v4, ~v5 ¼ v5 þ 1,
~v6 ¼ v6 þ 1 (for CHD3).

For the CHD3 isotopomer one has:

ð5Þ Hvl�, ~v ~l� ¼H ~v ~l�,vl� ¼
F1333

4
v1ðv3þ1Þðv3þ2Þðv3þ3
� �1=2

ð32Þ

if ~v1 ¼ v1 � 1, ~v2 ¼ v2, ~v3 ¼ v3 þ 3, ~v4 ¼ v4, ~v5 ¼ v5,
~v6 ¼ v6. In Equations (28)–(31) qþ� ¼ ðq�1 þ iq�2Þ and

q�� ¼ ðq�1 � iq�2Þ are the ‘creation’ and ‘annihilation’

operators for doubly degenerate vibrational modes q�,

which increase and decrease the value of the quantum

Table 12. Continued.

Centre Centre Centre Centre Centre Centre Centre Centre
Band [64] calc., I calc., II exp. Ref. Band [64] calc., I calc., II exp. Ref.

1 2 3 4 5 6 1 2 3 4 5 6

3�3þ �4þ �5, E 8321.90 8307.69 8306.98 2�1þ 2�3, A1 8444.13 8571.84 8570.30
�1þ 3�3þ �5, E 8270.76 8312.25 8310.50 2�4þ �5þ �6, 1E 8517.18 8575.41 8576.13
�3þ 4�5þ �6, 2A1 8337.96 8315.95 8316.11 �3þ 2�4þ �5, 1E 8667.27 8578.98 8571.51
2�4þ 2�6, 3E 8282.88 8319.92 8319.94 2�3þ 2�4, E 8554.39 8579.03 8578.48
3�3þ �4þ �5, A1 8325.34 8321.40 8320.67 6�5, 1A1 8728.28 8585.24 8573.74
5�5þ �6, 1E 8451.85 8331.50 8331.90 2�4þ �5þ �6, 1A1 8527.29 8587.22 8587.50
�1þ �3þ 2�5þ �6, A1 8284.32 8338.41 8338.72 �1þ �3þ �4þ �5, E 8611.50 8589.29 8588.68
5�5þ �6, 1A1 8447.89 8340.97 8341.33 2�4þ �5þ �6, 2E 8563.82 8599.83 8598.78
�1þ �3þ 2�5þ �6, 1E 8292.89 8344.87 8344.53 2�4þ �5þ �6, 3E 8574.86 8602.39 8602.05
�3þ �4þ 2�5þ �6, 1E 8352.75 8348.65 8348.41 �1þ �3þ �4þ �5, A1 8614.94 8603.46 8602.80
�1þ �3þ 2�5þ �6, 2E 8304.54 8359.49 8359.59 �1þ 2�4, A1 8773.49 8609.67 8608.92
�3þ �4þ 2�5þ �6, 2E 8630.09 8362.67 8362.38 �3þ 5�5, 2E 8629.85 8613.22 8613.03
5�5þ �6, 2E 8458.90 8364.15 8365.07 2�4þ �5þ �6, 2A1 8571.63 8618.04 8617.66
�3þ �4þ 2�5þ �6, 1A1 8365.22 8369.45 8369.48 6�5, 1E 8775.03 8622.95 8623.57
�3þ �4þ 2�5þ �6, 3E 8364.76 8370.64 8370.34 2�1þ �4, E 8708.56 8634.08 8624.00
�3þ �4þ 2�5þ �6, 4E 8373.43 8375.66 8375.67 2�4þ �5þ �6, 4E 8580.82 8640.34 8639.91
2�3þ 4�5, 1E 8455.26 8379.42 8379.66 �1þ �3þ 3�5, E 8587.89 8655.44 8654.55
5�5þ �6, 3E 8482.19 8396.70 8397.20 �3þ �4þ 3�5, 1E 8664.38 8662.69 8662.11
�3þ �4þ 2�5þ �6, 2A1 8379.85 8396.98 8396.61 �1þ �3þ 3�5, A1 8590.96 8664.47 8664.87
2�3þ 4�5, A1 8453.72 8401.33 8402.30 �3þ �4þ 3�5, 2E 8664.75 8680.59 8680.64
2�3þ 2�4, A1 8503.84 8405.58 8396.48 6�5, 2E 8779.63 8680.93 8681.77
2�1þ �5þ �6, E 8418.97 8412.50 8406.73 �3þ �4þ 3�5, A1 8668.19 8694.75 8694.76
2�1þ �5þ �6, A1 8429.08 8423.09 8416.92 �3þ �4þ 3�5, 3E 8674.71 8705.19 8704.48
2�1þ �3þ �6, E 8300.87 8425.50 8425.00 2�1þ 2�5, A1 8705.47 8714.27 8710.43
�1þ �4þ �5þ �6, A1 8454.80 8428.90 8429.14 2�1þ 2�5, E 8707.01 8722.82 8717.73
�1þ �4þ �5þ �6, 1E 8458.70 8430.18 8430.23 �1þ �4þ 2�5, A1 8747.83 8725.70 8725.82
5�5þ �6, 2A1 8469.01 8431.82 8431.96 �1þ �4þ 2�5, 1E 8749.73 8729.92 8728.78
�1þ �4þ �5þ �6, 2E 8465.37 8436.74 8436.96 2�1þ �3þ �5, E 8581.83 8743.35 8743.13
2�3þ 4�5, 2E 8459.87 8438.78 8438.60 �3þ 2�4þ �5, A1 8714.37 8747.53 8746.91
�3þ 2�4þ �6, 2E 8424.36 8441.47 8441.26 �1þ �4þ 2�5, 2E 8754.71 8754.03 8754.07
�1þ 2�3þ �4, E 8462.66 8441.50 8440.42 �1þ 2�4, E 8778.82 8767.16 8767.51
�1þ �4þ �5þ �6, 3E 8468.35 8454.00 8453.97 6�5, 2A1 8787.31 8772.11 8771.89
�3þ 2�4þ �6, A1 8423.44 8454.15 8453.90 �3þ 2�4þ �5, 2E 8721.26 8775.86 8775.16
�1þ 2�3þ 2�5, A1 8435.59 8462.07 8459.48 �1þ 4�5, A1 8726.14 8805.58 8803.34
5�5þ �6, 4E 8498.45 8480.52 8480.61 �1þ 4�5, 1E 8727.68 8810.43 8809.10
�1þ 3�5þ �6, 1E 8418.55 8486.59 8487.84 �1þ 4�5, 2E 8732.29 8817.49 8818.78
�1þ 3�5þ �6, 2E 8425.59 8489.73 8489.20 �4þ 4�5, 1E 8817.59 8819.06 8818.38
2�3þ �4þ 2�5, A1 8499.40 8490.85 8490.34 �4þ 4�5, 1A1 8815.68 8834.26 8834.79
�1þ 2�3þ 2�5, E 8437.12 8497.13 8496.72 �4þ 4�5, 2E 8816.85 8841.59 8841.04
�3þ 5�5, 1E 8620.63 8498.89 8498.70 3�1, A1 8711.48 8857.31 8857.17
�4þ 4�5, 3E 8822.57 8862.59 8863.04 2�4þ 2�5, 3E 8867.19 8925.06 8924.61
3�4, E 8821.20 8872.55 8870.97 2�4þ 2�5, 1A1 8816.65 8929.69 8929.86
�4þ 4�5, 2A1 8830.62 8875.72 8874.88 2�4þ 2�5, 2A1 8875.61 8958.02 8957.09
2�4þ 2�5, 1E 8818.18 8897.20 8898.13 3�4, A1 8922.29 9019.01 9018.53
2�4þ 2�5, 2E 8861.84 8901.36 8900.60

Note: aValues presented in column 2 were calculated with the parameters from Tables I (cc-pVQZ) and VI of [64]. Band centres
presented in columns 3 and 4 were calculated with the parameters from Tables 14 and 15 of the present paper. Experimental
values of the band centres are given in column 5.
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Table 13. Values of the experimental band centres of CHD3 (in cm
�1).a

Centre Centre Centre Centre Centre Centre Centre
Band [64] calc., I calc., II exp. Ref. Band [64] calc., I calc., II exp. Ref.

1 2 3 4 5 6 1 2 3 4 5 6

�3, A1 1006.10 1004.39 1004.42 1004.548 [55] �2þ 2�3, A1 4172.90 4140.72 4140.70 4139.233 tw
�6, E 1036.91 1035.45 1035.52 1035.920 [55] �2þ �3þ �6, E 4208.76 4188.41 4187.84
�5, E 1292.77 1292.12 1292.26 1292.500 [55] �2þ 2�6, A1 4209.37 4200.37 4199.83
2�3, A1 1997.74 1991.23 1991.47 1991.084 [56] �2þ 2�6, E 4222.38 4205.82 4205.43
�3þ �6, E 2044.64 2043.41 2043.20 2041.441 [56] 2�3þ �4, E 4232.88 4212.28 4212.28 4212.332 tw
2�6, A1 2056.31 2059.87 2059.77 2058.9 [56] �1þ �5, E 4258.52 4261.91 4262.35 4261.662 tw
2�6, E 2069.31 2066.28 2066.32 2066.3 [56] �3þ �4þ �6, A1 4280.56 4269.94 4269.87
�2, A1 2143.71 2144.30 2144.41 2142.583 [56] �3þ �4þ �6, E 4279.11 4274.10 4274.37
�4, E 2252.04 2251.58 2251.30 2250.828 [56] 3�3þ �5, E 4264.60 4274.37 4275.11
�3þ �5, E 2297.84 2301.02 2301.08 2301.165 [56] 2�2, A1 4269.78 4290.38 4291.79
�5þ �6, A1 2328.81 2326.71 2327.12 �4þ 2�6, 1E 4291.55 4293.48 4293.54 4294.337 tw
�5þ �6, E 2330.65 2338.40 2338.27 �4þ 2�6, 2E 4306.01 4296.01 4295.51
2�5, A1 2565.53 2564.63 2564.72 2564.676 [83] �4þ 2�6, A1 4303.09 4301.56 4301.78
2�5, E 2587.14 2585.58 2585.60 2586.043 [83] 2�3þ �5þ �6, A1 4327.77 4324.90 4325.27
3�3, A1 2974.91 2965.28 2965.65 2966.055 tw 2�3þ �5þ �6, E 4329.61 4334.84 4334.68
�1, A1 2986.85 2992.73 2992.85 2992.786 tw �2þ �4, E 4358.41 4356.34 4356.39 4356.524 tw
2�3þ �6, E 3037.92 3024.37 3024.47 3025.400 tw �3þ �5þ 2�6, 1E 4365.07 4369.43 4369.10
3�6, E 3071.21 3069.31 3069.39 �3þ �5þ 2�6, 2E 4357.54 4378.37 4377.24
�3þ 2�6, A1 3065.68 3076.09 3075.25 �5þ 3�6, 1E 4363.23 4382.03 4382.66
�3þ 2�6, E 3078.69 3077.80 3077.24 �5þ 3�6, A1 4368.70 4383.07 4382.67
3�6, A1 3097.22 3092.49 3092.38 �3þ �5þ 2�6, A1 4372.38 4392.26 4390.86
�2þ �3, A1 3165.54 3151.77 3151.71 3154.341 tw �5þ 3�6, 2E 4392.92 4394.66 4393.72
�2þ �6, E 3185.29 3177.37 3177.28 3178.224 tw �5þ 3�6, 3E 4387.40 4417.11 4416.09
�3þ �4, E 3249.69 3240.48 3240.56 3239.943 tw �2þ �3þ �5, E 4453.27 4439.72 4439.34
�4þ �6, A1 3281.28 3276.44 3276.12 2�4, A1 4450.38 4457.55 4457.63 4457.781 tw
�4þ �6, E 3279.82 3279.50 3279.53 3279.044 tw �2þ �5þ �6, A1 4473.18 4463.45 4463.54 4462.987 tw
2�3þ �5, E 3288.45 3294.01 3294.60 �2þ �5þ �6, E 4475.03 4475.14 4474.69
�3þ �5þ �6, A1 3335.52 3337.39 3337.29 3338.729 tw 2�4, E 4483.39 4486.02 4486.30 4486.308 tw
�3þ �5þ �6, E 3337.36 3348.33 3347.70 �3þ �4þ �5, A1 4534.30 4511.81 4511.14
�5þ 2�6, 1E 3349.19 3356.52 3356.91 �3þ �4þ �5, E 4534.18 4529.92 4529.86 4529.062 tw
�5þ 2�6, 2E 3360.35 3361.30 3361.20 �4þ �5þ �6, 1E 4565.93 4555.42 4555.81
�5þ 2�6, A1 3364.04 3380.07 3379.55 �4þ �5þ �6, 2E 4564.59 4558.56 4558.60 4557.929 tw
�2þ �5, E 3432.47 3431.23 3431.33 3430.959 tw �4þ �5þ �6, 3E 4567.89 4569.51 4570.22
�4þ �5, A1 3537.68 3523.29 3523.09 3523.509 tw �4þ �5þ �6, A1 4566.31 4573.71 4573.54
�4þ �5, E 3537.56 3533.86 3533.63 3533.031 tw 2�3þ 2�5, A1 4559.15 4576.98 4577.94
�3þ 2�5, A1 3569.57 3578.83 3579.08 3578.927 tw 2�3þ 2�5, E 4580.76 4592.93 4593.39
�3þ 2�5, E 3591.18 3596.56 3596.41 �3þ 2�5þ �6, 1E 4608.22 4623.53 4623.09
2�5þ �6, 1E 3602.55 3610.05 3610.07 �3þ 2�5þ �6, 2E 4627.99 4631.36 4631.17
2�5þ �6, 2E 3622.32 3619.31 3619.80 2�5þ 2�6, 1A1 4622.06 4643.27 4642.97
2�5þ �6, A1 3626.00 3642.70 3642.09 2�5þ 2�6, 2A1 4652.66 4648.42 4649.27
3�5, E 3839.89 3838.48 3838.26 3838.040 tw 2�5þ 2�6, 1E 4635.06 4650.86 4650.69
3�5, A1 3883.11 3880.39 3880.01 �3þ 2�5þ �6, A1 4631.68 4653.61 4652.32
4�3, A1 3937.63 3926.37 3926.84 2�5þ 2�6, 2E 4643.67 4664.16 4663.78
�1þ �3, A1 3983.22 3988.59 3988.56 3988.646 tw 2�5þ 2�6, 3E 4660.36 4695.20 4693.85
3�3þ �6, E 4016.73 3998.34 3998.31 3997.988 tw �2þ 2�5, A1 4701.21 4698.56 4698.45 4698.882 tw
�1þ �6, E 4023.45 4027.14 4027.06 4027.331 tw �2þ 2�5, E 4722.82 4719.51 4719.33
2�3þ 2�6, A1 4060.60 4039.58 4039.58 �4þ 2�5, 1E 4803.18 4788.90 4788.49
2�3þ 2�6, E 4073.60 4046.71 4046.76 �4þ 2�5, 2E 4824.92 4816.35 4817.85
�3þ 3�6, E 4082.23 4107.55 4105.88 �4þ 2�5, A1 4824.68 4818.58 4818.14
�3þ 3�6, A1 4108.23 4107.57 4106.55 �3þ 3�5, E 4842.90 4855.65 4855.79 4855.300 tw
4�6, A1 4068.62 4109.06 4107.39 5�3, A1 4855.89 4874.60 4875.15
4�6, 1E 4081.62 4109.53 4108.20 3�5þ �6, A1 4876.04 4883.04 4882.94
4�6, 2E 4120.63 4114.07 4113.72 �3þ 3�5, A1 4886.12 4892.33 4891.71
3�5þ �6, 1E 4877.88 4894.74 4894.09 2�3þ �5þ 2�6, 2E 5351.42 5370.98 5369.95
3�5þ �6, 2E 4917.42 4913.25 4913.55 �2þ �4þ �6, A1 5392.31 5377.64 5377.32
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Table 13. Continued.

Centre Centre Centre Centre Centre Centre Centre
Band [64] calc., I calc., II exp. Ref. Band [64] calc., I calc., II exp. Ref.

1 2 3 4 5 6 1 2 3 4 5 6

3�5þ �6, 3E 4922.95 4948.34 4946.98 �5þ 4�6, 1E 5372.77 5379.68 5379.99
4�3þ �6, E 4981.09 4956.30 4956.32 �2þ �4þ �6, E 5390.85 5380.24 5380.28
�1þ 2�3, A1 4965.13 4968.23 4968.15 4968.171 tw �3þ �5þ 3�6, 1E 5375.06 5394.41 5392.64
3�3þ 2�6, A1 5041.05 5019.48 5018.80 �3þ �5þ 3�6, 2E 5402.91 5397.93 5397.30
3�3þ 2�6, E 5054.06 5023.31 5022.82 �5þ 4�6, 1A1 5376.46 5402.75 5403.33
�1þ �3þ �6, E 5021.46 5025.59 5025.15 �3þ �5þ 3�6, A1 5373.21 5407.19 5405.35
5�6, 1E 5061.52 5045.67 5045.28 �5þ 4�6, 2E 5417.31 5415.30 5413.33
�1þ 2�6, A1 5042.55 5049.64 5049.15 �5þ 4�6, 2A1 5409.94 5428.65 5426.52
�1þ 2�6, E 5055.55 5056.88 5056.49 �2þ 2�3þ �5, E 5459.60 5431.31 5430.88
5�6, A1 5087.53 5059.04 5058.93 �3þ �5þ 3�6, 3E 5397.38 5432.10 5429.83
4�5, A1 5094.23 5092.73 5092.00 �3þ 2�4, A1 5439.58 5435.12 5436.24
4�5, 1E 5115.84 5113.68 5112.87 �5þ 4�6, 3E 5361.61 5449.54 5447.91
�2þ 3�3, A1 5160.81 5117.20 5117.16 �3þ 2�4, E 5472.59 5458.73 5459.38
5�6, 2E 5139.55 5131.04 5130.32 2�4þ �6, 1E 5470.48 5473.10 5473.29
�3þ 4�6, 1E 5133.28 5132.72 5131.14 �2þ �3þ �5þ �6, A1 5495.62 5474.89 5474.15
�1þ �2, A1 5128.37 5135.02 5134.96 5135.054 tw �2þ �3þ �5þ �6, E 5497.46 5486.29 5485.01
2�3þ 3�6, A1 5104.79 5135.91 5133.71 3�3þ 2�5, A1 5534.27 5486.88 5486.53
�3þ 4�6, 2E 5094.27 5137.93 5135.25 �2þ �5þ 2�6, 1E 5498.24 5491.04 5491.03
2�3þ 3�6, E 5078.78 5139.44 5136.50 �2þ �5þ 2�6, 2E 5509.40 5496.29 5495.58
�3þ 4�6, A1 5081.27 5139.82 5136.77 2�4þ �6, A1 5502.03 5507.24 5508.19
�2þ 2�3þ �6, E 5217.76 5169.36 5168.96 2�3þ �4þ �5, E 5516.34 5510.37 5511.18
3�3þ �4, E 5201.61 5171.24 5171.49 2�4þ �6, 2E 5504.95 5512.50 5513.48
4�5, 2E 5180.68 5176.53 5175.49 �2þ �5þ 2�6, A1 5513.08 5514.43 5513.32
�2þ �3þ 2�6, A1 5234.47 5219.78 5218.32 �1þ 2�5, A1 5510.16 5514.98 5515.04 5515.603 tw
�2þ �3þ 2�6, E 5247.48 5220.42 5219.24 �1þ 2�5, E 5531.78 5535.82 5535.84 5535.919 tw
�2þ 3�6, E 5228.95 5224.17 5222.86 �3þ �4þ �5þ �6, 1E 5562.85 5548.17 5547.73
�2þ 3�6, A1 5254.96 5229.65 5228.85 2�3þ �4þ �5, A1 5516.46 5560.22 5561.73
�1þ �4, E 5241.08 5235.78 5235.59 5237.638 tw �3þ �4þ �5þ �6, 2E 5564.19 5566.44 5567.60
2�3þ �4þ �6, A1 5265.39 5237.99 5238.24 �3þ �4þ �5þ �6, 3E 5566.15 5566.69 5567.90
4�3þ �5, E 5226.29 5241.08 5241.99 �3þ �4þ �5þ �6, A1 5564.57 5570.77 5570.44
2�3þ �4þ �6, E 5263.93 5246.81 5247.83 2�2þ �5, E 5554.52 5572.13 5573.37
�1þ �3þ �5, E 5253.85 5273.96 5273.74 5273.275 tw 3�3þ 2�5, E 5555.88 5574.67 5575.52
3�3þ �5þ �6, A1 5305.55 5292.60 5292.59 �4þ �5þ 2�6, 1A1 5577.30 5577.89 5578.02
�3þ �4þ 2�6, 1E 5292.47 5295.66 5295.30 �4þ �5þ 2�6, 2A1 5589.80 5578.31 5578.62
�3þ �4þ 2�6, 2E 5306.94 5296.03 5295.84 �4þ �5þ 2�6, 1E 5577.18 5578.53 5579.67
�1þ �5þ �6, A1 5294.25 5299.48 5299.20 �4þ �5þ 2�6, 2E 5593.60 5587.97 5588.34
2�2þ �3, A1 5307.33 5300.93 5301.98 �4þ �5þ 2�6, 3E 5587.00 5598.19 5598.08
�3þ �4þ 2�6, A1 5304.02 5301.16 5301.45 �4þ �5þ 2�6, 4E 5590.56 5601.38 5600.65
�4þ 3�6, 1E 5326.25 5301.60 5300.90 2�3þ 2�5þ �6, 1E 5599.44 5601.98 5600.17
�1þ �5þ �6, E 5296.09 5309.02 5308.67 2�3þ 2�5þ �6, 2E 5619.36 5616.02 5616.21
�4þ 3�6, 2E 5297.32 5310.63 5309.83 �2þ �4þ �5, A1 5640.28 5626.53 5626.87
�4þ 3�6, A1 5298.78 5311.96 5312.36 �2þ �4þ �5, E 5640.16 5635.09 5635.23
�4þ 3�6, 3E 5321.87 5318.47 5318.74 2�3þ 2�5þ �6, A1 5623.04 5643.60 5642.76
2�2þ �6, E 5316.03 5321.07 5322.02 �3þ 2�5þ 2�6, 1A1 5629.57 5661.76 5660.33
3�3þ �5þ �6, E 5307.40 5337.07 5336.46 �3þ 2�5þ 2�6, 2A1 5660.50 5662.30 5662.00
2�3þ �5þ 2�6, 1E 5362.58 5350.49 5350.40 �3þ 2�5þ 2�6, 1E 5642.57 5665.30 5664.14
�2þ �3þ �4, E 5371.78 5352.16 5352.79 2�5þ 3�6, 1E 5637.31 5672.90 5674.01
2�3þ �5þ 2�6, A1 5366.27 5367.75 5367.03 2�5þ 3�6, 2E 5657.09 5674.65 5673.73
�3þ 2�5þ 2�6, 2E 5651.18 5681.43 5679.76 �2þ 4�3, A1 6144.39 6081.26 6081.12
2�5þ 3�6, 3E 5679.41 5682.34 5681.89 �1þ 3�6, A1 6042.31 6082.04 6081.24
2�5þ 3�6, 1A1 5660.77 5687.04 5686.57 �4þ 3�5, 2E 6113.62 6096.94 6098.44
2�5þ 3�6, 2A1 5663.32 5707.04 5705.49 �4þ 3�5, 3E 6113.98 6105.31 6104.39
�2þ �3þ 2�5, A1 5721.18 5708.68 5707.97 �3þ 4�5, A1 6096.39 6113.21 6113.16
�3þ 2�5þ 2�6, 3E 5667.87 5712.28 5710.19 4�3þ �4, E 6155.99 6116.92 6117.03
2�4þ �5, 1E 5728.99 5725.11 5725.55 �3þ 4�5, 1E 6118.00 6133.03 6132.89
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Table 13. Continued.

Centre Centre Centre Centre Centre Centre Centre
Band [64] calc., I calc., II exp. Ref. Band [64] calc., I calc., II exp. Ref.

1 2 3 4 5 6 1 2 3 4 5 6

�2þ �3þ 2�5, E 5742.79 5728.41 5727.48 �1þ �2þ �3, A1 6140.59 6133.64 6133.28
�2þ 2�5þ �6, 1E 5743.15 5741.61 5741.15 6�6, 2A1 6037.24 6143.39 6142.19
2�5þ 3�6, 4E 5690.46 5743.08 5740.88 �2þ 3�3þ �6, E 6212.48 6146.68 6145.95
�2þ 2�5þ �6, 2E 5762.92 5750.86 5750.88 4�5þ �6, 1E 6131.58 6148.13 6147.17
2�4þ �5, 2E 5762.13 5755.03 5756.65 �3þ 5�6, 1E 6076.07 6153.25 6150.99
2�4þ �5, A1 5761.77 5758.66 5758.85 5759.766 tw 4�5þ �6, 2E 6151.35 6157.38 6156.89
�2þ 2�5þ �6, A1 5766.61 5774.25 5773.17 2�3þ 4�6, 1E 6092.68 6160.77 6157.64
2�3þ 3�5, E 5831.59 5785.21 5784.81 �3þ 5�6, A1 6102.08 6166.74 6162.92
6�3, A1 6037.24 5809.93 5810.54 �1þ �2þ �6, E 6169.81 6166.81 6166.31
�3þ �4þ 2�5, 1E 5798.96 5813.36 5815.51 2�3þ 4�6, 2E 6131.69 6170.88 6166.57
�3þ �4þ 2�5, A1 5820.45 5817.23 5816.81 �3þ 5�6, 2E 6154.10 6173.42 6168.82
�4þ 2�5þ �6, 1A1 5832.76 5824.59 5824.45 2�3þ 4�6, A1 6079.67 6174.23 6169.52
�4þ 2�5þ �6, 1E 5831.30 5830.47 5830.58 �2þ 4�6, A1 6231.35 6179.48 6178.64
�4þ 2�5þ �6, 2A1 5851.19 5842.59 5844.59 4�5þ �6, 1A1 6155.03 6180.77 6179.18
�4þ 2�5þ �6, 2E 5852.41 5842.79 5842.89 �2þ 4�6, 1E 6244.35 6186.69 6185.92
�3þ �4þ 2�5, 2E 5820.69 5857.15 5858.10 �3þ 4�5, 2E 6182.84 6188.79 6187.41
�4þ 2�5þ �6, 3E 5854.64 5860.31 5860.95 5�3þ �5, E 6173.59 6192.40 6195.34
2�1, A1 5855.27 5865.64 5865.81 5865.004 tw 3�3þ �4þ �6, A1 6235.92 6197.14 6197.28
�4þ 2�5þ �6, 4E 5856.33 5869.87 5869.24 3�3þ �4þ �6, E 6234.46 6202.61 6203.16
2�3þ 3�5, A1 5874.81 5890.57 5890.57 4�5þ �6, 2A1 6214.34 6208.54 6208.37
�3þ 3�5þ �6, A1 5880.87 5898.56 5898.05 �1þ 2�3þ �5, E 6234.80 6214.22 6212.82
5�3þ �6, E 5931.06 5902.55 5902.47 �2þ �3þ 3�6, A1 6281.97 6247.81 6245.90
�3þ 3�5þ �6, 1E 5922.25 5910.04 5909.01 �2þ 4�6, 2E 6283.36 6248.86 6247.54
3�5þ 2�6, 1E 5907.92 5922.99 5922.90 �4þ 4�6, 1E 6287.36 6248.94 6249.40
�3þ 3�5þ �6, 2E 5927.78 5925.91 5925.35 �2þ 2�3þ 2�6, E 6258.34 6250.04 6247.74
3�5þ 2�6, 2E 5947.46 5926.62 5925.86 �2þ �3þ 3�6, E 6255.96 6250.32 6247.75
�1þ 3�3, A1 5932.60 5935.89 5935.64 �2þ 2�3þ 2�6, A1 6245.34 6251.14 6248.51
3�5þ 2�6, 3E 5958.51 5941.50 5942.36 �4þ 4�6, 2E 6301.82 6251.94 6252.00
3�5þ 2�6, 1A1 5911.61 5946.38 5945.19 4�5þ �6, 3E 6221.71 6255.32 6252.95
�3þ 3�5þ �6, 3E 5882.71 5959.61 5957.40 �4þ 4�6, 1A1 6298.90 6258.94 6259.77
3�5þ 2�6, 2A1 5939.98 5968.44 5969.02 4�3þ �5þ �6, A1 6268.99 6262.97 6265.88
�2þ 3�5, E 5971.79 5967.23 5967.38 �1þ �3þ �4, E 6229.12 6264.07 6264.36
6�6, 1A1 6154.27 5968.93 5968.55 �1þ �4þ �6, A1 6270.17 6266.37 6262.72
6�6, 1E 6050.24 5974.63 5974.34 �1þ �4þ �6, E 6268.71 6269.20 6267.96
�1þ 2�3þ �6, E 6005.08 6001.50 6000.98 4�3þ �5þ �6, E 6270.84 6273.09 6273.21
�2þ 3�5, A1 6015.02 6009.12 6008.40 2�2þ 2�3, A1 6330.66 6291.62 6292.53
3�5þ 2�6, 4E 5896.76 6011.67 6009.23 �1þ �3þ �5þ �6, A1 6291.34 6305.18 6304.62
3�3þ 3�6, E 6005.69 6035.15 6033.64 3�3þ �5þ 2�6, 1E 6331.01 6309.09 6307.77
4�3þ 2�6, A1 6007.17 6039.98 6038.92 3�3þ �5þ 2�6, 2E 6342.17 6311.85 6310.25
�4þ 3�5, A1 6070.63 6040.50 6039.41 �3þ �4þ 3�6, 1E 6300.14 6312.49 6311.58
3�3þ 3�6, A1 6087.05 6040.55 6039.53 �1þ �3þ �5þ �6, E 6293.18 6314.70 6313.75
4�3þ 2�6, E 6020.17 6045.02 6044.16 �3þ �4þ 3�6, 2E 6324.69 6315.08 6314.60
�4þ 3�5, 1E 6070.51 6054.83 6053.98 �3þ �4þ 3�6, A1 6301.60 6315.72 6314.88
�1þ �3þ 2�6, A1 6083.32 6058.84 6057.29 �3þ �4þ 3�6, 3E 6329.07 6319.68 6319.19
�1þ �3þ 2�6, E 6055.32 6061.40 6060.12 2�3þ �4þ 2�6, A1 6290.69 6319.95 6318.93
6�6, 2E 6089.25 6063.64 6063.21 �4þ 4�6, 2A1 6342.29 6320.40 6319.16
�1þ 3�6, E 6057.31 6070.59 6069.44 �1þ �5þ 2�6, 1E 6314.48 6325.72 6325.78
�2þ 2�3þ �4, E 6370.92 6329.10 6330.15 3�3þ �4þ �5, E 6484.19 6509.62 6510.48
�1þ �5þ 2�6, 2E 6325.64 6329.46 6329.01 �2þ �5þ 3�6, 1E 6519.10 6514.00 6513.79
�4þ 4�6, 3E 6336.46 6332.80 6333.21 �2þ �3þ �5þ 2�6, 2E 6533.73 6515.30 6513.26
2�3þ �4þ 2�6, 1E 6279.14 6333.29 6333.31 �2þ 2�4, A1 6519.70 6519.92 6520.35
2�2þ �3þ �6, E 6355.50 6335.18 6335.46 2�4þ 2�6, 2E 6506.38 6520.67 6522.07
2�3þ �4þ 2�6, 2E 6293.61 6339.14 6338.82 �1þ �4þ �5, A1 6505.76 6526.55 6528.44
2�2þ 2�6, A1 6345.11 6343.03 6343.24 �2þ �3þ �5þ 2�6, A1 6537.42 6528.57 6526.28
3�3þ �5þ 2�6, A1 6345.85 6345.48 6344.89 �2þ �5þ 3�6, 2E 6541.42 6528.71 6526.83
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Table 13. Continued.

Centre Centre Centre Centre Centre Centre Centre
Band [64] calc., I calc., II exp. Ref. Band [64] calc., I calc., II exp. Ref.

1 2 3 4 5 6 1 2 3 4 5 6

2�2þ 2�6, E 6358.11 6347.14 6347.52 2�3þ �4þ �5þ �6, 1E 6546.84 6537.26 6539.59
5�5, 1E 6350.39 6348.32 6346.81 �1þ �4þ �5, E 6505.64 6540.93 6542.52
�1þ �5þ 2�6, A1 6329.32 6352.33 6351.20 �2þ �5þ 3�6, 3E 6546.95 6549.09 6547.22
�5þ 5�6, 1A1 6353.95 6356.73 6356.60 2�3þ �4þ �5þ �6, 2E 6548.18 6551.01 6553.16
�5þ 5�6, 1E 6355.79 6358.96 6359.34 �2þ 2�4, E 6552.70 6552.20 6553.19
�5þ 5�6, 2E 6378.12 6367.16 6366.50 2�4þ 2�6, 3E 6516.47 6554.45 6555.17
�2þ �3þ �4þ �6, E 6406.13 6380.54 6380.96 2�3þ �4þ �5þ �6, 3E 6550.15 6555.31 6557.81
�5þ 5�6, 3E 6383.64 6381.79 6381.27 �1þ 2�5þ �6, 1E 6547.02 6558.10 6557.61
�2þ �3þ �4þ �6, A1 6407.59 6384.90 6385.57 �1þ 2�5þ �6, 2E 6566.79 6567.36 6567.34
5�5, A1 6393.61 6390.22 6388.55 2�3þ �4þ �5þ �6, A1 6548.57 6567.47 6569.92
�2þ �4þ 2�6, 1E 6407.57 6390.37 6389.82 �3þ �4þ �5þ 2�6, 1E 6577.32 6576.79 6576.93
�2þ �4þ 2�6, 2E 6422.03 6394.16 6393.36 �3þ �4þ �5þ 2�6, 1A1 6577.44 6577.53 6577.19
2�3þ 2�4, A1 6414.52 6394.17 6395.50 �3þ �4þ �5þ 2�6, 2A1 6589.94 6577.60 6576.73
�1þ �2þ �5, E 6396.18 6398.53 6398.58 3�3þ 2�5þ �6, 1E 6576.35 6580.58 6576.73
�2þ �4þ 2�6, A1 6419.12 6399.19 6399.11 2�2þ �3þ �5, E 6591.31 6582.38 6582.87
�2þ 3�3þ �5, E 6451.65 6413.39 6412.95 3�3þ 2�5þ �6, 2E 6596.12 6589.84 6586.00
2�3þ 2�4, E 6447.53 6415.16 6415.76 �3þ �4þ �5þ 2�6, 2E 6587.14 6590.36 6589.82
�5þ 5�6, 4E 6428.29 6418.86 6419.28 �1þ 2�5þ �6, A1 6570.48 6590.74 6589.63
�3þ �5þ 4�6, 1A1 6388.33 6421.66 6420.63 �4þ �5þ 3�6, 1E 6582.50 6592.12 6592.20
2�3þ �5þ 3�6, 1E 6370.79 6429.08 6425.03 �4þ �5þ 3�6, 1A1 6584.22 6595.20 6596.78
�3þ �5þ 4�6, 1E 6373.49 6434.87 6432.14 �4þ �5þ 3�6, 2E 6583.84 6595.85 6596.65
3�2, A1 6378.53 6438.24 6442.15 �3þ �4þ �5þ 2�6, 3E 6590.71 6597.42 6597.51
2�3þ �5þ 3�6, A1 6368.94 6441.57 6438.33 �4þ �5þ 3�6, 3E 6585.80 6600.72 6601.07
�3þ �5þ 4�6, 2E 6384.65 6447.02 6443.35 2�2þ �5þ �6, A1 6600.22 6601.96 6602.94
2�4þ 2�6, 1A1 6473.38 6448.45 6448.71 �4þ �5þ 3�6, 4E 6609.46 6605.42 6605.48
2�3þ �5þ 3�6, 2E 6393.11 6452.93 6449.15 �3þ �4þ �5þ 2�6, 4E 6593.74 6607.53 6606.87
�3þ �5þ 4�6, 2A1 6421.82 6457.61 6453.77 3�3þ 2�5þ �6, A1 6599.81 6613.23 6608.29
�3þ 2�4þ �6, 1E 6461.57 6459.96 6461.88 2�2þ �5þ �6, E 6602.06 6613.65 6614.09
2�2þ �4, E 6447.44 6460.69 6462.15 �4þ �5þ 3�6, 2A1 6605.21 6614.84 6614.95
�2þ 2�3þ �5þ �6, A1 6503.81 6467.31 6465.24 �2þ �3þ �4þ �5, A1 6652.63 6620.41 6620.45
�3þ �5þ 4�6, 3E 6429.19 6467.58 6464.36 �4þ �5þ 3�6, 3A1 6615.11 6623.16 6622.25
�2þ 2�3þ �5þ �6, E 6505.65 6471.18 6469.93 �2þ �3þ �4þ �5, E 6652.51 6632.11 6632.31
5�5, 2E 6480.06 6474.02 6472.04 �4þ �5þ 3�6, 5E 6610.61 6635.70 6635.21
4�3þ 2�5, E 6516.65 6474.62 6476.08 2�3þ 2�5þ 2�6, 1A1 6622.43 6641.53 6641.29
�5þ 5�6, 2A1 6437.50 6477.37 6475.00 2�3þ 2�5þ 2�6, 2A1 6653.36 6644.61 6644.96
4�3þ 2�5, A1 6495.04 6477.59 6477.96 3�4, E 6628.31 6646.47 6647.83
2�3þ �5þ 3�6, 3E 6398.64 6479.76 6476.10 2�3þ 2�5þ 2�6, 1E 6635.43 6648.12 6647.75
2�4þ 2�6, 1E 6486.38 6482.95 6483.10 �2þ �4þ �5þ �6, 1E 6671.91 6652.77 6653.41
3�3þ �4þ �5, A1 6484.31 6484.05 6487.37 �2þ �4þ �5þ �6, 2E 6673.25 6655.95 6655.98
�1þ �3þ 2�5, A1 6504.58 6484.55 6483.04 2�3þ 2�5þ 2�6, 2E 6644.04 6659.81 6659.16
�3þ 2�4þ �6, 2E 6496.03 6485.51 6487.36 �2þ �4þ �5þ �6, 3E 6675.21 6664.08 6664.39
�3þ 2�4þ �6, A1 6493.12 6492.43 6494.91 �2þ �4þ �5þ �6, A1 6673.63 6666.53 6666.83
�1þ �3þ 2�5, E 6526.19 6498.94 6497.35 �3þ 2�5þ 3�6, 1E 6646.28 6680.43 6678.75
�2þ �5þ 3�6, A1 6517.26 6502.52 6501.94 2�3þ 2�5þ 2�6, 3E 6660.73 6687.95 6686.06
�2þ �3þ �5þ 2�6, 1E 6522.57 6505.59 6504.41 �3þ 2�5þ 3�6, 2E 6666.05 6689.00 6687.66
2�4þ 2�6, 2A1 6522.30 6509.50 6509.47 �3þ 2�5þ 3�6, 3E 6688.37 6689.09 6688.63
2�5þ 4�6, 1E 6647.89 6692.77 6694.03 �4þ 2�5þ 2�6, 2A1 6864.69 6884.17 6884.52
�3þ 2�4þ �5, 1E 6717.17 6701.18 6700.98 �2þ �4þ 2�5, 1E 6901.81 6887.83 6888.08
3�4, A1 6694.32 6702.84 6704.33 �1þ 4�3, A1 6885.60 6893.79 6893.16
2�5þ 4�6, 1A1 6634.88 6702.87 6700.55 2�1þ �6, E 6891.63 6899.53 6899.19
�2þ 2�3þ 2�5, A1 6726.49 6703.06 6702.34 �4þ 2�5þ 2�6, 3A1 6883.07 6900.65 6900.29
�3þ 2�5þ 3�6, 1A1 6669.73 6703.35 6701.42 2�3þ 3�5þ �6, 1E 6872.91 6905.94 6905.58
2�5þ 4�6, 2A1 6665.81 6703.36 6702.41 �2þ �4þ 2�5, 2E 6923.54 6908.36 6909.72
2�5þ 4�6, 2E 6656.49 6705.95 6704.02 �4þ 2�5þ 2�6, 6E 6879.92 6914.94 6913.95
�3þ 2�5þ 3�6, 2A1 6672.28 6711.81 6709.37 �2þ �4þ 2�5, A1 6923.30 6915.61 6915.56

(continued )
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Table 13. Continued.

Centre Centre Centre Centre Centre Centre Centre
Band [64] calc., I calc., II exp. Ref. Band [64] calc., I calc., II exp. Ref.

1 2 3 4 5 6 1 2 3 4 5 6

2�5þ 4�6, 3E 6673.18 6718.60 6717.73 2�3þ 3�5þ �6, 2E 6912.45 6919.79 6919.61
�2þ 2�3þ 2�5, E 6748.11 6721.60 6720.48 �3þ 3�5þ 2�6, 1E 6903.05 6925.78 6923.35
2�5þ 4�6, 4E 6686.90 6723.27 6720.82 �3þ 3�5þ 2�6, 2E 6914.21 6945.87 6943.90
�3þ 2�4þ �5, 2E 6750.30 6733.31 6736.10 3�5þ 3�6, 1A1 6910.96 6946.82 6946.28
�3þ 2�4þ �5, A1 6750.06 6742.46 6743.06 2�3þ 3�5þ �6, 3E 6917.97 6951.84 6949.98
2�4þ �5þ �6, 1A1 6748.29 6744.21 6745.67 �3þ 3�5þ 2�6, 3E 6953.75 6955.61 6955.09
2�5þ 4�6, 5E 6701.14 6749.63 6746.50 3�5þ 3�6, 1E 6912.80 6958.31 6958.13
2�4þ �5þ �6, 1E 6750.13 6753.28 6753.89 �3þ 3�5þ 2�6, 1A1 6917.90 6961.68 6959.45
�2þ �3þ 2�5þ �6, 1E 6764.56 6753.63 6752.12 3�5þ 3�6, 2A1 6972.82 6965.12 6966.44
�3þ 2�5þ 3�6, 4E 6699.42 6757.69 6753.92 3�5þ 3�6, 2E 6935.13 6967.79 6966.09
�2þ �3þ 2�5þ �6, 2E 6784.33 6762.30 6761.16 2�4þ 2�5, 1A1 6987.41 6972.22 6972.40
�1þ 3�5, E 6763.55 6763.48 6763.52 �2þ �3þ 3�5, E 6990.54 6978.32 6977.05
3�3þ 3�5, E 6061.04 6770.39 6770.04 �3þ 3�5þ 2�6, 2A1 6946.28 6985.47 6983.01
�2þ 2�5þ 2�6, 1A1 6767.39 6772.86 6771.79 3�5þ 3�6, 3E 6940.65 6986.12 6985.35
2�4þ �5þ �6, 2E 6779.96 6773.93 6774.52 2�4þ 2�5, 1E 7009.02 6990.02 6989.91
2�4þ �5þ �6, 3E 6781.56 6775.44 6778.06 �1þ 3�3þ �6, E 6974.17 6990.56 6988.89
�2þ 2�5þ 2�6, 2A1 6798.32 6777.59 6777.71 3�5þ 3�6, 4E 6952.34 6993.40 6991.56
�2þ 2�5þ 2�6, 1E 6780.39 6780.03 6779.12 �2þ 3�5þ �6, A1 7012.67 7009.41 7008.69
2�4þ �5þ �6, 2A1 6784.71 6781.02 6782.66 2�4þ 2�5, 2E 7020.42 7015.75 7018.17
�2þ �3þ 2�5þ �6, A1 6788.02 6785.19 6782.95 �2þ �3þ 3�5, A1 7033.76 7018.01 7016.28
2�5þ 4�6, 3A1 6715.88 6786.34 6783.18 2�4þ 2�5, 2A1 7042.27 7020.52 7021.45
2�4þ �5þ �6, 4E 6782.63 6792.72 6793.49 3�5þ 3�6, 5E 6957.87 7021.09 7018.68
�2þ 2�5þ 2�6, 2E 6789.00 6793.76 6792.62 �2þ 3�5þ �6, 1E 7014.51 7021.11 7019.83
2�3þ �4þ 2�5, 1E 6780.10 6795.65 6798.91 �3þ 3�5þ 2�6, 4E 6964.81 7023.86 7020.03
3�3þ 3�5, A1 6848.91 6801.11 6801.54 2�4þ 2�5, 3E 7041.79 7034.86 7034.74
�1þ 3�5, A1 6806.78 6810.73 6810.31 �1þ 2�3þ 2�6, A1 7027.50 7037.37 7035.16
�2þ 2�5þ 2�6, 3E 6805.69 6824.37 6822.28 �2þ 3�5þ �6, 2E 7054.05 7039.62 7039.29
�3þ �4þ 2�5þ �6, 1E 6828.54 6827.11 6826.32 2�3þ 4�5, A1 7083.92 7045.05 7046.54
2�2þ 2�5, A1 6819.55 6834.27 6835.16 �1þ 2�3þ 2�6, E 7040.50 7050.12 7048.15
�3þ �4þ 2�5þ �6, 2E 6849.64 6841.83 6841.44 2�3þ 4�5, 1E 7105.53 7054.85 7054.00
�3þ �4þ 2�5þ �6, 1A1 6829.99 6842.68 6844.76 �1þ 4�6, A1 7054.46 7056.26 7055.31
2�3þ �4þ 2�5, 2E 6801.83 6842.89 6844.37 �1þ �3þ 3�6, E 7058.60 7066.29 7064.46
2�1þ �3, A1 6841.94 6848.20 6848.33 6848.112 tw �1þ 4�6, 1E 7067.46 7067.71 7066.68
�3þ �4þ 2�5þ �6, 2A1 6848.43 6851.55 6853.83 3�5þ 3�6, 3A1 6989.40 7070.39 7066.74
�4þ 2�5þ 2�6, 1E 6843.19 6855.01 6855.47 �2þ 3�5þ �6, 3E 7059.58 7074.70 7072.72
2�2þ 2�5, E 6841.16 6855.22 6856.03 �4þ 3�5þ �6, 1E 7097.70 7085.32 7084.81
�3þ �4þ 2�5þ �6, 3E 6851.87 6857.24 6858.09 �1þ �3þ 3�6, A1 7084.61 7088.99 7087.06
�4þ 2�5þ 2�6, 2E 6864.93 6861.63 6862.10 �4þ 3�5þ �6, 2E 7099.04 7090.53 7090.10
�4þ 2�5þ 2�6, 3E 6857.66 6863.12 6865.98 �3þ �4þ 3�5, 1E 7065.08 7093.47 7095.46
�4þ 2�5þ 2�6, 1A1 6854.74 6864.55 6865.01 �1þ 4�6, 2E 7106.47 7101.76 7100.43
�4þ 2�5þ 2�6, 4E 6872.79 6868.05 6868.80 �3þ �4þ 3�5, 2E 7108.18 7105.12 7104.12
�3þ �4þ 2�5þ �6, 4E 6853.57 6868.19 6868.94 �4þ 3�5þ �6, 1A1 7099.42 7107.12 7106.53
2�3þ 3�5þ �6, A1 6871.07 6869.12 6864.91 �4þ 3�5þ �6, 3E 7101.00 7108.05 7109.54
2�3þ �4þ 2�5, A1 6801.59 6873.35 6873.73 2�1þ �5, E 7105.89 7115.98 7116.07 7115.499 tw
�4þ 2�5þ 2�6, 5E 6875.46 6873.73 6874.88 �1þ �2þ 2�3, A1 7138.23 7116.19 7115.54
�3þ �4þ 3�5, A1 7065.20 7118.46 7119.50 �1þ �3þ �5þ 2�6, A1 7327.94 7354.58 7352.70
�4þ 3�5þ �6, 4E 7139.20 7122.32 7124.79 �1þ �5þ 3�6, 2E 7352.43 7358.34 7357.22
�4þ 3�5þ �6, 2A1 7140.30 7128.89 7128.78 �3þ 5�5, 1E 7351.34 7371.21 7370.73
�3þ �4þ 3�5, 3E 7108.54 7136.54 7137.21 �3þ 5�5, A1 7394.57 7378.78 7379.81
�4þ 3�5þ �6, 3A1 7146.19 7152.67 7153.00 �1þ �5þ 3�6, 3E 7357.95 7386.49 7384.59
�3þ 4�5þ �6, 1E 7135.21 7165.91 7164.76 �4þ 4�5, 3E 7403.97 7393.84 7392.18
�1þ �2þ �3þ �6, E 7183.55 7167.53 7166.51 5�5þ �6, 1A1 7386.70 7402.86 7401.31
�4þ 3�5þ �6, 5E 7144.37 7167.82 7166.43 �1þ �2þ �3þ �5, E 7407.25 7404.72 7403.96
�3þ 4�5þ �6, 2E 7154.98 7174.20 7173.40 �4þ 4�5, 2A1 7404.45 7411.60 7411.11
�1þ 3�3þ �5, E 7201.22 7176.84 7175.17 5�5þ �6, 1E 7388.54 7414.55 7412.46
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numbers l�:

qþ� jv� l�i ¼

�
v� l

2

�1=2

jv� � 1 l� þ 1i

�

�
vþ lþ 2

2

�1=2

jv� þ 1 l� þ 1i ð33Þ

and

q�� jv� l�i ¼ �

�
vþ l

2

�1=2

jv� � 1 l� � 1i

�

�
v� lþ 2

2

�1=2

jv� þ 1 l� � 1i ð34Þ

Table 13. Continued.

Centre Centre Centre Centre Centre Centre Centre
Band [64] calc., I calc., II exp. Ref. Band [64] calc., I calc., II exp. Ref.

1 2 3 4 5 6 1 2 3 4 5 6

�1þ �2þ 2�6, A1 7193.63 7185.66 7184.59 �1þ �2þ �5þ �6, A1 7436.64 7429.54 7429.26
2�3þ 4�5, 2E 7170.37 7187.99 7187.20 5�5þ �6, 2E 7428.08 7433.06 7431.91
4�5þ 2�6, 1A1 7151.26 7190.46 7189.06 �1þ �2þ �5þ �6, E 7438.48 7440.93 7440.08
�1þ �2þ 2�6, E 7206.64 7193.98 7192.92 �1þ �4þ �5þ �6, 1E 7532.41 7460.96 7458.89
4�5þ 2�6, 2A1 7182.19 7196.46 7196.19 �1þ �4þ �5þ �6, 2E 7533.75 7465.63 7465.06
�3þ 4�5þ �6, 1A1 7158.66 7197.44 7195.62 5�5þ �6, 3E 7433.61 7468.15 7465.35
4�5þ 2�6, 1E 7172.87 7198.90 7197.60 �1þ 2�3þ 2�5, A1 7484.43 7472.42 7468.78
4�5þ 2�6, 2E 7164.26 7211.38 7209.90 �3þ 5�5, 2E 7481.02 7486.13 7483.73
�2þ 4�5, A1 7222.16 7216.29 7215.05 �1þ 2�4, A1 7441.81 7488.55 7492.32
�3þ 4�5þ �6, 2A1 7217.97 7221.27 7220.10 �1þ 2�4, E 7474.82 7496.95 7501.02
4�5þ 2�6, 3E 7189.56 7235.92 7236.52 5�5þ �6, 4E 7512.69 7505.17 7504.26
�2þ 4�5, 1E 7243.77 7237.24 7235.92 �1þ 2�3þ 2�5, E 7506.04 7505.48 7501.02
�1þ 2�3þ �4, E 7202.58 7238.42 7239.25 �1þ �3þ �4þ �5, A1 7492.66 7532.61 7533.10
4�5þ 2�6, 4E 7237.70 7243.25 7240.76 �1þ �4þ �5þ �6, A1 7534.14 7541.73 7539.77
�1þ �3þ �4þ �6, E 7258.27 7246.82 7246.89 �1þ �4þ �5þ �6, 3E 7535.71 7541.96 7541.38
�1þ 2�3þ �5þ �6, A1 7273.86 7248.07 7247.39 �1þ �3þ �4þ �5, E 7492.54 7547.30 7547.59
�3þ 4�5þ �6, 3E 7225.34 7266.52 7263.13 5�5þ �6, 2A1 7521.90 7563.64 7559.98
�1þ 2�2, A1 7252.46 7269.59 7270.48 �1þ �3þ 2�5þ �6, 1E 7542.97 7575.40 7574.57
4�5þ 2�6, 5E 7243.34 7274.15 7272.43 �1þ �3þ 2�5þ �6, 2E 7562.74 7581.64 7580.85
�1þ �4þ 2�6, 1E 7280.18 7282.42 7280.62 6�5, 1A1 7586.36 7584.30 7581.81
�1þ �4þ 2�6, 2E 7294.64 7285.96 7283.83 �1þ 2�5þ 2�6, 1A1 7566.28 7600.38 7598.02
�4þ 4�5, 1E 7317.76 7289.68 7287.84 �1þ 2�5þ 2�6, 2A1 7597.21 7600.94 7598.56
�1þ �3þ �4þ �6, A1 7259.73 7291.92 7291.64 �1þ �3þ 2�5þ �6, A1 7566.43 7602.23 7600.10
�1þ �4þ 2�6, A1 7291.73 7292.61 7291.06 �1þ 2�5þ 2�6, 1E 7579.28 7603.06 7600.49
�1þ 2�3þ �5þ �6, E 7275.70 7299.61 7299.04 6�5, 1E 7607.97 7605.25 7602.36
�2þ 4�5, 2E 7308.61 7300.09 7298.54 �1þ 2�5þ 2�6, 2E 7587.89 7614.68 7613.22
�4þ 4�5, 1A1 7339.25 7322.33 7320.78 �1þ 2�5þ 2�6, 3E 7604.58 7643.77 7641.86
�4þ 4�5, 2E 7339.49 7326.12 7327.90 �1þ �2þ 2�5, A1 7643.85 7645.81 7645.49
4�5þ 2�6, 3A1 7258.08 7329.49 7325.67 �1þ �2þ 2�5, E 7665.47 7666.60 7666.19
�1þ �3þ �5þ 2�6, 1E 7313.10 7330.56 7329.12 6�5, 2E 7672.80 7668.10 7665.30
�1þ �3þ �5þ 2�6, 2E 7324.26 7340.95 7339.25 �1þ �3þ 3�5, E 7756.84 7676.29 7671.87
�1þ �2þ �4, E 7345.46 7346.55 7345.20 �1þ �4þ 2�5, A1 7771.69 7762.08 7759.88
�1þ �5þ 3�6, 1E 7330.10 7347.43 7347.07 �1þ �4þ 2�5, 1E 7750.20 7768.93 7769.11
�1þ �5þ 3�6, A1 7328.26 7348.64 7347.71 6�5, 2A1 7780.86 7772.85 7769.67
�1þ 3�5þ �6, A1 7799.45 7795.04 7794.42 2�1þ �2, A1 7994.72 8004.98 8004.79
�1þ �4þ 2�5, 2E 7771.93 7802.74 7802.26 �1þ 4�5, 1E 8018.44 8021.56 8019.35
2�1þ 2�3, A1 7814.12 7823.21 7822.89 �1þ 4�5, 2E 8083.28 8083.67 8082.56
�1þ 3�5þ �6, 1E 7801.29 7823.40 7822.38 2�1þ �3þ �5, E 8091.50 8088.39 8087.11
�1þ �3þ 3�5, A1 7800.06 7835.76 7834.29 2�1þ �4, E 8111.80 8137.87 8136.45
�1þ 3�5þ �6, 2E 7840.83 7841.85 7841.72 2�1þ �5þ �6, A1 8141.36 8149.64 8149.39
�1þ 3�5þ �6, 3E 7846.35 7876.74 7874.98 2�1þ �5þ �6, E 8143.21 8161.44 8159.37
2�1þ �3þ �6, E 7879.91 7880.87 7880.44 2�1þ 2�5, A1 8336.47 8347.05 8346.88 8346.919 tw
2�1þ 2�6, A1 7910.47 7921.17 7920.15 2�1þ 2�5, E 8358.08 8368.65 8367.05
2�1þ 2�6, E 7923.48 7928.59 7927.66 3�1, A1 8605.28 8622.89 8622.78 8623.349 tw
�1þ 4�5, A1 7996.83 7999.40 7999.17

Note: aSee footnote to Table 12.
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As a result of our analysis of experimental band
centres a set of 64 parameters was obtained which are
presented in column 2 of Table 14 and columns 2 and 5
of Table 15. Values in parenthesis are 1� statistical
confidence intervals. Columns 4 and 5 of Table 14 give,
for comparison, the values of quadratic Fij parameters
obtained from ab initio calculations, [64], and from the
fit of experimental band centres of the CH2D2 mole-
cule, [32], respectively. One finds reasonable agreement
between all sets of parameters.

The parameters obtained reproduce the experimen-
tal band centres used in the fit with the drms¼ 0.73 cm�1.
In order to illustrate the accuracy of the results derived,
column 3 of Tables 12 and 13 give the values of the band
centres calculated with our parameters from Tables 14
and 15. One finds a good agreement between the
experimental and calculated band centres. The columns
2 of Tables 12 and 13 present, for comparison, the
values of the same band centres calculated with the
parameters from [64].

As can be seen from Table 14, the values of the
parameters F22, F33, and F44 obtained from the fit are
close to the values of the corresponding parameters
from [64] and [9]. On the other hand, larger differences
arise for the values of the F34 parameter. To under-
stand the origin of this inconsistency, we repeated the
fit with a fixed value of the parameter F34. The results
of this second fit are very close to the results of the first
fit (see column 3 of Table 14, columns 3 and 6 of Table
15, and column 4 of Tables 12 and 13). The drms

increases only a little, to 0.75 cm�1. Comparison of
results of the first and the second fit shows, that the fit
to just the frequencies in our experimental data is not
able to determine the parameter F34.

6. Discussion and conclusion

Using the strategy of the direct assignment of the J¼ 0
states of excited vibrational levels [29,32,65] we have

thus been able to identify and precisely determine a
large number of pure vibrational state energies for
CH3D extending to about 6300 cm�1 and for CHD3

extending up to 8700 cm�1. Essential to such an
analysis are very high resolution spectra with reduced
Doppler width taken at low temperatures of about
80K and allowing for assignment of the low J
transitions in these spectra. Besides applications in
atmospheric and planetary science (particularly for the
isotopomer CH3D) these results open a window
towards the complete nine-dimensional quantum
dynamics of intramolecular vibrational motion and
redistribution in the fundamental methane molecule.
The present results are of sufficient accuracy to serve as
benchmarks for further experimental and theoretical
studies.

As one application of the present results we might
compare with the results on the spectrum and femto-
second intramolecular vibrational redistribution by the
strong Fermi-resonance within the CH-chromophore
in CHD3 [7,20,21,33,34,66]. Table 16 provides such a
comparison for the lower polyads designated by the
symbol Nj, where N is the polyad quantum number
(N¼ v1þ v5/2 in the normal mode basis) and j gives a
state index increasing with decreasing energy within
each polyad. The polyads with A1 symmetry have
integer N, whereas polyads with E symmetry have half-
odd integer N. One recognises a good agreement of the
experimental level positions where overlap exists in
Table 16. The differences between experiment and the
effective hamiltonian fit as well as the three-dimen-
sional vibrational variational calculations of [20] using
180 basis functions for the CH chromophore’s stretch-
ing and bending levels remain modest and are of the
expected magnitude for such model fits. This provides
one confirmation for the validity of the time dependent
wavepacket dynamics obtained from the variational
calculations in the CH-chromophore subspace
[19,33,34]. Table 16 indicates the obvious need to

Table 14. Fij parameters of the methane molecule.

Parameter Present work, I Present work, II [64] [32]

F11/aJ Å
�2 5.47384a 5.47384a 5.47384 5.47384a

F22/aJ 0.574225(638) 0.574203(613) 0.57770 0.578602
F33/aJ Å

�2 5.374354(744) 5.400781(731) 5.37696 5.387874
F34/aJ Å

�1
�0.16080 (983) �0.21057a �0.21057 �0.21057a

F44/aJ 0.531674(539) 0.532938(506) 0.53225 0.533740

Nb 124 124
nb 64 63
drms/cm

�1 0.73 0.75

Notes:aConstrained to the value from [64].
bN is the number of experimental band centres; n is the number of fitted parameters.
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extend the present analyses to higher excitations, with
currently available data from our cold samples extend-
ing to about 12,000 cm�1. Indeed, our analysis of 1988
extended to about 19,000 cm�1 using also further
results from the literature [67]–[74] (see also
[4–9,19,33,66,75,76]).

While the present analysis confirms the results on
the quantum dynamics in the three-dimensional sub-
space of the CH-chromophore, our current analyses

extend well beyond this by including excitations of all
vibrations in the full nine-dimensional coordinate
space of normal modes. They thus will allow analyses
of intramolecular vibrational redistribution to non-CH
chromophore modes, which is generally expected on
longer time scales than the 100 fs times for intrachro-
mophore redistribution.

Table 16 illustrates a further important aspect. The
approximate zero order assignments of the vibrational

Table 15. Vibrational spectroscopic parameters of the CH3D and CHD3 molecules (in cm�1).

CH3D CHD3

1 2 3 4 5 6 7

Parameter Present work, I Present work, II [64] Present work, I Present work, II [64]

!1 3072.6833a 3073.6784a 3071.4 3133.8793a 3136.1717a 3130.5
!2 2289.9925a 2288.7415a 2285.2 2192.8606a 2192.3649a 2191.3
!3 1339.8435a 1340.7082a 1339.8 1026.1678a 1026.0830a 1025.4
!4 3160.6238a 3163.8824a 3156.8 2343.7880a 2342.3602a 2337.0
!5 1504.4874a 1504.3008a 1508.1 1318.6017a 1319.0257a 1321.4
!6 1188.8961a 1188.2985a 1188.1 1054.2383a 1054.9672a 1055.5
x11 �4.0633(818) �5.3214(855) �17.197 �58.7895(452) �58.9936(486) �59.221
x12 �2.9308(787) �2.5552(753) �1.878 �2.4050(615) �2.9045(640) �2.204
x13 5.6371(651) 488461(664) �0.981 �9.0383(489) �9.1934(502) �9.731
x14 �99.5704(782) �99.0218(766) �72.771 2.7796(381) 2.3367(363) 2.184
x15 �9.5368(521) �9.1793(542) �19.016 �21.2261(337) �21.3667(396) �21.111
x16 �7.4372(527) �7.2330(570) �5.612 �0.7920(333) �1.4056(347) �0.309
x22 �28.0925(886) �27.9443(898) �31.167 0.7911(316) 1.1391(307) �8.826
x23 �7.3640(473) �7.3118(433) �6.739 3.1231(796) 3.0935(757) 15.727
x24 �7.8757(779) �7.7295(758) 1.639 �42.9968(658) �42.7271(649) �37.352
x25 �3.6385(505) �3.5220(550) �3.331 �5.1721(857) �5.2201(826) �4.017
x26 �17.8095(565) �17.5869(550) �22.266 �2.3816(904) �2.4885(875) 4.674
x33 �7.6676(813) �7.7593(809) �6.802 �6.1956(351) �6.1883(368) �7.230
x34 �10.3564(459) �10.5173(490) �9.440 �7.0455(441) �6.9765(464) �8.449
x35 �2.8660(632) �2.9084(618) �2.033 �2.9438(832) �2.7954(798) �1.029
x36 �3.0865(617) �3.0729(622) �1.091 3.5503(873) 3.4450(824) 1.638
x44 �31.8247(753) �32.4024(774) �31.611 �16.6579(791) �16.3487(761) �18.601
x45 �8.1681(558) �8.3727(578) �14.611 �8.4413(424) �8.4541(409) �7.195
x46 �9.3785(841) �9.3041(850) �7.686 �11.2718(978) �11.0441(975) �8.402
x55 �4.4819(536) �4.4168(547) �1.874 �4.5233(368) �4.5516(401) �4.604
x56 �5.1763(831) �5.0898(800) �4.068 5.1780(380) 4.9188(415) 0.055
x66 0.261b 0.261b 0.261 �5.2427(860) �5.3057(865) �5.500
y666 �0.2239(789) �0.2166(807)
g44 27.0956(326) 28.5389(352) 12.636 8.5470(662) 8.5598(640) 8.252
g45 �7.0826(727) �7.0618(759) �1.721 3.6205(449) 3.5837(422) �0.060
g46 3.1700(852) 3.1598(873) �0.230 1.1200(874) 1.1429(854) �0.729
g55 2.4586(317) 2.3804(385) 0.384 5.1145(384) 5.0951(373) 5.403
g56 �4.6803(674) �4.6841(713) �5.056 6.1304(751) 5.8940(730) 0.921
g66 1.4987(830) 1.5158(789) 0.645 2.8833(910) 2.8714(889) 3.251
k155 �56.3671(349) �56.6885(342) 30.0c 30.0c

k345 �70.8100(638) �70.6261(671)
F11,44 �70.1382(896) �74.8129(912)
F33,56 15.7181(785) 15.3674(714)
F33,66 �18.0922(812) �17.9093(824)
F1,333 8.2431(786) 8.1787(757)

Notes:aWas not fitted, but calculated on the basis of the Fij parameters given in columns 2 and 3 of Table 14.
bWas constrained to the value from [64].
cWas constrained to the value from [20], obtained including intensity information.
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levels as given in columns 1 of Tables 12 and 13 have,

of course, only a very rough, qualitative meaning. Only
the symmetry assignments and band centre wavenum-

bers have a real significance. Similarly, the parameters

of the effective hamiltonians used in the fits (Tables 14

and 15) have significance only in the framework of a
given effective fit and should not be considered to be

simply related to the parameters of the potential

hypersurface (see discussion in [20,77]–[79]). Finally,
the effective Hamiltonian used may not necessarily

lead to very accurate level predictions, if far removed

from the fitted range. This deserves a further test.
An aspect not analysed here in detail concerns the

absorption intensities and dipole function related

among other things to the important question of the

dipole moment direction in CH3D and CD3H [4,80].
Analyses of our current results will provide further

important experimental information on the multi-

dimensional dipole function in these isotopomers

[6,9,19]. The relation to the quantum dynamics in
excited electronic states of methane [17] and in the limit

of electronic excitation the Rydberg states and the

cations of methane isotopomers [81] deserves mention
as well as the use of understanding the true nature of

the multidimensional coupled vibrational states in

methane isotopomers reacting with reactive atoms

[12]–[15]. Particularly for the isotopomer CH3D our
accurate experimental results and their analysis should

prove useful in understanding features in planetary

atmospheres including the moon Titan [82].
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Appendix 1. Tables of line wavenumbers

The appendix contains tables of observed transition wave-
numbers for more than 9000 lines for CH3D and CD3H with
their preliminary assignments as used for the final assignment
of transitions leading to the J¼ 0 levels of excited vibrational
states. The Appendix can be viewed online. These tables
contain as Table A the results for CH3D and as Table B the
results for CHD3. These tables have nine columns with the
following content:

(I) Observed wavenumbers, �exp. (in cm�1).
(II, III) Quantum numbers of the upper ro-vibrational state,
J0, K 0.
(V, VI) Quantum numbers of the lower ro-vibrational state,
J00, K00.
(IV, VII) Symmetry of the upper and lower ro-vibrational
states, respectively. Index 0 corresponds to A1 symmetry;
indices 1 and 2 correspond to A2 and E, respectively; index ‘a’
corresponds to a pair of degenerate A1/A2 ro-vibrational
states (not split under the conditions of our experiment).
(VIII) Band.
(IX) Symmetry of the vibrational state.
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